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Abstract Bone tumor surgery is extremely challenging, par-
ticularly when tumors are located in tightly confined anatom-
ical areas and abutting critical organs and neurovascular struc-
tures. Tumor resection requires good cutting accuracy to en-
sure safety, to achieve negative margins, and to preserve
critical structures when possible. The purpose of this paper
was to review the literature on the surgical advances for bone
tumor surgery published within the last year. The majority of
literature identified focused on computer-assisted surgical ap-
proaches. There is increasing evidence that 3D navigation
plays an important role in the resection of bone tumors.
Reconstruction materials that encourage healing and prevent
infections are also in development. Optimal care includes
execution of a well-developed pre-operative plan using a
multidisciplinary approach led by the orthopaedic oncologist.

Keywords Bone tumor - Musculoskeletal surgery - Tumor
resection - Navigation - Computer-assisted surgery - Negative
pressure wound therapy - Orthopedic oncology - Technology -
Megaprosthesis - Antibacterial coatings - Osteointegration -
Orthopedic implants

Introduction

Bone tumors are a heterogeneous group of diseases [1¢] with
unique biologic characteristics that variably alter the appear-
ance, architecture, and inherent stability of the skeleton. These
tumors may be benign or malignant, primary or metastatic.
The vast majority of bone tumors represent metastatic lesions,
and palliative surgery may be indicated for local control,
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alleviation of symptoms, and/or stabilization of the skeleton.
Benign aggressive and primary malignant tumors generally
require surgery as a primary means to obtain local control.
Surgery has been routinely performed for the management of
bone tumors for many decades; however, in recent years,
advances have allowed more sophisticated approaches to the
surgical management of these complex cases. Prior to the
advent of the endoprosthesis by Austin Moore in the early
1940s [2], bone tumor surgery for primary bone tumors of the
appendicular skeleton was generally limited to an amputation
procedure. The success of the first endoprosthesis hinged
upon the use of a combination of metals, cobalt and chromi-
um, which proved durable enough to withstand the stressors
of'both implantation and human activity. This groundbreaking
advance supported the notion that bone tumors could be
treated with limb-salvage resections and reconstructions. The
potential for implantable orthopaedic devices was, therefore,
realized, and an entire industry was born for the research and
development of such devices. We now enjoy the routine use of
implantable devices for numerous orthopaedic indications
ranging from joint replacements for degenerative arthritides,
to expandable prostheses for growing pediatric sarcoma pa-
tients, and custom megaprostheses for the reconstruction of
large irregular bone tumor defects.

The goal of surgery for the treatment of the benign aggres-
sive or primary malignant bone tumor is to remove all local
disease and maximize postoperative function. Certain dis-
eases, such as chondrosarcomas, are not amenable to standard
chemotherapies or radiotherapies [3]; therefore, surgery is the
primary treatment, and en bloc resection provides the best
chance of local control and long-term survival [1e, 4-7].
Critical structures are often sacrificed in order to ensure a
complete resection with negative margins. The cautious sur-
geon will most often err on the side of resecting extra normal
tissue rather than erroneously perform an intralesional resec-
tion. Some adjuvant treatments may improve the formation
and durability of the tumor pseudocapsule [8¢], thereby
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allowing the surgeon to more easily identify the extent of the
tumor intra-operatively, save nearby structures that otherwise
would have been sacrificed, and decrease intralesional resec-
tion rates. While we hope to identify other novel adjuvants
effective against these diseases, we also strive to make im-
provements in the surgical approach for bone tumors. While
many advances have already been made, we still experience
major challenges, including high rates of intralesional resec-
tions, wound complications, infections, and reconstruction
failures. Therefore, recent advances in surgery for the man-
agement of bone tumors can be considered based on their
intended aims to: 1) improve the accuracy, precision, and
safety of resections; 2) improve reconstructions; and 3) de-
crease complications. It is our hope that current and future
advances will ease the burden of the surgical intervention on
both the patient and the surgeon. Here, we review the latest
advances in the surgical management of bone tumors based on
literature published within the last year.

Improving Resection Accuracy and Safety

Resecting bone tumors can be extremely challenging, partic-
ularly when the tumors are located in tightly confined ana-
tomical areas and abutting critical organs and neurovascular
structures. Tumor resection requires good cutting accuracy to
ensure safety, to achieve negative margins, and to preserve
critical structures when possible. Tumors located in complex
3-dimensional skeletal structures such as the pelvis, sacrum,
and spine are uniquely challenging and often require compli-
cated, multi-directional osteotomies for adequate resection.
Unfortunately, given the inherent complexity, surgical inaccu-
racy of tumor resections exists, [9] and local recurrence rates
within challenging areas of the skeleton such as the pelvis can
be high, approximating 35 % [10].

