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Abstract There are six different definitions of acetabular

position based on observed inclination and anteversion

made in either the (1) anterior pelvic plane or (2) coronal

planes and based on whether each of the observations made

in one of these two planes is (1) anatomic, (2) operative, or

(3) radiographic. Anteroposterior pelvic tilt is the angle

between the anterior pelvic plane and the coronal plane of

the body. The coronal plane is a functional plane and the

anterior pelvic plane is an anatomic pelvic plane. A cup

may be in the ‘‘safe zone’’ by one definition but may be out

of the ‘‘safe zone’’ by another definition. We reviewed

published studies, analyzed the difference in varying defi-

nitions, evaluated the influence of the anterior pelvic tilt,

and provided methods to convert from one definition to

another. We recommend all inclination and anteversion

measurements be converted to the radiographic inclination

and anteversion based on the coronal plane, which is

equivalent to the inclination and anteversion on the anter-

oposterior pelvic radiograph.

Introduction

With the advent of computer navigation for quantitative

knowledge of acetabular component position, there has

been an increasing number of studies measuring the cup

position [2, 3, 5, 11, 18, 22, 23, 26, 36, 38]. Unfortunately,

different imaging techniques have been used to report the

outcome data for cup inclination and anteversion [9–11, 18,

23, 25, 27, 36, 38]. Murray’s definitions of the anatomic,

operative, and radiographic planes of the acetabulum were

based on the coronal plane [34]. Computer navigation has

translated these to the anterior pelvic plane [34]. Some

studies have included pelvic tilt [13, 14] and some have not

[4, 17, 20, 22, 28, 31, 32, 42].

Computer navigation measurements based on the ante-

rior pelvic plane cannot be directly compared with

conventional radiographs measured on the coronal plane.

Conventional radiographs have themselves been measured

in error using the safe zones of Lewinnek et al. [30].

Lewinnek et al. [30] determined their safe zone based on a

radiographic technique using a jig that positions the patient

parallel to the anterior pelvic plane. Thus, this safe zone is

not comparable to the coronal plane of radiographs. Fur-

thermore, the variability of measurements on plain

radiographs may introduce substantial errors [3, 17, 43]. To

reduce errors associated with conventional radiographs,

computed tomography (CT) scans and three-dimensional

reconstructions have been used as imaging techniques to

measure the true value of implant positions.

It is important to have a common measurement tech-

nique so the results of studies can be scientifically

compared. We provide a comprehensive overview of the

different methods used for measuring the inclination and

anteversion of the acetabular component. We discuss the

use of these measurement methods in the literature and in
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our own study results and propose a standardized method

for reporting the orientation of the acetabular component.

Measurement Terminology

Anterior Pelvic Plane

The anterior pelvic plane is determined by three reference

points: the two anterosuperior iliac spines and the anterior

surface of the pubic symphysis. In 1922, Robinson et al.

[42] first described the anterior pelvic plane as the pelvic

frontal plane. In 1978, Lewinnek et al. [30] used a special

positional jig for conventional radiographs that defined the

anterior pelvic plane to measure the inclination and ante-

version of the cup. In 1998, Jaramaz et al. [22] used the

anterior pelvic plane in software to determine computer-

assisted cup placement in THA.

Anteroposterior Pelvic Tilt

The anterior or posterior pelvic tilt is defined as the angle

between the anterior pelvic plane and the coronal plane of

the body. Anterior pelvic tilt is defined as the distance

between the middle point of the two anterosuperior iliac

spines and the coronal plane when this distance is greater

than the distance between the anterior surface of the pubic

symphysis and the coronal plane (Fig. 1). Posterior pelvic

tilt is defined as the distance between the middle point of

the two anterosuperior iliac spines and the coronal plane,

but now this distance is shorter than the distance between

the anterior surface of the pubic symphysis and the coronal

plane (Fig. 2). The anterior pelvic plane has also been

called pelvic inclination and reclination [3, 6] and the

pelvic flexion angle [35].

Murray’s Definitions

Murray [34] assessed the orientation of the acetabular

component and described three measurements of inclination

and anteversion according to the three different axes of the

body. The acetabular axis was defined as the axis perpen-

dicular to the rim of the cup that passes through the center of

the cup. One of the most important facts about Murray’s

definition is he originally used the coronal plane of the

body, not the anteroposterior pelvic plane, although his

definitions are often used with the anteroposterior pelvic

plane. His definitions are as follows: anatomic inclination is

the angle between the acetabular axis and the longitudinal

axis of the body; operative inclination is the angle between

the acetabular axis and the sagittal plane (the angle of

abduction of the acetabular axis); radiographic inclination is

the angle between the longitudinal axis of the body and the

acetabular axis when projected onto the coronal plane;

anatomic anteversion is the angle between the acetabular

axis and the transverse axis of the body when the acetabular

axis is projected onto the transverse plane; operative ante-

version is the angle between the longitudinal axis of the

patient and the acetabular axis when projected onto the

sagittal plane; and radiographic anteversion is the angle

between the acetabular axis and the coronal plane.

