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B Modern surgical management of extremity bone sarco-
mas is governed by limb-sparing surgery combined with
adjuvant and neoadjuvant chemotherapy.

B All the resection and reconstruction techniques have to
achieve oncologic excision margins, with survival rates
and functional results superior to amputation.

B The main reconstruction techniques of bone defects
resulted after resection are: modular endoprosthetic
reconstruction; bone graft reconstruction; bone transport;
resection arthrodesis; and rotationplasty.

B Oncologic resection and modular endoprosthetic recon-
struction are the generally approved surgical options
adopted for the majority of cases in major specialized
bone sarcoma centres.

B Good basic principles, efficient multidisciplinary approach
and sustained research in the field can provide a better
future for the challenge posed by extremity bone sarcoma
treatment.

Keywords: Bone sarcoma; reconstruction; modular endo-
prostheses

Cite this article: EFORT Open Rev 2019;4:174-182.
DOI: 10.1302/2058-5241.4.180048

Introduction

The dawn of extremity bone sarcoma management was
dominated by amputation as a standard of surgical treat-
ment. Although some attempts were made to perform
limb-sparing procedures, by carrying out segmental resec-
tion and reconstruction using bone grafts or endoprosthe-
ses, the limiting factor for favourable and sustainable results
was local tumour recurrence. Everything changed when
chemotherapy (neoadjuvant or adjuvant) and radiation

therapy were instituted in the treatment protocols for
extremity sarcomas during the last quarter of the 20th cen-
tury, driving down the risk for local recurrence after both
ablative or limb-preserving procedures. Furthermore, the
development of medical imaging and surgical techniques
ensured more efficient, oncologic resections of sarcomas
and, with that, limb-sparing procedures became the gener-
ally accepted standard of treatment.

Advancements made in recent decades have made
limb salvaging a sustainable option in the majority of
cases, thus avoiding mutilating procedures like rotation-
plasty or amputation which bring a big psychological bur-
den to the patients. As the patient survival rates increased
dramatically and the limb-salvage procedures became the
standard, the attention was focused on developing lasting
reconstructions for a patient population comprising
mainly young and active individuals.

The main reconstruction options available in the arse-
nal of musculoskeletal oncology today are: modular
endoprosthetic reconstruction; bone graft reconstruction;
bone transport; arthrodesis; and rotationplasty. Although
each one of these reconstruction possibilities carries its
own benefits and disadvantages, they all have to obey a
minimum set of requirements and the choice between
them has to be made on an individual basis. The main
aspects that need to be considered when choosing the
suitable procedure for managing an extremity sarcoma
are:

e the general status of the patient (age, lifestyle, psycho-
logical state, local soft tissue conditions, work
requirements);

e pathological staging of the tumour (grading, histo-
logic type, predictive histological and immunohisto-
chemical markers) after a properly executed biopsy, by
an experienced orthopaedic surgeon;
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Fig. 1 Graphic representation of treatment algorithm for
extremity bone sarcomas.

e radiological staging (local extension and invasion,
location, presence of lung or skip metastases).

The essential requirements for any limb-sparing proce-
dure include: a subsequent tumour recurrence risk lower
than after amputation; the possibility of achieving adequate
resection margins; a durable reconstruction; low incidence
of complications; and no negative effects on the adjuvant
therapy protocol. Nowadays, a marginal or wide resection
combined with adjuvant chemotherapy and followed by
reconstruction is to be preferred over amputation. This
makes the resection limit a crucial element in the challeng-
ing process of choosing the right surgical technique.

Indication for resection and reconstruction

The indication for reconstruction of a segmental defect
after surgical excision of bone sarcoma is valid if the resec-
tion performed achieves oncologic safe margins, clear of
any tumour tissue, and the functional results and survival
rates expected are equal or better than after an amputa-
tion performed for the same case (Fig. 1).

Amputation

Although it was the mainstay of extremity sarcoma treat-
ment in the dawn of musculoskeletal oncology, the
advances that favoured limb-sparing procedures have
shifted the paradigm away from amputation which nowa-
days is performed just for selected cases, with a preva-
lence < 10% in the majority of cancer centres. The
indication for limb ablation in the setting of an extremity
sarcoma is reserved for those cases that cannot be treated
with a limb-sparing procedure due to established loss of
limb function or an expected loss of function caused by
the tumour invasion or an oncologic resection of the
tumour is impossible. Hand or foot tumours are special
cases for which the complex anatomy of the involved

segment cannot be feasibly reconstructed and commonly
require ablative surgery.

