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Abnormal femoral version is a deformity in the angle between the femoral neck and the transcondylar
axis of the knee. Both femoral anteversion and retroversion alter passive and active rotation of the hip
and are associated with intra-articular or extra-articular impingement. However, little is known about
the effect of abnormal femoral version on intra-articular hip contact stresses. To quantify the effect of
femoral version on hip contact stress, five cadaveric pelvis specimens were mechanically tested with a
hip-specific Tekscan sensor inserted in the joint space. Specimens were oriented in a heel-strike position
and loaded with 1000 N of compressive force. Pressure measurements were recorded by the Tekscan sen-
sor with the femur oriented in 0°, 15°, and 30° of version. At the completion of testing, specimens were
locked into place at 0° and post-test CT scans were obtained to register the pressure sensor measure-
ments to the joint anatomy. There were minor changes in contact area (<7%) and translation of the peak
contact stress location (8.8 + 7.6 mm). There was no significant change in peak contact stress (p = 0.901)
in either the retroverted (0°) or anteverted (30°) conditions relative to normal version (15°) under iden-
tical gait-related loading conditions. While abnormalities in patient gait and resultant joint loading
caused by femoral version abnormalities may contribute to hip pain, the present findings would suggest
that future joint degeneration in hips with version abnormalities are not simply the result of abnormal

contact stress induced by joint incongruity due to femoral version abnormalities.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Femoral version is a measure of anatomy that is commonly
quantified as the angle of the femoral neck axis relative to the
femoral condyles in an axial plane (Kingsley and Olmsted, 1948).
Abnormal femoral version, either anteversion or retroversion, has
been found in more than half of patients with hip pain (Lerch
et al,, 2018). Normal version of the femur has been found to be
between 10 and 14 depending on the specific measurement tech-
nique utilized (Hartel et al,, 2016; Jiang et al., 2015). Relative
femoral retroversion (<5°) (Fabricant et al., 2015) is an anatomic
deformity where the axis of the femoral neck is rotated posteriorly
(Kingsley and Olmsted, 1948), which effectively places the femoral
neck closer to the anterior lip of the acetabulum. Similar to the
presence of a cam-type bony growth on the femoral neck, a retro-
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verted femur can damage the labrum and articular cartilage
(Eckhoff, 1994; Moya et al., 2010; Satpathy et al., 2015) due to
impingement during hip flexion. If a patient has both cam-type
impingement and femoral retroversion, the combination of these
conditions may further decrease impingement-free hip range of
motion, thereby exacerbating symptoms of femoroacetabular
impingement and causing poorer outcomes after FAI surgery
(Fabricant et al., 2015). In contrast, relative femoral anteversion
(>25°) is when the head of the femur is pointed more anteriorly
relative to the shaft of the femur (Kingsley and Olmsted, 1948).
Femoral anteversion has been shown to cause in-toeing gait
(MacWilliams et al, 2016) and extra-articular impingement
(Siebenrock et al., 2013), including ischiofemoral impingement
(Gomez-Hoyos et al., 2016).

The functional effects and symptoms of abnormal femoral ver-
sion, including pain and aberrant range of motion of the hip, such
as increased internal rotation with excessive anteversion or
decreased internal rotation associated with femoral retroversion,
are addressable with surgical intervention (Buly et al., 2018). In
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contrast, intra-articular factors like increased contact stresses
resulting from abnormal version, are much harder to address and
contribute to joint degeneration in individuals with these deformi-
ties to an unknown degree. A previous cadaveric study evaluated
the effects of femoral version on joint contact stress and found that
in deep flexion there was an approximate 20% increase in contact
stress with femoral retroversion compared to normal femoral ver-
sion (Satpathy et al., 2015). Yet, despite the overwhelming interest
in high-flexion activities associated with impingement, osteoar-
thritic degeneration related to contact stress is due to repetitions
of elevated stress patterns such as those encountered during walk-
ing (Anderson et al., 2012, 2011; Segal et al., 2012). Therefore, the
objective of this study was to evaluate changes in gait-related hip
contact stress associated with different femoral versions.

