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ABSTRACT

Gait modifications, such as lateral trunk lean (LTL), medial knee thrust (MKT) andyee(TIG), are
frequently investigated interventions used to slow the progression of knee osteoarthritis. The Lerner knee
model wasdeveloped to estimate the tibiofemoral joint reaction for¢#Fin the medial and lateral
compartments during gait. These models may be useful for estimating the effects &iRRhahe knee as

a result of gait modifications. We hypothesized that all gait modifications would decreadREhe
compared tonormal gait. Twenty healthy individuals volunteered for this study (26.7 £ 4.7 years, 1.75 £
0.1 m, 73.4 £ 12.4 kg). Ten trialene collected for normal gait as well as for the three gait modifications:
LTL, MKT, and TIG. The data was used to estimatiRfe the first and second peaks for the medial and
lateral compartments of the knee via OpenSim using the Lerner knee modsagjrificant difference from
baseline was found for the first peak in the medial compartm@mgre was a decrease dRFn the

medial compartment during the loading phase of gait for @6&%)and LTI4.9%)and an increasing JRF
for MKT (2.69%ut none were statisticallgignificant.A significant increase from baseline was found for
TIG(5.8%) in the medial second peake found a large variation in individual responses to gait
interventions which may help explain the lack of statistically signifiesutits.Possible factors influencing
thesewide range of responses to gait modificationslude static alignment and the impacts of variation

in muscle coordination strategies used, by participants, to implement gait modifications

Keywords Gaitmodification, knee osteoarthritis, joint reaction forc€penSim

! Corresponding author.
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INTRODUCTION

Osteoarthritis QA 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 Sfate®]. Excessive
joint reaction forcegJRFhave been implicated in the development and progression of
kneeOA[3, 4] Gait modifications are promisingnon-invasive intervation used to
reduceJRE in the kneeasevidence suggests théttey may slow the progression of the
diseasg5-7]. A number of gait modifications have been idided that may help reduce
the JRAN the medial compartment of the knee. Three common modifications
investigated include lateral trunk lean (LT&-L4], medial knee thrust (MKTJ-9, 11,
15-19], and toein gat (TIG)[7-9, 11, 17, 2Q]A systematic review gjaitinterventions
[7] found that when paired witlreaktime biofeedback (RTBthe three interventions
chosen for this studghowthe greatestpotential to reduce the knee adduction moment
(KAM) inpatients with knee OAReakttime biofeedbaclcan help improve the adoption
of gait interventions and allow for the magude of modifications to be tailored to
subject specific responses.

Many studies investigating gait modifications rely on surrogate measaueh
as KAM and the knee flexion moment (KFd)assess knee loadis7, 2129]. In studies
investigatingknee OAit has been demonstratethat there is an association between
KAM is ad disease progressigi30-33] while the contribution of KFM is less clear. One
study found that both KAM and KFM equally contributed to estimates of total jaiee
moments but that as the disease progressed KAM influenced increased while KFM

influencedecreased30]. While ®me studieshave found a connection between KFM
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and knee OAespecially in the first pedR0, 32] others have failed to show strong
connection[31, 34]

The LTL modification has been shown to reduce KAM wletrunk angle is
modified by a sufficient amourj6, 9, 35,36] but it has also beeneported that the
modificationmaylead to discomfort in the spine and ipsilateral knee and hip jdiits
TheMKTmodificationwith reaktime visual feedback has also been shown to reduce
KAM in healthy subjec{9, 15, 36, 37JA subjectspecific simulation study ongatient
with grade 2 mediaknee OAsuggested that MKT could reduce both the first and second
knee adduction torque peal46]. After gait retraining thepatientwas able to closely
reproduce the knee adduction torque reductions, calculated by the simulation study,
while walking in a laboratory settirj@6]. TheTIGmodification usingRTBhas been
shownto alsoreduce peak KAM isomestudies[17, 35] however, other researchas
not demonstrateda significant decrease in KAM when using TIG wihal RTED, 38]

A study in healthy controlgsing TIGvithout RTB showed a statistically significant
reduction in first peak KAM but found no reduction in JRF as estimated by a
musculoskeletal modgB9]. While some studies have tmd thatKAMmayprovide a
reasonable indicator for th@RFat the first peak of stangehe relationship between

KAM and the joint contact force is not as strong for the second peak of sfa@ca4]

|l RRAGAZ2Yy I fft@>x NBaSINOK Ay OKAfRNBY | yR
good predictor of knee joint contact force independent of leg alignnj¢@i.