Amputation procedures can be classified as early
amputations when they are performed as a primary
means of surgical control or delayed (secondary) ampu-
tations after a failed limb-sparing procedure. Another
instance when amputation can be performed is when it
serves as a palliative measure for non-resectable tumours
complicated with pathological fractures, soft-tissue
problems, intractable pain or bleeding. The current con-
sensus is that there is no unequivocal superiority of abla-
tive or limb-sparing surgery concerning the long-term
survival of the patients with extremity sarcomas. In addi-
tion, it is considered that local recurrence, associated
with the worst prognosis, is mainly determined by
tumour biology. This comes from the hypothesis that the
patients with local recurrence are a subset of patients
with extremely aggressive and chemoresistant tumours
which would have a bad prognosis after any type of sur-
gical treatment.!

Rotationplasty

Named by some a modified amputation procedure, rota-
tionplasty can be employed for those cases when a sal-
vage reconstructive procedure is not feasible and an
above-the-knee amputation or a hip disarticulation would
be required. The main reason this technique is sometimes
preferred over a radical ablative procedure is that it
ensures better functional results by providing a longer
residual limb with better fitting for an external prosthesis.
All rotationplasty procedures require preservation of the
blood supply to the distal residual stump and sometimes
intact nerve supply.

The most popular rotationplasty is the Van Nes rotation-
plasty, developed for reconstruction after resection of distal
femoral tumours. This technique also requires conservation
of the distal blood supply and integrity of the sciatic nerve,
the remaining distal part of the extremity being rotated by
180° and reattached to the proximal stump in such way
that the ankle joint is set at the contralateral knee joint level.
The rotation is required because, for the ankle joint to
restore and perform the same function, its extension has to
be transformed into a flexion movement with the same
direction as the one of the joints it replaces (knee). This bio-
logical reconstruction technique is intended for paediatric
patients, requiring a complex rehabilitation protocol with
external prosthesis to compensate for the shortening of the
limb. Although it is considered a limb-sparing procedure
and it preserves proprioception, it comes with important
aesthetic dilemmas and hesitations, which is why it is very
rarely used nowadays.

Another variety is the tibial turnplasty which recon-
structs a longer femoral stump using the residual tibia as a
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Fig. 2 Temporary resection arthrodesis of the knee using a long
intramedullary nail and bone cement (Campanacci technique).

vascularized, 180° rotated autograft. Perhaps the most
peculiar reconstruction technique is the tibia-hindfoot
osteo-musculo-cutaneous rotationplasty which can be
used after proximal femoral resections with hip disarticu-
lation. It requires the preservation of the distal tibia, talus
and calcaneus which are used as osteoarticular autografts.
A proximal femoral stump is reconstructed by rotating the
distal segment 180° in the sagittal and 90° in the transver-
sal plane and surgically fusing the calcaneal tuberosity
into the acetabulum.?

Segmental bone transport

The technique is based on resection and subsequent
reconstruction of the segment using distraction osteogen-
esis under the stabilization and guidance, most often of an
external, llizarov-type fixator (ring fixator). Typical seg-
mental defects which can be restored using this technique
are metaphyseal or diaphyseal by location, resulted after
resections that spare the adjacent joint. Lengths of the
defect amendable to this kind of reconstruction have been
limited to a maximum of 5—-6 cm due to extended periods
of external fixation which carry specific risks and the
restraints imposed by the soft tissue. The amount of dis-
traction applied per day is constrained to 1 mm for ade-
quate callus formation. In order to achieve maximum
lengthening during the shortest period of time, bifocal or
trifocal transport techniques, with multiple osteogenesis
sites, have been developed. Newer, internal lengthening
devices, in the form of special intramedullary nails, have
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been introduced to prevent the risks associated with the
use of external fixation devices.

Specific concerns for using bone transport as a recon-
struction procedure after sarcoma resections are: the
infection risk augmented by the immunosuppression
(chemotherapy and/or radiation therapy); possible
tumour cell activation; regenerate fracture; muscle con-
tractures; nerve overstretching; implant failure; nonun-
ion; delayed or premature union; axial or joint alignment
alterations; and high psychological burden for the patient.
The suggested advantages of this technique are: precise
restoration of limb length discrepancies; stimulation effect
on soft-tissue healing; easier management of potential
infection; and durable biologic reconstruction with good
long-term functional results.?

