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Simple Summary

Intercalary resection of malignant bone tumors results in a bone defect, which can lead to
reconstructive challenges in the lower extremity. In pediatric patients, biological methods for
restoring these defects include allografts, vascularized fibular grafts, or the Capanna technique.
Although these methods are commonly used in pediatric oncology, literature analyzing their surgical
outcomes is still limited. This review outlines the current evidence on outcomes of these three
biological methods in pediatric and young adult patients following intercalary resection for lower
extremity sarcoma, with particular emphasis on the impact of defect length in relation to non-union.
It also explores whether the Capanna technique may provide advantages in shorter defects and
questions the eligibility of using a fixed 10 cm threshold for guiding surgical decision-making.

Abstract

Limb salvage surgery is the preferred treatment for pediatric bone tumors in the lower extremity
when free margins can be achieved, particularly when adjacent joints can be preserved. Nevertheless,
intercalary bone defects remain challenging. Common biological reconstruction techniques include
massive allograft, free vascularized fibular graft (FVFG), and the Capanna Technique (allograft
combined with FVFG). This review summarizes current evidence on the proportion of complications
associated with these techniques, with emphasis on non-union in relation to defect length. Finally,
we propose directions for future research to refine patient selection for biological reconstruction. A
systematic review was conducted using PubMed, Scopus, Embase, and Cochrane Library. Eligible
studies reported outcomes of allograft, FVFG, or the Capanna technique for intercalary lower limb
reconstruction in children or adolescents and reported on defect length. Fourteen articles met the
inclusion criteria: two on allograft, two on FVFG, and ten on the Capanna technique. In total, 181
patients were included (allograft: 17, FVFG: 16, Capanna: 148 patients). Mean defect lengths were
15.5 cm (allograft), 11.4 cm (FVFG), and 15.0 cm (Capanna). Average union times were longest with
allograft (15.5 months) and shortest with FVFG and Capanna (11.4 and 11.6 months). The Capanna
technique demonstrated the lowest non-union proportion (16.5%), compared with FVFG (25%); non-
union data of the allograft were inconsistently reported. Fractures and infections were least common
in the Capanna group. The reconstruction strategy should be tailored to defect size, anatomical
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location, and patient-specific factors. The Capanna technique appears most favourable for larger
defects in the lower extremities, but its potential role in smaller defects warrants further investigation.

Keywords: bone neoplasms; limb salvage; bone defects; non-union; reconstructive surgery

d0i:10.20944/preprints202602.0755.v1

1. Introduction

Limb salvage surgery (LSS) with reconstruction is nowadays the preferred surgical treatment
for bone sarcomas of the lower extremity when free margins can be achieved and the adjacent joints
can be preserved. It is often combined with (neo)adjuvant therapies, and offers better functional
outcomes, while survival rates maintain comparable to amputation [1,2].

Reconstructions of segmental bone defects remain challenging in pediatric patients, especially
when the defect exceeds 6 cm [3]. Moreover, in the pediatric population it is important, when
oncologically safe, to preserve the adjacent joint and epiphyseal plate of the affected limb to allow for
remaining bone growth. Currently, there is a lack of literature analysing the surgical outcomes of
biological reconstructions after intercalary resection in pediatric patients who had a segmental
resection due to a lower extremity malignancy, particularly the impact the length of the defect has on
the surgical outcomes. Possible biological methods for restoring intercalary bone defects are a
massive allograft, a free vascularized fibula graft (FVFG), or the Capanna technique, in which an
allograft is combined with an FVFG. An allograft is favourable for its strength and convenience as an
“off-the-shelf product”. However, the avascular nature of the allograft is associated with
complications such as non-union, graft fracture, and infections. Alternatively, reconstruction with an
autologous vascularized fibula has the advantage of an intrinsic blood supply that promotes bone
formation. These enhanced vascular and osteogenic capabilities can facilitate primary bone healing,
promote bone union, and improve structural integrity of the bone. Drawbacks of using a vascularized
fibula graft include the risk of flap failure (failure of the microsurgical anastomosis), donor-site
morbidity (including risk of peroneal nerve palsy), and autograft fractures since a fibula shaft alone
usually does not provide enough structural stability, when compared to massive allografts, especially
in larger children and adolescents [4]. In clinical practice, local preferences differ regarding when to
combine techniques. A commonly applied rule of thumb among surgeons is to use a 10 cm defect
length cutoff to add an FVFG to a massive allograft, whereas in smaller defects FVFG or allograft is
more often selected as a standalone reconstruction. The Capanna technique combines the advantages
of both techniques as it combines a structural allograft with an FVFG, providing the benefits of both
stability and biology. This method involves placing a vascularized fibula graft within the cortical
bone allograft, possibly leading to lower rates of non-union, fracture, and infection [3,5].

