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INTRODUCTION

Bone grafting is required for numerous bone defects, including 
those in the upper extremity with non-union or delayed union 
of a fracture after high-energy trauma associated with significant 
bony tissue loss, as well as in cases of infection. Bone nailing, ex-
ternal fixators, and compression plates associated with non-vas-
cularized bone grafts (VBGs) are standard tools for the treat-
ment of humerus and radius-ulna diaphyseal bony non-union 
and lead to good results in most cases. Non-union is frequently 
caused by poor techniques of osteosynthesis with unsatisfactory 
skeletal fixation. In addition, bone nailing is contraindicated 

when there is evidence of an existing or recurring infection, as 
occurs with conventional bone grafts. Failure is frequently ob-
served in bony defects greater than 6 cm.

Non-VBGs have multiple distinct characteristics that stimulate 
bone healing. The effectiveness of materials used for grafts is de-
termined based on their osteogenicity, osteoinductivity, and os-
teoconductivity [1]. It is also mandatory to take into account 
the mechanical strength and vascular supply to the bone graft 
material (Table 1). Autologous bone grafts show excellent histo-
compatibility, osteoconductivity, osteoinductivity and osteoge-
nicity; therefore, they enable bone incorporation into the adja-
cent host site through the process of “creeping substitution,” for 
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which reason autologous bone grafting is considered to be the 
standard of care. The bone graft material is progressively revas-
cularized and finally reabsorbed, allowing new living bone to 
form; this new bone is then incorporated and remodeled in the 
host skeleton [2]. 

VBGs use cortical or cortico-cancellous autografts, harvested 
with their vascular supply, and are therefore immediately viable. 
The vascularized free graft (VFG) was first described 45 years 
ago [3] and this technique is now commonly used in clinical 
practice. In recent years, significant series of VFGs for forearm 
[4,5] and humerus reconstruction [6,7] have been reported, in 
which VFGs are harvested as osteocutaneous flaps [8]. The vas-
cularized medial femoral condyle (VMFC) flap was introduced 
by Sakai et al. in 1991 [9], who used medial femoral condyle 
periosteal flaps to treat upper limb non-union fractures [10]. 
VBGs are incorporated via primary bone healing into the bone 
recipient site without the need for creeping substitution. This 
process enables preservation of the structural integrity and me-
chanical strength of the graft, yielding immediate stability and 
greater strength. VBG is more efficient than conventional corti-
co-cancellous grafts due to several advantages. Specifically, the 
living bone graft enables straightforward and rapid fracture heal-
ing by serving as a source of osteogenic cells, promoting vascu-
larization, eliminating infection and enhancing intrinsic stability 
at the non-union site. VBGs can be harvested from the fibula, il-
iac crest, distal radius, ribs, scapula, medial femoral condyle, the 
phalanx of the toe and metacarpal bones. 

PATIENTS

Eighty-five patients underwent surgical reconstruction of post-
traumatic bone defects of the upper extremity using VMGs be-
tween 1989 and 2018. Patients’ mean age was 39 years (range, 
16–65 years). VFGs were employed in 74 cases (87%) and free 
VMFC flaps in 11 cases (13%). All patients had previously un-
dergone multiple interventions for union or to treat an infected 
site, with an average of four interventions per patient (range, 
2–6), with the exception of two cases treated with scaphoid re-
construction. 

Osteomyelitis most commonly developed in the humerus and 

forearm. The average time between the initial trauma and re-
constructive surgery was 39 months (range, 4–130 months). 
The humerus was reconstructed in 31 cases, the radius in 37 
cases (in eight cases using a VMFC flap as a corticoperiosteal 
flap), the ulna in 14, the scaphoid in two (vascularized medial 
femoral trochlea osteocartilaginous flaps were used to recon-
struct proximal pole scaphoid non-unions) and the metacarpal 
in one (employing a VMFC flap as an osteoperiosteal flap). The 
length of the bone defect, considering only cases where a VFG 
was used, ranged from 6 to 16 cm (average, 9.4 cm). The aver-
age length of defects in the humerus was 10.5 cm and that of de-
fects in the forearm was 8.4 cm.

In nine cases, a VFG was harvested as an osteocutaneous flap. 
Fibular fixation in the humerus was achieved using a single plate 
(a reconstruction plate, locking compression plate, or dynamic 
compression plate in most of the cases treated), although two 
separate plates and screws were employed in a few cases in the 
early phase of our experience. For fibular fixation of the radius 
and ulna, two separate plates were employed, although we cur-
rently prefer to use a long plate. Pin staples and screws associat-
ed with external fixation systems, such as that of Ilizarov, were 
employed only in the early cases. 

The VMFC grafts were wrapped around the radius in the area 
of atrophic non-union, and the defect site was also packed with 
cancellous medial femoral bone grafts. Vascularized corticoperi-
osteal bone grafts were closed with stitches or suture anchors. 
The previous plates were left in situ in seven cases, in which only 
the screws located in the area of non-union were removed. 

DISCUSSION

Extensive bone loss involving the humerus, radius and ulna can 
be managed with various surgical techniques. 

