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Abstract: This study investigates the morphological impact of using three-dimensional (3D) printed
custom implants in surgical hip reconstruction compared to the conventional bone graft and standard
size implant methods. An amount of 16 patients at the Rizzoli Orthopaedic Institute who underwent
hip reconstruction surgery for tumors involving the P2 pelvis region were selected using stratified
sampling. Half of them were randomly selected to receive 3D-printed implants, and the other half
were selected to receive standard implants with bone grafts. Six months post-surgery, computed
tomography (CT) scans were used to identify the hip joint center of rotation and to measure greater
the trochanter offset and acetabular inclination angle. These CT scans were also used to construct a
3D model of the pelvis for 3D measurements. The results show no significant differences in accuracy,
using Student’s t-test and Mann-Whitney U-test (p-value > 0.05), between the two methods for
reconstructing the hip joint center of rotation or greater trochanter offset. However, 3D-printed
implants showed statistically significant greater precision, using Student’s t-test (p-value < 0.05),
in reconstructing the acetabular inclination angle compared to the conventional bone graft and
standard-sized off-the-shelf implants. This superior precision reduces the risk of impingement
of the femur implant neck with the acetabulum implant cup, which directly relates to improved
implant survivorship. These findings support the continued exploration of 3D printing technology
for personalized orthopedic solutions.

Keywords: hip joint reconstruction; 3D printing; custom implants; morphological analysis; 3D; virtual
measurement; massive bone loss; additive manufacturing; computer aided design; precision; accuracy

1. Introduction

The use of 3D printing has found extensive applications in a variety of major industries
and in healthcare [1-3]. In drug manufacturing, 3D printing has been used to make
personalized drug products [4]. In orthopedics, it has revolutionized the way surgical
procedures are carried out. Its impact extends to, but is not limited by, 3D printing
anatomical models used for training, patient-specific surgical instruments, producing
of prostheses with additive manufacturing, and production of customized 3D-printed
implants [5]. Evidently, this technology has already proved its usefulness in a wide range
of applications. By utilizing advanced medical imaging techniques, such as CT scans
and magnetic resonance, surgeons are able to create accurate 3D models of the patient’s
anatomy, including bones, muscles, and tendons. These models provide a comprehensive
visualization of the patient’s unique condition, allowing for medical education, precise
pre-operative planning and simulation, as well as execution [6—8]. Three-dimensional
printing has been shown to improve surgical outcomes by enabling the personalization
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and customization of implants [5,9]. For example, when it comes to pelvic reconstruction
following massive bone loss in oncological cases, allograft reconstruction is considered
the gold standard [10] due to its effectiveness [11,12]. It involves using bone grafts from
a bone bank or the patient to restore pelvic bone structure, although complications like
non-union and fractures are common [13-15]. It is worth noting that while allografts offer
an advantage over autografts, such as avoiding donor site morbidity, they suffer from
weakened mechanical properties as a result of the sterilization and storage processes [16].
An alternative option is allograft—prosthetic composite reconstruction, such as saddle
endoprosthesis, but this shows poor clinical results [17] and comparatively fewer superior
outcomes than custom implants [18]. Traditional off-the-shelf implants may not always fit
perfectly with the patient’s anatomy. Finally, arthrodesis, a procedure that fuses the joint
for stability and pain relief, is used when joint preservation is not possible. This results in
loss of joint motion and has a 60% rate of non-union [19].

Other advanced technologies have had a positive impact on orthopedic surgery, such
as the use of robotic surgery and computer navigation systems. The former has been found
to enable more accurate implant placement compared to a manual approach [20]. However,
this does not overcome the mismatch in design and size between standard implants and
native bone anatomy. The latter’s initial implementation improved oncological results
through enhanced tumor resection planning by identifying clear resection margins at the
surgical planning stage, and was further developed to enable 3D surgical planning by
recreating the target patient’s anatomy [21]. While it improves resection accuracy, this too
does not address the mismatch in design and size between standard implants or bone grafts
and native bone anatomy.

While there are several reports on the general clinical impact of 3D-printed customized
implants [10,22,23], there are a lack of morphological studies on its impact on pelvic
reconstruction accuracy and precision. That is why, in this study, the impact of 3D printing
in hip reconstruction will be investigated by measuring objective positional parameters that
are indicative of surgical success and can be compared with the conventional procedure of
using bone graft and standard off-the-shelf implants for reconstruction. This will delineate
the exact impact factors that are influenced by 3D-printed custom implants.

There is a multitude of etiologies that lead to massive bone loss [24] and thus de-
mand complex reconstruction in the pelvis, such as reconstruction following tumor re-
section [11,12,25], trauma [26], and revision and re-revision surgeries following total hip
arthro-plasties. In response to these procedures, there are currently several surgical pro-
cedures that are used for effective reconstruction. Some of the most common procedures
are pure allograft reconstruction [13,27-29], allograft-prosthetic composite reconstruc-
tion [30,31], and arthrodesis [19]. While these procedures have their unique advantages,
they also come with some inherent limitations. As such, there is no clear procedure that
stands out. Because of this, the development of a reconstruction procedure using custom
3D-printed mega-prosthesis has occurred, which already has some good indications for
such cases of massive bone loss [32].

Previous studies indicate that 3D-printed custom implants offer an effective strategy
for complex pelvic reconstruction after tumor resection, showing acceptable functional
outcomes and prosthesis survival rates. One study reported a median Musculoskeletal
Tumor Society score of 63.3% and a survival rate of 73.3% at 33.8 months follow-up [22]. A
second study found an average Musculoskeletal Tumor Society score of 46.3% and a 5 year
survival rate of 85.7% [10]. A third study reported a mean Musculoskeletal Tumor Society
score of 72% and a 3 year prosthesis survival rate of 69% [23].

