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Abstract. Background: Infected non-union of the lower limb is among the most challenging conditions in or-
thopedic surgery. Vascularized fibular grafting (VFG) is a limb-salvage option for large infected bone defects,
but outcomes accounting for competing events remain poorly documented. Methods: We conducted a retro-
spective single-center study of adults treated consecutively with VFG for infected femoral or tibial non-union
between 2014 and 2023. Infected non-union combined institutional non-union criteria with fracture-related in-
fection as per international consensus definitions. Treatment success was defined as consolidation with infection
remission. Amputation and death were competing events; cumulative incidence of consolidation was estimated
using competing-risk methods. Results: A total of 22 patients were included (median age of 45 years). Con-
solidation was achieved in 17 patients (77 %), infection remission was achieved in 16 (73 %), and treatment
success was achieved in 16 (73 %): 9 (41 %) after VFG alone and 7 (32 %) after secondary bone grafting. Six
patients (27 %) had unfavorable outcomes: four amputations, one persistent non-union, and one death. The me-
dian time to consolidation was 14 months after VFG alone and 38 months after secondary grafting. Cumulative
incidence of consolidation reached approximately 18 % at 12 months, 41 % at 24 months, 59 % at 36 months,
and 76 % by end of follow-up. All seven patients undergoing secondary grafting for delayed consolidation ulti-
mately achieved union; no formal comparative analysis was performed given the small, time-dependent sample.
Conclusion: VFG is a valuable limb-salvage strategy for selected patients with infected non-union. Consolida-
tion may occur late, underscoring the need for prolonged follow-up and competing-risk methodology. Findings
should be interpreted given the retrospective design, small sample, and heterogeneous follow-up.
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1 Introduction

Infected non-union represents one of the most severe compli-
cations of fracture management, combining failure of bone
healing with persistent infection. In contemporary practice,
infected non-union is generally considered to be a manifes-
tation of fracture-related infection (FRI) associated with the
absence of bone consolidation and is diagnosed according
to the international FRI consensus definition, which incor-
porates clinical, microbiological, histopathological, and ra-
diological criteria (Metsemakers et al., 2018; McNally et al.,
2020). Infected non-union is associated with poor clinical
outcomes and remains among the most complex forms of
FRI.

Several risk factors contribute to the development of in-
fected non-union. These include patient-related factors such
as smoking, diabetes mellitus, obesity, and peripheral arterial
disease, as well as trauma-related factors, particularly open
fractures, which increase the risk of contamination and sub-
sequent infection (Cicero-Álvarez et al., 2016; Jensen et al.,
2022).

Fracture non-union results in chronic pain, functional
impairment, and prolonged disability. When infection is
present, spontaneous bone healing becomes unlikely because
bacterial biofilm formation on osteosynthesis material im-
pairs both host immune responses and antibiotic efficacy.
Consequently, management often requires multiple surgi-
cal procedures combined with prolonged systemic antibiotic
therapy.

In severe cases, amputation may be considered to be a
definitive treatment option. However, limb loss is associ-
ated with major functional and psychological consequences
despite significant improvements in prosthetic technology
(Sahu et al., 2017). In infected non-union of long bones, ex-
tensive debridement and segmental bone resection may be re-
quired to eradicate infection, resulting in large bone defects
that necessitate complex reconstructive procedures.

Three major reconstructive strategies are commonly used
for the management of segmental bone defects in infected
non-union: the Masquelet induced-membrane technique, dis-
traction osteogenesis with bone transport, and vascularized
bone grafts (Sidiropoulos et al., 2023). The Masquelet tech-
nique relies on a two-stage procedure involving the formation
of an induced membrane followed by bone grafting, with re-
ported success rates of around 69 % in infected non-union
(Giovanoulis et al., 2023). Bone transport techniques, orig-
inally popularized using circular external fixation, can also
be performed using monolateral fixation systems or motor-
ized intramedullary nails and remain a cornerstone of recon-
struction in FRI-associated bone defects (Metsemakers et al.,
2026; Sidiropoulos et al., 2023). Both approaches rely pri-
marily on the biological regenerative capacity of the recipi-

ent site and may be challenged by extensive scarring, com-
promised vascularity, or repeated surgical failures.