With the advancement in computing power computational models are becoming

a common approach to directly estimate JRFs in the knee durinffgaiB]. While it is

Corresponding Author: Nelson Cortes (n.cortes@essex.ac.uk), BIO-22-1097 4



mailto:n.cortes@essex.ac.uk

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

Journal of Biomechanical Engineering

impractical to measurdRBE invivo[49], computational models are capable of
estimating internal forces during functional movements.(ivalking, running, crouch
gait)[45, 46, 5654]. OpenSim is an opesource software application for modeling,
simulating, and analyzing movemduf]. 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, 5564]. Lerner et al. (2015) developed an OpenSim mg@detner
model)that allows fa the drect estimation of the radial andateral JRF in the knee.
Previous research has identified muscle forces as a major determinant of
simulated compressive tibiofemoral contact fordess variations in muscle activity
greatly influence the accuracy of kmdRF predictior{80, 65] The weightedstatic
optimizationobjective function minimizes the sum of squared muscle activations while
incorporating individual muscle weighting valesdescribedn detailin previous
research52]. A common finding in past studies was thateighted static optimization
approach provides improved results over the default OpenSim static optimiz&©n
[44, 45, 52, 66by 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 da#la 45] This is an
infeasible approach to take when trying to estimate the effects dfigéerventions in
healthyor pathological subjects where no in vivo data is availdbl@rder to
implement the Lerner model aalternativeapproachto using in vivo daté needed for

determining appropriate weights for muscles that exhibit larger than expected
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137  activations and forces as calculated®® Ensuring a proper weight for the model is
138 important toreduce the overestimation of JRF in the model.

139 The purpose of this study was examine the effect of three commaénstudied
140  gait interventions usin@RTBon the simulatedIRKEn a cohort of healthy participants. We
141  hypothesizel that all three interventions wuld reduce the first peak joint reaction force
142 compared to baseline valgeA second purpose of the study was to evaluate a visual
143  inspection method for identifying muscles and weights for the weigl8@dpproach.
144 METHODS

145  Participants

146 Twenty healthyindividualswere recruited from the university community to

147  participatein the study. heir dominant limb wasleterminedby identifying their

148  preferred leg in a kicking ta$&7]. Eligibility criteria includedo reportedknee, hip,or
149  back pain that required treatment within the prior six months andpmeviouslower

150 limb or back srgery.Exclusion criteria includeahy cognitive impairment that would
151  impact motor learning and existingeurological or musculoskeletal impairmetiat

152  would affect gait. All participantsrovidedwritten informed consent prior to

153  participation and thestudy was approved by the George Mason University Institution
154  Review Board. Participant demographics are present&dbie 1

155  Instrumentation

156 Prior to data collection, retroreflective markers were attached to fiwser

157  extremities andrunk (53 marker} as shown below in Fig. 1. One cluster was located on

158 the lower back andour clusterswere placed bilaterally on the thighnd shank
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segmentsTwelve tracking markergere placed on various anatomical locatioasd ten
markers were placed on the feefen calibration markers werasedfor static and
dynamic calibration tria For thestatic calibration trial participantstood motionleson
asingleforce plate with their feet parallel to the anterigposterior axis of the
laboratory.Visual3D softwareGMotion, Germantown MD, USA) used data frdme

static trialto generatea kinematic model for each participant which included the trunk,
pelvis,thigh, shank, and foot segmentSor thedynamic calibratiortrial participants
complete three clockwise rotens of the pelvig68]. The data from the dynamic
calibration was used to estimate hip joint center the model Calibrationmarkers

were removed before data collectioBuring data collection marker trajectories were

tracked using eight higgpeed motion analysis cameras (Vicon, Oxford, England)

alYLX AYy3 G wnn 11 ® DNRdzyR NBIFOlAz2y FT2NDOS

A ¥ ¥ A @~ - A

SY6 SRRSR F2ND LI FGS&a al YLt Ay3a 4G mnannn
were aligned in a single 2.4 m lorayv.
Data Collection
Baseline trials

