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Abstract

Background/Aim: Hip replacement is one of the most common and successful surgeries of our time. However, with
increasing numbers of total hip arthroplasties, postoperative complications due to inadequate cup positioning are
rising. Accurate measurement of acetabular cup inclination and anteversion is critical for optimal outcomes. While
various measurement systems exist, they often require additional hardware, specialized training, or lack integration
across the care continuum. This study aims to develop and validate software for automated measurement of acetabular
cup positioning, comparing its performance to standard CAD measurements.

Materials and Methods: The geometric basis for analyzing the acetabular cup is that a hemisphere in 2D projection
forms an ellipse, described by a conic section equation. We developed a Python-based software utilizing computer
vision techniques for edge detection and ellipse fitting to determine anteversion and inclination from standard
radiographs. The software was trained and validated using X-ray images of a pelvic phantom with a conventional
acetabular cup (Allofit, Zimmer Biomet) at various predefined angles. CAD software (MediCAD) served as the validation
standard. The intraclass correlation coefficient (ICC) quantified agreement between methods.

Results: A total of 140 AP X-ray images were analyzed. Inclination averaged 50.69°+15.86° with our software versus
49.40°+15.24° with CAD. Anteversion averaged 14.36°+9.08° versus 14.75°+8.88° with CAD. The ICC was 0.994 for
inclination and 0.992 for anteversion (both p<0.001), demonstrating excellent agreement.
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Conclusion: Our computer-assisted measurement technique demonstrates excellent concordance with standard

methodologies while offering workflow advantages. These results provide a foundation for implementation within computer

vision models for automated spatial positioning recognition. Future development will focus on enhancing automation,

validating across diverse populations and implant designs, and comparing with 3D computed tomography (CT)

measurements.
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Introduction

Total hip arthroplasty (THA) is charmingly referred to as
the operation of the century within the orthopedic
community (1). In the 1960s, hip arthroplasty, “a new
operation,” revolutionized the management of patients
suffering from hip osteoarthritis (2). In the USA, between
2006 and 2014, there was a 69.50% increase in patients
receiving a primary hip prosthesis (3). Due to demographic
changes and the aging population, this trend is expected to
continue, leading to not only more primary implantations
but also an inevitable rise in complication rates (3).
However, it is also observed that the number of revision
surgeries in hip endoprosthetics is increasing as well.
There was a 28.50% increase in revision surgeries
between 2006 and 2014 (3).

With the increasing number of both primary and
revision total hip replacements, there is a critical need
to address factors that contribute to complications,
particularly dislocation, and resulting revision surgeries
(4). Postoperative complications after THA include
heterotopic ossifications, periprosthetic fractures,
infections, material wear, impingement, and acetabular
dislocations (4). Proper positioning of the acetabular
cup is one such crucial factor, directly impacting patient
outcomes, such as impingement and accelerated wear
(5,6).

The positioning of the acetabular cup during the
implantation of a total hip arthroplasty is essential
to ensure optimal surgical outcomes and to prevent
complications (7). The key parameters for cup positioning
are inclination and anteversion relative to the patient’s hip

(7-9). While these key orientation factors can generally
be assessed with conventional X-rays, there is criticism
regarding the applicability of the methodology, as it is
influenced by multiple factors (10-12). Regarding the
orientation of the acetabular cup in space and in relation
to anatomical anchor points, various modern procedures
are proposed in the literature (13). These range from the
purely manual use of a goniometer to the use of CT and
invasive navigation methods; however, the multitude
of proposed procedures and the variability in surgeon
experience suggest that no universally accepted standard
has been established in clinical practice (14-18).

Computer vision (CV), a well-established subset of
artificial intelligence (Al), has demonstrated remarkable
capabilities in medical image analysis. With powerful
open-access frameworks like YOLO (you only look once)
and others widely available, automated detection and
measurement of anatomical structures and implants has
become increasingly accessible, improving consistency
and reducing analysis time (9, 19-22). While CV
technology itself is mature and readily implementable, its
specific application to acetabular cup positioning analysis
represents an opportunity for innovation.

