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Atrticle info: : ABSTRACT
18 Sep 2024
29 Sep 2024 :  Background: Reconstructing large bone defects after lower limb tumor resection remains a
12 Oct 2024 : challenge in pediatric orthopedics. While osteoarticular allografts offer a biological solution,
01 Nov 2024 : achieving stable fixation and union is crucial to minimize complications such as fractures and
nonunions.

Objectives: We aimed to explore a novel, stabilized, dynamized nailing technique (SDNT) to
enhance outcomes in pediatric patients undergoing tumor resection and reconstruction.

Methods: Between 2014 and 2024, 40 pediatric patients (MeantSD age: 11.85+2.93
years) with malignant bone tumors (70.73% osteosarcoma, 24.39% Ewing sarcoma, 2.44%
chondrosarcoma) underwent wide resection (>2 cm margins) and reconstruction with fresh
frozen osteoarticular allografts (FFOA) soaked in gentamicin. Fixation was achieved using
SDNT, a modified intramedullary nailing (IMN) approach designed to promote union through
controlled dynamization. Patients were followed for a Mean+SD of 33.68+20.58 months,
with outcomes including union time, complications, and survival assessed via clinical and

Ke}fwohrds. radiographic evaluations.

Pediatric bone tumors, :

Osteoarticular allograft, :  Results: The Mean+SD union time was 9.7143.05 months. Complications occurred in 48.88%
Stabilized dynamized :  of patients, with delayed union (24.39%), infection (14.64%), and drop foot (4.88%) being the
nailing, Intramedullary :  most common. Notably, no fractures occurred except for nail bending (2.44%). Survival was
nailing (IMN), Lower limb 70.73%, with a 29.27% mortality rate and 17.07% disease relapse. Metastasis affected 29.27%
reconstruction, Tumor :  ofpatients, primarily in the lungs (26.83%)).

resection, Osteosarcoma, - Conclusion: SDNT with osteoarticular allografts offers a promising approach for pediatric
Ewing sarcoma, Bone union, @ lower limb tumor reconstruction, achieving a low fracture rate and effective bone union despite a
Fresh frozen allograft, . high overall complication rate. These findings suggest SDNT may improve mechanical stability
Gentamicin-soaked allograft compared to traditional fixation methods, warranting further investigation.
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Introduction

imb-salvage surgery has transformed the

treatment of malignant bone tumors in

pediatric patients, becoming the preferred

approach over amputation due to advance-

ments in chemotherapy, imaging, and
surgical techniques [1, 2]. These innovations have im-
proved survival rates and functional outcomes, enabling
patients to maintain limb function while effectively ad-
dressing aggressive tumors such as osteosarcoma and
Ewing sarcoma [3]. However, reconstructing large bone
defects following tumor resection in the lower extrem-
ity remains a complex challenge, particularly in growing
children, where limb length and joint preservation are
critical [4, 5].

The primary reconstruction options for these defects
include biological approaches, such as autografts, al-
lografts, or vascularized fibular grafts, as well as me-
chanical solutions like endoprostheses or allograft-pros-
thetic composites [3, 6, 7]. Each method has trade-offs:
Biological reconstructions promote long-term integra-
tion but risk complications like nonunion, fracture, and
infection, while mechanical options offer immediate sta-
bility but may fail over time due to wear or loosening [8].
Osteoarticular allografts, which preserve joint function
by replacing both bone and articular surfaces, are par-
ticularly appealing for pediatric patients but are prone to
mechanical failures, with reported fracture rates ranging
from 8% to 29% and nonunion rates from 17% to 40%
in the literature [4, 9].

Fixation techniques play a pivotal role in the success of
allograft reconstruction. Intramedullary nailing (IMN)
and plate fixation are commonly used, with nails offer-
ing advantages like easier alignment and early weight-
bearing [10]. However, achieving stable yet dynamic
fixation to promote bone union without stress-shielding
remains a challenge [9]. Excessive rigidity can lead to
negative bone remodeling, while inadequate stability in-
creases the risk of fracture or nonunion [6, 9]. Recent
studies have explored modifications, such as compress-
ible nails or dynamic locking, to enhance union rates;
however, data specific to pediatric populations are lim-
ited [11, 12].

