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Abstract

Developmental dysplasia of the hip (DDH) causes hip instability and early-onset osteoarthritis. 

The focus on pathomechanics in DDH has centered on the shallow acetabulum, however there 

is growing awareness of the role of femoral deformities in joint damage. The objective of this 

study was to determine the influence of femoral version (FV) on the muscle and joint reaction 

forces (JRFs) of dysplastic hips during gait. Magnetic resonance images, in-vivo gait data, and 

musculoskeletal models were used to calculate JRFs and simulate changes due to varying FV 

deformities. Rotation about the long axis of the femur was added in the musculoskeletal models 

to simulate FV values from −5°(relative retroversion) to + 35°(increased anteversion). In our 

simulations, FV deformities caused the largest changes to the anteroposterior and resultant JRFs. 

From a normal FV of 15°, a 15°increase in femoral anteversion caused JRFs to be less posterior 

in early stance (Δ = 0.43 ± 0.22 xbodyweight) and more anterior in late stance (Δ = 0.60 

± 14 xbodyweight). Relative retroversion caused anteroposterior changes that were similar to 

anteversion in early stance but opposite in late stance. Resultant JRFs experienced the largest 

changes during late stance where anteversion raised the peak by 0.48 ± 0.15 xbodyweight 

and relative retroversion lowered the peak by 0.32 ± 0.30 xbodyweight. Increasing anteversion 

increased hip flexor and abductor muscle forces, which caused the changes in JRFs. Identifying 

how FV deformities influence hip joint loading can elucidate their role in the mechanisms of hip 

degeneration in patients with DDH.
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1. Introduction

Developmental dysplasia of the hip (DDH) is characterized by skeletal deformities that 

cause abnormal articulation between the acetabulum and femoral head (Clohisy et al., 2009; 

van Bosse et al., 2015). Specifically, skeletal deformities in DDH increase loading at the 

anterolateral acetabular edge (Henak et al., 2014; Song et al., 2021), and cause unusually 

high muscle-induced joint reaction forces (JRFs) during gait (Harris et al., 2017; Song et al., 

2020). As a result, patients with DDH often experience chondrolabral damage and are at a 

high risk for early development of osteoarthritis (Murphy et al., 1995).

The focus of clinical diagnosis and intervention for DDH remains on the abnormal 

acetabular structure. Patients with DDH have a shallow acetabulum which reduces coverage 

of the femoral head and is often considered to be the primary cause of instability and 

abnormal loading (van Bosse et al., 2015). However, femoral deformities occur in over 90% 

of hips with DDH and may include altered head-neck offset, coxa vara/valga, asphericity of 

the femoral head, and altered femoral version (Clohisy et al., 2009; Gaffney et al., 2019; 

Lerch et al., 2018; Wells et al., 2017). Despite increased recognition of femoral deformities, 

relatively little is known about how they influence loading in dysplastic hips and there is no 

consensus for their clinical management.

Femoral version (FV) deformities are among the most common in DDH. FV is measured as 

the angle between the femoral neck axis and the posterior condylar axis with FV values in 

healthy adults averaging approximately 15° (Fritz et al., 2018; Lerch et al., 2018; Mei-Dan 

et al., 2014; Murphy et al., 1987; Wells et al., 2017). FV angles above the normal range of 

10° to 25° indicate increased anteversion while FV angles below that range are considered 

relative retroversion (Lerch et al., 2018; Wells et al., 2017). It is estimated that 64% of 

patients with DDH have FV deformities, with increased anteversion being more common 

than relative retroversion (Lerch et al., 2018). Musculoskeletal models have suggested 

that FV deformities can increase frontal plane muscle moments and hip contact forces in 

non-dysplastic hips (Heller et al., 2001; Kainz et al., 2020; Modenese et al., 2021) and may 

complicate joint reduction in infants with DDH (Huayamave et al., 2020). Despite insight 

gained from prior studies, the biomechanical implications of FV variability in dysplastic 

hips during common activities of daily living, such as gait, have not been reported.

