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Abstract: Background and Objectives: Intraoperative fluoroscopy can be used to increase the accu-
racy of the acetabular component positioning during total hip arthroplasty. However, given the
three-dimensional nature of cup positioning, it can be difficult to accurately assess inclination and
anteversion angles based on two-dimensional imaging. The purpose of this study is to validate a
novel method for calculating the 3D orientation of the acetabular cup from 2D fluoroscopic imaging.
Materials and Methods: An acetabular cup was implanted into a radio-opaque pelvis model in nine
positions sequentially, and the inclination and anteversion angles were collected in each position
using two methods: (1) a coordinate measurement machine (CMM) was used to establish a digital-
ized anatomical coordinate frame based on pelvic landmarks of the cadaveric specimen, and the 3D
position of the cup was then expressed with respect to the anatomical planes; (2) AP radiographic
images were collected, and a mathematical formula was utilized to calculate the 3D inclination and
anteversion based on the 2D images. The results of each method were compared, and interrater
and intrarater reliably of the 2D method were calculated. Results: Interrater reliability was excellent,
with an interclass correlation coefficient (ICC) of 0.988 (95% CI 0.975–0.994) for anteversion and
0.997 (95% CI 0.991–0.999) for inclination, as was intrarater reliability, with an ICC of 0.995 (95% CI
0.985–0.998) for anteversion and 0.998 (95% CI 0.994–0.999) for inclination. Intermethod accuracy was
excellent with an ICC of 0.986 (95% CI: 0.972–0.993) for anteversion and 0.993 (95% CI: 0.989–0.995)
for inclination. The Bland–Altman limit of agreement, which represents the error between the 2D
and 3D methods, was found to range between 2 to 5 degrees. Conclusions: This data validates the
proposed methodology to calculate 3D anteversion and inclination angles based on 2D fluoroscopic
images to within five degrees. This method can be utilized to improve acetabular component placing
intraoperatively and to check component placement postoperatively.

Keywords: hip; arthroplasty; replacement

1. Introduction

Appropriate acetabular component position regarding inclination and anteversion
in total hip arthroplasty (THA) is critical to implant function and longevity. Malposition
of the acetabular component may lead to instability, edge loading, impingement, and
early failure [1–5]. Surgeons have traditionally relied on physical anatomic and bony
landmarks as well as direct intraoperative visualization to achieve appropriate anteversion
and inclination of the cup [4,6]. Classic teaching has referenced the “safe zone” of cup
inclination and anteversion (40 ± 10◦ and 15 ± 10◦, respectively). Lewinnek et al. described
this as a way to minimize dislocation risk after primary THA [4]. However, accurate
placement within the safe zone can be challenging using a freehand technique with direct
visualization, due to the inherent difficulty of evaluating three-dimensional angles with
variable patient alignment on the operating table (more specifically the position and tilt of
the pelvis) [7,8]. Callanan et al. have reported that approximately 50% of implants were
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within an acceptable safe range in conventional THA and hip resurfacing [3]. Further,
the Lewinnek safe zone may not be as accurate as previously thought due to the broad
range of cup orientations that result in a higher proportion of outliers [4,9]. Thus, a more
accurate methodology to intraoperatively assess acetabular cup anteversion and inclination
is needed to limit the risk of dislocation, which is the most common complication of THA
within the first two years postoperatively [9,10].

There are several existing techniques that aim to assess acetabular cup position. Com-
puter navigation was developed in the 1990s, with multiple studies showing a significant
improvement in cup positioning [11–14]. However, the popularity of this technique has
decreased due to its complexity and increase in operation time. A mechanical device
pinpointing the anterior pelvic plane to optimize acetabular component placement was
developed by Kievit et al., who found that it improved positioning with respect to the
Lewinnek’s safe zones; however, this device has not been proven to work in the clinical
setting [15]. Perioperative imageless techniques use infrared optical stereoscopy that al-
lows for three-dimensional tracking of the prosthetic components and tools. This method
does not require a specific patient position or exposure to radiation. However, the asso-
ciated hardware has excessive costs, and the calibration procedures increase operative
time [16]. Finally, recent studies evaluating the use of intraoperative fluoroscopic imaging
to optimize component position have shown significant improvements when performing
THA [6,17–21]. However, manual acquisition and interpretation of these images present
challenges in an intraoperative setting, including variability in the radiographic acquisition
technique and complex geometric formulas to assess the 3D position of the cup from the
2D fluoroscopic image obtained [6,17,18,22–25].

The present study proposes a simplified fluoroscopic assessment method that can be
used intraoperatively to accurately measure acetabular cup anteversion and inclination.
Quantitative radiographic assessment tools utilizing software systems have been previ-
ously reported in the postoperative setting [26]. However, validation of a quantitative
intraoperative fluoroscopic software system has not been previously described.

