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Abstract
Background
Total hip arthroplasty (THA) is a widely performed reconstructive surgical intervention. In this paper, we
describe a novel patient-specific navigational template to assist in acetabular component implantation in
unilateral THA.
Methods
The template was produced based on data preoperatively acquired with computed tomography (CT)
scan. We used the mirror image of the healthy contralateral acetabular anatomical structure to ensure
accurate acetabular component implantation in unilateral THA. The surface of the template was
designed to conform to the unique contours of the cadaveric acetabular fossa by reverse engineering
technology. The orientation of the navigation channel was defined by the acetabular central axis which
was determined by the contralateral acetabular centre of rotation, anteversion angle and abduction angle.
Each template was formed from acrylate resin by using rapid prototyping (RP) technique. Finally, the
template was tested in 20 cadavers scheduled for unilateral THA and postoperative medical imaging was
used to evaluate the accuracy and validity of the template.
Results
During the operation, the acetabular fossa template was easy to obtain in all cases. The abduction angle
( β ) of the cup was (49.9°±4.1°) versus (49.5°±4.7°) on the contralateral side. The anteversion angle (α)
of the cup was (17.7° ± 3.1°) versus (18.3°±3.5°) on the contralateral side. In the operative hip, the height
of the prosthesis centre(H)was (21.6 mm±2.8 mm) versus (21.9 mm±3.4 mm) in the contralateral side,
and the horizontal location of the prosthesis centre(W) was (29.7 mm±3.1 mm) versus (30.90 mm±3.31
mm) in the contralateral side. There was no significant difference in the cup abduction (β) or anteversion
(α) angle between the operative and contralateral sides (P=0.7531>0.05 for β and P=0.5996>0.05 for α);
In addition, there was no significant difference in the height(H)or horizontal location(W) of the acetabular
centre between the operative and contralateral sides (P=0.6494>0.05 for W and P=0.5143>0.05 for H).
Conclusion
The navigational template is a promising tool for facilitating preoperative planning and intraoperative
techniques. With the aid of the template, an acetabular prosthesis can be precisely implanted to the
expected position in unilateral THA.

1. Background
Total hip arthroplasty (THA) is a well-documented treatment that provides pain relief and functional
restoration to numerous patients suffering from hip joint disease[1,2]. THA surgeries are most frequently
used among elderly and less active patients [3]. In recent years, the demond for THA in younger patients
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has increased rapidly[4]. Accurate restoration of the orientation of the acetabular cup plays a critical role
in the surgical procedure of arthroplasty[5]. Any displacement of the acetabular cup from its ideal centre
can negatively affect both prosthesis survival[6], and the range of motion of the hip joint [7].
Due to the variability of anatomical and morphological features among patients, the uniform
manufactured joint prosthesis and standard operation procedure cannot meet individual needs. With the
development of computerized navigation and additive manufacturing technologies, computer-aided
operations have become increasingly popular over the past few years. We performed preoperative
planning with a novel patient-specific navigational template to assist in accurate acetabular component
placement in a cadaveric study of unilateral THA, based on computed tomography (CT) data.

2. Methods
2.1 Data Acquisition
Twenty cadavers with intact hips (12 males and 8 females),were collected from the Department of
Anatomy at Kunming Medical University. The mean age of the decreased was 52.5 y(range:41–68 y). The
hips were examined using standard radiographs, which showed hips with partial normal anatomy and
varying degrees of dysplasia and degenerative osteoarthritis. A spiral 3D CT pelvic scan (GE, LightSpeed
64-Row, VCT, USA) was performed on each cadaver, the slice thickness was 0.630 mm and the in-plane
resolution was 0.35 mm (tube current: 100 mA; tube voltage: 120 kV; scan time: 15 s to 20 s). All imaging
data were stored in the DICOM (digital imaging and communications in medicine) format. The need for
ethics approval was deemed unnecessary for this cadaver research by the Ethics Committee of 920th
Hospital of Joint Logistics Support Force.

