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ABSTRACT

Pediatric bone sarcomas, particularly osteosarcomas, present unique challenges in the realm of orthopedic oncology, given their predi-
lection for the metaphyseal regions of long bones and the intricate balance required between achieving oncologic control and preserv-
ing limb function. This abstract encapsulates findings from a comprehensive review aimed at advancing pediatric bone sarcoma care,
focusing on navigating the complications and innovating solutions for complications of limb salvage and reconstruction focusing on limb
length inequalities and accompanying bone defects.

Advancements in imaging, surgical techniques, and adjuvant therapies have shifted the paradigm from amputation to limb-sparing sur-
geries, albeit with significant challenges, especially in young patients where growth potential complicates reconstructive outcomes. The
series highlights the complexity of managing limb length discrepancies (LLD), the cornerstone of limb salvage challenges, and the innova-
tive approaches to address them, including modular endoprosthetic reconstruction with expandable prostheses, magnetic lengthening
nails and biological reconstruction strategies like vascularized fibula grafts.

This review underlines the importance of a multidisciplinary approach in managing pediatric bone sarcomas, where the aim extends
beyond mere survival to ensuring quality of life through functional limb preservation. It highlights the need for ongoing innovation in sur-
gical and reconstructive techniques tailored to the pediatric population’s unique needs, emphasizing the potential of emerging technolo-
gies and methodologies to improve outcomes. Future research should aim to fill the existing knowledge gaps, particularly in comparing

pediatric and adult surgical outcomes, to refine treatment protocols and improve patient care in this challenging domain.

Introduction

Bone sarcomas represent the predominant primary
bone malignancies encountered in pediatric patients,
predominantly manifesting in the long bones’ metaph-
yseal regions. The treatment paradigm has evolved
significantly from the erstwhile norm of amputation
to now favoring limb-sparing surgeries, courtesy of
advancements in surgical techniques and oncological
treatments.”® Osteosarcomas exhibit a peak preva-
lence during the second decade of life, with Ewing’s
sarcoma presenting in approximately 30% of patients
before the age of 10.* Recent data from a single-center
cohort indicate a 5-year overall survival rate of 78.5%
in high-grade osteosarcoma patients without metasta-
ses, dropping to 21.7% in those with distant metasta-
ses, in patients younger than 16.°

In young patients, especially given the proximity of
tumors to the growth plates, achieving oncological
clearance while preserving limb function and length
can be challenging. The anatomical extent of the
tumor necessitates considerable resections (includ-
ing total or partial growth plate resections) and/or
systemic chemotherapy followed by inhibition of the

preserved growth plate particularly around the knee,
leading to potential limb length discrepancies. This
review aims to provide an updated discourse on the
biological and technological advancements in recon-
structive options available for young patients afflicted
with malignant bone tumors of the extremities,
thereby offering a guide to the latest in limb salvage
and reconstruction strategies.

Limb length discrepancy

In the realm of limb preservation for the skeletally
immature, accurately estimating residual growth is
pivotal, given the myriad factors influencing limb-
length discrepancy (LLD). These factors range from
the impact of systemic chemotherapy and the surgical
sacrifice of adjacent growth plates, to the deceleration
of growth in preserved plates, and the sequela of mus-
cle atrophy, as well as compensatory overgrowth in
the contralateral limb, leading to further deformities.®

To predict future limb length and LLD, 4 principal
methodologies are employed: Anderson’s method
of remaining growth, Moseley’s straight-line graph,
Menelaus’ charts of growth remaining by chrono-
logical age, and Paley’s multiplier method. The latter,
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leveraging only current age and limb length, has shown superior
applicability for pre-surgical planning due to its simplicity and
directness.”