Current literature on the Capanna technique after oncological resection is limited in both size
and scope. Most studies describe its application in larger defects. However, it remains unclear
whether these benefits might also extend to smaller segmental defects, for which FVFG or allograft
alone are more commonly used. This systematic review describes outcomes of allografts, FVFG, and
the Capanna technique in pediatric and young adults following intercalary resection for lower
extremity sarcoma. In this review, we specifically assess differences in non-union rates in relation to
defect length, and evaluate union rates, the proportion of complications, and time to full weight-
bearing (FWB). These insights may contribute to patient-specific decision-making and to explore
whether current defect-size thresholds for selecting reconstructive strategies should be reconsidered.
In addition, we explore whether the Capanna technique may provide advantages in shorter defects
and questions the eligibility of using a fixed 10 cm threshold to guide surgical decision-making.
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2. Materials and Methods

2.1. Literature Search

Prior to the literature search, a review protocol was developed based on the Preferred Reporting
Items for Systematic Reviews (PRISMA) guidelines [6]. A literature search was conducted in PubMed,
Scopus, Embase, and the Cochrane Library, up to November 2025. The search strategy, developed in
collaboration with the institutional medical library, included the terms and synonymous variations
in phrasing and spelling: “Lower extremity” AND “length defect” AND “oncologic” AND
(“allograft” OR “vascularized fibula” OR “Capanna”).

2.2. Study Identification and Selection

Studies were included if they reported on the reconstruction of oncologic bone defects in the
long bones of the lower extremities using an allograft, an FVFG, or the Capanna technique. Only
studies addressing intercalary bone defects with a clearly described defect length were considered
eligible. Additional inclusion criteria were a minimum follow-up period of 12 months and a study
population exceeding five patients. This review primarily focused on pediatric patients, as most
studies reporting intercalary reconstructions after oncologic resection are performed in children.
However, studies including young adult patients were not excluded. Eligible study designs included
randomized controlled trials, cohort studies, case-control studies, and case series. Articles were
included if published in English or translated into English, with no restriction on publication date.

Studies were excluded if they focused on anatomical regions other than the long bones of the
lower extremities or employed other reconstructive methods such as arthrodesis, autograft, or
prosthetic replacement. Further exclusions included pilot or feasibility studies, animal studies,
conference abstracts, and studies lacking explicit reporting of defect length. The full inclusion and
exclusion criteria are summarized in Table 1.

Table 1. Inclusion/Exclusion criteria.

Inclusion criteria Exclusion criteria
Patients with oncologic bone defects in long
bones of the lower extremities Defects in anatomical regions other than long
Allograft, vascularized fibula graft or Capanna bones of the lower extremities
technique (intercalary only)
Follow up time > 12 months Intra-articular reconstruction

Reconstruction method other than allograft,
vascularized fibula graft, or Capanna technique
Not published in English

Study population > 5 patients

Length of the defect is described

Pilot/feasibility studies, animal studies, abstracts

Primary tumor resections
only

2.3. Screening

All studies were imported into the Covidence platform for screening [7], with duplicates
automatically removed. Two independent researchers (W.K., L.S.) screened titles, abstracts, and full
texts of all articles according to predefined eligibility criteria. Reasons for exclusion were
documented. Conflicting interpretations were resolved by consulting a third reviewer (D.K.) to reach
a consensus.

2.4. Data Extraction

Data were extracted on author, year, patient demographics (age and sex), tumor histology,
reconstruction site (femur or tibia), follow-up duration, and outcomes including defect length, time
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to FWB, time to union, and rates of non-union, fracture, and infection. All outcomes were predefined
and extracted in Microsoft Excel (Microsoft Corporation, Redmond, WA, USA, 2023) using an
extraction format developed by the review team. Defect length was defined as the segment of bone
resected due to tumor involvement. Functional outcomes were evaluated using the Musculoskeletal
Tumor Society (MSTS) score, with ranges from 0 (poor function) to 30 (optimal limb function) [8].

