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Inclusion of the Acetabular Labrum Reduces
Simulated Range of Motion of the Hip Compared

With Bone Contact Models

Penny R. Atkins, Ph.D., Takehito Hananouchi, M.D., Ph.D., Andrew E. Anderson, Ph.D.,

and Stephen K. Aoki, M.D.
Purpose: To determine whether inclusion of the acetabular labrum affects the maximum range of motion (ROM) during
simulation of the flexioneadductioneinternal rotation impingement examination. Methods: Three-dimensional surface
reconstructions of the femur, hemi-pelvis, and labrum from computed tomography arthrography images of 19 participants
were used to simulate maximum ROM during the flexioneadductioneinternal rotation examination. Simulations were
conducted for positions between 70� and 110� flexion and 0� and 20� adduction at 10� increments to measure maximum
internal rotation and the position of contact between the femur and acetabular rim (bone-to-bone) or the femur and
labrum (bone-to-labrum). Internal rotation angles and clock-face position values were compared between the 2 contact
scenarios for each position. Results: The ROM in the bone-to-labrum contact model was significantly less than that of the
bone-to-bone contact model for all evaluated positions (P � .001, except at 110� flexion and 20� adduction, P ¼ .114).
The inclusion of the labrum reduced internal rotation by a median [interquartile range] of 18 [15, 25]� while altering
the position of contact on the acetabular clock-face by e0:01 [e0:27, 0:16]. The variability in contact location for the
bone-to-labrum contact scenario was nearly double that of the bone-to-bone contact scenario, as indicated by the
interquartile range. Conclusions: Inclusion of the anatomy of the acetabular labrum in collision models used to simulate
impingement examinations reduced the internal rotation ROM by approximately 20� and increased variability in the
location of contact relative to the acetabular rim. Clinical Relevance: While standard bone-to-bone contact ROM
simulations may be informative with respect to the relative change in ROM based on a surgical intervention (e.g., pre- and
post-osteochondroplasty for cam-type femoroacetabular impingement), they may not accurately represent the clinical
ROM of the joint or the kinematic position at which damage may occur due to shape mismatch between the femur and
acetabulum.
emoroacetabular impingement (FAI) is described as
Fatypical abutment between the femur and acetabu-
lum that occurs at relatively low ranges ofmotion (ROMs)
and results in reduced ROM, pain, and disability.1 The
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reduced ROM during clinical examinations. The anterior
impingement examination, i.e., the FADIR (flexione
adductioneinternal rotation) examination, is positive
when patients report pain and there is perceived loss of
ROM during a combination of flexion, adduction, and
internal rotation.2

However, ROM during the FADIR is evaluated qual-
itatively, and the precise location of impingement be-
tween the femur and acetabulum cannot be discerned.
Therefore, previous studies have used computer models
based on 3-dimensional (3D) reconstructions of bony
anatomy segmented from computed tomography (CT)
or magnetic resonance imaging data to identify ROM
limitations and the location of impingement in an effort
to elucidate the pathomechanics of FAI.3-12 This tech-
nique has been validated to within 5.0 � 5.6� of ROM
measured in cadavers using an optoelectronic camera
system.11 More recently, models have evaluated the
extent that ROM is altered by surgical intervention,
such as femoral osteochondroplasty for the treatment of
cam FAI or rotational acetabular osteotomy for the
treatment of acetabular dysplasia.4,6

All previous studies that have used ROM simulations
of the hip have only evaluated bone-to-bone contact
between the femur and the acetabulum.3-12 However,
use of bone-to-bone contact may oversimplify hip
contact mechanics, since these models remove all soft
tissue, including the cartilage and labrum. Given the
anatomy of the intact, pre-arthritic hip, the femoral
neck or articulating surface of the femur would be ex-
pected to come into contact with the acetabular carti-
lage and labrum before there is bone-to-bone collision
with the acetabulum. Indeed, using dual-fluoroscopy
imaging, previous studies have shown that bone-to-
bone contact does not occur in vivo during impinge-
ment examinations in either asymptomatic participants
or patients with cam-type FAI with aspherical femoral
anatomy.13,14 Thus, inclusion of the anatomy for the
acetabular labrum may be required to realistically pre-
dict ROM and the location of the impingement site.
The purpose of this study was to determine whether

inclusion of the acetabular labrum affected the
maximum simulated ROM during the FADIR clinical
examination.