Existing research into the effects of 3D-printed custom implants on hip surgery is
mainly focused on clinical and functional criteria, such as Oxford Hip Score, Harris hip
score, aseptic loosening, dislocation, formation of cracks, and nerve injuries [9,33-36].
However, there seems to be a lack of research on the morphological analysis of custom
3D-printed implants in comparison with conventional procedures. That is why, after an
extensive review of the published research, a set of the most revealing morphological
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parameters of surgical success have been delineated, the first being the hip joint center of
rotation, which is defined as the femur head center. While there are published morphologi-
cal analyses of pelvic reconstructions, such as on the hip center position and its influence
on functional outcomes [37,38], these do not include surgeries with 3D-printed custom
implants. However, they do highlight that this position has the most significant impact
on kinematics, such as on the range of hip joint motion. Additionally, deviations in the
position of the hip center of rotation can impact the bio-mechanics of the pelvis during
loading. This disrupts pelvic load transmission and thus generates stress concentrations
that can increase the chance of implant mechanical failure in the long run [39]. That is why
hip joint center position is taken as the primary parameter in the present analysis.

The greater trochanter offset is the distance from the femur head center to the greater
trochanter [40]. The greater trochanter is the epiphysis for insertion of the main abductor
muscles, gluteus medius and minimus; it extends the femur neck and shaft junction [41-43].
In addition, the piriformis muscles insert into the tip of the greater trochanter. It is part
of the muscle group which activates to perform a hip extension and external rotation [44].
Inaccurate restoration of the greater trochanter offset after surgery, such that it does not
match the healthy contra-lateral side, has been found to be a cause of pain in the abductor
muscle due to increased tension, required to maintain the pelvis balanced [43], as a cause
of increased wear of the implant articulating surface, and as a cause of inferior patient-
reported outcomes [45,46]. Finally, this parameter indicates how satisfactory the lower limb
length has been restored [47].

The acetabular inclination angle is the angle measured in the frontal plane between
the normal acetabular ridge plane and the longitudinal axis of the patient [48]. An optimal
inclination angle causes a better outcome for the functioning of the joint. Maintaining an
angle lower than 45 degrees was found to avoid implant wear [49-52], thus elongating
the lifetime of the implant, as well as minimizing joint impingement [53]. The decreased
wear of an accurately reconstructed acetabular inclination angle could be due to the greater
contact area between the femoral head and acetabular cup, which leads to reduced contact
stresses, as compared to inaccurate reconstruction, which lowers this contact area [54]. The
reason this parameter is needed is because, in terms of wear, the hip center position has
no impact.

There are three main aims for this study: first, develop a reliable data processing
workflow starting from medical image acquisition to final data analysis; second, assess the
intra-patient accuracy of pelvic reconstruction within the conventional bone graft group and
the 3D-printed customized implant group; third, compare the precision of reconstruction of
the pelvis between the conventional bone graft procedure and the 3D-printed customized
implant procedure.

2. Materials and Methods

The use of customized 3D-printed implants in the present study was approved by the
Institutional Review Board (Prot. BACINOCUSTOM (2014)—CE AVEC ID: EM468/2021_47/
2014/0ss/IOR_EM1) for studies involving humans. This study was conducted in accor-
dance with the Declaration of Helsinki. All of the patients gave written informed consent
for the procedure.

Patients with pelvis bone tumors were operated at the Rizzoli Orthopedic Insti-
tute. They all underwent massive hip reconstruction, including a type 2 tumor resection
(Figure 1), as per Enneking’s classification of pelvic resections [55]. They all shared the
need for the complete reconstruction of the hip joint. A total of 17 patients were randomly
divided into two groups; one patient was excluded for low-resolution post-operation CT
scans (slice thickness > 2 mm) which prevented the 3D-model reconstruction for subse-
quent analysis. This is because the CT scans for that patient were carried out using settings
for clinical assessment at the 6 month follow-up rather than for morphological analysis.
Future scans intended for morphological analysis must adhere to the required scan set-
tings. Ultimately, eight patients (female/male: 4/4; age: 32.2 & 8.0; Body Mass Index:
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22.0 + 3.0 kg/m?) had received a customized 3D-printed implant, and the other eight
patients (female/male: 3/5; age: 42.8 + 9.8; Body Mass Index: 21.0 & 3.2 kg/mz) received
bone grafts in combination with standard off-the-shelf acetabular and femoral components
(CLS stem/acetabular component, Zimmer GmbH, Winterthur, Switzerland). The second
group represents the conventional procedure for these clinical cases, and thus serves as a
benchmark for 3D-printed custom implants.

Figure 1. Enneking’s tumor resection classification [22].

Both the custom-made 3D-printed implant, as well as the relevant surgical instruments,
are in line with the European Directive requirements 93/42/EEC [56]. The implants were
manufactured by Waldemar Link GmbH and Co. KG, Hamburg, Germany, using a medical
grade titanium-aluminum-vanadium alloy (Ti6Al4V), which is in conformation with “The
International Organization for Standardization” (ISO) 5832/3 and “American Society for
Testing and Materials” F136 [57,58]. The custom implants were made using electron beam
melting, an innovative 3D-printing method. This follows an iterative process which first
starts by creating a vacuum in the chamber, then spreads a layer of the chosen metal powder
on the printer bed. The electron beam is then aimed at the desired locations to bombard the
electrons with the metal, which generates extreme heat high enough to melt and fuse the
metal powder. The print bed is lowered and another fresh layer of metal is spread on the
surface. This is repeated until the part is complete. Electron beam sintering uses a vacuum
to eliminate any particles that would bombard the electrons and thus deviate them from
the target location in the powder.

Titanium was chosen since recent advancements in 3D-printing technologies have
enabled it to be used as a bio-compatible metal [22] and because it is found to promote
osseointegration [59] better than cobalt—chromium [60]. The 3D-printed implants were
based on 3D digital models designed for the specific 3D anatomical models of patient
pelvises, obtained from a pre-op CT. Additionally, a 700 micron lattice was made in areas in
direct contact with bone that is intended for fusion. The lattice creates a perfect trabecular
root, thus bolstering secondary osseointegration as well as nearing the mechanical strength
of the surrounding bone.