Inclination and Anteversion

Various authors have studied the correct positioning of

implants by postoperatively measuring their positions [7, 19,

30, 31, 33]. While using conventional anteroposterior pelvic

radiographs, radiographic inclination is measured as the angle

between the longitudinal axis of the body and the acetabular

axis projected onto the coronal plane [21, 30, 34]. Radio-

graphic anteversion is defined as the angle between the

acetabular axis and the coronal plane [30, 34]. While mea-

suring these angles on anteroposterior radiographs,

inclination is the angle between the face of the cup and the

transverse axis; cup anteversion is calculated from the relative

size of the major and minor diameters of the ellipse (Fig. 3).

Safe Zone

The safe zone described by Lewinnek et al. [30] is based on

angles equivalent to Murray’s radiographic definition on

the anterior pelvic plane. Lewinnek et al. [30] used a pelvic

coordinate system with an anterior pelvic plane to define

the safe zone. A jig device with three legs and a bubble

Fig. 1 A diagram demonstrates anterior pelvic tilt. The distance

between the middle point of two anterosuperior iliac spines and the

coronal plane is longer than that between the anterior surface of the

pubic symphysis and the coronal plane.

Fig. 2 A diagram demonstrates posterior pelvic tilt. The distance

between the middle point of the two anterosuperior iliac spines and

the coronal plane is shorter than that between the anterior surface of

the pubic symphysis and the coronal plane.
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level was used to position the pelvis parallel to the radio-

graphic film. The patient was positioned supine and the

three legs of the device pressed directly and firmly over

the anterosuperior iliac spines and the symphysis pubis.

The patient was then repositioned until the bubble level

indicated parallel and horizontal positioning, and the

radiograph was then taken. Postoperative cup positions

were measured to compare cups with and without dislo-

cation. After this study, the safe zone was defined as

40� ± 10� of inclination and 15� ± 10� of anteversion.

Therefore, the safe zone described by Lewinnek et al. [30]

does not truly correlate to conventional anteroposterior

pelvic radiographs taken in an orthopaedic clinic.

Common Problems of Measurements

Routine Radiographic Measurement

Plain radiographs have been the most important diagnostic

measure of inclination and anteversion after THA [30].

Inclination can be directly measured on conventional

radiographs, whereas anteversion is still problematic,

although different calculations or measurement methods

have been published in the literature [1, 12, 15, 20, 37, 46].

Anteversion is more difficult to measure because of the

variable rotation of radiographs and the difficulty in

distinguishing between anteversion and retroversion

[27, 46]. For example, because the metal head overlays the

acetabular edges, there will be inexact trigonometric mea-

surements of acetabular anteversion [27]. To make a

reliable measurement of anteversion, it is necessary to take

two radiographs with different directions of the central

beam [39]. Most commonly, this means an anteroposterior

pelvic and anteroposterior hip radiograph [12, 15]. It has

been shown measurements of cup anteversion on antero-

posterior pelvic radiographs provide values 4� to 5� less

than that measured from anteroposterior hip radiographs

[1, 12, 15]. When anteroposterior pelvic radiographs are

used to measure anteversion, 4� to 5� should be added to the

measurement to determine the true anteversion of the cup.

The Anterior Pelvic Plane

Currently, in almost all computer-assisted orthopaedic

surgery systems that rely on the anterior pelvic plane, the

plane is derived by percutaneously identifying three osse-

ous landmarks: the two anterosuperior iliac spines and the

pubic symphysis [10, 11, 13, 36, 48]. Using a kinematic

model, Wolf et al. [48] showed this registration, and errors

in doing the registration, creates inaccuracies on the com-

puter measurement of final orientation of the acetabular

cup. Simulation results indicated, for example, if a surgeon

aimed for 45� of abduction and 20� of anteversion, a total

error of 4 mm in measuring the anterosuperior iliac spine

and pubic tubercles would result in a final cup orientation

of 47� of abduction and 27� of anteversion (2� of abduc-

tion, 7� of anteversion error).

