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Abstract

Background

Altering the foot progression angle (FPA) is a commonly researched approach to reduce the knee
adduction moment (KAM) in patients with medial compartment knee osteoarthritis. However, little is
known about kinematic strategies used to achieve specific FPAs, and the effect of different FPAs on
the medial tibiofemoral contact force (TFCF).

Objective

This study aimed to investigate how walking with different FPAs affects lower-limb joint angles and
medial TFCF, to assess whether a personalized target FPA can reduce medial TFCF, and to investigate
the relationship between changes in KAM and changes in medial TFCF.

Methods

Motion capture data were recorded for healthy participants while walking with their natural FPA, as
well as walking with four altered FPA conditions (toe-out and toe-in 5° and 10°, relative to the natural
FPA). For each condition, the KAM was calculated using ground reaction forces and motion capture
data, and joint angles and medial TFCF were obtained by performing musculoskeletal modeling. Peak
values during the first and second part of the stance phase, as well as the area under the curve during
stance phase (impulse), were extracted for the KAM and medial TFCF.

Results

Fourteen healthy participants (9 women, age: 57.8 + 12.1 years) were included. Across all joint an-
gles, changes for toe-out conditions occurred in opposite directions from toe-in conditions, with larger
differences for 10° than 5° conditions. Hip rotation differed significantly throughout the stance phase,
subtalar inversion/eversion showed significant differences during late stance. Changes in medial TFCF
varied across FPA conditions without a consistent pattern. The personalized target FPA significantly
reduced first peak (-0.22 + 0.19 body weight (BW), p = 0.002), second peak (-0.23 + 0.32 BW, p =
0.049), and impulse (-0.15 + 0.13 BW, p = 0.002) medial TFCF. Changes in KAM were more strongly
associated with changes in medial TFCF for the first peak during toe-out gait (R? = 0.64 and 0.82 for
5° and 10°, respectively) and for the second peak during toe-in gait (R? = 0.44 and 0.76 for 5° and 10°,
respectively).

Conclusions

Lower-limb joint angles were consistently altered for different FPA conditions, with the largest changes
observed in hip rotation and subtalar inversion/eversion. The change in medial TFCF for FPA alter-
ations was highly individual, with no consistent pattern across participants. A personalized target FPA
significantly reduced medial TFCF throughout the stance phase. The relationship between changes in
KAM and medial TFCF was dependent on stance phase, consistent with prior research, and also var-
ied across FPA conditions. Studies including patients with knee osteoarthritis are needed to determine
how FPA alterations influence medial compartment loading in the target population.
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Introduction

1.1. Knee Osteoarthritis and Gait Modifications

Knee osteoarthritis (OA) is the most common type of arthritis, affecting around 365 million people world-
wide [1]. It is a progressive degenerative disease of the knee joint, characterized by damage to the
articular cartilage. This damage can result from age-related degeneration, or from excessive joint load-
ing due to lifestyle factors such as physically demanding work [2]. Treatment ranges from non-surgical
interventions, such as lifestyle modifications and pharmacological therapy, to surgical interventions like
total knee replacement. With an aging population, the prevalence and societal burden of this disease
are expected to increase [3]. This highlights the importance of research focusing on prevention of
disease progression, as that could delay or even prevent the need for surgery [4].

The medial compartment of the knee joint is most commonly affected in knee OA [5]. Research has
shown that reducing internal loading of the medial compartment can slow disease progression [6], and
gait modifications aiming to reduce this medial compartment loading are being researched extensively
[7, 8]. Gait modifications can be described as passive, such as knee braces, insoles and modified
shoes [9, 10, 11], or as active gait modifications. Examples of such strategies are increasing trunk
sway and step width [12, 13, 14]. Another commonly researched active gait modification is altering the
foot progression angle (FPA). The FPA is defined as the angle between the walking direction, and the
direction of the foot on the ground during stance phase (Figure 1.1). Several studies have researched
this form of gait modification to reduce medial compartment loading. These include both single-session
studies [15, 16, 17] and longer-term interventions where participants trained to walk with a personalized
target FPA for a longer time-period [18, 19, 20, 6]. Evidence shows that the effect of a specific FPA
alteration on medial compartment loading varies between individuals. For some, toe-in gait produces
the largest reduction, whereas for others, a toe-out modification is more effective [6]. These findings
underscore the need for a personalized approach when selecting a target FPA.

1.2. Modifying the FPA

Different combinations of lower-limb joint angles can result in the same FPA. Investigating these adapta-
tions may help identify consistent movement patterns, which could ultimately support the development
of improved FPA assessment methods. Currently, evaluating the effect of multiple FPAs on medial com-
partment loading requires separate experiments for each condition. This approach is time-consuming
and limited to the measured angles, meaning that the true optimal FPA, which produces the greatest
reduction in medial compartment loading, might fall between the tested FPAs. Some studies have
proposed alternative approaches: for example, one study created a patient-specific cost function to
predict the influence of the FPA on knee joint moments using, among other inputs, differences in joint
angles [21]. Although this approach works well for individual participants, it is unclear whether joint an-
gle adaptations follow consistent patterns across people. ldentifying these generalizable adaptations
is important for developing predictive methods that can be applied to more individuals, allowing the
effects of different FPAs to be evaluated using only natural gait.
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Figure 1.1. The foot progression angle (FPA). The FPA is calculated as the angle between the
walking direction and direction of the foot on the ground.

