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Abstract

Background Although cross-table lateral radiographs are

commonly used to measure acetabular component version

after THA, recent studies suggest that CT-based measure-

ment is more accurate. This has been attributed to

variations in pelvic tilt, pelvic rotation, and component

inclination. Furthermore, it has been suggested, based on

limited data, that even with ideal positioning of the cross-

table lateral radiograph, CT remains the more accurate

modality.

Questions/purposes We determined whether appropri-

ately positioned cross-table lateral radiographs could

provide accurate measurements of acetabular component

version, and compared accuracy and reliability of mea-

surements from modified cross-table lateral radiographs

with those from standard cross-table lateral radiographs

and CT.

Methods We implanted 27 Sawbones1 pelves with an

acetabular cup using computer navigation. CT, an AP view

of the pelvis, and cross-table lateral and modified cross-

table lateral radiographs were performed for each speci-

men. For the modified cross-table lateral radiograph, the

beam angle varied based on the cup inclination as mea-

sured on an AP view of the pelvis. Two independent

observers measured acetabular component version and

inclination. We calculated intraobserver and interobserver

reliabilities for each method and compared these with

values obtained from navigation presuming that to be the

standard for judging accuracy.

Results Interobserver and intraobserver reliabilities were

greater than 0.95 (95% CI, 0.904–0.999) for all measure-

ments. Correlation with navigated values was 0.96 or

greater (95% CI, 0.925–0.998) for all methods. Although

CT had the highest correlation with navigated values, the

correlations for the modified cross-table lateral and cross-

table lateral radiographs were similar.

Conclusion CT allows for accurate measurement of ace-

tabular component version; however, when properly

positioned, cross-table lateral radiograph-derived mea-

surements are similarly accurate.

Clinical Relevance Our results support the use of plain

radiographs to obtain important measurements after THA.

Introduction

Acetabular component position is an important determinant

of implant stability [12, 15, 20, 26] and bearing surface

wear after THA [10, 12, 28, 31]. Malalignment may

manifest clinically as reduced impingement-free motion,

pain, accelerated wear, instability, or aseptic loosening

[24]. Precise measurement of component position is often
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necessary in the evaluation of patients with postoperative

pain or instability. Although inclination can be measured

from a standard AP radiograph with little difficulty, mea-

surement of acetabular component version is more difficult,

and many orthopaedic surgeons rely on a cross-table lateral

radiograph or CT scan to assess acetabular component

version in patients after surgery [7, 19, 21, 24, 25].

Numerous definitions for anteversion have been used

and therefore some clarification is warranted. Anteversion

can be defined in relation to different planes and land-

marks, giving rise to the terms true or anatomic

anteversion, planar or radiographic anteversion, and oper-

ative anteversion. True anteversion is defined as the angle

between the projection of the acetabular axis onto the

transverse plane and the left-right axis, planar anteversion

is the angle between the acetabular axis and the coronal

plane, and operative anteversion is the angle between the

projection of the acetabular axis onto the sagittal plane and

the craniocaudal axis [1, 7, 22, 32]. We will discuss

assessment of planar anteversion.

AP and lateral radiographs of the hip often are obtained

as part of routine postoperative care after THA. Thus, the

ability to accurately measure acetabular component version

on standard radiographs is convenient and cost effective.

Cross-table lateral radiographs are obtained by flexing the

contralateral hip and directing the beam transversely across

the operative hip, 45� off the horizontal plane. With the

pelvis flat against the table, acetabular component version

can be measured as the angle formed by the long axis of the

ellipsoid projection of the cup base and a vertical line on

the films [7, 32]. Because no calculation is required,

measurement of version can be obtained directly with basic

imaging software or a goniometer. For these reasons, a

cross-table lateral radiograph often is used to assess ace-

tabular component version [4, 7, 23, 27]. However, two

recent publications questioned the accuracy of this method

[7, 24].

Inaccuracy in version measurements obtained from a

cross-table lateral radiograph is attributed to variations in

cup inclination angle and alterations in pelvic tilt and

rotation [7, 32]. A tilted pelvis changes the radiographic

projection and distorts the measurement as the vertical line

on the film will not accurately represent the axial plane.