In this study, we propose an algorithm that leverages
existing CV frameworks to automatically detect the
acetabular cup in X-ray images. However, the critical
advancement lies not in the CV-based detection itself,
but in the subsequent mathematical transformation
that converts the two-dimensional elliptical projection
in standard X-rays into an accurate three-dimensional
position determination of the cup, specifically
quantifying its anteversion and inclination angles. This
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Figure 1. Graphical illustration of a circle in three-dimensional space with elliptical shadow projections onto a horizontal plane.

work represents an essential first step toward clinical
implementation by validating our mathematical and
computational framework against current standard
CAD measurements, establishing a foundation for a
more efficient and accessible tool in hip arthroplasty
assessment.

Materials and Methods

Overview of the approach. The approach to software-assisted
geometry analysis in hip arthroplasty builds on a
comprehensive framework comprising four interconnected
components. The foundation is a mathematical model based
on geometric principles of elliptical projections, which
informs the computer vision algorithms for image processing
and feature detection. These components are integrated into
a user-friendly software with a graphical interface, and the
entire system is validated through comparison with
established CAD measurements using standardized
phantom radiographs. Figure 1 provides an overview of the
complete workflow from radiograph acquisition to final
measurement output.

Geometrical and mathematical background. The geometrical
basis for the analysis of the acetabular cup relies on the
principle that a hemisphere in a 2D projection image forms
an ellipse. This fundamental relationship allows inference of
the position of the “hemisphere” in three-dimensional space
from its elliptical projection, using appropriate mathematical

algorithms (Figure 1). Accordingly, to determine the
inclination and anteversion of a hip cup in radiographic
images, the elliptical projection of its circular boundary onto
the image plane can be utilized.

Mathematical framework and parameter definition. To
determine the inclination and anteversion of a hip implant
within radiographic images, the projection of its circular
edge onto the image plane can be modeled as an ellipse
(Figure 1). The shape of this ellipse is described by the
general form of the conic section equation formula:

Ax*+By+Cxy+ Dz + Ey+ F =0

The coefficients A, B, and C define the ellipse’s shape and
orientation, with A and B representing quadratic scaling in
xand y directions, and C encoding rotation. The linear terms
D and E control translation, while F provides normalization.
These six parameters are uniquely determined from five
points on the ellipse contour or by defining the major axis
endpoints. The conic section forms an ellipse when C? -
4AB<0,and a parabola when C? - 4AB=0.

The transformation from 2D projection to 3D spatial
positioningrelies on two key geometric relationships (Figure
2D, E). First, the inclination angle a derives from the ellipse
rotation in the image plane through a=0.5x arctan(C/(A-B)),
where the factor 0.5 accounts for angle doubling in the conic
equation. Second, the anteversion angle y follows from the
principle thatatilted circular cup projects as an ellipse, with
the axis ratio encoding the tilt magnitude.
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Figure 2. Overview of the software-assisted workflow for acetabular cup position measurement, showing the progression from radiograph acquisition
through image processing, ellipse detection, and angle calculation. M: Manually performed; SA: semi-automatically performed; A: automatically performed.

Inclination/Anteversion. The three-dimensional cup
projects an ellipse in two-dimensional space (Figure 1). The
inclination around the z-axis is calculated using the formula
a=0.5xarctan(C/(A-B)) derived from the conic section
coefficients (Figure 2E). This represents the ellipse rotation
relative to the image axes, providing the cup’s medial-
lateral tilt. The anteversion along the x-axis is determined
through y=arccos(L_N/L_H), where L_H and L_N represent
the major and minor axis lengths respectively. These
lengths are computed from the conic coefficients as:

L_H,N=/[(AE* + BD* — 4CDE — 4ABF)/
(4C* — AB ¥ V/((A-B)* + ¢*) — (A+ B))]

This relationship exploits the geometric principle that a
circular cup tilted by angle y projects as an ellipse with axis
ratio L_N/L_H=cos(y). The major axis L_H corresponds
to the true cup diameter, while L_N represents its
foreshortened projection.

Acorrection angle 0 is applied to reference measurements
to pelvic anatomy rather than image coordinates, yielding
the final inclination a_final=a+0. Unlike traditional methods,
this approach does not require referencing a horizontal
line at the symphysis or the ischial tuberosities for basic

measurements, though this anatomical reference can be
incorporated if desired.