Patients then underwent another CT scan at their 6 month follow-up (Figure 2). Those
scans, stored in the form of Digital Imaging and Communications in Medicine files, were
segmented using Mimics Innovation Suite (Materialise NV, Leuven, Belgium) to form the
3D anatomical models. No inflammatory reactions or other side effects were observed in
this follow-up period after surgery.

Segmentation on mimics relies on thresholding, which plays a pivotal role in accurately
distinguishing bone tissue from the surrounding structures within the CT images. An
appropriate selection of the Hounsfield Unit (HU) threshold, typically within the lower
end of the spectrum at around 400 HU, using Mimics’ thresholding tool, was used for
non-bone tissue elimination. This threshold value directly influences model quality, as it
dictates the differentiation between bone and non-bone pixels. Striking a balance between
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minimizing model noise and maximizing bone model completeness while preserving
anatomical fidelity is crucial. An excessively low threshold can introduce unwanted noise,
while an overly high threshold risks generating incomplete models with significant gaps.
In every case, subsequent refining of the bone models is carried out.

WL: 500 WW: 2500 WL: 450 WW: 1800

@) (b)

Figure 2. Radiological examination of two representative patients, one selected for a 3D-printed
custom implant (a) and one for the bone graft implant (b). Pre-operative frontal radiograph (top
images), post-operative frontal radiograph at 6 month follow-up (middle images), and CT scan
(bottom images). Notice how the CT in (a) has a larger area of high signal intensity in the pelvis,
which represents the massive pelvic implant compared to the CT in (b) with a smaller area of signal
intensity representing the acetabular cup and bone graft in the pelvis.

The bone-model refining process begins after forming a preliminary 3D bone model,
with the next step being the isolation of individual bones, including the left and right
pelvic girdles, left and right femurs, and the sacrum. To achieve this, the split mask tool is
employed, which involves manually identifying the boundaries between adjacent bones
on 2D CT slices across the frontal, sagittal, and transverse planes. This tool traces bone
boundaries based on each pixel’s HU value, guided by the manually marked lines. In cases
where metal implants cause noise similar in intensity to the bone, as seen in areas like the
acetabulum—femur head and pelvic girdle-sacrum regions, precise slice-by-slice boundary
marking is essential for creating an accurate bone model.
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Once the bones are isolated, there may be gaps in the contour that need to be filled.
For smaller gaps, the smart fill tool is used to automatically merge nearby pixels, with
adjustments made based on the sharpness of the bone features. Sharper features, like the
femur head, require a smaller-radius brush, while smoother areas need a larger-radius
brush. More-complex gaps are filled with the edit mask tool, which operates on a slice-
by-slice basis. The multi-slice edit tool is also employed for non-complex gaps, using
interpolation across slices to close gaps while potentially overlooking intricate details.
Typically, the multi-slice tool is used first for general modifications, followed by the edit
mask tool for more precise refinements. Alternating between these tools helps ensure that
both large and small features are preserved.

However, as a result of the excess noise from the metal implant in the femur, which
completely merges the noise with the surrounding bone, it is still impossible to segment the
greater trochanter on Mimics innovation suite. That is why greater trochanter recreation
is carried out on the side of the implant. Greater trochanter recreation makes use of the
healthy femur and the feature-based alignment tool available from Geomagic Control
2014.3.0 (3D Systems, Rock Hill, SC, USA). First, a copy of the healthy femur is made and is
mirrored, given the bilateral symmetric nature of the human anatomy. Then, the shaft of the
femur is selected, and a best-fit cylinder is created. This built-in feature of the software uses
a least-squares algorithm to ensure that the positioned cylinder is in the closest orientation
to all of the points in the selected area. The least-squares algorithm finds the position that
minimizes the sum of the squared errors, where the errors are the differences between the
selected data points and those of the geometrical shape. This is used to create an anatomical
axis to be used for planning the alignment. Following that, the lesser trochanter is selected,
and a best-fit sphere is positioned on it using the same algorithm. This built-in feature of
the software uses the least-squares algorithm to ensure that the positioned sphere is in the
closest orientation to all of the points in the selected area. This is used to create a point of
coincidence between the lesser trochanters of both femurs. The same is then repeated for
the original affected femur. Finally, the feature-based alignment tool is used. It works by
overlapping the test object on the stationary object through the use of a matching pair of
features on each. In this case, the original affected femur is set as the reference object, which
remains stationary, and the mirrored healthy femur is set as the test object, which moves
freely. The two cylindrical axes are paired in the alignment window of this tool, and the
two spherical centers are paired. Once again, the alignment, if not perfect, is approximated
to be as close as possible with the use of the least-squares algorithm.

Anatomical landmarks were virtually palpated on these 3D models using Geomagic
Control for both manual and automatic methods. Data points were exported in the Initial
Graphics Exchange Specification (IGES) file format, and were imported into MATLAB
R2023b for processing, statistical analysis, and plotting.

The 3D printing was conducted using electron beam melting, while for the con-
trol group, standard Ti6Al4V cup and pedestal implants manufactured by Adler, Berlin,
Germany, were used.

2.1. Experimental Study

The same surgeon operated on all of the patients. The surgical procedure for custom
partial pelvic replacement involves the precise removal of the tumor-affected bone parts,
guided by patient-specific instrumentation according to precise pre-operative planning.
The custom implant (Figure 3) is then secured using screws and a main stem, ensuring
stability and functionality. In cases where the insertion of the main stem is challenging,
an alternative fixation approach using cortical screws is employed. The overall goal is
to successfully replace the affected portion of the pelvis while maintaining structural
symmetry with the contra-lateral healthy side.
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Figure 3. Positioned 3D-printed custom implant.