The purpose of this study is to validate the intraoperative software system as an
accurate and reproducible method to measure the position of the acetabular component
obtained from fluoroscopic images. This method, if validated, could provide surgeons with
an intraoperative tool to improve component positioning, better analyze clinical outcomes
including dislocation rates and early failures, and redefine the ideal implant position for
total hip arthroplasty.

2. Materials and Methods
2.1. Experimental Setup

A pelvis model (Sawbones USA, Vashon Island, Washington, DC, USA) was securely
clamped to a table and aligned with a 9-inch C-arm (OEC, GE Healthcare, Salt Lake City,
UT, USA) to produce PA radiographs (Figure 1). Positioning of the pelvis model with
respect to the C-arm was performed by aligning the anterior pelvic plane, which is defined
as the plane of the two anterior superior iliac spines and the pubic symphysis, to the plane
of the X-ray beam, and the cup was positioned in the center of the X-ray beam to eliminate
parallax. The radiographic teardrop line was physically marked with small steel beads.
This was accomplished manually by a trained orthopedic surgeon, who drilled two small
holes in the sawbones model under fluoroscopic guidance. The two small steel beads were
then glued into the holes, so the same points could be collected both radiographically and
physically using the CMM. A coordinate measuring machine was rigidly clamped to the
table and was used to take the 3D measurements.
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Figure 1. Experimental set-up including pelvis model secured with acetabular component in place,
fluoroscopy unit, and the coordinate measure machine Romer Arm.

2.2. Experimental Design

Fluoroscopic PA hip images of an implanted acetabular component (Depuy Pinnacle,
Warsaw, IN, USA) were taken with the cup positioned at every combination of 20, 40, and
60 degrees of inclination and 10, 25, and 40 degrees of anteversion, to within 5 degrees of
each target position. The nine tested cup positions were chosen to validate the accuracy
of the software over a wide range of possible anteversion and inclination angles. Indeed,
while it is important for the software solution to accurately assess cup anteversion when
the cup is well-placed, it is also important for it to give valid measurements when the cup is
incorrectly placed, so the surgeon can appropriately correct it. The range of 20–60 degrees
of inclination and 10–40 degrees of anteversion was chosen to encompass the range of
positions seen in practice, based on the senior author’s experience in the clinical setting.
For each position, X-ray images were taken with the cup alone, with a stem and a small
(32 mm) femoral head, and with a stem and a large (36 mm) femoral head. It was expected
that the radiographs taken with the femoral head present would have lower accuracy than
those taken with the cup alone because it would be more difficult to correctly identify the
acetabular rim on the radiographic image with the femoral head in the way. Therefore, both
sets were collected to determine if the methodology was viable only in the intraoperative
setting (no femoral head) or also in the postoperative setting (with femoral head). The 3D
position of the cup was also collected using the CMM in each position, and the results of
the two methods were compared.

2.3. 3D Analysis

To compute the true anatomic three-dimensional anteversion and inclination angles, a
pelvic coordinate frame was established using a coordinate measuring machine (Romer
Absolute Arm, Hexagon Metrology, Wetzlar, Germany). The anterior axis was defined as
perpendicular to the plane of the X-ray by collecting six points across the surface of the
X-ray receiver and interpolating a best-fit plane through those points, as shown in Figure 2.
The lateral axis was defined as the line connecting the two digitized teardrop points. The
superior axis was defined as the cross product of the anterior and lateral axes. Finally,
the lateral axis was re-calculated as the cross product of the anterior and superior axes to
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ensure an orthonormal coordinate frame. Once this frame was established, the position of
the cup was measured as follows: The inclination angle was defined as the angle between
the plane of the cup rim and the transverse plane of the pelvis. The anteversion angle was
defined by the angle between the lateral axis of the pelvis and the projection of the normal
vector to the plane of the cup rim onto the transverse plane. These angles correspond to the
anatomic criteria described by Murray et al. [27].
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Figure 2. Representation of the 3D data collected using the CMM. The dashed lines represent the
anatomic coordinate frame with the anterior axis (red) perpendicular to the plane of the X-ray, the
lateral axis (pink) parallel to the inter-teardrop line (full green line connecting the yellow and purple
points), and the inferior axis (green) mutually perpendicular to the other two axes. The red circles
represent the points collected along the acetabular rim, and the blue ellipse describes the contour of
the acetabular rim, calculated using a best fit circle in 3D. The light blue line represents the normal
axis to the plane of the acetabular rim, and the red arc between the inferior axis (dashed green line)
and the light blue line is the anatomic inclination angle described by Murray et al. The full purple
line is the projection of the normal axis onto the transverse plane (plane described by the red dashed
line and the pink dashed line). The yellow arc between the lateral axis (dashed pink line) and the
purple line is the anatomic anteversion angle described by Murray et al.

2.4. 2D Analysis

The challenge of the present study was to calculate the three-dimensional anatomic
angles described above, using only data from 2D fluoroscopic images. The proposed
solution uses mathematical formulas calculated from the shape of the ellipse formed by the
rim of the acetabular cup, as shown in Figure 3.
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Figure 3. Calculation of the anatomic anteversion and inclination based on the ellipse described by
the acetabular component rim. The horizontal axis is aligned with the medial/lateral axis of the
pelvis using the teardrop line.