The foundation of any surgical resection is a well
thought-out, well developed pre-operative plan based on the
critical evaluation of appropriate imaging. Advanced technol-
ogy does not and will never supplant such an approach.
Advances in technology can, however, assist the surgeon in
both developing a solid pre-operative plan and accurately
executing the desired plan. Various methods of improving
resection accuracy and safety are being investigated. The
majority of these methods incorporate some form of intra-
operative imaging to improve visualization and facilitate exe-
cution of the planned tumor resection with greater accuracy,
safety, and confidence.

The most common form of intra-operative imaging per-
formed in orthopaedic surgery is fluoroscopy. Fluoroscopy is
widely available, easy to use, and helps the orthopaedic on-
cologist identify lesions, assess potential resection planes, and
facilitate complex reconstructions. Many orthopaedic oncolo-
gy procedures can be performed more accurately and with
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greater confidence under fluoroscopic guidance; however,
fluoroscopy provides only 2-dimensional information and is
associated with increased radiation exposure, which has been
shown to have numerous ill effects [11, 12]. Many minimally
invasive orthopaedic procedures require extensive intra-
operative fluoroscopy, and most orthopaedic surgeons have
had little, if any, training on the use of fluoroscopy and
appropriate ways to minimize exposure to the surgical team.
A more sophisticated form of intra-operative image guid-
ance is CT-based navigation. CT-based navigation provides 3-
dimensional representations of complex structures with the
additional benefit of decreasing intra-operative radiation ex-
posure to the surgical team. CT navigation may be accom-
plished using pre-operatively obtained CT scans or, more
recently, intra-operative CT scans. The most common use of
navigation in orthopaedic surgery is for the placement of
pedicle screws during spinal instrumentation procedures.
The 3D-based navigation technique provides high accuracy
of pedicle screw placement, and thus, is safe for patients
undergoing thoracic spine stabilization. Allam et al. evaluated
the accuracy of pedicle screw placement using the freehand
technique versus the 3D-based navigation technique in their
cohort of 45 patients with over 200 screws placed [13¢]. The
placement of transpedicular screws in the thoracic spine using
a 3D-based navigation technique was shown to be superior to
the freehand technique. This is particularly relevant in ortho-
paedic oncology because unstable metastatic spine lesions
often require stabilization with pedicle screw fixation. The
benefit of navigation is not limited to the spine, however,
and there is increasing evidence that 3D navigation plays an
important role in the resection of bone tumors. Over 20
publications regarding the use of navigation were identified
in the orthopaedic oncology literature within the last year [ 14s,
15, 162, 17+, 18, 19, 200°e, 21-25, 262, 27-30, 31+, 320+, 33].
Wong et al. have published extensively on this topic, and in
their largest series, evaluated 20 patients on whom navigation-
assisted resections were performed [32¢¢]. The achieved bone
resections matched the planned resections with a difference of
</=2 mm. The achieved positions of custom prostheses were
comparable to the planned positions when merging post-
operative with pre-operative CT images in five cases.
Aponte-Tinao et al. published a case series of five patients
who underwent multi-planar osteotomies, guided by
computer-assisted navigation [14¢]. A mean difference of
2.43 mm was calculated between the pre-operative plan and
the actual osteotomies performed. The results show that nav-
igation with adequate preoperative planning allows a surgeon
to intra-operatively reproduce the planned resection with ac-
curacy in complex multi-planar resections. Further proving
the point, Cartiaux et al. investigated cutting accuracy during
navigated and non-navigated pelvic bone tumor surgery sim-
ulations [16¢]. In this study, twenty-three operators (10 senior
and 13 junior surgeons) were asked to perform the resections
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in a simulated pelvic tumor model, initially according to a
freehand procedure and later with the aid of a navigation
system. The location of the osteotomy planes with respect to
the target planes was significantly improved by using naviga-
tion, averaging 2.8 mm as compared to 11.2 mm for the
freehand method (p<0.001). Furthermore, there were no
intralesional tumor resections when using the navigation sys-
tem. Jeys et al. reviewed their clinical series of 31 patients
who underwent computer-navigation-assisted surgery for pel-
vic and sacral tumors and also concluded that it decreased
their intralesional resection rate while allowing them to pre-
serve sacral nerve roots, resect otherwise unresectable disease,
and avoid hindquarter (external hemipelvectomy) amputa-
tions [20e]. These reports clearly document the early use of
navigation and its benefits in bone tumor surgery. However,
the use of navigation does come with some degree of difficul-
ty. A fundamental challenge in the use of image-guided sur-
gical systems is the “registration,” or the alignment of the pre-
operative model to the operative view of the patient [34]. This
is achieved by finding corresponding structures on the pre-
operative scans and the patient. Many times, however, accu-
racy of the registration is diminished due to difficulty in
aligning the physical structure to the CT representations.
Error may also arise when the patient is placed in a position
during surgery that is different than the position the patient
was placed in when the pre-operative CT scan was obtained.
Intra-operative CT-based navigation and patient-specific in-
struments are two novel technologies being used to address
these problems.

