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Originally described in the 1970s, vascularized bone grafting has become a critical
component in the treatment of bony defects and non-unions. Although well established
in the lower extremity, recent years have seen many novel techniques described to treat
avariety of challenging upper extremity pathologies. Here the authors review the use of
different techniques of vascularized bone grafts for the upper extremity bone patholo-
gies. The vascularized fibula remains the gold standard for the treatment of large bone
defects of the humerus and forearm, while also playing a role in carpal reconstruction;
however, two other important options for larger defects include the vascularized
scapula graft and the Capanna technique. Smaller upper extremity bone defects and
non-unions can be treated with the medial femoral condyle (MFC) free flap or a
vascularized rib transfer. In carpal non-unions, both pedicled distal radius flaps and
free MFC flaps are viable options. Finally, in skeletally immature patients, vascularized
fibular head epiphyseal transfer can provide growth potential in addition to skeletal

epiphyseal transfer reconstruction.

Historically, vascularized bone grafting is reserved for seg-
mental bone loss > 5 to 6 cm associated with a poorly
vascularized local soft tissue environment.'® In the lower
extremity, this is typically seen following open fractures,
oncological resection, and during the treatment of osteomy-
elitis or non-unions.'~® These same situations are encoun-
tered in the upper extremity; however, there is also a need to
treat much smaller defects, such as cases of avascular necro-
sis or recalcitrant non-union of the carpal bones or meta-
carpals. In recent years, many vascularized strategies have
been developed to treat small bony defects recalcitrant to
nonvascularized autograft or allograft. Newer options such as
the free medial femoral condyle graft and pedicled distal
radius grafts can be used to treat carpal bone avascular
necrosis and carpal non-unions, whereas vascularized
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epiphyseal transfer can be used to restore forearm growth
in pediatric patients.>~!?

For bone defects < 6 cm, nonvascularized grafts have been
demonstrated to be successful, providing that the graft is
covered by well-vascularized tissue and the wound is free of
infection.'® Nonvascularized bone grafts are incorporated
into defects through the process of creeping substitution
and vascular ingrowth. By contrast, vascularized bone grafts
allow for the maintenance of bones microenvironment, al-
lowing for primary bony healing into the recipient site,
instead of depending on the remodeling process of the
recipient bone (which may be compromised due to radiation,
infection, or avascular necrosis).>'”"'® Vascularized bone
grafts have been shown to provide more rapid healing, reduce
the risk of subsequent fracture, and have the ability to
remodel under physiologic load allowing for early weight
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bearing.®'® Our purpose here is to review the use of vascu-
larized bone grafts for upper extremity reconstruction.

Vascularized Fibula

The free vascularized fibulas has been the gold standard of
long bone reconstruction because its inception in 1975.
Numerous reports have demonstrated the success of these
grafts, with union rates up to 80% on first time grafting, and
up to 97% following supplemental grafting.”-329-2? In adults,
it can provide up to 25 cm of straight, cortical bone along with
areliable vascular pedicle with low donor site morbidity.?%23
In upper extremity, the tubular shape of the bones and easy
access to recipient vessels renders it one of the most promis-
ing locations for free fibular transfer.?*

The fibula’s size and shape is very similar to the diaphysis of
radius and ulna, making it an ideal donor for reconstruction of
significant forearm bone loss.?> These similarities often enable
vascularized fibula reconstruction to produce a stable forearm
and wrist. Furthermore, the rapid maturation of the graft enables
early load bearing and resumption of activities.”> Forearm free
fibula reconstruction has achieved excellent results by most
reports, with 85 to 89% of patients attaining union of the
graft 3222527 In a large series by Han and colleagues, there
was a 15% rate of non-union; however, none of the grafts
developed a symptomatic non-union, yielding limb salvage in
all patients with forearm reconstruction.® The most common
bony complication following free fibular transfer to the forearm is
stress fractures, seen in up to 17% of patients.g'zz'28

Humeral diaphyseal bone defects are also often treated
with a vascularized free fibula graft, enabling the restoration
of a functional shoulder and elbow. However, the success rate
is not as predictable as the forearm, with late fracture rates of
up to 40%.8:21:24.28-32 The hjgh rate of fracture is thought to be
due to a combination of failed bony union, size mismatch,
osteosynthesis, and the local soft tissue environment,2%-31-33
Rashid and colleagues noted a graft fracture rate of only 8%
and union rate of 95%, attributing this to the use of rigid
compression plating and augmentation with the use of an
additional flap for soft tissue coverage.®' Interestingly, in the
cases of graft fracture it was noted that none of the patients
had any additional soft tissue coverage.?® This highlights the

role of a well-vascularized local soft tissue environment in
treating large bone defects (~Fig. 1).