The JointPoint software (JointPoint, Belleair Beach, FL, USA) was used to analyze
the images and perform the calculations. In accordance with the software workflow, two
AP radiographic images were collected. The first image is a full pelvis view, used to
establish the medial–lateral axis of the pelvis by selecting the teardrop points to create an
inter-teardrop line. The brim line is also identified on the full-pelvis image (line tangent
to the quadrilateral surface bisecting the radiographic teardrop (Figure 4A). The second
image is centered on the acetabular component and is used to identify the ellipse created
by the rim of the acetabular component, as well as the brim line, which is visible in both
images (Figure 4B). By identifying the brim line on both images, the medial–lateral axis of
the pelvis can be established in reference to the second image, and the anatomic inclination
and anteversion angles described by Murray et al. can be calculated using the equations
presented in Figure 3.

Medicina 2022, 58, x FOR PEER REVIEW 5 of 12 
 

 

 

Figure 3. Calculation of the anatomic anteversion and inclination based on the ellipse described by 

the acetabular component rim. The horizontal axis is aligned with the medial/lateral axis of the pel-

vis using the teardrop line. 

The JointPoint software (JointPoint, Belleair Beach, FL, USA) was used to analyze the 

images and perform the calculations. In accordance with the software workflow, two AP 

radiographic images were collected. The first image is a full pelvis view, used to establish 

the medial–lateral axis of the pelvis by selecting the teardrop points to create an inter-

teardrop line. The brim line is also identified on the full-pelvis image (line tangent to the 

quadrilateral surface bisecting the radiographic teardrop (Figure 4A). The second image 

is centered on the acetabular component and is used to identify the ellipse created by the 

rim of the acetabular component, as well as the brim line, which is visible in both images 

(Figure 4B). By identifying the brim line on both images, the medial–lateral axis of the 

pelvis can be established in reference to the second image, and the anatomic inclination 

and anteversion angles described by Murray et al. can be calculated using the equations 

presented in Figure 3.  

 

Figure 4. Fluoroscopic images used for 3D angle calculations. (A) shows the full-pelvis AP view 

with the teardrop line passing through the two dark circles created by the previously described steel 

beads, and the brim line. (B) Shows the acetabular cup view with the brim line and the ellipse de-

scribed by the acetabular cup rim. The teardrop-brim line angle is used to identify the medial–lateral 

axis on the acetabular cup view. 

Figure 4. Fluoroscopic images used for 3D angle calculations. (A) shows the full-pelvis AP view with
the teardrop line passing through the two dark circles created by the previously described steel beads,
and the brim line. (B) Shows the acetabular cup view with the brim line and the ellipse described by
the acetabular cup rim. The teardrop-brim line angle is used to identify the medial–lateral axis on the
acetabular cup view.
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Two orthopedic surgeons familiar with the radiographic interpretation of acetabular
component placement independently analyzed the fluoroscopic hip images to measure
interrater reliability, with one rater analyzing the images a second time at a 2-week interval
to measure intrarater reliability. The images were presented in random order and the
investigators were blind to the target position.

2.5. Statistical Analysis

For each analysis of repeatability and reliability, a two-way random effect model
was used to calculate the single measures, absolute agreement version of the intraclass
correlation coefficient (ICC). Non-parametric 95% bootstrap confidence intervals were
reported with each ICC calculation. To further assess reliability, Bland–Altman 95% limit of
agreement analyses were performed. The ICC values that were >0.75 were interpreted as
excellent agreement. All statistical analyses were performed with the statistical package R
version 3.5.0 (R Development CoreTeam, Vienna, Austria).

3. Results

The range of anteversion and inclination for the radiographic images analyzed by
JointPoint, as measured by the coordinate measurement system, was from 6 to 47 degrees
and from 15 to 62 degrees, respectively.

Strong interrater agreement between investigators was found for images containing
only the acetabular cup, with an ICC of 0.988 (95% CI 0.975–0.994) for anteversion and
0.997 (95% CI 0.991–0.999) for inclination. Only the first set of measurements was used for
comparison for the investigator who completed the measurements twice. Interrater Bland–
Altman limits of agreement demonstrated a range of −4 to 4 centered at about 0 degrees
for anteversion and −3 to 1 centered at about −1 degrees for inclination, which are demon-
strated in Figure 5 for the images containing only the acetabular cup. Strong agreement
was found for interrater agreement for both inclination and anteversion parameters among
images with and without femoral heads, as described in Table 1.

Table 1. Complete intrarater analysis including interclass correlation coefficient (ICC) and Bland–
Altman bias and limits of agreement (LOA).

