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Abstract
Background:Cross-table lateral (CL) radiography is aconvenientandfeasible method toassess cup version
angle (VA) after total hip arthroplasty; however, the pelvic tilt (PT) may contribute to its measurement
inaccuracy.We sought (1) to determinethe effect of the PT on cup version measurement on CL
radiography and (2) to develop a method for reducing measurement errors caused by the PT.

Methods: Two groups of VAswere measured respectively on 3D simulatedCL images and CL radiographs.
Based on the data, we created a corrective formula to convert the radiographic measurements into values
approximating the actual VA under a natural pelvic position. The corrected valueswere compared with
computed tomography (CT) measurements to veri�ed the corrective formula.

Results:There was a high correlation between the measurements and PTs. For each 1-degree increased in
the PT, the VA decreased by 0.76° (R²=0.995, p<0.001). The VA measurements corrected by our equation
was in high agreement with the CT-measured valueswithreferenceto the corresponding PT (intra-class
correlation coe�cient [ICC]=0.988, p<0.001), which was in sharp contrast to that without PT control
(ICC=0.454, p=0.203).

Conclusions: ThePT may contribute to cup version measurement inaccuracies on CL radiography. Our
mathematical algorithm can serve as a reliable method to improve the accuracy of CL radiography.

Introduction
Malposition of acetabular components during total hip arthroplasty (THA) is known as the major risk
factor contributing to complications, such as dislocation[1], impingement[2], and accelerated bearing
wear[3]. Accurate assessment ofthe version angle (VA) of acetabular componentsis important to predict
the potential risk of thesecomplications after THA[1-5].Computed tomography (CT) is considered the
most accurate method for the measurement of cup anteversion; however,cost burden and radiation
exposure may limit its application on a routine basis[6-8].Conversely, plain radiographyis still commonly
employedin clinical practice, including anteroposterior (AP) radiography and cross-table lateral (CL)
radiography.

CL radiographymay be a moreconvenient and feasible method than AP radiography, in which cup
versioncan be directly measuredand anteversion and retroversion can be discriminated from each other
[9, 10]. Although it may provide acceptable assessment of acetabular component position, it is not
reliable enough for precise measurement[10-12]. The relationship between thepelvictilt (PT)and cup
version measurement is well established. Previous studies have consistently shownthat each degree of
anterior or posterior tilt of the pelvis will change the cup versionmeasurement by approximately 0.8° [13-
16].Concerns on the in�uence of pelvic inclination variationscaused by �exion of the contralateral hip
joint during CL �lm shooting on the accuracy of cup version measurements have been raised.
However,the extent to which thePT affects CL radiographic measurements and how to compensatefor
this effecthave not been well studied.
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In this study, we aimed to determine the effect of the PTon cup version measurementsonCL radiography
and to develop a feasiblemethodfor modifying measurement inaccuracies caused by the PT.

 

Patients And Methods
De�nition

The PTis usually de�ned as the angle between the anterior pelvic plane (APP) and the coronal plane[17].
However, during the course of measuring the PT on lateral radiographsobtained in the supine position, the
two anterior-superior iliac spines of patients were not aligned owing to the postural change and
unclearasobscured byintestinal gas, which made measurement di�cult to perform. Thus, given the
convenience and reproducibility of measurement, we de�ned the PT as the angle created by a line
running from the �rst sacral midpoint to the symphysis pubis and a line perpendicular to the horizontal
plane in the supine position(Fig. 1a).To determine the normal value, we selected six healthy volunteers
(three men and three women,aged 65 to 75years) without pelvic deformities and a history of surgeries to
undergo pelvic CT scan for the creation ofthree-dimensional (3D)anatomically accurate pelvic models
using Geomagic Design X 2016 (Geomagic Inc., Morrisville, North Carolina, USA). The mean PT of the six
3D models measuredin accordance with our de�nition was 60.22° (range, 58.9°-62.3°). Accordingly, a PT
of 60° was set as a natural position to eliminateall confusingfactors.

VAsmeasurement on simulated CL images

To identify the in�uence of the PT on the acetabular cup version measurement on CL radiography, we
constructed the 3D postoperative models of the pelvis usingGeomagic Design X 2016. Initially, we used a
laser equipment to scan the titanium converge acetabular cups with a diameter of 48-52mm
(Trilogy® Acetabular Hip System, Zimmer, Warsaw, Indiana, USA) to establish the cup models. The pelvic
models were already completed during the measurement of the normal value of the PT as previously
de�ned. Thereafter, an inclination of 60° was set as the natural position of the pelvic models as described
above. According to the safe zone described by Lewinnek et al. [1], an anteversion of 15° and an
inclination of 45° were set as the initial position before the cup models were implanted. After the
parameters were settled down, the six postoperative hip models were completed by implanting the
prostheses into the pelves. We set the cup anteversion measurement and the PT as different units so that
the actual VA could be changed. The setting range of the PT and actual VA was 20°-80°and 0°-40° at
intervals of 5°.