The indications for VBGs fall into two major categories (Table 
2). The first indication is for bone gaps greater than 6–8 cm, 
which most often occurs in patients with post-infectious or 
post-traumatic bone damage and after oncological resection. 
The second indication is for bony defects in which a biological 
failure of bony healing has taken place, such as recalcitrant non-
union of fractures, congenital pseudoarthroses or osteonecrosis. 

Type of graft Osteoconduction Osteoinduction Osteogenesis Mechanical strength Vascularity

Bone marrow +/– + ++ – –
Cancellous autograft +/+ + ++ + –
Cortical autograft + +/– + ++ –
Vascularized +++ + ++ ++ ++

Table 1. Schematic presentation of properties of different types of bone grafts
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In order to reduce the complication rates, accurate patient in-
take with a thorough clinical assessment is fundamental; addi-
tionally, local wound conditions, the etiology of trauma and 
previous surgical outcomes should be carefully evaluated. VBGs 
could be indicated for interventions in the ankle, tibia, femur, 
ulna, radius, humerus, clavicle and spine. 

Various techniques and donor sites may be chosen to recon-
struct bone losses of the upper extremity. However, the specific 
features of VFGs make them suitable for excellent bone recon-
struction in this anatomical region, as it is necessary to ensure fit 
of the diameter of the recipient bone with that of the donor site. 
The shape and diameter of the fibula are similar to those of the 
forearm bones, while the humerus requires further augmenta-
tion with a bridging plate. Once the fibula is positioned at the 
recipient site, it is capable of undergoing a remodeling process 
to sustain the new functional load, which appears as hypertro-

phy of the humerus on radiography. 
The mean healing time reported in the literature is 6 months 

for the humerus [6,7] and 4.8 months for the radius or ulna 
[4,5]. To reduce the time to union, the authors performed the 
following procedures: (1) carrying out meticulous debridement 
of the necrotic/infected bone, as bone involvement may be more 
extensive than anticipated based on preoperative imaging studies 
(Fig. 1); (2) saving a periosteal flap, which should overlap the 
junction between the fibula and host bone, forming an addition-
al source of new bone production (Figs. 2, 3); (3) using a pre-
plate for radius or ulna graft reconstruction, as it makes the im-
plant more handy; (4) using a single bridging plate to reduce the 
risk of stress fractures due to weak points between plates, partic-
ularly in the case of humerus reconstruction (Fig. 4); (5) em-
ploying uni-cortical screws to fix the VFG to the plate; and (6) 
realigning the distal radio-ulnar joint in forearm reconstruction.

A fixation method should be chosen that optimizes the local 
blood supply and supplements and protects the implanted grafts 
[11]. Plates in the upper extremity are the method of choice to 
achieve fixation of the grafted fibula. We propose three different 
techniques to achieve good contact at the graft and host junc-
tion in the upper extremity: (1) step-cut osteotomy to maxi-
mize bone contact, which is technically demanding and mainly 
indicated for the forearm (Fig. 5); (2) transverse osteotomy, 

Segmental bone defects Traumatic bone loss
  greater than 6-8 cm Tumor resection

Osteonecrosis
Osteomyelitis

Biological failure of bony healing Persistent non-union
Infected non-union
Congenital pseudoarthrosis

Table 2. Indications for free vascularized fibula grafting

Case 1. (A) A sleeve of vascularized periosteum is retained with a vas-
cularized fibular graft. (B) Plate was fixed using a single locking com-
pression plate. The sleeve of vascularized periosteum was cuffed 
around the recipient bone (white arrows) to enhance healing at the 
junction site.

Fig. 2. Free fibula flap with periosteal sparing

B

A

Case 1. The radius had been operated on four times within 3 years, 
with complete resorption of the conventional bone graft (A). After 
removing the plate (B), extensive debridement and excision of all 
necrotic bone were performed (C), creating a segmental defect re-
quiring reconstruction (D).

Fig. 1. Necrotic radius, infected bone debridement

A D

C

B
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which is technically straightforward and indicated for forearm 
reconstruction to manage forearm rotation, if there is a smaller 
surface of bone contact compared to step-cut osteotomy (Fig. 
6); and (3) intramedullary press-fit, which is technically easy 
and indicated mainly for proximal humerus reconstruction 
where it guarantees optimal bone contact with good stability 
(Fig. 7). The optimal timing for bone reconstruction in the 
presence of infection is still controversial [12]. In case of active 
septic non-union we prefer a staged repair, with the application 
of antibiotic cement with or without vacuum-assisted closure 
therapy, instead of one-stage reconstruction after radical de-
bridement of the infection (Fig. 8). 

Careful patient selection is essential in order to reduce the 
complication rate. Stress fractures of the graft are a frequently 
occurring complication, which may be associated with hardware 
breakage in 15% to 20% of cases. Generally, complications oc-
cur within the first year postoperatively [4,6,13]. Chronic infec-
tions; diabetes; immunosuppression; alcohol, tobacco, and drug 

(A) Radiographic evaluation after 6 months. (B, C) Clinical evalua-
tion: pronosupination is maintained (right hand).