Methods
Asymptomatic participants who had been previously

recruited with institutional review board approval for
unrelated studies were retrospectively identified.13,15-17

Human subjects were included in this study. Our insti-
tution provided approval for this study, and informed
consent was obtained from all subjects before study
participation (institutional review board approvals:
University of Utah 10983 and 51053). All research was
conducted according to the Declaration of Helsinki. The
inclusion criteria were patients who had participated in
previous studies with existing anteroposterior screening
radiographs and 3D CT arthrogram images available for
review and who had no history of hip pain. The exclu-
sion criteria were incomplete imaging and signs of
osteoarthritis or hip deformities, including FAI
morphology, acetabular dysplasia, acetabular retrover-
sion, or signs of LeggeCalveePerthes disease or slipped
capital femoral epiphysis.
Using a previously published protocol, CT arthro-

grams of the entire pelvis and proximal femur (1-mm
slice thickness) and of the distal femur (3-mm slice
thickness) were acquired with variable fields of view for
all participants using a Siemens SOMATOM Definition
Scanner (Siemens Medical Solutions USA, Inc, Mal-
vern, PA).13,15,16 The CT arthrogram provided visuali-
zation of the cartilage and labrum of the hip, as well as
the bony surfaces of the pelvis and femur (Fig 1A). The
femur, pelvis, and acetabular cartilage and labrum were
segmented in Amira (6.1; FEI, Hillsboro, OR) to
generate 3D surface reconstructions, which were
smoothed and decimated for further analysis (Fig 1B).
For consistency across the population and in accor-

dance with previous studies, the neutral pelvic and
femoral positions for the ROM simulation were defined
from standardized landmarks (Fig 2).8 The pelvic co-
ordinate system was constructed using bilateral land-
marks of the anterior superior iliac spine (ASIS) and the
midpoint of the pubic tubercles to generate the
anteriorepelvic plane. The lateral axis of the pelvis
connected the 2 ASIS landmarks (Fig 2A), whereas the
vertical axis connected the midpoints of the 2 ASIS and
the 2 pubic tubercle landmarks (Fig 2B). The femoral
coordinate system was constructed from the posterior
aspects of the 2 femoral condyles, the knee center, and
the femoral head center (FHC) (Fig 2C). The lateral axis
of the femur connected the 2 posterior landmarks of the
femoral condyles, whereas the vertical axis connected
the FHC and the knee center. The neutral position of
the hip was defined as the position at which both the
pelvic and femoral coordinate systems were aligned
rotationally, and the femoral and acetabular centers
were aligned. All landmarks were defined using
surface-based curvature in PostView (2.4.1; University
of Utah, Salt Lake City, UT) and custom scripts in
MATLAB (9.3.0; MathWorks, Natick, MA). All rota-
tions were applied about the FHC.
Maximal internal rotationwas evaluated at 15 positions

defined based on 10� increments between 70� and 110�

flexion and 0� and 20� adduction to simulate the FADIR
examination. For the simulation, the hip was first flexed
to the desired angle (70, 80, 90, 100, or 110�) (Fig 3A) and
then adducted (0, 10, or 20�) (Fig 3B). The femur was
then internally rotated until contact occurred, allowing
the surfaces to intersect or overlap by up to 0.35 mm
(approximately half the planar width of a single voxel
of the CT arthrogram images) to account for minor