The procedure forCL radiographyhas been described in detail in a previous study[18]. To simulate this, we
placedthe completed3D model in thesupine position, rotated it clockwise to 45°, and centered it on the top
of the acetabular cup. Thereafter, the model was projected onto the coronal plane, and a two-dimensional
image was captured by screen as a CL �lm simulation.The measurementof the VA on CL radiography
was performed using the method introduced by Woo and Morrey(Fig.1b)[9].
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After different groups of the PT and actual VA were set up, the VAswere measured on the CL simulated
radiographs from thesix 3D models. From these data, a mathematical equationrelated tothe PT, actual
VA, and measured VA was derived. Through the formula, the VA measurement could be converted into the
actual VA of the 3D model under the PT of 60°, which indicates that using a mathematical solution can
transfer values of cup version from the individual pelvic position to the natural pelvic position.

VAs measurement on real CL �lms

A total of 50 patients who underwent primary THAfor hip degeneration diseases were recruited in this
study between July 2019 and December 2019, including four men and nine women with an average age
of 56 years (range, 32-78 years) andbody mass index of 22.74 kg/m2(range, 17.60-24.84 kg/m2). None of
the patients had spinal or pelvic surgeries or deformities. The same team of surgeons performed
allcementless THAs using a posterolateral approach or a direct anterior approach. All acetabular cups
were selected from the Trilogy® Acetabular Hip Systemand R3®Acetabular Hip System (Smith&Nephew,
Inc., Memphis, Tennessee, USA). This study was approved by the ethics committee of our institution. All
patients provided written informed consent.

To measure the VA and PT, we performed CL radiography and additional lateral radiography1 day after
surgery for each patient. For CL radiography, the patients were placed in the supine position with the
contralateral hip �exed at 90° and the contralateral leg placed on a small stand to maintain the position.
The radiation beam was positioned parallel to the examination table at 45° to the long axis of the body,
and the radiographic �lm was positioned perpendicular to the examination table[18]. The method used to
measure the anteversion of the acetabular cup on the CL radiographs was in accordance with the method
used in the 3D simulation (Fig.1c).For additional lateral radiography,the patients’ posture was maintained
at the level of the CL �lm to ensure that the PT was invariable. However, the difference was thatthe
radiographic incidence was adjusted from 45° to 90°, enabling the measuring markers to be displayed
completely and clearly. The method used to measure the PT on this lateral radiograph was based on the
PT de�nition(Fig.1d).

Consistencyveri�cation by CT

The accuracy and reliability of the measured VA and corrected VA were veri�ed by comparing them with
the CT values.The patientsunderwenta CT scan for the pelvis 7 days after surgery and were placed in the
supine position with the bilateral hip joints in a neutral position. To ensure that the VA measured on CT
and CL radiographywas compared at a consistent PT, we used Geomagic Wrap 2017 (Geomagic Inc.) to
create the 3D pelvic model based on CT data so that the PT could be set to a certain value.The VAwas
measured under the PT set to the measured value onthe radiographs and 60° to compare the CL
radiography-measuredVA and the formula-corrected VA.The method of measuring the VAon CT was
referenced to a previous study(Fig.1e)[10].

Statistical analysis
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Three quali�ed orthopedic surgeons performedall measurements. The intra-class correlation coe�cient
(ICC) and 95% con�dence interval were calculated to assess the intra-and inter-observer reliabilities. We
used the two-way randomeffects intra-class correlation model and absolute agreement to calculate the
ICC: an ICC of 1 indicated perfect reliability, while an ICC of 0 indicated the opposite. Linear regression
was used to assess the correlation between thePT and acetabular cup anteversion. The ICC was used to
determine the validity of the measured VA and corrected VA by comparing them with the corresponding
CT values.Statistical analyses were performed using SPSS ver. 22.0 (SPSS Inc., Chicago, Illinois, USA).
The signi�cance level was set at p-values of <0.05.

Results
Repeatability

All intra-observer and inter-observer ICCs were excellent for the measurements of the PT obtained from
the additional lateral radiographs and VA obtained from the CL radiographs, 3D-simulated CL
radiographs, and CT scans.

