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ABSTRACT

Gait modifications, such as lateral trunk lean (LTL), medial knee thrust (MKT) and toe-in gait (TIG), are
frequently investigated interventions used to slow the progression of knee osteoarthritis. The Lerner knee
model was developed to estimate the tibiofemoral joint reaction forces (JRF) in the medial and lateral
compartments during gait. These models may be useful for estimating the effects on the JRF in the knee as
a result of gait modifications. We hypothesized that all gait modifications would decrease the JRF
compared to normal gait. Twenty healthy individuals volunteered for this study (26.7 + 4.7 years, 1.75 +
0.1 m, 73.4 + 12.4 kg). Ten trials were collected for normal gait as well as for the three gait modifications:
LTL, MKT, and TIG. The data was used to estimate the JRF in the first and second peaks for the medial and
lateral compartments of the knee via OpenSim using the Lerner knee model. No significant difference from
baseline was found for the first peak in the medial compartment. There was a decrease in JRF in the
medial compartment during the loading phase of gait for TIG (6.6%) and LTL (4.9%) and an increasing JRF
for MKT (2.6%) but none were statistically significant. A significant increase from baseline was found for
TIG (5.8%) in the medial second peak. We found a large variation in individual responses to gait
interventions which may help explain the lack of statistically significant results. Possible factors influencing
these wide range of responses to gait modifications include static alignment and the impacts of variation
in muscle coordination strategies used, by participants, to implement gait modifications.

Keywords: Gait modification, knee osteoarthritis, joint reaction forces, OpenSim
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INTRODUCTION

Osteoarthritis (OA) of the knee is a major cause of disability and affects more
than 19% of the adult population over the age of 45 in the United States [1, 2]. Excessive
joint reaction forces (JRF) have been implicated in the development and progression of
knee OA [3, 4]. Gait modifications are a promising non-invasive intervention used to
reduce JRFs in the knee as evidence suggests that they may slow the progression of the
disease [5-7]. A number of gait modifications have been identified that may help reduce
the JRF in the medial compartment of the knee. Three common modifications
investigated include lateral trunk lean (LTL) [6-14], medial knee thrust (MKT) [7-9, 11,
15-19], and toe-in gait (TIG) [7-9, 11, 17, 20]. A systematic review of gait interventions
[7] found that when paired with real-time biofeedback (RTB), the three interventions
chosen for this study show the greatest potential to reduce the knee adduction moment
(KAM) in patients with knee OA. Real-time biofeedback can help improve the adoption
of gait interventions and allow for the magnitude of modifications to be tailored to
subject specific responses.

Many studies investigating gait modifications rely on surrogate measures, such
as KAM and the knee flexion moment (KFM), to assess knee loads [17, 21-29]. In studies
investigating knee OA it has been demonstrated that there is an association between
KAM is and disease progression [30-33] while the contribution of KFM is less clear. One
study found that both KAM and KFM equally contributed to estimates of total knee joint
moments but that as the disease progressed KAM influenced increased while KFM

influence decreased [30]. While some studies have found a connection between KFM
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and knee OA, especially in the first peak [20, 32], others have failed to show a strong
connection [31, 34].

The LTL modification has been shown to reduce KAM when the trunk angle is
modified by a sufficient amount [6, 9, 35, 36] but it has also been reported that the
modification may lead to discomfort in the spine and ipsilateral knee and hip joints [6].
The MKT modification with real-time visual feedback has also been shown to reduce
KAM in healthy subjects [9, 15, 36, 37]. A subject specific simulation study on a patient
with grade 2 medial knee OA suggested that MKT could reduce both the first and second
knee adduction torque peaks [16]. After gait retraining the patient was able to closely
reproduce the knee adduction torque reductions, calculated by the simulation study,
while walking in a laboratory setting [16]. The TIG modification using RTB has been
shown to also reduce peak KAM in some studies [17, 35], however, other research has
not demonstrated a significant decrease in KAM when using TIG with visual RTB [9, 38].
A study in healthy controls using TIG without RTB showed a statistically significant
reduction in first peak KAM but found no reduction in JRF as estimated by a
musculoskeletal model [39]. While some studies have found that KAM may provide a
reasonable indicator for the JRF at the first peak of stance, the relationship between
KAM and the joint contact force is not as strong for the second peak of stance [20, 34].
Additionally, research in children and adolescent’s has indicated that KAM may not be a
good predictor of knee joint contact force independent of leg alignment [40].