Resection arthrodesis

This reconstruction procedure can be performed after the
resection of a tumour neighbouring a joint, with surgical
fusion of the joint achieved using bone autografts or allo-
grafts and fixation by osteosynthesis implants (long
intramedullary nails or plates and screws). The most suit-
able indication for this procedure is a patient with special,
heavy work requirements that include the need for a sta-
ble limb with durable reconstruction. Some of the disad-
vantages of this treatment option are the complete loss of
joint motion, lower quality of life and an associated risk for
implant failure, fracture or infection.

A special subtype is the temporary resection-arthrodesis
of the knee utilizing a long intramedullary rod and acrylic
bone cement described by Professor Mario Campanacci
(Fig. 2). This technique has been recommended for very
young patients with high growing potential as a debulking
procedure when metastases are already present or when
other reconstruction options are not readily available. In
addition, it can be used as a temporary reconstruction until
a favourable oncologic prognosis is achieved and a perma-
nent reconstruction can be performed.

Bone graft reconstruction

A very heterogeneous group of reconstruction techniques
after bone sarcoma resections use bone grafts in the form
of: vascularized or non-vascularized autografts; allografts;
osteochondral allografts; allograft and endoprosthetic
composite (APC); or synthetic bone grafts.

Bone autografts can be considered the gold standard
for bone defects reconstruction because of the following
advantages: a biologic reconstruction is granted; highest
osteoconductive, osteoinductive and osteogenic poten-
tial; and the lowest risk for immune graft rejection or dis-
ease transmission. The limitations of this reconstruction
material are posed by donor site morbidity and its
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Fig. 3 Distal radius reconstruction after giant cell tumour
resection using fibular autograft.

restricted availability, with the iliac crest and the fibula
(vascularized or non-vascularized graft options) as main
sources (Fig. 3). The use of a vascularized fibular graft
implies a tedious microsurgical reconstruction procedure
which is very technically demanding and provides a graft
with high healing potential but low biomechanical profile,
due to its dimensions, which predisposes it to fracture.*

Bone allografts can be used for intercalary defects
reconstruction or as osteochondral allografts, but often
with modest long-term functional results. Despite the fact
that they are more accessible and come in larger sizes,
there are a few important drawbacks that restrict their use:
legal restrains; disease transmission and immune rejection
risks; osteoarthritis for osteochondral segments; lower
healing potential; the need for prolonged non-weight-
bearing; and the infamous bone resorption which is a
characteristic for bone allografts (Fig. 4). The same haz-
ards are characteristic for the APC reconstruction tech-
nique with some added, implant specific complications
such as structural failure, peri-prosthetic fracture, aseptic
loosening or infection. The APC usually consists of a revi-
sion type implant combined with a bone allograft which is
the element that presumably improves stability and soft-
tissue coverage by providing more secure, biological ten-
don and muscle reinsertions.>

A special reconstruction technique that uses extracor-
poreal irradiation (ECI) of autografts or allografts has been
developed, with promising oncologic results especially
for children that need surgical resection of primary bone
sarcomas.®

Synthetic bone grafts can be used as a substitute for
the biologic bone grafts. As the bone defects resulted
after extremity sarcoma resections are rather large, the
main problem for these substitutes is to provide adequate
structural support along with good osteoconductive and

Fig. 4 Tibia reconstruction after Parker Jackson lymphosarcoma
resection using allografting.

osteoinductive properties. The main groups of bioceram-
ics used as bone graft substitutes are based on: calcium
sulphate; calcium phosphate (CaP ceramics); hidroxyapa-
tite (HA); and bioactive glass. There is continuous research
aimed at improving the biology of these synthetic grafts
(addition of bone morphogenic proteins (BMPs), tissue
engineering and stem cell technology) or their biome-
chanical proprieties (incorporation of carbon nanotubes
(CNTs), nanostructural design).”