Effect of the PT on VA measurement

The mean values of the VA under different actual anteversion anglesand PTsare shown in Table 1. A
signi�cant tendency could be seen from the scatter plot(Fig.2a)drawnon the basis ofthe measured error
under thePT difference. The measured error decreased along with the PT closer to 60°. A Pearson
correlation coe�cient of 0.998 (p<0.001) was obtained in the correlation analysis, indicating a high
correlation between the measured error and PT. The linear regression equation wasy=−0.76x−0.13
(R2=0.995, p<0.001), showing thatfor each 1-degree differencein the PT from the standard value (60°), the
measured error increased (0.76°).

Equation derivationprocedure

From the data presented in Table 1, different linear correlations between thePT and measurement under
the different actual VAs are shown in Figure 2b. By integrating the different linear correlations, we used
equation 1 to represent the gross linear correlations between the PT and measurement;bwas de�ned as
the intercept on the y-axis. We established a mathematical correlation (equation 2) between the intercept
of the lines representing the different actual VAs on the y-axis and the corresponding actual VA. Finally,
the two equations were integrated and transformed to obtain equation 3, which could be applied to
convert the VA into the actual value in the 3D-simulated CL radiograph under the PT of 60°.
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VAm: Measurement of the acetabular cup version angle. VA: Actual acetabular cup version angle set in
three-dimensional simulation. b: y-intercept

Accuracy and agreement

The consistency test indicated that both the measured value of the VA (ICC=0.997, p<0.001) and its
formula-converted value (ICC=0.988, p<0.001) were in high agreement with the CT-measured value
adjusted by the corresponding PT. In contrast, the consistency between the anteversion measurement and
CT measurement without PT adjustment was poor (ICC=0.454, p=0.203).

Discussion
In the present study, we established 3D postoperative models for CL radiograph simulation and data
analysis. The advantages are that each variable can be set independently within a wide range, and
confounding factors can be effectively controlled. The analysis showed that the PT had a signi�cant
effect on the measurement of the VA on CL radiographs. The formula we derived can convert the
measured values under different PTs into actual values under the natural pelvic position. After comparing
the corrected values from the clinical measurement data withthe CT values, we found that they were
highly consistent, which con�rmed the high �delity and reliability of the 3D simulationmethod and
inferred formula. Our correction approach can effectively improve the accuracy of CL radiographywhen
measuring the VA.

This study has several limitations. First, the data in our study were obtained from 3D models based on
cases of a non-deformed pelvis because we sought to avoid the interference of other confounding factors
(such as osteophytes and deformities) when determining the effects of the PT. The �ndings may not be
suitable for abnormal cases. Second, we used the outline of the 3D images to replace the actual
radiographs, enabling the setting of variables to be more accurate and extensive; however, the
magni�cation of the radiographic edge cannot be well simulated, although it will not have a great impact
on the measurement of the central visual �eld.

Reports in the literature with regard to the accuracy of CLradiographic measurement compared with that
of CT measurement are con�icting [6, 11, 19, 20]. Some investigators found that the CL radiographic
value was smaller than the CT value[11, 20], while others revealed the opposite [6, 19].However, no control
or in�uencing factors, such as the PT, was examined in those studies. The current study bridged the gap
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and identi�ed the signi�cant implications of the PTon the accuracy of CL radiographic measurement.
When the PT changed by 1°, the measurement error could reach 0.76°. If the PT deviates signi�cantly
from the norm, the error may be considerable.Unfortunately, during the course ofCL �lm imaging, the
�exion of the lower contralateral extremities to avoid occlusion would lead to variations in the PT, which
would be more pronounced in patients with contralateral hip stiffness. Moreover, for CT measurement,
owing to the factors of anatomical speci�city, pathological changes, and poor posture,there will inevitably
be potential differences in the PT among different patients. When the PTwas balanced betweenthe CL
radiographic and CT measurements, we were pleasantly surprised to �nd that the two measurements
were highly consistent (ICC=0.997,p<0.001); however, thesewere in sharp contrast to those without control
(ICC=0.454, p=0.203). Accordingly, we believe that the PT is the main factor affecting the accuracy of CL
radiographic measurement.

To reduce this effect, we derived a correction formula, which can convert the measured values under
different PTs into the actual VA values under the natural pelvis, and it was veri�ed to be reliable after
comparison with the CT values. Several methods have been described for correcting the error of VA
measurementowing to the PT in previous studies[15, 21, 22]. Some of them used formulae as we did[15,
21], while othersmodi�edmethods using special techniques, such as normograms[22].However, these
methods are relatively complex and cumbersome. In contrast, our method can achieve reliable correction
only through a simple equation.