Vascularized fibular grafting (VFG), initially described in
the 1970s, provides living bone with its own blood supply
and has been widely used for the reconstruction of large bone
defects exceeding 6 cm (Pederson and Person, 2007; Taylor
et al., 1975; Xenakis et al., 1994). By restoring intrinsic vas-
cularization, VFG improves local immune defense and an-
tibiotic penetration at the infected site, which may be partic-
ularly advantageous in cases of infected non-union.

In our institution, VFG is generally considered to be a sal-
vage procedure followed after the failure of conventional re-
constructive techniques and before the consideration of ma-
jor amputation. However, most studies evaluating outcomes
rely on Kaplan–Meier survival analysis, which may overes-
timate consolidation rates because competing events such as
amputation or death are treated as censored observations.

The aim of this study was therefore to evaluate the out-
comes of VFG for infected non-union of the lower limb using
a competing-risk framework and to explore the association
between secondary bone grafting and bone consolidation.

2 Methods

2.1 Study design and setting

This retrospective, monocentric observational study was con-
ducted in a tertiary referral center specializing in complex
bone and joint infections between 1 January 2014 and 31 De-
cember 2023. The study aimed to evaluate the outcomes of
vascularized fibular grafting (VFG) used as a salvage proce-
dure for infected non-union of the lower limb.

2.2 Definition of infected non-union

Infected non-union was defined as the combination of a con-
firmed fracture-related infection (FRI) according to the in-
ternational FRI Consensus Definition and established non-
union (Govaert et al., 2020; Metsemakers et al., 2018). Non-
union was defined according to our institutional criteria as
failure of bone healing for at least 6 months, with no ra-
diographic progression toward union during the preceding
3 months. At least one confirmatory criterion of FRI was
required, including a sinus tract communicating with the
fracture site, purulent drainage, phenotypically identical mi-
croorganisms isolated from at least two deep tissue cultures,
or histopathological evidence of infection. At surgery, at least
five deep tissue specimens were routinely obtained for mi-
crobiological analysis. Culture incubation was performed ac-
cording to institutional protocols for a minimum of 10 d.
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2.3 Inclusion and exclusion criteria

Patients were eligible for inclusion if they met the follow-
ing criteria: (1) vascularized fibular graft performed for in-
fected non-union, (2) involvement of the lower limb (femur
or tibia), (3) documented fracture-related infection according
to the FRI consensus definition before VFG, and (4) mini-
mum follow-up of 6 months after VFG. Although the mini-
mum required follow-up was 6 months, no patient was cen-
sored between 6 and 12 months without experiencing con-
solidation, amputation, or death.

Patients were excluded if they were younger than 18 years
or if VFG was performed for aseptic bone defects or primary
oncologic reconstruction without infection. Patients who un-
derwent oncologic reconstruction and subsequently devel-
oped a documented infection requiring VFG were eligible
for inclusion.

2.4 Surgical procedure

All reconstructions were performed during a single opera-
tive session by a combined orthopedic and plastic surgery
team experienced in microsurgical reconstruction. At the be-
ginning of the procedure, the orthopedic surgery team per-
formed extensive debridement of infected bone and soft tis-
sues, with revision, removal, or replacement of fixation de-
vices when required. Concurrently, the plastic surgery team
harvested a free VFG from the contralateral leg, with an as-
sociated fasciocutaneous flap when simultaneous bone and
soft-tissue reconstruction was required (Figs. 1, 2, and 3).

1. Donor site preparation. A segment of the fibula was
harvested from the contralateral (or sometimes ipsilat-
eral) limb while preserving at least 5 cm of the proximal
fibula and 7 cm of the distal fibula to maintain knee and
ankle stability. The VFG was dissected meticulously
together with its vascular pedicle based on the fibular
artery, the fibular periosteum and, when needed for as-
sociated soft-tissue defects, an adjacent flap including a
skin paddle (Taylor et al., 1975; Weiland et al., 1983).

2. Recipient site preparation and graft implantation. Fol-
lowing radical debridement, the recipient site was pre-
pared to receive the graft. The vascularized fibular graft
was inserted into the proximal and distal healthy-bone
segments to bridge the defect and was fixed using in-
ternal or external fixation to achieve adequate stabil-
ity. Internal fixation usually consisted of interfragmen-
tary screws and/or locking-plate fixation. External fix-
ation, when performed, used circular or monolateral
constructs according to defect characteristics and sur-
geon preference. Microsurgical end-to-end or end-to-
side vascular anastomoses were performed between the
graft pedicle and recipient vessels to ensure graft perfu-
sion. Recipient vessels were selected according to local
vascular anatomy, with preferential use of the posterior

tibial vessels whenever feasible. Adequate graft perfu-
sion was confirmed intraoperatively before wound clo-
sure.

