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ABSTRACT 53 

Gait modifications, such as lateral trunk lean (LTL), medial knee thrust (MKT) and toe-in gait (TIG), are 54 

frequently investigated interventions used to slow the progression of knee osteoarthritis. The Lerner knee 55 

model was developed to estimate the tibiofemoral joint reaction forces (JRF) in the medial and lateral 56 

compartments during gait. These models may be useful for estimating the effects on the JRF in the knee as 57 

a result of gait modifications. We hypothesized that all gait modifications would decrease the JRF 58 

compared to normal gait. Twenty healthy individuals volunteered for this study (26.7 ± 4.7 years, 1.75 ± 59 

0.1 m, 73.4 ± 12.4 kg). Ten trials were collected for normal gait as well as for the three gait modifications: 60 

LTL, MKT, and TIG. The data was used to estimate the JRF in the first and second peaks for the medial and 61 

lateral compartments of the knee via OpenSim using the Lerner knee model. No significant difference from 62 

baseline was found for the first peak in the medial compartment. There was a decrease in JRF in the 63 

medial compartment during the loading phase of gait for TIG (6.6%) and LTL (4.9%) and an increasing JRF 64 

for MKT (2.6%) but none were statistically significant. A significant increase from baseline was found for 65 

TIG (5.8%) in the medial second peak. We found a large variation in individual responses to gait 66 

interventions which may help explain the lack of statistically significant results. Possible factors influencing 67 

these wide range of responses to gait modifications include static alignment and the impacts of variation 68 

in muscle coordination strategies used, by participants, to implement gait modifications.  69 

Keywords: Gait modification, knee osteoarthritis, joint reaction forces, OpenSim 70 
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INTRODUCTION 71 

 Osteoarthritis (OA) of the knee is a major cause of disability and affects more 72 

than 19% of the adult population over the age of 45 in the United States [1, 2]. Excessive 73 

joint reaction forces (JRF) have been implicated in the development and progression of 74 

knee OA [3, 4]. Gait modifications are a promising non-invasive intervention used to 75 

reduce JRFs in the knee as evidence suggests that they may slow the progression of the 76 

disease [5-7]. A number of gait modifications have been identified that may help reduce 77 

the JRF in the medial compartment of the knee. Three common modifications 78 

investigated include lateral trunk lean (LTL) [6-14], medial knee thrust (MKT) [7-9, 11, 79 

15-19], and toe-in gait (TIG) [7-9, 11, 17, 20]. A systematic review of gait interventions 80 

[7] found that when paired with real-time biofeedback (RTB), the three interventions 81 

chosen for this study show the greatest potential to reduce the knee adduction moment 82 

(KAM) in patients with knee OA. Real-time biofeedback can help improve the adoption 83 

of gait interventions and allow for the magnitude of modifications to be tailored to 84 

subject specific responses. 85 

 Many studies investigating gait modifications rely on surrogate measures, such 86 

as KAM and the knee flexion moment (KFM), to assess knee loads [17, 21-29]. In studies 87 

investigating knee OA it has been demonstrated that there is an association between 88 

KAM is and disease progression [30-33] while the contribution of KFM is less clear. One 89 

study found that both KAM and KFM equally contributed to estimates of total knee joint 90 

moments but that as the disease progressed KAM influenced increased while KFM 91 

influence decreased [30]. While some studies have found a connection between KFM 92 
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and knee OA, especially in the first peak [20, 32], others have failed to show a strong 93 

connection [31, 34].  94 

 The LTL modification has been shown to reduce KAM when the trunk angle is 95 

modified by a sufficient amount [6, 9, 35, 36] but it has also been reported that the 96 

modification may lead to discomfort in the spine and ipsilateral knee and hip joints [6]. 97 

The MKT modification with real-time visual feedback has also been shown to reduce 98 