With the advancement in computing power computational models are becoming

a common approach to directly estimate JRFs in the knee during gait [41-48]. While it is
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impractical to measure JRFs in-vivo [49], computational models are capable of
estimating internal forces during functional movements (i.e. walking, running, crouch
gait) [45, 46, 50-54]. OpenSim is an open-source software application for modeling,
simulating, and analyzing movement [47]. It provides a flexible and robust tool that can
be used by researchers to simulate how altered movement patterns can affect internal
joint loading [41-47, 55-64]. Lerner et al. (2015) developed an OpenSim model (Lerner
model) that allows for the direct estimation of the medial and lateral JRF in the knee.
Previous research has identified muscle forces as a major determinant of
simulated compressive tibiofemoral contact forces thus variations in muscle activity
greatly influence the accuracy of knee JRF predictions [50, 65]. The weighted static
optimization objective function minimizes the sum of squared muscle activations while
incorporating individual muscle weighting values as described in detail in previous
research [52]. A common finding in past studies was that a weighted static optimization
approach provides improved results over the default OpenSim static optimization (SO)
[44, 45, 52, 66] by allowing researchers to reduce the force output in muscles that are
causing increased error in JRF estimates. Many of these studies use in vivo data from
instrumented knee implants to determine the weights for the objective function by
minimizing the difference between the experimental and in vivo data [44, 45]. This is an
infeasible approach to take when trying to estimate the effects of gait interventions in
healthy or pathological subjects where no in vivo data is available. In order to
implement the Lerner model an alternative approach to using in vivo data is needed for

determining appropriate weights for muscles that exhibit larger than expected
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activations and forces as calculated by SO. Ensuring a proper weight for the model is
important to reduce the overestimation of JRF in the model.

The purpose of this study was to examine the effect of three commonly studied
gait interventions using RTB on the simulated JRF in a cohort of healthy participants. We
hypothesized that all three interventions would reduce the first peak joint reaction force
compared to baseline values. A second purpose of the study was to evaluate a visual
inspection method for identifying muscles and weights for the weighted SO approach.
METHODS
Participants

Twenty healthy individuals were recruited from the university community to
participate in the study. Their dominant limb was determined by identifying their
preferred leg in a kicking task [67]. Eligibility criteria included no reported knee, hip, or
back pain that required treatment within the prior six months and no previous lower
limb or back surgery. Exclusion criteria included any cognitive impairment that would
impact motor learning and existing neurological or musculoskeletal impairments that
would affect gait. All participants provided written informed consent prior to
participation and the study was approved by the George Mason University Institution
Review Board. Participant demographics are presented in Table 1.

Instrumentation

Prior to data collection, retroreflective markers were attached to the lower

extremities and trunk (53 markers) as shown below in Fig. 1. One cluster was located on

the lower back and four clusters were placed bilaterally on the thigh and shank
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segments. Twelve tracking markers were placed on various anatomical locations and ten
markers were placed on the feet. Ten calibration markers were used for static and
dynamic calibration trials. For the static calibration trial participants stood motionless on
a single force plate with their feet parallel to the anterior—posterior axis of the
laboratory. Visual3D software (C-Motion, Germantown MD, USA) used data from the
static trial to generate a kinematic model for each participant which included the trunk,
pelvis, thigh, shank, and foot segments. For the dynamic calibration trial participants
complete three clockwise rotations of the pelvis [68]. The data from the dynamic
calibration was used to estimate hip joint center for the model. Calibration markers
were removed before data collection. During data collection marker trajectories were
tracked using eight high-speed motion analysis cameras (Vicon, Oxford, England)
sampling at 200 Hz. Ground reaction force (GRF) was collected using four floor
embedded force plates sampling at 1000 Hz (Bertec, Columbus, OH). The force plates
were aligned in a single 2.4 m long row.
Data Collection
Baseline trials

Participants walked at a self-selected speed along a 6-meter laboratory walkway.
Timing gates (Brower Timing Systems, Draper, UT, USA) were positioned at the start and
end of four in-line force plates (2.4 meters long) and were used to measure the average
walking speed per trial. For a trial to be valid, one full contact with a force plate by the
dominant limb was required. Participants completed 10 valid baseline trials.

