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Abstract

Background Multiple radiographic parameters used for

diagnosis and quantification of morphologic pincer features

have emerged, but the degree to which pelvic tilt or rotation

affects conventional radiography and EOS1 is unknown.

Question/purposes We asked: (1) What is the reliability

of EOS1 and conventional radiography at increasing sizes

of morphologic pincer features with varying degrees of tilt

and rotation? (2) What is the effect of tilt and rotation on

acetabular overcoverage measurements?

Methods Using a dry cadaveric pelvis, AP conventional

radiographs and EOS1 images were taken at intervals of

increasing modeled pincer size with 0� to 15� varying tilt and

rotation. Lateral center-edge angle, Sharp angle, Tönnis

angle, crossover sign, and retroversion index were measured

on all images. Statistical analysis was conducted.

Results The intermodality intraclass correlation coeffi-

cients for conventional radiography and EOS1 radiography

across all pincer sizes, rotations, and tilts were excellent

(0.93–0.98). Crossover sign was in perfect agreement in

conventional radiography and EOS1. Rotation of the hip

away from the beam source and/or increased anterior tilt

falsely increased all overcoverage parameters except for

Tönnis angle. Rotation away from the beam of 10�or greater

or anterior tilt of 5� or greater produced a false-positive

crossover sign.

Conclusions EOS1 radiography maintained excellent

reliability in comparison to conventional radiography but

both were equally vulnerable to the effects of tilt and

rotation for quantification of hip parameters used in ace-

tabular overcoverage assessment. A standardized pelvic

radiograph ensuring that the pelvis is not excessively tilted

or rotated should be used for assessing acetabular overco-

verage parameters.

Introduction

Femoroacetabular impingement (FAI) is a well-defined

disease entity, and the emerging understanding of symp-

tomatic FAI and its associations with hip osteoarthritis

have led to interest in its early diagnosis [9, 10]. Abnormal

abutment motion in FAI either involves a bump on the
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femoral side, with resultant loss of head-neck offset (cam

morphologic features), and/or overcoverage on the ace-

tabular side (pincer morphologic features), leading to

subsequent cartilage and labral degeneration [7, 9, 10, 13, 27].

Despite advances in three-dimensional (3-D) imaging

(CT and MRI), quantification of pincer severity (acetabular

overcoverage) continues to be based on biplanar radio-

graphic imaging [16, 23, 29]. Limitations of biplanar

radiography include subtle variations in patient positioning,

which in turn can affect the reliability of radiographic

parameters. The reliability of the crossover sign, a widely

used parameter for diagnosis of acetabular retroversion and

morphologic pincer features, is adversely affected with

increased tilt and rotation of the pelvis, as noted in some

studies [5, 26, 34]. In addition to the crossover sign, there

are other radiographic parameters used for diagnosis and

quantification of morphologic features of the pincer, but the

reliability of these parameters in various tilts and rotations

of the pelvis remains unknown [16, 22, 29]. We therefore

sought to specifically explore the effect of pelvic tilt and

rotation on these established radiographic parameters used

for assessment of overcoverage.

Additionally, the EOS1 imaging system (EOS Imaging

Inc, Cambridge, MA, USA), is fast emerging as a low-radi-

ation alternative to conventional radiography, and in certain

circumstances, even CT for 3-D assessment [8, 12, 15, 20].

EOS1 imaging uses a slot scanner that creates a horizontal

fan beam and then physically moves vertically to capture the

designated body part [6] as opposed to conventional radi-

ography which uses a fixed cone beam [3]. Radiation doses of

EOS1 have been reported as eight to 10 times less than

conventional radiography and 800 to 1000 times less than CT

[15, 20, 31]. A couple studies have validated the use and

reliability of EOS1 in imaging of the hip and lower

extremities [18, 31]. At this time, we are unaware of any

studies showing the ability of EOS1 to reliably measure

established hip parameters in morphologic pincer features at

varying degrees of tilt and rotation [27].

We therefore used a dry cadaveric pelvis with increasing

interval sizes of modeled morphologic features of the pincer

to answer the following study questions: (1) What is the

reliability of EOS1 and conventional radiography at

increasing sizes of morphologic features of the pincer with

varying degrees of tilt and rotation? (2) What is the effect of

tilt and rotation on acetabular overcoverage measurements?

