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Abstract: In orthopaedic oncology, limb salvage procedures are becoming more frequent thanks to
recent major improvements in medical imaging, biomechanical modelling and additive manufac-
turing. For the pelvis, surgical reconstruction with metal implants after tumor resection remains
challenging, because of the complex anatomical structures involved. The aim of the present work
is to define a consistent overall procedure to guide surgeons and bioengineers for proper implant
design. All relevant steps from medical imaging to an accurate 3D anatomical-based model are here
reported. In detail, the anatomical 3D models include bone shapes from CT on the entire pelvic bone,
i.e., including both affected and unaffected sides, and position and extension of the tumor and soft
tissues from MRI on the affected side. These models are then registered in space, and an initial shape
of the personalized implant for the affected side can be properly designed and dimensioned based
on the information from the unaffected side. This reported procedure can be fundamental also for
virtual pre-surgical planning, and the design of patient-specific cutting guides, which would result is
a safe margin for tumor cut. The entire procedure is here shown by describing the results in a single
real case.

Keywords: multimodal medical imaging; DICOM segmentation; anatomical modelling; model
registration; distance mapping; pelvic reconstruction; personalised implant design; surgical planning;
orthopaedic oncology

1. Introduction

In orthopaedic oncology, limb salvage procedures for the pelvis requires tumor re-
section by an appropriate excision followed by careful corresponding reconstruction of
the affected bone and soft tissues [1]. Pelvic resections and reconstructions are classified
by tumor extension and the section of bone to be resected, i.e., iliac or periacetabular or
pubic location [2]. In particular, according to the Enneking and Dunham classification [2],
type I involves the iliac region, type II the periacetabular region, type III the pubis or
ischium, and type IV the lateral part of the sacrum. Most of these reconstructions involve
the acetabulum, which implies the replacement of the hip joint [3,4]. For all pelvic resection
and reconstruction procedures, the primary goals are the restoration of the physiologic
joint motion and the maintenance of good quality of life [4]. To date, surgical reconstruction
after tumor resection in the pelvis remains a challenge, because of the critical and complex
anatomical structures involved. A major critical aspect is the bone cut, which must be
performed to achieve an adequate margin around the tumor, but also to preserve as much
skeletal structure and joint function as possible, including adequate bone stock and soft
tissues such as ligaments and tendons [1,5–7].

Important advancements in pelvic reconstruction using biological reconstruction
such as structural pelvic allografts or autografts, arthrodesis and endoprostheses have
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been shown [8], though a high rate of complications, including infection, dislocation
and mechanical failure, have been reported [5,9–12]. More recently, there has been a
strong interest in custom-made prostheses, particularly after the great developments of
additive manufacturing, also known as 3D-printing. A custom-made prosthesis is a fully
personalized implant, which is aimed at achieving a more anatomical reconstruction, i.e.,
more respectful of the original anatomy, and a better match with patient’s residual bone,
and thus a smaller risk of loosening, infection, fractures, and any possible mechanical
failure. It also allows a precise pre-operative planning of the surgical procedure, this
including the positioning of the prosthesis, and the setting of corresponding bone cuts. The
potential better long-term clinical and functional results are supported by the good short-
term results [3,5,7,13–24]. 3D printed implants have attracted much attention nowadays
also because of faster production and lower costs, together with the accurate optimization
and control of the overall geometry, both in terms of the external roughness and internal
topology [25].

Surgical reconstructions at the pelvis using custom-made implants are showing encour-
aging results, both at the acetabulum, ileum, and sacrum sections, with low complication
rates, although wound healing problems have been reported [17,26]. On the other hand,
any custom-made implant requires careful medical imaging and time-consuming mod-
elling and design [6]. Nevertheless, this digital process allows a precise identification
of the tumor and, thus, a careful computer-based pre-surgical planning of the bone re-
section [5,24,27], though this virtual surgery depends on the quality of medical imaging
and the software tools utilized and the experience and ability of the surgical team. As
mentioned, computer-based design and 3D printing of these implants have the potential
to result in advanced porous metal implants, with different geometries of the internal
and external structures, and with no limits to their complexity. It is also possible to use a
number of different materials, with mechanical properties similar to those of the natural
anatomical structures [25,28,29]. This further technical advancement has been assessed
already also in custom-made implants for complex pelvic reconstructions [13,17,30,31]. The
final surgical result of these reconstructions, also in term of an accurate prosthesis-to-bone
contact, largely relies also on how bone resections are performed, and thus on the design
and manufacturing of the so-called patient-specific cutting guides [1,15,30,32–35].