Further, a standard cross-table lateral radiograph most

closely approximates planar version when cup inclination

is 45� [3]; however, clinical studies showed that cup

inclination varies dramatically from this number [3, 7].

Based on this, we developed the modified cross-table lat-

eral radiograph, wherein the beam angle for the cross-table

lateral view is adjusted based on component inclination.

Using this method, the mouth of the cup appears not as a

wide ellipse, but rather as a straight line [32] (Fig. 1).

Some authors have advocated CT as the gold-standard

imaging modality for measuring acetabular component

version to mitigate the errors seen with cross-table lateral

radiographs caused by poorly standardized patient position-

ing and variable beam-angle orientation [7, 24]; however,

increased cost and ionizing radiation exposure are major

drawbacks to CT imaging. The ideal imaging technique for

measuring acetabular component version would have the

accuracy of CT, but the ease and reduced cost and radiation

exposure inherent to plain radiographs. We hypothesized

that if pelvic positioning and beam angle orientation were

properly standardized, a cross-table lateral radiograph

would provide comparable accuracy to CT for measuring

acetabular component position.

The purposes of this study were twofold: we wished to

(1) determine whether acetabular component version could

be measured accurately with a properly positioned cross-

table lateral radiograph, and (2) establish the relative

Fig. 1A–B (A) The image shows

how the standard cross-table lat-

eral radiograph was modified.

(B) With adjustment of the beam

angle to match component incli-

nation, the mouth of the cup was

projected as a straight line as

opposed to an ellipse.
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accuracy and reliability of CT, cross-table lateral and

modified cross-table lateral radiographs for measuring

acetabular component version.

Materials and Methods

We implanted 27 Sawbones1 pelves (Pacific Research

Laboratories, Vashon, WA, USA) with a noncemented R31

(Smith & Nephew, Memphis, TN, USA) acetabular cup and

one screw using imageless navigation (Smith & Nephew).

Each Sawbones1 pelvis was secured to a vice grip on an

operating table during implantation, and each pelvis was

implanted with one cup. Twenty-seven distinct cup posi-

tions were randomly generated, using a customizable,

online random number-generating program, within a range

of 30� anteversion, 15� retroversion, and 20� to 60� cup

inclination (Table 1). After cup implantation, we securely

fixed specimens in radiolucent cardboard boxes so three

landmarks, the sacrum and bilateral posterior-superior iliac

spines, were securely tied to the floor of the box to minimize

pelvic tilt. We then covered the boxes with a lid to blind the

radiology technician to the actual cup position. Approval

for this controlled laboratory study was obtained from the

Radiology Department research review panel.

Previous analysis of a similar study by Ghelman et al.

[7], studying the performance of radiography versus CT for

determination of acetabular component version, found

intraclass correlation (ICC) of 0.698. Using a more con-

servative estimate of a null hypothesis ICC of 0.750, we

determined that a sample size of 27 subjects with two

observations per subject achieved 81% power to detect an

ICC of 0.900 with a significance level set at p B 0.05.

The cephalic margin of the pelvis was indicated on the

box, but the radiology technician otherwise was blinded to

the orientation of the pelvis. An AP view of the pelvis,

cross-table lateral, and modified cross-table lateral radio-

graphs then were acquired of each specimen. The modified

cross-table lateral image was taken as the final image with

the x-ray tube directed toward the pelvis at the angle the

technician previously measured acetabular component

inclination on the AP view of the pelvis, thus resulting in

the x-ray beam being parallel to the base of the cup. For

example, if the component appeared implanted at 40�
abduction on the AP view of the pelvis, the beam angle was

adjusted from 45� used to image the cross-table lateral

view, to 40� for the modified cross-table lateral view.

We performed CT of each specimen on a Philips Bril-

liance 16-slice CT scanner (Philips, Andover, MA, USA),

acquiring 1-mm contiguous axial images. We then

manipulated the images using a multiplanar reformatting

function in our picture archiving communication system

(PACS) into coronal and sagittal orthogonal images to

accurately measure acetabular component version (Fig. 2).