Materials and Methods

For this study, we used a dry cadaver pelvis with proximal

femurs that did not show any evidence of proximal femoral

deformity, acetabular dysplasia, severe degenerative

sequelae, secondary osseous changes related to labral

disorders (such as rim ossification or rim calcification

which would create the appearance of a primary pincer), or

previous surgical intervention. Institutional review board

approval was not obtained, as our institution does not

require approval for studies that do not involve living

subjects.

This pelvis and femur construct with neutral pelvic tilt,

rotation, and inclination was securely fastened to a wood

structure specifically designed for facilitation of upright

imaging in EOS1 and conventional radiography. Neutral

position was achieved by using a carpenter zero level to

align the left and right anterior superior iliac spines

(ASISs) to ensure neutral rotation, align the left and right

ASISs with the pubic symphysis to ensure neutral tilt, and

align the left and right superior iliac spines to ensure

neutral pelvic inclination. To facilitate accurate and

reproducible rotations during imaging, lines were drawn

from a central point on a separate square wood board

delineating the neutral position (Fig. 1A) and rotations of

5�, 10�, and 15� to the left and right (Fig. 1B). The wood

board then was placed under the wood structure during

imaging by both modalities. Additionally, using a medical

goniometer, three wooden blocks were calibrated to

reproducibly create anterior and posterior tilts of 5�, 10�,

and 15� when placed anteriorly or posteriorly under the

wood structure (Fig. 1C).

With the cadaveric pelvis in the neutral position, both

acetabula were marked at the 11 o’clock, 12 o’clock,

1 o’clock, and 2 o’clock positions. EZ Shape1 modeling

clay (Polyform Products Co, Elk Grove Village, IL, USA),

which is radiopaque, was used to create a crescent-shaped

addition to the acetabular rim. This addition was built over

the 11 o’clock to 2 o’clock positions with the maximal

lateral extension at the 1 o’clock position to represent

typically reported morphologic features of the pincer [27].

Interval sizes of morphologic features of the pincer were

created by measuring the lateral extension at the 1 o’clock

position on the cadaveric acetabulum (Fig. 2). Three sets of

pincers 2 mm/4 mm, 6 mm/8 mm, and 10 mm/12 mm on

the right and left acetabulum, respectively, were created

(Fig. 3). The cadaveric proximal femurs were placed at

0� neutral and anatomic rotation by positioning the femoral

neck parallel to the wood structure [4, 11, 33].

Certified radiology technicians (NM, DRA) obtained

sequential AP images of the cadaveric pelvis and proximal

femur model with 5� intervals of tilt and then 5� intervals

of rotation with conventional radiography and EOS1

imaging (a total of 13 with each modality). This was per-

formed without any modeled morphologic pincer features

and repeated for each interval of pincer size for a total of

four sets of EOS1 and conventional radiography images

(104 total images). Degree of rotation or tilt that brought an

individual hip or the whole pelvis (anterior tilt),
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respectively, toward the beam was labeled positive, and

degree of rotation or tilt that brought an individual hip or

the whole pelvis (posterior tilt), respectively, away from

the beam was labeled negative.

Using PACS imaging software (LightViewTM, AMICAS

VisionTM Series PACS v. 5.0; AMICAS, Inc, Brighton,

MA, USA), one physician observer (SM) performed mea-

surements of multiple acetabular coverage parameters on

EOS1 and conventional radiographs, including lateral

center-edge angle [35], Sharp’s angle [25], Tönnis angle

[32], crossover sign [23], and retroversion index [26]

(Fig. 4).

All statistical analyses were performed using SPSS1

(Version 12; SPSS Inc, Chicago, IL, USA). Intermodality

reliability for each measure was analyzed using intraclass

correlation coefficients (ICCs). ICCs typically have a range

of between 0.0 and 1.0, with values closer to 1.0 repre-

senting stronger agreement. The two-way mixed model in

absolute agreement was used. Multiple linear regression

analysis was performed to evaluate the effect of rotation

and radiographic modality on lateral center-edge angle,

Sharp angle, Tönnis angle, and retroversion index. The

regression analysis was repeated to evaluate the effect of

tilt, rotation, and modality on the same four measures.