Gait modification trials
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Gait modification parameters were individualized for each participant using their
mean and standard deviation (sd) from baseline trials. Ranges for each gait modification
were created so that gait parameters fell within a range of 1-3 sd greater (TIG and LTL)
or lesser (MKT) than baseline for the first five trials and 3-5 sd greater or lesser than
baseline for the second five trials. The 1-3 sd range was considered a small modification
while the 3-5 sd range was considered a large modification. In total six target ranges
were calculated for each participant: small and large LTL, small and large MKT, and small
and large TIG.

Standardized verbal instructions, as described in previous research [69], were
provided before implementing each modification. Participants were allowed to
complete as many practice trials as desired to become comfortable with each
modification and additional verbal feedback was provided during practice trials as
needed. Gait modification trials were completed in a fixed order: LTL, MKT, and TIG.
Successful trials required at least one clean foot strike on the force plate, with the
dominant limb, and an average gait speed * 5% relative to baseline average speed.
Unsuccessful trials were not counted towards the 10 required for each modification.

For each of the 3 gait modification strategies studied, participants performed ten
trials using RTB. The visual feedback was delivered using Visual3D via a line graph
projected on a wall in front of the lab walkway as shown in Fig. 2. The graph indicated
the angle of the current gait modification parameter during the stance phase of gait and
was updated during each step of the dominant limb. A range representing the lower and

upper limits of the gait modification parameter (1-3 or 3-5 sd) was displayed on the
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graph (i.e. the green band in Fig. 2). Participants modified their gait according to
provided cues so that the line representing the gait parameter fell within the calculated
range. If during a trial a participant fell outside the provided range, they were instructed
to adjust their gait on the subsequent trial.
Musculoskeletal Simulation of Walking

Recorded data were first imported to Visual3D (C-Motion, Germantown MD,
USA) for pre-processing as described in previous research [9]. OpenSim compatible
format files were then exported from Visual3D. Prior to export, Visual3D runs inverse
kinematics on the data and provides kinematic and kinetic .mot files for each trial. The
exported files were used to create three dimensional simulations for the stance phase of
gait using OpenSim 3.2. To simulate the muscle forces required to reproduce the
measured kinematics and kinetics SO was run on the data using OpenSim 3.2. Prior to
S0, the gait2392 model was scaled to each subject’s height and weight. In addition to
the default SO cost function for minimizing the sum of the muscle activations squared
[47] each trial was also iteratively run through a weighted SO function based on
previously described methods [44, 45, 52]. OpenSim 3.2 was used for this process
because the weighted SO plug-in was built to be compatible with this version of the
software and has not yet been updated to work with the latest version of OpenSim [70].

In order to identify muscles and corresponding weights the results of SO were
visually inspected to identify any muscles identified in previous research that
contributed to increase knee load estimates (e.g. quadriceps’s, hamstrings, calves) and

that had a force that was 2 to 3 times greater than estimated forces from other lower
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extremity muscle groups. A weight of 2 was initially applied to that muscle group and a
weighted SO was re-run and the results visually inspected to determine the effect of the
weight on the muscle force outputs. The weight was increased until the weighted SO
output for the identified muscle fell within a comparable range to the other lower
extremity muscles.

If there were multiple muscles with extreme force estimates, then muscles were
weighted and evaluated in a set order for all gait intervention trials. The order was to
apply a weight to the gastrocnemius (GAS) muscles followed by weights applied to the
GAS and the vastus lateralis (GAS-VL) muscle, then to the GAS, VL, and vastus
intermedius/vastus medialis (GAS-VI-VL-VM) muscles, and finally to the GAS, VL, VI, VM,
and the rectus femoris (GAS-VI-VL-VM-RF) muscles. The muscle weight values started at
two and were systematically adjusted until the muscle force output values from the
weighted SO did not show any large spikes in the SO output.

After the default SO and the weighted SO was completed, the knee JRFs for the
medial and lateral compartment were computed using the OpenSim JointReaction
analyses on the scaled Lerner model using OpenSim 3.3 which is capable of resolving the
JRFs in the knee into medial and lateral components [44].

