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Background: This study aimed to evaluate the clinical outcomes of three-column reconstruction of the lower leg using a single-
barrel contralateral vascularized fibular graft (VFG), medial locking plate, and the ipsilateral fibula for the repair of large tibial de-
fects after tumor resection.

Methods: In this retrospective study, we reviewed 12 patients who underwent three-column reconstruction using a single-barrel
contralateral VFG, medial locking plate, and the ipsilateral fibula between June 1996 and May 2020. These patients had large
tibial bone defects following tumor resection. The mean age of the patients was 26.3 years (range, 11-63 years), and 7 of them
were women. The mean follow-up period was 104.8 months (range, 26—284 months). The mean size of the tibial bone defect after
tumor resection was 17.8 cm (range, 11—26.8 cm). The clinical and radiological outcomes were evaluated at the final follow-up.
Results: All patients survived beyond the final follow-up without recurrence of the primary bone tumor. The mean time from recon-
struction to bony union at both host-graft junctions was 12.9 months (range, 4-36 months). The mean Musculoskeletal Tumor So-
ciety score was 82.3% (range, 60%—97%). All tibial defects were reconstructed with adequate bone healing. There were 4 cases
of stress fracture and graft failure; these were resolved by using longer plates and more screws. All patients were ambulatory
without assistance and showed no permanent complications.

Conclusions: Large tibial defects that occur after tumoral resection can be effectively reconstructed by three-column reconstruc-
tion using a medial locking plate, an inlay single-barrel VFG harvested from the contralateral side, and the intact ipsilateral fibula.
This technique permits early weight-bearing before fibular hypertrophy and bony union.
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Reconstruction methods using allografts, autografts, bone
transport, and endoprostheses have been introduced to
treat large tibial defects after tumor resection.” The ap-
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plication of a vascularized fibular graft (VFG) is one of the
treatments of choice for reconstructing such defects.”” Be-
cause allografts and non-vascularized autografts depend
on creeping substitution, which is characterized by slow
bony union, the use of VFGs is preferred for large bone
defects.” VFGs allow for early incorporation and hyper-
trophy with a length of 26-28 cm and have high mechani-
cal strength and fewer donor site complications compared
to other vascularized grafts.” Additionally, the size and
configuration of the fibula match well with the bones of
the forearm, as well as with the medullary canals of the
femur and tibia. Thus, VFGs are considered to be ideal
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for extremity reconstruction and are the most widely used
vascularized bone grafts for reconstructing large bone de-
fects.*?

Three-column theory has been used to explain the
stability of fractures at various anatomical locations in-
cluding the spine,s) distal humerus,” and proximal tibia.?
We applied three-column reconstruction using a medial
locking plate, an inlay single-barrel VFG harvested from
the contralateral side, and the intact ipsilateral fibula (Fig.
1) for large tibial defects after tumoral resection. In this
study, we evaluated the clinical and radiological outcomes
of this strategy.

METHODS

This study obtained approval from the Institutional Re-
view Board of Seoul National University Hospital (No.
H-2105-160-1221). Informed consent was waived as this
study was performed retrospectively.

Patients

This retrospective review included 12 patients (5 men and
7 women; mean age, 26.3 years; range, 11-63 years) diag-
nosed with primary tumors of the tibia (osteosarcoma, n
= 3; osteofibrous dysplasia, n = 3; adamantinoma, n = 3;
ossifying fibroma, n = 2; Ewing’s sarcoma, n = 1) who un-
derwent wide tumor resection, performed by orthopedic
surgeons at the same hospital between June 1996 and May
2020 (Table 1). The authors defined large bone defects as a

Fig. 1. Schematic illustration of three-column reconstruction of tibial
bone defects using the intact ipsilateral fibula, an inlay contralateral
vascularized fibular bone graft, and a medial locking plate as the lateral,
middle, and medial columns, respectively.

loss of tibial bone > 6 cm that could not be reconstructed
with a simple bone graft and internal fixation.” The mean
size of the tibial bone defect after tumor resection was
17.8 cm (range, 11-26.8 cm) The large bone defects were
reconstructed using a three-column technique with a me-
dial locking plate, an inlay single-barrel VFG harvested
from the contralateral side, and the intact ipsilateral fibula
(Figs. 1 and 2). All patients were followed for > 2 years.
The mean follow-up period (from the VFG procedure to
the last follow-up visit) was 104.8 months (range, 26-284
months).