However, the interaction between antineoplastic treatments and
bone growth is intricate, with a notable dearth of methodological
analysis for such data. Pediatric osteosarcoma patients often exhibit
a reduced growth velocity during chemotherapy, followed by a
rebound phase post-treatment. Studies, such as those by Gilg et al
and Li et al, have highlighted the limitations of predictive methods
like Paley’s multiplier, which can significantly overestimate the final
height in patients with bone tumors, leading to errors that can exceed
1 cm in over a third of cases.’***

LLDs exceeding 2 cm can have profound clinical and functional
repercussions, including pelvic tilt, altered gait mechanics, and joint
contractures. For discrepancies anticipated to be between 2 cm and
4 cm, contralateral temporary epiphysiodesis can offer a regulatory
mechanism. When discrepancies are expected to be more than 4
cm, endoprosthetic reconstruction using modular reconstruction
endoprosthetics with/without expandable components and bio-
logic reconstruction using guided growth modalities or distraction
osteogenesis with external fixators or magnetic implantable nails are
among various treatments of choice, if feasible. For intramedullary
lengthening devices, recent published data suggests younger age for
antegrade femoral intramedullary lengthening, which is 8 years in
girls and 10 years in boys."*'® Additionally, non-affected long bone
of the ipsilateral side could also be selected for lengthening if the
predicted discrepancy among the level of knee joints is less than 3 cm
(Figure 1). For LLDs greater than 10 cm, more radical options such
as rotationplasty or a lifetime surgical plan including serial length-
ening procedures are commonly considered, taking into account the
extensive discrepancy and its impact on the patient’s quality of life
and functionality.”

Modular endoprosthetic reconstruction with expandable
prostheses

Endoprosthetic reconstruction represents a significant advancement
for adult sarcoma patients, and this method has been adapted for
pediatric patients, particularly those beyond the ages of 13 for males
and 12 for females.*® The pioneering MARK I prosthesis, introduced
by Scales et al in 1976, marked the inception of extendable prosthe-
ses, featuring an expandable spacer to facilitate limb lengthening.’
Despite its initial promise, the early models were plagued by subopti-
mal functional outcomes, prompting a series of enhancements aimed
at improving efficacy and reducing complications. These efforts
have culminated in the development of modular, self-actuating, and
self-expanding prostheses that offer a new horizon in limb salvage
surgery.'**?

HIGHLIGHTS

Advancements in imaging and surgical techniques have shifted treatment
paradigms from amputation to limb-sparing surgeries, enhancing the quality
of life in pediatric bone sarcoma cases.

Innovative approaches like modular endoprosthetic reconstruction with
expandable prostheses and magnetic lengthening nails effectively address
limb length discrepancies.

+  Vascularized fibula grafts provide successful outcomes for complex bone
defect reconstruction in pediatric patients.

Plate-assisted bone segment transport with motorized lengthening nails and
locking plates is a complex yet reliable reconstruction technique, particularly
for diaphyseal bone defects following tumor resection.

These advanced prostheses consist of 4 key components: an articular
segment, an intercalary expandable segment, exchangeable gradu-
ated spacer segments, and a final intercalary segment. The expan-
sion process primarily occurs within the intercalary segment, with
a systematic approach allowing for incremental lengthening. This
modular design not only facilitates expansion but also ensures that
the prosthesis can be adjusted in tandem with the patient’s growth,
offering unprecedented adaptability.

The lengthening procedure for these prostheses, typically performed
in 1- to 2-cm increments, necessitates surgical intervention under gen-
eral anesthesia. The surrounding soft tissues, particularly muscles
and neurovascular structures, impose a natural limit on the extent of
expansion, with the risk of complications such as nerve palsy if these
structures are overly strained.?"*

Postoperative care is critical, with patients usually requiring a
brief hospital stay followed by the immediate initiation of physical
therapy, including continuous passive motion to promote recovery.
Successful rehabilitation demands a high level of commitment from
both the patient and their support network to prevent complications
such as flexion contractures, which can severely impact functional
outcomes.

Patient selection for expandable prostheses necessitates meticulous
evaluation of a multitude of factors, such as the patient’s age, size,
potential for further growth, and the magnitude of the predicted limb
length discrepancy (LLD). Candidates ideally suited for this interven-
tion often present with an LLD exceeding 4 cm and possess stable
bone conditions amenable to stem integration. The prosthesis may
not be suitable for all children, especially those under the age of 6
or those with significant potential for growth due to genetic factors,
where achieving symmetrical limb lengths poses a greater challenge.
In such cases, where the diaphysis is wider than 8 mm and the child
is older than 8 years, yet the LLD is projected to be more than 4 cm,
expandable prostheses are considered. However, in scenarios where
the potential growth could render the prosthetic solution ineffective
or if equalizing leg lengths becomes impractical due to the child’s
very young age or the parents’ tall stature, alternative reconstructive
strategies may be warranted to ensure optimal functional and cos-
metic outcomes.