Richolt et al. [41] used ultrasonographic measurements

to determine the minimal soft tissue thickness between skin

surfaces and bony landmarks in 72 patients. Soft tissue

thickness over the anterosuperior iliac spines averaged

7.9 ± 3.4 mm and 13.6 ± 4.1 mm over the pubic tuber-

cles (5.7 ± 3.4 mm thicker than the iliac spines). A thick

layer of fat over bone would result in an average under-

estimation of anteversion by 4.4� (range, 1.3�–5.5�). To

reduce this error, Dorr et al. [13] punctured through skin to

bone to register the bony landmarks.

Anteroposterior Pelvic Tilt

Modern navigation techniques allow precise positioning of

the acetabular cup relative to the anterior pelvic plane

Fig. 3A–B (A) In an anteroposterior pelvic radiograph, the angle

AOB is the inclination and the angle AOP is the anteversion, which is

20�. (B) In an anteroposterior hip radiograph for the same hip, the

anteversion is 24�.
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according to the plan, which is assumed correct [8, 10, 11,

13, 22, 23, 25, 26, 29, 38]. Pelvic position is not static, but

rather dynamic during gait and other activities of daily

living, and the means of these different positions have been

measured [4, 9, 29, 35]. A safe zone of combined antever-

sion of the stem and cup (or the anatomic hip) has been

repetitively defined as 25� to 45�, lower in men and higher

in women [4, 14, 28, 47]. Variations in anteroposterior

pelvic tilt will affect the resulting spatial orientation mea-

surement of the cup [29]. Zero pelvic tilt occurs when the

anterior pelvic plane is parallel to the coronal plane. It is

only in this special case that cup inclination and anteversion

have identical measurements on both navigation and post-

operative radiographs. Anteroposterior pelvic tilt is the

factor that introduces uncertainty in measuring the orien-

tation of the cup when comparing conventional radiographs

with CT scans or when using either a free-hand technique or

a mechanical alignment guide during performance of THA.

With anterior pelvic tilt, less anteversion of the acetabulum

will be measured radiographically and with posterior pelvic

tilt, increased anteversion of the acetabulum will be mea-

sured radiographically [2, 3, 13, 17, 29, 40, 45].

We have studied the effect of anteroposterior pelvic tilt

on acetabular component position in THA as measured by

imageless computer navigation and the detailed measure-

ment method was asked about in these studies [13, 14]. The

same measurement technique was used to measure anter-

oposterior pelvic tilt in 619 hips. The hips were divided

into five groups (Table 1). Of the 619 hips measured, 8.6%

had no anteroposterior pelvic tilt, 40.4% had posterior

pelvic tilt of 1� to 9�, 12.6% had posterior pelvic tilt of 10�
to 25�, 33.6% had anterior pelvic tilt of 1� to 9�, and 4.8%

had anterior pelvic tilt of 10� to 20�. An anteroposterior

pelvic tilt of 1� led to an approximate 0.8� change of

functional cup anteversion, confirming data previously

published by Lembeck et al. [29].

Studies of variations in natural pelvic orientation have

indicated a need for greater knowledge of anteroposterior

pelvic tilt for intraoperative alignment and postoperative

measurements [16]. McCollum et al. [31] suggested

adjusting cup placement based on the patient’s

anteroposterior pelvic tilt as a means of reducing disloca-

tion after THA. A large range (–37� to 44�) in preoperative

supine pelvic anteroposterior tilt supports this recommen-

dation [9, 13, 35]. Pelvic orientation is unique to each

patient and changes according to patient position. Placing

the acetabular component without considering the tilt of the

patient’s pelvis could lead to impingement, dislocation, and

increased wear, although cup placement was relative to the

bony anatomy of the acetabulum [31, 44]. It is also

important to know the pelvic orientation for measuring an

accurate cup alignment from postoperative radiographs [5],

although this is not available in orthopaedic offices.

Safe Zone

The instrumented radiographic technique of Lewinnek

et al. [30] has rarely been used in clinical practice. Despite

this, the safe zone concept, originally defined for free-hand

cup positioning on the coronal plane, has been commonly

referenced. However, the safe zone has been incorrectly

applied to both radiographic and operative definitions on

the coronal plane as well as to anatomic, operative, and

radiographic definitions on the anterior pelvic plane [9–11,

18, 23, 25, 27, 36, 38]. Therefore, it is incorrect, and

impossible, to compare literature results based solely on the

safe zone. For example, Pierchon et al. [38] evaluated

dislocation in 38 THAs and concluded 11 of 38 cups in

hips that had dislocated were placed inside Lewinnek’s

safe zone. They concluded cup orientation did not play a

major role in dislocation. These authors had no control for

anteroposterior pelvic tilt so they did not use the true

Lewinnek safe zone.