2.2 Preoperative Planning
The images were transferred to a workstation running MIMICS10.01 software (Materialise, Belgium) to
generate a 3D model of the desired pelvis. The 3D model was exported in standard template library(STL)
format which is constructed with a series of triangles and is the de-facto criterion format for data
exchange between the computer-aided design and computer-aided manufacturing(CAD/CAM)system and
the rapid prototyping and computer-aided engineering (RP&CAE)system, We then used a workstation
running UGS Imageware13.0 (EDS, Plano, TX) to extract the point cloud of the contralateral acetabulum.
The point cloud is the collection of point data expressing the spatial distribution of the surface and
characteristics of the model appearance under the same reference frame.The STL format is the outcome
of point cloud data triangulation.
By fitting a suitable sphere to the point cloud we obtained the coordinates of the spherical centre, the
centre is defined as the rotational center of the contralateral acetabular. Accurate results can be achieved
through essential filtration of the point cloud and multiplex fitting approximation method. The deviation
of fitting can be observed by error analysis (Figure 1). The mirrorimage is used to obtain a symmetrical
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structure of the target model. In most cases, the normal bilateral acetabulum is nearly symmetrical
according to the sagittal plane in the human body. It is a key problem to reconstruct the normal
biomechanics of the acetabulum in THA, but it is difficult to locate the rotational centre of the
acetabulum during operation. We then using the mirror image to determine the rotational centre
coordinate of the operation side based on the contralateral acetabulum.
The acetabular central axis indicates the opening direction of the acetabulum and is considered the ideal
implant channel for acetabular components. Determination of the acetabular central axis is based on
accurate measurements of the acetabulum. We exported the 3D pelvic model to a workstation running 3matic 6.1 software (Materialise, Belgium) to create the standard transverse and coronal section according
to the bilateral acetabular centre of rotation.
Based on the projection of the pelvis on the coronary section, the abduction angle of the contralateral
acetabulum(β) was denoted as the acute angle between the line connecting the bilateral acetabular
centre of rotation and the long axis of the two edges of the projected shadow of the acetabulum (Figure
2A). If the projection of the pelvis is on the transverse section, then the complement angle is the
anteversion angle of the contralateral acetabulum(α) (Figure 2B).
Generally, the acetabular central axis is considered the expected channel of acetabular component
implantation in THA. In our study, the coordinates of two points were located, as follows, one was the
symmetry point of the contralateral acetabulum, the other was calculated using a trigonometric function
and named after the senior author LJL, This second point was denoted as “L” point(Figure 3).
The acetabular central axis is the line connecting the two points, and it is considered the axis of a virtual
navigation channel expected to have an optimal location. Then, a virtual channel with a diameter of 4
mm was placed according to the ligature. This navigation channel is also the optimal trajectory for the
guide pin that guides the acetabular reamer when polishing the acetabulum, thereby facilitating the
accurate implantation of acetabular components. The template surface was created as the inverse of the
acetabular fossa, thus potentially enabling a nearly perfect fit. We also ensured that the template did not
overlap with adjacent segments. Then, an individualized version of the novel navigational template had
been designed(Figure4).
The template was manufactured with medical-grade acrylic resin (Somos 14120, DSM Desotech Inc.
USA) via RP (Bingchuang Company, China). The system parameters were set as follows: processing layer
thickness, 0.1 mm, processing speed 450 mm/s, and temperature 45 °C ±2°C.

2.3 Operation
All operations were performed by the senior authors (LJL, GXJ),repeating the same procedure in each
case.
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The specimen was placed in a lateral decubitus position on the dissecting table. The soft tissue around
the hip joint was resected for better exposure. Then, osteophytes and other excessive tissue were
removed in and around the acetabular fossa(Figure 5A). We subsequently matched the template to the
surface of the acetabular fossa(Figure 5B). A 3 mm diameter guide pin was placed along the navigation
channel, and after achieving an accurate fit,the template was stabilized on the bone. The central axis and
the anatomical opening direction of the acetabulum was determined(Figure 5C). While we just penetrated
the dome of acetabular cortex, the guide pin remained very stable throughout the debridement operation.
We placed the guide pin with a limited depth into the acetabular dome intraoperatively, based on
preoperative measurements. Controlled implantation of the guide pin can also be obtained by awareness
of the empty feeling that occurs when the guide pin has penetrated the two cortices of the acetabular
dome. Then the template was removed and the guide pin remained. We started reaming using a
cannulated acetabular reamer we designed for the operation, thus, we could percisely match the guide
pin. The modified acetabular reamer was used during the operation(Figure 6). The direction of the
cannulated acetabular reamer was consistent with that of the guide pin. The acetabular prosthesis was
then inserted along the track (Figure 5D).

