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Mirror Image Modeling of Acetabular Rim Thickness
Differences in Patients With Unilateral

Femoroacetabular Impingement Syndrome

Andrew J. Riff, M.D., Alexander E. Weber, M.D., Timothy C. Keating, M.D.,

Benedict U. Nwachukwu, M.D., M.B.A., Edward C. Beck, M.D., M.P.H.,
Nozomu Inoue, M.D., Ph.D., Laura M. Krivicich, B.S., and Shane J. Nho, M.D., M.S.
Purpose: Tousemirror imaging to identify the location andmagnitude of difference in acetabular rimmorphology between
the symptomatic and unaffected acetabula in patients with symptomatic unilateral pincer-type or mixed femoroacetabular
impingement syndrome (FAIS) using 1-dimensional models created with computed tomography (CT).Methods: CT scans
of bilateral hips in 33 patients diagnosed with unilateral pincer-type or mixed FAIS were obtained. Three-dimensional
bilateral hip models were constructed, and the unaffected hemipelvis was superimposed onto the symptomatic side to
compare acetabular thickness. Protrusion of the symptomatic sidewas recorded, and rimmorphologywas divided into clock
face quadrants to analyze the location of greatest magnitude of difference between affected and unaffected acetabula.
Analysis of the quadrants was performed using analysis of variancewith post hoc Bonferroni correction.Results: The study
group consisted of more females (51.6%) than males, with an average age of 35.72 � 7.8 years and an average body mass
index of 24.3 � 4.1 kg/m2. Of the 33 hips included, 14 were isolated pincer-type FAIS and 19 were mixed. The average
preoperative symptomatic side lateral center edge anglewas 37.5� �7.2� comparedwith 29� �5.1� on the asymptomatic side
(P¼ .001). The symptomatic acetabular rimwas on average 0.43� 0.18mm thicker than the corresponding location on the
unaffected rim.When the acetabulumwas divided into clock face quadrants, the 12 to 3 o’clock position showed the greatest
difference between symptomatic and unaffected sides (0.55 � 0.18 mm) compared with the 3 to 6 o’clock position (0.4 �
0.28 mm; P ¼ .006), 6 to 9 o’clock (0.34 � 0.07 mm; P < .001), and 9 to 12 o’clock (0.38 � 0.03; P ¼ .001). Con-
clusions: Patients with unilateral, symptomatic pincer-type or mixed FAIS show statistical differences in rim thickness
between the affected andunaffected acetabula. Small changes in acetabular rimmorphologyon theorder of�0.5mmmaybe
the difference between symptomatic FAIS and the unaffected hip. Level of Evidence: IV, case series.
sseous abnormalities of the femoral head-neck
Ojunction and acetabular rim leading to the clini-
cally painful hip form the basis of cam-type, pincer-
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type, and mixed femoroacetabular syndrome (FAIS).1

Focal or relative acetabular overcoverage of the
acetabulum can lead to pincer-type FAIS, whereas
undercoverage of a dysplastic acetabulum may lead to
hip instability.2 The accuracy of radiographic parame-
ters used to define normal FAIS, pincer-type FAIS, and
hip dysplasia have recently been called into question.3-5

Computed tomography (CT) and 3-dimensional (3D)
imaging may provide a better understanding of patho-
morphology and more accurate parameters to define
pincer-type FAIS.6,7

Some authors have advocated for rim resection in the
presence of pincer-type FAIS for a number of reasons,
including directly addressing the osseous abnormality,
resecting already damaged cartilage, and protecting the
repaired labrum and preserved cartilage from future
damage.8 However, the magnitude of rim resection
must balance between underresection, leading to
residual impingement, and overresection, leading to
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iatrogenic hip instability.9-12 Templating of rim resec-
tion has been investigated with a number of different
preoperative and intraoperative techniques, including
anterior and lateral center edge angle (LCEA) resection
formulas.8,13-19 However, in unilaterally symptomatic
patients, the best template for restoring normal anat-
omy and preventing the complications of over- or
underresection may be the unaffected hip. As such, the
purpose of this study was to use mirror imaging to
identify the location and magnitude of difference in
acetabular rim morphology between the symptomatic
and unaffected acetabula in patients with symptomatic
unilateral pincer-type or mixed FAIS using 1D models
created with CT. Our hypothesis was that the acetab-
ular rim would be more prominent on the affected side
compared with the healthy, unaffected side.