This study introduces a novel stabilized dynamized
nailing technique (SDNT) for fixing osteoarticular al-
lografts in pediatric lower limb tumor resection. By
combining IMN with controlled dynamization and
antibiotic-soaked allografts, SDNT aims to optimize
mechanical stability and bone union while minimizing
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complications. We present the outcomes of 40 pediatric
patients treated with this approach, focusing on union
time, complication rates, and functional prognosis to
evaluate its efficacy in this challenging clinical scenario.

Methods

We conducted a retrospective chart review of 41 pe-
diatric cases under limb-salvage surgery for malignant
bone tumors of the lower extremity between 2014 and
2024 at our institution. The selection criteria were as fol-
lows: 1) tumors of the diaphyseal or metaphyseal loca-
tion of a long bone (femur or tibia), with preservation of
adjacent joints post-resection; 2) wide tumor resection
with at least a 2-cm margin, confirmed by preoperative
magnetic resonance imaging (MRI) and biopsy; and 3)
a minimum postoperative follow-up of 12 months, with
regular clinical and radiographic assessments. Diagno-
ses, confirmed by preoperative biopsy, included osteo-
sarcoma, Ewing sarcoma, or chondrosarcoma. Patients
with osteosarcoma or Ewing sarcoma received neo-ad-
juvant chemotherapy and radiotherapy, while those with
chondrosarcoma received only postoperative adjuvant
therapy.

Fresh frozen osteoarticular allografts (FFOAs) were
sourced from a certified bone bank, stored in liquid
nitrogen, and sterile-packaged without irradiation. Al-
lografts were age-, size-, and side-matched to the recipi-
ent and thawed in 2 L of warm normal saline contain-
ing 800 mg of gentamicin immediately before surgery
to reduce the risk of infection. To address potential limb
length discrepancies in pediatric patients, allografts were
selected to be 0.5-1 cm longer than the resected bone
segment [13].

Tumor resection was performed with a wide margin
(=2 cm) based on preoperative MRI planning [14]. Af-
ter resection, we employed SDNT for allograft fixation.
For distal femur or proximal tibia tumors, the host bone’s
proximal or distal segment was reamed to accommodate
acloverleaf-slotted intramedullary nail, selected for com-
patibility with the host bone’s diameter and length. On a
separate sterile table, the allograft was similarly reamed,
and bone cement was injected into its medullary canal to
secure the nail, ensuring a 1-cm cement-free zone at the
allograft-host junction to facilitate bone union. The nail
allograft was then inserted into the host bone, aligning
the nail to bridge the resection gap. Soft tissue recon-
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struction included ligament and capsular repair around
the knee, followed by standard layered wound closure
with a drain and immobilization in a long leg splint.

Patients began isometric exercises 1 week after sur-
gery and passive functional exercises at 2 weeks, under
the guidance of physiotherapists. They used braces and
crutches, remaining non-weight-bearing for the first 6
weeks. Partial and full weight-bearing were introduced
gradually after radiographic evidence of healing at the
allograft-host junction, typically assessed at 6 and 12
weeks. Follow-up occurred at 6 weeks, 12 weeks, every
3 months for the first 2 years, every 6 months for the
next 3 years, and annually thereafter. Evaluations includ-
ed oncological status, bone union (defined as bridging
bone across three cortices on anteroposterior and lateral
radiographs or disappearance of the osteotomy line), and
functional outcomes. Complications, such as nonunion,
infection, fracture, or nail bending, were recorded, with
the need for allograft removal or replacement considered
a treatment failure.

We evaluated key outcomes, including time to union,
complication rates (e.g. delayed union, infection, nail
bending), disease relapse, metastasis, and mortality.
Functional outcomes were assessed by range of motion
and clinical symptoms, with radiographic assessments
confirming bone healing and implant stability. Data were
collected from medical records and analyzed to deter-
mine the efficacy of SDNT in achieving stable recon-
struction and minimizing complications in this pediatric
cohort.