3. Postoperative management. Direct monitoring of graft
perfusion was possible when an osteocutaneous flap in-
cluding a skin paddle had been harvested. Otherwise,
routine postoperative care was performed. Progressive
weight-bearing and rehabilitation were supervised by
the orthopedic team and started when clinical and ra-
diological evidence allowed it. Systemic antibiotic ther-
apy was continued after surgery and adjusted according
to microbiological findings from intraoperative samples
under the supervision of infectious-disease specialists.

2.5 Data collection

Clinical data were retrospectively extracted from electronic
medical records and recorded in a secure pseudonymized
database. Collected variables included patient characteris-
tics (age, sex, smoking status, alcohol use, and comorbidities
such as diabetes, obesity, and cardiovascular disease), trauma
characteristics (fracture type [open or closed], anatomical lo-
cation, and time from trauma to VFG), surgical history (num-
ber of previous procedures, previous reconstructive tech-
niques such as the Masquelet technique, and fixation method
used during VFG), and infection characteristics (microbio-
logical findings, polymicrobial versus monomicrobial infec-
tion, and antibiotic therapy at the time of VFG).

2.6 Outcome assessment

The primary endpoint was treatment success, defined as the
combination of bone consolidation and infection remission.
Bone consolidation was defined as radiographic bridging of
at least three of the four cortices on orthogonal radiographs,
associated with painless full weight-bearing. Direct consoli-
dation was defined as union achieved after VFG without sec-
ondary bone grafting. Radiographic assessment was indepen-
dently performed by two experienced orthopedic surgeons.
In cases of disagreement, the final assessment was estab-
lished by consensus. Computed tomography (CT) was per-
formed when radiographic assessment remained uncertain.

Infection remission was defined as the absence of clini-
cal signs of recurrent infection, including local inflamma-
tion, wound drainage, or sinus tract formation; no require-
ment for additional surgical procedures related to recurrent
infection; and no requirement for ongoing suppressive an-
timicrobial therapy at the last available follow-up. Recurrent
infection was defined according to the FRI Consensus Def-
inition. Bone consolidation, infection remission, and overall
treatment success were analyzed separately.

Secondary outcomes included amputation, death, persis-
tent non-union, secondary bone grafting, and donor-site or
graft-specific complications. A targeted review of the med-
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Figure 1. Schematic illustration of the surgical technique for vascularized fibular autograft reconstruction, including radical debridement,
segmental bone resection, vascularized fibular graft harvest, microsurgical anastomosis, and bone fixation (created with https://BioRender.
com, last access: 13 May 2025).

Figure 2. Representative case of vascularized fibular grafting (VFG) for infected non-union of the lower limb. (A) Harvest of a vascularized
fibular osteocutaneous graft with skin paddle from the contralateral leg. (B) Isolated vascularized fibular graft after harvest. (C) Intraoperative
view following implantation of the vascularized fibular graft at the recipient site. (D) Postoperative radiograph demonstrating graft positioning
and fixation after VFG reconstruction.

J. Bone Joint Infect., 11, 579–590, 2026 https://doi.org/10.5194/jbji-11-579-2026
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Figure 3. Serial radiographic evolution following vascularized fibular grafting (VFG) for infected non-union. (A) Immediate postopera-
tive radiograph after VFG reconstruction. (B) Radiograph obtained 13 months after surgery showing progressive graft incorporation. (C,
D) Radiographs obtained 21 months after VFG demonstrating advanced graft hypertrophy, cortical integration, and bone consolidation.

ical records was performed to retrieve donor-site and limb-
related complications (leg length discrepancy, lower-limb
malformation, and sensory deficit), as well as graft-specific
and fixation-related complications (fixation plate fracture,
graft nonunion, graft failure, and arteriovenous thrombosis).

For time-to-event analyses, follow-up duration was de-
fined as the interval from vascularized fibular grafting to
bone consolidation, a competing event (amputation or death),
or the last available clinical follow-up for patients without
consolidation.

2.7 Statistical analysis

Statistical analyses were performed using R software (ver-
sion 4.3.1). Continuous variables were expressed as medians
(interquartile range [IQR]), and categorical variables were
expressed as counts and percentages. Comparisons between
groups were performed using the Mann–Whitney U test for
continuous variables and Fisher’s exact test for categorical
variables.