2.2. Anatomical Landmark Identification

Individual bones pertaining to each patient were imported as Standard Triangle
Language (.stl) files into Geomagic Control, a program that allows for the detailed analysis
of 3D models in a multi-purpose digital workspace. Once that is performed, virtual
palpation of several anatomical landmarks is carried out. This was conducted in two ways:
manual palpation and automatic palpation.

Manual palpation was used for anatomical landmarks on the sacrum, pelvic girdle,
and the femur head. The sacral spine and both articular facets were palpated on the sacrum.
However, due to excess noise in some scans, the sacral spine, along with both sacral alae,
were identified as an alternative. For the anatomical reference frame construction, palpation
of the anterior superior iliac spines, as well as the posterior superior iliac spines, was carried
out as per the recommendations by the International Society of Biomechanics (ISB) [61].
These recommendations are based on a bone-embedded reference frame [62]. The greater
trochanter is virtually palpated on the femur and is identified as the apex of the greater
trochanter. Finally, for the acetabular inclination angle, a series of no less than 30 points
were virtually palpated along each acetabular ridge. Automatic palpation for the femur
heads’ center was carried out using the best-fit sphere.

All of the coordinates of the palpated landmarks above were individually exported in
the IGES format, which is used to store and exchange 3D-model data.

2.3. Post-Operation Morphological Parameter Measurement

Custom created MATLAB scripts were used to analyze the palpated landmarks, fol-
lowing a workflow divided into sections. Initially, anatomical reference frames were
constructed according to ISB standards [61]. Mirroring the healthy pelvis landmarks about
the healthy sacrum allowed for the creation of a complete set of landmarks for constructing
a simulated healthy pre-operation reference frame of the entire pelvis. Hip joint center of
rotation positions and their deviations from the contra-lateral side were calculated. Greater
trochanter offset deviations were measured by comparing the greater trochanter offsets
of the healthy and affected sides of each pelvis. Lastly, an acetabular inclination analysis
involved fitting a plane onto a set of manually palpated ridge points and then measuring
the inclination angle between its normal vector projected on the frontal plane and the
vertical axis of the pelvis reference frame.

2.3.1. Mirroring

Mirroring the health of the affected hemi-pelvis was performed using spatial regis-
tration using the sacrum of each individual patient as the mirroring plane (Figure 4). This
process of mirroring the pelvis in the presence of imaging noise due to metal implants has
been established as a viable method [63]. Mirroring is based on the bilateral symmetry of
the pelvis [64]. Additionally, this process holds, given the fact that patients were selected
with tumors in the region of P2. This means that tumor growth and surgical interventions
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occur away from the sacrum, which is used to construct the symmetry plane for the patient.
This is unlike cases where tumor growth occurs in P4, which is on the sacrum. Such cases
would compromise the anatomical landmarks on the sacrum, and thus would demand
alternatives in unaffected regions.

Reconstructed Pelvis
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Figure 4. Simulated healthy pelvis (white) obtained by mirroring the healthy pelvis along the
symmetry plane and the reconstructed pelvis (blue).

2.3.2. Simulated Healthy Pelvis Reference Frame

The palpated anatomical landmarks from the mirrored healthy pelvis underwent
processing through a function that constructed the anatomical reference frame in alignment
with ISB standards [62]. However, a 90 degree misalignment of the X and Y axes prompted
the rotation of the reference frame about its Z axis. The result is the direction of the
anatomical X, Y, and Z axes and the precise position of the reference frame origin. The
direction of each axis was saved as a unit vector consisting of X, Y and Z coordinates in the
global reference system. In addition, the global X, Y, and Z coordinates of the constructed
reference frame origin were obtained.

2.3.3. Reference Frame Orientation and Positional Deviations

The reconstructed and healthy reference frames were imported (Figure 5), and the
function used conformed with the established convention [65]. This quantified the orienta-
tion difference between the two. The origins’ positions were compared, yielding angular
and positional deviations, recorded on each axis of the healthy pelvis reference frame.

Healthy & Reconstructed Pelvises
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Figure 5. A superimposition of both reference frames based once on the reconstructed pelvis and

once on the simulated healthy pelvis.
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2.3.4. Centers of Rotation and Deviations

The reconstructed and healthy femoral head centers, representing rotation centers,
alongside the healthy pelvis reference frame axes, were imported into MATLAB. The vector
from each center to the reference frame origin was calculated by subtracting the anatomical
reference frame origin vector from the hip center of the rotation vector. The resultant
vector was then decomposed into each of the three axes of the pelvis reference frame. This
was repeated for both the healthy and reconstructed hip center of rotations, and then the
deviations were calculated.

2.3.5. Greater Trochanter Offset Deviations

Healthy pelvis reference frame axes were imported into MATLAB, along with both
the reconstructed and healthy femoral head centers, as well as their corresponding greater
trochanters. The vector for each hip center of rotation, as well as each greater trochanter
apex, was obtained by comparing their positions with the anatomical reference frame origin.
Then, these vectors were decomposed into each of the reference frame axes to obtain their
local coordinates. Offset magnitudes of the reconstructed and healthy contra-lateral sides
were calculated, as well as their deviations.

2.3.6. Acetabular Inclination Angle Analysis

A script by [66] was used to calculate the normal vector of the best-fit plane on the
acetabular ridge (Figure 6). This vector was projected onto the pelvis reference frame’s
frontal plane, and the acetabular inclination angle was measured.

Reconstructed Pelvis
50 f 1 O Reconstructed Acetabular Ridge Points

X Healthy Acetabular Ridge Points
al Healthy Y A4
100 |
/t\ \ Normal Vector

Best Fit Plane
W Best Fit Plane

£ z(Pro/Dis)
] ]

Anatomical Heal

150 100 50 0 50 100 150
x (Right/Left)

Figure 6. Best-fit planes along the acetabular ridges and their normal vectors.