1.3. FPA and Knee Loading

While the goal of gait modifications is to reduce medial compartment loading, this metric cannot be
directly measured in vivo. Therefore, the external knee adduction moment (KAM) is commonly used
as a surrogate measure. Although the KAM is associated with cartilage degeneration and disease
progression [22, 6], several studies have shown that changes in KAM do not reliably reflect changes
in actual medial compartment loading [23, 24]. The KAM reflects a moment around the knee, and is
influenced by the magnitude and direction of the ground reaction force (GRF) and its medial-lateral
position relative to the knee joint center [25]. Medial compartment loading is influenced by multiple
factors, including muscle forces, which are only partially reflected in the KAM. One study found that non-
knee-spanning muscles contributed more consistently to the KAM, as these muscles primarily affect
the external moment around the knee, increasing compression in one compartment and unloading the
other. In contrast, the contributions of knee-spanning muscles were not well reflected in the KAM,
because these muscles primarily influence the total knee joint load by compressing or unloading both
compartments [26]. This indicates that when the total load may change due to muscle forces, focusing
only on the KAM does not capture the full effects on medial compartment loading [24].

The previously mentioned studies investigating the effects of different FPAs and personal target
FPAs have primarily reported the KAM as the outcome measure. As a result, the impact of these gait
modifications on medial compartment loading remains unclear. While some studies have assessed
the effects on medial compartment loading for toe-in gait [27, 28], they focused only on one altered
FPA. Consequently, it remains unknown how walking with a personalized target FPA, toe-in or toe-out,
affects medial compartment loading.

Since direct measurement of knee joint loading is not possible, static optimization is often used to
obtain estimations. Static optimization is a musculoskeletal modeling technique that solves for muscle
forces by for example minimizing muscle activations, using motion capture (MoCap) and GRF data.
Models incorporating separate medial and lateral compartments within the knee are able to calculate
the medial tibiofemoral contact force (mTFCF), which provides an estimation of medial compartment
loading [29]. Previous research has shown that this approach can accurately detect the direction of
changes in medial compartment loading, as reflected by mTFCF. These findings were based on com-
parisons between simulated results and measurements from an instrumented knee during several gait
modifications [30]. However, this method has not been validated for different FPAs. Although true
validation requires comparison to data measured by an instrumented knee, several studies have in-
vestigated the relationship between the KAM and mTFCF. These studies showed that the maximal
mTFCF during the first half of stance (first peak) is more strongly associated with the KAM than during
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the second half (second peak), in both healthy individuals and patients with knee OA [31, 32]. Another
study investigated how changes in mTFCF relate to changes in KAM for a toe-in FPA [28]. They found
a moderate association between changes in first peak KAM and first peak mTFCF, and a weak asso-
ciation for the second peak and total area under the curve (impulse). Because knee-spanning muscle
forces contribute less to medial compartment loading during early stance, frontal-plane external loading
plays a larger role, which explains why the first peak typically shows a stronger association between
the KAM and mTFCF [29]. By investigating this relationship for different FPAs, insights can be gained
into whether the change in estimated mTFCF shows patterns consistent with prior literature.

1.4. Research Objectives

The first aim of this study was to investigate, in adults without knee OA, how pelvic, hip, knee, and
ankle-foot joint angles differ throughout the gait cycle between natural walking and walking with different
FPAs. It was hypothesized that all analyzed lower-limb joint angles would exhibit consistent patterns
of change for each FPA condition.

The second aim of this study was to investigate how walking with different FPAs affects medial com-
partment loading, and whether adopting a personalized target FPA, based on the first peak, leads to a
reduction in medial compartment loading. It was hypothesized that individuals would generally respond
better to either a toe-in or toe-out FPA for each peak metric, and that adopting a target FPA would signif-
icantly reduce first peak and impulse medial compartment loading, consistent with previously reported
reductions in the KAM [33].

The third aim of this study was to investigate the relationship between changes in KAM and changes
in mTFCF when comparing natural walking with walking with different FPAs. It was hypothesized that,
across all FPA conditions, KAM changes would be more strongly associated with first peak mTFCF
changes than with second peak [28].



Methods

2.1. Participants

This study was conducted as part of a parent study, researching a remote patient monitoring system
designed to measure the FPA at home [34]. MoCap data gathered during the baseline measurements
were used for the present study. More information on the parent study can be found in Appendix A.
For the present study, eligibility criteria were 1) the ability to walk unaided for at least 15 to 30 minutes,
2) absence of activity related knee pain and morning stiffness, 3) absence of traumatic knee injury
or surgery in the past year, 4) absence of any neurological, rheumatological or metabolic conditions
affecting mobility, 5) absence of any musculoskeletal conditions affecting ankles, hips, pelvis or lumbar
spine, 6) BMI < 35, 7) absence of cognitive impairments and 8) unable to communicate in Dutch or
English. Ethical approval was granted by the Erasmus MC Medical Ethics Review Committee and all
participants provided written informed consent.

2.2. Data Collection

During a single-session experiment, MoCap data were collected in the Erasmus MC / TU Delft Motion
Biomechanics & Imaging Lab. Marker data were recorded at a frequency of 100 Hz. GRF data were
recorded at 1000 Hz, and filtered using a 4" order low pass Butterworth filter with a cut-off frequency
of 10 Hz. Additionally, data were collected using the WalkWell Gait reTrainer system, which provided
real-time FPA feedback based on an inertial measurement unit (IMU) placed on the right foot [34]. For
this reason, only right-foot data were analyzed. The WalkWell system was used only to calculate the
natural FPA and to provide feedback during the measurements in the lab, all other analyses were based
entirely on MoCap data.