The primary outcome was time to bone consolidation.
Time origin was defined as the date of vascularized fibu-
lar grafting (VFG). Follow-up duration was calculated from
VFG to bone consolidation, amputation, death, or last avail-
able clinical follow-up, whichever occurred first.

Bone consolidation was considered to be the event of inter-
est. Amputation and death were treated as competing events
because they precluded subsequent consolidation. Patients

without consolidation or a competing event were censored
at their last available follow-up.

The cumulative incidence of bone consolidation was es-
timated using a competing-risk framework, with amputation
and death being considered to be competing events. Cumula-
tive incidence functions and corresponding 95 % confidence
intervals were estimated using the cmprsk package.

Given the limited sample size and number of events, no
regression analysis was performed to identify predictors of
bone consolidation. Secondary bone grafting was considered
to be a post-baseline therapeutic intervention and was there-
fore described descriptively. No formal comparative analysis
was performed between patients who underwent VFG alone
and those who subsequently required secondary bone graft-
ing.

All statistical analyses were descriptive or exploratory.
Where applicable, two-sided p values < 0.05 were consid-
ered to be statistically significant.

3 Results

3.1 Study population

Between January 2014 and December 2023, 160 patients un-
derwent vascularized fibular grafting (VFG) at our center.
After applying inclusion and exclusion criteria, 22 patients
with infected non-union of the lower limb were included
(Fig. 4).
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Figure 4. Study flowchart showing patient selection. A total of 22 patients with septic pseudarthrosis of the lower limb were included in the
final analysis.

A total of 21 patients (95 %) had post-traumatic infected
non-union, whereas one patient developed chronic infection
following previous oncologic reconstruction for a femoral
metastasis. This case was retained because the indication for
VFG was management of an infected non-union after infec-
tion control surgery rather than primary tumor reconstruc-
tion.

The cohort comprised 16 men (73 %) and 6 women (27 %),
with a median age of 45 years (IQR 36–52; range 18–
74). Most injuries resulted from high-energy trauma, mainly
road traffic accidents (86 %). Open fractures were present in
18 patients (82 %). The median interval between the initial
trauma and VFG was 14 months (IQR 6–37 months), and
patients had undergone a median of four previous surgical
procedures.

The wide range in the interval between trauma and VFG
was driven by one patient who underwent reconstruction
more than 15 years after the initial open fracture (Table 1).

3.2 Surgical history and previous reconstruction
attempts

Before VFG, all patients had undergone multiple surgical
interventions, including repeated debridement, fixation re-
visions, and reconstructive attempts. Nine patients (41 %)
had previously received Masquelet induced-membrane re-
construction, which ultimately failed. These patients rep-

resented a particularly complex subgroup characterized by
multiple prior surgical procedures and persistent infected
bone defects, further supporting the use of VFG as a salvage
reconstruction strategy.

3.3 Characteristics of bone defects and VFG
reconstruction

The median bone defect size was 90 mm (range, 40–
150 mm), and the median vascularized fibular graft length
was 115 mm (range, 70–200 mm). Fibular grafts were har-
vested from the contralateral limb in 19 patients (86 %), from
the ipsilateral limb in 2 patients (9 %), and bilaterally in 1 pa-
tient (5 %). Bone-only vascularized fibular grafts were used
in 16 patients (73 %), whereas composite grafts were used
in 6 patients (27 %), including osteocutaneous grafts in 2 pa-
tients (9 %), an osteomuscular graft in 1 patient (5 %), and
other composite reconstructions in 3 patients (14 %). De-
tailed surgical characteristics of vascularized fibular grafting
are summarized in Table 2.

Definitive stabilization was achieved using external fixa-
tion in 15 patients (68 %) and internal fixation in 7 patients
(32 %), including plate fixation in 5 patients, intramedullary
nailing in 1 patient, and screw fixation in 1 patient. At the
time of reconstruction, 16 patients (73 %) were receiving
antibiotic therapy, whereas 6 patients (27 %) underwent an
antibiotic-free interval before VFG.

J. Bone Joint Infect., 11, 579–590, 2026 https://doi.org/10.5194/jbji-11-579-2026
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Table 1. Baseline characteristics according to treatment success.