The anatomical design of these implants based on digital bone models should imply
the knowledge of the shape of both the affected and unaffected hemipelvis; the former
must provide an accurate location and extension of the tumor, the latter should be con-
sidered a best possible target for the final reconstruction [15,27,36,37]. The exact defini-
tion of the tumor, together with the skeletal and soft tissue structures, requires complete
computer-based anatomical models, to be obtained via multimodal medical image scans
using computed tomography (CT) and magnetic resonance imaging (MRI), and accurate
3D reconstructions. These final 3D models, observed separately and also registered super-
imposed on one another in 3D space, allow visualization, identification and localization
of all important anatomical structures, necessary for a careful pre-surgical planning and
implant design [3,38,39]. For these procedures, and for the following virtual surgery plan-
ning, a close collaboration between surgeons, radiologists, bioengineers, and technicians
is necessary. Despite these techniques must have been exploited massively for modern
custom-made implants, only a few papers have reported in detail the procedures implied
in this modelling part of the personalisation [15,27,30].

The aim of the present work is to report on an original procedure in orthopaedic
oncology for the 3D design of custom-made implants for the pelvis. In particular, the
procedure is here shown for a single clinical case and follows the full process from medical
imaging to final 3D computer-based models of the tumor resection and bone reconstruction.
All these steps are based on personalised models of the pelvis of the patient, including
the bones and the tumor, as derived from of CT and MRI images using state-of-the-art
semi-automatic segmentation tools. The steps of this procedure are also defined under
careful indication of the surgical team, including of course the critical decision on the
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osteotomies for tumor resection. This technical procedure includes for the first-time spatial
registrations and also mirroring of the unaffected hemipelvis to the affected one, as a
reliable subject-specific homologous reference for a possible most accurate definition of
these cutting planes. In every step, the main accuracy parameters are tracked.

2. Methods

The technical steps here reported refer to a female patient, a 54 year-old woman
(height: 168 cm; weight: 70 Kg; body mass index: 24.8 kg/m2) affected by a malignant
bone tumor in the left pelvic bone, in particular a condrosarcome grade II. According to the
Enneking and Dunham classification [2], this patient had a type I + II + III partial lesion,
due to the extension of the tumor on the iliac region, in the acetabulum and, partially, also
in the pubic and ischiatic area. The patient had not received chemotherapy at the time of
medical imaging data collection.

2.1. Image Processing: Image Segmentation and Geometrical Modelling

The patient underwent pre-operative computed tomography (CT) of the pelvis, sacrum
and proximal femur, and magnetic resonance imaging (MRI) of the pelvis regions involved
in the tumor lesion. The acquired images were exported in Digital Imaging and Com-
munications in Medicine (DICOM) files and imported into an image visualization and
processing software, Amira (Zuse Institute Berlin ZIB, Dahlem, Berlin, Germany—Thermo
Fisher Scientific, Waltham, MA, USA). A semi-automatic segmentation was performed
(Figure 1A) [40], for anatomical structure reconstructions. For every slice of the scan, the
external surface of the bones and the tumor were identified and depicted, to obtain their
3D models (Figure 1B) by merging these 2D segmented silhouettes.
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Figure 1. The process of geometrical modeling of the bone shape: image segmentation in the 2D
images (A) and the final 3D model (B) via Amira software.

