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Abstract

Background While surgical navigation offers the oppor-

tunity to accurately place an acetabular component,

questions remain as to the best goal for acetabular com-

ponent positioning in individual patients. Overall

functional orientation of the pelvis after surgery is one of

the most important variables for the surgeon to consider

when determining the proper goal for acetabular compo-

nent orientation.

Questions/Purposes We measured the variation in pelvic

tilt in 30 patients before THA and the effect of THA on

pelvic tilt in the same patients more than a year after THA.

Methods Each patient had a CT study for CT-based sur-

gical navigation and standing and supine radiographs

before and after surgery. Pelvic tilt was calculated for each

of the radiographs using a novel and validated two-

dimensional/three-dimensional matching technique.

Results Mean supine pelvic tilt changed less than 2�, from

4.4� ± 6.4� (range,�7.7� to 20.8�) before THA to 6.3� ± 6.6�
(range, �5.7� to 19.6�) after THA. Mean standing pelvic tilt

changed less than 1�, from 1.5� ± 7.2� (range,�13.1� to 12.8�)

before THA to 2.0� ± 8.3� (range,�12.3� to 16.8�) after THA.

Preoperative pelvic tilt correlated with postoperative tilt in both

the supine (r2 = 0.75) and standing (r2 = 0.87) positions.

Conclusions In this population, pelvic tilt had a small and

predictable change after surgery. However, intersubject

variability of pelvic tilt was high, suggesting preoperative

pelvic tilt should be considered when determining desired

acetabular component positioning on a patient-specific basis.

Introduction

Acetabular component positioning is directly related to the

incidences of hip dislocation and wear, the two most

common causes of THA failure [5, 14, 20]. Factors to

consider for optimization of cup orientation [15] on a

patient-specific basis include femoral anteversion, funda-

mental hip biomechanical considerations [2], intraoperative

assessment, and the position of the pelvis in functional

positions [1]. However, as improved methods of achieving

desired cup orientation are developed [1, 7, 9, 11–13, 16,

18, 21, 22], questions concerning the proper orientation of
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the acetabular component on a patient-specific basis

become increasingly relevant [24].

Pelvic tilt, or the relationship between the spine and the

pelvis in the sagittal plane [6, 8], directly affects the

functional orientation of the acetabular component and

therefore the biomechanics, impingement-free motion, and

stability of the joint. Wolf et al. [25] developed a kinematic

error model to predict cup malposition based on pelvic tilt.

One study of pelvic tilt by Babish et al. [1] suggest that

supine pelvic tilt should be incorporated, degree for degree,

into cup orientation goals. Conversely, a gait study by

Parratte et al. [19] reported pelvic tilt change after surgery

is so variable that accurate navigation of cup orientation

may potentially lead in some cases to improper functional

cup orientation. However, a radiographic study by Blondel

et al. [4] demonstrated no difference between standing

pelvic tilt before and after THA. These contradictory study

results leave uncertainty concerning both pelvic tilt and the

effect of THA on pelvic tilt.

In an effort to improve our understanding of this issue,

we used two-dimensional (2D)/three-dimensional (3D)

matching methods [3] to measure the effect of THA on

pelvic tilt in both the supine and standing positions.

Patients and Methods

This study assessed pelvic tilt change after THA in 15 women

and 15 men who underwent computer-assisted CT-based

navigation of acetabular component insertion during THA.

Each patient had AP pelvis radiographs in the standing and

supine positions before surgery. A high-resolution pelvis CT

scan [10] was obtained for surgical navigation and preoper-

ative planning. To be enrolled in the cohort, the inclusion

criteria required that each subject needed standing and supine

radiographs both before and after surgery with the anterior

superior iliac spines and pubic symphsis visible to ensure

accuracy of the analysis. The mean age was 59.9 years (range,

37–80 years). Nineteen patients had a diagnosis of osteoar-

throsis or femoroacetabular impingement, 10 patients had

developmental dysplasia of the hip, and one patient had

protrusio. All patients gave informed consent to participate in

this institutional review board-approved study.

