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Abstract - Torsional profiles of the lower limbs, such as femoral anteversion, can 

dictate gait and mobility, joint biomechanics and pain, and functional impairment. It 

currently remains unclear how the interactions between femoral anteversion, 

kinematics, and muscle activity patterns contribute to joint biomechanics and thus 

conditions such as knee pain. This study presents a computational modeling approach 

to investigating the interactions between femoral anteversion, muscle forces, and knee 

joint loads. We employed an optimal control approach to produce actuator and muscle 

driven simulations of the stance phase of gait for femoral anteversion angles ranging 

from -8° (retroversion) to 52° (anteversion) with a typically developing baseline of 12° of 

anteversion and implemented a Monte Carlo analysis for variations in lower limb muscle 

forces. While total patellofemoral joint load decreased with increasing femoral 

anteversion, patellofemoral joint load alignment worsened, and knee 

abduction/adduction magnitude increased with both positive and negative changes in 

femoral anteversion (p<0.001). The rectus femoris muscle was found to greatly 

influence patellofemoral joint loads across all femoral anteversion alignments (R>0.8, 

p<0.001), and the medial gastrocnemius was found to greatly influence knee 

abduction/adduction moments for the extreme version cases (R>0.74, p<0.001). Along 

with the vastus lateralis, which decreased with increasing femoral anteversion (R=0.89, 

p<0.001), these muscles are prime candidates for future experimental and clinical 

efforts to address joint pain in individuals with extreme femoral version. These findings, 

along with future modeling efforts, could help clinicians better design treatment 

strategies for knee joint pain in populations with extreme femoral anteversion or 

retroversion. 
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1. Introduction 

Torsional profiles of the lower limbs – particularly the femur and tibia – are a crucial 

aspect of morphology that dictate gait and mobility, joint biomechanics, and functional 

impairment. Femoral version, also known as femoral neck version or femoral torsion, is 

the angle of internal (anteversion) or external (retroversion) rotation along the length of 

the femur. Femoral version is measured in the transverse plane as the angle between 

the head-neck axis and the condylar axis (Figure 1) [1], [2]. Typically developing infants 

are born highly anteverted (~40deg) and will remodel to neutral (~15deg anteversion) 

over time [1], [3]. Conditions that impede this remodeling process include 

developmental dysplasia of the hip, miserable malignment syndrome, and various 

neuromuscular disorders such as cerebral palsy [4]–[6]. 

 

 
Figure 1. A) Femoral anteversion is the angle of rotation along the length of the femur. 

B) Typically developing adult femoral anteversion of 15°. C) High femoral anteversion of 

40°. D) Zero femoral anteversion. Negative femoral anteversion angles are 

characterized as femoral retroversion. Solid lines represent the femoral head-neck axis, 

while dashed lines represent the condylar axis. 

 

When the angle develops such that standing with toes straight with femoral condyles 

parallel to frontal plane causes the femoral neck to impinge the acetabulum anteriorly 

and cause pain, the result is pathologic anteversion. Patients compensate by “in-toeing” 

to return the angle at which the femoral neck meets the acetabulum back towards 

physiologic range, thus providing some pain relief and restoring hip abductor moment 

arms [7]. The resulting “in-toeing” to restore the hip to a pain-free alignment can have 

cascading effects on lower limb biomechanics at the knee and ankle. Such resulting 

effects are of particular interest in the knee due to the kinematic nature of the knee joint, 

which has considerably less range of motion in internal/external rotation and 

abduction/adduction than the ankle. Pathologic retroversion, then, is understood as the 

opposite: a version angle wherein straight toes cause excessive anterior acetabular 

impingement, with the patient presenting ‘out-toed’ to compensate. Therefore, it is no 



 

surprise that excessive femoral version has considerable impact on the joint mechanics 

of the hip, knee, and ankle, though the focus of this work will be on the knee. 

 

Resultant pathologies implicated around the knee include gait impairment, joint pain and 

altered joint mechanics, osteoarthritis, lateral patellar facet cartilage degeneration, 

trochlear remodeling, and patellofemoral instability [2], [3], [8]–[13]. A complete 

understanding of the effects of excessive version and proposed conservative treatment 

modalities have not yet yielded clinically significant results [2], [8]. Musculoskeletal 

modeling presents an effective approach to studying morphological and neuromuscular 

effects on biomechanical outcomes such as joint loads [14], [15]. Previous simulation 

efforts have shown that knee joint mechanics (patellofemoral joint contact pressure, 

cartilage contact stress, and knee abduction/adduction moment) are altered by 

excessive femoral version [13], [16]. However, it remains unclear how morphological 

variability of femoral version in addition to variability of individual muscle forces 

contribute to knee joint mechanics. 