Several tools of the Amira software package were used to obtain accurate patient-
specific models of the above reported anatomical structures. In more details, among these
tools, thresholding was preferred, according to the Hounsfield Unit (HU) values for the
bones and the tumor, which was set slice by slice, also depending on the quality of the
corresponding CT or MRI medical image. The 3D model of the bones was generated
from segmentation of the former (Figure 2A), the 3D model of the bones and tumor was
generated from segmentation of the latter (Figure 2B). The full segmentation and modelling
process was performed by a single expert operator. These two 3D models were exported
in binary stereolithography format (STL), and then imported into a reverse engineering
software, Geomagic Control (2014.3.0.1781, 3D Systems, Rock Hill, SC, USA).



Appl. Sci. 2022, 12, 1654 4 of 12

Appl. Sci. 2022, 12, 1654  4  of  13 
 

segmentation of the former (Figure 2A), the 3D model of the bones and tumor was gen‐

erated from segmentation of the latter (Figure 2B). The full segmentation and modelling 

process was performed by a single expert operator. These two 3D models were exported 

in binary stereolithography format (STL), and then imported into a reverse engineering 

software, Geomagic Control (2014.3.0.1781, 3D Systems, Rock Hill, SC, USA). 

 
Figure 2. (A) 3D bone models (blue) obtained by segmentation from CT images, including pelvis, 

sacrum and femur bones. (B) 3D model of the pelvis (purple) obtained by segmentation from MRI 

images. In both the 3D models of the tumor on the left hemipelvis is depicted in green. 

2.2. Registrations of 3D Models 

To obtain a complete model of the pelvis suitable for the planning of the bone cuts 

and the design of the implant device, which must include shapes of both bones and tu‐

mor,  registrations  between CT‐based  and MRI‐based models were  performed  in Ge‐

omagic as well as the following steps. These registrations in general were executed via 

best‐fit  spatial alignments based on 3D models of  rigid objects achieved by  the  estab‐

lished iterative closest point (ICP) algorithm [41]. This best‐fit registration of two objects, 

i.e.,  the so‐called “reference” and  the “test”, consists of an optimal spatial matching  to 

minimize  an  overall  distance  error  between  their  surfaces.  This  results  in  a  transfor‐

mation matrix,  together with  the estimation of  the mean and  root mean square  (RMS) 

errors of the transformation. 

Two major such registration procedures were performed, both bone‐to‐bone. A first 

registration was between the CT‐based and the MRI‐based models, as the goal is to take 

the 3D shape of the tumor on the bone model of the affected hemipelvis (Figure 3). Be‐

cause the bone  is poorly represented  in MRI‐based models, the final result  is to super‐

impose exactly the tumor, which better identified in MRI, with the best representation of 

the bone, which is best obtained from CT. In other words, the portion of bone from MRI is 

registered to the corresponding from CT; the same transformation is then applied to the 

tumor to get the final bone plus tumor model. 

Figure 2. (A) 3D bone models (blue) obtained by segmentation from CT images, including pelvis,
sacrum and femur bones. (B) 3D model of the pelvis (purple) obtained by segmentation from MRI
images. In both the 3D models of the tumor on the left hemipelvis is depicted in green.

2.2. Registrations of 3D Models

To obtain a complete model of the pelvis suitable for the planning of the bone cuts
and the design of the implant device, which must include shapes of both bones and tumor,
registrations between CT-based and MRI-based models were performed in Geomagic
as well as the following steps. These registrations in general were executed via best-fit
spatial alignments based on 3D models of rigid objects achieved by the established iterative
closest point (ICP) algorithm [41]. This best-fit registration of two objects, i.e., the so-called
“reference” and the “test”, consists of an optimal spatial matching to minimize an overall
distance error between their surfaces. This results in a transformation matrix, together with
the estimation of the mean and root mean square (RMS) errors of the transformation.

Two major such registration procedures were performed, both bone-to-bone. A first
registration was between the CT-based and the MRI-based models, as the goal is to take the
3D shape of the tumor on the bone model of the affected hemipelvis (Figure 3). Because the
bone is poorly represented in MRI-based models, the final result is to superimpose exactly
the tumor, which better identified in MRI, with the best representation of the bone, which
is best obtained from CT. In other words, the portion of bone from MRI is registered to the
corresponding from CT; the same transformation is then applied to the tumor to get the
final bone plus tumor model.