Use of Murray’s Definitions of Acetabular Orientation

When Murray [34] published his definitions of acetabular

orientation in 1993, his definitions only referred to the

coronal plane. However, Murray’s definitions have been

applied to measurements related to the anterior pelvic

Table 1. The influence of anterior or posterior pelvic tilt on anteversion (n = 619)

Pelvic tilt Hips Adjust* Adjust coefficient�

Posterior tilt greater than 10� 78 (12.6%) 10.4 ± 2.5 (7–20) 0.8

Posterior tilt 1� to 9� 250 (40.4%) 3.6 ± 2 (1–9) 0.8

No tilt (0�) 53 (8.6%) NA NA

Anterior tilt 1� to 9� 208 (33.6%) -3.3 ± 1.8 (-7 to -4) -0.8

Anterior tilt greater than 10� 31 (4.8%) -8.3 ± 2.1 (-13 to -4) -0.7

* Adjusted anteversions (expressed as average ± standard deviation with range in parentheses) when converting the anteversion from the

anterior pelvic plane to the coronal plane; a positive value is increase and a negative value is decrease; �how many degrees of the anteversion are

adjusted by the change of 1� of anteroposterior pelvic tilt; a positive value is increase and a negative value is decrease; NA = not applicable.
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plane. Because of anteroposterior pelvic tilt, measure-

ments on the coronal plane cannot be directly compared

with those on the anterior pelvic plane. Many reports in

the literature have ignored such differences [9–11, 18, 23,

25, 27, 36, 38]. To resolve this problem, Murray’s defi-

nition should be expanded from the anatomic, operative,

and radiographic coronal plane to the same three orien-

tations on the anterior pelvic plane, which would create

six definitions of cup inclination and anteversion. This is

important because most measurements by computer

navigation and CT are now referenced from the anterior

pelvic plane.

The apparent inclincation and anteversion resulting from

the three means of observations (anatomic, operative, and

radiographic) have a greater spread in difference as the

anteversion of the cup increases or the inclination of the

cup decreases even when measured on the same plane

(Table 2). These data were developed from Lewinnek’s

safe zone (40� ± 10� of inclination and 25� ± 10� of

anteversion; see Appendix 1 for methods of calculation)

[30]. When inclination and anteversion are in the safe zone

for one of the planes of Murray’s definitions, they may be

out of the safe zone by another definition (Table 2). If the

anteversion of the cup is in the safe zone by the operative

definition, it may be 11� outside by the anatomic definition;

if the cup anteversion is in the safe zone by the radio-

graphic definition, it would be 18� more anteverted in the

anatomic plane. The definitions assume a zero tilt. Pelvic

tilt compounds this problem, because the differences

among the three definitions would be larger if anteropos-

terior pelvic tilt were present.

In general, on either the coronal or anterior pelvic plane,

anatomic inclination and anteversion are always greater

than radiographic inclination and anteversion; anatomic

inclination is always greater than operative inclination; and

operative anteversion is always greater than radiographic

anteversion. If a difference exists (depending on the com-

bination of inclination and anteversion), the difference in

inclination is small, whereas the difference in anteversion

may be large.

Mixed Use of Murray’s Definitions in the Literature

Different definitions of inclination and anteversion have

been used in the same study. For example, Haaker et al.

[18] compared two groups of patients with and without the

use of computer navigation and used two definitions to

compare results. They used target numbers of 45� of

inclination and 20� of anteversion with respect to the

anterior pelvic plane in both groups of patients and vali-

dated the position with CT scans. The authors ignored two

facts: two different definitions were used for inclination

and anteversion and anteroposterior pelvic tilt was ignored.

For the cup target in the free-hand group, the operative

definition on the coronal plane was used, whereas in the

computer-navigated group, the anatomic definition on the

anterior pelvic plane was used. The postoperative CT scans

used the anatomic definition on the anterior pelvic plane as

the reference plane for both groups and did not include the

anteroposterior pelvic tilt for navigated hips but did for

free-hand hips. With these differences in measurements, a

Table 2. Differences in anatomic, operative, and radiographic inclination and anteversion on the same plane

Anatomic Operative Radiographic

Inclination Anteversion Inclination Anteversion Inclination Anteversion

30 5 29.9 2.9 29.9 2.5

30 25 26.9 13.7 27.6 12.2

40 15 38.4 12.3 39.0 9.6

50 5 49.7 5.9 49.9 3.8

50 25 44.0 26.7 47.2 18.9

30.4 8.6 30 5 30.1 4.3

38.3 36.2 30 25 32.5 21.5

42.3 17.1 40 15 41.0 11.4

50.2 4.2 50 5 50.1 3.2

54.4 19.5 50 25 52.7 15.8

30.4 9.9 29.9 5.8 30 5

38.3 43.0 26.9 28.3 30 25

42.3 22.6 38.4 19.3 40 15

50.2 6.5 49.7 7.8 50 5

54.4 31.3 44.0 36.0 50 25
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greater variation of cup inclination and anteversion will

occur between the two groups and they cannot be accu-

rately compared.