2. Methods

Five fresh-frozen cadaveric hip specimens were obtained from
donors with a mixed sex and health history (University of lowa
Deeded Bodies Program). All soft tissue superficial to the capsule
and labrum was carefully excised and the specimens were potted
with the femoral shaft oriented vertically in polymethylmethacry-
late (PMMA) for mechanical testing. Specimens did not include the
distal femur; therefore, the femoral neck was oriented parallel
with a flat side of the potting box (as a surrogate for the femoral
condyle) to achieve 0° of femoral version. The pelvis was potted
with the anterior superior iliac spine and the pubic tubercle ori-

ented in a vertical plane (Wu et al., 2002) and with the pubic sym-
physis oriented vertically.

For mechanical testing, the specimen was inverted, and the
femur was secured to the linear/rotary actuator of an MTS Bionix
858 (MTS Inc. Eden Prairie, MN) via the same aluminum box used
for PMMA potting. The pelvis was secured to a compound sine
plate mount that oriented the joint in a heel-strike position (16°
of flexion, 6° adduction, 6° of external rotation) (Harris et al.,
2017). The plate was mounted on an XY stage with dual orthogonal
linear bearings attached in series to the load cell (Fig. 1a). The cap-
sule was then removed, and the hip was dislocated using gentle
longitudinal traction from the MTS. A calibrated Tekscan 4400 sen-
sor (Rudert et al., 2014) was lubricated with petroleum jelly to
decrease shear friction and inserted into the joint. The femur was
relocated in the acetabulum, and a 50 N compressive force was
applied to secure the Tekscan sensor between the articular surfaces
(Fig. 1b).

The MTS actuator was used to rotate the femur externally to
simulate 30° of femoral version. This was considered the antev-
erted position. A ramp load of 1000 N was then applied via the
actuator while joint contact pressure data was recorded by the
Tekscan sensor. The specimen was then unloaded to 50 N, rotated
to simulate 15° of femoral version, and the ramp loading of 1000 N
was repeated. Joint contact pressure data was recorded by the
Tekscan sensor in this position, which was considered normal
femoral version. Again, the specimen was unloaded to 50 N,
rotated to 0° of femoral version, and the ramp load of 1000 N

Fig. 1. (a) Specimen in MTS. (b) Femoral head relocated into the acetabulum with the Tekscan sensor in place. (c) Specimen locked with Tekscan sensor in place for transfer to
CT scanner. (d) Tekscan sensor position in the acetabulum. (e) Coronal view CT slice with the wires of the Tekscan sensor visible within the joint.
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was applied a final time while joint contact pressure data was
recorded by the Tekscan sensor. This was considered the retro-
verted position. The specimen was locked in this loaded position
with two threaded rods spanning the upper and lower assemblies
(Fig. 1c) so that the testing apparatus could be removed from the
MTS in the same orientation as it was tested and transported for
CT scanning to confirm sensor location within the joint space
(Fig. 1d) (Townsend et al., 2018). The femoral head and acetabular
geometry were segmented from the CT scans (Mimics, Materialise,
Plymouth MI), and a custom MATLAB (The MathWorks, Natick,
MA) algorithm was used to assess the root-mean-square deviation
(RMSD) from sphericity (Thomas-Aitken et al., 2019). CT scans
were also reformatted to generate a cross-sectional view through
the 20’clock position, and the alpha angle was measured to quan-
tify presence of any cam-type femoral deformity (Scott et al.,
2018).

The raw Tekscan sensel values were converted into contact
stress values using the previously collected calibration data. Peak
contact stress, total contact area, and location of peak contact
stress were extracted for each version test on every specimen uti-
lizing a custom script developed in MATLAB. The average, standard
deviation, and percent change from the normal version were calcu-
lated for these values in all three experimental groups. The dis-
tance the location of peak stress moved over the articular surface
and the 2D correlation between the contact stress maps between
the 0° and 15° positions, the 15° and 30° positions, and the 0°
and 30° positions were also calculated to assess differences in
stress distribution within the joint associated with femoral version.
Repeated measures one-way ANOVA with Tukey’s multiple com-
parisons and a multiplicity adjusted p < 0.05 (Prism 8.2.1, Graph-
Pad, San Diego, CA) was used to determine the significance of
differences in contact stress and area between the retroverted, nor-
mal, and anteverted femur versions.