Methods
After Institutional Review Board approval, data on all

patients who underwent hip arthroscopy for the treat-
ment of FAIS by a single, fellowship-trained surgeon
were retrospectively collected and analyzed. All pa-
tients undergoing primary hip arthroscopy for the
treatment of FAIS between January 1, 2012, and
December 1, 2012, were screened for inclusion in the
study. Inclusion criteria consisted of patients with uni-
lateral clinical history and symptoms consistent with
FAIS20 with evidence of mixed-type or pincer-type
FAIS. Pincer-type FAIS was defined as either an ante-
rior center edge angle (ACEA) or LCEA >39�, a positive
crossover sign, ischial spine sign, or coxa profunda.21

Exclusion criteria included patients with a history of
previous ipsilateral and contralateral hip surgery,
radiographic evidence of contralateral cam lesion or
acetabular overcoverage, history of pediatric congenital
hip disorders (e.g. slipped capital femoral epiphysis,
avascular necrosis, developmental hip dysplasia), and
those without preoperative bilateral hip CT scans.

Radiographic Analysis
All patients had a series of preoperative radio-

graphs.22 Each series consisted of a standing ante-
roposterior pelvis radiograph, an anteroposterior hip
radiograph, a false-profile hip radiograph, and a Dunn
lateral hip radiograph.23 The alpha angle of both
symptomatic and unaffected hips was measured on the
anteroposterior, false-profile, and Dunn lateral hip
views.24-26 The LCEA was measured on the ante-
roposterior hip radiograph.23,25

3D Reconstruction of the Symptomatic and
Unaffected Hips
All preoperative bilateral hip CT scans were per-

formed using a protocol previously described.27 The CT
images of both hips from patients meeting the inclusion
criteria were retrospectively obtained in DICOM format
and segmented using 3D reconstruction software
(Mimics; Materialise) (Fig 1). The 3D CT models were
further converted to point-cloud models using a
custom-written program (Microsoft Visual Cþþ,
Microsoft Corp.) as previously described.28 The point-
cloud data of the unaffected hemipelvis was mirrored
to the affected hemipelvis (Fig 2). Orientation of the
rim model was calculated based on the fovea and
transverse acetabular ligament position. Clock face
quadrants were assigned with the femoral head center
as the center of the clock face and the projected
midpoint as 6 o’clock.
Points on the greater sciatic notch of the right hemi-

pelvis model and the mirrored left hemipelvis model
were merged using a validated 3D-3D registration
method (accuracy 0.1 mm in translation, 0.2� in rota-
tion). The rim models were also transformed using the
transformation matrix calculated to merge the hemi-
pelvis models. The closest point in the hemipelvis in the
unaffected side from a point in the rim model in the
symptomatic side was searched. A vector was created
from the point in the rim model to the closest point in
the hemipelvis. An angle (q) between the vector and
the normal vector of the rim plane was calculated by
dot product of the vectors, and bony protrusion
(q < 90�) and indentation (q > 90�) was determined in
reference to the unaffected hemipelvis. The magnitude
of protrusion or indentation was determined by direc-
tion cosine of the vector (protrusion, positive sign;
indentation, negative sign). The procedure was
repeated for all points in the rim model. The points in
the rim model were grouped by the angles (time) into
3� intervals, and the magnitude of the bony protrusion
or indentation was averaged within 3� intervals. The
averaged intervals were color mapped for ease of visual
comprehension (Fig 3).

Statistical Analysis
Symptomatic and unaffected hip radiographic pa-

rameters were compared using independent t tests. Rim
morphology was broken into quadrants using the clock
face method to analyze the location of greatest magni-
tude of difference between affected and unaffected
acetabula. Rim morphology differences between the
quadrants were compared using analysis of variance
with post hoc Bonferroni correction. Statistical differ-
ence was set at P < .05 for all testing. All statistical tests
were performed using SPSS software (version 24.0,
IBM Corp.). All averages are expressed a mean �
standard deviation unless otherwise stated.

Results
Atotal of 33patientswere included in thefinal analysis.

The patient demographics are summarized in Table 1.
The study group consisted ofmore females (51.6%) than
males, with an average age of 35.72 � 7.8 years and an



Fig 1. Bilateral 1-dimensional
computed tomography re-
constructions of the acetabula
of a patient with unilateral
symptomatic FAI. (A) Repre-
sentative symptomatic right
hemipelvis with red arrow
denoting the anterosuperior
bony prominence. (B) Repre-
sentative unaffected left hemi-
pelvis with the absence of
anterosuperior bony
prominence.

Fig 2. Symptomatic (green) and unaffected (white) 1-
dimensional computed tomography reconstructions of the
same patient from Fig 1 mapped onto each other using the
clock face as orientation. Areas of protrusion of the symp-
tomatic hip are marked in red.
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averagebodymass indexof 24.3�4.1 kg/m2. Therewere
14 cases of isolated pincer-type FAIS and 19 cases of
mixed FAIS. The symptomatic hip was the left side in 17
patients and right side in 16 cases.