KAM in healthy subjects [9, 15, 36, 37]. A subject specific simulation study on a patient 99 

with grade 2 medial knee OA suggested that MKT could reduce both the first and second 100 

knee adduction torque peaks [16]. After gait retraining the patient was able to closely 101 

reproduce the knee adduction torque reductions, calculated by the simulation study, 102 

while walking in a laboratory setting [16]. The TIG modification using RTB has been 103 

shown to also reduce peak KAM in some studies [17, 35], however, other research has 104 

not demonstrated a significant decrease in KAM when using TIG with visual RTB [9, 38]. 105 

A study in healthy controls using TIG without RTB showed a statistically significant 106 

reduction in first peak KAM but found no reduction in JRF as estimated by a 107 

musculoskeletal model [39]. While some studies have found that KAM may provide a 108 

reasonable indicator for the JRF at the first peak of stance, the relationship between 109 

KAM and the joint contact force is not as strong for the second peak of stance [20, 34]. 110 

!ŘŘƛǘƛƻƴŀƭƭȅΣ ǊŜǎŜŀǊŎƘ ƛƴ ŎƘƛƭŘǊŜƴ ŀƴŘ ŀŘƻƭŜǎŎŜƴǘΩǎ Ƙŀǎ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ Y!a Ƴŀȅ ƴƻǘ ōŜ ŀ 111 

good predictor of knee joint contact force independent of leg alignment [40].  112 

 With the advancement in computing power computational models are becoming 113 

a common approach to directly estimate JRFs in the knee during gait [41-48]. While it is 114 
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impractical to measure JRFs in-vivo [49], computational models are capable of 115 

estimating internal forces during functional movements (i.e. walking, running, crouch 116 

gait) [45, 46, 50-54]. OpenSim is an open-source software application for modeling, 117 

simulating, and analyzing movement [47]. It provides a flexible and robust tool that can 118 

be used by researchers to simulate how altered movement patterns can affect internal 119 

joint loading [41-47, 55-64]. Lerner et al. (2015) developed an OpenSim model (Lerner 120 

model) that allows for the direct estimation of the medial and lateral JRF in the knee. 121 

 Previous research has identified muscle forces as a major determinant of 122 

simulated compressive tibiofemoral contact forces thus variations in muscle activity 123 

greatly influence the accuracy of knee JRF predictions [50, 65]. The weighted static 124 

optimization objective function minimizes the sum of squared muscle activations while 125 

incorporating individual muscle weighting values as described in detail in previous 126 

research [52]. A common finding in past studies was that a weighted static optimization 127 

approach provides improved results over the default OpenSim static optimization (SO) 128 

[44, 45, 52, 66] by allowing researchers to reduce the force output in muscles that are 129 

causing increased error in JRF estimates. Many of these studies use in vivo data from 130 

instrumented knee implants to determine the weights for the objective function by 131 

minimizing the difference between the experimental and in vivo data [44, 45]. This is an 132 

infeasible approach to take when trying to estimate the effects of gait interventions in 133 

healthy or pathological subjects where no in vivo data is available. In order to 134 

implement the Lerner model an alternative approach to using in vivo data is needed for 135 

determining appropriate weights for muscles that exhibit larger than expected 136 
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activations and forces as calculated by SO. Ensuring a proper weight for the model is 137 

important to reduce the overestimation of JRF in the model.   138 

 The purpose of this study was to examine the effect of three commonly studied 139 

gait interventions using RTB on the simulated JRF in a cohort of healthy participants. We 140 

hypothesized that all three interventions would reduce the first peak joint reaction force 141 

compared to baseline values. A second purpose of the study was to evaluate a visual 142 

inspection method for identifying muscles and weights for the weighted SO approach. 143 

METHODS 144 

Participants 145 

 Twenty healthy individuals were recruited from the university community to 146 

participate in the study. Their dominant limb was determined by identifying their 147 

preferred leg in a kicking task [67]. Eligibility criteria included no reported knee, hip, or 148 

back pain that required treatment within the prior six months and no previous lower 149 

limb or back surgery. Exclusion criteria included any cognitive impairment that would 150 

impact motor learning and existing neurological or musculoskeletal impairments that 151 

would affect gait. All participants provided written informed consent prior to 152 

participation and the study was approved by the George Mason University Institution 153 