Modular endoprosthetic reconstruction

The principle of limb-sparing surgery dominates the mod-
ern management of primary malignant bone tumours.
For the reconstruction of massive bone defects resulted
after the resection of bone sarcoma standard nowadays is
the use of modular endoprosthetic systems, performed
usually in major cancer centres, by experienced surgeons.
The origins of these modular reconstruction systems can
be traced to the first resection and reconstruction proce-
dures performed for malignant bone tumours, which
required custom-made implants for each case. All the pro-
gress made in medical imaging, chemotherapy or surgical
techniques has increased the survival of the patients; thus,
the demand for custom implants has also increased expo-
nentially. This raised some new challenges for the implant
manufacturers concerning material engineering, design,
intra-operative versatility and nonetheless long manufac-
turing times.

The solution came with the concept of modular recon-
struction systems which allowed a great deal of flexibility
and variety in use, a big help for surgeons who can now
adapt better to the intra-operative scenario and change
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Fig. 5 Total femoral reconstruction with ‘push through’
diaphyseal module.

the reconstruction plan accordingly. Component stand-
ardization allowed for better quality control of implants
and drove down the costs and production times. Despite
the fact that the complication rate is higher compared
with primary joint replacement surgery, the overall sur-
vival rate for the megaprosthetic systems can reach up to
91%.8 Although modularity has solved many of the prob-
lems, there are still some difficult cases which require
custom-made implants for complex reconstructions,
especially after pelvic resections.

Technical considerations and reconstruction principles

The most commonly reconstructed segments are the
proximal tibia, proximal humerus, distal and proximal
femur, and the adjacent joints. The design of the modular
systems allows not only segmental bone reconstruction
but also total bone replacement of humerus or femur (Fig.
5). The reconstructed segment can incorporate one or
more joints, or it can be an intercalary, diaphyseal seg-
ment which is being replaced (Fig. 6). There are some
basic guidelines that have to be obeyed when performing
a modular endoprosthetic reconstruction: careful preop-
erative planning; adequate resection margins; restoration
of limb length and normal axis of motion; proper selec-
tion of components and fixation technique; good bone
preparation; and appropriate soft-tissue reconstruction
(tendon reattachment, muscle flaps, skin flaps).

Different design variations of the systems used for the
same segment replacement allow a variable level of
bone sparing. For example, the femoral greater tro-
chanter or a big part of the condyles can be spared in
some instances. Diaphyseal segments of variable lengths
can be either totally replaced or the cortical bone can be
spared using ‘push through’” modules (Fig. 7). By using
lower profile implants and thus preserving more bone
material, the reconstruction is more anatomical and also
provides better biomechanics by sparing muscle and
tendon insertions.

Some other technical advantage offered by the recon-
struction systems is the possibility to adjust, intra-
operatively, the torsional position between modules and
the total length of the construct. This represents a crucial
advantage during the very complex and challenging
resection and reconstruction procedures performed in

Fig. 6 (a) Proximal femur, (b) diaphyseal, (c) distal femur and (d) proximal tibia modular endoprosthetic reconstructions.
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Fig. 7 Modular endoprosthetic reconstruction options for proximal tibia or proximal, diaphyseal, distal or total femur. Reprinted

with permission from MEGASYSTEM-C® Tumor and Revision Surgery —

Hamburg, Germany.

musculoskeletal oncology. The stem designs support
cemented or cementless fixation by taking advantage of
different stem shapes and hydroxyapatite or hydroxyapa-
tite tricalcium phosphate coating used to promote induc-
tion of osteogenesis. The preferred method of stem
fixation is usually without using acrylic cement, with the
exception of the cases where a stable, cementless fixation
cannot be achieved. Poor bone quality or inadequate size,
residual bone segment are the main reasons for choosing
a cemented stem fixation.

Another recognized feature is the use of circumferential
porous metal or hydroxyapatite covered collars at the
contact point between the stem shoulder and the bone
resection margin in order to stimulate bone ingrowth.
This extracortical bone bridging is believed to increase the
mechanical stability and seal the intramedullary canal,
shielding the bone—stem interface from any kind of exter-
nal debris that can cause osteolysis.® Another approach to
obtaining good bone ingrowth is by applying high pres-
sures at the level of bone—implant interface (compressive
osseointegration). This is made possible by using special
technology with shorter prestressed stems which allows
fixation into short residual bone segments.