A second registration then is between the affected and the unaffected hemipelvis. To
get a first anatomical shape to the metal implant meant to replace the resected bone stock,
the unaffected hemipelvis is mirrored and registered to the affected hemipelvis. A mirroring
plane is defined at the pubic symphysis (Figure 4A), and the unaffected is mirrored by
spatial registration. This can be performed by considering the whole hemipelvis, as well
as any part of it; several such trials can be performed, and the transformation with the
lowest registration error can be selected (Figure 4A). Eventually a model with the two
hemipelvis superimposed and the tumor in the correct position is obtained (Figure 4B). In
this model, the same 3D planes representing bone cuts at the affected hemipelvis are used
also to cut the unaffected hemipelvis, and thus to separate a most accurate possible shape
of the implant for the replacement.

2.3. Design of Bone Resection Planes

The cutting planes were defined on this 3D anatomical model under strict indications
by the surgical team members. They very carefully identify the tumor also by looking at
relevant original MRI images, and then plan its excision by setting the relevant bone resec-
tion cuts. Locations and orientations of these resection planes in the computer model were
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decided by identifying the exact position and extension of the tumor and by considering
a sufficient safety margin, here taken initially at about 20 mm, which takes into account
also the resolution of MRI and CT scans. Additional more surgical and clinical criteria are
also considered for a final compromise for this value, such as the smallest possible bone
stock to be removed, a best preservation of the critical soft tissues, and a best large contact
between the host bone and the implant, for its optimal final integration. In case of resection
of the iliac bone (type I + II), it is preferred to define a so-called “roof” cut, with an angle
of about 100◦ ≈ 110◦ with respect to the anatomical frontal plane of the pelvis, for a best
fit of the prosthesis on the host bone, as well as for a secure support to the vertical forces
exchanged over the hip.
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Figure 3. The 3D result after a best-fit registration of the MRI-based models to CT-based models;
again, the model of the tumor from MRI is depicted in green.
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Figure 4. Bone models to depict the procedure for mirroring (A) and spatial matching of the two
hemipelvis (B). In (A), the unaffected hemipelvis (in blue, on the left) is to be mirrored to the affected
one (in yellow, on the right). This latter model, the affected one, is then matched (B) to the unaffected
one (blue); the tumor in the affected hemipelvis (from the registration as in Figure 3) is depicted
in green.
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The defined resection planes are introduced into the model, and, according to these,
cuts of the bone models are performed, both on the affected hemipelvis, i.e., left, and on
the mirrored and registered unaffected hemipelvis. In the present case, this virtual surgical
planning involves the iliac region, the acetabulum and partially the pubic and ischiatic
regions, for a total of four cutting planes (Figure 5).
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Figure 5. The four cutting planes (a-b-c-d) defined for the four osteotomies necessary to remove the
bone stock with the tumor (in green). These virtual osteotomies are performed on both the affected
(in yellow) and unaffected (in blue) hemipelvis, after registration as in Figure 4B.

2.4. Creation of the Models for the Final Surgery

Additional bone models are thus defined from virtually performing these bone cuts.
The resection of the affected left hemipelvis results in the model of the region of the bone
containing the tumor, to be removed during surgery (Figure 6A), and the model of the part
of the pelvis meant to host the implant, i.e., the pelvis bone on which the implant will be
fixed (Figure 6B).

A third new model is obtained by the virtual bone cuts performed on the mirrored and
registered right hemipelvis; the part in correspondence of the tumor is meant to represent a
best possible shape of the implant, to be implanted in the host bone as defined in Figure 6C.