Reflective markers were placed on the skin of the participant according to a modified Conventional
Gait Model 2.5 Marker set (Figure 2.1) [35]. The participant was given a few minutes of walking on the
treadmill, both to get used to the feeling of walking on the treadmill, and to determine a comfortable
walking speed. This self-selected walking speed was used for all following trials. Each participant
then performed 5 trials: one while walking naturally, and four while walking with an altered FPA. Each
trial was about 3 minutes. During the natural walking trial, the natural FPA was calculated using the
WalkWell system, as the average over all steps of the trial [36]. Participants were instructed to modify
their FPA for the remaining four trials, which consisted of toe-out angles of 5° and 10° and toe-in angles
of 5° and 10°, relative to their natural FPA. To allow for natural variation and measurement error, the
target window was set to the target FPA, plus and minus 2°. The FPA was calculated as the average
over five steps using the WalkWell system. After every set of five steps, participants received visual
and audio feedback indicating whether they needed to increase toe-in, increase toe-out, or if their FPA
was within the target window.



2.2. Data Collection 5

- - i+ Calibration only

O LTHAP

QO LTHI
QO LTHAD

LKNM'O o\ knE

O LTIAP

OLTB
O map

LMED:: D LHEE
LANK

LFMH gy OLTOE
ISMHO o A OMH

Il

Figure 2.1. Modified Conventional Gait Model 2.5 Marker set [35]. Compared to the unmodified
marker set, markers on the arms and head were omitted, the T2 marker was repositioned to C7, and
the T10 marker was repositioned to T12.
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2.3. Data Processing

GREF data were used to identify individual gait cycles, which were time-normalized to 100% gait cycle.
For all five conditions, only the last 20 gait cycles were selected to ensure that participants had sufficient
time to adapt to the FPA condition. Although real-time feedback on the FPA was provided in the lab
using the WalkWell system, MoCap data were used to verify that only gait cycles within the target FPA
window were included in further analysis. The direction of the foot on the treadmill during midstance
was identified by comparing the location of the marker on the second metatarsal head (SMH) to the
marker on the heel (HEE) (Figure 2.1). The FPA was then calculated as the difference between the
treadmill’s forward direction and the direction of the foot. If the FPA was outside the target window, that
particular gait cycle was removed, resulting in fewer than 20 gait cycles for that specific condition.

2.4. Musculoskeletal Modeling

All valid gait cycles from each condition were analyzed using the open-source software OpenSim 4.5
[37, 38]. A model developed by Bedo [39] was used to estimate the mTFCF and lateral tibiofemoral
contact force (ITFCF) during each gait cycle. This model integrated the knee model by Lerner [29] into
a full body model. The Lerner knee model defines separate medial and lateral tibiofemoral compart-
ments. Knee flexion/extension occurs via a single sagittal-plane hinge, which connects to the medial
and lateral compartments via two parallel joints. These joints distribute all loads transmitted between
the femur and tibia. This allows the model to resolve the contact forces in the medial and lateral com-
partments, the mTFCF and ITFCF, required to balance the muscle forces and internal and external
loads acting on the model. Subject-specific frontal-plane orientation (i.e. knee varus-valgus) can be
incorporated by specifying the alignment of the knee joint within the model. Subject-specific contact
locations can be incorporated by shifting the medial and lateral compartment attachment points rela-
tive to the tibia. However, because radiographic imaging was not available for the present study, the
frontal-plane alignment and compartment locations were kept at the neutral values defined in [29].

For each participant, the model was first scaled using a static pose, by iteratively checking the root
mean square and maximal error of markers on anatomical landmarks. Joint angles were then calcu-
lated using the inverse kinematics tool, minimizing the sum of weighted squared errors of markers and
coordinates [40]. Muscle activations and forces were calculated using static optimization, while mini-
mizing the sum of squared muscle activations [41]. Coordinates were filtered with a cut-off frequency
of 6 Hz. To allow the simulation to run properly, reserve actuators were appended to the model’s force
set. Lastly, a joint reaction analysis was performed to obtain the mTFCF and ITFCF [42].

2.5. Data Analysis

For each valid gait cycle, the KAM was calculated in the frontal plane as the cross product of the
GREF, and the vector from the knee joint center (defined as the midpoint between the medial and lateral
epicondyle markers) to the center of pressure on the treadmill belt. Results were then normalized by
dividing the KAM by body weight. The following joint angles were extracted from inverse kinematics
results: transverse pelvic rotation, hip abduction/adduction, hip rotation, hip flexion/extension, knee
flexion/extension, ankle plantarflexion/dorsiflexion and subtalar inversion/eversion. The mTFCF and
ITFCF were extracted from joint reaction analysis results by taking the vertical force component and
dividing by body weight x 9.81 m/s?. The total tibiofemoral contact force (tTFCF) was defined as sum of
the mTFCF and ITFCF [39]. For each participant, joint angles, KAM, and contact forces were averaged
across all valid gait cycles within each condition, resulting in mean curves for each variable.

The following parameters were extracted during stance phase for the mTFCF: first peak, second
peak and impulse. Using these timings, the first peak and second peak KAM were extracted, as well
as the first and second peak mTFCF expressed as a percentage of tTFCF (%tTFCF). The difference
between natural walking and each FPA condition was calculated as AmTFCF, A%tTFCF and AKAM
per participant per condition.