Fig 1. CT arthrogram of the left hip of a representative participant. (A) Radio-opaque contrast agent was injected into one hip of
each participant to visualize the cartilage and labrum. (B) Segmentation of the femur (gray), pelvis (tan), and acetabular cartilage
(dotted magenta) and labrum (teal) on a single coronal slice from CT. The acetabular cartilage was used to define the center of
the acetabulum, but only the surfaces of the femur, pelvis, and labrum were used in the simulations. (CT, computed
tomography.)
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reconstruction errors of the segmentations (Fig 3C). The
simulationwas completed to represent 2 contact scenarios
for each participant: bone-to-bone contact between the
femur and acetabulum (Fig 3D) and bone-to-labrum
contact between the femur and labrum (Fig 3E).
The ROM simulation was completed using custom

MATLAB scripts, which evaluated surface-based over-
lap relative to vectors normal to the bone surface.
Before the start of the simulation, the pelvis was
transformed to represent femoral flexion and adduction
while maintaining the femoral coordinate system. For
the simulation, the pelvis was fixed and the femur
rotated internally in increments of 1�. For larger flexion
or adduction angles, the femur may have been in
contact with the acetabulum or labrum before any
internal rotation; in this scenario, the femur was
externally rotated, resulting in a negative internal
rotation angle. Due to the morphology of the femur,
acetabulum, and labrum (i.e., femoral neck shaft angle,
femoral version, and morphology of the anterior infe-
rior iliac spine), a femur position that did not overlap
with the pelvis or labrum could not always be found
using this simulation protocol. In these cases, no result
was recorded for the simulation position for the subject.
Similarly, external rotation angles greater than 60�

were considered to be non-physiological and no result
was recorded for these cases.
Femoral head and acetabular centers were found by

fitting the isolated articulating surface of the femoral
head and acetabular cartilage to a 3D ellipsoid, which
accounted for the inherent asphericity of the hip joint.
The center of the joint was then defined as the center of
the fit ellipsoid for the femoral head and the acetabular
cartilage. All rotations occurred about the femoral head
center, such that the articulating surfaces remained
concentric during the simulation. Importantly, the
surface of the acetabular cartilage was removed for the
simulations, as cartilage contact cannot be properly
represented in a simple range of motion simulation.
A clock-face coordinate system was generated from

the surface of the acetabular rim and used to describe
the position of contact with the femur for both the
acetabulum and labrum. The acetabular center was
projected onto the best-fit plane of the acetabular rim
and represented the center of the clock-face. The clock-
face was oriented such that 6-o’clock split the acetab-
ular notch, 12-o’clock was directed superiorly, and
3-o’clock was directed anteriorly.18 The superior di-
rection of the clock was oriented a mean (standard
deviation) of 1.5� (8.4�) or 0:03 (0:17) posterior from
the neutral position used for the simulation.
Values of maximum internal rotation and location of

contact relative to the acetabular clock-face for the
bone-to-bone and bone-to-labrum simulated contact
scenarios were evaluated for normality using the
ShapiroeWilk test. Comparisons between the bone-to-
bone and bone-to-labrum contact scenarios for each
position included all available participants, whereas
comparisons between simulation positions only
included the participants who were available for both
positions for the specific contact scenario. Non-
normally distributed data were evaluated using the
Wilcoxon rank sum test and are presented as median
[25th percentile, 75th percentile]. Normally distributed
data and demographics are presented as mean (stan-
dard deviation) and evaluated with the Student t test.
All statistical analyses were completed in R (3.6.1;
R Core Team, Vienna, Austria).