Expandable prostheses, while transformative in pediatric orthopedic
oncology, are not without their complications, which predominantly
include infection, mechanical failure of the expansion mechanism,
aseptic loosening, and stem migration. A pivotal study by Eckardt
et al in 1993 illuminated the complexities associated with the LEAP
(Lewis Adjustable Expandable Prosthesis), reporting a complication
rate of 67%. The identified issues ranged from prosthesis collapse
and mechanical failures to limb rotation and infection, leading to
prosthetic revisions in over half of the cases in their cohort.?* A sub-
sequent review by the same group later revealed that only half of the
patients with expandable prostheses underwent successful expan-
sion, highlighting a 50% complication rate.*

The frequency of surgical interventions a patient requires is influ-
enced not just by their physical characteristics but also by the inci-
dence of these complications. Kenan and Lewis projected that a
patient might undergo 10 to 15 surgeries over the course of treatment
to manage or mitigate expansion-related issues.’ This was echoed
by Schiller et al, who documented an average of 11 surgeries among
their patients aged 9 to 11 years, underscoring the intensive surgical
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Figure 1. (a) Coronal section MRI image of a bone sarcoma located in the right distal femur of an 11-year-old girl. Following the wide resection performed in the first stage,
the projected adult period limb length discrepancy (LLD) was calculated as 8 cm. (b) Radiographic image at the 5-year follow-up of the tumor prosthesis placed for
endoprosthetic reconstruction after the patient’s wide resection. The orthoroentgenogram shows that 4.5 cm of the 8 cm LLD originates from the femur and 3.5 cm from the
tibia. Please note the dashed line indicating the alignment of the lower extremity and the osseointegration at the proximal bone-host implant junction. (c and d)
Anteroposterior and lateral radiographs of the patient during lengthening from the ipsilateral tibial diaphysis with a computer-assisted external fixator. (e and f)
Anteroposterior and lateral radiographs of the patient after 4 cm lengthening during the consolidation period. (g) Orthoroentgenogram with 4 cm compensation taken

during the follow-up of the patient’s first lengthening surgery.

journey these young patients often face.?* The advent of self-actu-
ating, non-invasive prosthetic designs has significantly reduced the
need for repeated surgeries, thereby diminishing the associated infec-
tion risks. However, Henderson et al reported that reoperations were
still necessary in 50% of cases, with aseptic loosening occurring in
20%, indicating that while advancements have been made, the jour-
ney toward optimizing these life-changing prostheses continues.””

Modular endoprosthetic reconstruction with limb lengthening

In cases where expandable modular endoprostheses are impractical
or unavailable, and where the risk of existing complications is con-
sidered unacceptable, limb lengthening techniques can be combined
with non-expandable endoprostheses for endoprosthetic reconstruc-
tion. In situations with uncertain survival estimates, staged treat-
ments that involve bone lengthening procedures are necessary. It
is also possible to adjust modular endoprostheses up to 2 cm longer
than the contralateral side as an option.***

The first of these combined treatments is temporary resection
arthrodesis (TRA). If local recurrence and metastatic conditions
are excluded in the first 2-3 years, the treatment initially involves
soft tissue lengthening with an external fixator, followed by a
transition to a mature-type tumor prosthesis. This constitutes a
3-stage treatment for the patient. Kong and colleagues reported
in their series of 56 cases that they were able to provide a mobile
joint for 35 patients. The 3-stage treatment is acknowledged to be
an exhausting reconstruction in cases with low expected survival
rates. Another obstacle is the potential for the staged treatment
to be interrupted by infection, negatively affecting the functional
outcomes.*®

Another option for temporary arthrodesis involves staged treat-
ment with hemiarthroplasty. In the series reported by Chung and
colleagues, major complications occurred in 3 out of 25 cases. Two
of these cases continued treatment with temporary arthrodesis fol-
lowing component infection. Key points highlighted by the authors
include the subchondral collapse caused by the metallic compo-
nent in contact with the anatomical neighboring surface and the

development of cortical atrophy at the host bone prosthesis inter-
face. This situation can result in stress shielding around the stem.
The pediatric population is much more sensitive to this entity.*

Alpan and colleagues reported an average extension rate of 45 mm
and a bone-healing index of 41 days/cm in 6 sarcoma patients who
underwent lengthening with a femoral intramedullary magnetic nail
as an extension option.”