For each participant, a target FPA was selected as the condition resulting in the largest reduction
in first peak mTFCF compared to natural walking [43]. If all conditions caused an increase, no target
FPA was set.
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2.6. Statistical Analysis

To address the first aim of this study, joint angles across the entire gait cycle were compared between
each FPA condition and natural walking, using one-dimensional statistical parametric mapping (SPM).
SPM produces a time series of t-values along the gait cycle, which allows identification of regions where
joint angles differ significantly [44].

For the second aim, paired t-tests were performed to evaluate whether mTFCF and %tTFCF differed
between the target FPA condition and natural walking. The analysis was done separately for the first
peak, second peak, and impulse. Normality was checked using the Shapiro-Wilk test, and in case of
violations, the non-parametric Wilcoxon signed-rank test was used.

For the third aim, a linear regression analysis was performed to assess the relation between the
AKAM and AmTFCF at the same time point in the gait cycle, for each FPA condition separately. The fit-
ted regression model, estimated using Ordinary Least Squares (OLS), was performed for the first peak,
second peak and impulse values separately. The AKAM was treated as the independent variable, AmT-
FCF was treated as the dependent variable: AmTFCF = 8, + ; - AKAM. Normality, homoscedasticity
and independence of residuals were checked both visually, and by using statistical tests; Shapiro-Wilk,
Breusch-Pagan and Durbin-Watson, respectively.

Statistical significance was set to an alpha level of 0.05. All statistical analyses were conducted in
Python (version 3.11.8) using the scipy.stats, statsmodels.formula.api and spm1d packages.



Results

3.1. Participant Demographics

A total of 14 participants (5 male, 9 female) were included in this study. The mean age was 57.8 + 12.1
years, with an average height of 1.75 + 0.11 m and weight of 72.8 + 14.2 kg. The mean body mass
index (BMI) was 23.7 + 2.7 kg/m?. The self-selected walking speed was 1.00 = 0.19 m/s.

3.2. Alterations in Joint Angles

For all joint angles, a distinction between the toe-out and toe-in conditions was shown, where the
10° conditions generally produced larger differences than the 5° conditions (Figure 3.1). However,
not all differences were statistically significant. The largest differences were observed in hip rotation,
with significant differences present throughout the entire stance phase for all conditions. Subtalar
inversion/eversion showed significant differences in both toe-out conditions and toe-in 10°, particularly
during late stance. Differences in ankle plantarflexion/dorsiflexion were minimal at initial contact but
increased during stance, with significant differences observed for the 10° FPA conditions. Transverse
pelvic rotation remained nearly unchanged for toe-out conditions, whereas toe-in conditions exhibited a
contralateral rotation in early stance, meaning the ipsilateral pelvis moved forward. Standard devations
(SD) for transverse pelvic rotation were large for all FPA conditions. Hip abduction was increased
during early stance for toe-out conditions. Hip and knee flexion differences were non-significant and
less consistent throughout the stance phase.

3.3. Changes in Medial Compartment Loading

The pattern of AmTFCF varied across participants for all three parameters. For some participants,
moderate increases for toe-out 5° were followed by larger decreases for toe-out 10°, whereas others
exhibited inconsistent changes (Figure 3.2 and Appendix B). The direction and magnitude of change
for a 5° alteration did not always match with the results for 10°. Additionally, both toe-in and toe-out
conditions caused changes in the same direction for one participant, e.g. both increasing or decreasing.
When comparing the first and second peaks, no distinct differences in overall response patterns were
apparent. However, the spread of changes was greater for the first peak under toe-out conditions,
whereas for the second peak, toe-in conditions showed larger differences. For the impulse, no such
difference between conditions was observed.

Seven participants received a target FPA of toe-in 10°, one participant of toe-out 10° and two partici-
pants of toe-out 5°, as that condition resulted in the largest reduction in first peak mTFCF. The remaining
four participants did not achieve a reduction with any of the FPA conditions (Appendix D). Because the
normality assumption was violated for several groups, it was decided to perform the nonparametric
Wilcoxon signed-rank test for all outcomes. All mMTFCF parameters were significantly decreased using
the target FPA (Table 3.1). For %tTFCF, significant reductions occurred for the first peak and impulse,
while a non-significant increase was seen for the second peak.
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Figure 3.1. Joint angles for each FPA condition (left) and differences in joint angles between natural
walking and each FPA condition (right) (mean[SD]). Solid lines indicate a significant difference
between the FPA condition and natural walking (solid blue), dotted lines indicate non-significance.
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Figure 3.2. Difference in change in mTFCF (AmTFCF) between each FPA condition and natural
walking, e.g. walking. Each line represents results for one participant. A negative change indicates a
reduction compared to natural walking.
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Table 3.1. Wilcoxon signed-rank test on differences between natural walking and the target FPA.

Outcome Walking Target Difference p

mTFCF [BW] First Peak 2.09+0.44 1.93+£0.32 -0.22+£0.19 0.002
Second Peak  2.56 +0.53 2.40 £ 0.51 -0.23+£0.32 0.049
Impulse 1.18 £ 0.31 1.07 £ 0.24 -0.15+£0.13 0.002

%tTFCF [%]  First Peak 79.6+7.21 76.1 +7.51 -4.97 £5.93 0.037
Second Peak  75.9 +6.26 76.2+£7.04 0.34 £ 4.91 0.695
Impulse 72.1 £ 5.51 69.8 £ 5.45 -3.21 £3.97 0.004

Abbreviations. mTFCF = medial tibiofemoral contact force, %tTFCF = medial tibiofemoral contact force expressed as
percentage of the total tibiofemoral contact force, BW = body weight.