First, the reconstructed inclination angle deviation was calculated by comparing it
with the contra-lateral healthy side. Then, absolute reconstructed acetabular inclination
angles were compared with the safe zones proposed in the literature [67,68], which have
since been used as a convention, the former ranging from 30 to 50 degrees and the latter
ranging from 30 to 45 degrees.

2.4. Data Processing and Statistical Analysis

All anatomical parameters are normalized based on the characteristic dimensions
native to each personal hip. Those were based on the convention set by [69], which deems
each of these dimensions to be representative of the overall pelvis size along each axis. In
detail, parameters are reported in terms of mean =+ standard deviation, along with observed
minimum and maximum values when appropriate.

The variables, both measured and calculated, were all assessed using a Shapiro-Wilk
test for normality. Normally distributed data were statistically analyzed using Student’s
t-test. However, the variances in each pair of data sets were first analyzed to determine if
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they had equal variances; this was performed using the two sample F-test. Non-normally
distributed data were statistically analyzed using a non-parametric Mann-Whitney U-Test.
Categorical data were analyzed using a Chi-squared test.

In all of the statistical analyses, a p-value of less than 0.05 was taken to reveal statisti-
cally significant differences; otherwise, non-significance was indicated.

An intra-observer reliability test was carried out by calculating the intra-class cor-
relation coefficient (ICC) with a confidence interval of 95%. Four random patients were
selected from each group, and an anatomical landmark used in the construction of the bone
embedded anatomical reference frame was palpated a second time. The time between the
first and second time landmark selections was no less than 6 weeks.

Calculations and graph productions were carried out using Matlab (Matlab®, R2022a,
The MathWorks, Inc., Natick, MA, USA) and were supplemented with the use of Excel (Mi-
crosoft Corporation, Redmond, WA, USA) for preliminary analysis and data visualization.

Power Analysis

Power analyses were carried out at a power of 80% with a 0.05 probability confidence
to select the proper patients’ samples. A difference in terms of linear and rotational
evaluations between the affected and contra-lateral healthy side within each group, as well
as between the two groups, equal to 3 mm or degrees, both with a standard deviation of
2 mm or degrees, was hypothesized.

3. Results
3.1. Intra-Observer Reliability

For the eight patients selected across each of the three coordinates, r > 0.99. A more
detailed breakdown of the ICC and the raw data are available in Appendix A.

3.2. Normalization Values

Following from the importance of considering the overall pelvic dimensions and
how they may affect cross-comparisons, the intra-patient characteristic parameters used to
normalize each of the three coordinates of the hip joint center of rotation were measured
and are presented (Table 1).

Table 1. Geometrical parameters measured from each patient to be used for data normalization. All
values are in millimeters.

Normalization Parameters

3D-Printed Implant Bone Graft
Patient Half Width Depth Height Half Width Depth Height
1 108.5 144.4 141.0 107.0 148.2 180.4
2 107.3 135.0 130.4 133.9 134.8 150.6
3 132.0 132.1 131.8 116.4 139.5 146.0
4 147.2 141.5 147.1 130.3 142.9 152.1
5 99.6 134.1 134.0 112.7 140.0 138.7
6 1254 145.4 160.0 114.4 134.7 136.6
7 127.0 153.1 148.5 105.9 138.8 144.1
8 111.2 136.1 133.0 114.9 139.5 141.5

Pelvic depth measurements require only one side of the pelvis, which make the use of
the healthy contra-lateral pelvis sufficient without the need for mirroring, as was performed
with the pelvic width. This dimension, once averaged across all patients, was found to be
14.0 cm.
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3.3. Hip Center of Rotation

This parameter is analyzed in two ways. Firstly, the absolute positions of the contra-
lateral healthy and the reconstructed hip centers of rotation are compared within each group
for an accuracy analysis. Secondly, the deviations of this parameter in the reconstructed side
of the pelvis when compared to the healthy contra-lateral side of the pelvis are compared
across groups for a precision analysis.

3.3.1. Absolute Values of Hip Center of Rotation

A Student’s t-test showed no significant difference, p-value > 0.05, between the posi-
tioning of the reconstructed hip center of rotation when compared to the healthy contra-
lateral hip center of rotation on all three axes (Table 2) in both groups. This shows that there
is accurate reconstruction of this parameter when using 3D-printed customized implants,
as well as with manual bone graft reconstruction.

Table 2. Positions of the healthy as well as the reconstructed hip centers of rotation measured based
on the anatomical reference frame of the simulated healthy pelvis. All values are in millimeters.

Absolute Positions of Hip Center of Rotation

3D-Printed Implant Bone Graft
Healthy Reconstructed Healthy Reconstructed
X Y V4 X Y V4 X Y V4 X Y z
Max -312 —66.6 917 -235 —616 1053 264 —669 8.7 125 538 853
Min —458 —-884 —-936 503 —-959 913 430 867 879 —470 —-929 899
Median -368 -734 875* 321 712 8.2* 333 714 83.0* 338 715 809*
Standard Deviation 4.5 7.5 3.1* 9.7 11.7 8.5*% 5.2 6.6 3.3*% 10.0 13.2 6.4*

* For both the median and the standard deviation of the Z coordinate, only the magnitude was considered, given
that the hip center of rotation for both the healthy and the reconstructed pelvises varies between sides from one
patient to another.

3.3.2. Deviations in Hip Center of Rotation

Across all axes and between both groups, the bone graft procedure has the greatest
absolute deviation of 20.3 mm along the Inferior/Superior Y axis (Table 3). A Student’s
t-test was performed for the anterior/posterior position and the inferior/superior position,
while a non-parametric Mann-Whitney-U test was used for the non-normally distributed
medio/lateral position.

Table 3. The characteristic values of deviations in each reconstructed hip center of rotation. All values
are in millimeters.