For studies involving both lower extremity and non-lower extremity reconstructions, only
femoral and tibial data were extracted and analyzed.

2.5. Quality Assessment

Study quality was assessed using the Joanna Briggs Institute (JBI) Critical Appraisal Checklist
for Case Series [9], which evaluates risk of bias related to confounding, selection, information bias,
and reporting quality. Bias assessments were performed in Microsoft Excel (Microsoft Corporation,
Redmond, WA, USA, 2023).

3. Results

3.1. Selection and Inclusion of Studies

In total, 329 articles were identified through the initial search across PubMed, Scopus, Embase,
and the Cochrane Library. After removal of duplicates, title and abstract screening, and full text
screening, 14 articles were deemed suitable for descriptive analysis (Figure 1).

Studies from databases

(n=329)
References removed (n-39)
Dupicares (n-53)
Studies screened Studies excluded
(n=290) (n=245)
o Studies excluded {n31)
c Autagestes (n:2)
c nes R — 2
@
& 5)
:; No ooces 1o ful text (n-2)
/] Studies assessed for eligibility Mot primary recomitnachon {re2)
{5_45) Na length detect dewcribed (n.é)
Inoble %o soparate lower extenmty
subgroup rasults [m08)
Reconatruchon techmgue not
bz pationt (ne2)
No English (n.d)

Studies included in review
(n=14)

Figure 1. Flow diagram representing the search strategy and results following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses.

3.2. Study Characteristics and Description of Participants

The final selection included 13 case series and one cohort study, published between July 2005
and July 2024. Of these, two were focused on allograft alone, two on FVFG alone, and ten on the
Capanna technique. The total sample size comprised: 17 patients in the allograft group, 16 patients
in the FVFG group, and 148 patients in the Capanna group. Mean patient ages were 12.5, 9.6, and
13.0 years, respectively, with female representation of 58.8%, 62.5%, and 41.2%.
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Reconstructions were performed in the femur or tibia region, with two studies focusing
exclusively on tibial reconstructions [10,11]. Osteosarcoma (OS, 48%) and Ewing sarcoma (ES, 35%)
were the most common diagnoses, followed by adamantinoma and chondrosarcoma. Mean follow-
up was 70.9 months (range: 12 — 288 months). Functional outcomes were most often assessed using
the MSTS score, which was analyzed when reported. Full study characteristics are summarized in

Tables 2 and 3.
Table 2. Included study characteristics.
Histopathol
Sampl Reconstructi 1sfoparo
y . Age ogy (n- OS, Follow-up
Study Country . e size on Females
Design . (mean, y) ES, and (months)
(n) technique other)

Case- 10 FVEG 10+4.6 6(60) 2,53 85 (16-158)
series 3 Capanna 13+12 2(67) 2,1,0 89 (35-138)
Case-

Adam 20202 France

Halim2015+¢ Korea 5  Capanna 15:7.8 1(20) 005  48(24-122)
Houdek 2018 Cohort 11 Allograft 13 (5-16) 6 (55)
USA 1883 156 (36-288
study 18  Capanna 11 (5-16) 9 (50) ' ( )
Li2010  China fearfzs 11 Capanna 19468 6(54) 533 34 (17-53)
. Case-
Lu2020®  China 15 Capanna 142:41 6(40) 1500  47(1553)
Case-
Luca2024 Ttaly " 22 Capanna 11x31 10(45) 1192  145(24-313)
Misaghi 2020 USA Case- 6 Allograft 145 4 (66) 6.65 84 + 60
series 11 Capanna 12+4  0(0) " 144+ 72
Moran 2006  USA ::;fees 7  Capanna 11+48 2(29) 241  52(24-84)
Case-
Opyrcal 2024 Poland series 9 Capanna 13+1.7 3(33) 6,3,0 31 (23-51)
Rabitsch 2013 Austria f;f:s 12 Capanna 18(11-31) 4(50) 6,42 39 (12-88)
Ruiz-Moya
2019 Spain fei:s 6 FVFG 953 2(33) 1,5,0 52 (18-95)
12 Capanna 10+2.0 6 (50) 8,4,0 41 (22-79)
Weichman Case-
015 Usa  °0° 12 Capanna 162125 7 (58) 732 47 (21-104)
. Case-
Xu2020  China " 11  Capanna 14x41 5(5) 1100 40+132

Reconstruction techniques: FVFG- free vascularized fibula graft, Capanna- Allograft combined with
FVEG. OS- Osteosarcoma; ES- Ewing’s sarcoma. Reported in mean and standard deviation, median,
and range. (a) The lower extremity population is separated from the overall patient population. (b)
The allograft population is separated from the autograft population. (c) Intercalary resection is
separated from the intrepiphyseal resections. (d) The arthrodesis population is excluded.