Results are displayed as mean + SD. Walking indicates mean results for natural walking over all participants. Target
indicates mean results for the target FPA condition over all participants. Difference indicates the paired difference between
the walking and target condition for all participants. Bold results indicate significance (p < 0.05).

3.4. Relationship Between AKAM and AmTFCF

The AKAM and AmTFCF were positively associated for all FPA conditions (Table 3.2, Figure 3.3).
However, for first peak toe-in 10°, this association was not significant. The assumptions of normality
or homoscedasticity were violated for second peak toe-in 10° and impulse toe-out and toe-in 5°. The
estimated KAM throughout the stance phase for each participant and condition, as used in the linear
regression analysis, is provided in Appendix C.

Table 3.2. Regression analysis results for the relationship between
changes in KAM (AKAM) and changes in mTFCF (AmTFCF).

Measure Condition R2 B+ (BW per Nm/kg)
First peak Toe-out 5° 0.64 2.16
10° 0.82 1.91
Toe-in 5° 0.36 0.98
10° 0.29 1.20
Second peak  Toe-out 5° 0.29 1.56
10° 0.34 1.15
Toe-in 5° 0.44 4.48
*10° 0.76 4.65
Impulse Toe-out * 5° 0.55 2.58
10° 0.78 1.78
Toe-in * 5° 0.41 1.77
10° 0.65 2.64

Bold results indicate significance (p < 0.05).
* Indicates that test assumptions were violated.

For the first and second peaks, the regression slopes, 3, (BW per (Nm/kg)), were similar within
each FPA direction (Table 3.2). For the first peak, toe-out conditions showed steeper slopes (84 of 2.16
and 1.91 for 5° and 10°, respectively) compared with toe-in conditions (84 of 0.98 and 1.20) (Figure
3.3a). For the second peak, this pattern was reversed, with steeper slopes for toe-in conditions (§4 of
4.48 and 4.65) than for toe-out conditions (841 of 1.56 and 1.15) (Figure 3.3b). A difference in pattern
for toe-in and toe-out conditions was not present for the impulse (Figure 3.3c).

Associations between AKAM and AmTFCF were stronger for the first peak in toe-out conditions (R?
=0.64 and 0.82 for 5° and 10°, respectively) compared with toe-in conditions (Table 3.2). For the second
peak, toe-in conditions showed stronger associations (R? = 0.44 and 0.76 for 5° and 10°, respectively).
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Across all parameters, associations were generally stronger for the 10° than the 5° conditions, except
for the first peak in toe-in gait, where R was 0.36 for 5° and 0.29 for 10°.

For the first peak, toe-in results were generally located to the left relative to toe-out results (Figure
3.3a). At comparable AmTFCF values, toe-in results corresponded to lower AKAM values than toe-out
results. For the second peak, the opposite pattern was shown, with toe-out results located to the left of
toe-in results (Figure 3.3b). For both the first and second peaks, points were more widely distributed at
lower AKAM and AmTFCF values, whereas the distribution was more compact at higher values. Toe-in
and toe-out results did not form distinct clusters for the impulse, and the results were distributed more
evenly across the range of AKAM and AmTFCF values (Figure 3.3c).
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Figure 3.3. Scatterplot and fitted model of changes in KAM (AKAM) against changes in mTFCF
(AmTFCF) for all participants and conditions. Colors and markers indicate FPA conditions.



Discussion

This study aimed to investigate 1) how lower-limb joint angles differ throughout the gait cycle between
natural walking and different FPAs, 2) how walking with different FPAs alters medial compartment
loading and whether adopting a personalized target FPA leads to a reduction in medial compartment
loading, and 3) the relationship between changes in KAM and mTFCF when comparing natural walking
with walking with different FPAs.

4.1. Alterations in Joint Angles

Hip rotation and subtalar inversion/eversion showed the clearest distinction between the natural walk-
ing, toe-in, and toe-out conditions. Together, their alterations accounted for nearly the full change in
FPA, suggesting that most of the rotation required to modify the FPA originates from the hip and sub-
talar joint. Although differences in the other lower-limb angles were smaller, a consistent pattern was
still present: the 10° FPA condition amplified the changes observed for the 5° condition. These joints
may not be intentionally adjusted, but are instead influenced passively by changes in proximal joints.
The results support the hypothesis that consistent patterns of joint angle changes occur for different
FPA alterations. These findings could help developing predictive models to estimate how the mTFCF
will change for different FPAs, based only on natural gait.

Pelvic rotation displayed condition-specific behavior: toe-in gait involved a contralateral transverse
pelvic rotation, whereas toe-out gait showed minimal change. This may suggest that achieving a toe-in
FPA relies more heavily on pelvic adjustment, possibly because the range of motion for internal hip
rotation is smaller than external rotation [45]. Additionally, the large SD observed for toe-in 10° may
reflect that the amount of transverse pelvic rotation required varies with individual hip flexibility. An
increase in hip abduction was also observed during toe-out gait, which may reflect an adaptation to a
wider step width. Research has shown that a wider step reduces peak KAM [46]. It should therefore
be noted that results for toe-out gait might not only be influenced by the FPA, but also by associated
gait modifications such as step width.