Participants walkeat a selfselected spee@longa 6-meter laboratory walkway.
Timing gates (Brower Timing Systems, Draper, UT,WSApositioned at the start and
end of four inline force plates (2.4 meters longhdwere 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

Corresponding Author: Nelson Cortes (n.cortes@essex.ac.uk), BIO-22-1097 7
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181 Gait modification paramets were individualized for each participant using their
182 mean and standard deviatiosd) from baseline trialdRangesfor each gait modification
183  were created so that gait parameters fell within a range ¢8 4dgreater T1GandLT0)

184  or lesser MKT) than baseline for the first five trials andSsdgreater or lesser than

185 baseline for the second five trials. The3lsdrange was considered a small modification
186  while the X5 sdrange was considered a large modification. In total six target ranges
187  were calculated for each participant: small and large LTL, small and large MKT, and small
188 and large TIG.

189 Standardized verbal instructions, as described in previous res¢@thwere

190 provided before implementing each modification. Participants were allowed to

191 complete as many practice trials as desired to become comfortable with each

192  modification aml additional verbal feedback was provided during practice trials as

193 needed. Gait modification trials were completed in a fixed order: LTL, MKT, and TIG.
194  Successful trials required at least one clean foot strike on the force plate, with the
195 dominant limb, @ad an average gait speed * 5% relative to baseline average speed.
196  Unsuccessful trials wemot counted towards the 10 required for each modification.
197 For each of the 3 gait modification strategistidied participants performed ten
198 trialsusingRTB Thevisual feedback was delivereding Visual3Diaa line graph

199 projected on a wall in front of the lab walkway as showfim 2 The graphndicated

200 the angle of the current gait modification parametturing thestancephase of gaiand
201  was updated during each step of the dominant limb. A range representing the lower and

202  upper limits of the gait modification parameterqd or X5 sd) was displayed on the
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graph (i.e. the green band Fig. 3. Participantsnodified their gait accordingo
providedcuesso that theline representing the gait parameter fell within ticalculated
range.If during a trial a prticipantfell outside the provided rangé¢hey were instructed
to adjust their gait on the subsequent trial.
Musculoskeletal Simul@n of Walking

Recorded data were firsinportedto Visual3D(GMotion, Germantown MD,
USAYor pre-processings described in previous researf@). OpenSim compatible
format files werethen exported from Visual3D. Prior to export, Visual3D rumverse

kinematics on the data and provides kinematic and kinetic .mad fdeeach trial. The

exported files were used to create three dimensional simulations for the stance phase of

gait using OpenSid.2. Tosimulatethe muscle forces required to reproduce the

measured kinematics and kineti€&Dwas run on the data using OpenSim 3.2. Prior to

S& (KS 3AFAGHodpH Y2RSt 41 & a0FftSR G2 SIFOK &dz

the defaultSOcost function for minimizing the sum of the muscle activations squared
[47] each trialwas also iteratively run through a weight&®Dfunction based on
previously described methodd4, 45, 52]OpenSim 3.2 was usddr this process
because the weighte@Oplug-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 OpefySiin
In order to identify muscles and corresponding weights the resul&®fere
visually inspected to identify any muscles identified in previous research that
contributed to increase knee load estimatésS @3 @ |j dzFf RNA OSLJA Q& =

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
weightedSOwas rerun and the resuklt visually inspected to determine the effect of the
weight on the muscle force outputs. The weight was increased until the wei@ted
output for the identified muscle fell within a comparable range to the other lower
extremity muscles.