Implementation. Ellipse detection and fitting. Currently, the
workflow is implemented as a semi-automated process
(Figure 2). After manually loading an image, preprocessing
and edge detection can be executed by the software using
several Python libraries and filters (Figure 2A-C). The user
can then either mark five points along the cup boundary or
define the major and minor axes of the ellipse (Figure 2D).
Based on these inputs, the system solves the conic section
equation to determine the parameters A through F that best
fit the selected points or axes. Both direct algebraic fitting
and least-squares optimization approaches have been
implemented to accommodate different user inputs and
varying image qualities. While the primary focus of this
paper is on the mathematical transformation algorithm
that converts the 2D elliptical projection into the 3D cup
orientation, we are concurrently developing a fully
automated detection system. In this parallel work, the
Random Sample Consensus (RANSAC) algorithm identifies
candidate ellipses from the edge points and selects the
most probable cup boundary based on geometric
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constraints typical of acetabular cups. It should be noted
that RANSAC itself is not a computer vision technique but
rather a robust mathematical fitting algorithm, serving as
an important bridge between our mathematical
transformation and its future integration into a
comprehensive computer vision model (Figure 2E). This
approach currently achieves approximately 80% successful
automatic detection in phantom images and will be
integrated with the mathematical transformation algorithm
described here in future iterations. Figure 2 illustrates the
software-assisted workflow with the various manual or
(semi-)automated steps leading up to the mathematical
transformation of the 3D cup orientation. In this context,
“manual” refers to loading an image or drawing the ellipse,
whereas “semi-automated” is defined as the application of
the procedure through a single user command, upon which
the algorithm is executed automatically.

Software development and implementation. For analysis
of X-ray images using the mathematical principles
described above, a program in Python 3.9.19 (Newark, DE,
USA) was developed that integrates a user interface with
comprehensive image processing capabilities. The
development was conducted on a personal computer
running Windows 10 Enterprise (Microsoft, Redmond,
WA, USA). Through the implementation of various Python
classes, a standalone software application was created
capable of importing and analyzing both DICOM and JPEG
files, as shown in Figure 3.

Software architecture and libraries. The software was
developed with Python 3.9.19 using several specialized
libraries for different functional aspects. For image
processing, scikit-image (0.19.2) was utilized, while NumPy
(1.22.3) provided the necessary tools for numerical
operations and array manipulations. Visualization and
plotting were handled with Matplotlib (3.5.1), and the
graphical user interface was built using Tkinter (Figure 4).
Medical image file handling was managed through pydicom
(2.3.0), and PylInstaller (5.0.1) was employed to create a
standalone executable application.

Wurzelfenster

Canvas

Bild

Framel

Frame2

Buttonl

Button2
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Button3

Figure 3. User interface of the software created in Python within the
Tkinter package.

Validation methodology. Hip-Phantom. To obtain highly
controlled radiographs for system validation, a specialized
pelvic phantom was developed consisting of a Full Male
Pelvis (Absolute™ 4th Generation 17 PCF Solid Foam Core,
Large, Sawbone Europe, Malmo, Sweden) fitted with a
conventional acetabular cup (Allofit, Alloclassic, Zimmer
Biomet, Zug, Switzerland). The cup was attached to the
Sawbone pelvis using a plexiglass fixture, and the mounting
arm allowed specific positioning of the cup at predetermined
inclination and anteversion angles (Figure 4).

This phantom design enabled the creation of X-ray
images depicting various cup orientations under
controlled conditions. The plexiglass material was chosen
to minimize interference with the images, optimizing the
model to contain as few confounding factors as possible.
The setup allowed for the recording of numerous X-ray
images at different angles, including extreme positions.
In addition to anteversion and inclination adjustments
in 0.5° increments, the entire pelvis could be tilted
both horizontally and vertically to simulate different
radiographic perspectives.
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Figure 4. Original image of the pelvic phantom in the Plexiglas device in various planes.

Measurements. After X-ray images with different angle
settings were captured, they were exported in DICOM format
and loaded into the software. As the next step, we placed 5
points along the cup boundary from which RANSAC
automatically completed the ellipse detection, or alternatively,
users could draw the cup axis directly (Figure 5). Notably,
this approach eliminated the need for a reference line
(required in traditional CAD measurements) for calculating
inclination and anteversion and did not require sphere-
based scaling.