 

Thus, the goal of this study was to investigate the effects of femoral version and muscle 

force variability on knee joint loads during gait with a musculoskeletal model. We 

simulated how variations in femoral version influence patellofemoral joint loads, 

patellofemoral joint load alignment, and knee abduction/adduction moment magnitude. 

We also explored the interactions between femoral version, knee joint biomechanics 

(patellofemoral joint loads and knee abduction/adduction moment), and individual 

muscle forces, with the goal of identifying how individual muscles contribute to joint-

level biomechanics across variations in femoral version. We implemented an open-

source previously validated full body model, an open-source bone deformation tool, an 

open-source optimal control toolkit, and a stochastic Monte-Carlo optimization in this 

work. 

 

2. Methods 

2.1 Musculoskeletal Models 

All rigid body musculoskeletal modeling was completed using open source OpenSim 

software based on the validated full-body Rajagopal model, designed for gait studies 

(https://simtk.org/projects/full_body) [17]. Briefly, the packaged model includes 22 

bodies, 37 degrees of freedom, seventeen torque actuators for the upper body, and 80 

lower limb Hill-type muscles that were implemented in this work [17]. Lower-limb 

degrees of freedom utilized for this study include three at each hip (extension, rotation, 

and abduction), one at each knee (flexion), one at each ankle (plantarflexion), and one 

at each subtalar (inversion). As the focus of this paper is on knee joint mechanics, it 

should be noted that the secondary knee kinematics – internal/external rotation, 

abduction/adduction, anterior/posterior translation, and proximal/distal translation – are 

https://simtk.org/projects/full_body


 

defined as functions of knee flexion based on the work of Walker et al [18]. The 

Rajagopal model is available with an example of full gait experimental data for an 

individual (a 31 year old male with height 182 cm and mass 85 kg), including motion 

capture, appropriate scaling parameters, and ground reaction force values for both 

limbs during walking. This representative dataset was used in this study for all 

musculoskeletal modeling as it provided an accurate baseline for an otherwise typically 

developing healthy individual. 

 

The Rajagopal model was modified to incorporate variations in femoral anteversion, 

ranging from -8° (or 8° of femoral retroversion) to 52° (Figure 2A). For consistency 

throughout the manuscript, we will keep all femoral angles defined as anteversion 

angles, thus any negative values denote retroversion. With an approximate baseline of 

12º of femoral anteversion [19], this variation covers a range of -20° to +40° of 

anteversion. Variations in version were applied such that the default alignment between 

the femoral head and acetabulum remained constant across all models. Models with 

alignment variations are referred to throughout the manuscript by their femoral 

anteversion angle. Variations in femoral version were generated using the bone 

deformation tool developed by Modenese et al [19]. Torsion of the femur was assumed 

to be distributed equally along the length of the femur, and the alignment of the femoral 

head remained consistent across models relative to the pelvis. The resulting model 

geometries produced toe-in and toe-out stances associated with extreme femoral 

version profiles (Figure 2A). 

 

 
Figure 2. A) Morphological variations in femoral anteversion between the baseline 

typically developing model (12°), increased femoral anteversion models (32° and 52°), 

and femoral retroversion model (-8° of femoral anteversion, or 8° of femoral 

retroversion). B) Muscles that cross the knee joint and were optimized in the Monte 

Carlo parametric study with various weights. 

 

2.2 Torque Actuated Gait Dynamics Simulations 



 

Gait dynamics during stance phase – joint angles and joint moments – were generated 

by tracking simulations using experimental data (ground reaction force and motion 

capture trajectories) and the open source optimal control toolkit Moco 

(https://simtk.org/projects/opensim-moco/) [14]. All muscles were removed from each 

model and replaced with joint actuators with a maximum torque of 250 N-m. Simulations 

minimized an objective function that combined joint torques, marker tracking errors, and 

joint angles as necessary through a tracking problem. Pelvis force and torque actuators 

were set to a weight of 200, with all other joint torque actuators set to a weight of one to 

reduce “hand-of-God” forces and torques [20]. First, the baseline model (12° femoral 

anteversion) gait dynamics were generated by tracking experimental motion capture 

markers only. Due to variations in lower limb alignment, unique gait kinematics were 

required for each model to ensure appropriate foot strike location relative to 

experimental ground reaction force data. A tracking problem was thus employed for 

each additional model (-8°, 2°, 22°, 32°, 42°, and 52° femoral anteversion) to track both 

experimental motion capture markers and baseline kinematics. Specifically, the 

simulation tracked baseline lower limb joint angles with reduced weights for hip rotation 

and subtalar angle and also tracked motion capture markers with increased weight 

assigned to the foot and ankle markers. The purpose of this approach was to produce 

different gait kinematics for each femoral anteversion model. The increased weights to 

the “hand-of-God” pelvis actuators and increased weights to the ankle markers ensured 

that the foot strike location for each model aligned with experimental ground reaction 

force data. Gait dynamics (joint angles and joint torques) for the baseline, 32º, and 42º 

models were qualitatively compared against gait dynamics of typically developing and 

increased femoral anteversion adolescents from the work of Mackay et al [21], which 

can be found in the Appendix (Figures A1-2). 