(A) Recalcitrant non-union of the humerus, with multiple failed 
operations. (B) Reconstruction was performed with a vascularized 
fibular graft (VFG). Internal fixation was achieved with a locking 
compression plate. (C) Twelve months after surgery, X-rays revealed 
union and relevant hypertrophy of the VFG.

Fig. 3. Outcomes of case 1

Fig. 4. Humerus non-union

A

A B

C

C

B

(A) Schematic representation of step-cut osteotomy for ulna recon-
struction. (B) X-ray examination showing postoperative outcomes.

Fig. 5. Step-cut osteotomy

BA

(A) Schematic representation of transverse osteotomy for radius re-
construction. (B) Preplating the vascularized fibular graft. (C) Intra-
operative view after osteosynthesis with a locking compression 
plate. (D) X-ray examination showing postoperative outcomes.

Fig. 6. Transverse osteotomy

A C

B

D
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abuse; and obesity are relative contraindications for vascularized 
graft procedures. Local wound conditions, the cause of the trau-
ma, and previous surgical outcomes should also be carefully 
considered. 

VFMC flaps represent an alternative approach for treating 
atrophic non-union (Fig. 9). The periosteum is well known to 
be a source of osteochondral progenitor cells, which contribute 
to new bone formation; this fact provides a rationale for using 
periosteal grafts instead of or along with bone grafting [14]. It is 
possible to elevate periosteal flaps with no inclusion of the un-
derlying bone, or with cortical and cortico-cancellous bone. 
Corticoperiosteal flaps harvested from the medial condylar re-
gion of the femur are a source of thin, pliable, highly osteogenic 
vascularized tissue with minimal donor site morbidity. Due to 
its degree their flexibility, these flaps may be wrapped around 
the radius or ulna to form a “biological sleeve” (Fig. 10) [15]. 
Subperiosteal removal of two or three longitudinal 2-mm-wide 

strips of cortex is useful for flap insetting [16]. The mean time 
of bone graft healing reported in our case series (3.9 months) is 
comparable to the intervals that have been reported in the litera-
ture (Fig. 11) [14,15]. Cortico-periosteal flaps are indicated for 
recalcitrant, long-standing non-union and other cases with 
poorly vascularized soft tissue beds, in which the classic fibular 
flap is not ideal based on the size of the defect. The success of 

Fig. 9.  Recalcitrant radius non-union

(A) Schematic representation of an intramedullary press-fit for hu-
merus reconstruction. (B) Intraoperative result after osteosynthesis 
with a long bridging plate. (C) X-ray examination showing postop-
erative outcomes.

Case 3. Radiographic appearance.

Fig. 7. Intramedullary press-fit insetting

A B C

Case 2. (A, B) Open ulnar fracture treated 4 months prior with a plate, with clinical and radiological features of severe infection in the forearm. (C, D) 
After debridement, a cement spacer was applied. (E) Three months after, vascularized free graft reconstruction was planned. (F) Radiological result 
of the reconstructed ulna, 12 months after surgery.

Fig. 8. Staged repair in forearm infection

B EA DC F
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these flaps under such circumstances is due to multiple reasons: 
first, vascular flap–induced angiogenesis promotes healing and 
improves the ability to fight an infection, and second, these flaps 
are osteogenic, which is crucial for new bone formation in non-
union [17]. It is rare for donor-site morbidity and other compli-
cations to occur. 

Stable-plate internal fixation is the best choice for the upper 

extremity. VFGs should be considered for the reconstruction of 
bone defects larger than 6–7 cm and complex defects necessitat-
ing bone and soft tissue reconstruction. VFMCs are indicated in 
cases of recalcitrant, long-standing non-union to maximize the 
healing rate due to their well-vascularized, highly osteogenic 
character, and where defect size does not justify the use of a 
VFG. Unlike other VFG techniques, VFMC flaps are thin and 
pliable, enabling them to conform better to the recipient site 
and/or to wrap around the tubular bone non-union sites are lo-
cated. VFMC corticoperiosteal flaps effectively promote early 
bony union in cases of persistent, long-standing non-union, 
where conventional bone graft techniques have failed. 
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Fig. 10. Corticoperiosteal flap

Case 3. (A) A thin corticoperiosteal flap is harvested from the medial surface of the supracondylar region. The graft is cut with the aid of a chisel 
(proceeding from distal to proximal to avoid vessel injury). (B) Good vascular supply of the flap after releasing the tourniquet. (C) The medial fem-
oral condylar periosteal flap is smaller and more flexible and may be easily tailored to irregular defects. (D) Subperiosteal resection of two or three 
2-mm-wide strips of cortical layer allows easier flap wrapping around the bone graft. (E) The flap is placed around the radius and fixed with wire 
or nonabsorbable suture, and microvascular anastomosis is subsequently performed to the adjacent vessels.

A B

D

C

E

Radiographic (A) and clinical (B, C) outcomes at 4 months of fol-
low-up.

Fig. 11. Outcomes of case 3

A C
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