For validation, the same X-ray images were
independently analyzed by an experienced orthopedic
surgeon using MediCAD (MediCAD Hectec GmbH,
Germany, Altdorf Version 3.0.29.21822), a commercial
software for planning and analyzing orthopedic surgeries.
MediCAD offers a tool to determine hip implantinclination
in postoperative mode, accessible through the manual
planning function in the postoperative section. After
importing and scaling an image, the user must define

the implant side relative to the hip and draw a reference
line to access the “Inclination/Anteversion” feature. The
two major axes are positioned manually to determine
inclination, followed by ellipse adjustment for anteversion
measurement (Figure 6).

The orthopedic surgeon scaled each image in MediCAD
using a reference sphere or the implanted hip cup when
available. A reference line was drawn at both ischial
tuberosities, followed by drawing the hip cup axis and
adjusting the ellipse to the appropriate size. The resulting
measurements of inclination (CAD-I) and anteversion
(CAD-A) were then statistically compared with the
software’s measurements (S-I and S-A).

Experimental protocol. For comprehensive validation, a
dataset comprising 140 anteroposterior (AP) radiographs
of the phantom was acquired, featuring the acetabular cup
positioned across diverse orientations. The cup placement
encompassed a broad angular spectrum, with inclination
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Figure 5. Interface of the developed program with five points or axis determining the ellipse.

values ranging from 15° to 88° and anteversion
measurements spanning 1° to 35°.

A standardized analytical protocol was implemented
for each radiographic image: initially, the image
underwent analysis via our software utilizing semi-
automated ellipse fitting with RANSAC algorithm
implementation; subsequently, independent assessment
of the identical image was conducted by an experienced
orthopedic surgeon employing the MediCAD software;
tertiary, quantitative measurements of both inclination
and anteversion angles were documented from both
methodological approaches; and finally, statistical analysis
was performed to evaluate comparative outcomes. This
experimental methodology facilitated direct comparative
assessment between our mathematical transformation
algorithm and the contemporary standard computer-
aided design approach under controlled conditions with
predetermined geometrical parameters.

Statistical analysis. The statistical analysis was performed
using SPSS (version 28.0, IBM Corp., Armonk, NY, USA) on
aWindows 10 Professional system. For each measurement
method (Al and CAD), descriptive statistics including
minimum, maximum, mean, standard deviation, and
variance calculation were conducted.

To assess normality of distribution, both Kolmogorov-
Smirnov and Shapiro-Wilk tests were performed.
Inter-rater reliability between the software and CAD
measurements was quantified using the intraclass
correlation coefficient (ICC), applying a two-way mixed
model with absolute agreement. Following established
guidelines, reliability was considered poor with ICC
<0.5 and good to excellent with ICC >0.8-0.9. The
significance level was set at alpha=0.05 (two-tailed) for
ICC calculations (23, 24).

Ethical approval. This research was conducted in
accordance with the Declaration of Helsinki and received
approval from the local Hannover Medical School
Research Ethics Committee with no concerns raised.

Results

In this study, a total of 140 anterior-posterior radiographic
images of a pelvic phantom were analyzed to validate the
measurements of the software-assisted measurement
against CAD measurement techniques in the first step. The
inclination measurements showed high consistency
between the two methods: The software yielded a mean
inclination of 50.69° [standard deviation (SD=15.86)],
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Figure 6. Illustration of the combined Python classes for automated acetabulum detection and ellipse creation.

compared to 49.40° (SD=15.24) for the CAD measurement
(Table I). The measurement range was between 15° and
88° for the software method and between 15° and 85° for
CAD measurements (Table I). The lowest measured
inclination was 15° for both methods, while the highest
inclination was 88° for the software and 85° for the CAD
measurement (Table I).

The anteversion measurements showed similarly
high precision. The software calculated a mean of 14.36°
(SD=9.08), which was close to the CAD mean of 14.75°
(SD=8.88). The measurement range for anteversion
extended from 1° to 35° for the software and from 1°
to 34° for the CAD measurement. The lowest measured

anteversion was 1° for both methods, while the highest
anteversion was 35° for the software and 34° for the CAD
measurement (Table I).