Results

We analyzed data from 40 pediatric patients (Mean+SD
age: 11.85+2.93 years) who underwent lower limb tu-
mor resection and reconstruction with osteoarticular al-
lografts fixed using the SDNT between 2014 and 2024.
The cohort was predominantly male (68.29%, n=28),
with a Mean=SD follow-up of 33.68+20.58 months.
Tumors were primarily osteosarcoma (70.73%, n=29),
followed by Ewing sarcoma (24.39%, n=10), chon-
drosarcoma (2.44%, n=1), and neuroblastoma (2.44%,
n=1). Most tumors were located in the femur (65.85%,
n=27) and the metaphyseal region (75.61%, n=31), with
68.29% (n=28) classified as stage Il and 31.71% (n=13)
as stage III (Table 1). Neoadjuvant chemotherapy was

November 2024. Volume 11. Number 4

administered to 95% (n=38) of patients, and 39.02%
(n=16) received neoadjuvant radiotherapy.

The Mean+SD time to bone union was 9.71£3.05
months, with successful allograft-host integration ob-
served radiographically (Figures 1 and 2). Postoperative
complications occurred in 48.88% (n=20) of patients.
Delayed union was the most common complication
(24.39%, n=10), followed by infection (14.64%, n=6),
drop foot (4.88%, n=2), nail bending (2.44%, n=1),
nonunion (2.44%, n=1), and superficial wound issues
(2.44%, n=1) (Table 2). Notably, no allograft fractures
occurred, with nail bending being the only mechanical
failure observed, as seen in postoperative radiographs of
distal femur and proximal tibia reconstructions (Figure 1
for distal femur; Figure 2 for proximal tibia) [1]. Reoper-
ations were required in 48.78% (n=20) of cases, includ-
ing amputation (14.63%, n=6), bone grafting (7.32%,
n=3), irrigation and debridement (9.76%, n=4), knee re-
lease (2.44%, n=1), lung surgery (2.44%, n=1), vascular
grafting (2.44%, n=1), and prosthesis placement (7.32%,
n=3). Intraoperative complications occurred in 12.2%
(n=5) of cases.

Oncologic outcomes showed a mortality rate 0f29.27%
(n=12), with 70.73% (n=29) of patients alive at the last
follow-up. Disease relapse occurred in 17.07% (n=7) of
patients, and metastasis was observed in 36.58% (n=15),
primarily to the lungs (26.83%, n=11), followed by lung
and shoulder (4.88%, n=2), bone (2.44%, n=1), and
brain-lung (2.44%, n=1) (Table 2). A limited range of
motion was reported in 78.05% (n=32) of patients, po-
tentially due to postoperative complications or disease
progression. Detailed demographic and clinical charac-
teristics are presented in Table 1, with complication and
metastasis data summarized in Table 2.

Discussion

In this retrospective study of 41 pediatric patients
undergoing limb-salvage surgery for malignant bone
tumors in the lower extremities, we demonstrated that
reconstruction using FFOA fixed with a SDNT offers a
viable biological option for restoring limb function. The
cohort, primarily consisting of young patients with os-
teosarcoma or Ewing sarcoma, achieved a mean union
time of approximately 9.7 months, resulting in a low in-
cidence of catastrophic failures. Notably, delayed union
in 10 patients emerged as the most common complication
(24.39%), yet the majority of these cases progressed to
eventual union without requiring major revisions. Twen-
ty-six patients (63.42%) showed no complications, while
infection affected 14.64% of patients, and other issues,
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Figure 1. Anteroposterior and lateral x-ray of FFOA fixed with SDNT after tumor resection of distal femur

such as drop foot or superficial wounds, were infrequent.
Critically, no outright allograft fractures occurred, with
only one instance of nail bending (2.44%), underscoring
the mechanical stability provided by SDNT. These out-
comes align with the broader goal of limb-salvage proce-
dures: preserving function while minimizing morbidity
in a vulnerable population.