Radiographic Analysis
The average preoperative symptomatic side LCEA was

37.5� � 7.2� compared with 29� � 5.1� on the unaf-
fected side (P ¼ .001). The average preoperative
symptomatic ACEA was 39.2� � 6.5�. The average
preoperative alpha angle on the symptomatic side was
61.1� � 12.7�. The postoperative LCEA of the symp-
tomatic side significantly decreased at final follow-up to
32.5� � 6.0� (P < .001), as did the average alpha angle
at final follow-up, to 39.6� � 4.9� (P < .001).

Comparison of Acetabular Thickness Between
Symptomatic and Unaffected Acetabular Rims
When the preoperative symptomatic acetabular rim

was examined in its entirety, each 3� interval was on
average 0.43 � 0.18 mm thicker than the correspond-
ing interval location on the unaffected rim. When the
acetabular clock face was broken up into quadrants
(reflecting the 12 to 3, 3 to 6, 6 to 9, and 9 to 12 o’clock
positions), the 12 to 3 o’clock position showed the
greatest difference between symptomatic and unaf-
fected sides. Post hoc analysis with Bonferroni correc-
tion showed that the 12 to 3 o’clock quadrant showed
significantly greater difference between symptomatic
and unaffected sides (0.55 � 0.18 mm) compared with
the 3 to 6 o’clock position (0.4 � 0.28 mm; P ¼ .006),
the 6 to 9 o’clock position (0.34 � 0.07 mm; P < .001),
and the 9 to 12 o’clock position (0.38 � 0.03; P < .001)
(Table 2).

Discussion
The main finding of the present study is that the most

significant area of the acetabular rim thickening is in
the 12 to 3 o’clock position, which has been previously
shown to be the most common area for symptomatic
FAIS based on mechanical loading in this region. The
present study suggests that small differences in rim
thickness, on the order of less than a millimeter, may be
the difference between a symptomatic FAIS hip and an
unaffected hip. Furthermore, mirror imaging analysis
serves as a method for identifying the statistical differ-
ences in rim thickness between the symptomatic hip



Table 2. Comparison of Acetabular Rim Thickness
Differences by Clock Face Position

Clock Position Rim Thickness Difference P Value

12 to 3 0.55 � 0.18
3 to 6 0.4 � 0.28 .006
6 to 9 0.34 � 0.07 <.001
9 to 12 0.38 � 0.03 .001
Total Average 0.43 � 0.18 .002

Fig 3. The final color map of the overlaid unaffected acetab-
ulum onto the affected acetabulum (from the same patient as
Figs 1 and 2). The rim thickness comparisons are color map-
ped. Red indicates a protrusion of the affected, symptomatic
acetabulum compared with the unaffected side.
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with pincer lesions in a patient with unilateral FAIS and
the unaffected hip.
Symptomatic FAIS is characteristically painful with

hip flexion, adduction, and internal rotation.29 The
explanation is that this position imparts mechanical
load on the impinging femoral head/neck and acetab-
ulum.30 This is also the explanation for the character-
istic bony abnormalities in cam-type FAIS (anterolateral
femoral neck) and pincer-type FAIS (anterosuperior
acetabulum). The nature of bone to increase apposition
in response to mechanical load19,31 is likely a critical
factor in the development and progression of FAIS and
pincer hypertrophy.32-35 Prior FAIS studies have
correlated alpha angle or severity of disease with
training intensity, which suggests a mechanobiological
etiology to FAI.33,34,36,37 Siebenrock et al.34 performed
Table 1. Patient Demographics

Age (yr) 35.7 � 7.8
Body mass index (kg/m2) 24.3 � 4.1
Sex

Male 16 (48.4)
Female 17 (51.6)

Laterality
Left 17 (51.6)
Right 16 (48.4)

FAIS type
Pincer only 14 (42.4)
Mixed 19 (57.6)

NOTE. Data are mean � standard deviation or n (%).
FAIS, femoroacetabular syndrome.
a magnetic resonance imaging analysis of 37 adolescent
male basketball players compared with 38 age-matched
controls and found that the athletes had a 10-fold in-
crease in the likelihood of having an alpha angle >55�.
Furthermore, Haider et al.32 have recently investigated
the biologic response to mechanical loading by
comparing the biomechanical properties of cam defor-
mity subchondral bone to the subchondral bone of
healthy controls. They found increased stiffness in the
subchondral bone of cam deformity subjects.32