Normality tests (Kolmogorov-Smirnov and Shapiro-Wilk)
showed different results for the inclination measurements
and the anteversion measurements. For the inclination
measurements, both methods yielded a normal distribution
(AI-I: p=0.200, p=0.513; CAD-I: p=0.200, p=0.670) (Table I).
In contrast, the anteversion measurements showed a more
complex distribution pattern, with the software method not
showing a normal distribution (AI-A: p=0.029, p=0.001).
The CAD anteversion measurements showed a borderline
distribution, as the null hypothesis of normality could be
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Table 1. Descriptive statistics, normality testing, and inter-rater reliability
analysis comparing software-based and CAD-based measurements of
acetabular cup inclination and anteversion in 140 anteroposterior pelvic

Table 1. ASTM E691 precision analysis of software versus CAD-based
measurement methods.

phantom radiographs. Inclination Anteversion
Statistics S-1 CAD-I S-A CAD-A n 140 140
(Inclination)  (Inclination) (Anteversion)(Anteversion)  Repeatability (s;) 1.39 1.14
Repeatability () 3.90 3.18
Descriptive Between (s_L) 1.07 0.26
(n=140) Reproducibility (s_R) 1.75 1.17
Minimum 15° 15° 1° 1° Reproducibility (R) 491 3.27
Maximum 88° 85° 35° 34° Bias 1.51 -0.37
Mean#SD  50.69°+15.56 49.40°+15.24 14.36°:9.08 14.75°+8.58
Normal
distribution ° . . 1 -1-
Kolmogorov-  p=0.200 =0.200 =0.029 p=0.200 (s_L) was 1.07°, resulting in a reproducibility standard
Smirnov deviation (s_R) of 1.75° and a reproducibility limit (R) of
Ig}éaplm'Wﬂk p=0.513 0994 p=0670 p=0.0010 992’7:0'001 4.91°. The bias between the software and CAD methods
F Test with p<0.001, p<0.001, was 1.51°. For anteversion measurements, the repeatability
true value 0 95%CI=0.975-0.997 95%CI=0.986-0.994

S-I: Software-measured inclination; CAD-I: CAD-measured inclination;
S-A: software-measured anteversion; CAD-A: CAD-measured anteversion;
SD: standard deviation; ICC: intraclass correlation coefficient; CI:
confidence interval; n: number of measurements.

rejected with the Shapiro-Wilk test (CAD-A: KS p=0.200, SW
p=0.001) (TableI).

The interrater reliability, measured with the intraclass
correlation coefficient (ICC), was very high for the inclination
measurements (ICC=0.994; 95% CI=0.975-0.997, p<0.001).
The anteversion measurements also showed a strong
correlation between the two methods (ICC=0.992; 95%
CI=0.988-0.994, p<0.001) (Table I). The measurements
were analyzed using a two-way random effects model that
considered systematic errors (consistency).

To further evaluate the precision of the software and CAD
measurement methods, we conducted an analysis according
to the ASTM E691 standard for interlaboratory testing. This
standard provides statistical procedures to determine the
repeatability and reproducibility of measurement methods.
In our context, the two methods (software and CAD) were
treated as two different laboratories. The results of the ASTM
E691 analysis are summarized in Table II.

For inclination measurements, the repeatability
standard deviation (s,) was 1.39° and the repeatability limit
(r) was 3.90°. The between-laboratory standard deviation

standard deviation (s,) was 1.14° and the repeatability limit
(r) was 3.18°. The between-laboratory standard deviation
(s_L) was 0.26°, leading to a reproducibility standard
deviation (s_R) of 1.17° and a reproducibility limit (R) of
3.27°. The bias was -0.37°.

The small values of s, and s_R indicate high repeatability
and reproducibility for both measurement methods. The
repeatability limits (r) of 3.90° for inclination and 3.18°
for anteversion are relatively high but clinically within an
acceptable range, as they fall within the typical tolerances
for acetabular cup positioning (6). The low between-
laboratory standard deviation (s_L) for anteversion
(0.26°) suggests that the two methods exhibit very similar
variability for this parameter, while the slightly higher s_L
forinclination (1.07°) indicates somewhat greater disparity
between the methods, which is also reflected in the bias.

Discussion

The precise positioning of the acetabular cup is crucial in
total hip arthroplasty, as it directly influences patient
outcomes, implant longevity, and revision surgery rates (4-
6).Inadequate positioning of the hip implantleads to arange
of complications, including pain, impingement, implant
instability, increased wear, reduced range of motion, and
especially dislocations, which often require revision surgery
(18, 25, 26). The Lewinnek safety zone, which defines
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optimal cup positioning at 40° (+10°) inclination and 15°
(£10°) anteversion, remains a fundamental clinical
benchmark in hip arthroplasty (6). Callanan et al. (27) at
least confirmed Lewinnek et al’s (6) safety zone for
inclination, while Dorr et al. (28) described these guidelines
with the title “Death of the Lewinnek Safe Zone” (27, 28).