Statistical Analysis

Descriptive statistics were reported while a within-group repeated measures
analysis of variance (RM ANOVA) was used to compare JRF of participants' dominant
limb across the four different gait conditions. A RM ANOVA was used with both the

medial and lateral JRF for the first and second peaks during the stance phase of gait.
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Prior to running the RM ANOVA, data was checked for outliers and normality. Next,
Mauchly’s test of sphericity was assessed. If the data failed the assumption of sphericity,
a Greenhouse-Geisser correction was used. If results were significant for the RM ANOVA
pairwise comparisons were calculated. Statistical analyses were performed using the
ggstatsplot [71] package in R version 4.1.0 (R Foundation, Vienna, Austria,

https://www.R-project.org) with an alpha level set at 0.05 a priori.

RESULTS

Mean JRF by gait conditions for the first and second peaks in both the medial
and lateral knee compartment are shown below in Table 2. Post hoc analysis of the data
indicated that the averages for JRF in both the small and large conditions did not differ
significantly from each other, therefore, the results were combined into a single average
across the three interventions for statistical analysis. Therefore, the statistical analysis
consisted of 10 trials each for the baseline, LTL, MKT, and TIG.. Previous analysis
indicated that subjects had a difficult time getting the modification to accurately fall
within the prescribed bandwidth but were generally able to meet the lower bound of
the prescribed modification [9].

The main effects of the RM ANOVA for the vertical JRFs are presented in Fig. 3
through 66. For the first peak JRF in the medial compartment there was no significant
difference between conditions (F(1.7, 32.3)=1.70, p=.20). For the second peak in the
medial compartment there was a statistically significant difference between conditions
(F(1.8, 34.4)=4.71, p=0.02). Pairwise comparisons indicated that the TIG condition had a

smaller JRF compared to baseline (p=0.04).
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For the first peak JRF in the lateral compartment there was a statistically
significant difference between conditions (F(1.8, 34.7)=10.56, p=0.0004). Pairwise
comparisons indicated an increased JRF for MKT compared to baseline (p=0.01). For the
second peak in the lateral compartment there was a statistically significant difference
between conditions (F(3.0, 57.0)=3.81, p=0.01). However, pairwise comparisons
indicated no significant difference between any condition and baseline.

Mean JRF (normalized by body weight) during the stance phase of gait is shown
for the four gait conditions in both the medial and lateral compartments in Fig. 7.
DISCUSSION

This study compared the effects of three gait modifications on the simulated
JRFs in the medial compartments of the knee in healthy participants. The primary
purpose was to determine if LTL, MKT, and TIG reduced the JRFs in the medial
compartment of the knee in healthy individuals. Our hypothesis was not supported by
the data, which showed no statistically significant difference between baseline and any
of the gait interventions in the medial compartment during the loading phase (e.g. first
peak) of gait.

For individuals at risk for, or diagnosed with, medial compartment knee OA,
reducing the JRF in the first peak is generally thought to be of high importance and gait
interventions are commonly found to reduce either KAM or JRF in the first peak. While
there was decreasing JRF in our study, the results were not statistically significant. The
LTL modification has been shown to reduce KAM in healthy and pathological

populations [9, 12, 72, 73]. One study did find that a healthy participant, when given
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verbal queues, could increase their JRF by using LTL type modification [74]. While this is
counter to what would be expected we had a similar finding in our unpublished study
that used data from a participant with an instrumented knee implant performing LTL.

In contrast to the LTL, the MKT modification showed an increasing JRF but it was
also not significant. The MKT has been shown to decrease both KAM and JRF in previous
studies [9, 15, 16, 75, 76]. One issue related to MKT is that of the three studied gait
modifications we found MKT was the most difficult for participants to adopt, and
therefore, the lack of results in our study could be due to inconsistent implementation
of the MKT intervention [9]. If some participants were not able to correctly implement
MKT it could have led to spurious data that obscured the results of the entire group.
Overall, our results for MKT contradict previous research [72, 76, 77] with one possible
explanation being that the outcome of gait interventions can be subject-specific [9, 78]
and may be influenced by parameters such as anatomical alignment [79, 80], body mass
index [81, 82], and individual gait biomechanics [78]. From a modeling perspective
calculated JRF values are influenced by muscle activation and force estimates [74] so
increased muscle activity, used by the model to match participant kinematics, during
stance phase in MKT may influence the magnitude of the JRF in the first peak.