Intrarater

ICC 95% CI Lower
Border

95% CI Upper
Border Bias Lower

LOA
Upper
LOA

A
nt

ev
er

si
on Cup Only 0.995 0.985 0.998 0.320 −2.432 3.072

Cup plus Small Head 0.983 0.952 0.995 −1.500 −5.295 2.295

Cup plus Big Head 0.985 0.971 0.993 −0.722 −5.210 3.766

In
cl

in
at

io
n Cup Only 0.998 0.994 0.999 −0.160 −2.372 2.052

Cup plus Small Head 0.999 0.998 1.000 −0.188 −1.856 1.481

Cup plus Big Head 0.999 0.997 0.999 −0.056 −1.801 1.690
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Figure 5. Bland–Altman limits of agreement for the interrater analysis for the cup only images.

Comparing anteversion measurements taken with images containing only the acetab-
ular cup with no femoral head, interpreted by the same investigator two weeks apart, an
intrarater reliability ICC of 0.995 (95% CI: 0.985–0.998) was calculated. For inclination using
the same images, an intrarater agreement ICC of 0.998 (95% CI: 0.994–0.999) was calculated.
Bland–Altman limits of agreement for the intrarater agreement calculations were −2 to
3 degrees centered about 0 and −2 to 2 centered about 0 degrees, respectively, for antever-
sion and inclination. Strong intrarater agreement was similarly found for both inclination
and anteversion parameters for images also containing small and large femoral heads, as
shown in Table 2 for all intrarater agreement values. Bland–Altman plots demonstrating
limits of agreement for the images with the acetabular component only are presented in
Figure 6.

Table 2. Complete interrater analysis including interclass correlation coefficient (ICC) and Bland–
Altman bias and limits of agreement (LOA).

Interrater

ICC 95% CI Lower
Border

95% CI Upper
Border Bias Lower

LOA
Upper
LOA

A
nt

ev
er

si
on Cup Only 0.988 0.976 0.995 −0.160 −4.429 4.109

Cup plus Small Head 0.941 0.868 0.976 −3.625 −8.834 1.584

Cup plus Big Head 0.940 0.871 0.974 −3.056 −10.459 4.348

In
cl

in
at

io
n Cup Only 0.997 0.991 0.998 −1.040 −3.160 1.080

Cup plus Small Head 0.996 0.989 0.998 −1.438 −3.499 0.624

Cup plus Big Head 0.996 0.988 0.999 −0.833 −3.512 1.846
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Intermethod reliability, defined as an agreement between the measurements of one
investigator using the JointPoint compared to the true measurement acquired using the
robotic coordinate measuring system, demonstrated strong agreement for both anteversion
and inclination, with an interclass coefficient of 0.986 (95% CI: 0.972–0.993) calculated for
anteversion and 0.993 (95% CI: 0.989–0.995) for inclination. Bland–Altman analysis for
the intermethod agreement demonstrated limits of agreement for anteversion of −5 to
4 degrees centered about −1 degree. Limits of agreement for inclination were found to be
0 to 4 degrees, centered at about 2 degrees. Intermethod agreement remained strong for
the measurements also taken with small and large femoral heads in place. Interestingly,
bias was also centered around approximately two degrees for the Bland–Altman inclina-
tion measurements for images with small and large heads in place, similar to what was
observed for the images only containing the acetabular cup. Full detail of the intermethod
agreement measurements is contained in Table 3. Bland–Altman plots demonstrating limits
of agreement for the images with the acetabular component only are presented in Figure 7.

Table 3. Complete intermethod analysis comparing the software analysis to the CMM analysis includ-
ing interclass correlation coefficient (ICC) and Bland–Altman bias and limits of agreement (LOA).

Intermethod

ICC 95% CI Lower
Border

95% CI Upper
Border Bias Lower

LOA
Upper
LOA

A
nt

ev
er

si
on Cup Only 0.986 0.969 0.993 −0.631 −4.886 3.625

Cup plus Small Head 0.978 0.941 0.994 −0.994 −6.094 4.106

Cup plus Big Head 0.966 0.912 0.989 −1.271 −7.791 5.249

In
cl

in
at

io
n Cup Only 0.993 0.988 0.995 2.083 0.282 3.885

Cup plus Small Head 0.993 0.989 0.995 2.133 0.182 4.084

Cup plus Big Head 0.988 0.982 0.992 2.438 −0.147 5.022Medicina 2022, 58, x FOR PEER REVIEW 9 of 12 
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4. Discussion

The most important finding of this study is the validation of the intraoperative flu-
oroscopic analysis software system as an accurate and reliable method for acetabular
component position assessment in a pelvis model, regardless of the presence of a femoral
stem and head. Further studies are necessary to validate this method in the clinical setting.
Accurate placement of the acetabular component during total hip arthroplasty is critically
important, as malposition of the acetabular component may contribute to prosthetic im-
pingement, instability, eccentric wear, edge loading, aseptic loosening, osteolysis, or liner
fracture [2,3,28–32]. Historically, acetabular component placement has been based on the
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“safe zone” proposed by Lewinnek et al. [4]. Traditional methods of component placement
rely on identifying anatomic landmarks or upon surgeon experience, yet in the case of
low volume surgeons, obese patients, and minimally invasive surgical approaches, these
traditional methods for acetabular component positioning may lead to a heightened risk
for malpositioning [3,33].