Table 3. Descriptive characteristics of operative features and outcomes.

Union

Study Reconstr'uctlon ReconstTuctlon Defect length time FWB MSTS
location technique (mean, cm) (months)
(months)
. 163 (2- 1123- 23(15
Adam 2020 Femur (1), Tibia (9) FVFG 11.3+4.1 55) 13) _28)
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237 (14— 73(@- 28(26

Femur (3), Tibia (0) Capanna 21.3+5.0 36) 19) _29)
Halim 2015 Femur (2), Tibia (3) Capanna 14 +4.7 108(7- 24 (20
21) -27)
Houdek 2018 Femur (7), Tibia (4) Allograft 17 (11 -26) 106- n
' & 20) 27 (6 -
11 (5- 30
Femur (8), Tibia (10) Capanna 15 (4 - 30) 2(()) C )
Li 2010 Femur (5), Tibia (6) Capanna 121+22 11'185()8 T 12(9-16) 28 2(;)4
Lu 2020 Femur (7), Tibia (8) Capanna 169+5.8 14 (10- o 26 (21
28) -29)
o 28 (22
Luca 2024 Femur (18), Tibia (4) Capanna 144 +3.7 s n _30)
. . _ 21+
Misaghi 2020 Femur (0), Tibia (6) Allograft 14+ 4 11+2 z 21
o 26 +
Femur (0), Tibia (11) Capanna 14+4 115 n 42
Moran 2006 Femur (3), Tibia (4) Capanna 13+4.6 9 2 2
27 (2
Opyrecal 2024 Femur (0), Tibia (9) Capanna 124 +2.7 n 12+14 i 38)3
. _ 9.4 (3.7 -
Rabitsch 2013 Femur (7), Tibia (5) Capanna 18.7 (15 - 25) g 27.6) z
Ruiz-Moya 2019  Femur (2), Tibia (4) FVEG 11.5+3.3 4'88()4 - 131(85) - n
_ 733 - 15 (9- N
Femur (11), Tibia (1) Capanna 15.7 £3.7 33) 33)
. o 14.1 (7 -
Weichman 2015  Femur (8), Tibia (4) Capanna 15.3 (10.5 - 22) n 23) n
e 27 +
Xu 2020 Femur (6), Tibia (5) Capanna 12.5+4.1 5.1+1.6 46

FWB: Full weight bearing. MSTS: Musculoskeletal Tumor Society. Reported in mean and standard

deviation, median, and range. N = not reported.
3.3. Operative Features and Functional Outcomes

3.3.1. Defect Length

The allograft group showed a mean defect length of 15.5 cm, with a tibial average defect length
of 14 cm [10], and femoral defect lengths were not further specified. In the FVFG group, the overall
mean defect length was 11.4 cm, with tibial and femoral defect lengths of 11.6 cm and 11.9 cm,
respectively. In the Capanna group, the overall mean defect length was 15.0 cm, with tibial and
femoral defect lengths of 16.3 cm and 18.3 cm, respectively.

3.3.2. Graft Union and Full Weight Bearing (MSTS)

Graft union times varied widely depending on the reconstruction technique.

In the allograft group, the mean union time was 15.5 months. Misaghi et al. [10] reported 11 +2
months, and Houdek et al. [4] reported 17 months (range: 5 — 20 months), both defining union as
bridging callus in three of the four cortices. The FWB for this group was not reported, and the mean
MSTS score was 24.