To ensure appropriate blinding and prevent bias, we

assigned each radiograph or CT a randomized serial

number, allowing the images to be dissociated from the

specimen numbers so one measurement would not influ-

ence the next. Two independent, blinded observers (BG,

CG) measured component version on the cross-table lateral

and modified cross-table lateral radiographs and CT, and

component inclination on the AP radiograph of the pelvis

(Fig. 3). Each observer performed measurements on two

separate occasions at least 1 week apart.

We evaluated specimen characteristics using means and

standard deviations for continuous variables and frequen-

cies and percentages for discrete variables. Two-way

mixed model ICCs on absolute agreement were used to

determine interobserver and intraobserver reliabilities [29].

Finally, we compared the readings of the two observers

with the navigated values to evaluate the consistency of the

readings. To assess the precision of our estimates, we

calculated 95% CIs for each correlation. All p values

Table 1. Navigated component positions for 27 specimens

Specimen

number

Inclination

angle (degrees)

Anteversion

angle (degrees)

1 40 �8

2 25 �4

3 32 10

4 16 �6

5 53 0

6 42 6

7 33 24

8 41 �9

9 33 7

10 32 12

11 46 �4

12 26 19

13 45 30

14 56 �6

15 15 23

16 33 18

17 58 �11

18 33 8

19 27 0

20 58 �8

21 53 4

22 55 �9

23 43 10

24 31 �13

25 41 9

26 27 �2

27 35 6
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reported were results from two-sided tests. Statistical

analyses were conducted using SPSS1 software, version

15.0 (IBM Inc, Chicago, IL, USA).

Results

As expected, measurement of inclination on AP views of

the pelvis was reliable and accurate with all interobserver

and intraobserver reliability coefficients of 0.988 or greater

(Table 2). Comparison of inclination measurements to

navigated values showed a high level of consistency, with

correlation coefficients of 0.988 or greater (Table 3).

Accuracy of acetabular component version measure-

ments in properly positioned cross-table lateral radiographs

also was high. Correlation coefficients when compared

with navigated values were 0.966 and 0.960 for the two

observers (Table 3). Mean absolute differences between

Fig. 2 The image shows how the multiplanar reconstruction function

in our picture archiving communication system (PACS) was used to

directly measure version. The standard technique of measuring on the

axial CT image was modified to account for acetabular inclination

when measuring version.

Fig. 3 The image shows how the inclination angle was measured

relative to the horizontal axis on an AP radiograph of the pelvis.
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navigated and cross-table lateral radiographs measured

values were 4.34� and 4.68� for the two observers (SD,

5.05 and 5.27) (Table 4).

Measurement by all methods correlated closely with

navigated values.

Relative accuracy was greatest for CT-based measure-

ments (ICC, 0.980 and 0.968), followed by modified cross-

table lateral (ICC, 0.971 and 0.963) and then cross-table

lateral-based measurements (Table 3), but these differ-

ences were small and differences in mean measurement

error between methods were insignificant (Table 4).

Interobserver reliabilities were slightly higher for mod-

ified cross-table lateral and cross-table lateral-based

measurements (0.996 and 0.995 respectively) than for

CT-based measurements (0.985) (Table 2). Intraobserver

reliabilities also were slightly higher with modified cross-

table lateral and cross-table lateral-based measurements

than with CT (Table 2). Similarly, differences were noted

in mean interobserver error between CT and modified

cross-table lateral-based measurements (2.2 +/� 2.5 versus

1.2 +/� 1.5; p = 0.052). The difference was less pronounced

between CT and cross-table lateral measurements (1.3 +/�
1.7; p = 0.089) (Tables 5 and 6).

Discussion

Accurate assessment of acetabular component version is

critical when evaluating patients with pain or instability

after THA. Although numerous methods have been

described [7, 13, 19, 21, 32], recent studies have suggested

that CT should be the gold standard owing to its accuracy

and precision [7, 24]. The cross-table lateral radiograph is a

commonly used modality [7, 18]. In an era of increasing

awareness of healthcare spending and the ill effects of

radiation exposure, the benefits of plain radiographs over

CT are obvious. The purposes of this study were twofold.