If there were muliple muscles with extreme force estimatéisen 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) muddiswed by weightapplied to the
GAS and the vastugdmalis (GAS/L) muscle, then to the GAS, VL, and vastus
intermedius/vastus medialis (GASVL-VM) musclesandfinallyto the GAS, VL, VI, VM,
and the rectus femoris (GAB-VL-VM-RF) muscles. The muscle weight values started at
two and were systematidly adjusted until the muscle force output values from the
weightedSOdid not show any large spikes in tB&output.

After the defaultSOand the weightedsOwas completed, the kne@RE for the
medial and lateral compartment were computed using peenSim JointReaction
analyses on the scaled Lerner model using OpenSimt8chis capable of resolving the
JRE in the knee into medial and lateral componef#4].

Statistical Analysis

Descriptive statistics weneported while a within-group repeated measures
analysis of variance (RM ANOVA) was used to condbthef participants' dominant
limb across the four different gait conditior&ARM ANOVA was usedth both the

medial and lateralRFor the first and second peaks during the stance phase of gait.
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Prior to running the RM ANOVYdata was checked for outlieend normality. Next

al dzOKf 8Qa GSad 27T.Ifhedats iedhd dssummion®df sphariait$,d a S R

a Greenhouséseisser correction was usd€results were significarfor the RM ANOVA
pairwise comparisons were calculated. Statistical ssedywere performed using the

ggstatsplof71] package in R version 4.1.0 (R Foundation, Vienna, Austria,

https://www.R-project.org) with an alpha level set at 0.@bpriori
RESULTS

Mean JRMy gait conditions for the first and second peaks in both the medial
and lateral knee compartment are shown belowTiable 2 Post hoc analysis of the data
indicated that the averages fdRFn both the small and large conditions did not differ
significantly from each othetherefore the results were combined into a single average
across the three interventions for statistical analy3iserefore the statistical analysis
consisted ofL0trials each for the baseline, LTL, MKT, and. Pi@vious 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 prescribedmodification[9].

The main effects of the RM ANOVA for the vertléa are presented ifig. 3
through . For the first peallRHEn 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(1.834.4)=4.71, p=0.02). Pairwise comparisons indicated that the TIG confusitba

smaller JREompared tobaseline (p=0.04).
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269 For the first peaklRRn the lateral compartment there was a statistically

270  significant difference between conditions (F(1.8, 3410.56, p=0.0004) afwise

271  comparisons indicated an increased JRAVIETcompared tobaseline (p=0.01). For the
272  second peak in the lateral compartment there was a statistically significant difference
273  between conditions (F(3.0, 57.0)=3.81, p=0.01). Hangvairwise comparisons

274  indicated no significant difference between any condition and baseline.

275 MeanJRHKnormalized by body weightluring the stance phase of gastshown

276  for the four gait conditions in both the medial and lateral compartmentSim?7.

277  DISCUSSION

278 This study compared the effects of three gait modifications on the simulated
279  JREB in the mediatompartments of the knee in healthy participants. The primary

280 purpose was to determine TL, MKTand TIGeduced theJRE in the medial

281 compartment of the knee in healthy individuals. Our hypothesis was not supported by
282 the data, which showed no statistically significant difference between baseline and any
283  of the gait interventions in the medial compartment during the loagphase (e.qg. first
284  peak) of gait.

285 For individuals at risk for, or diagnosed with, medial compartment Kbae

286  reducing theJRFRn the first peak is generally thought to be of high importance and gait
287 interventions are commonly found to reduce either KAMIBHN the first peakWhile

288  there was decreasing JRF in our study, the results were not statistically significant.
289 LTL mdification has been shown to reduce KAivhealthyand pathological

290 populations[9, 12, 72, 73]One study did find that a healthy participant, when given
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291 verbal queues, could increase their JRF by using LTL type modif[@dfiowhile ths is
292  counter to what would be expected we had a similar finding in our unpublished study
293 that used data from a participant with an instrumented knee implant performing LTL.
294 In contrast to the LTlthe MKT modification showed an increasiigfbut it was
295  also not significantTheMKT has been shown to decrease both KAM 3REN previous
296  studies[9, 15, 16, 75, 76Pne issue related to MKT is that of the threadied gait