A challenging problem is the reattachment of tendons
and muscles, which is crucial to post-operative functional
recovery and overall stability of the system. For this pur-
pose, the design of the components has been adapted to
allow and promote fixation of the soft tissue. Reattach-
ment options include plate and screws systems (patellar

Implants & Instruments, Waldemar Link GmbH & Co. KG

tendon reattachment) or direct suturing to the metallic
components or to specially designed, flexible, synthetic
mesh (polyethylene terephthalate (PET), polypropylene,
polytetrafluoroethylene or carbon fibre) attached to the
metallic part. The ingrowth potential of the soft tissue
into the metallic components has been investigated with
promising results offered by a porous tantalum and
titanium.

Concerning the joint replacement, knee reconstruction
is achieved using a rotating hinge system as a standard for
maximum stability and mobility. For the hip joint, use of a
bipolar acetabular component is recommended, which,
in combination with careful restoration of the muscle
insertions and augmented by capsular reconstruction
using synthetic grafts, gives the lowest risk of dislocation.
By using lower constraint implants, especially for the knee
(rotational hinge), the mechanical stress transmitted to
the adjoining structures and to the implant components is
reduced; hence, the risk for mechanical complications is
minimized.™®

Contraindication and failure classification

An absolute contraindication for limb salvage and recon-
struction with modular systems is represented by one of
the following situations: 1) a massive tumour which
encloses major neurovascular structures; 2) an improper
biopsy procedure and/or subsequent site complica-
tions; 3) inadequate soft-tissue coverage; or 4) a patho-
logical fracture which usually implies considerable
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Table 1. Modular endoprothetic failure classification

Main category Failure mode Classification

Mechanical failure Soft-tissue failure Type |
Aseptic loosening Type ll
Structural failure Type lll

Non-mechanical failure Infection Type IV
Tumour progression TypeV

Henderson E, Groundland |, Marulanda GA, et al. Peri-operative expecta-
tions with revision of lower extremity segmental megaprosthesis for tumor.
Podium presented at the American Academy of Orthopedic Surgeons 2010
Annual Meeting; March 9-13, 2010; New Orleans, LA. Podium No. 409

contamination. Some relative contra-indications for
choosing a limb-sparing procedure are: an extremely
young patient with a high risk for limb length inequality;
a mediocre response to neoadjuvant therapy (radiation
therapy or chemotherapy); and exceptional work
requirements.

For improving evaluation of the results, a systematiza-
tion of failure possibilities has been developed for the
reconstructions achieved with modular megaprosthe-
ses.' The classification resulted includes two main groups
of failure modes, mechanical and non-mechanical, each of
them incorporating further subcategories (Table 1).
Another advantage suggested by this categorization is an
easier identification of risk factors and elements which can
be addressed for improvement of the overall results.

Expandable endoprostheses

A large patient population that requires surgery for bone
sarcomas is represented by skeletally immature children,
for whom reconstruction with modular endoprosthetic
systems is usually not a feasible option. The main chal-
lenge comes from the limb length differences resulted
from affected growth plates and the difficulty of following
recovery protocols. The alternative represented by ampu-
tation or rotationplasty comes with a high psychological
burden.

In order to address these problems, expandable endo-
prostheses with different lengthening mechanisms were
conceived and developed over the last decade. A mini-
mum limb length inequality of 3 to 4 cm is to be expected
in order to consider using a growing prosthesis.'? First,
adjustments for elongation used to require open surgery,
which carried a high risk for infection and associated mul-
tiple anaesthesia. The modern expandable modular sys-
tems use non-invasive lengthening procedures, with the
internal expansion mechanism activated and controlled
by external electromagnetic sources.'3

Discussion

Although the survival rates of patients treated for
extremity sarcomas have improved significantly and the
reconstructive procedures are now the rule for surgical
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treatment, the matter of these surviving patients is much
more complex and requires greater efforts for improving
their post-operative quality of life. Overall, the musculo-
skeletal complications rate for long-term survivors of
extremity sarcomas is very high, up to 80% in some
reports, and the functional outcomes are still limited.
Although the complication rates for the modular
megaprostheses reconstructions are consistently greater
compared with regular endoprosthetic techniques, their
use has become the standard of care for > 90% of the
extremity sarcoma cases, in the hands of experienced
musculoskeletal oncology surgeons.