Results

The overall reliability between conventional radiography

and EOS1 imaging across all pincer sizes, tilts, and rota-

tions was excellent. With the numbers available, there was

no difference between conventional radiography and EOS

in these parameters. The overall intermodality ICCs for

conventional radiography and EOS1 across all pincer

sizes, rotations, and tilts were 0.98 (95% CI, 0.97–0.99)

(p \ 0.001) for lateral center-edge angle, 0.93 (95% CI,

0.85–0.96) (p \ 0.001) for Sharp angle, 0.96 (95% CI,

0.94–0.97) (p \ 0.001) for Tönnis angle, and 0.96 (95%

CI, 0.93–0.97) (p \ 0.001) for retroversion index. The

crossover sign was positive or negative in perfect agree-

ment in all cases in conventional radiography and EOS1.

Intermodality ICCs stratified by pincer size (Table 1),

rotation (Table 2), and tilt (Table 3) remained excellent.

We found rotation affected all measurements and tilt

affected all measurements except for Tönnis angle. The

multiple linear regression analysis also corroborated our

ICC findings in that modality of imaging did not affect

lateral center-edge angle, Sharp angle, Tönnis angle, and

retroversion index. For each additional degree of increase in

A

B

C

Fig. 1A–C (A) The pelvis on the wood structure placed on top of the

wood board is shown in the coronal plane. The pelvis is in neutral

position. (B) An axial view of the pelvis on the wood structure on top

of the wood board with rotation markings is shown. The pelvis is in

10� of left hip rotation and �10� of right hip rotation in this example.

(C) A sagittal view of the wood structure on top of the wood board

with the 10� calibrated wooden block is shown.

Fig. 2 A caliper is used to measure the modeled pincer at the

1 o’clock position (in this case 12 mm). The pincer then is contoured

into a crescent shape from the 11 to 2 o’clock position of the

acetabulum with the most lateral edge or peak of the crescent at the

1 o’clock position.

2580 Monazzam et al. Clinical Orthopaedics and Related Research1

123



rotation (rotation toward the beam), the lateral center-edge

angle decreased by 0.3� (p \ 0.001), Sharp angle increased

by 0.1� (p \ 0.001), Tönnis angle increased by 0.3�
(p \ 0.001), and retroversion index decreased by 0.01

(p \ 0.001) (Table 4). For each additional degree of

increase in tilt (tilt toward the beam), the lateral center-edge

angle increased by 0.4� (p \ 0.001), Sharp angle decreased

by 0.2� (p \ 0.001), and retroversion index increased by

0.02 (p \ 0.001) (Table 5). Additionally, pincer sizes of 2

to 12 mm in EOS1 and conventional radiography in all

rotations and tilt showed a crossover sign except for a pincer

size of 2 mm at rotation of positive 15�. At a pincer size of

0 mm in the neutral position, neither hip had a positive

crossover sign in EOS1 or conventional radiography. At a

negative rotation of 10� and 15�, both hips had a positive

crossover sign in EOS1 and conventional radiography,

falsely indicating acetabular retroversion. At a positive tilt

of 5� or more for the right hip and 10� or more for the left

hip, there was a positive crossover sign in EOS1 and

conventional radiography, falsely indicating acetabular

retroversion.

Discussion

We have continued to increase our understanding of the

clinical features, natural history, and radiographic assess-

ment of FAI since its original description in 2001 [13]. FAI is

increasingly being considered a major differential diagnosis

in young patients presenting with nonspecific groin and hip

pain with activity, leading to additional need for reliable

diagnostic tools and criteria [21]. Standard imaging workup

for these patients begins with AP biplanar radiography of the

pelvis (using either conventional radiography or EOS1

imaging). However, biplanar radiography with either tech-

nique may be limited by some variation in pelvic tilt,

magnification, and femoral rotation [2, 19, 26, 28, 30, 34],

which must be identified and accounted for when

A

B

C D

E

F

G

Fig. 3A–G The left column shows

(A) 2 mm, (B) 6 mm, and (C)

10 mm pincer sizes of the right

hip. (D) The dry cadaveric pelvis

without any modeled morphologic

features of the pincer morphology

is shown. The right column shows

(E) 4 mm, (F) 8 mm, and (G)

12 mm pincer sizes of the left hip.