297  modificationswe foundMKT was the most difficult for participants to adpphd

298 therefore,the lack of results in our studyould be due tanconsistent implementation
299  of the MKT interventionf9]. If some participants were not able to correctly implement
300 MKT it could have led to spuriodatathat obscured the results of the entire group.
301  Overall, ar reaults for MKT contradict previougsearch72, 76, 77)with one possible
302 explanationbeingthat the outcome of gait interventions can be subjsptecific[9, 78]
303 and maybeinfluenced by parameters such as anatomical alignnfigt 80] body mass
304 index[81, 82] and indivdual gait biomechanidg8]. From a modeling perspective

305 calculatedJRFvaluesareinfluenced by muscle activation and force estimdté$] so

306 increasedmuscleactivity, used by the model to match participant kinematidaring

307 stance phasén MKT may influence the magnitude of the JRF in the first peak.

308 During TIG participanexhibited decreasing JREt the results werealso not

309 statistically significantPrevious research on KAM in TIG has been inconcli€ly83

310 86]so these results were not unsurprising. Howeerecent studyhat used

311  musculoskeletamodelingwith TIG found no change in JRF even with a decrease in KAM

312  so our results are consistent with their findin@9].
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While the second peak in the medial compartmemdy beless important for

subjects with kne€®A[20, 34] our data indicated a statistically significant difference

between conditions for the propulsion phase of gait in the medial compartment (p=.02).

The posthoc pairwise comparisons indicated that TIG in the second peak produced a
greaterJRRhen baseline (p=.04). Previous research on TIG has found inconclusive
NBadzZ Ga 2y GKS STFFSOU 2F ¢LD AY. Asshoanird 2
previous researckhe Lerner knee model may overestimate thieFn the second peak
of the medial compartmenin normal gaif44] and unpblished data from our lab found
larger error in the second peak when using MKT or LTLWhaite the weighted5sOcan
reduce the error greatlj44, 87]the errors can still be 20% or large, as compareth&
less than 10% error in the medialmpartment for MKT and LTL gait

One of the main goals of these gait interventions is to reduceliign the
medial compartmenthowever, a consequence nyabe that the load is transferred to
anothercompartment While our data did not find statistically significant reductions in
JRE in the medial compartmenthere was a statistically significant difference from
baseline in the lateral compartment for bothe first (p=.004) and second (p=.01) peaks.
Post hoc tests indicated that thHiRF durinylKTincreasedrom baseline (p=.9) in the
first peak butdid not increasdrom baseline in the second peak. One factor to consider
for this data is thatn an unpublished validation study withe modelit wasfound to
overestimateJRFn the lateral compartment to a greater extent than in the first peak of

the medial compartment, especially when applied to MKT and LTL interventions.

Corresponding Author: Nelson Cortes (n.cortes@essex.ac.uk), BIO-22-1097 14

0KA A&


mailto:n.cortes@essex.ac.uk

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

Journal of Biomechanical Engineering

Therefore, the resutt in the lateral compartment may be skewede to limitations of

the model.

Data from previous researdB7] suggests thathis modeling approach can

provide robust results for simulated JRFs in the medial compartment during the loading

phase Therefore, one possible explatian 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 agggated 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 hathrge 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 modificafgjn$here

has also been research that showed individual variation in the response o tyast

[78] and toe-out gait[85]. It is possible that no single variable contributes to an

A Y RA Oredparetbu@that it is a combination of several variables. For example, a

LI NGAOALI yiQa NBaLkRyasS Yleé oS

interacting with static knee alignment, BMI, and/or other variables.