Characteristic Overall Treatment success No treatment p value
(n= 22) (n= 16) success (n= 6)

Sex 0.63
Female 6 (27 %) 5 (31 %) 1 (17 %)
Male 16 (73 %) 11 (69 %) 5 (83 %)

Age (Median, IQR) 45 years (IQR 36–52) 42.5 years (IQR 36–52) 49.5 years (IQR 45–58) 0.34
Any comorbidity

Smoking 9 (41 %) 7 (44 %) 2 (33 %) 1.00
Diabetes 2 (9 %) 1 (6 %) 1 (17 %) 0.48
Obesity 4 (18 %) 3 (19 %) 1 (17 %) 1.00
Arterial hypertension 3 (14 %) 2 (12 %) 1 (17 %) 1.00
Peripheral arterial disease 2 (9 %) 0 (0 %) 2 (33 %) 0.065

Initial lesion
Open fracture 18 (82 %) 14 (88 %) 4 (67 %) 0.29
Closed fracture 3 (14 %) 2 (12 %) 1 (17 %) 1.00
Non-traumatic (tumor/metastasis) 1 (5 %) 0 (0 %) 1 (17 %) 0.27

Mechanism of injury
Motorcycle accident 13 (59 %) 9 (56 %) 4 (67 %) 1.00
Other road traffic accident 6 (27 %) 5 (31 %) 1 (17 %) 0.63
Ballistic injury 1 (5 %) 1 (6 %) 0 (0 %) 1.00
Horse-riding accident 1 (5 %) 1 (6 %) 0 (0 %) 1.00
Tumor-related reconstruction 1 (5 %) 0 (0 %) 1 (17 %) 0.27

Localization 0.65
Femur 9 (41 %) 6 (38 %) 3 (50 %)
Tibia 13 (59 %) 10 (62 %) 3 (50 %)

Microbiology 0.54
Monomicrobial infection 4 (18 %) 4 (25 %) 0 (0 %)
Polymicrobial infection 18 (82 %) 12 (75 %) 6 (100 %)

Previous surgical procedures before VFG 4 (2–5) 4 (2–4) 3.5 (3–5) 0.85
Time from infection diagnosis to VFG (Median, IQR) 22 d (3–108) 33 d (3–135) 7 d (4–12) 0.22
Time from trauma to VFG (Median, IQR) 14 months (10–36) 16 months (11–41) 12 months (11–14) 0.45

Values are median (IQR) or n (%). Baseline characteristics were compared between patients with and without overall treatment success using Fisher’s exact test for categorical variables and
the Mann–Whitney U test for continuous variables. All counts and p values were recalculated from patient-level source data.

3.4 Microbiological findings

Overall, 18 patients (82 %) had a history of polymicrobial in-
fection, and 4 (18 %) had monomicrobial infection based on
microbiological documentation obtained during the course of
infection management.

The most frequently isolated pathogens included Staphy-
lococcus aureus, coagulase-negative staphylococci, and
Gram-negative bacilli such as Pseudomonas aeruginosa and
Enterobacterales. Anaerobic organisms, including Clostrid-
ium spp. and Cutibacterium acnes, were identified in several
cases. One infection involved Candida albicans.

Antimicrobial resistance was uncommon and included
methicillin-resistant S. aureus (MRSA) and resistance to flu-
oroquinolones or trimethoprim-sulfamethoxazole among En-
terobacterales.

3.5 Antibiotic therapy

Antimicrobial therapy was supervised by infectious-disease
specialists and adapted according to intraoperative microbi-
ological findings. Treatment duration was individualized ac-

cording to surgical management, microbiological results, and
clinical evolution.

The median duration of postoperative antimicrobial ther-
apy was 22 weeks (IQR 7–33 weeks).

Information regarding long-term suppressive antimicro-
bial therapy at final follow-up was reviewed. No patient
was receiving suppressive antimicrobial therapy at the last
follow-up visit.

3.6 Clinical outcomes

Direct consolidation without secondary grafting was ob-
served in nine cases (41 %), with a median time to consolida-
tion of 14 months (IQR 7–18). Consolidation following sec-
ondary bone grafting occurred in seven patients (32 %), with
a longer median time to consolidation of 38 months (IQR
28–49 months). One additional patient achieved radiographic
consolidation but experienced persistent infection and subse-
quently underwent amputation at the patient’s request. Over-
all, bone consolidation was achieved in 17 patients (77 %).

At the last available follow-up, infection remission was
present in 16 patients (73 %), and there was overall treatment
success, defined as the combination of bone consolidation
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Table 2. Surgical characteristics of vascularized fibular grafting
(n= 22).