Table 1. Intermodality conventional radiography versus EOS1 ICCs by pincer size

Pincer size (mm) ICC (95% CI)*

Lateral center-edge angle Sharp angle Tönnis angle Retroversion index

0 0.88 (0.72–0.95) 0.71 (0.28–0.88) 0.79 (0.58–0.90) 0.87 (0.53–0.97)

2 0.92 (0.54–0.98) 0.76 (0.41–0.92) 0.89 (0.66–0.96) 0.92 (0.74–0.98)

4 0.93 (0.79–0.98) 0.86 (0.79–0.98) 0.89 (0.68–0.97) 0.98 (0.95–1.00)

6 0.89 (0.65–0.97) 0.90 (0.60–0.97) 0.90 (0.72–0.97) 0.97 (0.90–0.99)

8 0.94 (0.81–0.98) 0.77 (0.72–0.95) 0.85 (0.29–0.96) 0.95 (0.84–0.98)

10 0.94 (0.83–0.98) 0.71 (�0.05 to 0.92) 0.77 (0.41–0.92) 0.95 (0.84–0.98)

12 0.97 (0.89–0.99) 0.79 (0.02–0.95) 0.90 (0.71–0.97) 0.95 (0.85–0.98)

* All ICCs have a p \ 0.001; ICC = intraclass correlation coefficient.
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interpreting these biplanar radiographs. We therefore used a

dry cadaveric pelvis with increasing interval sizes of mod-

eled morphologic features of the pincer to answer the

following study questions: (1) What is the reliability of

EOS1 and conventional radiography at increasing sizes of

morphologic features of the pincer with varying degrees of

tilt and rotation? (2) What is the effect of tilt and rotation on

acetabular overcoverage measurements?

There are some limitations to our study. One limitation

was in using a dry cadaveric pelvis and proximal femur

with no capsule, soft tissues, or cartilage. This resulted in

little to no joint space and manifested as abnormally high

lateral center-edge angle measurements owing to the

medialization of the center of the femoral head. However,

our study questions were not related to the absolute lateral

center-edge angle measurements but rather its agreement

Table 2. Intermodality conventional radiography versus EOS1 ICCs by rotation

Rotation ICC (95% CI)

Lateral center-edge angle Sharp angle Tönnis angle Retroversion index

Right 15� 0.98 (0.93–1.00) 0.98 (0.66–1.00) 0.98 (0.90–1.00) 0.91 (0.50–0.99)

Right 10� 0.98 (0.89–1.00) 0.96 (0.55–0.99) 0.98 (0.91–1.00) 0.88 (0.51–0.98)*

Right 5� 0.99 (0.93–1.00) 0.91 (0.56–0.98) 0.99 (0.96–1.00) 0.99 (0.95–1.00)�

Neutral 0.99 (0.95–1.00) 0.96 (0.80–0.99) 0.95 (0.81–0.99) 0.89 (0.37–0.98)�

Left 5� 0.97 (0.86–0.99) 0.98 (0.34–1.00) 0.99 (0.89–1.00) 0.82 (0.19–0.97)�

Left 10� 0.99 (0.95–1.00) 0.97 (0.64–0.99) 0.96 (0.83–0.99) 0.90 (0.54–0.98)*

Left 15� 0.98 (0.93–1.00) 0.93 (0.60–0.99) 0.98 (0.90–1.00) 0.93 (0.68–0.99)

* p = 0.001; �p = 0.003; �p = 0.005; otherwise, all ICCs have a p \ 0.001; ICC = intraclass correlation coefficient.

Table 3. Intermodality conventional radiography versus EOS1 ICCs by tilt

Tilt ICC (95% CI)

Lateral center-edge angle Sharp angle Tönnis angle Retroversion index

Posterior 15� 0.96 (0.83–0.99) 0.93 (0.69–0.98) 0.96 (0.84–0.99) 0.94 (0.64–0.99)

Posterior 10� 0.98 (0.89–1.00) 0.97 (0.86–0.99) 0.94 (0.75–0.99) 0.82 (0.12–0.97)*

Posterior 5� 0.99 (0.94–1.00) 0.90 (0.57–0.98) 0.97 (0.87–0.99) 0.90 (0.14–0.99)�

Neutral 0.99 (0.95–1.00) 0.96 (0.80–0.99) 0.95 (0.81–0.99) 0.89 (0.37–0.98)

Anterior 5� 0.99 (0.94–1.00) 0.90 (0.60–0.98) 0.94 (0.39–0.99) 0.93 (0.66–0.99)�

Anterior 10� 0.97 (0.71–1.00) 0.87 (0.29–0.98) 0.92 (0.66–0.98) 0.92 (0.68–0.98)

Anterior 15� 0.97 (0.79–1.00) 0.83 (�0.04 to 0.97) 0.91 (0.27–0.99) 0.85 (0.46–0.97)�

* p = 0.004; �p = 0.001; otherwise, all ICCs have a p \ 0.001; ICC = intraclass correlation coefficient.

Table 4. Linear regression of the effect of rotation and change in modality on hip parameters

Hip parameter R2 Change in measurement with every

1� rotation toward the beam

Was change in modality

significant?

Lateral center-edge angle 0.135 �0.332� (p \ 0.001) No (p = 0.912)

Sharp angle 0.113 0.125� (p \ 0.001) No (p = 0.227)

Tönnis angle 0.265 0.276� (p \ 0.001) No (p = 0.227)

Retroversion index 0.298 �0.009� (p \ 0.001) No (p = 0.227)

Table 5. Linear regression of the potential effect of tilt and change in modality on hip parameters

Hip parameter R2 Change in measurement with every

1� increase in anterior tilt

Was change in modality

significant?

Lateral center-edge angle 0.190 0.420 (p \ 0.001) No (p = 0.814)

Sharp angle 0.205 �0.204� (p \ 0.001) No (p = 0.373)

Tönnis angle 0.030 �0.079� (p = 0.083) No (p = 0.597)

Retroversion index 0.782 0.018� (p \ 0.001) No (p = 0.979)
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between modalities and the relative effect of rotation and

tilt. A second limitation was the use of molding clay to

model morphologic features of the pincer. In addressing

this limitation, we used a substance that had similar opacity

to bone. Additionally, the pincer was designed to match

previous literature descriptions of the morphologic fea-

tures, and at each interval size, it was validated by the

senior author (HSH) who has extensive surgical experience

with open treatment of FAI. A third limitation was the use

of only one cadaver with morphologic features of the hip

that obviously were individual to it. To address this limi-

tation, we used a normal cadaver with no evidence of gross

deformities, previous surgery, or severe arthritis that may

have affected the results. A fourth limitation was the

method used in tilting the pelvis, which was done by tilting

the bottom of the wood structure. This resulted in

increasing (posterior tilt) and decreasing (anterior tilt)

distances of the beam to the pelvis in EOS1 and conven-

tional radiography. In normal clinical situations, this is

often a variable not fully controlled that largely depends on

patient positioning, radiography technician, and the level of

compliance of the patient. Additionally, the effect, if any,

of this variability likely decreased the resulting reliability

between EOS1 and conventional radiography in tilt and

provided an important insight into the differing effect of

position in EOS1 and conventional radiography, as dis-

cussed below.

The overall reliability between EOS1 and conventional

radiography was excellent, as seen by intermodality ICCs

greater than 0.90 in all measurements between EOS1 and

conventional radiography. Stratified by pincer size, rota-

tion, and tilt, the intermodality ICCs showed excellent

reliability between EOS1 and conventional radiography in

morphologic features of the pincer. Our study also is

consistent with previous EOS1 imaging studies, which all

showed an image quality of EOS1 comparable to

improved compared with that of conventional radiography

[1, 6, 17, 18, 20, 24, 31]. However, we did see relative

horizontal widening of the image in EOS1 with extreme

anterior tilt (C 10�) and horizontal narrowing in extreme

posterior tilt (C 10�) owing to the decrease or increase in

distance between the x-ray beam and the pelvis (Fig. 5).