All surgeries were performed by one of the senior

authors (SBM) between July 2007 and May 2010.

Pre- and postoperative supine and standing AP pelvic

radiographs were again acquired at a minimum of 1 year

after surgery. The beam to x-ray plate distance was

102 cm. The patients had blocks placed under the foot if

necessary to level the pelvis for the standing radiographs.

For each image, pelvic tilt was calculated using a validated

noncommercial 2D/3D matching application (HipMatch;

Institut for Surgical Technology and Biomechanics, Bern,

Switzerland) [23, 26]. This software application allows the

user to calculate the pelvic tilt, or the angular difference

between the patient’s anterior pelvic plane (APP) and the

plane of the radiograph. HipMatch uses a fully automated

registration procedure that can match the 3D model of the

preoperative CT with the projected pelvis on each radio-

graph. The details of the graphic matching algorithm,

reproducibility, and reliability have been reported previ-

ously [23, 25].

To calculate pelvic tilt, a CT scan for each patient was

segmented and a 3D model pelvis was produced. Points

were placed on the 3D model pelvis to determine the APP

(Fig. 1A). Landmarks were also entered onto the radio-

graph to allow for initial approximate alignment to

minimize subsequent matching calculations (Fig. 1B).

HipMatch then performed an automated 2D/3D matching

algorithm to calculate the 3D position of the pelvis at the

time the radiograph was acquired and superimposed a 3D

model of the pelvis onto the radiograph at the completion

of the calculation (Fig. 1C). HipMatch recorded the angle

of the APP on the radiograph and reported the pelvic tilt as

the angle in the sagittal plane between the APP and the

plane of the radiograph. Pelvic tilt was positive if the

anterior superior iliac spines were anterior to the pubic

symphysis and negative if the pubic symphysis was ante-

rior to the anterior superior iliac spines. We tested the

assumption of data normality with the Shapiro-Wilk test

and compared average preoperative and postoperative

pelvic tilt with a two-tailed Student’s t-test. We determined

the correlation of the preoperative pelvic tilt on standing

and supine radiographs and that of the postoperative pelvic

tilt on standing and supine radiographs with a Pearson’s

correlation. All statistical analyses were performed with

STATA1 statistical software (Release 10; StataCorp LP,

College Station, TX, USA).

Results

Supine and standing pelvic tilt data before and after hip

arthroplasty are summarized (Table 1). Mean supine pelvic

tilt changed (p = 0.004) after THA; however, the magni-

tude of this change was less than 2�. Mean standing pelvic

tilt did not change (p = 0.34) after THA. Preoperative

pelvic tilt was predictive of postoperative tilt in both the

supine (r2 = 0.75, Fig. 2) and standing (r2 = 0.87, Fig. 3)

positions. Ninety percent of patients had a change in pelvic

tilt within 5�. Only two patients experienced change in

pelvic tilt of more than 5�. Preoperative supine pelvic tilt

correlated with (r2 = 0.57) preoperative standing tilt and

postoperative supine pelvic tilt correlated with (r2 = 0.61)

postoperative standing tilt.
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Fig. 1A–C (A) In the initial steps of

HipMatch, the CT data are seg-

mented, a 3D model of the pelvis is

formed, and the APP coordinate sys-

tem is defined. (B) The plain

radiograph is then prepared with

preliminary landmarks to minimize

subsequent matching calculations.

(C) HipMatch then matches the 3D

model to the plain radiograph,

thereby determining the 3D position

of the pelvis in space when the

radiograph was taken.
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Discussion

Recent advances in surgical navigation have made com-

ponent positioning in THA increasingly accurate relative to

the stated goal of cup position. However, surgeons must

ultimately decide their goal of acetabular orientation

regardless of what method of component alignment is used

during surgery. When navigation methods are used, this

goal can be stated in any coordinate system but is typically

stated with reference to the conventional APP coordinate

system. Improvement in our understanding of the effect of

THA on pelvic tilt will improve our ability to predict the

functional position of the pelvis after surgery. This infor-

mation may be used to further refine the goal for optimal

cup orientation on an individual patient basis. We therefore

used novel 2D/3D matching methods to measure the effect

of THA on pelvic tilt in both the supine and standing

positions.