2.5. Virtual Planning Analysis and Post-Operative Evaluations

From these models, a great deal of relevant information can be taken, such as tumor
volume and areas of the hosting bone sections (Figure 7), in case to amend position and
orientation of the planes and to start with a new overall surgical plan. A suitable surgical
approach and optimal location and orientation of the fixation elements, such as screws and
plates, can also be adjusted. This overall procedure ensures that the design of the initial
shape of the implant is based on the exact patient-specific bone and tumor morphology, to
obtain a full custom-made limb salvage plan.
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Figure 6. The three relevant models defined at the end of the procedure, after the registration as in
Figure 4B and the bone cuts as in Figure 5: (A) the model of the hemipelvis section containing the
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prosthesis; (C) the model representing a first shape of the implant, because derived from registered
unaffected hemipelvis after applying the same cuts. Because of the overall procedure, the section
areas in (B,C) have exactly the same position and orientation.
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3. Results

The best-fit registration gives as results a transformation matrix, besides the mean
error and the root mean square (RMS) of the registration.

3.1. Registration of 3D Models

The mean error and RMS value of the first best-fit registration, i.e., from MRI-based to
CT-based models, are 0.98 and 1.44 mm, respectively.

3.2. Creation of Final Models for Implant Design

The corresponding results for the second best-fit registration, i.e., between the affected
hemipelvis and the unaffected hemipelvis after mirroring and matching procedures, are
0.87 and 1.16 mm, respectively.

3.3. Virtual Planning Analysis and Post-Operative Evaluations

The results of the virtual planning analysis are shown in Table 1. In particular, the
area of cutting sections in the second model defined in the current procedure (the affected
hemipelvis meant to host the implant) and its volume, the volume of the first model (the
hemipelvis section containing the tumor) and the volume of the third model (the model
representing a first possible shape of the implant).

Table 1. Area of the cutting sections and volume of the final models obtained.

FIRST MODEL
-

Affected Hemipelvis
Meant to Host the

Implant

SECOND MODEL
-

Hemipelvis Section
Containing the

Tumor

THIRD MODEL
-

Model of the First
Shape of the Implant

SECTION AREA
(mm2) 2454.8 2454.8 2489.6

VOLUME (mm3) 178,601.5 103,961.6 135,535.6

4. Discussion

Limb salvage for pelvic tumor is a complex surgical treatment and represents a chal-
lenge for orthopaedic oncology surgeons. The primary goal in the removal of the tumor
and replacement with an implant is to achieve an adequate margin and to preserve the
relationship between the remaining tissues [5,8]. The recent advent of 3D printing tech-
nology, together with the use of CT and MRI, provides an important solution for these
problems [7,14,15,38,42]. In the present study, an original procedure is defined, with all
steps from these medical imaging to an accurate 3D anatomical—based model with the
shape of the implant; this would be fundamental also for virtual pre-surgical planning,
and the design of patient-specific cutting guides. The entire procedure is here shown by
depicting the results in a single real case.

These guides are fundamental, for the surgeons to achieve the result designed in the
pre-operative planning, in particular the perfect intra-operative positioning and fixation
of the prosthesis, which would result also in a safe margin for full tumor removal [3].
Knowing from the virtual models the exact shape of the bones, and the exact position and
orientation of the cuts, together with the experience of the surgical access and overall room,
the design of these cutting guides and their additive manufacturing with suitable material is
straightforward. In the operating theatre, their correct position is usually checked with the
help of drawings from pre-operative planning and also with sterile bone models from the
case. Once the cutting guides are placed in the correct position, bone is cut with oscillating
saw, and then bone and guides are removed.

The anatomical 3D computer models include bone shapes from CT, and position and
extension of the tumor and soft tissues from MRI. These models, in their digital format,
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are registered in space (Figure 3), i.e., positioned in corresponding locations; from this, a
process starts for an initial shape of the personalized implant to be obtained (Figures 4–7,
Table 1). The major originality of the present procedure is the definition of a best possible
initial virtual model for the final personalized implant (Figure 6C). This is designed to
restore skeletal anatomy as best as possible, by mirroring the corresponding contralateral
part (Figure 4) and thus it matches well with the remaining bone to host the implant
(Figure 6B) by definition. These two models do come from different hemipelvis, but the
cuts are performed once, when these hemipelvis are mirrored and registered one over the
other (Figures 4B and 5). In other words, the same virtual bone cuts (planes a-b-c-d in
Figure 5) identify the bone-stock with the tumor (to be removed, in the affected hemipelvis)
and the corresponding contralateral part (for the replacement, in the unaffected hemipelvis),
respectively parts A and C in Figure 6. This guarantees a perfect match between these
models, for a final successful replacement in the operating theatre, apart of course the
anatomical asymmetry also caused by the tumor and the spatial registration error, which
are expected however to be small. These are the only sources of the present very small
difference (about 35 mm2—Table 1) of the matching faces in the corresponding resection
areas, which is clinically acceptable. In any case, the very final design of the implant can
cope and adjust this mismatch easily.