The use of intraoperative fluoroscopy during hip arthroplasty is purported to im-
prove the accurate placement of the acetabular component [6,17,29,34,35]. Rathod et al.
demonstrated that after a surgeon performed one hundred total hip arthroplasties using
fluoroscopy, the use of fluoroscopy decreased the variability in acetabular component
position for patients positioned in the supine position during a direct anterior approach
compared to a posterior, unguided approach [6]. The benefits of intraoperative fluoroscopic
guidance are most notable when fluoroscopy is used on the supine patient, demonstrat-
ing decreased component variability compared to the use of fluoroscopy during a lateral
approach [17,29,34,35]. With the demand for primary THA expected to increase by 174%
from 2005–2030 and the availability of intraoperative fluoroscopy being almost universal in
developed countries, it is becoming increasingly important to implement strategies that
reduce malalignment and complications associated with malalignment without signifi-
cantly increasing the time in the operating room [34–36]. This is magnified by the fact that
over a third of primary THAs are being performed in hospitals with lower volumes of
these procedures, where data has shown that surgeons with lower volumes have higher
rates of malalignment and complications [34,37]. While these studies have demonstrated
the promise of improved acetabular component positioning with the use of intraoperative
imaging and fluoroscopic assessment software, the previous literature does not discuss
the accuracy or reproducibility of these analysis systems [34,35,38]. The present study is
the first to validate a fluoroscopic analysis system as an accurate and reproducible method
to measure acetabular component position. The results demonstrate excellent intrarater,
interrater, and intermethod agreement.

The most important clinical finding is the narrow range observed for Bland–Altman
level of agreement between the 3D method and the 2D method. For the intermethod
analysis, a range of approximately +/−2 to 5 degrees was observed, indicating that with
high confidence, the 2D method achieved a measurement within 2–5 degrees of the in-
tended target. This narrow range for the limits of agreement combined with the inter- and
intrarater reliability results offers confidence for generalizing the expectation of accuracy
across different users and among the same user across multiple measurements. While the
study methodology did not identify a formal difference between the presence or absence of
the femoral head, a progressive increase in the limits of agreement was observed between
the images taken without a femoral head in place when compared to the images with a
small and large femoral head present. It was also noted by the raters that identifying the
acetabular rim was more difficult with the femoral head in place, which is one explanation
for the observed increase in the limits of agreement. While specific comparative conclusions
regarding the difference in accuracy between the presence or absence of the femoral head
cannot be made, the accuracy and repeatability of the software measurements remained
strong with the presence of the femoral head. An unexpected finding was the bias ob-
served for the inclination angle, showing that the 2D method consistently over-estimated
inclination by two degrees compared to the 3D method. This may be due to the fact that
the trans-teardrop line for pelvis rotation was measured only once by the CMM at the
beginning of the image acquisition process, and only once at the start of the fluoroscopic
analysis system process. If those two measurements were off by two degrees, this may have
produced a consistent disparity in the measurement of inclination, which is most sensitive
to the rotational calibration of the image plane.

The study is not without limitations. First, this study does not account for variability in
the quality of the radiograph when applied to the clinical setting. The current study assumes
a consistent radiographic plane and does not account for clinical factors such as patient
body habitus or radiographic technique which have the potential to introduce error. Second,
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the investigators performing the image analysis were experienced in using the software
and assigning an ellipse to the radiographic images. Less experienced users or varying
component geometry may make ellipse alignment difficult and introduce measurement
error. Third, the method was tested in nine cup positions, designed to encompass the
common range of anteversion and inclination angles seen in practice. However, more cup
positions could be tested to validate the method over a wider range of extreme anteversion
and inclination angles or to add granularity to the validation within the tested range.

5. Conclusions

The present study validates an intraoperative fluoroscopic analysis software system as
an accurate and reliable method for acetabular component position assessment, regardless
of the presence of a femoral stem and head. Future studies may use the clinical data
produced with the use of the software to better understand accurate acetabular component
positioning, which may then serve as a tool to redefine the historical “safe zone”.

Author Contributions: A.W.B., J.T., L.F. contributed to the conception, methodology and design of
the study. A.W.B., B.R.K. contributed to the funding acquisition and resources for the study. A.W.B.
contributed to the project administration. A.W.B., J.T., L.F., B.R.K. contributed to the acquisition of
data. A.W.B., J.T., L.F., B.R.K., B.W.F. all contributed to the analysis and interpretation of data. All
authors contributed to critical revision of the article, provided final approval of the version to publish
and agreed to be accountable for all aspects of the work in ensuring that questions related to the
accuracy or integrity of any part of the work are appropriately investigated and resolved. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported through a research grant provided by DePuy Synthes [#308622].