Review Board. Participant demographics are presented in Table 1. 154 

Instrumentation  155 

 Prior to data collection, retroreflective markers were attached to the lower 156 

extremities and trunk (53 markers) as shown below in Fig. 1. One cluster was located on 157 

the lower back and four clusters were placed bilaterally on the thigh and shank 158 
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segments. Twelve tracking markers were placed on various anatomical locations and ten 159 

markers were placed on the feet. Ten calibration markers were used for static and 160 

dynamic calibration trials. For the static calibration trial participants stood motionless on 161 

a single force plate with their feet parallel to the anteriorςposterior axis of the 162 

laboratory. Visual3D software (C-Motion, Germantown MD, USA) used data from the 163 

static trial to generate a kinematic model for each participant which included the trunk, 164 

pelvis, thigh, shank, and foot segments. For the dynamic calibration trial participants 165 

complete three clockwise rotations of the pelvis [68]. The data from the dynamic 166 

calibration was used to estimate hip joint center for the model. Calibration markers 167 

were removed before data collection. During data collection marker trajectories were 168 

tracked using eight high-speed motion analysis cameras (Vicon, Oxford, England) 169 

ǎŀƳǇƭƛƴƎ ŀǘ нлл IȊΦ DǊƻǳƴŘ ǊŜŀŎǘƛƻƴ ŦƻǊŎŜ όDwCύ ǿŀǎ ŎƻƭƭŜŎǘŜŘ ǳǎƛƴƎ ŦƻǳǊ ŦƭƻƻǊ 170 

ŜƳōŜŘŘŜŘ ŦƻǊŎŜ ǇƭŀǘŜǎ ǎŀƳǇƭƛƴƎ ŀǘ мллл IȊ ό.ŜǊǘŜŎΣ /ƻƭǳƳōǳǎΣ hIύΦ ¢ƘŜ ŦƻǊŎŜ ǇƭŀǘŜǎ 171 

were aligned in a single 2.4 m long row. 172 

Data Collection 173 

Baseline trials 174 

 Participants walked at a self-selected speed along a 6-meter laboratory walkway. 175 

Timing gates (Brower Timing Systems, Draper, UT, USA) were positioned at the start and 176 

end of four in-line force plates (2.4 meters long) and were used to measure the average 177 

walking speed per trial. For a trial to be valid, one full contact with a force plate by the 178 

dominant limb was required. Participants completed 10 valid baseline trials. 179 

Gait modification trials 180 

mailto:n.cortes@essex.ac.uk


Journal of Biomechanical Engineering 

 

Corresponding Author: Nelson Cortes (n.cortes@essex.ac.uk), BIO-22-1097 8 
 

 Gait modification parameters were individualized for each participant using their 181 

mean and standard deviation (sd) from baseline trials. Ranges for each gait modification 182 

were created so that gait parameters fell within a range of 1ς3 sd greater (TIG and LTL) 183 

or lesser (MKT) than baseline for the first five trials and 3ς5 sd greater or lesser than 184 

baseline for the second five trials. The 1ς3 sd range was considered a small modification 185 

while the 3ς5 sd range was considered a large modification. In total six target ranges 186 

were calculated for each participant: small and large LTL, small and large MKT, and small 187 

and large TIG. 188 

 Standardized verbal instructions, as described in previous research [69], were 189 

provided before implementing each modification. Participants were allowed to 190 

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

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

needed. Gait modification trials were completed in a fixed order: LTL, MKT, and TIG. 193 

Successful trials required at least one clean foot strike on the force plate, with the 194 

dominant limb, and an average gait speed ± 5% relative to baseline average speed. 195 

Unsuccessful trials were not counted towards the 10 required for each modification. 196 