Hip Center of Rotation Deviations

3D-Printed Implant Bone Graft
X Y 4 X Y Z
Max 8.1 9.1 16.7 15.1 18.6 3.3
Min —8.8 -7.6 —4.3 —8.0 —20.3 —19.8
Median 5.0 —-14 4.0 0.3 —-04 -0.7
Standard Deviation 6.7 53 5.9c 6.8 13.1 71

Note: There is an agreement in the literature that the optimal reconstruction deviation for the hip center of rotation
is +£5 mm [70,71].

3.4. Greater Trochanter Offset

This parameter is analyzed in two ways, discussed below.
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3.4.1. Absolute Offset

Firstly, the absolute offsets of the contra-lateral healthy and the reconstructed greater
trochanters were compared within each group for an accuracy analysis. Representa-
tive values were extracted (Table 4). A Student’s t-test showed no significant difference,
p-value > 0.05, in absolute values of the healthy compared to the reconstructed parameters
within each group.

Table 4. The characteristic values of the greater trochanter offset magnitudes. All values are in millimeters.

Greater Trochanter Offset Magnitudes

3D-Printed Implant Bone Graft
Healthy Reconstructed Healthy Reconstructed
Max 51.0 59.2 58.5 57.7
Min 404 421 422 37.0
Median 442 46.7 48.6 48.7
Standard Deviation 445 49.1 494 48.5

3.4.2. Offset Deviations

Secondly, the deviations of this parameter in the reconstructed side of the pelvis when
compared to the healthy contra lateral side were compared across groups for a precision
analysis. Representative values were extracted (Table 5). The greater trochanter offset
deviations showed no significant difference, p-value < 0.05, between both groups.

Table 5. Characteristic values of the greater trochanter offset deviations. All values are in millimeters.

Greater Trochanter Offset Deviation

3D-Printed Implant Bone Graft
Max 15.7 104
Min -1.0 —-11.1
Median 2.6 —-04
Standard Deviation 5.5 6.6

3.5. Acetabular Inclination Angles

This parameter was analyzed in two ways, discussed below.

3.5.1. Inclination Angles

First, the representative values of the acetabular inclination angles were extracted
(Table 6).

Table 6. Characteristic values of the acetabular inclination angles in degrees.

Acetabular Inclination Angles

3D-Printed Implant Bone Graft
Reconstructed Healthy Reconstructed Healthy
Max 614 63.5 48.8 61.1
Min 429 51.9 15.3 50.2
Median 50.1 56.0 32.5 55.3
Standard Deviation 6.3 4.0 9.5 3.4

Note: there are two conventional safe zones [67,68], the former ranges from 30 to 50 degrees and the latter from 30
to 45 degrees.
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The acetabular inclination angle was assessed using a Chi-squared test. This was
performed twice, each time considering the different one of the two safe zones in (Figure 7),
both with a null hypothesis being that there is no difference between both methods at an
alpha level of 0.05. No significant difference was found between both groups in all cases.

Reconstructed Acetabular Inclination Angles
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Figure 7. Acetabular inclination angles superimposed on relevant safe zones. (Note: the green zone
represents the [67] safe zone, and the green + blue zones together represent the [68] safe zone).

3.5.2. Deviations in Inclination Angles

Secondly, the deviations were calculated relative to the contra-lateral healthy inclina-
tion angle projected onto the reconstructed side of the pelvis, characteristic values were
extracted in (Table 7). A Student’s t-test was carried out on the deviation data and yielded
a significant difference, p-value < 0.001, between both groups. It was found that the 3D-
printed implant group had a deviation significantly closer to 0 than the bone graft group.

Table 7. Characteristic values of the acetabular inclination angle deviations. All measurements are

in degrees.
Acetabular Inclination Angle Deviation
3D Printed Bone Graft
Max 6.2 -7.9
Min —18.1 —38.6
Median —4.8 -21.2
Standard Deviation 7.6 10.5

4. Discussion

This project spanned more than one technological advancement and encompassed
thorough analyses to verify and validate the efficacy of their practical implementations.
All of the results show integrity in precision through intra-observer repeatability tests,
which show excellent ICC and accuracy through cross-referencing established values in the
literature. Importantly, the procedure using 3D-printed custom implants was compared
with a conventional approach that uses bone grafts and standard off-the-shelf implants,
both of which, in this study, were homogenized in terms of patient demographics and
surgical procedure of the tumor resection. Given the detailed and meticulous nature of
the analyses, each parameter is discussed at a high level. However, in general, it has been
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found that all measures of precision and accuracy were statistically comparable, except
that the precision of reconstruction of the acetabular inclination angle of the 3D-printed
implant group was higher. Given the fact that all 16 patients were operated on by the
same experienced senior surgeon, these results are favorable for the advocacy of using
3D-printed customized implants to guarantee a consistently high standard of skeletal
surgical reconstruction, especially as a preventative measure of error with less-experienced
surgeons and a comforting factor for patients. While the focus of this study is on the impact
that 3D-printed personalized implants have intra-operatively, the improved reconstruction
can explain the reported survival rates of custom 3D-printed implants from three studies,
two at approximately 3 years follow-up [22,23] and one at 5 years follow-up [10]. The
survival rates of the 3D-printed personalized implants were found to be acceptable.

4.1. Reference Frame and Pelvis Size

To ensure the validity of the findings, the first consideration is whether or not the
methods of data acquisition and analysis are reliable. The three pelvic dimensions, width,
depth, and height, which were used for data normalization, are within range of those
reported in the literature. The calculated average pelvis width of all 16 patients in this
report is 23.7 cm, while in the literature it is reported as 23.8 cm [69]. The calculated average
depth in this report is 14.0 cm, while that in the literature is 16.4 cm [69]. It is worth noting
that that that study involved a larger population, 65, compared to this study, having 16.