In another study, staged surgical treatment was applied again, but in
the first stage, lengthening was performed with a unilateral external
fixator following the installation of a hinged tumor prosthesis, and
finally, the treatment was completed with an adult-type endopros-
thesis. The authors state that in cases with a minimum of 2 years
of recurrence-free survival, it is necessary to proceed to the distrac-
tion osteogenesis part of the staged treatment. For achieving a higher
knee level, tibial lengthening is indicated as more advantageous in
knee area reconstructions. According to the authors, recurrent dislo-
cation of the knee component can be a significant problem.*

The integration of limb lengthening techniques with modular endo-
prosthetic reconstruction, while innovative, brings forth a complex
array of potential complications that necessitate careful consider-
ation and planning. These complications can range from mechanical
failures of the prosthesis, such as wear or breakage of components,
to biological challenges including infection, delayed union, or non-
union of the bone. Particularly in pediatric patients, there’s an
added layer of complexity due to their ongoing growth and develop-
ment, which can lead to asymmetric growth or joint misalignment.
Moreover, the extensive surgical interventions required for both
limb lengthening and modular endoprosthetic insertion increase
the risk of soft tissue damage, leading to scarring, reduced mobility,
and potential neurovascular compromise. The psychological impact
on the patient, especially children and adolescents, also cannot be
underestimated, as repeated surgeries and the long recovery periods
can be emotionally taxing. Therefore, a multidisciplinary approach
involving orthopedic surgeons, pediatricians, physiotherapists, and
psychologists is crucial in managing these patients, ensuring that
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Figure 2. (A) Coronal section MRI image of a bone sarcoma located in the right distal femur of a 10-year-old boy. After the wide resection performed in the first stage, the
projected adult limb length discrepancy (LLD) was 9.5 cm. (B and C) Anteroposterior and lateral roentgenograms of the tumor prosthesis placed during the first stage of
reconstruction after the patient’s resection. Note the gap formation at the prosthesis’s proximal attachment area. (D) At the 5-year follow-up orthoroentgenogram with 9 cm
compensation, a 10 cm LLD was identified, with 6.3 cm originating from the femur and 3.2 cm from the tibia. Despite all infection parameters being negative, radiolucency
suggestive of loosening was observed at the bone-implant interface both distally and proximally. (E) The patient’s bone lengthening surgery was planned from the proximal
side. Lengthening over nail (LON) was applied via a nail integrated into the proximal stem, along with a circular external fixator. Early postoperative radiography is shown.
(F) The orthoroentgenogram taken at the end of the lengthening period. A lengthening of 4 cm was achieved. (G and H) Grafting with a titanium cage at the proximal
distraction area of the implant--bone composite for osteointegration purposes after lengthening. (I) The orthoroentgenogram during follow-up showing full consolidation
and osteointegration with 6 cm compensation. (J and K) Early postoperative anteroposterior and lateral radiography of the tibial lengthening procedure using a computer-
assisted hexapod external fixator. (L) At the end of the final tibial lengthening procedure, an anteroposterior orthoroentgenogram of the patient revealed proper mechanical

axis and lower limb alignment. (M) Successful healing of the distraction gap is shown after fixator removal.

both the physical and emotional aspects of their recovery are ade-
quately addressed (Figure 2).

Biological reconstruction

Following tumor resection in the extremities, segmental bone
defects present a significant reconstructive challenge. Vascularized
fibula grafting has emerged as a leading technique for address-
ing these defects, utilizing either intramedullary or onlay graft-
ing approaches.®** In the intramedullary technique, the defect is
bridged with an intercalary allograft, complemented by a vascular-
ized fibula flap inserted into the allograft’s medullary canal. This
process involves creating a passage for the fibula’s vascular pedicle
through the allograft, ensuring the fibula flap integrates seam-
lessly with the host bone, secured in place with a locking plate.
Conversely, the onlay method positions the vascularized fibula flap
at the allograft-host interface, affixing it with cortical screws to
facilitate microvascular connections and bone integration.* Liquid
nitrogen recycled bone and free vascular fibula graft combination
is another technique of choice named “frozen hotdog” for biological

reconstruction, which has been proven as a safe and effective
method of reconstruction.?®