The objective of this study was to determine the impact of FV on hip JRFs and muscle 

forces in patients with DDH during gait. To meet this objective, we used musculoskeletal 

modeling to simulate normal and deformed FV values ranging from increased anteversion to 

relative retroversion. Based on prior work we hypothesized that increased anteversion would 

increase loading in the hip joint (Heller et al., 2001; Kainz et al., 2020; Li et al., 2014; 

Modenese et al., 2021). We further hypothesized that increased anteversion would create 

larger changes than relative retroversion to hip muscle forces and JRFs.
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2. Methods

2.1. Subjects and data collection

Fourteen female patients with symptomatic DDH were included in the current study (ages 

26.5 ± 7.7 years; BMI 22.8 ± 2.5 kg/m2). Hip JRFs during gait for these subjects were 

previously reported (Song et al., 2020). Patients were enrolled with Institutional Review 

Board approval and informed consent. All patients were diagnosed with DDH by a single 

orthopaedic surgeon based on acetabular lateral center edge angles (LCEA) less than 20° 

(LCEA = 10.2 ± 9.5°) (Delaunay et al., 1997) and unilateral hip/groin pain for at least 

3 months. Exclusion criteria included previous hip surgery or infection, or secondary 

hip disorders such as Legg-Calves-Perthes disease, slipped capital femoral epiphysis, or 

femoroacetabular impingement.

MRI data from the psoas origin to the knee were collected as described previously, using 

a 3T scanner (VIDA; Siemens AG, Munich, Germany) and T1 weighted gradient-echo 

sequences (1×1×1 mm voxels) (Song et al., 2020). Kinematic data for each patient during 

gait were recorded at 100 Hz using 70 reflective markers and 10 infrared cameras (Vicon; 

Centennial, CO) (Song et al., 2020). Ground reaction forces were collected at 2000 Hz 

from force plates embedded in an instrumented treadmill (Bertec; Columbus, OH) at each 

patient’s self-selected walking speed (Song et al., 2020).

2.2. Baseline musculoskeletal modeling

Baseline subject-specific musculoskeletal models were created for each patient as previously 

described (Song et al., 2020). Briefly, a 23 degree-of-freedom, 92 musculotendon actuator 

OpenSim musculoskeletal model (Lai et al., 2017) was modified for each patient by 

incorporating subject-specific pelvis and femur reconstructions from MRI. Thus, these 

baseline models represented each patient’s native FV values, which ranged from − 4.8 to 

33.5°. Subject-specific hip joint centers were updated in the model by applying a sphere fit 

to the MRI-reconstructed femoral heads (Harris et al., 2017). All other model segments were 

scaled using distances between skin-markers. Hip muscle attachment sites on the pelvis and 

femurs were updated based on MRI and bony geometry.

A representative gait cycle for each patient’s symptomatic limb was used for analysis. 

Beginning with the baseline models, inverse kinematics was used to calculate subject-

specific joint angles while minimizing spatial errors between experimental and model 

markers. A residual reduction algorithm was applied to improve dynamic consistency 

between the model’s kinematics and the ground reaction forces and moments (Delp et 

al., 2007). Computed muscle control optimization was then used to calculate muscle forces 

(Thelen et al., 2003) and the OpenSim Joint Reaction Analysis tool was used to calculate 

hip JRFs in the pelvis reference frame to represent loading on the acetabulum. Consistent 

with published standards, we verified that residual forces and moments were minimized to 

recommended levels (Hicks et al., 2015). Muscle activation timing during gait was checked 

for qualitative agreement with surface EMG signals collected from the patients for eight 

bilateral lower extremity muscles (Supplementary Fig. 1). Across the range of FV values, 
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we also verified the absence of muscle wrapping anomalies such as muscles passing through 

bone, which can create unrealistic simulations.

2.3. FV deformity simulation

FV values were simulated in one degree increments between − 5° to + 35°. This range 

represented two standard deviations from the average FV measured from an in-house DDH 

database and fell within the range of FV values previously reported for patients with 

DDH (Murphy et al., 1987) (Supplementary Fig. 2). First, femurs of the symptomatic limb 

were transected at the most distal point of the lesser trochanter in accordance with the 

subtrochanteric origin of many FV deformities (Archibald et al., 2019; Fritz et al., 2018; 