 

2.3 Muscle Actuated Joint Load Simulations 

Following kinematic tracking for each femoral anteversion model, a Monte Carlo 

optimization study was conducted to investigate the effect of muscle force patterns on 

selected knee joint loads. All forty muscles on the left leg were added back to the 

model, and all left leg joint actuators were decreased to a maximum value of 1 N-m. A 

Latin hypercube sampling (LHS) approach was used to generate near-random weights 

for muscles that crossed the knee joint [22]. A total of 1,000 sets of seven muscle 

activation weights were generated, with the weights applied to muscles that cross the 

knee joint (Figure 2B). Weights were distributed as follows: 1) vastus medialis, 2) vastus 

lateralis, 3) rectus femoris, 4) medial gastrocnemius, 5) lateral gastrocnemius, 6) biceps 

femoris long and short head, and 7) gracilis, sartorius, semimembranosus, and 

semitendinosus. Weights for optimized muscles were distributed between zero and two, 

with all other muscles and actuators given a weight of one. The LHS generated weights 

https://simtk.org/projects/opensim-moco/


 

uniformly distributed across the zero to two boundaries. Grouping muscles with similar 

anatomical characteristics reduced the number of simulations by more than 40%. 

 

An inverse problem for each alignment model and each combination of muscle weights 

was then performed in Moco. Here the kinematics were prescribed from those obtained 

from the torque actuated gait dynamics simulations in section 2.2 above and the same 

ground reaction force data were used. The left leg muscles and remaining actuators 

were optimized to minimize muscle and actuator exertion. Muscle forces were estimated 

by minimizing the sum of squared muscle excitations [14]. Following each optimization, 

the root mean square (RMS) across the stance phase of select knee joint loads were 

recorded. These loads include the total patellofemoral joint load and the knee 

abduction/adduction moment (Figure 2). Knee abduction/adduction moment was 

chosen due to its high clinical relevance as a surrogate for the medal-lateral tibiofemoral 

load distribution, particularly in individuals who have developed considerable joint 

impairments such as osteoarthritis [23]. We also analyzed the lateral-to-total 

patellofemoral joint load ratio, which we defined as the magnitude of the medial-lateral 

component of the total patellofemoral joint load divided by the magnitude of the total 

patellofemoral joint load (Figure 2A). 

 

2.4 Statistics 

Statistical analyses performed on simulation results include ANOVAs (Tukey’s post-hoc 

analysis, significance p<0.05) on total patellofemoral joint load, the lateral:total 

patellofemoral joint load ratio, and knee adduction moment across all femoral version 

levels. These analyses aimed to determine statistically significant differences in joint 

loads from variations in version, but did not evaluate the effects of individual muscle 

forces. Linear regression analyses were also performed (significance p<0.05) for all 

muscle forces and joint loads across all femoral version levels. Specifically, we 

analyzed the root mean square of muscle forces across femoral version levels to 

determine statistically significant differences in muscle forces for various torsional 

profiles. Finally, we analyzed joint loads (total patellofemoral joint load, lateral:total 

patellofemoral joint load, and knee adduction moment) across individual muscle forces 

at each femoral version level to further investigate the interactions between joint loads, 

muscle forces, and femoral version. Regression results are provided visually in the 

results and numerically as appendix. 

 



 

 
Figure 3. Joint loads investigated in this study. A) Total patellofemoral joint (PFJ) load 

(solid black line) is denoted as the reaction load between the patella and femur. The 

ratio between the lateral PFJ load (dashed black line) and the total PFJ load was also 

recorded. B) Knee abduction/adduction moment (solid curved line). All joint loads were 

calculated from the Monte Carlo simulations as reaction loads, which included knee joint 

muscles (not shown). 

 

3. Results 

Gait dynamics (joint angles and moments) during stance phase for all seven femoral 

anteversion alignment models showed alterations across version levels for some, but 

not all, dynamic variables (Figure 4). Specifically, hip flexion moments and hip flexion 

angle were largely unaffected (hip rotation moment increased slightly with anteversion), 

while hip adduction increased with increasing anteversion and hip rotation decreased 

with decreasing anteversion. Knee flexion angle remained largely unaffected by version, 

but knee flexion moment decreased with increasing anteversion. Plantar flexion angle 

and moment were largely unaffected by version, but subtalar inversion angle decreased 

with anteversion. Subtalar moment, however, showed decreases in early stance and 

increases in late stance with increasing anteversion. These findings largely follow those 

observed in literature for adolescents with high femoral anteversion [13], [21]. Full 

model gait dynamics visual validation to published data can be found in the appendix 

(Figure A1-2). 