The efficacy of vascularized fibula flaps is notable, achieving bony
union in 86% to 92% of cases, with union times spanning 4.5 to 12
months.*?* This success rate persists despite the potential delays in
healing associated with adjuvant therapies such as chemotherapy
and radiation, underscoring the resilience and viability of this recon-
structive option.* Critical factors influencing the outcome include
the anatomical site of the reconstruction and the use of allograft
materials, with trunk reconstructions generally reaching union more
swiftly than those in the extremities.

In the landscape of reconstructive surgery for segmental bone
defects, non-vascularized or free fibula grafts are occasionally
favored in certain centers for their straightforwardness and reduced
surgical time.** Despite their appeal, these grafts are associated with
a notable risk of infection and nonunion, affecting as many as 50%
of cases. This highlights a critical consideration: the ease of free fib-
ula grafting comes with potential delays in achieving bony union,
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Figure 3. (A) MRI image of an osteosarcoma located in the distal femur of a 7-year-old girl (initial sarcoma surgery performed by Professor Harzem Ozger). (B) The patient
underwent a double barrel free vascularized fibula graft. An orthoroentgenogram taken 11 years later shows an 8 cm shortening in the patient. (C-G) Serial roentgenograms
taken after lengthening from the femoral diaphysis with a unilateral monorail fixator and the postoperative functional outcome.

particularly when compared to vascularized fibula grafts, which are
known for their ability to bear greater weight due to post-operative
hypertrophy.

In specific instances, free fibula grafts have demonstrated consider-
able success. Reports by Krieg and Hefti have shown an 89% rate of
primary union within 12 months across 46 non-vascularized grafts,
indicating a strong potential for healing under optimal conditions.
Zaretski et al further support the utility of free fibula grafts in their
study of 30 patients, suggesting their effectiveness, especially in non-
weight-bearing areas such as the upper extremities or certain diaphy-
seal bone defects.*® This body of evidence points toward a nuanced
application of free fibula grafts, underscoring their value in selected
cases where the advantages of a less complex procedure align with
clinical goals, despite the superior weight-bearing capacity and
hypertrophic potential of vascularized grafts.

The journey of segmental bone reconstruction, particularly with
fibular grafting, is fraught with challenges, among which the risk
of nonunion stands prominent. This complication can significantly
impact patient morbidity, especially in cases involving complex
reconstructions. Notably, Minami et al have documented a high suc-
cess rate, with 95% bony union achieved across 104 cases utilizing
vascularized fibula flaps for a range of traumatic, oncologic, and
congenital reconstructions. Despite this success, a small subset expe-
rienced nonunion, leading to severe outcomes such as pseudoarthro-
sis in 3 patients and necessitating amputation in 2.*” Contrastingly,
Clemens et al observed no need for amputation among their cohort
of 52 patients undergoing vascularized fibula reconstruction, with
nonunion cases effectively salvaged through endoprosthesis in 2
instances, ultimately resulting in satisfactory long-term function for
all affected patients.*® However, Adam et al reported a higher rate of
nonunion, at 30%, highlighting the variability in outcomes across dif-
ferent studies and techniques.®!

Fractures of the fibula flap, with reported rates varying from 5%
to 48%, represent another critical complication that can lead to

nonunion.’*** Despite this, vascularized fibula grafts have shown
resilience against angular and torsional stresses, even in the repair of
extensive skeletal defects.*” The key to minimizing fracture risk lies
in meticulous surgical technique, ensuring proper alignment of the
fibula flap, optimizing the interface with the host bone, and adhering
to a strict protocol of offloading until radiographic evidence of bony
union is confirmed. De Boer and Wood emphasize the importance
of gradual loading to foster graft remodeling and hypertrophy, fur-
ther enhancing the structural integrity of the reconstructed segment
(Figure 3).%

