EFORT OpeNn reVieuls

INSTRUCTIONAL LECTURE: 8:5 331-339
ONCOLOGY

3D printing for patient-specific implants in

musculoskeletal oncology

Daniel Kotrych®', Andrea Angelini?®, Andrzej Bohatyrewicz' and

Pietro Ruggieri®?

"Department of Orthopedics, Traumatology and Orthopedic Oncology, Pomeranian Medical University, Szczecin, Poland
2Department of Orthopedics and Orthopedic Oncology, University of Padova, Italy

*(D Kotrych and A Angelini contributed equally to this work)

Correspondence

should be addressed

to D Kotrych

Email
kotrych.szczecin@gmail.com

 Satisfactory results in terms of functional and oncological outcomes can be obtained in

sacral and pelvic malignant bone tumors.

* Preoperative planning, adequate imaging, and a multidisciplinary approach are needed.

e 3D-printed prostheses have to fulfill several requirements: (i) mechanical stability, (ii)
biocompatibility, (iii) implantability, and (iv) diagnostic compatibility.

* In this review, we highlight current standards in the use of 3D-printed technology for

sacropelvic reconstruction.
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Introduction

In recent years, various titanium 3D printing applications
are available in a broad spectrum of medical device
types (1). In the field of musculoskeletal oncology, the
improvement of 3D printing technology allows the
creation of customized implants to handle complex
reconstructions. This topic is closely related to computer-
assisted surgery (CAS) and the optimization of data derived
from preoperative imaging studies for the improvement
of clinical and surgical outcomes such as the accuracy of
bone cuts (2, 3, 4, 5). The first objective of surgery in the
oncological setting is local control with complete excision
of the tumor, while obtaining wide resection margins
(6). However, it is obvious that the orthopedic surgeon
must first take into consideration the local and systemic
adjuvant treatments that the patient can receive based
on the correct histopathological diagnosis. Limb salvage
with endoprosthetic replacement surgery is today used
for 90-95% of all patients with primary malignant bone
tumors without compromising the oncological outcome
(7, 8, 9). Prosthetic reconstructions after primary bone
tumor removal can be divided into two groups based on
(i) availability of modular implants or (ii) custom implants
for unusual sites where massive allografts are the main

alternative. Modular megaprostheses can be used for
reconstruction of the entire humerus and lower limb
long bones (femur, tibia) and have shown acceptable
performance scores (range 65-82% at the Musculoskeletal
Tumor Society score) with a 5-year estimated revision-free
survival of 65-86% (10, 11, 12, 13, 14, 15). Sites where
reconstruction after large tumor resection is extremely
difficult are the forearm, foot and ankle, and spinopelvic
areas. Advances in anesthesiologic and surgical techniques
also allow the removal of some extensive tumors of the
sacropelvic bone with adequate margins despite the
difficulty to perform multiplanar osteotomies (16, 17,
18), whereas the development of surgical techniques
allows demanding reconstructions (19, 20, 21, 22). With
the use of CAS and custom 3D-printed reconstructions,
satisfactory results in terms of functional and oncological
outcomes have been also reported in recent series of
patients affected by malignant bone tumors of unusual
sites including sacrum and pelvis (20, 23, 24, 25, 26). These
patient-specific special implants and related surgical tools
have been initially studied for revision hip arthroplasties
in selected cases (27, 28, 29, 30, 31) and then applied
for pelvic tumor surgery (20, 25, 30). The planning of
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the surgical intervention in oncology depends on several
decisive factors: the technique of the previous biopsy
and the histopathological diagnosis (complemented by
molecular, cytogenetic, and immunological studies),
the tumor volume, the soft tissue involvement, and the
patient’s general health status (32, 33). Without taking
these aspects into account, therapeutic decisions would
not be adequate and effective and long-term survival of
the patient cannot be expected. This review is focused on
the principles, concepts, and use of 3D-printed prosthetic
reconstructions after sacral and pelvic resections,
reporting the state of the art and the authors experience
on this specific topic.