 

 
Figure 4. Joint angles (solid curves) and moments (dashed curves) during stance phase 

of gait across all femoral anteversion alignment models (-8° in blue to 52° in red). 

 

Monte Carlo results showed a slight decrease in patellofemoral joint load with 

increasing femoral anteversion, with the exception of 22° to 42° (Figure 5A). The total 

patellofemoral joint load was statistically different across all levels of version (p<0.001, 

ANOVA with Tukey’s post-hoc analysis). However, the ratio between lateral-to-total 

patellofemoral joint load increased considerably from the 12° baseline model to higher 

anteversion angles (Figure 5B). After decreasing slightly from 12º to of anteversion to 

2°, patellofemoral joint load ratio increased at -8º (Figure 5B). Again, all anteversion 

levels were statistically significant from one another (p<0.001, ANOVA with Tukey’s 

post-hoc analysis). Knee abduction/adduction moment increased from the 12° baseline 



 

for both anteversion and retroversion, except for 22º anteversion (p<0.001, ANOVA with 

Tukey’s post-hoc analysis). The mean patellofemoral joint load, patellofemoral joint load 

ratio, and knee abduction/adduction moment for simulations 901-1000 (last 10%) of the 

1000 Monte Carlo simulations were all less than 2% different than the overall means of 

all 1000 simulations, suggesting that reasonable optimization convergence was 

achieved [22]. 

 

 
Figure 5. Monte Carlo results for all seven alignment models for A) patellofemoral joint 

total reaction load root mean square, B) ratio between lateral:total patellofemoral joint 

reaction load root mean square, and C) knee abduction/adduction moment root mean 



 

square. All root mean square values calculated over the stance phase of gait and 

shown as mean with standard deviation bars. Statistical significance (ANOVA with 

Tukey’s post-hoc) at p<0.001 for all other models within each bar graph is denoted with 

(*). 

Linear regression results showed that all muscles either increased (recfem, gasmed, 

gaslat, bifemlong, gracilis, sartorius) or decreased (vasmed, vasint, vaslat, bifemshort, 

semimem, semiten) with increasing femoral anteversion (p<0.001, Figure 6). The effect 

of femoral version on muscle force was most pronounced for the vaslat, gasmed, and 

bifemlong (correlation coefficient R>0.8), and least pronounced for the gaslat, 

bifemshort, semimem, and semiten muscles (R<0.5). However, the gaslat exhibited the 

highest variance (Figure 6). While the rectus femoris muscle forces showed reasonable 

correlation to version level (R = 0.57), overall force values showed only modest 

increases from -8° to 52° femoral anteversion (RMS values of 0.37 to 0.40 bodyweight, 

respectively) due to low variance.  

 

 
Figure 6. Muscle force Monte Carlo results across all muscles of interest and femoral 

anteversion alignment models. RF – rectus femoris, VM – vastus medialis, VI – vastus 

intermedius, VL – vastus lateralis, GM – medial gastrocnemius, GL – lateral 

gastrocnemius, BS – biceps femoris short head, BL – biceps femoris long head, GR – 

gracilis, SA – sartorius, SM – semimembranosus, ST – semitendinosus. Data presented 

as mean with standard deviation bars. Linear regression results presented as 

correlation coefficients above each muscle group and with * denoting p<0.001. Note that 

this figure is best viewed in color and that for each muscle, the bars moving from left to 

right represent lowest to highest femoral anteversion. 



 

 

Rectus femoris muscle force positively correlated with total patellofemoral joint load at 

all femoral version levels and exhibited the greatest effect in comparison to other 

muscles (R = 0.80-0.90, p<0.001) (Figure 7). For patellofemoral joint load ratio, the 

rectus femoris similarly exhibited the greatest effect for femoral retroversion models 

(R>0.95, p<0.001 for -8° and 2° models), but overall effects were less strong for femoral 

anteversion models (Figure 7). The medial gastrocnemius exhibited the greatest effect 

on knee abduction/adduction moment, with a negative correlation for retroversion 

models (R = 0.74, p<0.05 for -8°, R = 0.75, p<0.001 for 2° model) and a positive 

correlation for anteversion models (R = 0.63-0.75, p<0.001 for 32°-52° models) (Figure 

7). All linear regression correlation coefficients and p-value classifications (p<0.001, 

p<0.05, p>0.05) can be found in the appendix as Figures A3-5. General trends across 

all muscles, joint loads, and version levels suggest that knee extensor muscles 

contributed more to patellofemoral joint load variability, while hamstring and 

gastrocnemii contributed more to knee abduction/adduction moment variability (Figures 

A3-5). 