Intra-operative CT-based navigation is one of the latest
platforms in navigation-based surgery. A high-quality CT scan
is performed at the time of surgery, which automatically
registers the patient’s anatomy to the navigation system, ob-
viating the need for manual registration and removing this as a
source of inaccuracy. Intra-operative CT-based navigation
also decreases the potential error due to positioning because
the scan is taken once the patient is already positioned for
surgery. During surgery, additional scans can also be per-
formed that allow the surgeon to evaluate the placement of
instrumentation prior to the patient leaving the operating
room. Despite these significant advantages, however, pre-
operative CT-based navigation still has the distinct advantage
in that the pre-operatively obtained CT scan required allows
the surgeon to develop a robust pre-operative plan and create
virtual resections and reconstructions prior to surgery.

Patient-specific instruments (PSIs) are unique cutting
guides, built off pre-operative CT scans, designed to fit spe-
cifically to the patient’s anatomy and guide the use of cutting
devices. Cartiaux et al. evaluated the use of PSIs in pre-clinical
simulation exercises [17¢]. With PSI, the location accuracy of
the cut planes with respect to the target planes averaged 1 and
1.2 mm in the anterior and posterior ilium, 2 mm in the pubis,
and 3.7 mm in the ischium (p<0.0001). Compared with

navigation technology, PSI technology offers similar accuracy
in vitro and does not require continuous tracking and registra-
tion steps, which are both time-consuming and sources of
error.

Perhaps the most sophisticated advance yet in computer-
assisted tumor surgery is the integration of navigation into a
minimally invasive approach. Navigation-enabled minimally
invasive surgery has most commonly been performed for
benign degenerative spinal tumors. However, a recent case
report demonstrated the benefit of the integrated technology
for musculoskeletal tumor surgery [15¢]. Campos et al. re-
ported the case of a 16-year-old girl with a symptomatic
osteoid osteoma at the T9 level whose lesion was curettaged
using video-assisted thoracoscopic surgery (VATS) guided by
a navigation system (VATS-NAV). VATS-NAV allowed the
complicated operation to be performed in less time, with less
morbidity, and minimized the hazards of radiation for the
surgeon, patient, and operating room staff. VATS-NAV pro-
vided real and virtual images of the targeted lesion and posi-
tioning of the instruments throughout the procedure.

Clearly, computer-assisted navigation surgery has its ben-
efits. Unlocking the potential of novel imaging and minimally
invasive surgical technologies will allow bone tumor surgery
to be performed with greater safety and accuracy, while max-
imizing post-operative function and minimizing surgical
morbidity.

Improving Reconstructions

Reconstructive options after bone tumor resection have been
well described and include endoprostheses, allografts,
vascularized grafts, and composites. Endoprosthetic recon-
structions are generally desirable but are associated with high
rates of loosening and infections. For this reason, R&D efforts
have focused on developing surface coatings that promote
osteointegration and prevent infections [35-42]. Much of
the work on antibacterial surface coatings is still in
the preclinical stages. However, Coathup et al. evaluated
the use of hydroxyapatite-coated collars for the purpose of
promoting osteointegration of bone with the endoprosthesis
[36]. Sixty-one patients treated with a primary distal femur
endoprosthesis were evaluated, with a mean follow-up of
8.2 years. Extracortical bone growth into the grooved
hydroxyapatite-coated collar was quantified radiographically.
Histological sections through four hydroxyapatite-coated col-
lars and four implants with no collar, retrieved following
amputation due to local recurrence or at autopsy at a mean
of 3.5 years (range, 1.4 to 6.1 years) after implantation, were
evaluated as well. Histological analysis showed mature lamel-
lar bone within the grooves of the hydroxyapatite-coated
collar, and bone was observed in direct contact with the
hydroxyapatite coating. Extracortical bone failed to make
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direct contact with the surface of the implants manufactured
without a collar.