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank DePuy Synthes for their commitment to this
project through a research grant.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Wera, G.D.; Ting, N.T.; Moric, M.; Paprosky, W.G.; Sporer, S.M.; Della Valle, C.J. Classification and Management of the Unstable

Total Hip Arthroplasty. J. Arthroplast. 2012, 27, 710–715. [CrossRef] [PubMed]
2. Higa, M.; Tanino, H.; Abo, M.; Kakunai, S.; Banks, S.A. Effect of acetabular component anteversion on dislocation mechanisms in

total hip arthroplasty. J. Biomech. 2011, 44, 1810–1813. [CrossRef] [PubMed]
3. Callanan, M.C.; Jarrett, B.; Zurakowski, D.; Rubash, H.E.; Freiberg, A.A.; Malchau, H. The john charnley award: Risk factors

for cup malpositioning: Quality improvement through a joint registry at a tertiary hospital. Clin. Orthop. Relat. Res. 2011, 469,
319–329. [CrossRef] [PubMed]

4. Lewinnek, G.E.; Lewis, J.L.; Tarr, R.; Compere, C.L.; Zimmerman, J.R. Dislocations after total hip-replacement arthroplasties. J.
Bone Jt. Surg. Am. 1978, 60, 217–220. [CrossRef]

5. Jolles, B.M.; Zangger, P.; Leyvraz, P.F. Factors predisposing to dislocation after primary total hip arthroplasty: A multivariate
analysis. J. Arthroplast. 2002, 17, 282–288. [CrossRef]

6. Rathod, P.A.; Bhalla, S.; Deshmukh, A.J.; Rodriguez, J.A. Does fluoroscopy with anterior hip arthroplasty decrease acetabular cup
variability compared with a nonguided posterior approach? Clin. Orthop. Relat. Res. 2014, 472, 1877–1885. [CrossRef]

7. Delagrammaticas, D.E.; Alvi, H.M.; Kaat, A.J.; Sullivan, R.R.; Stover, M.D.; Manning, D.W. Quantitative Effect of Pelvic Position
on Radiographic Assessment of Acetabular Component Position. J. Arthroplast. 2018, 33, 608–614.e1. [CrossRef]

8. Leenders, T.; Vandevelde, D.; Mahieu, G.; Nuyts, R. Reduction in variability of acetabular cup abduction using computer assisted
surgery: A prospective and randomized study. Comput. Aided Surg. 2002, 7, 99–106. [CrossRef]

9. Abdel, M.P.; von Roth, P.; Jennings, M.T.; Hanssen, A.D.; Pagnano, M.W. What Safe Zone? The Vast Majority of Dislocated THAs
Are Within the Lewinnek Safe Zone for Acetabular Component Position. Clin. Orthop. Relat. Res. 2016, 474, 386–391. [CrossRef]

10. Bozic, K.J.; Ong, K.; Lau, E.; Kurtz, S.M.; Vail, T.P.; Rubash, H.E.; Berry, D.J. Risk of complication and revision total hip arthroplasty
among medicare patients with different bearing surfaces. Clin. Orthop. Relat. Res. 2010, 468, 2357–2362. [CrossRef]

11. Jolles, B.M.; Genoud, P.; Hoffmeyer, P. Computer-assisted cup placement techniques in total hip arthroplasty improve accuracy of
placement. Clin. Orthop. Relat. Res. 2004, 426, 174–179. [CrossRef] [PubMed]

http://doi.org/10.1016/j.arth.2011.09.010
http://www.ncbi.nlm.nih.gov/pubmed/22036933
http://doi.org/10.1016/j.jbiomech.2011.04.002
http://www.ncbi.nlm.nih.gov/pubmed/21529811
http://doi.org/10.1007/s11999-010-1487-1
http://www.ncbi.nlm.nih.gov/pubmed/20717858
http://doi.org/10.2106/00004623-197860020-00014
http://doi.org/10.1054/arth.2002.30286
http://doi.org/10.1007/s11999-014-3512-2
http://doi.org/10.1016/j.arth.2017.09.033
http://doi.org/10.3109/10929080209146021
http://doi.org/10.1007/s11999-015-4432-5
http://doi.org/10.1007/s11999-010-1262-3
http://doi.org/10.1097/01.blo.0000141903.08075.83
http://www.ncbi.nlm.nih.gov/pubmed/15346070


Medicina 2022, 58, 663 11 of 11

12. Haaker, R.G.; Tiedjen, K.; Ottersbach, A.; Rubenthaler, F.; Stockheim, M.; Stiehl, J.B. Comparison of conventional versus
computer-navigated acetabular component insertion. J. Arthroplast. 2007, 22, 151–159. [CrossRef] [PubMed]

13. Dorr, L.D.; Malik, A.; Wan, Z.; Long, W.T.; Harris, M. Precision and bias of imageless computer navigation and surgeon estimates
for acetabular component position. Clin. Orthop. Relat. Res. 2007, 465, 92–99. [CrossRef] [PubMed]