Table 1

3. Results

ANOVA indicated no significant differences (p = 0.901) between
the average peak contact stresses measured in the different
femoral versions (anteverted: 4.59 MPa; normal: 4.66 MPa; retro-
verted: 4.59 MPa) (Table 1). Similarly, there was no significant dif-
ference (p = 0.071) in the contact area among the different femoral
versions (anteverted: 1074 mm?; normal: 1112 mm?; retroverted:
1189 mm?) (Table 2). The pairwise comparison did indicate a sta-
tistically significant increase (p = 0.01) in contact area with femoral
retroversion compared to normal version, however the magnitude
of the difference was minor, with only a 7% increase in contact area
(Fig. 2). The average translation of the location of peak contact
stress was minimal, 3.7 mm between the 0° and 15° femoral ver-
sion positions and 5.5 mm between the 15° and 30° femoral ver-
sion positions (Table 3). The correlation between the full contact
stress maps was very strong (range 0.91-0.97) for the comparison
between the 0° and 15° femoral version positions. The agreement
in stress patterns was only slightly reduced when comparing with
the 30° version position (average 0.896 for 15°-30° and 0.791 for
0°-30°).

4. Discussion

The goal of this investigation was to directly measure the
changes in joint contact stress that are associated with changes
in the angle of femoral version. Unlike most previous studies of
femoral version focused on impingement, this work focused on
heel-strike of gait and used Tekscan sensors to measure real-time
contact stress inside cadaveric hip joints. Although the size of the
contact patch increased slightly with decreasing femoral version,
there was a nominal change in magnitude of peak stress and total
contact area associated with femoral version angle. There were

Individual peak contact stress data expressed in MPa and as a percentage of the values measured in the normal femoral version orientation. Repeated measures ANOVA indicated
no significant difference in peak stress between version groups (p = 0.901), and pairwise comparisons between version orientations also indicated insignificant differences.

Retroversion (0°)

Normal (15°) Anteversion (30°)

Specimen MPa Percentage of Normal MPa MPa Percentage of Normal
1 3.72 93% 3.99 3.72 93%

2 4.45 98% 4.54 4.45 98%

3 6.29 100% 6.29 4.76 76%

4 4.09 100% 4.09 3.93 96%

5 4.39 100% 4.39 6.10 100%

Average 4.59 98% 4.66 4.59 97%

Std Dev 0.99 3% 0.94 0.94 23%

Pairwise p 0.435 vs normal 0.991 vs normal

0.999 vs anteversion

Table 2

Individual specimen contact area data expressed in mm? and as a percentage of the values measured in the normal femoral version orientation. Repeated measures ANOVA
indicated a nearly significant difference in contact area between version groups (p = 0.071), and a pairwise comparisons indicated a significant increase in contact area with

retroversion compared to normal version.

Retroversion (0°)

Normal (15°) Anteversion (30°)

Specimen mm? Percentage of Normal mm? mm? Percentage of Normal
1 1090 107% 1014 984 97%

2 1322 105% 1256 1085 86%

3 809 106% 763 835 110%

4 1402 105% 1330 1326 100%

5 1324 111% 1197 1140 95%

Average 1189 107% 1112 1074 98%

Std Dev 243 2% 228 182 8%

Pairwise p 0.010 vs normal 0.637 vs normal

0.130 vs anteversion
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Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
Alpha = 59° Alpha = 68° Alpha = 58° Alpha = 78° Alpha = 72°

Sphericitygem = 0.41

Sphericity,s = 0.53  Sphericity, = 0.80

Femoral Version Angle
30° 15°

Sphericityge, = 0.52  Sphericityg,, = 0.57  Sphericityg., = 0.28  Sphericityg,,, = 0.56
Sphericity ;= 0.84

Sphericity,s= 0.50  Sphericity, = 0.65

3 4

Contact Stress (MPa)

Fig. 2. Composite of Tekscan maps for each specimen in each femoral version testing position. Alpha angles were measured at the 20’clock position, and the sphericity is the
RMSD from a sphere (values of 0 are perfect spheres). The arrows point toward a black asterisk which indicates the location of peak contact stress, and the white outline
indicates the area in contact. Anterior is on the right. Specimen 5 had the greatest variation in peak stress magnitude and location, while all other specimens had nearly

identical contact stress patterns with varying femoral version.

Table 3

Spatial contact stress data for each individual specimen. Distance is expressed in millimeters over the articular surface between the two indicated version positions. Correlation

coefficients are pairwise comparisons between the contact stress maps at the two indicated version positions. Correlation was calculated as r =

where m and n are the row/column coordinates of each sensel, and A and B are the two contact stress maps being compared.