Overall, it can be said that anatomical landmarks are
still critically discussed today and are dependent on both
interobserver variability and patient-specific variability (4-
6,28). Computer-assisted methods enable the assessment
of cup positioning with high accuracy within these
established parameters without relying on the manual
drawing of reference lines on anatomical landmarks,
eliminating a potential source of measurement variability.

The high ICC values (>0.99) between the demonstrated
software and CAD measurements show that this approach
can accurately determine the orientation of the acetabular
cup without compromising precision. This is of particular
importance in clinical practice, as accurate cup positioning
is crucial for optimal function and longevity of the hip
joint. The Bland-Altman plot visually supports the high
intraclass correlation coefficients and demonstrates
the statistical equivalence of computer-assisted and
traditional CAD measurement techniques.

The software in this study offers several advantages
compared to intraoperative fluoroscopy, CT navigation, and
robotic solutions. Intraoperative fluoroscopy solutions such
as Radlink and OrthoGrid, which overlay the correct cup
position with a template to indicate the optimal end position,
have reported successful implantation within the target range
for inclination values of 98.2% for Radlink and 97.4% for
OrthoGrid (p=0.384) (29, 30). Although Radlink is somewhat
more time-consuming, Thorne et al. recommended its use
due to better performance in placement for anteversion (30).
For anteversion, Radlink achieved 97.7% of the target range.
However, the disadvantage of these solutions is that they
rely on their own hardware platforms on image intensifiers
and GPS towers, which wirelessly capture images from
any X-ray machine (29, 30). The hardware components
are associated with corresponding acquisition costs (29,
30). While the intraoperative benefit is undeniable, these

solutions cannot simultaneously evaluate intraoperative
X-rays of an acetabular cup and postoperative controls or
postoperative X-rays for revision due to misimplantation, as
they are hardware-dependent (29, 30).

In contrast, the tested software was designed as a
standalone application that does not require specialized
hardware beyond a standard computer. With an
appropriate server interface to the “Picture Archiving and
Communication System” (PACS) and the computer (PC) in
the operating room (OR), real-time use would be possible.
Application-based smartphone support is planned and
could enable real-time analysis through the built-in camera.
Furthermore, mathematical angle measurementis possible
on various image types. At present, correction assistance or
correction suggestions for inadequate implantation are not
yet possible but are planned for further studies. The only
current support is the ability to verify whether the correct
anteversion and inclination have been achieved.

Another way to ensure both preoperative planning and
intraoperative supportis computer tomography-guided (CT)
navigation or computer-assisted surgery (CAS) (31, 32). The
preoperative planning of the component position is carried
out using CT scans of the patient’s pelvis. Intraoperatively,
optoelectronic markers are then attached to the pelvic bone
asareference base (13). First, a standardized protocol must
be followed, with the surgeon registering landmarks to
match the CT scan-based model with the real pelvis (13).
The dynamic reference base can then track the position of
the pelvis during the procedure (31). The reamer is equipped
with an optoelectronic dynamic reference base, allowing the
software to visualize the position of the reamer in relation
to the pelvis and provide real-time feedback to the surgeon
about his movements (31, 32).

It should be noted that a preoperative CT scan is
mandatory for these navigation systems, which is associated
with corresponding radiation exposure (13). Furthermore,
thisinstrument is linked to a necessary system and cannot
provide postoperative control or preoperative planning
or measurements for already externally operated patients
who are candidates for revision surgery (31). Beyond its
application in preoperative planning and intraoperative
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positioning control, the software developed in this study
also enables the measurement of previously implanted
cups based on X-ray imaging, potentially obviating the
need for additional CT scans. Whether consistency exists
between our measurement approach and the CT-measured
anteversion and inclination values needs to be verified in
a future study:. If this is the case, preoperative planning CT
scans for standard cases could become obsolete.