14. Kalteis, T.; Handel, M.; Bäthis, H.; Perlick, L.; Tingart, M.; Grifka, J. Imageless navigation for insertion of the acetabular component
in total hip arthroplasty: Is it as accurate as CT-based navigation? J. Bone Jt. Surg. Br. 2006, 88, 163–167. [CrossRef] [PubMed]

15. Kievit, A.J.; Dobbe, J.G.G.; Mallee, W.H.; Blankevoort, L.; Streekstra, G.J.; Schafroth, M.U. Accuracy of cup placement in total hip
arthroplasty by means of a mechanical positioning device: A comprehensive cadaveric 3d analysis of 16 specimens. HIP Int. 2021,
31, 5865. [CrossRef]

16. Gurgel, H.M.; Croci, A.T.; Cabrita, H.A.; Vicente, J.R.N.; Leonhardt, M.C.; Rodrigues, J.C. Acetabular component positioning
in total hip arthroplasty with and without a computer-assisted system: A prospective, randomized, and controlled study. J.
Arthroplast. 2014, 29, 167–171. [CrossRef]

17. Beamer, B.S.; Morgan, J.H.; Barr, C.; Weaver, M.J.; Vrahas, M.S. Does Fluoroscopy Improve Acetabular Component Placement in
Total Hip Arthroplasty? Clin. Orthop. Relat. Res. 2014, 472, 3953–3962. [CrossRef]

18. Ji, W.; Stewart, N. Fluoroscopy assessment during anterior minimally invasive hip replacement is more accurate than with the
posterior approach. Int. Orthop. 2016, 40, 21–27. [CrossRef]

19. Fotouhi, J.; Alexander, C.P.; Unberath, M.; Taylor, G.; Lee, S.C.; Fuerst, B.; Johnson, A.; Osgood, G.; Taylor, R.H.; Khanuja, H.;
et al. Plan in 2-D, execute in 3-D: An augmented reality solution for cup placement in total hip arthroplasty. J. Med. Imaging 2018,
5, 021205. [CrossRef]

20. Donati, F.; Costici, P.F.; De Salvatore, S.; Burrofato, A.; Micciulli, E.; Maiese, A.; Santoro, P.; La Russa, R. A Perspective on
Management of Limb Fractures in Obese Children: Is It Time for Dedicated Guidelines? Front. Pediatrics 2020, 8, 207. [CrossRef]

21. Hirschmann, M.T.; Afifi, F.K.; Helfrich, C.; Wirz, D.; Schwägli, T.; Overhoff, H.M.; Moser, W.; Friederich, N.F. Navigated total hip
arthroplasty using a 3-D freehand ultrasound system: Technical note and preliminary results. Orthopedics 2011, 34, e816–e820.
[CrossRef] [PubMed]

22. Siebenrock, K.A.; Kalbermatten, D.F.; Ganz, R. Effect of pelvic tilt on acetabular retroversion: A study of pelves from cadavers.
Clin. Orthop. Relat. Res. 2003, 407, 241–248. [CrossRef] [PubMed]

23. Alvarez, A.M.; Suarez, J.C.; Patel, P.; Benton, E.G. Fluoroscopic imaging of acetabular cup position during THA through a direct
anterior approach. Orthopedics 2013, 36, 776–777. [CrossRef] [PubMed]

24. Slotkin, E.M.; Patel, P.D.; Suarez, J.C. Accuracy of fluoroscopic guided acetabular component positioning during direct anterior
total hip arthroplasty. J. Arthroplast. 2015, 30, 102–106. [CrossRef] [PubMed]

25. Rueckl, K.; Alcaide, D.J.; Springer, B.; Rueckl, S.; Kasparek, M.F.; Boettner, F. Intraoperative measurement of cup inclination using
fluoroscopy requires a correction factor. Arch. Orthop. Trauma Surg. 2019, 139, 1511–1517. [CrossRef]

26. Barrack, R.L.; Krempec, J.A.; Clohisy, J.C.; McDonald, D.J.; Ricci, W.M.; Ruh, E.L.; Nunley, R.M. Accuracy of Acetabular
Component Position. J. Bone Jt. Surg. Am. 2013, 95, 1760–1768. [CrossRef]

27. Murray, D.W. The definition and measurement of acetabular orientation. J. Bone Jt. Surg. Br. 1993, 75, 228–232. [CrossRef]
28. Duffy, G.P.; Wannomae, K.K.; Rowell, S.L.; Muratoglu, O.K. Fracture of a Cross-Linked Polyethylene Liner Due to Impingement.

J. Arthroplast. 2009, 24, 158.e15–158.e19. [CrossRef]
29. Moskal, J.T.; Capps, S.G. Improving the accuracy of acetabular component orientation: Avoiding malposition. J. Am. Acad. Orthop.