A second example is that of DiGioia et al. [11], who

compared acetabular component orientation using

mechanical guides versus CT-aided computer navigation.

The cup was targeted at 45� of inclination and 20� of

anteversion. With mechanical guides, 78% of the acetab-

ular components would have been outside the safe zone of

Lewinnek et al. [30] based on the operative definition on

the coronal plane. CT scans used the anatomic definition on

the anterior pelvic plane. Neither compensated for antero-

posterior pelvic tilt. Therefore, the safe zones being

compared are not the same and this can influence the dif-

ferences observed in the comparison.

A third example is that of Kalteis et al. [26], who

compared targeted cup positions between free-hand and

image-free navigation techniques using postoperative CT

scans as the true value. The target for free-hand cups was

on the coronal plane using the operative definition, whereas

for image-free navigation, it was on the anterior pelvic

plane by the anatomic definition. The postoperative CT

scans converted all measurements to the operative defini-

tion but left the free-hand measurements on the coronal

plane and the navigation on the anterior pelvic plane. In

addition, the anteroposterior pelvic tilt was ignored in all

hips.

Validation Methods

Our interest in this subject originated with our attempts to

validate our computer navigation system with two different

CT scan reconstruction methods. We operated on 100

patients with primary THA and used computer navigation

for acetabular inclination and anteversion. We obtained

postoperative CT scans of the hip to validate the computer

navigation measurements in all 100 patients. The antever-

sion and inclination were measured by a three-dimensional

model using both the HipNavTM System (Institute for

Computer Assisted Orthopaedic Surgery, Pittsburgh, PA)

and the Navitrack1 System (ORTHOsoft, Inc, Montreal,

Canada). The results were an inclination of 46.8� ± 4.1�
and an anteversion of 37.5� ± 7.5� by HipNavTM and an

inclination of 39.8� ± 3.3� and an anteversion of

25.8� ± 5.5� by Navitrack1. Initially, we did not under-

stand the reasons for such differences because both

methods were based on the anterior pelvic plane. We

subsequently determined HipNavTM used Murray’s ana-

tomic definition of the anterior pelvic plane, whereas

Navitrack1 used the radiographic definition of the anterior

pelvic plane. If the HipNavTM values on the anatomic plane

were converted by Murray’s algorithm onto the

radiographic definition, the comparison for inclination was

39.8� ± 3.3� for Navitrack1 and 39.5� ± 3.2� for Hip-

NavTM, whereas the comparison for anteversion was

25.8� ± 5.5� for Navitrack1 and 25.6� ± 6.2� for Hip-

NavTM. Using a single definition, the measurements could

be compared.

Because of the variation in measurement methods, we

constructed a bench test to validate the validation methods.

We wanted to confirm the computer navigation measure-

ments were accurately measured by the software and the

CT scans were reconstructed and measured with minimal

error. In addition, this would validate the formula (found in

Appendices 1 and 2) for connecting anatomic, operative,

and radiographic inclination and anteversion on the same

plane and converting inclination and anteversion between

the anterior pelvic plane and the coronal plane.

We constructed a jig consisting of a silicone cube with

two acetabular cups mounted on a mobile base so cup

anteversion could be varied (Fig. 4). This mobility allowed

six different positions for anteversion (0�, 10�, 20�, 30�,

40�, 50�). The cups were fixed at an inclination of 47� for

the right and 35� for the left. Metal markers were embed-

ded within the jig to simulate the two anterosuperior iliac

spines and the pubic tubercles. With the cup fixed in each

of its possible positions (for example, right cup at 47�
inclination and 10� anteversion and left cup at 35� incli-

nation and 40� anteversion), measurements were performed

with computer navigation and CT scans of each of the

positions. Because the acetabular position was known, the

values obtained by computer navigation and CT scans

Fig. 4 The jig consisted of a silicone cube with two acetabular cups

mounted on a mobile base so the cup anteversion could be varied

from 0� to 50�.
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could be judged for accuracy. There were 36 combinations

of cup positions studied (Tables 3–5). The computer navi-

gation system used was the ORTHOsoft Imageless software.

This system measures the cup position on the radiographic

anterior pelvic plane and the software adjusts it according to

the tilt of the pelvis to the radiographic coronal plane. Tilt

has no bearing on inclination and anteversion when the

results are measured just on the anterior pelvic plane. The

effect of adding pelvic tilt creates a difference of 0.8�
anteversion for each 1� of tilt between the anterior pelvic

plane and the coronal plane (Table 3). Pelvic tilt of 6�, either

posterior or anterior, can change the cup anteversion by

approximately 5�. There is a large difference between the

different planes (Table 3).