Planning the surgical approach

Once the resection has been planned and confirmed at
the multidisciplinary consultation meeting, the surgeon
can begin the second stage of surgical treatment planning
(34). In addition to the type of tumor and extent of
bony invasion, indications for pelvic reconstruction are
based on the type of pelvic resection. The Enneking and
Dunham surgical classification of pelvic resections into
four zones (35) is the most frequently used. Angelini et al.
reported an algorithm based on the above classification
to guide the reconstructive strategies (30), and custom
3D-printed prosthesis should be used in type | or type
[-IV pelvic resections and in pelvic acetabular resections
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Figure 1

Types of sacral bone resection: type 1 — low sacral amputation
(partial sacrectomy below S2), type 2 — high sacral amputation
(partial sacrectomy through S1 or S1-S2), type 3 — total
sacrectomy (sacrectomy at L5-S1 level), and type 4 — extended
sacrectomy (resection of tumor extending beyond the sacroiliac
joint or the L5 vertebra).

when a cup with modular stem cannot be used due to the
small size of the residual ilium. For tumors of the sacrum,
the resection procedure must be prepared in terms of
oncological adequacy, but also considering the possible
complications deriving from secondary dysfunctions of
the axial and supportive functions of the spine and pelvis.
Loss or dysfunction of any component of this complex
anatomical system causes failure of other adjacent
organs of movement, such as the hip joints. Spinopelvic
reconstruction should be considered, in relation to
expected neurologic loss and functional instability (Fig. 1),

Figure 2

A 46-year-old patient with extensive
chondrosarcoma of the sacrum:
preoperative planning of the extent of
resection according to the ICAPS computer
system (Germany): (A) coronal (B) sagittal,
and (C) axial view. Tumor and sacrum are
automatically mapped with red lines
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following a total or high sacrectomy or sacroiliac joint
removal.

Once the decision to perform a reconstruction with
a custom 3D-printed prosthesis has been made, it is
important to have adequate imaging studies for the
virtual model and a multidisciplinary discussion with the
engineers (36, 37).

Radiological imaging

Comprehensive oncological staging is based on imaging
studies: computed tomography (CT) of the pelvis and
chest, magnetic resonance imaging (MRI), and bone scan
or PET/CT (33, 38). Each of the tests mentioned earlier
has its own sensitivity and specificity which complete
the patient's clinical evaluation. CT perfectly shows
bone morphology, the extension of the tumor in the soft
tissues, and the presence of calcifications in the tumor
mass. The MRl exam evaluates the tumor infiltration in the
medullary cavity and in the soft tissues and the presence
of micrometastases (the so-called 'skip metastases') within
the same bone or in the adjacent one. Both exams are
used to evaluate the response of the tumor to preoperative
chemoradiotherapy. Bone scintigraphy and PET/CT are
useful for evaluating systemic spread, the metabolic
activity of the tumor, and detecting viable tumor tissue
throughout the bone.

Patient-specific implants (PSI) are implants custom-
made to the individual patient's anatomical bone
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structures that can be used intraoperatively to allow safe
resection and reconstruction of the bone defect (39). The
modelingis based on a high-resolution CT scan, converting
the imaging data (Digital Imaging and Communications
in Medicine) into a digital virtual 3D model (40).
Preoperative determination of bone resection is possible
manually, by placing cutting planes and drawing the
tumor volume, but is a technically demanding and time-
consuming task. This process called ‘segmentation’ is the
delineation of tumor and anatomic structures by defining
their contours. Nowadays, software exists that allows
automatic segmentation of healthy bone, identification
of tumor volume (Fig. 2), and generation of bone tumor
resection plans, with the possibility of manual changes
(slice-by-slice), in an acceptable time-frame of 20—30 min.

Patient positioning and
surgical approach

The close multidisciplinary collaboration between
surgeons and engineers is essential for implant design:
the surgeon contributes by transferring the surgical
approach and anatomical landmarks that can be reached
within the surgical field to the team. Furthermore, it is
well known that the choice of surgical approach is one
of the most important factors determining wound healing
in the postoperative period (41). Incisions in the midline
of the sacrum that reach into the gluteal fissure have
a potential risk of infective complications (42). On the