Surgical Procedure

The length of the tibial defect after tumor resection was
measured preoperatively before harvesting the contralat-
eral fibular graft. The harvested fibular graft was 5-6 cm
longer than the tibial defect to enable insertion into both
intramedullary ends of the defective tibia. As the ipsilateral
fibula was used as the lateral buttress during three-column
reconstruction, the VFG was harvested from the contra-
lateral lower leg. The distal and proximal 4-6 cm of the
fibula were maintained to preserve ankle and knee joint
stability, respectively.”'” All VEGs were harvested as pure
bone grafts without osteocutaneous flaps, and primary
skin closure was performed at the donor site. Postopera-
tive donor site complications were minimized by careful
handling of the nerve and muscle tissue around the fibular
graft.

Table 1. Characteristics of the Enrolled Patients

for A gy o2 Velom)
1 1/F Osteofibrous dysplasia 12.0 17.8
2 41/F Ewing sarcoma 16.1 23.8
3 60/M  Adamantinoma 17.8 215
4 21/M Osteofibrous dysplasia 22.6 26.2
5 1/F Ossifying fibroma 12.1 24.1
6 24/F Adamantinoma 11.0 15.8
7 17/M  Osteosarcoma 203 227
8 63/M  Osteosarcoma 13.4 240
9 18/F Adamantinoma 26.8 28.6
10 15/F Osteosarcoma 18.7 256
1 24/M Ossifying fibroma 23.2 27.4
12 11/F Osteofibrous dysplasia 19.1 22.9

VFG: vascularized fibular graft.
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Fig. 2. A 26-year-old woman with an 11-cm-long left tibial defect after tumor resection; the tibial pathology was confirmed as adamantinoma. (A, B)
Using a vascularized fibular bone graft, three-column reconstruction of the tibial bone defect was performed after tumor resection by an orthopedic
surgeon. (C, D) Plain radiographs of the lower leg obtained 3 years after reconstructive surgery. Bony union was achieved and the patient could perform
normal daily activities with full weight-bearing, without the need for walking aids.

To ensure that the procedure was safe and secure,
preoperative computed tomography angiograms were ob-
tained for all patients. After aligning the tibia and fixing it
with a medial locking plate (DePuy-Synthes, West Chester,
PA, USA), the VFG was inserted into the medullary ends
of the tibia. If the canal was tight, it was widened using a
burr. A groove was cut at each end of the tibia to facilitate
the insertion of the graft into the canal. The fibular graft
was placed in the tibial defect in the form of an inlay bone
graft and engaged in the medullary cavity of the tibia. A
long locking plate was used to fix the column construct on
the medial cortex of the tibia to protect the VFG (Fig. 3).
Proximal and distal graft-host junctions were fixed with
locking screws to improve the stability of the construct
(Fig. 2A and B). During this process, the intact ipsilateral
fibula was useful for maintaining alignment and stabiliz-
ing the construct.