During TIG participants exhibited decreasing JRF but the results were also not
statistically significant. Previous research on KAM in TIG has been inconclusive [78, 83-
86] so these results were not unsurprising. However, a recent study that used
musculoskeletal modeling with TIG found no change in JRF even with a decrease in KAM

so our results are consistent with their findings [39].
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While the second peak in the medial compartment may be less important for
subjects with knee OA [20, 34], our data indicated a statistically significant difference
between conditions for the propulsion phase of gait in the medial compartment (p=.02).
The post-hoc pairwise comparisons indicated that TIG in the second peak produced a
greater JRF then baseline (p=.04). Previous research on TIG has found inconclusive
results on the effect of TIG on KAM so this isn’t necessarily unexpected [11]. As shown in
previous research the Lerner knee model may overestimate the JRF in the second peak
of the medial compartment in normal gait [44] and unpublished data from our lab found
larger error in the second peak when using MKT or LTL gait. While the weighted SO can
reduce the error greatly [44, 87] the errors can still be 20% or large, as compared to the
less than 10% error in the medial compartment for MKT and LTL gait.

One of the main goals of these gait interventions is to reduce the JRF in the
medial compartment, however, a consequence may be that the load is transferred to
another compartment. While our data did not find statistically significant reductions in
JRFs in the medial compartment, there was a statistically significant difference from
baseline in the lateral compartment for both the first (p=.004) and second (p=.01) peaks.
Post hoc tests indicated that the JRF during MKT increased from baseline (p=.01) in the
first peak but did not increase from baseline in the second peak. One factor to consider
for this data is that in an unpublished validation study with the model it was found to
overestimate JRF in the lateral compartment to a greater extent than in the first peak of

the medial compartment, especially when applied to MKT and LTL interventions.
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Therefore, the results in the lateral compartment may be skewed due to limitations of
the model.

Data from previous research [87] suggests that this modeling approach can
provide robust results for simulated JRFs in the medial compartment during the loading
phase. Therefore, one possible explanation for lack of results is the intervention does
not have a large effect on JRFs in the knee during the first peak. Another possibility is
that there could be a large variation in individual responses to gait interventions that
are averaged out in the aggregated data. Fig. 8 shows a summary of the responses to
each intervention as a percentage increase or decrease from their baseline JRF values by
study participant. Three participants had large (i.e. >30%) reductions in their baseline
values while five had large increases. In addition, some individuals showed an increase
from baseline for some gait modifications but a decrease for others. Previous research
has reported a similar finding when evaluating KAM in all three modifications [9]. There
has also been research that showed individual variation in the response to toe-in gait
[78] and toe-out gait [85]. It is possible that no single variable contributes to an
individual’s response but that it is a combination of several variables. For example, a
participant’s response may be affected by the level of strength in their leg muscles
interacting with static knee alignment, BMI, and/or other variables.

While research has demonstrated that gait modifications with RTB may help
reduce the JRF in the medial compartment of the knee one limitation to this approach is
that the majority of feedback is focused on joint kinematics, such as joint angles. Muscle

contraction across a joint also contributes to JRF and recent research has shown that
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providing RTB of muscle activation patterns allows individuals to alter their JRF by
changing the activation patterns of their muscles during gait [88]. This recent study
found that participants were able to reduce knee JRF, during late stance, in a normal
walking gait by 12% (+12) by shifting their muscle activation patterns from the
gastrocnemius to the soleus muscle. It is possible that in gait modification studies
participants are using different muscle coordination strategies to meet the RTB targets
during modification. For example, someone trying to use MKT may unintentionally
increase their knee JRF as a result of the particular muscle contraction strategies they
use to meet the kinematics of the movement pattern. In addition to factors like static
alignment these differences in movement coordination strategies may be contributing
to the results shown in Fig 8 and offer a possible additional consideration for why some
participants show decreasing JRF while others show increasing JRF. An alternative
approach that may be worth investigating is providing RTB of both kinematic and muscle
activation patterns, to subjects performing gait modifications, in order to gain a better
understanding of each element's relative contribution to JRF.