Characteristic Overall (n= 22)

Bone defect size, median (IQR) 90 mm (60–120)
Fibular graft length, median (IQR) 115 mm (80–150)
Origin of vascularized fibular graft

Contralateral fibula 19 (86 %)
Ipsilateral fibula 2 (9 %)
Bilateral harvest 1 (5 %)

Type of vascularized fibular graft
Bone-only graft 16 (73 %)
Osteocutaneous graft 2 (9 %)
Osteomuscular graft 1 (5 %)
Other composite reconstruction* 3 (14 %)

Definitive fixation
External fixation 15 (68 %)
Internal fixation 7 (32 %)

Plate fixation 5 (23 %)
Intramedullary nail 1 (5 %)
Screw fixation 1 (5 %)

Antibiotic status at VFG
Receiving antibiotic therapy 16 (73 %)
Antibiotic-free interval before VFG 6 (27 %)

Values are presented as median (IQR) or n (%). ∗ Includes composite
vascularized fibular graft reconstructions not classified as osteocutaneous or
osteomuscular grafts, including one reconstruction combined with a structural
femoral allograft.

and infection remission, in 16 patients (73 %). Four patients
underwent amputation during follow-up. One patient had
persistent infection for more than 3 years despite early radio-
graphic progression toward consolidation and requested am-
putation. A second patient underwent amputation because of
persistent non-union associated with non-remission of infec-
tion. A third patient underwent amputation because of persis-
tent infection despite early radiographic progression toward
consolidation, associated with persistent pain and major de-
pression. The fourth patient underwent amputation because
of arterial and venous thrombosis leading to flap compromise
and secondary necrosis.

A targeted review of the medical records identified ad-
ditional donor-site, limb-related, and graft-specific compli-
cations. Donor-site and limb-related complications included
leg length discrepancy in five patients, with a maximum
discrepancy of 65 mm; lower-limb malformation in two pa-
tients; and sensory deficit in one patient. Graft-specific and
fixation-related complications included fixation-plate frac-
ture requiring surgical revision in one patient, graft non-
union requiring multiple reoperations in one patient, graft
failure in one patient, and arteriovenous thrombosis leading
to flap compromise and subsequent amputation in two pa-
tients.

3.7 Secondary bone grafting

Secondary bone grafting was performed in seven patients be-
cause of delayed consolidation despite maintained graft via-
bility and infection remission. The median interval between
VFG and secondary bone grafting was 12 months (IQR 11–
16 months; range 5–16 months). All seven patients subse-
quently achieved bone consolidation. Given the small num-
ber of patients and the post-baseline nature of secondary
bone grafting, no formal regression analysis was performed,
and this observation should not be interpreted as evidence of
a causal benefit of secondary bone grafting.

3.8 Time-to-event analysis and competing-risk analysis

Cumulative incidence analysis, accounting for amputation
and death as competing events, demonstrated a progressive
increase in the probability of bone consolidation over time
(Fig. 5).

The cumulative incidence of consolidation reached ap-
proximately 18 % at 12 months, 41 % at 24 months, 59 % at
36 months, and approximately 76 % at the end of follow-up.
Most consolidation events occurred during the first 3 years
after VFG, although late consolidation events were also ob-
served. Five competing events occurred during follow-up, in-
cluding four amputations and one death. These findings in-
dicate that bone healing after VFG may require prolonged
follow-up and that early assessment may underestimate the
cumulative probability of consolidation.

4 Discussion

In the present study, vascularized fibular grafting (VFG)
used as a salvage procedure for infected non-union of the
lower limb resulted in a progressive increase in the cumu-
lative incidence of consolidation over time, reaching 18 %
at 12 months, 41 % at 24 months, 59 % at 36 months, and
76 % by the end of follow-up. Although lower than rates re-
ported in non-infected settings, these findings reflect the ex-
treme complexity of the population, characterized by chronic
infection, multiple prior surgical failures, and compromised
local biological conditions.

Infected non-union remains one of the most challenging
complications in fracture-related infections. Chronic infec-
tion induces progressive bone destruction, impaired vascu-
larity, and soft-tissue damage, all of which significantly com-
promise bone-healing potential. Management therefore re-
quires a comprehensive strategy combining radical debride-
ment; stable fixation; soft-tissue reconstruction; and pro-
longed, targeted antimicrobial therapy (Metsemakers et al.,
2018).