A ¥ s A -

While research has demonated 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 andlesle

contraction across a jointsd contributes to JRF and recent research has shown that
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356  providing RTB of muscle activation patterns allows individuals to alter their JRF by
357 changing the activation patterns of their muscles during [g#}. This recent study

358 found that participants were able to reduce knee JRF, during late stance, in a normal
359  walking gait by 12% (£12) by shifting their muscle activation patterns tinem

360 gastrocnemius to the soleus muscle. It is possible ithgait modificatiorstudies

361  participants are using different muscle coordination strategies to meet thet&@Bts

362  during modification For example, someone trying to use MKT miaiytentionally

363 increa® their knee JRF as a result of the particular muscle contraction strategies they
364  use to meet the kinematics of the movement pattern. In addition to factors like static
365 alignment these differences in movement coordination strategiesy be contributing

366 to the results shown in Fig 8 and offer a possible additional consideration for why some
367 participants show decreasing JRF while others show increasing JRF. An alternative
368 approach that may be worth investigagis providing RTB of bo#tinematic and muscle
369 activation pattens, to subjects performing gait modifications,orderto gain a better

370 understanding of each element's relative contribution to JRF.

371 There are several limitations to this study. First, while the results of thalvisu
372 inspection method for identifying muscles and corresponding weights for the weighted
373  SOwas successflit lacked objective metrics for decision criteria. An improved

374  approach to the process would be to take a statistical measure, such asethe of al

375 lower extremity muscles forceduring the second half of stancandfor any muscle

376  with an excessive force estimaitecrease the weight until the musclerce estimates

377 within 1 or 2 standard deviations of that median value. However, more work shauld
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done to further evaluate this process for identifying muscle weighting and identifying
the optimal appropriate range could be developed experimentally. Andthetation to
this analysis waalack of imaging datéor participants. Thisglid not allowus to
accurately determine static knee alignment and contact locatanms$ reduced the
benefit of the Lerner modelThe lerner model has modifiable pamseters which lets
you adjust the knee alignment in the frontal plane as well as the contact locations
between the tibia and femuMVhile we did attempt to estimate the values from
Visual3Dthe estimate of knee alignment calculation from the software differs from the
approach described by Lerner etf4dl, 89]in their validation study and we were not
confident enoughn the values to use them for thegudy.Lastly,it is also possible that
the sample sizenay not have beetargeenough to providehe power to detect
differences in our data.
CONCLUSION

This study did not find the hypothesized decrease in simulaiigh the medial
compartment of the knee for TIGTL.and MKTLack of resultsnaybe as a result of
individual variation iresponse to gait modification&actors involved in this variation
may include static alignment of the lower extremity or muscle coordination patterns
used to meet gait modificatiotargets.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 patrticipants to have decreased JRF
as a result of a odification while others may experience increased JRF. It is also

possible that there may be variation witham individual in how they respond to
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different gait modifications with some leading to reduced JRF and sthereasing JRF.
Futurework should le done to develop a greater understandinghoiw different factors

contribute toindividual responsem JRE as a result of gait modification
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NOMENCLATURE
BMI Body mass index
F Female
GAS Gastrocnemius
GASVL Gastrocnemius and vastus lateralis
GASVIVLVM Gastrocnemius, vastus intermedius vastus lateralis, and vastus medi

GASVIVL-VM-RF Gastrocnemius, vastus intermedius vastus lateralis, vastus medialis

rectusfemoris

JRF Joint reaction force
KAM Knee adduction moment
KFM Knee flexion moment
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kg

LTL

MKT

N

OA

R

RM ANOVA

sd

SO

TIG

Kilogram

Left

Lateral trunk lean
Male

Meter

Medial knee thrust
Number
Osteoarthritis
Right

Repeated measures analysisvafiance
Standard deviation
Static optimization

Toein gait
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Figure Captions List

Marker placement for data collection. Individual trackingarkers (22
markers) were attached to the manubrium, 7th cervical vertebrae, r
scapula, 10th thoracic vertebrae, and bilaterally to the posterior
lateral calcaneus, 5th distal metatarsal, 1st proximal metatarsal,
metatarsophalangeal joint, tibl tuberosity, lateral iliac spine, posteri
superior iliac spine, and acromion. Three tracking markers were arra
to form a triangular cluster and were attached to the lumbar region. F
tracking clusters (18 markers) were placed on the lateral etspéthe
thigh and shank. Ten calibration markers were attached bilaterally tc
lateral and medial malleoli, lateral and medial knee joint lines, and gre

trochanters[9]