We wished to (1) determine whether acetabular component

version could be measured accurately with a properly

positioned cross-table lateral radiograph and (2) establish

the relative accuracy and reliability of CT, and cross-table

lateral and modified cross-table lateral radiographs for

measuring acetabular component version.

This study has numerous limitations. First, this study

was an in vitro study, which clearly deviated from imaging

obtained in clinical practice. Specifically, we largely

eliminated the patient positioning variables (pelvic tilt and

rotation) which produce error in clinical practice and used

model pelves with set dimensions as opposed to the ana-

tomic variation seen in the general population. Although a

limitation, it was a calculated decision. If our findings

showed considerable inaccuracy in cross-table lateral-based

Table 2. Intraobserver and interobserver agreement in radiographic measurements

Measurement Inclination

(AP view

of pelvis)

95% CI Acetabular

component version

(cross-table lateral)

95% CI Acetabular

component version

(modified cross-table

lateral)

95% CI Acetabular

component

version (CT)

95% CI

Interobserver 0.995 0.992–0.998 0.995 0.992–0.998 0.996 0.993–0.998 0.985 0.974–0.993

Intraobserver 1 0.988 0.973–0.994 0.997 0.992–0.998 0.999 0.999–0.999 0.988 0.974–0.989

Intraobserver 2 0.998 0.995–0.999 0.987 0.971–0.994 0.985 0.968–0.993 0.956 0.904–0.980

Table 3. Radiologists’ measurements versus navigated values

Reader Inclination

AP view of

the pelvis

95% CI Acetabular

component version

(cross-table lateral

radiograph)

95% CI Acetabular

component version

(modified cross-table

lateral radiograph)

95% CI Acetabular

component

version (CT)

95% CI

Radiologist 1 0.988 0.976–0.994 0.966 0.936–0.984 0.971 0.945–0.986 0.980 0.962–0.990

Radiologist 2 0.995 0.991–0.998 0.96 0.925–0.981 0.963 0.93–0.982 0.968 0.939–0.984

Table 4. Mean error comparison*

Comparison groups p value

Observer 1

CT versus cross-table lateral radiograph 0.302

CT versus modified cross-table lateral radiograph 0.241

Cross-table lateral radiograph versus modified

cross-table lateral radiograph

0.935

Observer 2

CT versus cross-table lateral radiograph 0.470

CT versus modified cross-table lateral radiograph 0.334

Cross-table lateral radiograph versus modified

cross-table lateral radiograph

0.775

* Results of paired t-tests.
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measurements, even in our controlled scenario, then further

attempts to modify clinical protocols for cross-table lateral

radiographs would be futile because the optimal accuracy

of these measurements would be unacceptable regardless

of protocol. Our decision to perform this study using

Sawbones1 specimens allowed for a high degree of control

in pelvic tilt and rotation, which provided a sense of the

maximum accuracy that could be achieved with appropri-

ate modification of clinical imaging protocols. Second, we

had two assumptions in our protocol for the modified cross-

table lateral radiograph. The principle of adjusting the

beam angle to match component inclination angle was

sound and supported by previous studies [6, 32]. Using

fluoroscopy to bring the beam angle in line with the

component inclination angle [6, 13] was based on a study

by Yao et al. [32], who found that version on the axiolateral

cross-table lateral radiograph is equal to planar anteversion

when the beam angulation matches inclination. Our pro-

tocol sought to reproduce this concept by measuring

inclination on the AP radiograph and using this to adjust

the beam angle. This approach first assumes accurate

measurement of component inclination on the AP view of

the pelvis by the technician adjusting the beam angle.