3 (Amn—A)(Brn-B)

\/(Zmznmm 7‘)2> (Emznwm" B)Z)‘

Distance (mm)

2D Correlation Coefficient

Specimen 0° - 15° 15° - 30° 0° - 15° 15° - 30° 0° — 30°
1 3.6 2.0 0.961 0.949 0.898
2 0.0 0.0 0.970 0.947 0.902
3 0.0 10.5 0.953 0.907 0.830
4 0.0 104 0.910 0.792 0.543
5 15.0 4.7 0.940 0.887 0.783
Average 37 5.5 0.947 0.896 0.791
Std Dev 6.5 4.8 0.023 0.064 0.147

substantial specimen-to-specimen differences in all contact stress
measures, yet very close agreement in the full spatial distribution
of contact stresses for each femoral version in any given specimen.

We identified only one other biomechanical study investigating
the relationship between intra-articular stresses and femoral ver-
sion (Satpathy et al., 2015). In that work, the authors carefully
retained the original femoral version of the specimens and induced
version abnormalities as 10-degree offsets from the native version.
The associated testing, performed in 90 degrees of hip flexion, indi-
cated 10 degrees of retroversion with internal rotation increased
contact stresses by 2-3 MPa and created clear regions of impinge-
ment. Those findings differed slightly from our findings that peak
stresses changed minimally, likely due to major differences in test-
ing conditions (gait versus deep hip flexion), the occurrence of
impingement in the deep flexion experiments, and the wide vari-
ety of the femoral version angles tested in the previous work com-
pared to our standardized version angles.

An advantage of the present study was the use of the same
cadaveric hip to investigate changes in contact stress related to
specific femoral version angles independent of variation in native
version between the individual specimens. Another advantage of
this work is that the acetabular labrum remained intact during

testing, though presence of the Tekscan sensor likely impeded re-
establishing a completely normal labral seal. The cadaveric aspect
of this work leads to several limitations, notably the constraints
provided by the fixed/permitted degrees of freedom in the
mechanical testing system and the absence of active and passive
soft tissue constraints (capsule and muscles) governing the final
orientation of the pelvis relative to the femur during testing. The
small number of cadaveric specimens were from individuals older
than the typical patient presenting with symptoms related to
abnormalities of femoral version. And while rotating the femoral
shaft allowed for simulation of femoral version deformities, we
were unable to incorporate changes in acetabular anatomy that
may accompany naturally occurring version deformities or the
effects of that altered acetabular shape on version-related changes
in contact stress. Another limitation was utilizing a single static
loading configuration instead of the entire gait cycle. Given that
patients with femoral version deformities often have labrum/carti-
lage damage from impingement during high degrees of hip flexion
(Eckhoff, 1994; Moya et al., 2010; Satpathy et al., 2015), we chose
to investigate heel-strike with the expectation that this highest
flexion position during gait would yield the largest changes in con-
tact stress from altered version. Additionally, while individuals
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with femoral version abnormalities may have abnormal gait pat-
terns (Lee et al., 2013), information about the relationship between
femoral version and gait is sparse in young adults with hip pain
(Lerch et al., 2019). We therefore elected to use a representative
loading pattern that did not make any assumptions of version-
related gait changes, such as retroversion-related out-toeing
(MacWilliams et al., 2016) and anteversion-related in-toeing
(Gelberman et al., 1987).

Based on the data from this cadaveric model of heel-strike, we
conclude that abnormal femoral version angles, which primarily
served to alter joint congruity in our experimental system, are
not a major cause of increases in hip contact stress. Yet, it has been
shown that abnormal version is associated with increased joint
degeneration (Eckhoff, 1994; Moya et al., 2010; Terjesen et al.,
1982; Tonnis and Heinecke, 1999). Given these seemingly conflict-
ing pieces of information, we hypothesize the clinical symptoms
and eventual joint degeneration in hips with abnormal version
are more likely associated with increases in contact stresses due
to gait abnormalities caused by altered moment arms about the
hips (MacWilliams et al., 2016), or to additional differences in bony
anatomy (i.e. cam deformity (Scott et al., 2018); acetabular shape
abnormality (Thomas-Aitken et al., 2019)), than to the femoral ver-
sion deformity itself. These critical companion variables will be
important to include in more comprehensive future mechanical
evaluations of the effect of femoral version on hip contact mechan-
ics during gait.
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