Fig 2. A representative pelvis (tan), left femur (semi-trans-
parent gray), and labrum (semi-transparent teal) in neutral
orientation displaying the landmarks and reference coordinate
systems from an (A) inferior, (B) anterior, and (C) left view.
Coordinate system axis definitions are shown with dotted black
lines. The pelvic reference was defined from both ASIS and the
midpoint of the pubic tubercle landmarks (red). The femoral
reference was defined from the femoral head center, the knee
center, and the posterior aspect of the femoral condyles land-
marks (red). (ASIS, anterior superior iliac spine.)
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Results
Nineteen participants (9 female) had a mean age of 25

(3) years and body mass index of 21.3 (2.8). From the
previously published datasets, 2 participants were
excluded due to incomplete imaging of the distal femur,
such that the femoral coordinate system could not be
generated, and 3 were excluded due to initial pene-
tration between the femoral head and labrum in all
simulation positions (2 participants) or all simulation
positions which included non-neutral adduction
(1 participant). The simulation resulted in a feasible
FADIR examination position for at least 17 of the 19
participants for each of the 15 simulation positions for
the bone-to-bone contact scenario and 10 of 19 for the
bone-to-labrum contact scenario (Table 1).
The angle of maximum internal rotation for the
femurelabrum contact model was significantly smaller
than that of the femureacetabulum contact model for all
participants and all positions (P � .001 for all), except at
110� flexion and 20� adduction (P ¼ .114; Table 2). The
inclusion of the labrum resulted in a reduction of in-
ternal rotation ROM of 18 [15, 25]� when compared
with the bone-to-bone simulation (Fig 4).
The median reduction in simulated ROM due to

altered flexion angle was generally greater for the
bone-to-labrum contact scenario (range, e7� to e12�)
in comparison with the bone-to-bone contact scenario
(range, e6� to e9�; Table 3), especially at larger flexion
angles. A similar observation was made for altered
adduction angles; however, the magnitude of the
changes was smaller (range, e3� to 0�; Table 3).
The location of impingement only varied by e0:01

[e0:27, 0:16] between the bone-to-bone and bone-to-
labrum contact scenarios; however, the bone-to-labrum
contact scenario resulted in nearly double the variability
across participants, as indicated by interquartile range
(Table 4). The median acetabular clock-face position of
contact varied by 0:12 or less for all 10� increments of
adduction and flexion between the bone-to-bone (range,
e0:09 to 0:05) and bone-to-labrum (range, e0:05 to
0:12) contact scenarios. The contact location was more
inferior for the bone-to-labrum contact model than the
bone-to-bone contact model at 100� flexion and
0� adduction (P ¼ .012) and at 110� flexion and
0� adduction (P ¼ .003; Fig 5).

Discussion
Inclusion of the anatomy for the acetabular labrum

significantly reduced simulated hip ROM, with a
reduction in maximum ROM of approximately 20� in-
ternal rotation for all evaluated positions between 70�

and 110� flexion and 0� and 20� adduction when
compared with the bone-to-bone simulation. Although
it is known that the bony anatomy of the femur and
acetabulum do not come into contact in vivo, even
during large ROM activities,13,14 computer simulation
studies, which assume hip ROM limitations due to
direct bone-to-bone contact, are likely still useful in
identifying abnormal bony morphology that causes
impingement.3-11 As such, it is relevant to compare our
ROM for the bone-to-bone contact scenario with those
of previous studies. A number of previous studies have
evaluated the FADIR examination with varying degrees
of flexion and adduction using ROM simulation in
control participants, as well as patients, such as those
with FAI or acetabular dysplasia.6,8,9,12 For clarity,
comparison with only the results from the control
cohorts are included herein. The internal rotation
achieved in control subjects by Kubiak-Langer et al.8

was reduced when compared with the angles we
observed by approximately 10-15� for all simulation