The CT scans were reconstructed using two systems, one

using the Navitrack1-based software and the second using

the HipNavTM software. The Navitrack1 software uses the

radiographic definition of Murray and the HipNavTM sys-

tem uses the anatomic definition of Murray both on the

anterior pelvic plane. Even without the influence of tilt, we

observed a large difference between anatomic and radio-

graphic definitions on the anterior pelvic plane (Tables 4,

5). However, after converting the anatomic inclination and

anteversion of the HipNavTM system to the radiographic

definition on the anterior pelvic plane, the difference in the

true value measurements between the two systems is very

small (Tables 4, 5). This demonstrates different computer

navigation systems and different CT systems used to

validate computer navigation systems can be comparable if

the data are always expressed by the same defined plane.

Discussion

Six different definitions have been used to measure and

report the inclination and anteversion of the cup. Murray

[34] originally defined anatomic, operative, and radio-

graphic inclination and anteversion on the coronal plane.

Authors who used CT scans and computer navigation

changed the definition to the anterior pelvic plane [10, 11,

21–23, 25–27, 32]. The anterior pelvic plane deviates from

the coronal plane in almost all patients. The placement of

the cup may be in the safe zone by one definition but

outside the safe zone by other definitions. It is nearly

impossible to directly compare reports in the literature

because of the mixed definitions of cup inclination and

anteversion. Second, anteroposterior pelvic tilt plays an

important role in accurate measurements, especially with

CT scans and computer navigation, and is uncommonly

included. Ignoring tilt is of clinical importance because

there may still be a risk of dislocation, increased wear, and/

or impingement, even if computer navigation is used to

determine ideal cup position with reference to the anterior

pelvic plane [13].

Four authors have recently studied the pelvic flexion-

extension arc in different body positions [4, 9, 29, 35]. We

Table 3. Computer navigation values with adjustment for tilt

Tilt Real anteversion (�) Real inclination 47� Real inclination 35�

Inclination (�) Anteversion (�) Inclination (�) Anteversion (�)

No tilt 0 46.7 1.3 35.3 -0.3

10 46.7 6.7 34.7 6.3

20 45.0 15.3 33.0 12.0

30 43.0 22.0 31.3 17.0

40 40.0 27.7 28.3 21.7

50 34.7 33.3 24.0 26.3

Posterior pelvic tilt 6� 0 47.3 3.0 34.7 5.0

10 45.3 10.7 34.3 10.7

20 47.0 18.0 33.7 16.3

30 44.3 24.7 32.0 21.0

40 42.3 31.3 28.7 26.7

50 38.3 37.3 25.0 31.3

Anterior pelvic tilt 6� 0 47.3 -3.3 34.3 -4.7

10 46.0 3.7 34.7 1.7

20 44.7 10.0 33.0 7.0

30 42.0 17.0 30.7 12.0

40 38.3 23.3 29.0 18.0

50 33.3 30.0 23.7 21.7
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determined this arc in our patients to confirm our mea-

suring methods, and our patient population had results

similar to those previously reported. Three of these authors

studied the supine to standing positions and measured a

change of –2�, -4�, and -5.4� pelvic extension as patients

stood compared with our patients who also tilted posterior

a mean -4.1� between supine and standing [4, 9, 35]. The

preoperative to postoperative change in supine tilt in our

patients was a mean of -4.8� posterior and this was similar

to the -3.0� posterior found by Nishihara et al. [35]. In

Babisch et al.’s study [4], the preoperative to postoperative

change in supine tilt was a mean of 0.04� posterior in 10

patients with coxarthrosis, 2.5� anterior in 30 patients with

dysplasia, and 1.9� anterior in all patients (dysplasia in

75% of patients). The authors who studied pelvic motion

concluded it should be considered when implanting an

acetabular component and a constant anteversion angle

should not be selected [4, 9, 29, 35].

The solution to stability with variable pelvis angles is to

consider the combined anteversion of the acetabulum and

femur and not the acetabulum alone. Combined anteversion

is nature’s method of hip stability and has been studied

with THA with finite element reconstruction [47] and by

computer navigation [14]. The acetabular anteversion is

adjusted according to stem anteversion.