4.2. Changes in Medial Compartment Loading

The hypothesis that individuals would respond better to either a toe-in or toe-out FPA alteration for
each peak metric was not supported. No clear pattern was observed where participants who reduced
the mTFCF with toe-in showed increases with toe-out, or vice versa, across outcome measures. In-
stead, responses were heterogeneous. These findings indicate that the effect of different FPAs on
the change in mTFCF is highly individual. A possible explanation is the difference in muscle activa-
tion patterns, which have a strong influence on internal knee loading [47]. Different FPAs may require
different muscle forces, and for larger alterations, participants may adopt compensatory strategies to
achieve the target FPA, potentially resulting in unnatural muscle activations. This study is, to the best
of current knowledge, the first to investigate individual responses to multiple FPA alterations, therefore
direct comparison with previous work is not possible. However, existing research already emphasizes
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the importance of a personalized approach when selecting a target FPA, and the results of this study
further support the need for personalized targets based on each participant’s response [17].

Based on reductions in first peak mTFCF, seven participants (70% of the responsive group) were
assigned a target FPA of toe-in 10°. This is similar to previous KAM studies, where the majority of
responsive participants were also prescribed a toe-in 10° target [48, 6]. When adopting the target FPA,
the first peak and impulse mTFCF showed significant reductions, consistent with the set hypothesis.
Interestingly, the second peak also decreased. First peak and impulse %tTFCF were also significantly
reduced, whereas the second peak showed a slight increase, indicating that the medial compartment
carried a greater proportion of the total load at that point in stance. Although the effects of a personalized
target FPA on mTFCF have not been previously investigated, previous studies have examined the
effects on the KAM. One study set the target FPA based on each participant’s largest KAM peak,
which was the first peak for most participants. They reported significant reductions in the first peak and
impulse, but not in the second peak, indicating that second peak reductions were generally not expected
[33]. Overall, these findings suggest that a personalized target FPA reduces medial compartment
loading across the stance phase. The reduction in impulse is also encouraging, since both the first
and second peak influence this parameter. As patients with knee OA have a higher loading in the first
half of the stance phase compared to healthy individuals, but also walk with a greater percentage of
total load on the medial compartment, it may be clinically useful to aim to reduce both the mTFCF and
%tTFCF [49, 50].

4.3. Relationship Between AKAM and AmTFCF

The relationship between AKAM and AmTFCF was positive across all FPA conditions. The presence
of a positive, but not perfect association is consistent with previous findings showing that KAM reflects
only part of the mechanisms contributing to medial compartment loading [26]. The strength of this
relationship differed between gait phases within each FPA condition, meaning that the associations
observed for the first and second peak were not uniform. These phase-specific differences are also
consistent with literature, further suggesting that the relation between KAM and medial compartment
loading varies across the stance phase [51].

The strength of the association however also varied between FPA conditions, and the hypothesis
that first peak changes in mTFCF would show stronger associations than for second peak across all
FPA conditions was therefore not supported. For the first peak, changes in mTFCF were more strongly
associated with changes in KAM for toe-out gait than for toe-in gait. This suggests that although addi-
tional factors other than the KAM influence mTFCF for both gait types, their contribution is smaller for
toe-out gait during early stance. It also indicates that a given change in KAM corresponds to a larger
change in mTFCF for toe-out compared with toe-in gait. In contrast, for the second peak, the pattern
was reversed, with toe-in gait showing a stronger association than toe-out gait. These results suggest
that the association depends on both gait phase and the direction of the FPA alteration.

Richards [28] reported a stronger relationship between changes in KAM and changes in mTFCF
during toe-in gait for the first peak. Therefore, the opposite pattern observed in the present study was
unexpected. Although this discrepancy cannot be attributed directly to one specific factor, several dif-
ferences between the studies may help explain it. First, [28] studied patients with knee OA, whereas
the present study examined healthy adults. Muscle weakness, particularly of the quadriceps and ham-
strings, is commonly associated with knee OA [52]. Patients with knee OA also walk with increased
muscle co-contraction compared to healthy individuals, to compensate for this weakness and joint in-
stability [53, 54, 55]. Because muscle forces strongly influence knee joint loading, these differences
in participant populations may lead to different loading responses to FPA alterations. Second, mTFCF
estimation methods differed: [28] used a different musculoskeletal model and approach to determine
how the tTFCF was distributed between the medial and lateral compartment. Finally, the toe-in FPA al-
teration in [28] was participant-specific, aiming for a 10% reduction in first peak KAM, while the present
study applied fixed FPA alterations. As a result, KAM reductions were relatively uniform in [28] but
varied across participants in the present study, affecting the observed associations.

For the impulse, no consistent differences in the relationship between AKAM and AmTFCF were
observed between toe-in and toe-out conditions. This indicates that for the change in mTFCF over the
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whole stance phase, the relationship is less sensitive to the direction of FPA alteration. Additionally,
R? values were generally higher for 10° conditions than for 5° conditions, suggesting that the associa-
tion between AKAM and AmTFCF may be more consistent with larger FPA alterations. However, this
pattern could also reflect other factors, such as the influence of measurement noise. Smaller changes
are more susceptible to noise, which could weaken the observed relationship.