 For each of the 3 gait modification strategies studied, participants performed ten 197 

trials using RTB. The visual feedback was delivered using Visual3D via a line graph 198 

projected on a wall in front of the lab walkway as shown in Fig. 2. The graph indicated 199 

the angle of the current gait modification parameter during the stance phase of gait and 200 

was updated during each step of the dominant limb. A range representing the lower and 201 

upper limits of the gait modification parameter (1ς3 or 3ς5 sd) was displayed on the 202 
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graph (i.e. the green band in Fig. 2). Participants modified their gait according to 203 

provided cues so that the line representing the gait parameter fell within the calculated 204 

range. If during a trial a participant fell outside the provided range, they were instructed 205 

to adjust their gait on the subsequent trial. 206 

Musculoskeletal Simulation of Walking 207 

 Recorded data were first imported to Visual3D (C-Motion, Germantown MD, 208 

USA) for pre-processing as described in previous research [9]. OpenSim compatible 209 

format files were then exported from Visual3D. Prior to export, Visual3D runs inverse 210 

kinematics on the data and provides kinematic and kinetic .mot files for each trial. The 211 

exported files were used to create three dimensional simulations for the stance phase of 212 

gait using OpenSim 3.2. To simulate the muscle forces required to reproduce the 213 

measured kinematics and kinetics SO was run on the data using OpenSim 3.2. Prior to 214 

SOΣ ǘƘŜ Ǝŀƛǘнофн ƳƻŘŜƭ ǿŀǎ ǎŎŀƭŜŘ ǘƻ ŜŀŎƘ ǎǳōƧŜŎǘΩǎ ƘŜƛƎƘǘ ŀƴŘ ǿŜƛƎƘǘΦ Lƴ ŀŘŘƛǘƛƻƴ ǘƻ 215 

the default SO cost function for minimizing the sum of the muscle activations squared 216 

[47] each trial was also iteratively run through a weighted SO function based on 217 

previously described methods [44, 45, 52]. OpenSim 3.2 was used for this process 218 

because the weighted SO plug-in was built to be compatible with this version of the 219 

software and has not yet been updated to work with the latest version of OpenSim [70]. 220 

 In order to identify muscles and corresponding weights the results of SO were 221 

visually inspected to identify any muscles identified in previous research that 222 

contributed to increase knee load estimates όŜΦƎΦ ǉǳŀŘǊƛŎŜǇǎΩǎΣ ƘŀƳǎǘǊƛƴƎǎΣ ŎŀƭǾŜǎύ ŀƴŘ 223 

that had a force that was 2 to 3 times greater than estimated forces from other lower 224 
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extremity muscle groups. A weight of 2 was initially applied to that muscle group and a 225 

weighted SO was re-run and the results visually inspected to determine the effect of the 226 

weight on the muscle force outputs. The weight was increased until the weighted SO 227 

output for the identified muscle fell within a comparable range to the other lower 228 

extremity muscles. 229 

 If there were multiple muscles with extreme force estimates, then muscles were 230 

weighted and evaluated in a set order for all gait intervention trials. The order was to 231 

apply a weight to the gastrocnemius (GAS) muscles followed by weights applied to the 232 

GAS and the vastus lateralis (GAS-VL) muscle,  then to the GAS, VL, and vastus 233 

intermedius/vastus medialis (GAS-VI-VL-VM) muscles, and finally to the GAS, VL, VI, VM, 234 

and the rectus femoris (GAS-VI-VL-VM-RF) muscles. The muscle weight values started at 235 

two and were systematically adjusted until the muscle force output values from the 236 

weighted SO did not show any large spikes in the SO output.  237 

 After the default SO and the weighted SO was completed, the knee JRFs for the 238 

medial and lateral compartment were computed using the OpenSim JointReaction 239 

analyses on the scaled Lerner model using OpenSim 3.3 which is capable of resolving the 240 