Currently, in most computer-assisted navigation systems

that rely on the definition of the anterior pelvic plane, the

plane is derived by identifying three osseous landmarks:

the anterosuperior iliac spines and the pubic symphysis [9–

11, 13, 23, 29]. Computer navigation techniques then use

sophisticated algorithms and tracking systems to allow

surgeons to assess the three-dimensional placement of

instruments and prosthetic components during surgery. In

measuring the outcome of the use of computer navigation

systems, CT scans must be evaluated by the same definition

on the same plane. If the radiographic anterior pelvic plane

was used by the computer navigation, this same plane must

be used for the CT scan. If the computer navigation plane

was adjusted for tilt to the radiographic coronal plane, the

CT scan must be converted. Plain radiographic measure-

ments of acetabular alignment are not directly comparable

to those made on the anterior pelvic plane [29].

All orthopaedic surgeons are familiar with the definition

of inclination and anteversion from anteroposterior pelvic

radiographs [1, 7, 12, 15, 19–21, 30, 31, 33, 34, 46].

Therefore, we recommend all measurements of inclination

and anteversion on CT scans and by computer navigation

be converted to the radiographic inclination and antever-

sion on the coronal plane. Measurement of CT scans and

computer navigation is now based on the anterior pelvic

Table 4. Computer navigation and computed tomography values with cup at 35� of inclination

Tilt Real anteversion (�) Measurement of inclination (�) Measurement of anteversion (�)

Anatomic Radiographic Anatomic Radiographic

PT PT* MONT CN PT PT* MONT CN

No tilt 0 35 35.0 35.2 35.3 0 0.0 0.1 -0.3

10 36 35.5 34.6 34.7 11 6.4 6 6.3

20 35 33.3 33.6 33.0 20 11.3 11.2 12.0

30 35 31.2 31 31.3 30 16.7 16.5 17.0

40 35 27.9 28.2 28.3 41 22.1 21.3 21.7

50 35 24.2 23.8 24.0 50 26.1 26 26.3

Posterior pelvic tilt 6� 0 35 35.0 35 34.3 0 0.0 0 0.3

10 35 34.5 34.5 34.0 11 6.3 5.9 6.0

20 35 33.3 33.8 33.3 20 11.3 11.5 11.3

30 35 31.0 31.5 31.0 31 17.2 16.4 16.3

40 35 27.9 28.5 27.3 41 22.1 22 22.0

50 36 25.0 24.5 24.0 50 26.8 26.4 26.3

Anterior pelvic tilt 6� 0 35 35.0 34.5 34.3 0 0.0 0.1 0.7

10 35 34.6 34.2 34.7 10 5.7 5.7 5.7

20 35 33.3 33.4 33.7 20 11.3 11.2 11.0

30 35 31.0 31 31.3 31 17.2 16.5 16.3

40 35 28.2 28.5 29.7 40 21.6 21.5 22.0

50 35 24.2 24.3 24.3 50 26.1 26 26.3

* These values were calculated from the anatomic values from HipNavTM; PT = HipNavTM; MONT = Navitrack1; CN = computer

navigation.
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plane. Converting to the radiographic coronal plane allows

comparison to the measurements made for inclination and

anteversion on the anteroposterior pelvic radiograph. It is

important that a common technique of measurement is used

and this provides the most useful common technique.

There is support for the coronal plane from other

investigators. The anterior pelvic plane can vary by 10� or

more from the coronal plane in some patients [9, 16, 29, 35,

41]. Therefore, there is support for the concept of func-

tional orientation of the acetabular component, which is

based on the longitudinal axis of the body (coronal plane)

[9, 29, 35]. This was first suggested in 1990 by McCollum

et al. [31] who recommended adjusting cup placement

based on the longitudinal axis of the body as a means of

reducing dislocation after THA. Pelvic orientation is

unique to each patient and changes with patient position.

Placing the acetabular component without considering the

relationship of the pelvis to the longitudinal axis of the

body can lead to dislocations, although the cup may have

been placed ideally relative to the bony anatomy of the

anterior pelvic plane [31, 44].

By using the radiographic coronal plane, the numeric

values reported for inclination and anteversion will be the

same as surgeons are accustomed to using. The confusion

that can occur without a common measurement is

illustrated by the recommendations of combined antever-

sion of the cup and stem in THA in three different

publications. Widmer and Zurfluh [47] recommended a

combined anteversion of 37.3�, which was based on Mur-

ray’s radiographic plane. Jolles et al. [24] recommended

40� to 60�, which was measured from a special lateral

radiograph, and the anteversion of the cup is not compat-

ible with Murray’s definition or routine radiographic

measurement method. Komeno et al. [28] studied disloca-

tion using two-dimensional CT scans and reported

combined anteversion of 72.2� for patients with anterior

dislocation, 27.4� in patients with posterior dislocation, and

47.8� as optimal. These numbers were obtained by using

only a single cut through a two-dimensional CT scan and

were not correlated to any of Murray’s plane. That is the

reason the numbers are so high compared with numbers

measured on the radiographic coronal plane with three-

dimensional reconstructed CT scans.