This did not decrease the reliability of the hip measure-

ments, likely owing to the symmetric widening or

narrowing, but did show a slightly different overall image

from conventional radiography. EOS1 imaging uses a slot

scanner that creates a horizontal fan beam and then

Fig. 4 An AP EOS1 image shows the dry cadaveric pelvis with

2- and 4-mm pincers. A crossover sign is considered positive when

the anterior rim crosses the posterior rim. This is seen in the right hip

by crossing of the dotted line (posterior rim) and solid line (anterior

rim). The distance of the superior lateral edge of the weightbearing

zone to the crossover of the anterior and posterior rim (B) divided by

the entire length of lateral acetabular opening (A) constituted the

retroversion index (A/B). The angle formed by a line from the inferior

pelvic teardrop to the superior lateral edge of the acetabulum and a

line horizontal from the inferior pelvic teardrop constituted the Sharp

angle (SA). The lateral center-edge angle (LCEA) was formed by a

line vertical from the center of the femoral head and a line from center

of the femoral head to the superior lateral edge of the acetabulum. The

Tönnis angle (TA) was formed by a horizontal line from the medial

portion of the weightbearing zone (ie, sclerotic zone) and a line from

the medial portion of the weightbearing zone to the superior lateral

edge of the acetabulum. As the dry cadaveric pelvis had neutral

inclination, no inclination compensatory methods were needed for

lateral center-edge angle, Sharp angle, and Tönnis angle.

Fig. 5A–C AP EOS1 images show the dry cadaveric pelvis with 6- and 8-mm pincers at (A) neutral position, (B) anterior tilt of 15�, and

(C) posterior tilt of 15�. Horizontal widening and narrowing can be seen in the anterior tilt of 15� and posterior tilt of 15�, respectively.
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physically moves vertically to capture the designated body

part [6], in contrast to conventional radiography which uses

a fixed cone beam [3]. We postulate, in extreme tilts, the

minor distortion of the image is attributable to the relative

magnification in the horizontal plane caused by the diver-

gent horizontal beam, which becomes contrasted to the

lack of magnification effect in the vertical plane. Continued

education, guidance, and awareness of the effect of patient

positioning are recommended as EOS1 imaging becomes

more widely used.

Multiple linear regression analysis showed pelvic rota-

tion affected all measurements and pelvic tilt affected all

measurements except Tönnis angle. Additionally, change

in modality did not affect measurements, indicating this

effect was shared by EOS1 and conventional radiography.

Generally, we found, as the hip rotated away from the

beam, the anterior rim and/or pincer became more promi-

nent, resulting in the measured parameters showing

increased acetabular coverage (increase in lateral center-

edge angle and retroversion index, decrease in Sharp angle

and Tönnis angle). As the hip rotated away from the beam,

the anterior rim and/or pincer became less prominent,

resulting in the measured parameters showing decreased

acetabular coverage (decrease in lateral center-edge angle

and retroversion index, increase in Sharp angle and Tönnis

angle). Except for Tönnis angle, as the pelvis tilted ante-

riorly toward or posteriorly away from the beam, the

acetabular parameters showed increased or decreased ace-

tabular coverage, respectively. Consistent with our findings

from a cadaver with varying abnormal morphologic fea-

tures of the pincer, Jacobsen et al. [14] found rotation and

tilt affected lateral center-edge angle and Sharp angle in

two cadavers with normal morphologic features of the hip.

Siebenrock et al. [26] found an anterior tilt of 9� and

rotation of 6� away from the x-ray beam produced a

crossover sign in every pelvis. Similarly, in our study, we

found a tilt of 10� or more anteriorly or rotation toward the

beam of 10� or more produced a crossover sign in both hips

falsely indicating acetabular retroversion when none was

apparent at the neutral position. Interestingly, if a crossover

was apparent at the neutral position, except for the 2-mm

position at 15� rotation, no amount of rotation or tilt

resulted in the loss of crossover sign, showing this sign is

sensitive but may not be specific to retroversion when tilt

and rotation are not corrected.

Conventional radiography and recently established

EOS1 imaging continue to be vital diagnostic tools,

especially in conditions such as FAI. Additionally, the

global availability and low cost of conventional radiogra-

phy and the decreased radiation associated with EOS1

remain strong factors related to their continued use.

Unfortunately, there remains variability in patient position,

especially in new modalities. Our study clearly showed tilt

and rotation affect the appearance and quantification of a

multitude of hip parameters used in acetabular overcover-

age assessment. A standardized pelvic radiograph ensuring

that the pelvis is not excessively tilted or rotated should be

used for assessing acetabular overcoverage parameters.
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