The graft-feeding vessels were anastomosed with
the recipient vessels using a microsurgical technique. The
recipient vessels were either the posterior or anterior tibial
vessels according to their availability. End-to-side arterial
anastomoses were performed when utilizing the posterior
tibial artery, and end-to-end arterial anastomoses were

Fig. 3. (A) The contralateral vascularized
fibular bone graft was inserted into the
tibial defect as an inlay. (B) The medial
locking plate was firmly fixed, and the
graft vessels were anastomosed with the
posterior tibial artery and adjacent vein
(vellow arrow).

performed in cases where other recipient vessels were used
(Fig. 3). In some cases, autologous iliac bone was packed
around the graft-host junctions. The skin was closed after
inserting a suction drain. The limb was immobilized with
a long leg splint for 3-4 days. Partial weight-bearing am-
bulation with walking aids was permitted and full weight-
bearing was subsequently allowed according to the pa-
tient’s condition.

Outcome Evaluation

Graft healing and hypertrophy were assessed in plain ra-
diographs at each follow-up visit. Bone scans were used to
evaluate graft perfusion,4) local recurrence, and bone me-
tastasis in all cases. Clinical outcomes were assessed using
the Musculoskeletal Tumor Society (MSTS) score, which
evaluates pain, functional activity, emotional acceptance,
the need for external support, walking ability, and gait."
Postoperative complications related to the procedure were
also assessed.

Successful bony union was defined as the consoli-
dation of at least three of the four cortices on each side
of the proximal and distal graft-host bone junctions in
anteroposterior and lateral plain radiographs (Fig. 2C and
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D). If the bony union site was not visible in the lateral ra-
diograph because of obstruction by the medial plate, an
oblique radiograph was used to evaluate the consolidation
of the medial cortex.

Immediately postoperatively and at the final follow-
up, the mean anteroposterior and lateral diameters of the
graft and recipient bone were determined in plain radio-
graphs at the midpoint of the graft (F) and the point near-
est to the proximal graft-host junction (R), respectively.
Graft hypertrophy was determined using the formula of de
Boer and Wood: "

F2_F1
Hypertrophy % = % x 100
R1
RESULTS

There were no cases of local recurrence or tumor me-
tastasis during follow-up and all fibular grafts survived
without avascular resorption. The surgical outcomes are
summarized in Table 2. Graft hypertrophy occurred in all
patients; the mean percentage of hypertrophy was 33.5%
(range, 5%-74%) and the mean MSTS score was 82.3%
(range, 60%-97%). The mean MSTS functional score was
82.3% (range, 60%-97%). Bony union at the proximal and
distal graft-host bone junctions occurred in all patients
after a mean of 12.9 months (range, 4-36 months). There
were no serious donor site complications, and any donor

site discomfort was resolved during follow-up. Eight pa-
tients complained of transient weakness of the foot ever-
tors and greater toe flexor muscles during the early post-
operative phase, but their strength was restored through
weight-bearing exercise and physiotherapy. Six patients
experienced paresthesia or hypoesthesia of the dorsum of
the foot or calf during the early postoperative period, but
these conditions resolved within 6 months in all cases. Re-
garding recipient site complications, 3 cases of stress frac-

Fig. 4. (A) Metal failure and stress fracture of the vascularized fibular
bone graft at 18 months after reconstructive surgery. The locking screws
in the proximal tibia are broken and stress fracture can be seen in the
proximal host-graft junction. The distal end of the construct is intact.
The deformity seen in the ipsilateral fibular bone is due to the mass
effect of the tibial bone tumor. (B) Bony union was achieved using
additional locking screws with different trajectories. There were no other
complications.

Table 2. Clinical and Radiologic Qutcomes

Crz]aos-e FU(%eOr)iod Born/ntér)lion Weig?;g?aring MST(S%s)core Graft hy(/&e)rtrophy Complications of recipient site
1 54 6 3 87 19 Stress fracture with plate breakage
2 140 4 6 60 29 None
3 26 6 5 77 32 None
4 222 36 36 97 41 Stress fracture with proximal screw breakage
5 59 8 2 90 68 None
6 30 5 1 90 27 None
7 59 5 2 83 43 None
8 284 32 7 60 3 Distal screw breakage
9 31 14 1 63 74 Skin irritation
10 58 8 5 97 5 None
11 242 " 5 93 23 None
12 58 20 20 90 36 Stress fracture with proximal screw breakage