Waisbrod et al., 2017) and surgical cut locations to correct for femoral deformities (Buly 

et al., 2018; Georgiadis et al., 2015) (Fig. 1). Next, a rotational degree-of-freedom was 

added at the transection point between the proximal and distal femur segments to allow 

rotation about the long axis of the femur. The degree-of-freedom was unlocked and the 

lower limb distal to the lesser trochanter was rotated, including the distal part of the femur, 

the shank and foot, and all muscle attachments. After rotating the femur to a new FV value, 

the rotational degree-of-freedom was locked and muscle tendon slack lengths and optimal 

fiber lengths were scaled relative to changes in muscle length due to the rotation (Song 

et al., 2020; Wesseling et al., 2016). Inverse kinematics were re-run, which allowed the 

entire lower limb to rotate and return the foot position to its original alignment with the 

experimental ground reaction forces. The original location of the hip joint center relative 

to the ground reaction forces was also preserved, which kept the net hip joint moments 

the same regardless of FV changes. With each FV iteration, hip joint angles were defined 

between the coordinate system of the proximal femur segment and the pelvis. The residual 

reduction algorithm and computed muscle control were then run to calculate new muscle 

forces and JRFs across the gait cycle (Fig. 1). This process was repeated for each patient 

and each FV value in the −5° to + 35° range, resulting in 41 models per patient. All FV 

deformity iterations for each patient were run in parallel using the high throughput Open 

Science Grid (Pordes et al., 2007; Sfiligoi et al., 2009). Pearson correlation coefficients 

(moderate: 0.4 ≤ r < 0.6, strong: r ≥ 0.6) (Myers et al., 2015) were used to calculate the 

sensitivity between FV values and the corresponding JRFs or muscle forces for each patient 

at the times of peak JRF in early stance (JRF1) and late stance (JRF2). Lines were fit to 

the FV versus force points and their slopes were used to predict force changes given a 15° 

increase or decrease in FV away from the normal FV of 15° (Gaffney et al., 2020).

3. Results

3.1. Joint reaction forces

All hip JRFs were strongly sensitive to FV variability in our models (Table 1, 

Supplementary Fig. 3). With progressively increasing femoral anteversion, there was a 

corresponding increase in resultant, anterior, and superior JRFs at JRF1 and JRF2, but a 

decrease in the medial JRF component (Fig. 2). Conversely, relative retroversion decreased 

resultant, anterior, and superior JRFs at JRF2, but increased the resultant, superior, and 

medial JRFs at JRF1 (Fig. 2).
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Best-fit lines predicted that from the normal FV value of 15°, a 15° increase in anteversion 

caused a 0.19 ± 0.24 × bodyweight (xBW) increase (3.90 ± 4.73% change) in the resultant 

JRF in early stance (JRF1), while a 15° change toward relative retroversion caused an 

increase of 0.29 ± 0.44 xBW (5.52 ± 8.57% change) (Fig. 3). At the time of JRF2, 15° 

of increased anteversion or relative retroversion caused changes to the resultant JRF of 

+0.48 ± 0.15 xBW (8.87 ± 2.77% change) and −0.32 ± 0.30 xBW (5.50 ± 6.04% change), 

respectively (Fig. 3).

Among the JRF components, the anteroposterior (A/P) component experienced the largest 

changes with 15° of increased anteversion (ΔJRF1 = +0.43 ± 0.22 xBW, 191.09 ± 200.34% 

change; ΔJRF2 = +0.60 ± 0.14 xBW, 29.10 ± 14.34% change) or relative retroversion 

(ΔJRF1 = −0.65 ± 0.28 xBW, 248.10 ± 182.38% change; ΔJRF2 = −0.67 ± 0.45 xBW, 32.77 

± 30.49% change) (Fig. 3). The superoinferior (S/I) component increased with increased 

anteversion at both JRF1 and JRF2 (ΔJRF1 = +0.25 ± 0.18 xBW, 5.04 ± 3.79% change; 

ΔJRF2 = +0.26 ± 0.17 xBW, 5.51 ± 3.71% change). S/I forces also increased at JRF1with 

relative retroversion (ΔJRF1 = +0.12 ± 0.36 xBW, 2.74 ± 7.69% change), but then dropped 

at JRF2 (ΔJRF2 = −0.16 ± 0.33 xBW, 3.14 ± 7.70% change). For the mediolateral (M/L) 

JRF component, changes caused by 15° of increased anteversion or relative retroversion 

were nearly symmetric at JRF1 and JRF2 and minor compared to the other JRF components 

(Fig. 3).

3.2. Muscle forces

Increased femoral anteversion increased most primary hip abductor and flexor muscle forces 

(grouped according to Neumann 2010) (Fig. 4, Supplementary Table 1) (Neumann, 2010). 