4.4. Limitations

The musculoskeletal modeling methods used in this study have several limitations. The knee was rep-
resented as a single degree-of-freedom joint, capturing only flexion-extension [39]. The knee abduction-
adduction and internal-external rotation could therefore not be captured. These joint angles are most
likely also affected by changes in FPA, since modifying the FPA is caused by adjustments at the hip,
which in turn alter the kinematic chain at the knee. Research has also shown that the knee adduction
angle influences the medial compartment load and medial to lateral force ratio [56]. Therefore, changes
in these kinematics remain uncharacterized, and any effects of knee adduction on the mTFCF were not
captured. However, this musculoskeletal model was chosen because it is commonly used in research
for estimating knee joint loading in the medial and lateral compartment, and the model has been vali-
dated for other gait modifications (medial knee thrust and lateral trunk lean), showing that it is able to
capture differences caused by gait patterns [27]. Future research could apply more advanced frame-
works, such as OpenSim Joint Articular Mechanics (JAM) [57], which allows a six degree-of-freedom
representation of the knee, and representations of articular contact and passive ligament structures.

The musculoskeletal model assumes that the tibiofemoral contact force occurs at a single point
within each compartment [29]. Subject-specific parameters, such as frontal-plane alignment (i.e. knee
varus-valgus) and medial-lateral contact locations, therefore have a strong influence on the estimated
contact forces. Lerner [29] reported that small errors in both alignment and contact locations can lead to
large errors in predicted peak loads. Because radiographic images where not available for the present
study, these parameters could not be personalized. Therefore, the predicted mTFCF may not fully
reflect individual knee mechanics.

Muscle forces were determined using a cost function that minimizes muscle activation, and EMG
data were not collected. As a result, it is unclear how accurately the estimated muscle forces reflect
each participant’s neuromuscular strategy. This approach may even be less accurate for patients with
knee OA, who often exhibit greater co-contraction and altered activation patterns. Previous work has
also shown that muscle force adaptations to gait retraining vary substantially across knee OA patients
[58]. Because muscle forces strongly influence estimated mTFCF [47], this method may limit the ac-
curacy of predicted changes in knee loading in response to FPA alterations.

Participant characteristics limit the generalizability of this study, as only healthy participants were
included. Aside from the differences in neuromuscular strategies, the BMI was also lower than typically
observed in knee OA patients. A higher BMI is associated with greater peak compressive knee forces
[59]. Therefore, although the age was similar to the target OA population [60], the effects of FPA
alterations on medial compartment loading observed here may not generalize to the patient population.

For three FPA conditions (second peak toe-in 10° and impulse toe-in and toe-out 5°), one assump-
tion of linear regression, either normality or homoscedasticity of residuals, was violated. Consequently,
the strength and slope of the reported associations for these conditions should be interpreted with cau-
tion, as they may not fully represent the relationship between AKAM and AmTFCF.

Lastly, because this study used a cross-sectional design, it only captures the immediate effects of a
target FPA. Previous research has shown that reductions in KAM following a personalized target FPA
were only partially retained after one year [6]. It is therefore possible that a similar pattern could occur
for mTFCF, meaning that the reductions observed in the current study might change over time when
continuing to walk with an altered FPA.



Conclusion

This study demonstrated that lower-limb joint angles were consistently altered for different FPAs. Toe-in
and toe-out conditions produced changes in opposite directions, and the magnitude of these changes
increased with larger FPA alterations. The largest differences were observed for hip rotation and sub-
talar inversion/eversion. The change in mTFCF for toe-in and toe-out FPA alterations was highly in-
dividual, with no consistent directional pattern across participants for each peak metric, emphasizing
the need for personalized targets. When using a personalized target FPA based on the first peak
mTFCF, significant reductions were observed in the first peak, second peak and impulse mTFCF, re-
ducing medial compartment loading across the stance phase. The relationship between changes in
KAM and mTFCF was positive for all conditions, but the strength depended on both stance phase and
the direction of the FPA alteration.

Future studies should focus on patients with knee OA to investigate how FPA alterations influence
medial compartment loading in the target population. Additionally, future research should incorporate
individually adapted musculoskeletal models that account for subject-specific lower-limb alignment and
neuromuscular control, to improve the accuracy of medial compartment loading estimates.
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WalkWell Gait reTrainer

This study is part of the project WalkWell Gait re Trainer: Remote Patient Monitoring and Gait Retraining
for Knee Osteoarthritis [34]. This project is a collaboration between the Erasmus MC, TU Delft and
Moveshelf.

In most studies investigating the foot progression angle (FPA), participants are required to visit a
motion capture (MoCap) laboratory on a weekly basis to practice walking with their target FPA, while
being instructed to practice at home without feedback. Because MoCap systems are costly and not
widely available in clinical settings, and given the large population of knee osteoarthritis patients, this
approach is not feasible. Consequently, there is growing interest in simpler systems that are able to
measure the FPA at home, such as the WalkWell device.

The WalkWell device consists of an inertial measurement unit sensor (IMU), placed on the foot of
the user. The IMU measures orientation, change in orientation and velocity during gait. The IMU is
connected via Bluetooth to a mobile phone where the app Moveshelf Mobile is installed. Within the
app, the raw IMU data is fed into an algorithm, and the FPA per step is calculated in real-time [36].
Based on a personal target FPA, the user is given visual and audio feedback while walking.

For the parent study, healthy participants attend a MoCap laboratory once where baseline mea-
surements are conducted, as described in the present study. After receiving a target FPA based on
the knee adduction moment, participants are asked to practice walking with the target FPA while using
the device, at least three times during one week.