We have summarized the different definitions of ace-

tabular positions of inclination and anteversion used in the

literature. Because there is no common measurement used,

there has been confusion in reporting and comparing

results. The anterior pelvic plane defines the acetabular

position only in reference to the pelvis and therefore is a

static measurement. The coronal plane defines the

Table 5. Computer navigation and computed tomography values with cup at 47� of inclination

Tilt Real anteversion (�) Measurement of inclination (�) Measurement of anteversion (�)

Anatomic Radiographic Anatomic Radiographic

PT PT* MONT CN PT PT* MONT CN

No tilt 0 48 48.0 47.9 46.7 -1 -0.7 0 1.3

10 48 47.6 47.3 46.7 10 7.4 7.8 6.3

20 48 46.4 46.3 45.0 19 14.0 15 15.0

30 48 43.9 43.9 43.0 30 21.8 21.5 21.3

40 48 40.8 40.9 40.0 39 27.9 28.3 27.7

50 48 35.5 35.4 34.7 50 34.7 34.4 33.3

Posterior pelvic tilt 6� 0 48 48.0 48.2 47.0 0 0.0 0 1.0

10 48 47.7 47.6 45.3 8 5.9 7.7 7.0

20 48 46.4 46 45.7 19 14.0 14.8 14.0

30 48 43.9 44 43.0 30 21.8 22 20.7

40 48 40.4 40.1 40.3 40 28.5 28 27.0

50 48 36.6 36 35.7 48 33.5 35.1 33.0

Anterior pelvic tilt 6� 0 48 48.0 48.3 47.3 0 0.0 0 0.3

10 48 47.6 47.3 46.7 10 7.4 7.5 7.0

20 48 46.2 46 45.0 20 14.7 15.3 14.0

30 48 44.2 44.1 43.0 29 21.1 21.8 20.3

40 48 40.4 40.6 40.0 40 28.5 28 27.3

50 48 35.5 35.4 35.0 50 34.7 34.7 33.7

* These values were calculated from the anatomic values from HipNavTM; PT = HipNavTM; MONT = Navitrack1; CN = computer

navigation.
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acetabular position in the functional coronal plane of the

body. Second, surgeons are familiar with the measurement

numbers of the radiographic coronal plane of plain radio-

graphs. For these reasons, we recommend the common

measurement used for reporting computer navigation and

CT scan values be the radiographic coronal plane.

Appendix 1. Equations Connecting Anatomic,

Operative, and Radiographic

Inclination and Anteversion on the Same Plane

OI = asin (sin (AI) * cos (AV)) (1)

OV = atan (tan (AI) * sin (AV)) (2)

RI = atan (tan (AI) * cos (AV)) (3)

RV = asin (sin (AI) * sin (AV)) (4)

AI = acos (cos (OI) * cos (OV)) (5)

AV = atan (cot (OI) * sin (OV)) (6)

RI = atan (tan (OI) / cos (OV)) (7)

RV = asin (cos (OI)* sin (OV)) (8)

AI = acos (cos (RI) * cos (RV)) (9)

AV = atan (tan (RV) / sin (RI)) (10)

OI = asin (sin(RI) * cos (RV)) (11)

OV = atan (tan (RV) / cos (RI)) (12)

AI = anatomic inclination; AV = anatomic version; OI = operative

inclination; OV = operative version; RI = radiographic inclination;

RV = radiographic version; formulas (2), (4), (6), (8), (10), and (12)

are cited from Murray’s formulas [34].

Appendix 2. Converting Inclination and Anteversion

Between the Anterior Pelvic Plane and the Coronal

Plane [29]

A0 = arcsin (- cos (A1) * cos (I1) * sin (a)

+ sin (A1) * cos (a))

(13)

I0 = arcot (cot (I1) * cos (a)

+ sin (a) * tan (A1) / sin (I1))

(14)

AP = pelvic tilt; when converting the anteversion from the anterior

pelvic plane to the coronal plane, I0 and A0 are the inclination and

anteversion on the coronal plane; I1 and A1 are the inclination and

anteversion on the anterior pelvic plane; the a is positive for the

anterior pelvic tilt and negative for the posterior pelvic tilt; when

converting anteversion from the coronal plane to the anterior pelvic

plane, I0 and A0 are the inclination and anteversion on the anterior

pelvic plane; I1 and A1 are the inclination and anteversion on the

coronal plane; the a is negative for the anterior pelvic tilt and positive

for the posterior pelvic tilt.
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