There are several limitations to this study. First, while the results of the visual
inspection method for identifying muscles and corresponding weights for the weighted
SO was successful, it lacked objective metrics for decision criteria. An improved
approach to the process would be to take a statistical measure, such as the mean of all
lower extremity muscles forces, during the second half of stance, and for any muscle
with an excessive force estimate increase the weight until the muscle force estimate is

within 1 or 2 standard deviations of that median value. However, more work should be
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done to further evaluate this process for identifying muscle weighting and identifying
the optimal appropriate range could be developed experimentally. Another limitation to
this analysis was a lack of imaging data for participants. This did not allow us to
accurately determine static knee alignment and contact locations and reduced the
benefit of the Lerner model. The Lerner model has modifiable parameters which lets
you adjust the knee alignment in the frontal plane as well as the contact locations
between the tibia and femur. While we did attempt to estimate the values from
Visual3D, the estimate of knee alignment calculation from the software differs from the
approach described by Lerner et al [44, 89] in their validation study and we were not
confident enough in the values to use them for this study. Lastly, it is also possible that
the sample size may not have been large enough to provide the power to detect
differences in our data.
CONCLUSION

This study did not find the hypothesized decrease in simulated JRF in the medial
compartment of the knee for TIG, LTL, and MKT. Lack of results may be as a result of
individual variation in response to gait modifications. Factors involved in this variation
may include static alignment of the lower extremity or muscle coordination patterns
used to meet gait modification targets. It is possible that gait interventions cannot be
uniformly applied to all participants with the expectation that they will all respond with
reductions in JRF. Individual factors may lead some participants to have decreased JRF
as a result of a modification while others may experience increased JRF. It is also

possible that there may be variation within an individual in how they respond to
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different gait modifications with some leading to reduced JRF and others increasing JRF.

Future work should be done to develop a greater understanding of how different factors

contribute to individual responses in JRFs as a result of gait modification.
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NOMENCLATURE
BMI

GAS

GAS-VL

GAS-VI-VL-VM

GAS-VI-VL-VM-RF

JRF

KAM

KFM

Body mass index

Female

Gastrocnemius

Gastrocnemius and vastus lateralis

Gastrocnhemius, vastus intermedius vastus lateralis, and vastus medialis

Gastrocnhemius, vastus intermedius vastus lateralis, vastus medialis, and

rectus femoris

Joint reaction force

Knee adduction moment

Knee flexion moment
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kg

LTL

MKT

OA

RM ANOVA

sd

SO

TIG

Kilogram

Left

Lateral trunk lean

Male

Meter

Medial knee thrust

Number

Osteoarthritis

Right

Repeated measures analysis of variance

Standard deviation

Static optimization

Toe-in gait
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Figure Captions List

Marker placement for data collection. Individual tracking markers (22
markers) were attached to the manubrium, 7th cervical vertebrae, right
scapula, 10th thoracic vertebrae, and bilaterally to the posterior and
lateral calcaneus, 5th distal metatarsal, 1st proximal metatarsal, 2nd
metatarsophalangeal joint, tibial tuberosity, lateral iliac spine, posterior
superior iliac spine, and acromion. Three tracking markers were arranged
to form a triangular cluster and were attached to the lumbar region. Four
tracking clusters (18 markers) were placed on the lateral aspect of the
thigh and shank. Ten calibration markers were attached bilaterally to the
lateral and medial malleoli, lateral and medial knee joint lines, and greater
trochanters[9]

Example of visual feedback graph provided to participants that was
projected onto the laboratory wall during each trial

Repeated measures ANOVA for the mean joint reaction force (N) in the 1st
peak in the medial compartment for baseline, lateral trunk lean, medial
knee thrust, and toe-in gait

Repeated measures ANOVA for the mean joint reaction force (N) in the
2nd peak in the medial compartment for baseline, lateral trunk lean,

medial knee thrust, and toe-in gait
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Fig. 5 Repeated measures ANOVA for the mean joint reaction force (N) in the 1st
peak in the lateral compartment for baseline, lateral trunk lean, medial
knee thrust, and toe-in gait

Fig. 6 Repeated measures ANOVA for the mean joint reaction force (N) in the
2nd peak in the lateral compartment for baseline, lateral trunk lean,
medial knee thrust, and toe-in gait

Fig. 7 Mean joint reaction force (normalized by body weight) in the medial and
lateral knee compartments for baseline, lateral trunk lean, medial knee
thrust, and toe-in gait