Given the variation in individual pelvises due to several factors such as sex, height,
and ethnicity, as well as due to differences in sample sizes, the differences between present
measured dimensions and those found in the literature are expected. As such, the need for
data normalization based on individual pelvis size was vital.

This affirmation covers several technical points of the methodology. Firstly, the 3D
reconstruction of the 2D CT medical images taken post-operatively was performed without
critical loss of bone boundaries; thus, the preservation of anatomical landmarks is guaran-
teed. Secondly, the location and orientation of each of the five bones present within every
pelvis were consistent throughout the process, which involved various procedures and
spanned three different software. Thirdly, the manual palpation of anatomical landmarks
for the reference frame creation, as well as the critical parameters selection, is reliable.
Fourthly, the decision to simulate a healthy pelvis that is pre-operative and tumor free was
correct, and the method used to create a mirroring plane is also correct [72]. Fifthly, the
custom written code for the morphological analysis is error free.

All further analyses yielded results with greater confidence, given these confirmations.

4.2. Hip Center of Rotation

There is great importance in the symmetry between both sides of the pelvis for the best
functional and clinical outcomes. This is why the statistically accurate reconstruction of the
hip center of rotation in the 3D-printed customized implant group is a desirable result [37].
Its degree of error is the main impacting factor of, and is directly proportional to, the
decrease in the range of motion. There is also an influence from the hip center of rotation
on the range of motion [38], and, in addition, a tendency of decreased range of motion
based on the type of anterior inferior iliac spine anatomy post-reconstruction [73]. This
further compounds the demands on the surgeon during manual reconstruction when using
a bone graft. However, such an anatomical requirement can be simply incorporated into
the 3D-printed implant during the design stage and not worried about during the surgery.

Following from that, the positions of the reconstructed hip center of rotation were not
found to be significantly different in both groups, p-value > 0.05, from the target position.

Additionally, the precision of the reconstruction was found to be not significantly
different, p-value > 0.05, between both groups. This suggests that the imaging procedure,
design software, and 3D-printing equipment can guarantee small errors, as an experienced
surgeon would have in a manual procedure. The production workflow has proven to
be consistent and reliable; thus, it increases confidence in this approach. Especially with
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the complex geometry of the pelvis, as well as other bones in the body where restricted
access might prevent sufficient recreation of the native anatomy, pre-printed implants can
circumvent this issue. As a result, and as already seen in the literature, surgical time is
decreased significantly [74]. This trend of reduced surgical time has also been observed
with the use of 3D-printed anatomical models for training and planning [75,76].

4.3. Greater Trochanter Offset

The mean distance measured from the greater trochanter to the femur head center
for the healthy side of the pelvis across all 16 patients is 48.8 mm, while that on the
reconstructed side is 47.0 mm. A study on 293 subjects, using 3D analysis tools, obtained an
average distance from the greater trochanter to the femur head center of 46.8 &= 4.3 mm [40].
This increases confidence in the data acquisition method as well as the data processing
procedure. Given that the greater trochanter offset also includes the position of the primary
parameter, i.e., the hip center position, it can be concluded that both manual palpation, as
well as the best-fit methods of target identification, are accurate.

The reconstructed greater trochanter offsets using the 3D-printed implants and the
conventional method were not found to be significantly different from their healthy contra-
lateral comparisons. This signifies another major advantage for this proposed procedure,
as orthopedic surgeons are always looking for better ways to restore the femur head center,
and the greater trochanter has been identified as a suitable parameter for it [40]. In addition,
the deviation in reconstruction of the greater trochanter using the 3D-printed implant is
statistically comparable to the deviation by the conventional bone graft and standard-sized
off-the-shelf implant replacement. This high degree of precision is a strong indicator of
superior post-operative outcomes [77-79].

4.4. Acetabular Inclination Angle

While the previous parameters showed comparable results between the two surgical
methods, a key difference emerged in the analysis of the acetabular inclination angle. The
deviation in the reconstructed acetabular inclination angle was the only one to present a
significant difference, where the 3D-printed implant group had a more superior precision,
p-value < 0.001. This is a clear indication of the advantages that 3D-printed customized
implants have, because a more precisely reconstructed inclination angle reduces the risk of
impingement of the femur implant neck with the acetabulum implant cup and subsequent
dislocation by increasing the range of motion [53,80,81], which directly increases the pros-
thesis survivorship. Even with the presence of an experienced surgeon that has carried out
a high volume of massive hip replacements, there is still room for improvement.

With the use of 3D-printed personalized implants, patient-specific instrumentation can
also be produced to better execute the planned tumor resection process intra-operatively.
This is as a result of having already recreated the 3D model of the patient anatomy. Ad-
ditionally, the personalized implant better mimics the native patient anatomy compared
to standard off-the-shelf implants. Both factors can contribute to superior precision in
reconstructing the acetabular inclination angle.

Some reconstructed acetabular inclination angles are intentionally outside both safe
zones due to the fact that not every patient will benefit from being in the average range of
angles [82,83], especially in this case, where the angle was chosen by the surgeons during
pre-operative planning to match the healthy contra-lateral inclination angle.

4.5. Limitations and Suggestions for Further Work

The pelvic bone is a complex structure and a pivotal one; it acts as the stress-bearing
unit in the body and is central to various movements. That is why there is a plethora
of features that could be analyzed for reconstruction success. So far, the parameters
analyzed were chosen for their direct impacts on critical functional outcomes. Through
discussions with expert orthopedic surgeons and biomedical engineering scientists, it
was concluded that a supplementary parameter, the pelvic ring continuity, identified for
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its stress-distribution influence [25], would provide additional insight into the surgical
outcomes. Given the static and dynamic forces acting on the pelvis, an ideal reconstruction
would ensure a shape that uniformly distributes the generated stress and shear. Otherwise,
incomplete pelvic ring reconstruction may lead to degeneration of the sacroiliac joint or
endoprosthetic breakage [84,85]. That is why, in the future, more understanding of the bio-
mechanics of the pelvis under daily living activities will be exploited for improved custom
3D-printed implant design [86]. From the theoretical and technical knowledge gleaned
from this work, a proposed method for analysis is a distance map analysis. Since the healthy
pelvis anatomy is shaped for ideal stress distribution, measuring the superimposition of
the reconstructed bones from both procedures would give a strong indication of which
is better.