Nevertheless, both the de�nition of the safety zone and the correction method were evaluated on the
basis of the supine position. It has been reported that there are different changes in acetabular cup
anteversion in different positions. Lazennecet al.[23] performed a CT scan in the supine and standing
positions in patients undergoing hip replacement, �nding that the VA signi�cantly increased in the
standing position because of the change in the included angle between the patient functional plane and
the APP, which exceeded the limits of the safe zone de�ned by Lewinnek et al. [1]. Therefore, only
evaluating the acetabular component anteversion in the supine position is not su�cient. Mathematical
algorithm may be employed to solve this problem. For instance, a patient was selected to receiveCL
radiography and additional lateral radiography to measure the VA and PT in the supine position 1 day
after THA. One more lateral radiography at the standing position was performed on this patient to
measure the PT 1 month after surgery. Through our equation, the actual VA in the standing position was
calculated. If we include a few more patients for analysis, a new formula between the PT and VA in the
standing position would be developed, indicating that by obtaining only a lateral �lm to measure the PT
in the standing position, we can determine the actual VA using the equation. Thus, our next study is
aimed at determining whether potential mathematical correlation could be explored to calculate actual
acetabular anteversion in the standing position, making it possible to more easily and precisely assess
the position of the acetabular cup afterTHA.

Conclusion
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For avoiding the occurrence of adverse events after THA, a simple, accurate, and cheap assessment for
cup version is necessary. CL radiography is a potentially eligible method butmay present certain
errorsowing to variations in thePT. For each 1-degree change in the PT, the measurementerror can reach
0.76°. However, aftercorrection for the PT using our equation, the measured value can be converted to the
approximate anatomical anteversion value under the natural pelvic position, which would be in high
agreement with the CT value. Our mathematical algorithm can serve as a reliable method to improve the
accuracy of CL radiography.
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Tables
Table 1. Mean measured values under different PTs& actual VAs.
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Pelvic Tilt       Actual VA      

0° 5° 10° 15° 20° 25° 30° 35° 40°

20° 29.60 34.41 39.44 44.59 49.34 54.06 59.82 64.84 70.05

25° 26.03 30.62 35.71 40.65 46.87 51.18 56.69 61.68 66.16

30° 22.57 27.63 32.17 37.99 43.02 48.65 52.39 57.50 63.23

35° 18.70 23.90 29.60 34.20 39.42 44.09 49.58 54.92 59.33

40° 15.30 20.49 25.53 31.32 35.86 40.44 45.00 50.54 55.93

45° 11.39 16.54 21.55 26.41 32.22 36.80 41.22 47.02 50.26

50° 8.68 12.83 17.48 21.84 27.24 31.73 37.69 42.36 48.03

55° 6.66 5.48 12.98 18.72 23.28 28.39 33.58 38.12 43.66

60° 0.66 4.11 7.34 13.45 18.76 24.79 30.86 35.59 39.83

65° -2.76 1.32 3.84 11.21 15.51 20.37 26.16 31.80 36.12

70° -9.40 -1.83 0.82 3.59 11.45 17.47 23.34 27.89 32.87

75° -12.75 -6.13 2.31 2.64 6.78 13.46 19.55 24.85 29.52

80° -16.70 -11.63 -4.16 0.80 4.05 9.41 14.44 20.55 25.81

 

Figures
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Figure 1

a Pelvic Tilt in 3D model. Pelvic tilt= the angle created by a line running from the �rst sacral midpoint to
the symphysis pubis and a line perpendicular to the horizontal plane in the supine position. The normal
value is about 60°.b VA Measurements in 3D Simulation. Cross-table radiography was simulated by
capturing a screenshot in the lateral position with rotation angles of 45°. VA was measured using the
following formula: anteversion= angle between a line along the rim of the cup and a line perpendicular to
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the horizontal plane. PS. As the edge of the cup was obscured by the acetabulum, we reconstructed an
acetabulum axis (the green component in the �gure) for convenience and accuracy of measurement.
cMeasurement of pelvic tilt from the lateral radiograph. d Measurement of VA on Cross-table lateral
Radiography. e VA measurement on the transverse plane of 3D-transformed and PT-adjusted CT with the
reference of posterior aspects of the ischium.

Figure 2

aLinear correlation between pelvic tilt difference and measurement error. The linear regression equation
was y= −0.76x−0.13 (R²=0.995, p<0.001). Pelvic tilt difference=Setting pelvic tilt−60°, Measured
Error=Measurement−Actual Anteversion. bLinear correlations involving pelvic tilt and measurement under
differentactual VAs.