Figure 3

A 36-year-old patient with G3 mesenchymal
chondrosarcoma. (A) intraoperative picture
of modified epaulette intraoperative access
for total sacrectomy including open biopsy
tract. (B) Intraoperative picture after tumor
removal and (C) surgical specimen. (D)
Intraoperative custom-made endoprosthesis
realized with 3D-printing technology
(MUTARS® Implantcast Gmbh, Buxtehtide,
Germany). (E) Postoperative radiograph.
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other hand, the surgical approach passing through both
buttocks, transverse or straight cuts at the level of L5 to
S3 extending bilaterally to the buttocks in the shape of
the well-known star symbol is recommended for partial
or total transverse sacrectomies in selected cases (Fig. 3),
accepting the risk of flap necrosis (42, 43, 44). In type
4 extended sacrectomies, the best surgical approach
appears to be the ‘Marcy—Fletcher posterior pelvic access’
which allows dissection of the L5 vertebra, the sacroiliac
joint, the ilium, and even the hip joint (Fig. 4). In pelvic
surgery, the patient positioning and surgical incision
depend on the portion of bone to be resected, surgeon
preference, and experience: supine position or lateral
decubitus, combined approaches, and simultaneous or
staged procedures are only some technical aspects that
need to be considered in preoperative planning. Different
surgical approaches have been described with pros and
cons, such as the Kocher—Langenbach approach, Ollier's
lateral U, ‘reverse question mark’, the utilitarian pelvic
incision, and an ‘S’ shaped incision (45).

Figure 4

(A) Modified posterior Marcy—Fletcher approach for type 4
sacrectomies: intraoperative picture shows the wide exposure of
the sacrum and pelvic area. (B) Preoperative axial and (C) 3D CT
reconstruction of the pelvis in a patient with osteosarcoma of
the sacroiliac joint and L5 vertebra. (D) Clinical results after
wound healing.
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Implant details

Due to the value and complexity of the anatomical
pelvic area, custom-made 3D-printed prostheses have to
fulfill several requirements: (i) mechanical stability, (ii)
biocompatibility, (iii) implantability, and (iv) diagnostic
compatibility.

Mechanical stability

Starting from the virtual model, it is possible to create
any complex shape with solid and porous sections to be
combined to provide optimal strength and performance
(46, 47). ldeally, the resistance and stiffness of the
implant, and forces distribution should be identical to the
removed bone it replaces. In real life, there are different
opinions and prosthetic design based on surgeons’
experience. In sacral reconstructions, some authors
preferred a prosthetic implant closely matching the
anatomical structure of the sacrum (48), while others
opt for an implant reduced in size (20, 23, 49) (Fig. 5).
Huang et al. performed a biomechanical comparison of
a 3D-printed sacrum prosthesis vs rod-screw systems for
reconstruction after total sacrectomy, concluding that the
prosthesis has the biomechanical advantages of a more
uniform stress distribution (50). However, a combined
custom pelvic prosthesis with posterior pedicle screw-rod
fixation directly connected to tulip-head screws should
be considered to increase stability in the proximal part

Figure 5

3D-printed sacral endoprostheses (additive manufacturing, EBM
- electron beam melting, Implantcast Gmbh, Buxtehiide,
Germany) in (A) anatomical version and (B) reduced in size. (C)
Different design of sacral 3D-printed custom prosthesis with the
possibility of connection to posterior spine stabilization using
polyaxial screws.
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of the ilium (Fig. 5) (51). Mechanical stability can be
improved by adding porous surfaces in the contact areas
with host bone facilitating bone ingrowth and long-term
mechanical strength (Fig. 6) (52, 53). Specific porous or
textured surfaces can be realized to favor strict adherence
of vascularized soft tissues (p.e. muscles) obtaining
stability, coverage of the implant, reduction of dead space,
and the consequent risk of infection (20, 24, 25, 30).
Other relevant aspects are the need for a primary stable
fixation using long cancellous screws, cortical screws,
press-fit porous stems, and small hooks for stabilization,
often used in combination (Fig. 6) (20, 24, 25, 30, 54).
Biocompatibility

The main complications of massive allograft in pelvic
reconstruction are infection and mechanical failures (55,
56). Even if cadaveric bone should have the maximum
biocompatibility, the host considers that bone as a non-
vascularized foreign body. Studies on biomaterials tried to
minimize the adverse interactions of the prosthesis with
the surrounding bone and soft tissue ((57). 3D-printed
technology is able to create titanium alloy implants
through two strategies (powder bed method and power
deposit method), exploiting the known characteristics
of the metal such as high strength, low density, high
corrosion resistance, and excellent biocompatibility (58,

B
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59). Some studies demonstrated that titanium alloy
materials have a very good effect on promoting the
proliferation and differentiation of osteoblasts (60, 61).
Others confirmed that 3D printing process technology can
integrate dense parts and porous structures to promote
osteoblast adhesion and autologous bone ingrowth (62,
63). In the pelvis and sacrum, there are vascular and
neurologic structures that should be protected from
possible friction with the prosthetic implant (64). With
3D-printed technology is possible to realize smooth areas
in close proximity to the vascular structures (Fig. 7).