JRFs in the knee into medial and lateral components [44].  241 

Statistical Analysis 242 

 Descriptive statistics were reported while a within-group repeated measures 243 

analysis of variance (RM ANOVA) was used to compare JRF of participants' dominant 244 

limb across the four different gait conditions. A RM ANOVA was used with both the 245 

medial and lateral JRF for the first and second peaks during the stance phase of gait. 246 
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Prior to running the RM ANOVA, data was checked for outliers and normality. Next, 247 

aŀǳŎƘƭȅΩǎ ǘŜǎǘ ƻŦ ǎǇƘŜǊƛŎƛǘȅ ǿŀǎ ŀǎǎŜǎǎŜŘ. If the data failed the assumption of sphericity, 248 

a Greenhouse-Geisser correction was used. If results were significant for the RM ANOVA 249 

pairwise comparisons were calculated. Statistical analyses were performed using the 250 

ggstatsplot [71] package in R version 4.1.0 (R Foundation, Vienna, Austria, 251 

https://www.R-project.org) with an alpha level set at 0.05 a priori. 252 

RESULTS 253 

 Mean JRF by gait conditions for the first and second peaks in both the medial 254 

and lateral knee compartment are shown below in Table 2. Post hoc analysis of the data 255 

indicated that the averages for JRF in both the small and large conditions did not differ 256 

significantly from each other, therefore, the results were combined into a single average 257 

across the three interventions for statistical analysis. Therefore, the statistical analysis 258 

consisted of 10 trials each for the baseline, LTL, MKT, and TIG.. Previous analysis 259 

indicated that subjects had a difficult time getting the modification to accurately fall 260 

within the prescribed bandwidth but were generally able to meet the lower bound of 261 

the prescribed modification [9].  262 

 The main effects of the RM ANOVA for the vertical JRFs are presented in Fig. 3 263 

through 66. For the first peak JRF in the medial compartment there was no significant 264 

difference between conditions (F(1.7, 32.3)=1.70, p=.20). For the second peak in the 265 

medial compartment there was a statistically significant difference between conditions 266 

(F(1.8, 34.4)=4.71, p=0.02). Pairwise comparisons indicated that the TIG condition had a 267 

smaller JRF compared to baseline (p=0.04).  268 
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 For the first peak JRF in the lateral compartment there was a statistically 269 

significant difference between conditions (F(1.8, 34.7)=10.56, p=0.0004). Pairwise 270 

comparisons indicated an increased JRF for MKT compared to baseline (p=0.01). For the 271 

second peak in the lateral compartment there was a statistically significant difference 272 

between conditions (F(3.0, 57.0)=3.81, p=0.01). However, pairwise comparisons 273 

indicated no significant difference between any condition and baseline. 274 

 Mean JRF (normalized by body weight) during the stance phase of gait is shown 275 

for the four gait conditions in both the medial and lateral compartments in Fig. 7.  276 

DISCUSSION 277 

 This study compared the effects of three gait modifications on the simulated 278 

JRFs in the medial compartments of the knee in healthy participants. The primary 279 

purpose was to determine if LTL, MKT, and TIG reduced the JRFs in the medial 280 

compartment of the knee in healthy individuals. Our hypothesis was not supported by 281 

the data, which showed no statistically significant difference between baseline and any 282 

of the gait interventions in the medial compartment during the loading phase (e.g. first 283 

peak) of gait.  284 

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

reducing the JRF in the first peak is generally thought to be of high importance and gait 286 

interventions are commonly found to reduce either KAM or JRF in the first peak. While 287 

there was decreasing JRF in our study, the results were not statistically significant. The 288 

LTL modification has been shown to reduce KAM in healthy and pathological 289 

populations [9, 12, 72, 73]. One study did find that a healthy participant, when given 290 
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verbal queues, could increase their JRF by using LTL type modification [74]. While this is 291 

counter to what would be expected we had a similar finding in our unpublished study 292 

that used data from a participant with an instrumented knee implant performing LTL. 293 

 In contrast to the LTL, the MKT modification showed an increasing JRF but it was 294 

also not significant. The MKT has been shown to decrease both KAM and JRF in previous 295 

studies [9, 15, 16, 75, 76]. One issue related to MKT is that of the three studied gait 296 

modifications we found MKT was the most difficult for participants to adopt, and 297 

therefore, the lack of results in our study could be due to inconsistent implementation 298 

of the MKT intervention [9]. If some participants were not able to correctly implement 299 

MKT it could have led to spurious data that obscured the results of the entire group. 300 