Fig 3. Anterior view of left hemipelvis and proximal femur models for a representative participant during simulated 90� flexion,
20� adduction, and internal rotation to contact. Semitransparent femurs represent the initial position, whereas the opaque femur
represents the transformed position. (A) From a neutral orientation the femur is flexed to 90�, (B) adducted to 20�, (C) and
internally rotated until the femur contacts either the bony surface of the acetabulum or soft-tissue surface of the labrum. The
region of contact between the femur and the (D) acetabulum and (E) labrum is shown with an asterisk (*).
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positions (see Fig 4A in Kubiak-Langer et al., whereas
in Table 2, the ROM is within 5� of internal rotation for
0� adduction, 90� flexion). However, the maximum
internal rotation ROM we observed was approximately
Table 1. The Number of Computer Simulation Results Included in
Scenario

0� Adduction 10

Femure Acetabulum Femure Labrum Femure Aceta

70� flexion n ¼ 19 n ¼ 19 n ¼ 19
80� flexion n ¼ 19 n ¼ 19 n ¼ 19
90� flexion n ¼ 19 n ¼ 19 n ¼ 19
100� flexion n ¼ 19 n ¼ 19 n ¼ 19
110� flexion n ¼ 19 n ¼ 15 n ¼ 19

NOTE: Simulations were not completed when rotation of the femur coul
less than 0.35 mm, the approximate voxel half-width of the acquired com
10-15� less than that reported by Nakahara et al. for
0� adduction and 0-15� larger for the 20� adduction
scenario for flexion angles between 80� and 110� with
differences increasing with flexion (see Fig 4 in
the Analysis of Range of Motion for Each Position and Contact

� Adduction 20� Adduction

bulum Femure Labrum Femure Acetabulum Femure Labrum

n ¼ 19 n ¼ 19 n ¼ 19
n ¼ 19 n ¼ 19 n ¼ 19
n ¼ 19 n ¼ 19 n ¼ 19
n ¼ 18 n ¼ 18 n ¼ 13
n ¼ 16 n ¼ 17 n ¼ 10

d not reduce overlap between the femur and acetabulum or labrum to
puted tomography images.



Table 2. Maximum Internal Rotation for Each FADIR Examination Simulation and Contact Scenario

0� Adduction 10� Adduction 20� Adduction

Femure Acetabulum Femure Labrum Femure Acetabulum Femure Labrum Femure Acetabulum Femure Labrum

70� flexion 48� [46, 55]� 33� [30, 39]� 50� [46.5, 56]� 32� [28.5, 39.5]� 49� [44.5, 55]� 28� [23, 34.5]�

80� flexion 44� [40, 48]� 27� [21.5, 32.5]� 44� [40, 47.5]� 26� [20, 33.5]� 43� [38, 47]� 22� [15.5, 27.5]�

90� flexion 38� [34.5, 41.5]� 19� [15.5, 24]� 38� [33.5, 41.5]� 18� [13.5, 25]� 36� [30, 41.5]� 16� [5.5, 21.5]�

100� flexion 33� [27, 35]� 9� [4.5, 16]� 31� [25, 37]� 13.5� [7.5, 16.75]� 32� [20, 38.75]� 15� [e1, 19]�

110� flexion 23� [17.5, 28]� 1� [e7.5,11]� 22� [14, 32]� e2� [e8.75, 3]� 27� [9, 39]� 12� [10.25,17]�

NOTE: Data presented as median [interquartile range].
FADIR, flexioneadductioneinternal rotation.
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Nakahara et al.).9 Lerch et al. evaluated internal rota-
tion at 0� and 10� adduction between 90� and 120�

flexion and reported values that appear to be within
approximately 5� of those found herein (see Fig 4, A
and B in Lerch et al.).12 Relative to the 3 adduction
angles at 90� flexion, our bone-to-bone simulations
resulted in 11-17� less internal rotation than that
measured by Iwai et al.6 Our results agree with previous
studies evaluating internal rotation at 90� flexion,
which found maximum internal rotation to occur be-
tween 35� and 50� for control populations (35� by
Kubiak-Langer et al., 35� by Tannast et al., 44� and 50�

by Nakahara et al., and 40� by Iwai et al.).6,8-11 As
observed in previous studies, the maximum internal
rotation ROM decreased with increased flexion and
adduction; however, our results did not indicate as
large an effect due to adduction as that observed by
Nakahara et al.9,10