In the FVFG group, the mean union time was 11.4 months. Ruiz-Moya et al. [12] observed the
shortest union time of 4.8 months (range: 4 — 8 months), while Adam et al. [13] reported union time
of 16.3 months (range: 2 — 55 months). FWB was achieved after 12 months, and the mean MSTS score
was reported in a single study and was 23.
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In the Capanna group, the mean union time was 11.6 months. Xu et al. [14] reported union times
from 5 + 1.6 months, and Adam et al. [13] union times of 23.7 months (range: 14 — 36 months). FWB
was achieved after a mean time of 10.1 months. Adam et al. [13] reported FWB after 7.3 months
(range: 4 — 19 months), and Ruiz-Moya et al. [12] up to 15 months (range: 9 — 33 months). The mean
MSTS score was 26.8. Eight studies reported MSTS scores > 26; Halim et al. [15] reported an MSTS
score of 24.

3.4. Surgical Complications and Postoperative Sequelae

3.4.1. Graft Fracture, and Non-Union.

In the allograft group, the mean fracture rate was 35.3%. Houdek et al. [4] reported a rate of 45%
(n=5), with three cases requiring revision surgery, whereas Misaghi et al. [10] reported a much lower
rate of 6% (n=1). Non-union data in this group were not consistently reported, but delayed union was
observed in 36% of patients in the allograft group.

In the FVFG group, the mean fracture rate was 56.3%. Adam et al. [13] observed a 50% rate (n=5),
with one patient requiring operative fixation. Ruiz-Moya et al. [12] reported a higher fracture rate of
67% (n=4), with three cases requiring operative fixation. Non-union rates were 30% (Adam et al. [13])
and 17% (Ruiz-Moya et al. [12]).

In the Capanna group, the mean fracture rate was 23.6% (35/148 patients), with reported rates
ranging from 0% to 67%. Management varied and included casting (n=5), open reduction and internal
fixation (ORIF) (n=12), plate fixation (n=1), construct removal (n=3); in 12 cases, management was not
specified. Several studies, including those by Li et al. [16], Lu et al. [17], and Opyrcal et al. [11],
reported no fractures. Moran et al. [18] documented two late fractures (> 2 years postoperative).
Rabitsch et al. [19] described two trauma-related fractures treated with ORIF and bone grafting.
Although delayed and non-union rates were sparsely reported, most studies noted successful
primary union. Where reported, non-union rates ranged from 0% (Adam et al. [13]) to 33% (Rabitsch
et al. [19]), with a mean rate of 11.0%. The majority of series reported values below 20%.

3.4.2. Disease Recurrence and Limb Salvage

In the allograft group, eight secondary amputations were reported, three due to deep infection
and five due to recurrence. Most patients received chemotherapy. In the FVFG group, one secondary
amputation occurred due to local recurrence. In the Capanna group, seven secondary amputations
were reported, all attributed to local recurrence. Full surgical complications and postoperative
sequelae are summarized in Table 4.

Table 4. Postoperative complications and sequalae.

Study Reconstructio Sampl Complications Sequalae
ntechnique  esize  Graft Delaye Non- Infectio Recurrenc  Limb
() fractur d union n e/ salvage
@ union metastasis
Adam 2020 FVEG 10 5 4 (40%) 3 s 1 (10%) 9 (90%)
(50%) (30%)

Capanna 3 2 1(33%) 0 (0%) e 0 3 (100%)
(67%)

Halim 2015 Capanna 5 2 n n 1 (20%) 1 (20%) 4 (80%)
(40%)

Houdek 2018 Allograft 11 5 4 (36%) Q 2 (18%) 8 7 (64%)
(45%)

Capanna 18 8 6 (33%) n - s 17 (94%)
(44%)

Li 2010 Capanna 11 0 g 1 (9%) - 2 (18%) 10 (91%)

Lu 2020 Capanna 15 0 2 (13%) - 1(7%)  2(33%) 14 (93%)
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Luca 2024 Capanna 22 4 w 2 (9%) 0 1 (5%) 21 (95%)
(18%)
Misaghi 2020 Allograft 6 1 (6%) s s 1 (17%) 2 (33%) 2 (33%)
Capanna 11 3 g 8 1 (17%) 2 (33%) 11
(18%) (100%)
Moran 2006 Capanna 7 2 2 (29%) 1 0 n 7 (100%)
(29%) (14%)
Opyrcal 2024 Capanna 9 0 a g m 2 (22%) 9 (100%)
Rabitsch 2013 Capanna 12 4 2 (17%) 4 2 (16%) 3 (25%) n
(33%) (33%)
Ruiz-Moya FVEG 6 4 z 1 0 1 (17%) 6 (100%)
2019 (67%) (17%)
Capanna 12 6 n 2 0 3 (25%) 11 (92%)
(50%) (17%)
Weichman Capanna 12 3 o 3 2 (17%) 1 (8%) 12
2015 (25%) (25%) (100%)
Xu 2020 Capanna 11 1 (9%) n n n 2 (22%) n

n = not reported, s= not specifically reported.