Well-established host- and injury-related risk factors such
as smoking, diabetes, obesity, and open fractures further con-
tribute to poor outcomes by impairing both osteogenesis and
immune response (Cicero-Álvarez et al., 2016; Jensen et al.,
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Figure 5. Overall cumulative incidence of bone consolidation after vascularized fibular grafting, accounting for amputation and death as
competing events. Shaded areas represent 95 % confidence intervals. Numbers at risk are shown below the graph.

2022). These factors were prevalent in our cohort, reflect-
ing the severity and complexity of cases referred to a tertiary
center for limb-salvage reconstruction.

Several reconstructive techniques are available for large-
bone defects, including the Masquelet induced-membrane
technique and callus distraction with bone transport (Gio-
vanoulis et al., 2023; Metsemakers et al., 2026; Sidiropou-
los et al., 2023). Outcomes following distraction osteogene-
sis vary according to defect size, soft-tissue conditions, fix-
ation strategy, and patient-related factors. These techniques
have demonstrated satisfactory results in appropriately se-
lected patients and remain important reconstructive options
for fracture-related infection. However, they rely primarily
on the regenerative capacity of the recipient site and may
be more challenging in the presence of extensive scarring,
compromised vascularity, or repeated surgical failures. No-
tably, a substantial proportion of our patients had previously
undergone unsuccessful reconstructive attempts, including
Masquelet procedures, underscoring the role of VFG as a sal-
vage strategy in highly selected and complex cases.

The biological advantage of VFG lies in the transfer of
living bone tissue with its intrinsic vascular supply, as ini-
tially described by Taylor et al. (1975). This vasculariza-
tion enables graft viability even in hostile environments and
promotes osteogenesis, remodeling, and resistance to infec-
tion (Malizos et al., 1993; Weiland et al., 1983). In addition,
preserved microcirculation may enhance local immune re-
sponse and antibiotic delivery, which is particularly relevant
in chronic osteomyelitis and biofilm-associated infections
(Trampuz and Widmer, 2006; Zimmerli and Sendi, 2011).

Another important technical consideration is the length of
the fibular graft, which allows reconstruction of large seg-
mental defects that may exceed the limits of other techniques.
In selected cases, a staged or hybrid reconstructive strategy

can be considered, combining VFG with secondary proce-
dures such as additional cancellous bone grafting or partial
Masquelet-type reconstruction to enhance consolidation at
specific interfaces. This flexibility further supports the role
of VFG as a cornerstone technique in complex limb-salvage
situations.

In the literature, consolidation rates following VFG range
from 70 % to 90 % in heterogeneous cohorts including
trauma, tumor, and congenital indications (Feltri et al., 2023;
Minami et al., 2000) and approximately 60 % to 80 % in more
recent series (Smolle et al., 2024). However, these studies of-
ten include non-infected cases and therefore are not directly
comparable to the present cohort. By contrast, our study fo-
cused exclusively on infected non-union after multiple sur-
gical failures, which likely explains the lower early success
rate observed.

Importantly, our findings highlight that VFG outcomes are
strongly time-dependent. At 12 months, the cumulative inci-
dence of consolidation was approximately 18 %, increasing
progressively to 76 % by the end of follow-up. This delayed
but continuous improvement highlights the prolonged nature
of healing after VFG. From a clinical perspective, these find-
ings support maintaining a reconstructive strategy over time,
particularly when functional improvement is achieved, be-
fore considering treatment failure or limb amputation.

Secondary bone grafting was performed in seven pa-
tients because of delayed consolidation, and all subse-
quently achieved bone consolidation. However, secondary
bone grafting was a post-baseline intervention performed se-
lectively according to the clinical evolution of individual pa-
tients. Therefore, this observation should not be interpreted
as evidence of a causal benefit. Rather, it illustrates that a
staged reconstructive approach, including additional bone
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grafting when clinically indicated, may be feasible in se-
lected patients with persistent delayed consolidation.

A major strength of this study is the use of a competing-
risk framework. In this clinical setting, amputation and death
preclude the occurrence of bone consolidation and should
therefore not be treated as censored observations. Tradi-
tional Kaplan–Meier methods may overestimate consolida-
tion rates by ignoring these competing events. By contrast,
cumulative incidence functions provide a clinically relevant
estimation of consolidation by accounting for competing
events.