Few studies have evaluated the location of contact
between the femur and acetabulum using ROM simu-
lations. However, our results align well with the
Fig 4. Maximum internal rotation angle for range of motion simu
Each plot represents a specific angle of adduction and each of the
interquartile range, whereas the vertical lines indicate 1.5 times th
distribution of the internal rotation values for each simulation.
simulations of Kubiak-Langer et al., who observed the
greatest frequency of contact location at 1:45 based on
the clock-face developed from the anterior pelvic
plane.8 The slightly more superior location of contact in
the current study may be a result of the adjustment of
the clock-face to align with the acetabular notch.
Similar to other studies, we used the anterior pelvic

plane, which aligned the bilateral ASIS landmarks and
the midpoint between the 2 pubic tubercle landmarks
with the anterior plane.8,10,11 However, other studies
have used the functional pelvic plane, which accounts
for anteroposterior tilt of the pelvis while supine,5-7,9,10

or the International Society of Biomechanics coordinate
system, which aligns the 2 ASIS landmarks with the
midpoint of the 2 posterior superior iliac spine land-
marks with the axial plane.3,19 With 106 participants,
Nakahara et al. found that use of the anterior pelvic
plane resulted in an average of 1.8� decrease in internal
rotation at 90� flexion compared with the functional
pelvic plane (mean 3.8� pelvic tilt).10 The effect of
pelvic coordinate systems is therefore approximately an
lations for the femur-acetabulum and femur-labrum scenarios.
associated flexion angles. Boxplot represents the median and
e interquartile range. Semitransparent violin plot displays the
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order of magnitude less than what we observed for the
effect of inclusion of the labrum and would not be
expected to alter our conclusions.
Kapron et al.14 measured in vivo ROM during the

FADIR examination using dual-fluoroscopy and
observed a mean position of 93� flexion, 11� adduction,
and 19� internal rotation for 6 asymptomatic control
participants. Data reported by Kapron et al. inherently
included the contribution of the acetabular labrum,
since this structure was intact in the participants
analyzed in their study. In our study, the labrum was
considered, but hip motion and contact was instead
simulated using bone and labrum surface re-
constructions, not measured in vivo. Still, we found
that at 90� flexion and 10� adduction the average
femoral internal rotation to engage contact with the
labrum was 18 [13.5, 25]�, which aligns well with data
reported by Kapron et al.
Considering that patients often present with labral

damage during clinical evaluation for FAI or acetabular
dysplasia, improved understanding of the interaction
between the femur and labrum during high ROM ac-
tivities may be crucial to our understanding of these
pathologies. Although previous simulation studies have
helped to identify gross morphologic changes that cause
early abutment between the femoral head and acetab-
ular labrum,3-11 they represent an unlikely scenario in
which bone-to-bone contact exists within the hip.
Nevertheless, bone-to-bone contact simulations may be
informative in the evaluation of the relative change in
ROM on the basis of a surgical intervention (e.g., before
and after femoral osteochondroplasty for patients with
FAI or periacetabular osteotomy for acetabular
dysplasia patients) when the region of contact is
considered.4-6,8,9 Therefore, the effect of the labrum on
intra-articular impingement evaluated herein may be
useful in interpretation of the errors in estimation of
impingement and ROM using kinematic simulations of
the hip.