Overall, our results for MKT contradict previous research [72, 76, 77] with one possible 301 

explanation being that the outcome of gait interventions can be subject-specific [9, 78] 302 

and may be influenced by parameters such as anatomical alignment [79, 80], body mass 303 

index [81, 82], and individual gait biomechanics [78]. From a modeling perspective 304 

calculated JRF values are influenced by muscle activation and force estimates [74] so 305 

increased muscle activity, used by the model to match participant kinematics, during 306 

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

 During TIG participants exhibited decreasing JRF but the results were also not 308 

statistically significant. Previous research on KAM in TIG has been inconclusive [78, 83-309 

86] so these results were not unsurprising. However, a recent study that used 310 

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

so our results are consistent with their findings [39]. 312 
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 While the second peak in the medial compartment may be less important for 313 

subjects with knee OA [20, 34], our data indicated a statistically significant difference 314 

between conditions for the propulsion phase of gait in the medial compartment (p=.02). 315 

The post-hoc pairwise comparisons indicated that TIG in the second peak produced a 316 

greater JRF then baseline (p=.04). Previous research on TIG has found inconclusive 317 

ǊŜǎǳƭǘǎ ƻƴ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ¢LD ƻƴ Y!a ǎƻ ǘƘƛǎ ƛǎƴΩǘ ƴŜŎŜǎǎŀǊƛƭȅ ǳƴŜȄǇŜŎǘŜŘ [11]. As shown in 318 

previous research the Lerner knee model may overestimate the JRF in the second peak 319 

of the medial compartment in normal gait [44] and unpublished data from our lab found 320 

larger error in the second peak when using MKT or LTL gait. While the weighted SO can 321 

reduce the error greatly [44, 87] the errors can still be 20% or large, as compared to the 322 

less than 10% error in the medial compartment for MKT and LTL gait.  323 

 One of the main goals of these gait interventions is to reduce the JRF in the 324 

medial compartment, however, a consequence may be that the load is transferred to 325 

another compartment. While our data did not find statistically significant reductions in 326 

JRFs in the medial compartment, there was a statistically significant difference from 327 

baseline in the lateral compartment for both the first (p=.004) and second (p=.01) peaks. 328 

Post hoc tests indicated that the JRF during MKT increased from baseline (p=.01) in the 329 

first peak but did not increase from baseline in the second peak. One factor to consider 330 

for this data is that in an unpublished validation study with the model it was found to 331 

overestimate JRF in the lateral compartment to a greater extent than in the first peak of 332 

the medial compartment, especially when applied to MKT and LTL interventions. 333 
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Therefore, the results in the lateral compartment may be skewed due to limitations of 334 

the model.  335 

 Data from previous research [87] suggests that this modeling approach can 336 

provide robust results for simulated JRFs in the medial compartment during the loading 337 

phase. Therefore, one possible explanation for lack of results is the intervention does 338 

not have a large effect on JRFs in the knee during the first peak. Another possibility is 339 

that there could be a large variation in individual responses to gait interventions that 340 

are averaged out in the aggregated data. Fig. 8 shows a summary of the responses to 341 

each intervention as a percentage increase or decrease from their baseline JRF values by 342 

study participant. Three participants had large (i.e. >30%) reductions in their baseline 343 

values while five had large increases. In addition, some individuals showed an increase 344 

from baseline for some gait modifications but a decrease for others. Previous research 345 

has reported a similar finding when evaluating KAM in all three modifications [9]. There 346 

has also been research that showed individual variation in the response to toe-in gait 347 

[78] and toe-out gait [85]. It is possible that no single variable contributes to an 348 

ƛƴŘƛǾƛŘǳŀƭΩǎ response but that it is a combination of several variables. For example, a 349 