2.4 Postoperative measurements and Statistical analysis
After the operation, the position of the acetabular prosthesis was evaluated through postoperative X-rays
and CT images. All data were presented as the mean±SD, and T-test was performed using Prism6.0
software. The postoperative CT images were inputed to Mimics software. The centre of the operated side
was the midpoint of the two endpoints of the cup on the axial CT images; and the centre of the
contralateral acetabulum was the centre of the suitable fitting sphere of the acetabulum we
reconstructed. The measured parameters were as follows: (1) the anteversion angle of the cup prosthesis
(α) was the coangle between the line connecting the bilateral acetabular centre and the ligature of the two
endpoints of the cup image on the transverse section; and (2) the abduction angle of the cup prosthesis
(β) was the acute angle between the two connecting lines as described above on the coronal
section(Figure 7).
Then，the postoperative X-ray images were imported into the AutoCAD2010 software(Autodesk, USA)
software. We reconstructed a fitting circle for the contralateral acetabulum, and the centre of the circle
was considered as the centre of the contralateral acetabulum, The centre of the acetabular prosthesis
was the center of the opening ring of the cup prosthesis on the X-ray images. It is been widely believed
that the teardrop structure serves as a stable anatomical marks, therefore, the bilateral measurements
were performed as follows: (1) the height of the acetabular centre（H） was the the vertical distance from
the centre of the cup prosthesis or acetabulum to the bilateral inter-teardrop line, and(2) the horizontal
location of the acetabular centre（W） was the horizontal distance from the centre of the cup prosthesis or
acetabulum to the vertical tangent line of the inside edge of the ipsilateral teardrop(Figure 8).

3. Results
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During the operation, the optimal fit of the template to the acetabular fossa was easy to obtain in all
cases. By direct viewing, we could observe that the surface of the acetabular fossa perfectly matched the
template surface without any deviation. The postoperative x-rays and CT images revealed the templates
to be accurately placed.
The results show that the abduction angle (β) of the cup was (49.9°±4.1°) versus (49.5°±4.7°) on the
contralateral side. The anteversion angle (α) of the cup was (17.7° ± 3.1°) versus (18.3°±3.5°) on the
contralateral side(Figures 9 and 10). In the operative hip, the height of the prosthesis centre（H）was (21.6
mm±2.8 mm) versus (21.9 mm±3.4 mm) on the contralateral side, and the horizontal location of the
prosthesis centre（W） was (29.7 mm±3.1 mm) versus (30.90 mm±3.31 mm) in the contralateral
side(Figure 11).
There was no significant difference in the cup abduction (β) or anteversion (α) angle between the
operative and contralateral sides (P = 0.7531>0.05 for (β) and P = 0.5996>0.05 for (α)); In addition,there
was no significant difference in the height（H） or horizontal location（W） of the acetabular centre between
the operative and contralateral sides ( P = 0.6494＞0.05 for (W) and P = 0.5143＞0.05 for (H)).

4. Discussion
THA is one of the most conventional orthopaedic reconstructive procedures. Significant improvement in
functional outcomes and prosthesis survival have been achieved due to the advances in surgical
techniques and bioengineering technology [8–11]. However, the long-term survivial of prostheses and the
occurrence of postoperative complications remain challenges in THA [12]. Research indicates that the
survival rate of the femoral component is higher than that of the acetabular component[13], and the
prosthesis lifespan mainly relies on the survival of the acetabular component in THA. Therefore, the
orientation of the acetabular cup has a significant effect on the long-term outcome of THA.
Traditionally, depending on a surgeon‘s subjective decision and experience ， the acetabular cup is
inserted within the range of the “safety zone” intraoperatively [14–18],it is acceptable that an acetabular
prosthesis is inserted with an abduction angle ranging from 40° to 60° and an anteversion angle ranging
from 5° to 25°[19]. However, this approach not always results in accurate placement. The computer
navigation system optimizes the implantation of prosthesis[18], but it can be easily influenced by the
pelvic position [20], which results in a combination of errors in registration, landmark identification, and
device tracking [21].The cost of navigation system must also be taken into consideration.
Generally, the orientation of the cup is determined based on its anteversion and abduction. In 3D space,
the acetabular central axis indicates the opening orientation of the acetabulum. The central axis of the
acetabular prosthesis should coincide with the anatomical acetabular central axis. Thus, the
physiological and biomechanical environment of the hip joint can be restored optimally. Therefore,
determining the acetabular centre of rotation and the central axis is the basis of biomechanical
restoration in THA.
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In general, it is difficult to locate the central axis during the operation because of variations in the center
of the acetabulum due to osteoarthritis. However, it was easy for the “mirror image” of the normal side to
serve as a reference in this study. In this case, we obtained the rotational centre of the contralateral side,
which could then be considered as the centre of the diseased side. Using the anatomical landmarks for
the measurements which can be clearly marked on the projections of the pelvis, the anteversion and
abduction angles can be obtained, and errors can be minimized.
In this study, the coordinates of the acetabular central axis were determined by two points, one point
being the centre of the contralateral acetabulum, and the other point being point “L”,which was calculated
using trigonometric function named after the senior author LJL. Point “L” is a unique point related to the
radius of the contralateral acetabulum, it is located on the acetabular central axis and can be seen as a
site spatially transferred from the centre of the acetabulum. By constructing an appropriate reference
frame, we can easily calculate the spatial straight-line equation of the acetabular central axis and the
coordinates of point”L” .
We chose the acetabular fossa as the reference for the navigation template because it has many
advantages, such as little variation in shape, no articular cartilage covering the surface, and stable and
unique bony features. Therefore, an accurate fit can be achieved. We could also simulate the
postoperative view using software and assess the location of the prosthesis and the validity of the
navigational template.
Therefore, our patient-specific navigational template is easy to apply intraoperatively without much
special training or a steep learning curve,in contrast with complex computer navigation systems. This
template can meet the needs of different individuals and decreases the duration of operation. The time
required for design and manufacturing,as well as the cost,are acceptable for most patients. Therefore, our
template is a simple and low-cost solution that can be precisely, safely, and rapidly implementated in
unilateral THA.
Certainly, there are several limitations to this research. First, in the case of deformity on the contralateral
side, e.g. that in pathological conditions such as dysplasia and post-traumatic malunion,among others,
the method we propose may not be very effective. Severe dysplasia and osteoarthritis on the operation
side, which may lead to a deformed acetabular fossa, can also cause inaccurate placement of the
acetabular cup. Second, this was a cadaveric study, and the proposed method has not been applied in
clinical practice. Furthermore, 20 is a small number compared with the number of THA surgeries every
year, thus, the results may not represent the various abnormalities in such a population. Third, errors in
the designing and RP procedures are inevitable, and the symmetry of bilateral acetabular fossae of
bilateral sides needs to be further researched.