Relative retroversion decreased most abductor and flexor forces, and increased extensor 

forces. An exception was the anterior section of the gluteus medius at JRF2, whose forces 

decreased with anteversion and increased with relative retroversion. The largest muscle force 

changes occurred at JRF2 where 15° of increased anteversion raised the iliacus, rectus 

femoris, and tensor fascia latae by 0.14 ± 0.06 xBW (15.45 ± 13.12% change), 0.13 ± 

0.09 xBW (23.67 ± 27.79% change), and 0.13 ± 0.07 xBW (35.81 ± 14.73% change), 

respectively, and relative retroversion raised anterior gluteus medius forces by 0.17 ± 0.14 

(16.92 ± 17.06% change) (Fig. 4, Supplementary Table 1). Hip extensor forces mostly 

decreased with anteversion at JRF1 and had a mixed response at JRF2; extensor changes 

at JRF1 and JRF2 were also mixed with relative retroversion (Fig. 4). Changes to muscle 

forces of the primary internal and external rotators were less than 0.075 xBW, with the 

exception of the anterior gluteus medius at JRF2, and the gemellus, which increased at JRF1 

and JRF2 with relative retroversion (Supplementary Fig. 4).

3.3. Kinematics and muscle moment arms

Changing FV values and re-running inverse kinematics to maintain the original foot position 

relative to the ground reaction force had the largest effect on internal and external hip 

rotation. Hips for all patients became externally rotated with increased anteversion and 

internally rotated with relative retroversion (Supplementary Fig. 5). Hip flexion–extension 

and abduction–adduction remained unchanged by the changing FV values (Supplementary 

Fig. 5).
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Changes to FV values and hip internal-external rotation caused small changes to the 

abduction and extension moment arms of the primary abductors (Supplementary Figs. 6a 

& b). Specifically, abduction moment arms of the anterior, middle, and posterior sections of 

the gluteus medius and gluteus minimus decreased with increased anteversion and external 

hip rotation. Conversely, extension moment arms of the abductors increased with increased 

anteversion and external hip rotation.

4. Discussion

The objective of this study was to determine the impact of FV on hip JRFs and muscle 

forces in patients with DDH during gait. We found that increasing femoral anteversion 

increased the resultant, anterior, and superior hip JRFs while decreasing medial JRFs in 

both early and late stance. Additionally, our results indicated that increased anteversion 

generally increased muscle forces, which had the largest effect on the hip flexors and most 

hip abductors in late stance. In general, relative retroversion had opposite effects on hip 

JRFs and muscle forces as anteversion, with the exception of an increase in the superior and 

resultant JRFs in early stance.

Our results suggest that increased femoral anteversion elevates resultant, anterior, and 

superior JRFs, which may contribute to damaging articular loads in dysplastic hips. 

Increased anteversion caused the largest change to anterior JRFs, primarily in late stance 

when joint loading is directed anteriorly. At that time point, a 15° increase in anteversion 

from the normal FV of 15° raised the anterior JRF by 29%. Acetabular labral damage 

in patients with DDH most commonly occurs in the anterior/anterosuperior region of the 

acetabulum (Leunig et al., 2004; Tamura et al., 2013). Given that articular stresses are 

disproportionately carried by the anterosuperior labrum in dysplastic hips (Henak et al., 

2014), the increased anterior and superior JRFs from excessive anteversion will increase 

the risk for chondrolabral damage. Our results suggest a steady increase in that risk with 

increasing anteversion. Because no clinical studies have investigated correlations between 

the degree of FV deformity in DDH and chondrolabral damage, future studies will need to 

establish what level of risk can be a prognosticator of detectable damage.

We also found that increased anteversion reduced medial JRFs, especially in early stance, 

which was surprising given previous work that showed patients with DDH experienced 

higher medial JRFs than healthy controls during that phase of gait (Harris et al., 2017; 

Song et al., 2020). However, previous studies reporting JRFs in dysplastic hips did not 

explicitly report femoral deformities or their influence (Harris et al., 2017; Skalshøi et 

al., 2015; Song et al., 2020). Consistent with our results, other studies have found that 

with increased anteversion, the femoral head is often externally rotated in the acetabulum, 

which is associated with shorter abductor moment arms (Arnold et al., 1997; Scorcelletti et 

al., 2020). The external rotation causes abductor muscle lines of action, especially of the 

gluteus minimus and medius to become more posterior than lateral, thereby reducing their 

contribution to medial JRFs and potentially increasing contributions to anterior JRFs. While 

our models suggest that increased anteversion may reduce medial JRFs during gait, the 

changes are small. Indeed, despite the reduced medial JRFs, simulated excessive anteversion 

in the current study increased the anterior and superior JRFs enough to ultimately raise 
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the resultant JRF. These results help illustrate the role of FV in biomechanical trade-offs 

between medial JRFs that stabilize dysplastic hips but may contribute to medial femoral 

damage, and anterosuperior JRFs that can contribute to acetabular chondrolabral damage.