In the present cohort of unilateral pincer-type or
mixed FAIS patients, the symptomatic acetabular rim
was found to be significantly thicker than the unaf-
fected, unaffected acetabular rim. Additionally, the
largest magnitude of rim thickness difference between
unaffected and symptomatic hips was found to occur in
the anterosuperior quadrant (12 to 3 o’clock), where
the mechanical loading is at its highest. Although we
are unable to ascertain causality, the increase in rim
thickness on the affected side suggests further pro-
spective studies on the etiology of FAIS and on quan-
tifying femoral morphology between the affected and
unaffected sides with similar methodology. Therefore,
rather than applying universal radiographic parameters
to all patients, when possible it may be best to use the
unaffected hip morphology as a template for surgical
correction of the symptomatic side.
The results of the current study are also important in

regard to the current debate over what constitutes
normal acetabular morphology. There is currently
controversy about normal and abnormal acetabular rim
morphology and what radiographic or advanced im-
aging parameter or parameters are used to measure
“normal.”7,16 Radiographic parameters alone have been
shown to be poor predictors of pincer-type FAI.3-5 CT-
based studies and 3D studies have attempted to
qualify and quantify normal and abnormal parameters
for acetabular volume and morphology.6,7 However,
we submit that in unilateral FAI, the unaffected hip
may serve as the most reliable marker of “normal” for
that particular patient. This point is further illustrated
by the many studies that have identified radiographi-
cally positive FAIS in asymptomatic volunteers.38-40

Surgical correction of pincer-type FAIS must balance
between underresection, resulting in potential
continued FAIS symptoms, and overresection, resulting
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in iatrogenic instability. Prior studies have implemented
formulas based on ACEAs or LCEAs.8,14,16 A prior study
by Kling et al.16 showed that small rim resections in a
cadaver model caused large changes in ACEAs or
LCEAs. In their study, a cadaveric rim resection of
5 mm caused 2 of 12 specimens to become dysplastic as
measured by ACEAs and LCEAs. A resection of 7.5 mm
caused 50% of the specimens to become unstable and
require an externally applied force to maintain hip joint
reduction.16 Philippon et al.8 found that 1 and 2 mm of
rim resection correlated with a change in LCEA of 2.4�

and 3.1�, respectively. In the current study, we found
that the average difference in preoperative LCEA be-
tween symptomatic and unaffected acetabula was 8.5�,
whereas the difference in anterosuperior rim thickness
was 0.5 mm. This highlights previous findings by
Hanson et al.41 that LCEA may be an inconsistent way
of measuring acetabular overcoverage.
Although the findings of the current study suggest

that smaller changes in rim thickness are potentially the
difference between a symptomatic and an unaffected
hip, there may be additional factors such as the
magnitude of cam-type morphology and the role of soft
tissue interposition that affect the level of symptoms.
Future work should include an analysis of side-to-side
differences preoperatively and postoperatively to
assess the ability of acetabular rim recession to restore
rim thickness to a normal or near-normal state. In
addition, future prospective studies should correlate rim
differences and rim resection to patient outcomes.

Limitations
There are a number of limitations in the current study

that must be addressed. First, we used LCEA identify
patients with pincer deformity, which has been shown
to have limitations when measuring acetabular
coverage.41 It is possible that some hips with borderline
overcoverage were mislabeled as having pincer defor-
mity, resulting in underestimation of differences in
thickness. We also used crossover sign, center edge
angle, and posterior wall sign to identify patients with
pincer deformity. It is possible that these patients have
more subtle differences in acetabular thickness between
the affected and unaffected hips. Second, due to the
limitations of requiring bilateral hip CTs and earlier
protocols obtaining only symptomatic hip CTs, the
current study had a limited sample size. Furthermore,
an a priori sample size analysis was not performed
since, to our knowledge, there is no study in the current
literature comparing acetabular rim thickness of the
symptomatic and unaffected side that could be used as
an effect size for the power analysis. However, based on
a post hoc analysis using the differences in LCEA for
effect size, the observed power is 0.966. In addition, our
results show statistical differences, but the magnitude of
these differences is small. The clinical significance of our
results requires additional investigation, clarification, or
corroboration. Finally, the side-to-side comparisons are
made for preoperative patients.

Conclusions
Patients with unilateral, symptomatic pincer-type

FAIS, or mixed FAIS show statistical differences in
rim thickness between the affected and unaffected
acetabula. Small changes in acetabular rim
morphology, on the order of �0.5 mm, may be the
difference between symptomatic FAIS and the unaf-
fected hip.
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