The number of patients involved was sufficient to yield statistical significance. To
further uncover the advantages of 3D-printed customized implants, a bigger cohort would
suffice, given that other aspects of this study are satisfactory.

Every aspect of both surgical procedures were uniform to limit the impacting factors.
This comparison, with the presence of an expert surgeon, provided clear evidence that
3D-printed customized implants can match the output level of a senior surgeon. It would
thus follow to conduct this comparison with a junior surgeon to understand whether the
accuracy and precision of the 3D-printed customized implant is dependent on the expertise
of a senior surgeon during its placement.

Additionally, the customizable nature of 3D-printed designs means that there are
various patterns and textures that are available. An important part of implant success is the
integration of the implant material with the hosting bone. Thus, it would prove insightful
to analyze the most effective surface designs in avoiding foreign body rejection.

In the future, bio-printing can be incorporated and tested with this procedure to
investigate the possibility of promoting the repair process of the reconstructed bone [87,88]
by pre-printing the implant with bio-inks containing growth factors, cells, and bio-materials.

5. Conclusions

In this study, the impact of using customized 3D-printed hip implants on massive
pelvic reconstruction has been investigated in comparison to the conventional use of
bone grafts and standard-sized off-the-shelf implants. The morphological impact of both
procedures was assessed through a custom workflow for data acquisition and processing
involving three key parameters: hip joint center of rotation, greater trochanter offset, and
acetabular inclination angle. The accuracy and precision of each parameter were assessed
and compared between both procedures.

Firstly, this study successfully developed and validated a reliable workflow for data
acquisition and processing, from medical image segmentation to morphological parameter
analysis, as evidenced by the high intra-observer reliability (ICC > 0.99) across all of the
measured coordinates. The calculated average hip width and depth of all 16 patients in
this report are 23.7 cm and 14.0 cm, respectively, while [69] reported 23.8 cm and 16.4 cm,
respectively. Given the variation in individual pelvises due to several factors such as
sex and ethnicity, as well as due to differences in sample sizes, differences between the
measured dimensions and those found in the literature are expected.

Secondly, 3D-printed custom implants demonstrated the ability to accurately recon-
struct the hip joint center of rotation, greater trochanter offset, and acetabular inclination
angle (p > 0.05 for all three), comparable to the conventional bone graft with the standard-
sized off-the-shelf implant method.

Thirdly, 3D-printed implants exhibited superior precision in reconstructing the ac-
etabular inclination angle, with a significantly lower median deviation of —4.8 degrees
compared to —21.2 degrees for bone grafts (p < 0.001), indicating potential for improved
post-operative outcomes.
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In this study, three morphological parameters were measured to compare the use
of personalized 3D-printed implants with standard-sized off-the-shelf implants in pelvic
reconstruction. The custom 3D-printed implants showed statistically significant improve-
ments in the precision of reconstructing the acetabular inclination angle. This supports
the use of 3D-printed custom implants in complex hip reconstructions, which goes in line
with the trend of incorporating 3D printing in various applications within healthcare. This
shows the potential for this technology to become the standard of care in complex hip
reconstructions, especially in cases involving massive bone loss. This study found statistical
significance in the study population. However, in future studies, a larger patient sample
could elucidate further differences between both procedures to give an even more in-depth
understanding of the impact custom 3D-printed implants have on reconstruction surgeries.
Additionally, given the customizable nature of 3D printing materials, bio-printing with the
use of bioactive materials could be introduced to try to reduce the risk of implant rejection
and improve osseointegration.
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CSV  Comma-separated values

Appendix A
Intra-Observer Reliability

The raw data (Tables A1 and A2) represent the global coordinates of the anatomical
landmark, which is why there will be no match with any of the other reported coordinates
that are based on the locally constructed bone-embedded reference frame. The reason global
data were chosen for this reliability analysis is because they constitute the foundation on
which all other values are acquired. By establishing the reliability in these palpations, all
other manual palpations are similarly validated.

ICC calculations were based on the formula by [89], using the corresponding MATLAB
script written by Arash Salarian [90].
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Table Al. Raw data of anatomical landmark coordinates from the 3D-printed implant group used for
intra-observer reliability analysis.

3D-Printed Implant

Random Patient Anatomical Landmark Palpations

Number
X1 (mm) X2 (mm) Y1 (mm) Y2 (mm) Z1 (mm) Z2 (mm)
1 —79.7 —78.5 192.7 192.1 —83.7 —83.2
2 —67.7 —68.6 223.4 223.6 —-317.7 —318.0
3 39.7 38.6 200.4 200.9 —-171.7 —175.6
4 56.7 55.8 110.5 109.5 —25.0 —24.4
r 0.99 0.99 0.99 0.99 0.99 0.99

Table A2. Raw data of anatomical landmark coordinates from the bone graft group used for intra-
observer reliability analysis.

Bone Graft

Random Patient Anatomical Landmark Palpations

Number
X1 (mm) X2 (mm) Y1 (mm) Y2 (mm) Z1 (mm) Z2 (mm)
1 -30.8 —29.7 66.2 67.2 —109.9 —113.4
2 419 36.7 88.3 88.7 —112.5 —121.0
3 39.6 38.5 —49.9 -50.9 —1156.8 —1157.5
4 51.9 53.3 99.2 100.0 —18.4 —18.6
r 0.99 0.99 0.99 0.99 0.99 0.99
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