3.5. Quality Assessment

The risk of bias assessment, based on the JBI Checklist for Case Series, is summarized in
Supplementary 1. Four studies had a low risk of bias [4,14,17,20], while the remaining eight showed
moderate risk [10-13,15,16,18,19,21].

4. Discussion

This systematic review evaluates three biological reconstruction techniques after intercalary
resection in pediatric and young adult patients: allograft, FVFG, and the Capanna technique. By
stratifying outcomes according to defect length, this review explored whether graft choice should be
guided by defect size and whether the Capanna technique may also be justified in shorter defects.

Across the included studies, FVFG and Capanna reconstructions achieved the shortest mean
union times (11.4 and 11.6 months), while allograft reconstructions showed a longer time to union
(15.5 months) and more delayed unions. These findings are consistent with the avascular nature of
allografts and their limited biological integration [22,23]. Although FVFG and Capanna showed
similar union times, Capanna reconstructions were associated with a lower non-union rate (11.0% vs
25% for FVFG) and fewer reoperations. Functional outcomes reflected these differences: MSTS scores
were highest for Capanna (226) and lower for FVFG and allograft (approximately 23 and 24).
Importantly, patients reconstructed with the Capanna technique achieved FWB earlier (mean 10
months) compared with FVFG (mean 12 months), suggesting that mechanical stability, rather than
radiographic union alone, determines safe mobilization [12,13].

Complication profiles differed across techniques; FVFG was strongly associated with fractures
(56%), reflecting the limited initial load-bearing capacity of the fibula despite its osteogenic potential
[13]. Allografts carried the highest complication rate overall, with frequent delayed unions, fractures,
and infections. By contrast, Capanna reconstructions demonstrated lower fracture and infection rates,
consistent with previous reports by Bakri et al. and Feltri et al. [24,27] and with long-term results
described by Dolen et al. [28] The synergistic combination of mechanical stability from the allograft
and biological activity from the fibula likely underpins these advantages. These findings support the
Capanna technique as the most reliable option, particularly in load-bearing bones where mechanical
insufficiency is a major concern.

Traditionally, the Capanna reconstruction is reserved for large segmental defects (>10 cm).
However, several included cases reported successful outcomes in defects <10 cm, with lower
complication rates compared to FVFG or allograft alone. Although promising, these data remain very
limited (n=6, only two <8 cm). No firm conclusion can therefore be drawn. Nevertheless, the trend
suggests that combined mechanical and biological reconstruction may be beneficial even in smaller
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gaps when risk factors such as chemotherapy, poor host bone quality, or high mechanical load are
present. Current evidence does not justify the routine use of the Capanna technique in small defects,
but it may be considered selectively in high-risk patients.

Systemic treatments such as chemotherapy and radiotherapy further affect graft performance
by impairing osteogenesis, angiogenesis, and immune defence [30,31]. These effects may
disproportionally compromise avascular allografts. Some studies in this review suggested shorter
union times in patients not receiving chemotherapy [14,16], but reporting was inconsistent. However,
the biological plausibility of systemic treatment impairing bone healing is well established. Surgeons
should therefore consider systemic risk factors when selecting a reconstruction strategy, as
biologically active techniques may be more resilient under these conditions.

4.1. Strengths, Limitations, and Reporting Gaps

This review has several methodological strengths. It is, to our knowledge, the first to
systematically compare allograft, FVFG, and Capanna reconstructions in relation to defect length in
pediatric and young adult patients. The focus on biological techniques, strict inclusion of studies
reporting defect size, and adherence to the PRISMA guidelines enhance robustness and clinical
relevance.

Several limitations, however, must be acknowledged. Study heterogeneity was considerable,
particularly in the reporting of union time, functional scores, and complications. Follow-up periods
were often limited, potentially underestimating late complications such as graft failure. Details on
reoperations, adjuvant therapy, and complication severity were inconsistently reported, introducing
reporting bias. The small overall sample size, especially for patients with shorter defects, precludes
definitive conclusions. Consequently, while the trends observed are consistent and clinically relevant,
the strength of evidence remains limited.