Fig. 8 Percentage reduction in joint reaction force from baseline values, by
individual participant, for toe-in gait, lateral trunk lean, and medial knee
thrust
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729 Table Caption List
Table 1 Participant characteristics
Table 2 Peak mean (+sd) joint reaction forces during gait for baseline, lateral trunk

lean, medial knee thrust, and toe-in gait for the first and second peak in
the medial compartment and the first and second peak in the lateral
compartment

730

Corresponding Author: Nelson Cortes (n.cortes@essex.ac.uk), BIO-22-1097 29



mailto:n.cortes@essex.ac.uk

Journal of Biomechanical Engineering

RTOE RPIM LPIM LTOE

731
732

733 Fig. 1 Marker placement for data collection. Individual tracking markers (22

734 markers) were attached to the manubrium, 7th cervical vertebrae, right scapula,
735  10th thoracic vertebrae, and bilaterally to the posterior and lateral calcaneus, 5th
736  distal metatarsal, 1st proximal metatarsal, 2nd metatarsophalangeal joint, tibial
737  tuberosity, lateral iliac spine, posterior superior iliac spine, and acromion. Three
738 tracking markers were arranged to form a triangular cluster and were attached to
739  the lumbar region. Four tracking clusters (18 markers) were placed on the lateral
740  aspect of the thigh and shank. Ten calibration markers were attached bilaterally to
741  the lateral and medial malleoli, lateral and medial knee joint lines, and greater

742  trochanters[9]
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746  Fig. 2 Example of visual feedback graph provided to participants that was
747  projected onto the laboratory wall during each trial
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Pairwise test: Student's t-test; Comparisons shown: only significant

Fig. 3 Repeated measures ANOVA for the mean joint reaction force (N) in the 15t
peak in the medial compartment for baseline, lateral trunk lean, medial knee thrust,

and toe

-in gait
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753 Pairwise test: Student's t-test; Comparisons shown: only significant

754

755  Fig. 4 Repeated measures ANOVA for the mean joint reaction force (N) in the 2™
756  peak in the medial compartment for baseline, lateral trunk lean, medial knee thrust,
757  and toe-in gait
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Fig. 5 Repeated measures ANOVA for the mean joint reaction force (N) in the 1%
peak in the lateral compartment for baseline, lateral trunk lean, medial knee thrust,
and toe-in gait
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765 Fig. 6 Repeated measures ANOVA for the mean joint reaction force (N) in the 2"
766  peak in the lateral compartment for baseline, lateral trunk lean, medial knee thrust,
767  and toe-in gait
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Fig. 7 Mean joint reaction force (normalized by body weight) in the medial and
lateral knee compartments for baseline, lateral trunk lean, medial knee thrust, and

toe-in gait
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Joint Reaction Force Percentage Change from Baseline for Three Gait Modifications
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776  Fig. 8 Percentage reduction in joint reaction force from baseline values, by
777  individual participant, for toe-in gait, lateral trunk lean, and medial knee thrust
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Table 1 Participant characteristics

Characteristics Mean (sd)
N 20

Gender (M/F) 12/8
Dominant Limb (R/L)  18/2

Age (years) 26.7 (4.7)
Height (m) 1.75(0.1)
Mass (kg) 73.4 (12.4)
BMI 23.9(3.0)
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781  Table 2 Peak mean (xsd) joint reaction forces during gait for baseline, lateral trunk
782  lean, medial knee thrust, and toe-in gait for the first and second peak in the medial
783  compartment and the first and second peak in the lateral compartment

784

Med_1stPeak_FY Med_2ndPeak_FY Lat_1stPeak_FY Lat_2ndPeak_FY

Mean (zsd) Mean (tsd) Mean (tsd) Mean (tsd)

Baseline 1761.84 1734.88 867.50 1145.19
(+166.40) (£170.65) (£122.46) (+88.48)

LTL 1674.86 1745.93 950.56 1228.96
(+185.31) (£228.67) (+164.65) (+143.37)

MKT 1807.02 1605.32 1134.84 1091.33
(£249.57) (£245.75) (+183.07) (+161.62)

TIG 1645.65 1835.33 862.05 1137.85
(£159.61) (£182.29) (+107.33) (+100.73)
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