In addition to fibular grafting, distraction osteogenesis and segment
transport techniques play crucial roles in the biological reconstruc-
tion of bone defects following tumor resection. Distraction osteogen-
esis involves the gradual mechanical distraction of bone segments
to promote new bone formation, while segment transport utilizes
single or dual osteotomies to move bone segments into defect areas.*!
Segment transport techniques can be applied either during or after
elongation with plating, with isolated external fixators, or with
combined techniques. In recent years, combined techniques involv-
ing magnetic intramedullary nails with elongation and plating have
gained prominence. The technique described in the article on plate-
assisted bone segment transport with motorized lengthening nails
and locking plates (PABST) highlights that increased vascularity and
better soft tissue coverage in femur applications make this technique
more feasible.* (Figure 4) In conclusion, while we have numerous
techniques and instruments that enhance our options for biological
reconstruction, the choice of technique depends on the experience
of the treatment team, the suitability of the soft tissue and donor
sites, and the richness of the soft tissue coverage and vascularity.

Amputation and rotationplasty

Despite advances in limb-salvage techniques, amputation remains a
significant surgical approach in managing pediatric extremity bone
tumors.* Schrager et al highlighted that, from 1988 to 2007, one-third
of such cases resulted in amputation, underscoring its prevalence in
situations where limb preservation may not be viable.*
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Figure 4. (A) Radiograph of the right femur of an adolescent boy who underwent Ewing sarcoma resection followed by failed vascularized fibular grafting.

(B) Intraoperative clinical image showing the external fixator-assisted application of the plate bridging the entire segmental defect. (C and D) Intraoperative fluoroscopy and
radiography displaying the intramedullary magnetic nail at the proximal femur and fixation of the plate at the distal femur. (E and F) Serial radiographs of the right femur
during and at the end of the distraction period. The distraction area is 16 cm long, with additional fixation using an oblique screw visible in the radiograph.

(G) Orthoroentgenogram of the patient after completion of the treatment, involving plate-assisted segment transport with a magnetic intramedullary nail in his right femur

and internal lengthening of the tibia for final equalization of lower limb length.

Rotationplasty presents an innovative alternative, particularly in
scenarios necessitating an above-knee amputation. This surgical
technique ingeniously transforms an above-knee amputation into
a below-knee amputation, facilitating more effective local sarcoma
control around the knee in children. Notably, rotationplasty has
demonstrated promising functional outcomes, offering an improved
quality of life with a lower complication rate compared to more
intricate limb-salvage procedures. It enables patients to utilize modi-
fied below-knee prosthetics, offering a blend of functionality and
adaptability.*

The decision to proceed with rotationplasty is critical and requires
thorough discussions with the patient’s family, considering both
the clinical benefits and the psychological impacts. While the
functional advantages of rotationplasty are compelling, many
families opt for biological or endoprosthetic reconstructions
due to aesthetic and psychological considerations. Renard et al’s
comparison of ablative surgeries, including rotationplasty, with
limb-salvage techniques revealed superior functional outcomes in
limb-salvage procedures for patients under ten, highlighting the
nuanced decision-making process in choosing the optimal surgical
intervention.*®

Conclusion

In conclusion, the evolution of pediatric bone sarcoma treatment has
shifted toward limb-salvage and reconstructive strategies, emphasiz-
ing the balance between oncological control and the preservation
of function and quality of life. The integration of advanced modu-
lar endoprosthetics, sophisticated limb-lengthening techniques, and
biological reconstruction options highlights the nuanced, multidis-
ciplinary approach essential in contemporary oncological orthope-
dics. Notably, reconstructions at specific anatomical sites such as
the proximal and distal femur, proximal tibia, and upper extremity
present unique challenges and exhibit distinct patterns of postopera-
tive complications and failure rates, underscoring the complexity of
surgical interventions in these regions. Furthermore, the compara-
tive analysis of surgical outcomes between pediatric patients and
adults remains an area ripe for investigation, potentially revealing
critical insights into age-related differences in treatment efficacy and
complication profiles. Despite these challenges, including the poten-
tial for mechanical complications and the psychological burden of
multiple surgeries, the advancements in this field offer significant
hope for not only improved survival rates but also for enabling survi-
vors to lead active, fulfilling lives. As the field progresses, continued
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research and interdisciplinary collaboration will be vital in refining
these treatments, minimizing complications, and enhancing patient
outcomes.
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