Despite its biological advantages, VFG remains a techni-
cally demanding procedure requiring microsurgical expertise
and careful patient selection. Complications such as vascu-
lar thrombosis, graft fracture, delayed union, and donor-site
morbidity must be considered. Moreover, patients with se-
vere peripheral vascular disease or poor overall condition
may not be suitable candidates.

Our study also reinforces the importance of multidisci-
plinary management in complex bone infections. Close col-
laboration between orthopedic surgeons, plastic surgeons,
infectious-disease specialists, and microbiologists is essen-
tial to optimize surgical strategy, antimicrobial therapy, and
follow-up. Such coordinated care is a key component of suc-
cessful limb salvage in these patients.

Another consideration when interpreting our findings is
the heterogeneity of indications. Although the cohort mainly
consisted of post-traumatic infected non-unions, one patient
presented with chronic infection following previous onco-
logic reconstruction. This case was retained because the in-
dication for VFG was management of an infected non-union
after infection eradication rather than primary tumor recon-
struction itself. Given that only one such case was included,
its impact on the overall results is likely to be negligible.

This study has several limitations. First, its retrospective
design and small sample size limit statistical power and pre-
clude reliable identification of predictors of bone consolida-
tion. Second, the retrospective nature of the study resulted
in incomplete and heterogeneous documentation of several
clinically relevant variables. Donor-site and graft-specific
complications were not systematically recorded in the medi-
cal charts and may therefore have been underestimated. Sim-
ilarly, detailed information regarding the source and type
of secondary bone grafts, grafting techniques, fixation re-
visions, microbiological findings at the time of secondary
grafting, and perioperative antimicrobial management was
not consistently available and could not be analyzed compre-
hensively. Information regarding the route and sequence of
antimicrobial administration, including intravenous and oral
therapy, was also not systematically available.

Third, follow-up duration was heterogeneous across the
cohort. Observation time was defined as the interval from
vascularized fibular grafting to consolidation, amputation,
death, or last available follow-up. The median observa-
tion time was 21.5 months (IQR 15–49 months; range 1–

90 months), while several patients were followed for more
than five years and one patient for up to 90 months. This
variability justified the use of competing-risk and time-to-
event analyses and allowed the capture of late consolidation
events, particularly following secondary bone grafting. Nev-
ertheless, the relatively limited duration of follow-up in some
patients may have influenced long-term outcome estimates.

Although restoration of functional mobility is an impor-
tant goal of limb-salvage procedures, functional outcomes
were not systematically collected in this retrospective co-
hort. Therefore, no conclusions can be drawn regarding post-
operative functional recovery, quality of life, or patient sat-
isfaction. Future prospective studies should evaluate these
outcomes alongside radiological and infection-related end-
points.

Despite these limitations, this study provides clinically rel-
evant data on the use of VFG as a salvage strategy in one
of the most challenging orthopedic settings. By specifically
focusing on infected non-union and applying a competing-
risk framework, our findings contribute to a more accurate
understanding of the timing and probability of bone consol-
idation. Larger multi-center studies with standardized func-
tional outcome assessment are needed to confirm these find-
ings and further define the role of VFG and adjunctive recon-
structive procedures in the management of complex infected
non-union.

5 Conclusions

Vascularized fibular grafting appears to be a valuable limb-
salvage option for selected patients with complex infected
non-unions of the lower limb. In this retrospective single-
center study, consolidation occurred progressively over time
and often required prolonged follow-up. Given the limited
sample size and exploratory nature of the analyses, larger
prospective multi-center studies are needed to confirm these
findings and better define the role of adjunctive procedures
such as secondary bone grafting.

Code availability. The statistical analyses were performed using
R software (version 4.3.1), including the open-source cmprsk pack-
age for competing-risk analysis. The underlying analysis code con-
sists of a custom R script using standard functions from R and the
cmprsk packages; no proprietary software or proprietary algorithms
were used.

The analysis code is not currently deposited in a public repos-
itory as no dedicated repository was established at the time of
submission. It is, however, available from the corresponding au-
thor upon reasonable request. The R software and cmprsk pack-
age used for the analyses, including their version numbers, are de-
scribed in the Methods section and cited in the reference list. R soft-
ware is freely available from the R Project website (https://www.
r-project.org/, last access: 14 September 2026), and the cmprsk
package is freely available from CRAN (https://CRAN.R-project.
org/package=cmprsk, last access: 22 August 2026).
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