 

 
 

Figure 7. Knee joint loads root mean square as a function of individual muscle force root 

mean square across all seven models provided as scattered data. Left column – 

patellofemoral joint load, middle column – lateral:total patellofemoral joint load ratio, 



 

right column – knee abduction/adduction moment. Top row – rectus femoris muscle. 

Bottom row – medial gastrocnemius. Linear regression fits provided as solid curves. All 

root mean square values calculated over the stance phase of gait. Regression slopes 

and statistical significances are provided in the Appendix (Figures A3-5). 

 

4. Discussion 

This work presents a computational modeling approach to studying the effect of femoral 

version and lower limb muscles forces on lower limb biomechanics. Specifically, we 

have used musculoskeletal modeling, optimal control, and a Monte Carlo analysis to 

evaluate the extent to which patellofemoral joint loads and knee abduction/adduction 

moments may be affected by variations in femoral version (the torsional profile of the 

femur) and variations in muscle forces for muscles that cross the knee joint. We 

employed optimal control to simulate gait kinematics and joint torques for femoral 

version values ranging from -8° (8° femoral retroversion) to 52° of femoral anteversion. 

Generalized results include worsening patellofemoral joint load alignment (as 

characterized by a ratio of lateral:total joint load), increased knee abduction/adduction 

moment with retroversion and anteversion, and key roles of the rectus femoris muscle 

for patellofemoral joint loads and the medial gastrocnemius for knee 

abduction/adduction moment. In this study, we have used knee abduction/adduction as 

a simplified approximation for tibiofemoral contact mechanics, with the assumption that 

a greater abduction/adduction moment is a likely indicator for greater imbalances of 

medial-lateral tibiofemoral load distributions. While the focus of this study was 

simulation comparisons across levels of femoral version and not subject-specific joint 

load predictions, model accuracy in comparison to experimental data remains crucial.  

 

One strength of this work is the use of optimal control to generate variations in 

kinematic profiles for variations in femoral version. We found that variations in femoral 

version largely affected hip kinematics and knee and ankle moments. Specifically, with 

increasing femoral anteversion, hip adduction angle, and subtalar inversion moment 

increased, and hip rotation and subtalar eversion angle and knee flexion moment 

decreased (Figure 4). From a kinematics perspective, variations in version were 

distributed between the hip, ankle, and foot progression angle (as the knee joint exhibits 

limited internal and external rotation). In addition to utilizing the previously validated 

Rajagopal et al Full Body Model [17], comparisons to previously published findings of 

joint angles and moments in an anteverted pediatric population were completed for 

further validation, and are included in the appendix (Figures A1 and A2). When 

comparing the healthy versus anteverted data (gray and red curves, respectively) 

across the experimental (solid) and model (dashed) curves, the following similarities 

were observed: increases in hip abduction angle and internal rotation of the hip, 



 

decreases in subtalar inversion angle, and slight decreases in knee extension moment 

magnitude. These comparisons provide further model validation and confidence. 

 

Two recent studies using gait analysis and subject specific imaging to render 

musculoskeletal models found a decreased external knee flexion moment in subjects 

with increased femoral anteversion (38°), which agrees with our findings (Figure 4) [13], 

[21]. Passmore et al further leveraged their data with an analysis of patellofemoral joint 

load and found an increased mediolateral component of patellofemoral joint contact 

force in the anteverted patients despite an unchanged overall magnitude in 

patellofemoral joint load [13]. That result agrees with our findings that patellofemoral 

joint load alignment is affected by variations in version to a greater extent than total joint 

load (Figure 5A-B). Recent work by Modenese et al [19] studied the effects of femoral 

version on hip and knee total joint reaction force and found that these loads increased 

with anteversion and decreased with retroversion. It is difficult to compare our results 

directly to theirs due to differences in assumptions as to how femoral anteversion 

affects kinematics and different measured outputs. However, both studies suggest that 

variations in femoral anteversion alters knee joint loads. The work by Modenese et all 

also provides a robust bone deformation tool, which was used for this study.  

 

Our findings of increased internal knee abduction/adduction moment (Figure 5) are 

difficult to compare to literature as external knee adduction/abduction moment 

magnitudes have been found to increase [24], remain unchanged [21], or decrease [13], 

[25] depending on the study. It is important to note that the knee abduction/adduction 

moment results presented in this study represent an internal reaction moment computed 

after muscle forces have been incorporated, which differs mechanically from an external 

knee abduction/adduction moment computed without the effects of individual muscles. 