FU: follow-up, MSTS: Musculoskeletal Tumor Society.
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ture (cases 1, 4, and 12) occurred due to breakage of the
metal plate or locking screw (Fig. 4). Because displacement
was minimal in all cases, bony union could be achieved by
replacing the metal plate with a longer plate or using more
screws for fixation. One patient (case 9) had an uneventful
course but complained of discomfort in the medial malle-
olar area due to irritation caused by the implanted locking
plate. Because bony union was achieved at that time, the
medial implant was removed 21 months postoperatively.
However, a stress fracture occurred after implant removal,
and 3 months of partial weight-bearing with walking aids
and a long leg cast were prescribed. Bony union subse-
quently progressed and the patient started full weight-
bearing ambulation 5 months after sustaining the stress
fracture.

DISCUSSION

Large tibial bone defects were reconstructed using three-
column reconstruction involving a medial locking plate,
an inlay single-barrel VFG harvested from the contralat-
eral side, and the intact ipsilateral fibula; satisfactory clini-
cal and radiologic outcomes were obtained in all cases.
Although favorable clinical outcomes after reconstruction
of tibial defects with contralateral VFGs and locking plates
have been reported,”™'¥ our study is the first to conceptu-
alize this as a three-column reconstruction (Fig. 1).

The application of ipsilateral VFGs, which is also
known as the Huntington procedure, has yielded favor-
able clinical outcomes in cases of massive tibial defects.'*'”
However, this was not performed in the present study for
the following reasons. First, the ipsilateral fibula provided
some biomechanical advantage as a component of three-
column reconstruction, enabling early weight-bearing (3-4
days after surgery). Second, an intact fibula can serve as a
marker for accurate alignment of the affected tibia, thereby
ensuring anatomical integrity of the ipsilateral knee and
ankle joints. Third, there were no concerns about addi-
tional damage to the operated lower leg after tumor resec-
tion surgery.

Although a systematic review found no significant
difference in clinical outcomes between cases in which
ipsilateral and contralateral VFGs were used for tibial re-
construction, only 25.9% of the studies used the former
type of VFG."” We believe that a lack of confidence in the
biomechanical stability of ipsilateral VFGs accounts for
their limited use, despite the benefits of reduced donor
site morbidity and no requirement for microsurgical tech-
niques. When using ipsilateral VFGs for tibial reconstruc-
tion, long-term immobilization and non-weight-bearing

periods have typically been required;'*'” leading to some
experienced authors to prefer contralateral VFGs, which
have certain biomechanical advantages and wider indica-
tions.”**"

Donor site morbidity is the primary concern when
considering the use of a contralateral VFG."” A systematic
review revealed that 10.7% of all complications were do-
nor site-related, including hallux contracture, paresthesia,
foot drop, ankle valgus deformity, and ankle instability."”
However, the vast majority of these complications resolved
without the need for additional surgical interventions, and
patient complaints tended to resolve over time;"”*” this is
probably because these patients are usually prepared to
make significant sacrifices to achieve complete tumoral re-
section and satisfactory reconstruction.”” Therefore, most
studies have reported limited donor site morbidity, as we
found.”

A serious complication that can arise after fibular
harvest is ankle valgus deformity and instability."*" Previ-
ous studies have generally recommended preserving 6-8
cm of the fibula.” Pacelli et al.*” reported biomechani-
cal instability only when the residual fibular length was <
10% of the total length (equivalent to an average residual
length of 3.9 cm). Numerous clinical studies have shown
that leaving an adequate fibular length can prevent ankle
valgus deformity and instability; our findings support this
suggestion.'**”

Stress fractures are a well-known disadvantage of
VEGs, as the fibular graft’s cross-sectional area is signifi-
cantly smaller than that of the tibia, making stress fractures
more likely."”* Beris et al.” identified crucial factors for
preventing stress fractures, such as ensuring anatomical
graft alignment during the initial procedure and maintain-
ing protective weight-bearing until adequate hypertrophy
is achieved. However, it takes a long time to attain suffi-
cient fibular hypertrophy with considerable variation and
increased patient discomfort.”

