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Introduction

In the realm of orthopedic surgery, particularly for patients with
bone tumors, the preservation of limb function and integrity is a
critical concern. Bone tumors, whether benign or malignant, can
severely compromise the structure and functionality of affected limbs,
often requiring aggressive interventions like amputation. However,
with advancements in medical technology, particularly the emergence
of 3D printing, there has been a significant shift toward limb-sparing
surgeries. These innovations offer the potential to not only preserve the
affected limb but also enhance the quality of life for patients by enabling
precise bone tumor resection and personalized bone reconstruction [1].

3D printing, also known as additive manufacturing, allows for
the creation of highly customized, patient-specific medical devices,
implants, and prosthetics. In the context of bone tumor surgery,
3D printing has proven to be a revolutionary tool, facilitating more
accurate tumor resections and the development of tailored bone grafts
or implants for reconstruction. This technology has brought forth
new possibilities for improving surgical outcomes, reducing recovery
times, and minimizing the need for further invasive procedures. In
this article, we explore how 3D printing has been integrated into limb-
sparing surgery, with a focus on innovations for bone tumor resection
and reconstruction [2].

Description
The role of 3D printing in bone tumor resection

Bone tumors, including osteosarcoma, chondrosarcoma, and
Ewing's sarcoma, often necessitate the removal of large sections of bone
to ensure complete tumor excision. Historically, this process has been
a challenging and complex procedure, requiring extensive planning to
ensure the tumor is fully removed while maximizing the preservation
of surrounding healthy bone and soft tissue. In many cases, the extent
of the surgery could result in significant deformities, functional
impairments, or the need for limb amputation [3].

3D printing has fundamentally changed the approach to bone
tumor resection by providing surgeons with detailed, patient-specific
models of the affected limb. Using advanced imaging techniques, such
as CT scans or MRIs, surgeons can create a precise, 3D digital model
of the bone and tumor. These digital models are then used to print
physical prototypes, allowing surgeons to better plan the resection
procedure and visualize the precise removal of the tumor. By having a
tangible, custom model of the patient’s anatomy, surgeons can practice
the surgery beforehand, refine their approach, and ensure minimal
damage to surrounding structures, reducing the risk of complications
during the actual operation [4].

Additionally, 3D-printed models provide surgeons with the ability
to simulate various surgical approaches and identify the optimal
resection path, improving the precision of the surgery. These pre-
surgical models can also aid in determining the appropriate margin
of healthy tissue to be removed around the tumor, ensuring complete
excision and reducing the likelihood of recurrence.

Innovations in bone reconstruction post-tumor resection

Once the tumor is successfully resected, the next challenge
is to reconstruct the affected bone. Traditional methods for bone
reconstruction typically involve the use of metal implants, bone grafts,
or prosthetics. While these approaches have their merits, they are often
associated with issues such as limited customization, poor integration
with the patient’s natural bone, and long recovery times. This is where
3D printing has made a significant impact, offering the ability to create
highly personalized and precise implants for bone reconstruction [5].

Personalized implants and grafts

3D printing allows for the fabrication of customized bone implants
that fit seamlessly into the patient’s unique anatomy. These implants are
made using a variety of materials, including titanium, cobalt-chromium
alloys, and bioresorbable polymers, which provide the necessary
mechanical strength and biocompatibility for bone reconstruction.
By using the same imaging data that was employed to plan the tumor
resection, 3D printing enables the creation of an implant that precisely
matches the patient’s bone structure, including the exact shape, size, and
contours of the resected bone. This personalized approach ensures that
the reconstructed bone functions similarly to the original, improving
both the aesthetic and functional outcomes for the patient [6].

Bioactive and biocompatible materials

One of the key innovations in 3D printing for bone reconstruction is
the development of bioactive materials that promote bone regeneration.
Researchers have been working on 3D-printed scaffolds made of
hydroxyapatite (a mineral found in natural bone) or composite materials
that can facilitate osteointegration (the process of bone bonding to an
implant). These bioactive materials are designed to support new bone
growth and encourage the body’s natural healing processes, reducing
the need for further interventions or grafts.

For instance, biocompatible materials such as porous titanium
or polymer-based scaffolds can be used to create 3D-printed
bone substitutes that promote cellular activity and stimulate bone
regeneration in the area of reconstruction. The porous structure
of these materials mimics the microarchitecture of natural bone,
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facilitating the infiltration of blood vessels and bone cells, which helps
in the integration of the implant with the existing bone [7].

Custom prosthetics and modular solutions

In some cases, especially when large sections of bone are removed
due to tumor resection, traditional reconstruction methods may not
suffice. In these situations, 3D printing allows for the design of custom
prosthetic limbs or modular solutions that can restore both the function
and appearance of the affected limb. These prosthetics are tailored to fit
the patient’s specific anatomy and can be integrated with the remaining
bone, allowing for greater mobility and a more natural range of motion.

Custom prosthetics are particularly beneficial for patients who have
undergone extensive bone resection, such as in cases of osteosarcoma
or other aggressive bone cancers. 3D-printed prosthetics not only
restore limb function but can also be designed to be lightweight and
comfortable, reducing the burden on the patient and improving their
quality of life post-surgery.

Clinical applications and success stories

Several clinical studies and real-world applications have
demonstrated the effectiveness of 3D printing in limb-sparing surgeries
for bone tumor resection and reconstruction. One of the most notable
examples comes from the use of 3D-printed custom implants for
patients with osteosarcoma, a type of bone cancer that commonly
affects children and young adults. In a case at the University of Milan,
a 3D-printed titanium implant was used to reconstruct the femur of a
patient following a tumor resection. The custom implant was designed
to precisely match the shape of the patient’s remaining bone, and the
patient reported a successful outcome with restored mobility and
function.

In another case, a team at the Mayo Clinic in the United States used
3D printing to create a patient-specific bone scaffold for a woman with
abone tumor in her tibia. The 3D-printed scaffold, made from bioactive
ceramic material, was implanted into the resected area to support new
bone growth. The patient experienced a successful recovery, with the
scaffold integrating seamlessly with her natural bone, demonstrating
the potential of 3D printing in promoting long-term bone regeneration.

These success stories highlight the potential of 3D printing to
revolutionize the treatment of bone tumors, providing patients with
safer, more effective, and less invasive options for limb-sparing surgery.

Conclusion

3D printing has ushered in a new era of precision medicine in

the field of orthopedic oncology, particularly in the realm of limb-
sparing surgeries for bone tumor resection and reconstruction. By
enabling surgeons to plan and execute surgeries with greater accuracy,
3D printing enhances the precision of tumor excision and allows for
the creation of highly customized, patient-specific implants and bone
scaffolds. The ability to reconstruct bones using personalized, bioactive
materials has the potential to reduce complications, improve surgical
outcomes, and enhance the quality of life for patients. As the technology
continues to evolve, the integration of 3D printing in bone tumor
surgery is expected to expand, offering even more innovative solutions
for reconstructing damaged bones and preserving limb function. While
there are challenges to be addressed, such as the long-term durability
of 3D-printed implants and the need for further clinical validation,
the future of 3D printing in limb-sparing surgery holds great promise
for improving patient outcomes and transforming the landscape of
orthopedic oncology. Ultimately, 3D printing represents a powerful
tool in the fight against bone cancer, offering new hope for patients and
pushing the boundaries of what is possible in medical treatment and
care.
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