Implantability

One significant advantage of PSI is the specific cutting
guides (jigs) that are designed by the multidisciplinary
team considering the surgical approach (65). These guides
can be sterilized and fixed to the host bone to exactly
define resection planes, which could prevent misfitting of
the definitive custom prosthesis (Fig. 6).

Diagnostic compatibility

The properties of the custom implant used for pelvic
reconstruction should cause no or minimal artifacts with
imaging studies, considering the need of strict follow-up
evaluation of the malignant underlying pathology.

Figure 6

EcoFit® 2M

Poly-axial N
screw system
.

for rod
attachment

Wide margin hemisacrectomy plus
hemipelvectomy (type I-II) for huge
osteosarcoma after a good response to
induction chemotherapy in a 25-year-old
patient. (A) Scope of resection; (B) surgical
technique with a custom cutting guide (in
the circle) fixed with two pins in a virtual
model; (C) 3D-printed implant with
acetabular component and sacral proximal
fixation. (D) Specific technical tricks: safety
screws and 3D-printed plastic guide for
adequate drilling. (E) Further details of the
implant that increase long-term fixation:
hooks for additional stability (black arrows),
holes for soft tissue attachment (small
arrows), EPORE® structure (asterisks),
polyaxial screw system for spino-implant
attachment, and tripolar acetabular system
(Ecofit® 2M), (MUTARS ® Implantcast Gmbh,
Buxtehlide, Germany).
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Figure 7

A 30-year-old patient with osteosarcoma of the left hemipelvis.
(A) Intraoperative image of nerve root preservation; (B)
3D-printed implant with designed holes for muscle
reconstructions and EPORE® structure; (C) hip muscle transfer
through the implant; (D) postoperative radiograph shows
definitive implant.
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The risk of local recurrence in primary tumors such as
chondrosarcoma is high (Fig. 8). The event-free survival to
local recurrence in a series of 409 chondrosarcomas was
85% at 5 years and 78% at 10 and 15 years (66). Analyzing
a series of 215 chondrosarcomas of the pelvis, the overall
5-and 10-year survival to local recurrence drops to 75 and
66%, respectively (67).

Pure titanium implants are unfortunately associated
with several drawbacks regarding subsequent RT (68). In
fact, these implants make notable artifacts on CT scans
(used for both oncologic follow ups and to generate
RT plans). Ongoing studies are evaluating the further
improvement in 3D-printed technology to overcome
those problems with metal hardware, such it happens in
carbon fiber reinforced polyetheretherketone and titanium
(CFP-T) that are now widely used in spine surgery (69).

Conclusion

An increasing role of surgery in the treatment of
musculoskeletal sarcomas can be recently observed,
particularly in axial localization. The 3D-printed
technology associated with CAS dramatically changed the
approach to malignant tumors of the pelvis and sacrum,
allowing wide resection and stable reconstructions with
good oncologic and functional outcomes. Improving
surgeon and engineer expertise is changing the use of
3D-printed technology in musculoskeletal oncology, as
implant design is moving from customized prostheses to
a ‘standardized’ implant that can be tailored to a specific
patient based on tumor site.

Figure 8

Total sacrectomy and spinopelvic
stabilization in a patient with G3
chondrosarcoma. (A) Radiograph at 3 years
of follow-up shows local recurrence (black
arrow) in the posterior pelvic column; (B)
virtual model with new resection-planes
highlighted in red color and the custom 3D
prosthetic reconstruction with a hole (empty
arrow) to connect the previously implanted
posterior stabilization rods; (C)
intraoperative picture of the reconstruction;
(D) surgical approach wide good healing of
the wound; (E) postoperative radiograph.
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