ǇŀǊǘƛŎƛǇŀƴǘΩǎ ǊŜǎǇƻƴǎŜ Ƴŀȅ ōŜ ŀŦŦŜŎǘŜŘ ōȅ ǘƘŜ ƭŜǾŜƭ ƻŦ ǎǘǊŜƴƎǘƘ ƛƴ ǘƘŜƛǊ ƭŜƎ ƳǳǎŎƭŜǎ 350 

interacting with static knee alignment, BMI, and/or other variables. 351 

 While research has demonstrated that gait modifications with RTB may help 352 

reduce the JRF in the medial compartment of the knee one limitation to this approach is 353 

that the majority of feedback is focused on joint kinematics, such as joint angles. Muscle 354 

contraction across a joint also contributes to JRF and recent research has shown that 355 
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providing RTB of muscle activation patterns allows individuals to alter their JRF by 356 

changing the activation patterns of their muscles during gait [88]. This recent study 357 

found that participants were able to reduce knee JRF, during late stance, in a normal 358 

walking gait by 12% (±12) by shifting their muscle activation patterns from the 359 

gastrocnemius to the soleus muscle. It is possible that in gait modification studies 360 

participants are using different muscle coordination strategies to meet the RTB targets 361 

during modification. For example, someone trying to use MKT may unintentionally 362 

increase their knee JRF as a result of the particular muscle contraction strategies they 363 

use to meet the kinematics of the movement pattern. In addition to factors like static 364 

alignment these differences in movement coordination strategies may be contributing 365 

to the results shown in Fig 8 and offer a possible additional consideration for why some 366 

participants show decreasing JRF while others show increasing JRF. An alternative 367 

approach that may be worth investigating is providing RTB of both kinematic and muscle 368 

activation patterns, to subjects performing gait modifications, in order to gain a better 369 

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

 There are several limitations to this study. First, while the results of the visual 371 

inspection method for identifying muscles and corresponding weights for the weighted 372 

SO was successful, it lacked objective metrics for decision criteria. An improved 373 

approach to the process would be to take a statistical measure, such as the mean of all 374 

lower extremity muscles forces, during the second half of stance, and for any muscle 375 

with an excessive force estimate increase the weight until the muscle force estimate is 376 

within 1 or 2 standard deviations of that median value. However, more work should be 377 
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done to further evaluate this process for identifying muscle weighting and identifying 378 

the optimal appropriate range could be developed experimentally. Another limitation to 379 

this analysis was a lack of imaging data for participants. This did not allow us to 380 

accurately determine static knee alignment and contact locations and reduced the 381 

benefit of the Lerner model. The Lerner model has modifiable parameters which lets 382 

you adjust the knee alignment in the frontal plane as well as the contact locations 383 

between the tibia and femur. While we did attempt to estimate the values from 384 

Visual3D, the estimate of knee alignment calculation from the software differs from the 385 

approach described by Lerner et al [44, 89] in their validation study and we were not 386 

confident enough in the values to use them for this study. Lastly, it is also possible that 387 

the sample size may not have been large enough to provide the power to detect 388 

differences in our data.  389 

CONCLUSION 390 

 This study did not find the hypothesized decrease in simulated JRF in the medial 391 

compartment of the knee for TIG, LTL, and MKT. Lack of results may be as a result of 392 

individual variation in response to gait modifications. Factors involved in this variation 393 

may include static alignment of the lower extremity or muscle coordination patterns 394 

used to meet gait modification targets. It is possible that gait interventions cannot be 395 

uniformly applied to all participants with the expectation that they will all respond with 396 

reductions in JRF. Individual factors may lead some participants to have decreased JRF 397 

as a result of a modification while others may experience increased JRF. It is also 398 

possible that there may be variation within an individual in how they respond to 399 
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different gait modifications with some leading to reduced JRF and others increasing JRF. 400 

Future work should be done to develop a greater understanding of how different factors 401 

contribute to individual responses in JRFs as a result of gait modification. 402 

 403 
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NOMENCLATURE 409 

BMI Body mass index 

F Female 

GAS Gastrocnemius 

GAS-VL Gastrocnemius and vastus lateralis 

GAS-VI-VL-VM Gastrocnemius, vastus intermedius vastus lateralis, and vastus medialis 

GAS-VI-VL-VM-RF Gastrocnemius, vastus intermedius vastus lateralis, vastus medialis, and 

rectus femoris 

JRF Joint reaction force 

KAM Knee adduction moment 

KFM Knee flexion moment 
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kg Kilogram 