Although attempts have been made to reduce stress,
mainly by enhancing mechanical stability by applying
double-barrel VFGs or stable fixation using a locking
plate, stress fracture remains a possibility.”"** Fortunately,
despite the high prevalence of stress fractures when using
VEGs, only 2.8% of patients ultimately required amputa-
tion.”” In addition, stress fractures may play a key role
in fibular hypertrophy.”** Therefore, we believe that it
is more important to prevent a stress fracture leading to
catastrophic results even if it occurs. In our study, early
ambulation was allowed with walking aids after three-
column reconstruction, even before sufficient fibular hy-
pertrophy had been achieved. Although 3 cases of stress
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fracture occurred, they were resolved through nonsurgical
interventions or a relatively simple procedure, such as im-
plant change. In cases with no ipsilateral fibula, simultane-
ous implant breakage and stress fractures can lead to more
serious consequences (Fig. 4). We believe that retaining
the ipsilateral fibula as an element of three-column recon-
struction promotes early weight-bearing, prevents reliance
on hypertrophy of the fibula for mechanical strength, and
reduces the likelihood of a catastrophic result after a stress
fracture.

The amount of hypertrophy after tibial reconstruc-
tion significantly varies when using VFGs. Based on simple
radiographs, Toros et al.” classified fibular hypertrophy
as follows: Type 1 is characterized by uniform but limited
thickening of the fibula, with an average hypertrophy of
9.2% (range, 3.2%-19%). Although new bone formation is
achieved, the average increase in fibular diameter does not
exceed 20%. Patients in this group are usually supported
by permanent fixation, for example using a locking plate.
Type 2 is characterized by abundant bone production trig-
gered by stress fractures; in these cases, support is usually
provided by temporary external fixation. Type 2 cases can
be further divided into two subgroups based on the degree
of bone response. In type 2a, new bone formation primar-
ily occurs at the fracture site and the average hypertrophy
is 56.7% (range, 52%-64%). In type 2b, bone production is
triggered by stress fracture and the average hypertrophy is
104.6% (range, 80%-154%). Finally, in type 3 cases, an en-
larged fibula surrounded by peripheral new bone forma-
tion is seen, with an average hypertrophy of 170% (range,
77%-214%). In our study, the mean fibular hypertrophy
was 33.5% (range, 5%-74%), which can be classified as
type 1 or 2a. Although significant fibular hypertrophy may
be seen in type 2b and 3 cases after multiple stress frac-
tures, there were gradual malalignment in some cases after
several stress fractures. We believe that the main reason
for using VFGs for tibial reconstruction is not to achieve
massive fibular hypertrophy but rather to enable early
functional gait while also maintaining good lower extrem-

ity alignment and mechanical stability.

This study has some limitations, including its retro-
spective design and the small number of patients; this was
due to the low incidence of tibial bone tumors. Second,
because this was not a comparative study, it cannot be
concluded that the method described herein is superior
to methods based on ipsilateral VFGs, bone transport,
or allograft reconstruction. Nevertheless, satisfactory
clinical outcomes were obtained in all patients with early
partial weight-bearing (3-4 days after surgery) despite the
relatively limited fibular hypertrophy; we believe that the
mechanical stability provided by the ipsilateral fibula and
long locking plate largely explains the favorable outcomes.

Large tibial defects that occur after tumoral resec-
tion can be effectively reconstructed by three-column
reconstruction using a medial locking plate, an inlay
single-barrel VFG harvested from the contralateral side,
and the intact ipsilateral fibula. This technique permits
early weight-bearing before fibular hypertrophy and bony
union.
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