These operations were all performed at the computer, using suitable software tools,
but can also be replicated by using physical models, thanks to current accessible 3D
printers, able to manufacture corresponding objects by the additive technology, now in a
fast and cheap way [14]. These physical models are very important both for surgeons and
bioengineers, to handle and check the virtual planning by using an exact replica of the case;
final recommendations can be made, and refinements can still be performed to the design
of the implant and of the treatment. In particular, the fixation elements of the implant
and the bone cutting guides are to be checked carefully. This phase is also suitable for the
preparation and training of the team, and in case for the explanation of the anatomical
conditions and of the relevant surgery to the patient and relatives. The industry is also
involved in this process, to assess the final production of the implant (for instance materials,
surfaces, porosity, lattice, etc.).

In this report, the ICP registration between the bone models was performed. These
spatial registrations can be performed also via the so-called single value decomposition
method [38], but in this case a repeatable procedure to identify corresponding anatomical
landmarks must be developed and tested, besides the fact that generally the present ICP
registration method resulted in a lower error value [38]. The overall computer models after
spatial registration between CT- and MRI- based reconstruction of anatomical structures
may also involve the soft tissue. Together with the pelvic bones and the tumor, also the
muscle-tendon units and even blood vessels can be included, as their location can possibly
have a very critical impact with the implant and the surgical instruments such as guides,
drills, and saws.

The overall quality of the planning can be checked preoperatively at the computer but
also with the physical models. During surgery, additional checks shall be performed. Post-
operatively, additional measurements can be taken to validate quantitatively the overall
process of segmentation, modelling, registration between models, designing and implant-
ing. A CT scan of the resected bone affected by the tumor can be performed, and its
3D computer model can be compared to the corresponding model defined in the virtual
preoperative planning; after a spatial merging of the two models, a root mean square error
would well represent the overall quality of the digital and surgical actions [30]. On the
other hand, a larger CT scan of the entire operated pelvis can in theory reveal the quality
of the entire plan and surgery, but the presence of large metal implants results in severe
image artefacts, these being difficult to be removed.

This study has limitations. First of all, the use of a single patient to better explain
the procedure; other cases may correspond to more or less complex situations. This was
also run by only one trained operator: the result of the present procedure was certainly
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influenced by this single implementation, in particular the overall process of segmentation
and the identification of the tumor. This is by necessity a generalised procedure, because of
the uniqueness of each single clinical case in this area; in other words, established standard
procedures cannot be defined, as bone tumor location and extension cannot be known
and catalogued precisely [2]. In this respect, the role and involvement of the surgeons are
fundamental for tumor identification, location, and treatment, together for the definition
of the cutting planes and the overall preoperative surgical planning. These resection
planes could be better positioned by taking advantage of more cautious considerations
and knowledge of the magnitude and direction of the hip joint contact forces; these can be
taken generically from the literature, or even by patient-specific measurements, by using
state-of-the-art gait analysis and musculo-skeletal models of the lower limbs.

5. Conclusions

A thorough procedure supporting the custom-made design and manufacturing of
implants for the surgical treatment of bone tumors at the pelvis is proposed. A few steps are
based on established practice in biomechanical modelling, others on original concepts. All
these however have been shared with surgeons and industry, as well as discussed within
international teams of experts. The present use of both CT and MRI imaging does allow a
careful reproduction of the main anatomical structures, including the tumor, resulting in a
more accurate planning and implant designing. The procedure could be easily rearranged
also for other anatomical complexes, especially where symmetry restoration represents an
important scope.
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