Limitations
We note several limitations to our study, many of

which are limitations inherent to ROM simulations.
First, since the simulation defines the end ROM by
contact between 2 surfaces, it is not possible to include
cartilage surfaces as cartilage contact occurs throughout
motion. Second, simulations may not accurately
represent active or passive hip ROM in vivo. Herein, we
simulated internal rotation ROM of the femur for
FADIR examination but do not evaluate either active or
passive ROM for these patients. We chose to simulate
this clinical examination, as it provides important
insight on the effect of the anatomy of the anterior
labrum on ROM, where the anatomy of the labrum is
more variable.18 Third, motion of the pelvis was not
considered, yet a previous dual-fluoroscopy imaging



Table 4. Acetabular Clock-Face Position of Contact at Maximum Internal Rotation for Each FADIR Examination Simulation and
Contact Scenario

0� Adduction 10� Adduction 20� Adduction

FemureAcetabulum FemureLabrum FemureAcetabulum FemureLabrum FemureAcetabulum FemureLabrum

70� flexion 1:29 [1:17, 1:37] 1:18 [0:53, 1:32] 1:23 [1:19, 1:48] 1:18 [0:35, 1:44] 1:14 [1:05, 1:58] 1:52 [0:46, 2:19]
80� flexion 1:25 [1:12, 1:35] 1:19 [1:07, 1:33] 1:13 [0:58, 1:40] 1:26 [0:59, 1:48] 1:10 [0:46, 1:59] 1:38 [0:17, 2:25]
90� flexion 1:18 [1:10, 1:28] 1:19 [1:09, 1:36] 1:12 [0:53, 1:37] 1:17 [0:34, 1:44] 1:14 [0:34, 2:00] 2:03 [0:17, 2:39]
100� flexion 1:19 [1:12, 1:37] 1:49 [1:21, 1:58] 1:23 [0:52, 1:53] 1:25 [0:39, 1:59] 1:07 [0:26, 1:59] 0:29 [0:09, 2:30]
110� Flexion 1:28 [1:15, 1:36] 1:48 [1:38, 1:56] 1:19 [0:55, 1:56] 2:01 [1:21, 2:28] 1:02 [0:22, 2:11] 0:19 [-0:04, 0:58]

NOTE: Data presented as median [interquartile range] on the clock-face.
FADIR, flexioneadductioneinternal rotation.

e8 P. R. ATKINS ET AL.
study found that the pelvis moves substantially once
the labrum is contacted during the FADIR examina-
tion.14 Simulation including a stationary pelvis is,
however, the standard protocol for computational
simulations of hip ROM.
There are also limitations specific to our study.

Herein, we assumed that maximum ROM of the hip
occurred upon contact of the femur with the acetabu-
lum or labrum. This assumption is valid for bone-to-
bone contact simulations, as cortical bone is very stiff;
however, the labrum and underlying cartilage would
likely conform to the femur allowing for additional
motion due to compression or conformation of the soft
tissue.14 Our study is also unable to quantify the
amount of motion that would occur due to conforma-
tion of the labrum to the femur nor the amount of
motion that would eventually lead to labral tears or
chondral pathology. A related concern is that of the
morphology of the labrum; to provide clear visualiza-
tion of the labrum and separate cartilage layers of the
Fig 5. Maximum internal rotation angle for range of motion simu
Each plot represents a specific angle of adduction and each of the
interquartile range, whereas the vertical lines indicate 1.5 times t
femur and acetabulum, traction was applied during
image acquisition. However, as the labrum is marginal
to the hip capsule, the increased tension on the capsule
may have altered the morphology of the labrum and
influenced the observed results. While the labrum
might become inverted with large amounts of traction,
the amount of traction used herein aimed only to
separate the acetabular and femoral cartilage surfaces
and does not appear to have deformed the labrum
(Fig 1). Finally, our study only used images from 19
participants to develop the computer simulations. This
reduces the ability to generalize the effect of the labrum
in symptomatic individuals.

Conclusions
Inclusion of the anatomy of the acetabular labrum in

collision models used to simulate impingement exami-
nations reduced the internal rotation ROM by approx-
imately 20� and increased variability in the location of
contact relative to the acetabular rim.
lations for the femur-acetabulum and femur-labrum scenarios.
associated flexion angles. Boxplot represents the median and
he interquartile range.
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