L Left 

LTL Lateral trunk lean 

M Male 

m Meter 

MKT Medial knee thrust 

N Number 

OA Osteoarthritis 

R Right 

RM ANOVA Repeated measures analysis of variance 

sd Standard deviation 

SO Static optimization 

TIG Toe-in gait 

  410 
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Figure Captions List 727 

Fig. 1 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] 

Fig. 2 Example of visual feedback graph provided to participants that was 

projected onto the laboratory wall during each trial 

Fig. 3 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 

Fig. 4 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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Table Caption List  729 

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 
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 731 
 732 

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

markers) were attached to the manubrium, 7th cervical vertebrae, right scapula, 734 

10th thoracic vertebrae, and bilaterally to the posterior and lateral calcaneus, 5th 735 

distal metatarsal, 1st proximal metatarsal, 2nd metatarsophalangeal joint, tibial 736 

tuberosity, lateral ili ac spine, posterior superior iliac spine, and acromion. Three 737 

tracking markers were arranged to form a triangular cluster and were attached to 738 

the lumbar region. Four tracking clusters (18 markers) were placed on the lateral 739 

aspect of the thigh and shank. Ten calibration markers were attached bilaterally to 740 

the lateral and medial malleoli, lateral and medial knee joint lines, and greater 741 

trochanters[9]  742 
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 743 

 744 
 745 

Fig. 2  Example of visual feedback graph provided to participants that was 746 

projected onto the laboratory wall during each trial  747 
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 748 
 749 

Fig. 3  Repeated measures ANOVA for the mean joint reaction force (N) in the 1st 750 

peak in the medial compartment for baseline, lateral trunk lean, medial knee thrust, 751 

and toe-in gait  752 
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 753 
 754 

Fig. 4  Repeated measures ANOVA for the mean joint reaction force (N) in the 2nd 755 

peak in the medial compartment for baseline, lateral trunk lean, medial knee thrust, 756 

and toe-in gait  757 
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 758 
 759 

Fig. 5  Repeated measures ANOVA for the mean joint reaction force (N) in the 1st 760 

peak in the lateral compartment for baseline, lateral trunk lean, medial knee thrust, 761 

and toe-in gait  762 
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 763 
 764 

Fig. 6  Repeated measures ANOVA for the mean joint reaction force (N) in the 2nd 765 

peak in the lateral compartment for baseline, lateral trunk lean, medial knee thrust, 766 

and toe-in gait  767 
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 768 

 769 
 770 

Fig. 7  Mean joint reaction force (normalized by body weight) in the medial and 771 

lateral knee compartments for baseline, lateral trunk lean, medial knee thrust, and 772 

toe-in gait  773 
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 774 
 775 

Fig. 8  Percentage reduction in joint reaction force from baseline values, by 776 

individual participant, for t oe-in gait, lateral trunk lean, and medial knee thrust  777 
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Table 1 Participant characteristics 778 
 779 

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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Table 2 Peak mean (±sd) joint reaction forces during gait for baseline, lateral trunk 781 

lean, medial knee thrust, and toe-in gait for the first and second peak in the medial 782 

compartment and the first and second peak in the lateral compartment  783 
 784 

 Med_1stPeak_FY 
Mean (±sd) 

Med_2ndPeak_FY 
Mean (±sd) 

Lat_1stPeak_FY 
Mean (±sd) 

Lat_2ndPeak_FY 
Mean (±sd) 

Baseline 1761.84 
(±166.40) 

1734.88 
(±170.65) 

867.50 
(±122.46) 

1145.19 
(±88.48) 

LTL 1674.86 
(±185.31) 

1745.93 
(±228.67) 

950.56 
(±164.65) 

1228.96 
(±143.37) 

MKT 1807.02 
(±249.57) 

1605.32 
(±245.75) 

1134.84  
(±183.07) 

1091.33 
(±161.62) 

TIG 1645.65 
(±159.61) 

1835.33 
(±182.29) 

862.05 
(±107.33) 

1137.85 
(±100.73) 
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