Our findings corroborate previous musculoskeletal simulations of FV changes in non-

dysplastic hips. Specifically, our results and those of previous studies found that hip JRFs 

are highly sensitive to FV changes and resultant JRFs increase with increasing anteversion 

(Heller et al., 2001; Kainz et al., 2020; Modenese et al., 2021). Although individual muscle 

forces were not reported in previous simulations of FV, they can provide further explanation 

of the JRF changes. As mentioned, external rotation of the proximal femur with increased 

anteversion led to a decrease in abductor muscle moment arms (Arnold et al., 1997; 

Scorcelletti et al., 2020), meaning that greater forces must be generated to meet the torque 

demands required for joint stabilization. This force compensation was seen in the increased 

abductor forces; however, it does not explain the decrease in extensor forces in early stance. 

The decrease in extensor forces with increased anteversion may be due to the abductors 

becoming more posterior with the external rotation of the proximal femur, and therefore 

taking on some of the role of the extensor muscles. Increased flexor forces during late stance 

coincided with, and were likely in response to, changes from muscles directly affected by 

FV alterations (e.g. anterior gluteus medius, tensor fascia latae). For example, abduction and 

flexion moment arms of the tensor fascia latae shortened with increased anteversion, thereby 

reducing the muscle’s effectiveness in both roles. However, the net joint moment to be 

satisfied in late stance remained the same. Thus, despite tensor fascia latae forces increasing 

with anteverison, increased rectus femoris and iliacus forces may have been needed to fully 

stabilize and move the hip. These compensations, found through simulation, can further 

refine our understanding of how DDH alters the primary and secondary functions of hip 

muscles that underlie JRFs (Song et al., 2020).

Understanding the influence of FV deformities on hip JRFs can inform clinical diagnosis 

and decision making. Currently, there is no standardization or consensus for surgeons to 

decide if or how to address FV deformity in the context of DDH. This is due largely to 

the lack of quantitative information about the biomechanical influence of FV. Knowing the 

increase in anterior or superior JRFs with increasing FV anteversion can help clinicians 

more fully understand the biomechanical profile of their patients. Future work can simulate 

surgical correction of FV deformities and estimate the magnitude of resulting biomechanical 

changes.

It is unclear how the changes to JRFs and muscle forces with relative retroversion may 

influence clinical presentation of patients with DDH. Relative retroversion is less common 

than increased anteversion in this population (Lerch et al., 2018; Wells et al., 2017), and 

similar to anteversion there is a paucity of studies investigating retroversion and joint 

damage. In our findings, relative retroversion frequently had the opposite effect of increased 

anteversion. For example, medial JRFs were slightly larger with relative retroversion and 

were accompanied by higher forces from the anterior section of the gluteus medius, which 

contrasted with the reduced medial JRFs of anteversion. Also, except at the peak loads in 

early stance, JRFs became more posterior and less superior, which agrees with cadaveric 

studies that found relative retroversion shifts cartilage stresses posteroinferiorly (Satpathy 
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et al., 2015). Relative retroversion may increase risk for femoracetabular impingement 

(Matsuda et al., 2014; Satpathy et al., 2015). Thus, while the impact of relative retroversion 

on joint damage in untreated dysplastic hips is still unknown, its mechanical effects 

should be considered when planning acetabular reorientation surgery to avoid secondary 

impingement (Pascual-Garrido et al., 2017).

There were limitations that should be taken into consideration when interpreting the results 

of this study. First, by allowing the leg to rotate after simulating each FV value, we did 

not alter foot progression angles when simulating FV deformities. This approach avoided 

mismatches between the foot and the ground reaction forces. It has been shown that while 

patients with negative foot progression angles (indicating in-toeing) often have increased 

femoral anteversion, most patients with abnormal femoral anteversion have normal foot 

progression angles (Lerch et al., 2019). Thus, we maintained each patient’s original foot 

progression angles and allowed rotational changes primarily at the hip. Changes in FV may 

be counteracted by a combination of tibial torsion and hip rotation, although there is a lack 

of consensus on the contributions of each. Second, we simulated FV deformity immediately 

distal to the lesser trochanter which was supported by previous reports of the origin of FV 

deformities (Archibald et al., 2019; Fritz et al., 2018; Waisbrod et al., 2017). However, there 

have been conflicting reports on FV deformity origination and where surgical correction 

should be performed along the femur (Archibald et al., 2019; Buly et al., 2018; Fritz et al., 

2018; Fuller et al., 2018; Hartigan et al., 2017; Heller et al., 2001; Mei-Dan et al., 2014). 