Robot-assisted THA implantation is also based on
preoperatively calibrated CT scans (13). From the scan, a three-
dimensional model is created, which is used intraoperatively
to identify the position of the pelvis based on surface images
(33). One of the first robotic systems used in THA was the
ROBODOC (THINK Surgical, Fremont, CA, USA) (13). The fully
automated arm of the system can prepare the femoral side
withoutthe surgeon’s intervention (13). However; the system
was not used for positioning the acetabular cup component.
Currently, the robot arm-assisted surgical technique with
a semi-automated robotic system is most commonly used
(Mako® THA System, Stryker, Kalamazoo, MI, USA) (33).
Here again, optoelectronic antennas with a tracker must be
attached and localized to determine the current position
(32). Arobotarm is positioned during reaming and insertion
of the components in relation to the pelvis (33). The system
controls and adapts in real-time to the surgeon’s hand (33). If
the surgeon deviates too far from the preoperative plan, the
robot arm resists and warns (33).

While robot-assisted THAs have shown an improvement
in the accuracy of component positioning, they, like the CT-
guided option, are associated with additional radiation
exposure from preoperative CT imaging and represent
purely intraoperative support systems (13). In contrast, the
presented software only requires standard X-ray images,
reducing radiation exposure while still enabling accurate
measurements.

Despite the promising results, several methodological
limitations in the current implementation warrant
consideration prior to clinical application. Foremost, the
tested approach has thus far been validated exclusively
on a single phantom with one implant type under
controlled radiographic conditions. Patient anatomy

exhibits considerable heterogeneity, necessitating
evaluation of our algorithm’s performance across diverse
patient populations with varying body habitus, pelvic
orientations, and implant designs.

Secondly, our study employs a phantom-to-X-ray-to-
measurement approach, which may introduce potential
errors during the radiographic acquisition phase.
Alternative validation methodologies exist, such as the
directsynthesis ofradiographicimages using computational
approaches like the THR Simulator developed by Wu et
al. (34), which can generate synthetic radiographs with
predefined parameters and eliminate acquisition-related
variabilities. However, our use of a physical phantom was
chosen specifically to replicate realistic clinical imaging
conditions, incorporating actual radiographic artifacts
and variations while ensuring mechanical consistency in
cup positioning. Future work could beneficially combine
both approaches, using synthetic radiographs for initial
algorithm development and physical phantoms for clinical
validation. The currentimplementation necessitates partial
manual intervention, requiring users to either place points
along the cup rim or define cup axes. A fully automated
system would be preferable to minimize inter-observer
variability and reduce measurement time. Itis important to
note that our preliminary automated detection achieving an
80% detection rate on phantom images was accomplished
using the RANSAC mathematical fitting algorithm rather
than artificial intelligence methods. Furthermore, no
computer vision framework integration has yet been
implemented. While these results are encouraging,
substantial improvement and validation in clinical settings
remain essential prerequisites.

Additionally, previous validation efforts have not
yet incorporated comparisons with three-dimensional
computed tomography measurements, which are
regarded as superior to two-dimensional radiographic
measurements for determining actual cup orientation. This
validation will be indispensable for confirming the accuracy
of our approach within a three-dimensional context in
subsequent investigations. Finally, our software currently
functions as a standalone application without integration
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into hospital PACS or intraoperative imaging devices.
Such integration represents a necessary prerequisite for
seamless clinical implementation.

Conclusion

Future research endeavors should prioritize several key
aspects: refinement of automatic detection algorithms,
comprehensive validation across diverse patient
demographics, development of seamless integration protocols
for hospital imaging ecosystems, and execution of comparative
analyses with three-dimensional imaging modalities.

In summary, our investigation has yielded the
development and validation of a computer-assisted
measurement technique for acetabular cup positioning
assessment, demonstrating exceptional concordance with
current standard methodologies while conferring significant
workflow advantages. The encouraging results obtained
provide a robust foundation upon which implementation
within established computer vision models can be constructed,
ultimately enabling automated three-dimensional spatial
positioning recognition of the acetabular cup. This approach
represents a promising advancement toward more accessible,
accurate, and efficient cup position measurement that could be
seamlessly integrated throughout the entire care continuum
from preoperative planning to postoperative evaluation.
Subsequent development initiatives will concentrate on
enhancing automation through established CV frameworks,
validating applicability across heterogeneous patient
populations and implant designs, and conducting comparative
analyses with three-dimensional computed tomography
measurements to ensure comprehensive clinical utility.
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