However, external knee abduction/adduction moments strongly correlate with medial 

tibiofemoral contact force and medal:total tibiofemoral contact force ratio [26]–[28]. Our 

results suggest that internal knee abduction/adduction moment is highly influenced by 

individual muscles, such as the medial gastrocnemius (Figure 7). This observation 

paired with inconsistent external knee abduction/adduction findings across experimental 

studies [13], [21], [24] warrants future emphasis on subject-specific modeling. Thus, our 

study reinforces the finding that femoral anteversion and femoral retroversion worsen 

patellofemoral joint load alignment and could increase knee abduction/adduction 

moment magnitudes. Future work to employ our approach to investigate the effect of 

version and muscle activity patterns on hip and ankle loads would also provide a benefit 

to the field. 

 

In addition to joint loads as a function of version, our work provides additional insight 

into the contributions of individual muscles to knee joint loads. Besier et al found 



 

patellofemoral joint load increased with co-contraction of the quadriceps and hamstrings 

[29]. Lenhart et al concluded that rectus femoris loading during gait corresponded with a 

secondary peak in patellofemoral loading [30]. These findings reinforce our results that 

the rectus femoris plays a key role in patellofemoral joint load across all levels of 

version (Figure 7). However, we have not decoupled the active and passive 

contributions within our simulations, and therefore future work to better understand the 

interactions between torsional profiles, muscle lengths, and passive muscle forces 

would benefit the field, especially for the biarticular rectus femoris.  

 

In a study conducted by Willy et al, external knee adduction moment was found to be 

increased in individuals with patellofemoral pain [31], highlighting the importance of 

knee frontal plane moments in the development of anterior knee pain. Another study 

found increased activation of medial gastrocnemius to produce external knee abduction 

moments, emphasizing the contribution of the gastrocnemii (particularly medial) to 

balancing knee joint loads [32]. Our work emphasizes this finding, with the additional 

insight that medial gastrocnemius force is negatively correlated with internal knee 

abduction/adduction moment in retroversion, but positive correlated in anteversion 

(Figures 6 and 7, Figure A6 for correlation coefficients). This observation could 

influence targeted rehabilitation for individuals with knee pain and severe femoral 

version profiles. 

 

Most patients presenting with pathologic version are ultimately treated surgically, with 

derotational osteotomy being the procedure of choice to correct the angle and alleviate 

further manifestation [4], [33]–[40]. This procedure involves transecting the femur at 

some point along the shaft and rotating to the surgeon’s estimate of the angle needed to 

correct the pathology. Pre-operative imaging establishes the subject specific starting 

angle (ie, 40 degrees) and the known physiologic range gives the surgeon a target end 

angle (12 to 20 degrees, for a total rotation of 20 to 28 degrees), but no standardized 

system exists for determining this target end angle. Furthermore, computational studies 

have suggested that derotational osteotomies can increase hip joint load through 

shortening of muscular moment arms [41]. This in turn leads to higher joint reaction 

forces and stress on the joint [41]. Subject-specific computational models that simulate 

the biomechanics effects of a derotational osteotomy could thus assist surgical decision 

making by predicting the effects of various interventions on joint loads. Further, non-

operative approaches such as targeted physical therapy guided by simulation as a 

means of conservative treatment remains relatively unexplored [2], [8].  

 

Clinical implications for the results of this study largely fall into the realm of targeted 

physical therapies for pain management and osteoarthritis prevention as an alternative 

to surgical correction. Our results suggest that with increasing femoral anteversion, 



 

vastus lateralis force decreases (correlation coefficient 0.89) and medial gastrocnemius 

force increases (correlation coefficient 0.82) (Figure 6). Patients with pathologic version 

presenting with pain around the knee joint could be evaluated for muscle activity during 

walking by means of surface electromyography sensors, with a specific focus on the 

rectus femoris. If excitation here presents above normal, there may be room for 

exercise therapies that strengthen the vastii. Corrections here may reduce rectus 

femoris activation and in turn overall patellofemoral joint load. Further, this could help to 

realign the load distribution as together the medial and lateral vastii can provide greater 

balance to the patellofemoral joint than the rectus femoris as they provide medal and 

lateral forces, while the rectus femoris has a single attachment site. 

 

Additional emphasis should be placed on addressing the influence of gastrocnemius on 

knee adduction moment during pathologic version. Strengthening the hamstrings could 

serve to balance the role of the gastrocnemius in highly anteverted and retroverted 

patients. There may be a protective factor in femoral anteversion against patellofemoral 

joint pain as overall joint load does not appear to increase with anteversion. Therefore, 

when investigating targeted therapies, investigators should be careful to monitor total 

joint load to prevent increases that may lead to pain. Before conclusive clinical 

recommendations can be made, further experimental and computational work is 

warranted to better understand how weakness or variations in activation profiles of 

these muscles affect knee joint loads across highly anteverted and retroverted 

individuals. 