When contextualized within the existing literature on
intercalary allograft reconstructions, our findings high-

light both similarities and potential advantages of the
SDNT approach. For instance, union-related challenges
persist as a recurring theme across studies. According to
a 2023 study by Goldin et al., the median time to frac-
ture-free allograft survival was significantly extended in
the IMN group compared to the extramedullary plating
(EMP) group. However, other outcomes showed no ma-
jor disparities between these fixation approaches [10].
Further breaking down the EMP cohort into single-plate
(SP) and multiple-plate (MP) subgroups revealed that
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Figure 2. Anteroposterior and lateral x-ray of FFOA fixed with SDNT after tumor resection of proximal tibia
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Table 1. Demographic and clinical characteristics of patients undergoing tumor resection and reconstruction

Variables MeanxSD/No.(%)
Age (y) 11.85+2.93
Follow-up time (m) 33.68+20.58
Union time (m) 9.71+3.05
Male 28(68.29)
Sex
Female 13(31.71)
Femoral 27(65.85)
Lesion anatomical site
Tibial 14(34.15)
Dia/metaphyseal 10(24.39)
Lesion bone site
Metaphyseal 31(75.61)
Ewing sarcoma 10(24.39)
Chondrosarcoma 1(2.44)
Diagnosis
Neuroblastoma 1(2.44)
Osteosarcoma 29(70.73)
Il 28(68.29)
Tumor stage
I 13(31.71)
Yes 38(95.00)
Neoadjuvant chemotherapy
No 2(5.00)
Yes 1(2.44)
Neoadjuvant radiotherapy;
No 40(97.56)
Yes 40(97.56)
Adjuvant chemotherapy
No 1(2.44)
Yes 7(17.07)
Adjuvant radiotherapy
No 34(82.93)
Amputation 6(14.63)
Bone graft 3(7.32)
i&d 4(9.76)
Knee release 1(2.44)
During the operation complications Lung surgery 1(2.44)
No 21(51.22)
Vascular graft 1(2.44)
Yes-cementing 1(2.44)
Yes-prosthesis 3(7.32)
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Variables MeanxSD/No.(%)
Yes 5(12.20)
During the operation complications

No 36(87.80)
Dead 12(29.27)

Mortality
Alive 29(70.73)
Yes 20(48.88)

Postoperative complication
No 21(51.22)
Yes 7(17.07)
Relapse

No 34(82.93)
Yes 16(39.02)

Metastasis
No 25(60.98)
Limited 32(78.05)

Range of motion

Unlimited 9(21.95)

MP patients faced elevated fracture risks, more frequent
revision procedures, and reduced overall allograft lon-
gevity. Key metrics from their IMN arm included a 21%
nonunion rate across host-graft junctions, 24% fracture
occurrence, a median fracture-free survival of 7.9 years,
18% infection prevalence, 82% allograft retention at last
follow-up, and a 59% revision surgery rate [ 10]. By com-
parison, our investigation reported a mean follow-up of
33.7 months under IMN, where delayed union was the
leading issue at 24.39%, trailed by infection at 14.64%
and foot drop at 4.88%; less common problems encom-
passed nail bending (2.44%), nonunion (2.44%), and
superficial wounds (2.44%), with over half (51.22%) of
cases complication-free. In contrast to the Goldin study,
in our research, delayed union was the most prominent
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complication (which ultimately united to the host bone),
indicating that this method could have promising results.
Fracture rates in our study were significantly lower than
those in the Goldin study, primarily due to the applica-
tion of SDNT.

Similarly, a systematic review by Jamshidi et al. [15]
reported nonunion in 37% of IMN-fixed intercalary al-
lografts, fractures in 5%, and infections in 4%, with no
local recurrences. While our infection rate was higher
(14.64%), possibly attributable to the pediatric cohort’s
immunocompromised state from neoadjuvant therapies
or the extensive soft tissue dissection around the knee,
the fracture rate was halved, reinforcing SDNT’s role in
enhancing construct durability.