5. Conclusion
In this study, we introduced a novel patient-specific navigational template, for assisting in accurate
acetabular prosthesis placement in a unilateral THA. The orientation of acetabular prosthesis can be
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determined by mirrored the normal side. This approach enables an accurate fit to be achieved between
the navigational template and the operative site, thereby allowing guided intra-operative placement of the
acetabular cup. The affordable template can effectively guide acetabular cup placement.
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Figures

Figure 1
A suitable sphere was fitted to the point cloud of the contralateral acetabulum. Error analysis can be
performed: the red areas indicated less mean the fitting precision has a relatively large deviation, the
green and yellow areas indicate less fitting deviation, and the blue areas indicate negative deviation.
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Figure 2
Schematic of the anteversion and abduction angles. (A) The abduction angle (β) was the acute angle
between the line connecting the bilateral acetabular centre of rotation and the long axis of the two edges
of the projected shadow of the acetabulum on the coronary section.(B) The anteversion angle (α) was the
complement angle between the two connecting lines described above on the transverse section.
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Figure 3
The calculation principle of “L”. Point O1 is the contralateral acetabular rotational centre, segment O1A is
the radius of the fitting sphere(r) and equal to the radius of the contralateral acetabulum. Plane O1ABO2
is a coronal surface and plane O2BO3D is a transverse surface. Angle BO1O3 is anteversion angle (α)
and angle BO1O2 is the abduction angle (β). Point O3 is the point denoted as “L”. As shown in the figure,
O1A =O2B= r; O1O2 =r/tanβ; O2D =BO3= r.tanα/sinβ. Based on these known factors, the coordinates of
“L”(O3) can be calculated.
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Figure 4
The virtual patient-specific navigational template. (A) The virtual surface of the template matched the
surface of the acetabular fossa perfectly. (B) The shape of the navigational template from different
visual perspectives.
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Figure 5
Cadaveric experiment. (A) Exposure of the acetabular fossa. (B) Matching the navigational template to
the surface of the acetabular fossa. (C) Insertion of the guide pin along the guidance channel. (D)
Implantation of an acetabular cup.
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Figure 6
The modified acetabular reamer we used.
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Figure 7
Postoperative CT images and the measurements of the anteversion (α) and the abduction(β) angles of
the cup prosthesis. The figure clearly reveal the exact location of the cup prosthesis on different pelvic
spatial planes.
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Figure 8
Postoperative X-ray images showing that the guide pin is perpendicular to the opening plane of the cup
and coincidence with the acetabular central axis practically, The figure also shows the measurement
method of the height（H） and the horizontal location（W） of the prosthesis centre.

Figure 9
The average angle of abduction(β). Data are expressed as mean ± SD. There is no significant difference
between the operative side and contralateral sides (P=0.7531＞0.05).
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Figure 10
The average angle of anteversion(α). Data are expressed as the mean ± SD. There was no significant
difference between the operative and contralateral sides (P=0.5996＞0.05).

Figure 11
The height（H） and the horizontal location（W） of the acetabular center. Data are expressed as mean ± SD.
There is no significant difference between the operative side and the contralateral side(P＞0.05).
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