Surg. 2010, 18, 286–296. [CrossRef]
30. Kennedy, J.G.; Rogers, W.B.; Soffe, K.E.; Sullivan, R.J.; Griffen, D.G.; Sheehan, L.J. Effect of acetabular component orientation on

recurrent dislocation, pelvic osteolysis, polyethylene wear, and component migration. J. Arthroplast. 1998, 13, 530–534. [CrossRef]
31. Nishii, T.; Sugano, N.; Miki, H.; Koyama, T.; Takao, M.; Yoshikawa, H. Influence of component positions on dislocation: Computed

tomographic evaluations in a consecutive series of total hip arthroplasty. J. Arthroplast. 2004, 19, 162–166. [CrossRef] [PubMed]
32. Del Schutte, H.J.; Lipman, A.J.; Bannar, S.M.; Livermore, J.T.; Ilstrup, D.; Morrey, B.F. Effects of acetabular abduction on cup wear

rates in total hip arthroplasty. J. Arthroplast. 1998, 13, 621–626. [CrossRef]
33. Archbold, H.A.P.; Slomczykowski, M.; Crone, M.; Eckman, K.; Jaramaz, B.; Beverland, D.E. The relationship of the orientation of

the transverse acetabular ligament and acetabular labrum to the suggested safe zones of cup positioning in total hip arthroplasty.
HIP Int. 2008, 18, 1–6. [CrossRef] [PubMed]

34. Hambright, D.; Hellman, M.; Barrack, R. Intra-operative digital imaging: Assuring the alignment of components when undertak-
ing total hip arthroplasty. Bone Jt. J. 2018, 100B, 36–43. [CrossRef]

35. Ezzet, K.A.; Mccauley, J.C. Use of Intraoperative X-rays to Optimize Component Position and Leg Length During Total Hip
Arthroplasty. J. Arthroplast. 2014, 29, 580–585. [CrossRef]

36. Kurtz, S.; Ong, K.; Lau, E.; Mowat, F.; Halpern, M. Projections of primary and revision hip and knee arthroplasty in the United
States from 2005 to 2030. J. Bone Jt. Surg. Am. 2007, 89-A, 780–785. [CrossRef]

37. Laucis, N.C.; Chowdhury, M.; Dasgupta, A.; Bhattacharyya, T. Trend Toward High-Volume Hospitals and the Influence on
Complications in Knee and Hip Arthroplasty. J. Bone Jt. Surg. Am. 2016, 98, 707–712. [CrossRef]

38. Penenberg, B.L.; Samagh, S.P.; Rajaee, S.S.; Woehnl, A.; Brien, W.W. Digital Radiography in Total Hip Arthroplasty. J. Bone Jt. Surg.
Am. 2018, 100, 226–235. [CrossRef]

http://doi.org/10.1016/j.arth.2005.10.018
http://www.ncbi.nlm.nih.gov/pubmed/17275626
http://doi.org/10.1097/BLO.0b013e3181560c51
http://www.ncbi.nlm.nih.gov/pubmed/17693877
http://doi.org/10.1302/0301-620X.88B2.17163
http://www.ncbi.nlm.nih.gov/pubmed/16434517
http://doi.org/10.1177/1120700019874822
http://doi.org/10.1016/j.arth.2013.04.017
http://doi.org/10.1007/s11999-014-3944-8
http://doi.org/10.1007/s00264-015-2803-x
http://doi.org/10.1117/1.JMI.5.2.021205
http://doi.org/10.3389/fped.2020.00207
http://doi.org/10.3928/01477447-20111021-08
http://www.ncbi.nlm.nih.gov/pubmed/22146195
http://doi.org/10.1097/00003086-200302000-00033
http://www.ncbi.nlm.nih.gov/pubmed/12567152
http://doi.org/10.3928/01477447-20130920-06
http://www.ncbi.nlm.nih.gov/pubmed/24093690
http://doi.org/10.1016/j.arth.2015.03.046
http://www.ncbi.nlm.nih.gov/pubmed/26105615
http://doi.org/10.1007/s00402-019-03168-w
http://doi.org/10.2106/JBJS.L.01704
http://doi.org/10.1302/0301-620X.75B2.8444942
http://doi.org/10.1016/j.arth.2007.12.020
http://doi.org/10.5435/00124635-201005000-00005
http://doi.org/10.1016/S0883-5403(98)90052-3
http://doi.org/10.1016/j.arth.2003.09.005
http://www.ncbi.nlm.nih.gov/pubmed/14973858
http://doi.org/10.1016/S0883-5403(98)80003-X
http://doi.org/10.1177/112070000801800101
http://www.ncbi.nlm.nih.gov/pubmed/18645966
http://doi.org/10.1302/0301-620X.100B1.BJJ-2017-0596.R1
http://doi.org/10.1016/j.arth.2013.08.003
http://doi.org/10.2106/00004623-200704000-00012
http://doi.org/10.2106/JBJS.15.00399
http://doi.org/10.2106/JBJS.16.01501

	Introduction 
	Materials and Methods 
	Experimental Setup 
	Experimental Design 
	3D Analysis 
	2D Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