Custom megaprostheses are also being used in small num-
bers to reconstruct large irregular defects [43—47]. Novel
technologies utilizing 3D printers allow surgeons to create
models of the resection, based off of the pre-operative CT
scan, and build patient-specific implants, which decrease
commonly observed resection/reconstruction mismatches
and potentially decrease reconstruction failures.

Allograft reconstructions are commonly used by orthopae-
dic oncologists but are associated with numerous complica-
tions including prolonged healing rates and nonunions.
Aponte et al., however, reported that, despite a greater number
of complications in the short-term, allograft reconstructions
have high rates of survival after 10 years and are good
options for young patients with long life expectancies [48].
Vascularized grafts are ideal due to their biologic properties
and very good healing rates but are associated with inherent
donor site morbidity. Campanacci et al. evaluated the use of
vascularized fibula grafts (VFGs) in revision surgery of a
critical defect reconstruction [49]. In their series of 12 pa-
tients, seven patients received a VFG as biologic augmenta-
tion for an intercalary allograft non-union, and five patients
received a combination of an allograft and VFG to replace
either a cement spacer with hardware failure (four patients) or
a failed intercalary prosthesis (one patient). Complete healing
of the osteotomy of both allograft and VFG was observed in
10 patients at final follow-up. Two major complications were
observed that required surgical revision, eventually healing in
one case and leading to a poor functional outcome in one case.

Despite modern advances and improved limb salvage pro-
cedures, amputations remain a good surgical option for pa-
tients with high functional demands and should be routinely
given consideration as a primary surgical option [50].

Decreasing Complications

Immunocompromised hosts, long surgical times, large
surgical defects, non-biologic reconstructions, and adju-
vant therapies are all factors that contribute to unacceptably
high rates of wound complications and postoperative infec-
tions. Recent data suggests the important role of the plastic
surgeon in preventing such high complications and averting
complication-related amputations [51]. In a retrospective re-
view, Agrawal et al. found that when a plastic surgeon was
involved in the management of a patient with an extremity
sarcoma, there was an associated decrease in lower-extremity
amputation of approximately 20 % without any significant
change in recurrence rates. The incidence of infectious com-
plications requiring I'V antibiotics was also decreased by about
20 %, and the incidence of skin graft loss decreased by 75 %.
These data support the notion that plastic surgeons should be
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routinely included in the multidisciplinary surgical team when
feasible. When the expertise of a plastic surgeon is not avail-
able, all effort should be made to obtain excellent hemostasis
and provide healthy soft tissue coverage of the critical defect.
Additionally, negative pressure wound therapy (NWPT) has
been shown to clearly benefit complex infected wounds [52].
Traditionally, NWPT has been used in open wounds; howev-
er, the use of negative pressure wound therapy on closed
surgical wounds for the prevention of wound healing compli-
cations is on the rise. A recent review of the literature identi-
fied 26 papers published in the last three years on the use of
NWPT on closed surgical wounds [53]. The investigations
suggest reduced incidence of wound healing complications
via reductions in hematoma and seroma formation, accelerat-
ed wound healing, and increased clearance of local edema.
Currently there are no randomized studies on the use of
NWPT in the orthopaedic oncology literature, but given the
demonstrated benefit of NWPT on closed surgical inci-
sions in the management of other complex wounds and
given the high rates of wound complications and infections
in the orthopaedic oncology patient population, its use in this
population should be evaluated.

Future Advances

The refinement of existing imaging modalities and the devel-
opment of new technologies such as image fusion [54] for
computer-assisted bone tumor surgery will help surgeons
produce a detailed and reliable pre-operative plan that can be
achieved with greater safety and accuracy. This promises to be
the future of complex musculoskeletal tumor resections, es-
pecially in challenging sites such as the pelvis, spine, and
sacrum. As these modalities improve, one can imagine a
future that allows the surgeon to prepare for surgery in a
virtual setting with patient-specific simulation data [55]. And
as technologies improve and enable the surgeon to perform
resections with greater ease, our hope is that similar advances
will improve our implantable devices, making them more apt
to promote healing and prevent infections.

Conclusion

Bone tumor surgery is extremely complex and requires a solid
pre-operative plan and the expertise of a multidisciplinary
team led by the orthopaedic oncologist. Many of the recent
surgical advances involve the use of 3-dimensional, real-time
image guidance for improving the accuracy and safety of the
resection. Additional research efforts should focus on improv-
ing reconstructions using materials designed to better promote
tissue integration and prevent infection.
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