Third, we scaled tendon slack length and optimal fiber length relative to the change in 

muscle length with each FV change. This method assumes that the muscles have the same 

operating range relative to the muscles’ length at an anatomical neutral standing position. 

While there are different methods to update these parameters, a recent study that modeled 

FV and found similar trends as our study, also found no significant differences in hip JRF 

estimates between models that did and did not update musculotendon parameters (Modenese 

et al., 2021). Therefore, we found our method to be appropriate for our study objective. 

Fourth, we did not have in-vivo data to fully validate our baseline models or changes to 

JRFs and muscle forces with FV alterations. Although we followed established validation 

practices, true validation is a challenge with musculoskeletal modeling, and results should 

be interpreted with caution. However, because our objective was to report JRF and muscle 

force changes with FV, the trends found can be valuable for assessing the impact of FV 

deformities.

In conclusion, our study found that the strongest influence on hip JRFs came from 

increased femoral anteversion among patients with DDH. These findings can help 

explain mechanisms of damage reported in dysplastic hips. Understanding the relationship 

between the acetabulum and femur geometries in DDH, as well as their corresponding 

joint biomechanics, can help identify patients’ risks for damage and inform surgical or 

movement-based correction for improved joint preservation outcomes and osteoarthritis 

prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
FV deformity simulation and modeling pipeline. A rotational degree-of-freedom was created 

in the symptomatic femur of each subject’s model. FV deformities were then simulated by 

rotating the femur to a FV value between −5° and + 35°. For every simulated FV deformity, 

hip muscle and JRFs were recalculated. The process was repeated 41 times within the FV 

range to quantify the influence of the deformities on muscle and hip JRFs at the time points 

of peak JRF in early (JRF1) and late (JRF2) stance. IK = inverse kinematics; RRA = residual 

reduction analysis; CMC = computed muscle control.
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Fig. 2. 
JRFs across the gait cycle averaged for all 14 patients. Each colored line represents a 

different femoral version angle from −5° to + 35°.
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Fig. 3. 
Average change in JRFs with 15° change in FV for the 14 patients. Orange indicates JRF1; 

blue indicates JRF2. Error bars = standard deviation.
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Fig. 4. 
Average and standard deviation change in muscle forces around the hip with 15° change in 

FV deformity across the entire gait cycle for 14 patients. Increased anteversion primarily 

increased abductors and flexors and decreased extensors. Orange indicates JRF1; blue 

indicates JRF2. GlMed = gluteus medius; GlMin = gluteus minimus; TFL = tensor fascia 

latae; AddBrev = adductor brevis; AddLong = adductor longus; AddMag = adductor 

magnus; Grac = gracilis; Pect = pectineus; RecFem = rectus femoris; Sart = Sartorius; BFLH 

= biceps femoris long head; GlMax = gluteus maximus; SemiMem = semimembranosus; 

SemiTen = semitendinosus.
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Table 1

Average ± standard deviation sensitivity factors (Pearson r) and slopes of predictive lines (xBW/°) at JRF1 and 

JRF2. Sensitivity factors and best-fit lines were determined for each JRF component and the resultant JRF.

JRF1 JRF2

r slope r slope

Ante

A/P 0.99±0.01 0.03±0.01 0.93±0.10 0.04±0.01

S/I 0.92±0.06 0.02±0.01 0.74±0.31 0.02±0.01

M/L 0.94±0.11 −0.01±0.01 0.77±0.31 −0.01±0.01

Result. 0.78±0.28 0.01±0.01 0.90±0.25 0.03±0.01

Retro

A/P 0.97±0.07 0.04±0.02 0.87±0.25 0.04±0.03

S/I 0.73±0.33 −0.01±0.02 0.74±0.25 0.01±0.02

M/L 0.94±0.11 −0.02±0.01 0.71±0.27 −0.01±0.01

Result. 0.78±0.30 −0.02±0.03 0.84±0.23 0.02±0.02
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