The overall survival periods for modular megaprosthe-
ses reach up to 80% at ten years and consistently over this
percent at five years.'> The most feared complication, with
the highest incidence reported in literature (5% to 12%) is
infection (type IV failure), which has a different risk distri-
bution for specific anatomic locations of the resection.
This disparate risk association comes from the variable
soft-tissue coverage for individual segments charging the
proximal tibial reconstructions with the highest risk for
infection and making the proximal femur least hazard-
ous.'® The contrary can be said about proximal femoral
reconstructions when we refer to the dislocation risk
which is the greatest for the hip joint replacement.

A great deal of progress has been made in the surgical
reconstruction of bone defects resulted after resection of
not only extremity bone sarcoma but also of metastatic
lesions or other non-neoplastic conditions like severe
bone loss due to trauma, infection and revision surgery,
bone defects caused by nonunion, malunion, implant fail-
ure or peri-prosthetic fractures.”.18 Every specific type of
complication is under scrutiny and continuous research is
aimed at developing new technologies and ways to pre-
vent or treat this onerous situations.

In the treatment of extremity bone sarcoma, predictors
of local recurrence have a great importance because this
complication has the greatest impact on patient survival.
A study conducted by Jay et al found that a chemother-
apy response of < 90% necrosis and < 2 mm resection
margins are the best predictors of local recurrence when
compared with narrower and wider margins as well as
classical margin description (intralesional, marginal, wide
and radical).’” A new method for predicting metastatic
occurrence in osteosarcoma cases has been suggested,
based on age, sex, tumour size, anatomic site, tumour
grade, histologic classification, monocyte ratio and
neutrophil-to-lymphocyte ratio.?® The importance of
immunohistochemistry (IHC) in bone sarcomas has
proven its diagnostic and prognostic role. Due to novel
IHC procedures and molecular studies, new more-tar-
geted therapies will be available in the near future.?!

The risk for early infection after modular megapros-
thetic reconstructions has been addressed by modifying
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the implants surface through coating with various bacte-
riostatic or bactericidal agents like silver, iodine, nitric
oxide, antibiotics and antimicrobial peptides with new
research being directed at inhibiting bacterial colonization
of modified implants by way of biomimetic surface func-
tionalization (lotus effect, dragonfly wings).2223 Computer-
assisted surgery in the form of custom, individual patient
instruments or computerized intra-operative guidance
has been proposed as an effective way of ensuring better
resection margins and a more precise matching of allo-
grafts.?* Three-dimensional (3D) printing, also called
additive layer manufacturing (ALM), nowadays allows the
fabrication of more durable, lighter, custom implants or
personalized instruments.23

There are some other modern topics of interest in bone
sarcoma surgery worth mentioning. Robotic surgery in
conjunction with computer guidance could also help
obtain improved resection margins in the future.¢ A FDG-
PET (fludeoxyglucose positron emission tomography)
tracer can be administered pre-operatively for certain
types of tumours and the radioactive uptake can be meas-
ured with a probe during surgery, providing a better
assessment of tumour margins.?”.28 The use of nanotech-
nology in orthopaedic surgery is a concept that is being
currently explored. In order to improve local control after
resection, bioactive orthopaedic implants can be used for
local delivery of treatment to the tumour bed.?® In the
future, a reliable biomarker of response to chemotherapy
could help manage bone sarcoma more efficiently along
with new imaging techniques such as spectroscopy in
functional MRI (fMRI) or blood markers for circulating
tumour cells.30:31

Conclusion

Contemporary surgical management of extremity bone
sarcomas is based mainly on endoprosthetic reconstructive
procedures that take advantage of the modular systems,
offering immediate mechanical support and functional
recovery. Despite this trend, there is still an important role
for all the other reconstruction options and ablative proce-
dures to be played in musculoskeletal oncology. The treat-
ment pillars for obtaining good oncological results in
treating extremity bone sarcomas are precise diagnosis
combined with excellent surgical technique and adjuvant
chemotherapy. Proper resection followed by reconstruc-
tion is to be preferred over amputation nowadays and
numerous innovations are helping the surgeons obtain
better margins, and to provide solid reconstructions with
acceptable patient morbidity. We always have to keep in
mind that the management of extremity bone sarcomas is
a multidisciplinary teamwork and specialized centres with
experienced musculoskeletal surgeons represent the best
future for approaching this challenging pathology.
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