 

This work is not without limitations and assumptions. Firstly, the use of a single degree 

of freedom knee joint without cartilage contact surfaces is a simplification. Such a 

modeling approach does not provide cartilage stress outputs, which is a stronger 

correlate to joint pain and osteoarthritis than joint loads [16], [42]. Patellofemoral joint 

pressure and cartilage stress is also affected by femoral verison deformities [16], [43], 

but overall trends across individual subjects remain inconsistent. Incorporating greater 

knee joint geometry and simulating contact mechanics also introduces further 

complexities and assumptions. Thus, future work to incorporate finite element analysis 

or a musculoskeletal model with a knee joint with greater degrees of freedom and 

contact surfaces would be a benefit to the field, but was outside the scope of the current 

work. The output of a root mean square (RMS) across stance phase for results of 

interest (joint loads and muscle forces) is also a simplification, albeit one that enables 

for comparisons across our rather large simulation dataset. Comparisons across various 

time points during stance and swing phase would be appropriate in future subject-

specific simulation work. 

 



 

We also employed a sequential modeling approach, where kinematics were first 

optimized, then muscle forces were optimized by prescribing kinematics, which 

constrained the kinematics to only seven cases. However, optimizing both muscle 

activity levels and kinematics across femoral version levels can cause model instability 

and greatly complicates the interpretation of results. Our approach enables a more 

structured investigation of muscle contributions across variations in version. 

Additionally, we did not update muscle architecture between models or decouple active 

and passive muscle force, thus it is unclear how passive muscle force influences joint 

loads (Figure 5) between femoral version models. All simulations used the same ground 

reaction force data and thus the same step length and force profile. Differences in such 

gait parameters that result from variations in femoral version could be modeled with 

either a more robust experimental dataset or a foot-ground contact model and predictive 

simulations, which land outside the scope of this work. The models developed here are 

also based on a data set of a representative, healthy individual and do not incorporate 

variability of kinematics across individuals. Subject-specific data collection and modeling 

to inform clinical treatment for individuals with extreme lower limb torsion and joint pain 

would be appropriate in place of a generalized approach. Validation was also completed 

against experimental data of an adolescent cohort in comparison to a healthy adult 

model, though all model outputs were normalized against body mass and height. 

 

In conclusion, this study presents a computational modeling approach to investigating 

the interactions between femoral version, muscle forces, and knee joint loads. We 

employed an optimal control approach to produce actuator and muscle driven 

simulations of the stance phase of gait for femoral anteversion angles ranging from -8° 

to 52° and implemented a Monte Carlo analysis for variations in lower limb muscle 

forces. Our results further support that patellofemoral joint load alignment worsens and 

knee abduction/adduction magnitude increased with increases in retroversion and 

anteversion. The rectus femoris muscle was found to greatly influence patellofemoral 

joint loads, and the medial gastrocnemius was found to greatly influence knee 

abduction/adduction moments for the extreme version cases. Along with the vastus 

lateralis, which decreased with increasing femoral anteversion, these muscles are prime 

candidates for future experimental and clinical efforts to address joint pain in individuals 

with extreme femoral version. Future subject-specific modeling efforts and greater 

emphasis on knee joint geometry (such as with finite element modeling) would benefit 

the clinical impact of this work. 
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Appendix 

 
Figure A1. Joint angle comparisons between model (dashed curves) and experimental 

(solid curves) data during stance phase of gait. Mean degree of femoral anteversion in 

the experimental pathologic group was 38º, while our simulation results are provided for 

the 32º (FA20) and 42º (FA30) cases. Comparisons are also provided for typically 

developing (TD) experimental and model cases, where the model typically developing 

corresponds to 12° of femoral anteversion. Experimental data digitized from Mackay et 

al. [21]. 



 

 
Figure A2. Joint moment comparisons between model (dashed curves) and 

experimental (solid curves) data during stance phase of gait. Mean degree of femoral 

anteversion in the experimental pathologic group was 38º, while our simulation results 

are provided for the 32º (FA20) and 42º (FA30) cases. Comparisons are also provided 

for typically developing (TD) experimental and model cases, where the model typically 

developing corresponds to 12° of femoral anteversion. Experimental data digitized from 

Mackay et al. [21]. 



 

 
Figure A3. Correlation coefficient values for all muscles across all models for 

patellofemoral joint total reaction load. Statistical significance is denoted by (#) at 

p<0.05 and (*) at p<0.001. 