Example of visual feedback graph provided to participants that

projected onto the laboratory wall during each trial

Repeated measures ANOVA for the mean joint reaction foci (the 1st
peak in the medial compartment for baseline, lateral trunk lean, me
knee thrust, and toen gait

Repeated measureBNOVA for the mean joint reaction forcl)(in the
2nd peak in the medial compartment for baseline, lateral trunk le

medial knee thrust, and toe gait
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Fig. 5 Repeated measures ANOVA for the mean joint reaction foNce (the 1st
peak in the laterbcompartment for baseline, lateral trunk lean, med

knee thrust, and toen gait

Fig. 6 Repeated measures ANOVA for the mean joint reaction fdWen(the
2nd peak in the lateral compartment for baseline, lateral trunk le

medial knee thrust, antbe-in gait

Fig. 7 Mean joint reaction forcénormalized by body weightn the medial and
lateral knee compartments for baseline, lateral trunk lean, medial k
thrust, and toein gait

Fig. 8 Percentage reduction in joint reaction force from baselwvedues, by
individual participant, for toen gait, lateral trunk lean, and medial kne
thrust
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729 Table Caption List
Table 1 Participant characteristics
Table 2 Peak mean (&d) joint reaction forces during gait for baselimateral trunk

lean, medial knee thrust, antbe-in gait for the first and second peak
the medial compartment and the first and second peak in the lat
compartment
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RTOE RPIM LPIM LTOE

731
732

733 Fig. 1 Marker placementfor data collection. Individual t racking 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  thelumbar region. Four tracking clusters (18 markers) were placed on the lateral
740 aspect of the thigh and shankTen 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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Dom 1L Angle Y

744
745

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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Frisner(1.70,32.27) = 1.70, p = 0.201, o = 5.83¢-03, Clasy, [0.00, 1.00], Npsirs = 20

3000 -
ZI
[T
13
™, 2000-
®
ks TXrean = 1761.84 _ Hmean = 1807.02
E Umean = 1674.86 Timean = 1645.65
I
8
o
Q
=
1000 -
0 -
1 1 1 1
Baseline Lateral Trunk Lean Medial Knee Thrust Toe-In
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Pairwise test: Student's t-test; Comparisons shown: only significant
748
749

750 Fig. 3 Repeated measures ANOVA for the mean joint reaction forcéN) in the 15t
751  peak in the medial compartment for baseline, lateral trunk lean, medial knee thrust,
752 and toein gait
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Feisner(1.81,34.37) = 4.71, p = 0.018, 07 = 0.01, Clggy, [0.00, 1.00], Njais = 20

P Holm-corrected = 0.02
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Pairwise test: Student's t-test; Comparisons shown: only significant

Fig. 4 Repeated measures ANOVA for the mean joint reaction forcéN) in the 2d
peak in the medial compartment for baseline, lateral trunk lean, medial knee thrust,
and toein gait
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Pairwise test: Student's t-test; Comparisons shown: only significant

Fig. 5 Repeated measures ANOVA for the mean joint reaction forcéN) in the 1
peak in the lateral compartment for baseline, lateral trunk lean, meal knee thrust,
and toein gait
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Pairwise test: Student's t-test; Comparisons shown: only significant
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763 Pairwise test: Student's t-test; Comparisons shown: only significant
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765 Fig. 6 Repeated measures ANOVA for the mean joint reaction forcéN) in the 2d
766  peak in the lateral compartment for baseline, lateral trunk lean, medial knee thrust,
767 and toein gait
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Fig. 7 Mean joint reaction force (normalized by body weigh) 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 t oein 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 LimbR/L) 18/2

Age (years) 26.7 (4.7)
Height () 1.75 (0.1)
Mass kg) 73.4(12.4)
BMI 23.9 (3.0)
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Table 2 Peak mean (&d) joint reaction forces during gait for baseline Jateral trunk
lean, medial knee thrust, andtoe-in gait for the first and second peak in the medial

compartment and the first and second peak in the lateral compartment

Med_1stPeak FY

Med_2ndPeak FY

Lat_1stPeak FY

Lat_2ndPeak FY

Mean (zsd) Mean (xsd) Mean (zsd) Mean (xsd)
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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