IMU L MOVESHELF Feedback
Mobile

>

Figure A.1. Overview of the WalkWell Gait reTrainer. The inertial measurement unit (IMU) is placed
on the shoe. Measurements from IMU are sent to the Moveshelf Mobile app, where the foot
progression angle (FPA) is calculated. The user receives visual and audio feedback on their FPA. The
therapist can access training data through the Moveshelf platform.
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Figure B.1. Estimated tibiofemoral contact forces for each condition (subject 1).
45
—— toein5 mean E —— toein5 mean
toein10 mean =) toein10 mean
—— toeouts mean 2407 —— toeouts mean
—— toeoutl0 mean E —— toeoutl0 mean
— walking03 mean 535 — walking03 mean
g
E 3.0
L
3
g 2.5
2
35 2.0
£
5
Y154
s
s
£
L 1.0+
S
]
F
T 05
g
~ 004 -
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Gait cycle [%] Gait cycle [%]

(a) Medial TFCF (b) Lateral TFCF

Figure B.2. Estimated tibiofemoral contact forces for each condition (subject 2).
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Figure B.3. Estimated tibiofemoral contact forces for each condition (subject 3).

—— toein5 mean
—— toeinl0 mean
—— toeout5 mean
—— toeout10 mean
—— walking02 mean

20 30 40 50 60
Gait cycle [%]

(a) Medial TFCF

70

Vertical Tibiofemoral Contact Force - Lateral Compartment [BW]

e ——

—— toein5 mean
—— toeinl0 mean
—— toeout5 mean
—— toeoutl0 mean
—— walking02 mean

0 10 20 30 40 50 60 70

Gait cycle [%]

(b) Lateral TFCF

Figure B.4. Estimated tibiofemoral contact forces for each condition (subject 4).
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Figure B.5. Estimated tibiofemoral contact forces for each condition (subject 5).
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Figure B.6. Estimated tibiofemoral contact forces for each condition (subject 6).
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Figure B.7. Estimated tibiofemoral contact forces for each condition (subject 7).
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Figure B.8. Estimated tibiofemoral contact forces for each condition (subject 8).
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Figure B.9. Estimated tibiofemoral contact forces for each condition (subject 9).
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Figure B.10. Estimated tibiofemoral contact forces for each condition (subject 10).
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Figure B.11. Estimated tibiofemoral contact forces for each condition (subject 11).
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Figure B.12. Estimated tibiofemoral contact forces for each condition (subject 12).
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Figure B.13. Estimated tibiofemoral contact forces for each condition (subject 13).
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Figure B.14. Estimated tibiofemoral contact forces for each condition (subject 14).



Knee Adduction Moments

Knee adduction moment obtained from ground reaction forces and marker data, for each participant
for each condition. Only the stance phase of the gait cycle is plotted. The shaded band around the
mean represents the mean + standard deviation.
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Figure C.1. Knee Adduction Moment for each condition (subject 1).
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Figure C.2. Knee adduction moment for each condition (subject 2).
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Figure C.3. Knee adduction moment for each condition (subject 3).
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Figure C.4. Knee adduction moment for each condition (subject 4).
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Figure C.5. Knee adduction moment for each condition (subject 5).
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Figure C.6. Knee adduction moment for each condition (subject 6).
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Figure C.7. Knee adduction moment for each condition (subject 7).
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Figure C.8. Knee adduction moment for each condition (subject 8).
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Figure C.9. Knee adduction moment for each condition (subject 9).
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Figure C.10. Knee adduction moment for each condition (subject 10).
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Figure C.11. Knee adduction moment for each condition (subject 11).
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Figure C.12. Knee adduction moment for each condition (subject 12).
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Figure C.13. Knee adduction moment for each condition (subject 13).
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Figure C.14. Knee adduction moment for each condition (subject 14).

70



Results Target FPA

Table D.1. Results for the change in mTFCF (AmTFCF) and change in %tTFCF (A%tTFCF)
parameters for the defined target FPA.

Target FPA Ziﬁ:gz""t AmTFCF [BW] A%tTFCF [%]
Ei;tk gzgind Impulse  First Peak g:;ﬁnd Impulse
Toe-out5° 1 -0.044 0.048 -0.035  4.120 1.927  -0.759
5 0454  -0.444 0329  2.396 -3.008  -1.990
Toe-out 10° 6 0228  -0.196 -0.155  -1.866 5324  -2.003
Toe-in 10° 2 -0.275 0.248 -0.084  -8.005 6.810 -2.314
3 -0.137 0.116  -0.023  -0.649 4879  0.558
4 0625  -0.817 -0432  -14.91 9376  -13.77
9 0153  -0420 -0.114  -9.008 1.034  -4.549
1 -0.141 -0.161 -0.059  -9.856 3.055 -1.325
13 -0.099  -0426 -0.144  -5.188 2935 -3.652
14 -0.067  -0253 -0.126 -6.714 -0.461  -2.323

Abbreviations. FPA = foot progression angle, AmTFCF = difference in medial tibiofemoral contact forces between the
target FPA condition and natural walking, A%tTFCF = difference in medial tibiofemoral contact forces expressed as per-
centage of the total tibiofemoral contact force between the target FPA condition and natural walking.
The target FPA was defined as the condition that lowered the first peak mTFCF the most. Participants 7, 8, 10 and 12 did
not improve their first peak mTFCF with any of the FPA conditions.
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