 

 
Figure A4. Correlation coefficient values for all muscles across all models for 

lateral:total patellofemoral joint reaction load ratio. Statistical significance is denoted by 

(#) at p<0.05 and (*) at p<0.001. 

 

Muscle

RecFem 0.90 * 0.89 * 0.80 * 0.81 * 0.81 * 0.83 * 0.87 *

VasMed 0.16 * 0.04 0.17 * 0.26 * 0.30 * 0.28 * 0.19 *

VasInt 0.03 0.05 0.20 * 0.20 * 0.21 * 0.17 * 0.08 #

VasLat 0.27 * 0.08 # 0.20 * 0.27 * 0.30 * 0.29 * 0.20 *

GasMed 0.07 # 0.15 * 0.27 * 0.30 * 0.31 * 0.29 * 0.35 *

GasLat 0.17 * 0.25 * 0.35 * 0.35 * 0.35 * 0.35 * 0.36 *

BiFemS 0.44 * 0.30 * 0.03 0.05 0.09 # 0.10 # 0.17 *

BeFemL 0.06 0.07 # 0.27 * 0.30 * 0.32 * 0.31 * 0.35 *

Grac 0.59 * 0.41 * 0.07 # 0.08 # 0.22 * 0.23 * 0.26 *

Sart 0.70 * 0.57 * 0.32 * 0.24 * 0.19 * 0.16 * 0.15 *

Semimem 0.54 * 0.29 * 0.03 0.13 * 0.16 * 0.14 * 0.19 *

Semiten 0.31 * 0.19 * 0.03 0.09 # 0.13 * 0.19 * 0.21 *

52° -8° 2° 12° 22° 32° 42°

Muscle

RecFem 0.97 * 0.95 * 0.56 * 0.32 * 0.32 * 0.08 * 0.20 *

VasMed 0.22 * 0.02  0.51 * 0.15 * 0.29 * 0.45 * 0.42 *

VasInt 0.19  0.04  0.39 * 0.33 * 0.05 * 0.09 * 0.17 #

VasLat 0.39 * 0.07 # 0.55 * 0.32 * 0.10 * 0.24 * 0.18 *

GasMed 0.08 # 0.20 * 0.10 * 0.02 * 0.08 * 0.09 * 0.25 *

GasLat 0.17 * 0.37 * 0.38 * 0.12 * 0.07 * 0.13 * 0.17 *

BiFemS 0.32 * 0.03 * 0.10  0.16  0.15 # 0.23 # 0.15 *

BeFemL 0.03  0.22 # 0.21 * 0.05 * 0.00 * 0.01 * 0.06 *

Grac 0.48 * 0.14 * 0.16 # 0.20 # 0.26 * 0.38 * 0.45 *

Sart 0.52 * 0.29 * 0.37 * 0.31 * 0.27 * 0.38 * 0.38 *

Semimem 0.43 * 0.03 * 0.05  0.13 * 0.13 * 0.20 * 0.12 *

Semiten 0.23 * 0.01 * 0.01  0.01 # 0.02 * 0.10 * 0.11 *

 -8° 2° 12° 22° 32° 42° 52°



 

 
Figure A5. Correlation coefficient values for all muscles across all models for knee 

adduction moment. Statistical significance is denoted by (#) at p<0.05 and (*) at 

p<0.001. 

 

 

Muscle

RecFem 0.10 * 0.04 * 0.02  0.30 * 0.38 * 0.44 * 0.55 *

VasMed 0.16 * 0.19  0.26 * 0.16 * 0.08 * 0.03 * 0.01 *

VasInt 0.09 * 0.11 # 0.18 * 0.14  0.08 * 0.03 * 0.02 *

VasLat 0.19 * 0.20  0.27 * 0.17  0.09 * 0.07 * 0.06 *

GasMed 0.74 # 0.75 * 0.53 * 0.42 * 0.63 * 0.66 * 0.75 *

GasLat 0.58 * 0.60 * 0.70 * 0.25 * 0.00 * 0.15 * 0.21 *

BiFemS 0.41 * 0.31 * 0.13 * 0.69 * 0.70 * 0.71 * 0.60 *

BeFemL 0.18  0.11 * 0.18 # 0.42 * 0.38 * 0.36 * 0.34 *

Grac 0.56 * 0.50  0.10 * 0.69 # 0.70  0.69 # 0.53 #

Sart 0.47 * 0.37 * 0.06 * 0.71  0.73  0.74 * 0.61 *

Semimem 0.44 * 0.35 * 0.08 * 0.70 * 0.72 * 0.73 * 0.62 *

Semiten 0.26 * 0.17 * 0.24 # 0.65 # 0.58 * 0.57 * 0.61 *

52° -8° 2° 12° 22° 32° 42°