Although our data showed the accuracy and reliability of

this measurement when performed by two trained radiol-

ogists, we did not specifically evaluate the performance of

the radiology technician in this regard. Although the

technician had experience in musculoskeletal imaging and

was trained by our radiologist in these measurements, it is

possible that his measurements were less accurate. The

approach also assumes the beam angle could be positioned

accurately at the desired angle. This may have been more

difficult in practice than in concept. Although this may

have been a shortcoming of the modified cross-table lateral

radiograph, we presumed the attempt to approximate

inclination angle with the angle of the beam could be a

relatively simple modification to the standard protocol that

might have direct application in clinical practice; therefore,

assessment of accuracy of the modified cross-table lateral

radiograph-based measurement seemed worthwhile. Third,

no gold standard exists to validate radiographic or

CT-based acetabular component version measurements in vitro

or in vivo [7]. Therefore, we used computer navigation as

an independent measure of acetabular component version

and compared radiographic measurements with the navi-

gated values. An intrinsic error in computer navigation-

based measurements, which we used as a third measure of

anteversion to compare with our radiographic measure-

ments, has been reported [2, 30]. To diminish error,

navigated cup placement was performed by one operator

(BAM) under ideal in vitro conditions. Several conditions

in our experiment mitigate factors described as compro-

mising navigated results in vivo. Specifically, we assume

landmark identification and registration errors would be

diminished in our study compared with in vivo scenarios

where the overlying soft tissue can interfere with these

processes [2]. Furthermore, the standardization of dimen-

sions in manufactured pelves alleviates concerns regarding

compensation for differences in pelvic tilt as described by

Dorr et al. [5] and Lembeck et al. [14]. We believe these

values have relevance to our study as navigated values ref-

erence from extraarticular anatomic landmarks of the bony

pelvis (namely, the pubic tubercles and anterior-superior

iliac spines) to set a reference plane for the pelvis, similar to

the manner in which CT measurements are taken, and thus

should be independent of the position of the pelvis.

We observed a high degree of accuracy in cross-table

lateral radiograph-based acetabular component version

measurement when positioning variables are appropriately

controlled. Although no gold standard exists for measure-

ment of anteversion [6], two studies evaluating the

reliability of cross-table lateral radiograph-based acetabular

Table 5. Mean difference (degrees) between measurements

Angle Interobserver SD Intraobserver 1 SD Intraobserver 2 SD Mean

error 1

SD Mean

error 2

SD

Inclination 1.90 0.90 2.4 1.53 0.83 0.80 3.09 1.59 1.94 1.54

Acetabular component version

on CT

2.23 2.46 0.74 0.79 2.81 4.79 3.46 2.93 4.15 3.11

Acetabular component version on

cross-table lateral radiographs

1.28 1.70 1.32 0.84 1.27 2.83 4.34 5.05 4.68 5.27

Acetabular component version on

modified cross-table lateral

radiographs

1.23 1.45 0.59 0.43 1.6 3.05 4.41 4.46 4.94 4.68

Table 6. Mean interobserver difference comparison*

Comparison groups p value

CT versus cross-table lateral radiograph 0.089

CT versus modified cross-table lateral radiograph 0.052

Cross-table lateral radiograph versus modified

cross-table lateral radiograph

0.794

* Results of paired t-tests.
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component version measurement have used CT as the

standard for comparison [7, 24]. Nunley et al. [24] com-

pared serial cross-table lateral radiograph measurements

with CT-based measurements and found a strong correla-

tion of 0.82. In a similar comparison, Ghelman et al. [7]

reported a correlation of 0.69. Both studies used clinical

images, and therefore pelvic tilt and rotation were not

fixed. As we expected correlations in our in vitro scenario

were significantly higher than those reported in these

clinical studies (Table 7), showing the importance of

appropriate positioning in clinical practice. In addition,

Ghelman et al. [7] created an in vitro scenario, similar to

ours, using imageless navigation in Sawbones1 pelves to

implant acetabular components in various degrees of

anteversion and inclination and compared navigated values

with CT and cross-table lateral radiograph-based mea-

surements as an in vitro test of accuracy. The ICC reported

for CT was 0.862 as opposed to 0.779 and 0.786 for cross-

table lateral radiographs measured by two observers.