4.2. Clinical Implications

The findings of this review reaffirm the Capanna techniques as a preferred strategy for large
segmental reconstructions, particularly in load-bearing bones of the lower extremity. Its combination
of biological and mechanical advantages enables faster and more reliable union, earlier weight-
bearing, and lower complication rates than either FVFG or allograft alone.

Allograft reconstructions remain associated with the highest complication burden and should
be used cautiously [12,29]. FVFG provides biological potential but suffers from mechanical
vulnerability, leading to frequent fractures and delayed mobilisation [13,25]. Capanna reconstruction
mitigates these limitations and appears most favourable when both union and mechanical integrity
are critical. Although this review focused on pediatric and young adult populations, previous studies
in adult cohorts have reported higher rates of complications and non-union following biological
reconstruction, particularly when using allografts alone [22,24]. The lower rates observed in this
review may therefore reflect the enhanced bone regenerative capacity of younger patients, which is
related to greater vascularity and osteogenic potential. However, direct comparative analyses
between pediatric and adult populations are scarce and would provide valuable insight into the role
of skeletal maturity in graft incorporation and complication risk.

For smaller defects, evidence is currently insufficient to recommend Capanna as a standard
approach [12]. Nonetheless, selective use may be justified in patients with additional risk factors,
where improved healing potential and earlier mobilisation could outweigh surgical complexity. In
such cases, the decision should be tailored to the individual patient, taking into account defect size,
systemic therapy, host bone quality, and anticipated mechanical demands.

Practical considerations must also inform surgical choice. The Capanna technique entails donor-
site morbidity, longer operative time, and requires microsurgical expertise, which may not be
available in all centres. Complications such as ankle instability, donor-site pain, and growth
disturbances have been reported in younger patients [33]. Cost-effectiveness and resource availability
should therefore also guide decision-making.
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4.3. Recommendations and Future Directions

Further research is needed to refine patient selection for biological reconstructions. Large,
multicentre prospective studies are essential to overcome the small sample size and reporting
heterogeneity that currently limit the evidence base. Standardised documentation of outcomes,
including union times, complications, severity, reoperation rates, and functional scores, would
improve comparability across studies. Moreover, systematic reporting of adjuvant therapies such as
chemotherapy and radiotherapy is critical, given their established influence on bone healing and graft
integration.

In addition, defect length should be reported not only in absolute terms (cm) but also relative to
the overall bone length, as this provides greater clinical relevance in pediatric patients, where the
same absolute defect can represent a markedly different anatomical and functional burden. Sanders
et al. have shown that relative defect length is a meaningful predictor of long-term outcomes, and
adopting this approach should improve the accuracy of treatment planning [34].

Future studies should also aim to define clinical thresholds at which the addition of an FVFG to
an allograft becomes beneficial, whether this lies at 8, 10, or 12 cm. Alongside structural outcomes,
comparative analyses should evaluate cost-effectiveness and donor-site morbidity, particularly in the
pediatric population, where complications such as ankle instability, donor-site pain, and growth
disturbance are concerns [33]. These considerations are crucial to determine whether the biological
and mechanical benefits of the Capanna technique justify its greater surgical complexity and resource
requirements.

5. Conclusions

This review demonstrates that the Capanna technique is the most reliable reconstructive option
for large segmental bone defects in pediatric and young adult patients, combining the lowest non-
union rates, favourable union times, the highest functional outcomes, and lower complication rates.
Limited but consistent evidence suggests potential benefits in selected smaller defects, though current
data are insufficient to recommend routine use. Until stronger evidence emerges, reconstruction
choice should be based on patient-specific factors rather than defect length alone. Future multicenter
studies with standardized reporting are essential to establish clear thresholds and optimize patient-
tailored reconstruction strategies.
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The following abbreviations are used in this manuscript:

FVEFG Free vascularized fibular graft
LSS Limb salvage surgery

FWB Full weight-bearing

PRISMA Preferred reporting items for systematic reviews

JBI The Joanna Briggs Institute
ES Ewing’s sarcoma
(O] Osteosarcoma

MSTS Musculoskeletal Tumor Society

ORIF Open reduction and internal fixation
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