Table 2. Postoperative complications and metastasis in patients following tumor resection

Post-operation complication No. (%) Metastasis No. (%)
Nail bend 1(2.44) Brain- lung 1(2.44)
Delayed union 10(24.39) Lung 11(26.83)
Drop foot 2(4.88) Lung shoulder 2(4.88)
Infection 6(14.64) Non 26(63.42)
Nonunion 1(2.44) Bone 1(2.44)
Superficial wound 1(2.44)
No complication 21(51.22)
Orthopedic Science
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For instance, the method we used reveals that broader
comparisons show biological reconstructions compare
favorably to mechanical alternatives in select scenarios.
Techniques such as allograft-prosthetic composites or
endoprostheses, as discussed by Othman et al. [16] in
their meta-analysis, often yield higher early functional-
ity but carry risks of aseptic loosening or periprosthetic
fractures in the long term, particularly in growing chil-
dren, where preservation of the growth plate is para-
mount. Frisoni et al. [17] noted nonunion and fractures
as key factors contributing to poor function in femoral
allografts. By incorporating dynamization, we showed
that SDNT appears to mitigate these biomechanical pit-
falls, fostering a more balanced load transfer that sup-
ports osteogenesis without excessive rigidity.

The oncologic outcomes in our study—29.27% mor-
tality, 17.07% relapse, and metastasis in about a third of
cases—reflect the aggressive nature of these tumors in
children, consistent with reports from Liu et al. [18] and
Yang et al. [14], where stage II/IIl sarcomas predomi-
nated. Neoadjuvant chemotherapy was administered to
95% of our patients, likely contributing to the wide mar-
gins and low local recurrence, though pulmonary me-
tastases remained a concern (26.83%). These systemic
challenges underscore that while SDNT excels in local
reconstruction, multidisciplinary management is crucial
for long-term survival.

Strengths of our approach include the detailed opera-
tive protocol, which standardizes cement augmentation
for nail stability while preserving a cement-free zone at
the junction to avoid interfering with union—a nuance
not always emphasized in prior IMN descriptions. The
mean follow-up of 33.7 months provides mid-term in-
sights, and the focus on pediatric patients fills a gap in
the literature, where most data derive from mixed-age
cohorts. However, limitations must be acknowledged.
As a single-center retrospective review, selection bias
may influence results, and the sample size limits statisti-
cal power for subgroup analyses, such as by tumor site
(femoral vs tibial). Variability in neoadjuvant regimens
and the absence of patient-reported outcomes, such as
quality-of-life scores, represent areas for improvement.
Additionally, while SDNT minimized fractures, the
higher infection rate compared to meta-analyses sug-
gests opportunities to refine antibiotic prophylaxis or al-
lograft preparation.

Looking ahead, prospective multicenter trials could
validate SDNT’s benefits, possibly incorporating bio-
mechanical modeling, as in Baleani et al. [19], to opti-
mize junction stability. Exploring adjuncts, such as vas-
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cularized fibular grafts, in high-risk cases may further
reduce the incidence of delayed unions. Ultimately, our
experience with SDNT affirms its potential as a robust,
patient-centered strategy for lower limb reconstruction,
balancing biological healing with mechanical support to
improve outcomes in young sarcoma survivors.

Conclusion

Our findings underscore the potential of the SDNT as
areliable method for securing osteoarticular allografts in
pediatric patients following lower limb tumor resection.
With no instances of allograft fracture observed—aside
from a single case of nail bending—this approach dem-
onstrates strong mechanical stability. It promotes an ef-
fective host-graft union, even in the face of challenges
such as delayed healing. By facilitating early weight-
bearing and minimizing long-term risks such as stress
shielding, SDNT emerges as a promising option for en-
hancing outcomes in limb-salvage surgery, ultimately
supporting better functional recovery in young survivors
of malignant bone tumors.
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