However, sample size was small, using only four speci-

mens and cup positions. We observed considerably higher

correlations in our appropriately powered study, which we

believe to be a more correct estimate of the accuracy of

cross-table lateral radiographs which can be obtained when

pelvic positioning is optimized.

Furthermore, we compared the relative accuracy and

reliability of acetabular component version measurements

obtained from cross-table lateral and modified cross-table

lateral radiographs and CT. Although correlation with

navigated values was greatest for CT, followed by modified

cross-table lateral and cross-table lateral radiographs, these

differences were small and differences in measurement

error were not statistically significant between groups. The

observed differences may have been related to small vari-

ations in pelvic positioning which were difficult to

eliminate, even in our highly controlled scenario. Thus we

showed that cross-table lateral radiograph-based measure-

ments closely approximate the accuracy of CT when pelvic

positioning is controlled. In addition, the accuracy of the

modified cross-table lateral radiograph matched that of CT

and the cross-table lateral radiograph. Our modification of

the standard cross-table lateral radiograph, which was

conceived in an effort to control for variations in component

inclination, did correlate more closely to CT and naviga-

tion-based measurements; however, in our controlled

setting, measurement by all three methods was highly

accurate and differences did not reach statistical signifi-

cance. Our post hoc subgroup analysis showed decreased

error at the extremes of inclination with the modified cross-

table lateral radiograph compared with the cross-table lat-

eral radiograph, however our study was not powered for this

comparison and differences were not statistically signifi-

cant. Comparison of our measurement accuracy to numbers

reported in clinical studies [7, 24] showed an improvement

in baseline accuracy of the cross-table lateral radiograph in

our controlled scenario. This suggests that, although control

for component inclination may improve accuracy of mea-

surements, other variables such as pelvic tilt or obliquity

may have played a larger role in determining the accuracy

of the cross-table lateral radiograph in clinical practice.

Measurement reliability for the modified cross-table lateral

radiograph, in terms of intraobserver and interobserver

measurement error, was actually greater than CT in our

controlled scenario. This may have resulted from the sim-

plicity of the measurement on a single image compared with

the multiple cuts available for measurement on CT scans.

Although these findings were statistically significant, the

difference was small and therefore the clinical significance

is questionable. Some studies have assessed the reliability

of measurements from either AP or cross-table lateral

radiographs and our findings are consistent with the litera-

ture (Table 8) [7–9, 11, 16, 17].

The greatest challenge in any in vitro study is in the

translation of findings into the clinical setting, and our

study was no different. We showed that although CT is the

most accurate modality for measurement of acetabular

component version, properly positioned plain radiographs

also are accurate. In light of the obvious cost and health

benefits for the patient, the pursuit of imaging protocols

that minimize positioning variables which may result in

Table 7. Reported accuracy of CT and cross-table lateral-based measurement

Study Measurement modality compared Number Correlation

coefficient

Mean error

Nunley et al. [24] Cross-table lateral radiograph versus CT* 119 0.82

Ghelman et al. [7] Cross-table lateral radiograph versus CT* 42 0.69 8.7�
CT versus navigation 4 0.862 6.75�
Cross-table lateral radiograph versus navigation 4 0.779 and 0.786 9.3� and 8.2�

Current study CT versus navigation 27 0.980 and 0.968 3.46� and 4.15�
Cross-table lateral radiograph versus navigation 27 0.966 and 0.960 4.34� and 4.68�

* Comparison of angles derived from clinical images as opposed to images of model specimens.
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measurement error is worthwhile and appropriate. Future

research directed at clinical modification of imaging

protocols to improve measurement accuracy on plain

radiographs is warranted. Modification of the cross-table

lateral radiograph by adjustment of beam angle to match

component inclination angle may be one step toward

improvement of accuracy and reliability in a clinical set-

ting. Additional adjustments should be aimed at limitation

of pelvic tilt and rotation. As we work to balance the

benefits of advanced imaging with the crisis in health-care

spending and the ill effects of radiation exposure, our

results support the modification of imaging protocols to

improve the accuracy and reliability of version measure-

ments attainable with plain cross-table lateral radiographs.
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