Our study is limited in several ways. First, the study

population is currently limited to 30 patients. Second, all

radiographic studies are limited in that the radiographic view

is of a single position at a single moment in time whereas the

relationship between the spine and pelvis is dynamic. Still,

the position of the pelvis in a standing position is well cor-

related with the position of the acetabulum during walking

with implications for wear and edge loading [2].

We found pelvic tilt typically changes little as a result of

surgery and preoperative pelvic tilt is predictive of post-

operative pelvic tilt in both the standing and supine

positions. These findings therefore suggest preoperative

pelvic tilt may be used as a variable in determining

appropriate component positioning. These findings are also

consistent with the study of Blondel et al. [4], which

showed standing pelvic tilt, as measured on standing lateral

radiographs, did not change as a result of THA. Specifi-

cally, their study used lateral radiographs in 50 patients and

demonstrated, 3 years after THA, 95% of subjects had a

change in tilt of less than 5�. The other 5% of patients had

variation of less than 10�. Similarly, in a CT-based study of

74 patients with THA, Nishihara et al. [17] also showed all

but one patient had an alteration in pelvic tilt of less than

10� after surgery. The correlation coefficient was 0.86 for

supine radiographs and 0.77 for standing films.

Prior work on pelvic positioning and THA by Blondel

et al. [4], DiGioia et al. [6], Nishihara et al. [17], and

Parratte et al. [19] all showed high intersubject variability,

whether supine or standing. Similarly, our study also

showed a high intersubject variability of pelvic tilt with a

range of 21� to �8� in the supine and 13� to �13� in the

standing positions. This fact, combined with the finding

that pelvic tilt changes very little as a result of surgery,

supports the suggestions of Wolf et al. [25] and

Babisch et al. [1] that knowledge about patient-specific

Table 1. Preoperative and postoperative supine and standing pelvic

tilt values

Variable Mean (�) SD (�) Range (�) p value

Preoperative supine

pelvic tilt

4.4 6.4 (�7.7, 20.8)

Preoperative standing

pelvic tilt

1.5 7.2 (�13.1, 12.8)

Postoperative supine

pelvic tilt

6.3 6.6 (�5.7, 19.6)

Postoperative standing

pelvic tilt

2 8.3 (�12.3, 16.8)

Change in supine

pelvic tilt

1.9 3.3 (�8.5, 5.5) 0.004

Change in standing

pelvic tilt

0.5 3 (�5, 7.15) 0.34

Fig. 2 The correlation between supine pelvic tilt before and 1 year

after THA is shown (r2 = 0.75).

Fig. 3 The correlation between standing pelvic tilt before and 1 year

after THA is shown (r2 = 0.87).
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preoperative pelvic tilt should be a factor to consider when

determining the optimal goal for acetabular component

positioning for each patient.

Our study and those of Blondel et al. [4] and Nishihara

et al. [17] all have consistent findings in that pelvic tilt

changed minimally as a result of THA. By contrast, the study

of 21 patients by Parratte et al. [19] is the only study that

showed a greater degree of variability in pelvic tilt after

THA. Their study however used gait analysis with superficial

skin markers, a technique that requires inference of pelvic

position by indirect means. The other studies assessed the

position of the pelvis using direct radiographic techniques;

the current method of 2D/3D matching has a high degree of

accuracy, reproducibility, and reliability [23].

It may well be that there is no true optimal orientation of

an acetabular component on an individual patient basis in

part because activities related to dislocation are so variable

and idiosyncratic. This issue is well described by Widmer

[24]. Optimal cup orientation for maximal hip stability,

impingement-free ROM, and minimization of contact pres-

sure during walking and other activities may all be different

positions. Still, improved understanding of pelvic tilt may

eventually allow for more comprehensive patient-specific

cup alignment optimization, taking stability, motion, and

wear minimization into account, potentially reducing the

incidence of instability and wear-associated loosening, the

two most common reasons for revision hip arthroplasty.
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