Glenohumeral arthrodesis can be supplemented by the
use of a free fibula, particularly in a salvage operation in the
setting of proximal humeral bone loss.3*=37 The goal of this
procedure is to provide a stable shoulder and allow for elbow,
wrist, and hand function.3*3’ Although the vascularized
fibula helps patients to recover some upper extremity func-
tion, there still remains a high reoperation rate up to 43%.3437

For metacarpal defects, although local flaps are frequently
the first option, those injuries associated with significant soft
tissue or bone loss can be treated successfully with free fibular
flaps.328-4% In this setting, the free fibula can be divided into
segments to bridge multiple bone defects.3'33-40 Typically,
when the defect involves the joint surface, the joint is fused to
the fibula.3"38-40 Alternatively, the fibula and proximal pha-
langeal articular surface can mimic a pseudarthrosis, pre-
serving limited motion of the hand and wrist.3®4® Wrist
preservation can also be achieved utilizing a silicone arthro-
plasty with the free fibula flap.*’

Although the vascularized fibula bone grafts provide a
reliable option to restore bony anatomy in the upper extrem-
ity, the functional recovery remains very difficult. This is due
to the complex articulation of the forearm, hand, and wrist.*?
Functional ratings following free fibula reconstruction vary
drastically, with some patients reporting good overall func-
tion, while others have very poor function.?!-?2-3031:35 Ope
study suggested that patients with more distal reconstruc-
tions had better outcomes due to the amount of “normal”
proximal tissue.>' However, there remains a lack of consensus
about the specific indications that will lead to improved
functional recoveries.

Capanna Technique

Although free vascularized fibular grafts have many advan-
tages in upper extremity reconstruction, the vascular pedicle
often prevents the use of dual plate or intramedullary fixation
and they lack the structural support of large cortical allog-
rafts.” Large cortical allografts have historically been used
following tumor resection when diaphyseal and metaphyseal
reconstruction is needed. Large structural allografts allow for

[FUTeT—
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Fig. 1 A 26-year-old soldier involved in a land mine accident with segmental humeral loss. (A) Anteroposterior (AP) radiograph of arm showing
segmental bone loss in humerus. (B) A vascularized fibula with skin paddle was used as an intercalary graft to reconstruct the humerus. (C) Final AP

radiograph showing solid incorporation of the fibular graft.
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strong fixation, but are prone to infection and fracture due to
their avascular nature. Capanna described the combination of
a large structural allograft with an intramedullary vascular-
ized fibula in 1980. When these two graft types are combined,
the osteogenic properties of the free fibula can be supple-
mented by the structural support of the bulk allograft,
providing a durable biological reconstruction option.*> Al-
though this technique is usually used to reconstruct lower
extremity defects, it has been successfully utilized in the
humerus.***> In a study by Li and colleagues, the authors
showed excellent results using the Capanna technique fol-
lowing oncologic resection of the humeral diaphysis.*> Union
was noted in all patients, with all able to return to physical
activities using their upper extremity without weight-
bearing restrictions.*?

Vascularized Scapula

The scapular flap first described in 1982, is based off the
subscapular artery.***® This flap has been used in the
reconstruction of defects in the extremities following trauma
and oncological extirpation.**=° A bipedicled flap can be
achieved by incorporating the angular branch of the thora-
codorsal artery.’’ Benefits of this flap are its large size, ability
to be harvested with overlying muscle and skin, linear shape,

ability to hypertrophy under physiological stress, and reliable
vascular pedicle.*6->0-52-54 Typjcally the scapular flap can be
successfully used for reconstruction of upper extremity de-
fects with minimal donor site morbidity.”%>*>>

In recent years, the use of this flap has increased due to the
rise in blast injuries in military settings.>® With a majority of
blast injuries occurring to soldiers who are dismounted, there
has been an increased rate of traumatic extremity amputa-
tions, resulting in a lack of the leg as a donor site for flap
reconstruction of the upper extremity.”® Sabino and col-
leagues showed that in the setting of severe multiextremity
trauma, the scapula flap was used successfully to reconstruct
10 upper extremity injuries (nine forearm/elbow and one
hand). The limb salvage rate in this series was 100%.°° In
another large study looking at the use of scapular flaps for
upper extremity reconstruction, Datiashvili and colleagues
successfully used this flap in 9 of 11 upper extremity defects
(~Fig. 2).>*

Vascularized Rib

Free rib flaps were first described in 1977 for reconstruction
of lower extremity injuries.”® The rib is composed of mem-
branous bone that possesses a dual blood supply, from the
posterior intercostal artery and an abundant periosteal blood

Fig. 2 (A) A 19-year-old man who suffered open comminuted fracture of elbow with loss of proximal ulna and concomitant soft tissue loss
following an explosion. (B) Anteroposterior (AP) radiograph showing proximal ulnar loss. Both legs were also lost in the injury, making donor sites
for vascularized bone limited. (C,D) A composite flap based on the scapular system was designed to incorporate both the parascapular and
scapular skin paddles, as well as the bone from the scapular spine. (E) Image of flap prior to inset. (F) Image at time of insetting. (G) Lateral

radiograph showing radiographic union.
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supply from the serratus anterior muscle.’’~>° The periosteal
blood supply is derived from the thoracodorsal artery pro-
viding a long reliable pedicle to be used in vascularized bone
grafting. Typically this graft is used to reconstruct lower
extremity or maxillofacial defects; however, there are a few
reports of its use in the humerus and clavicle.?0-63

In its use to reconstruct clavicular or humeral defects, the
rib can either be transported as either a pedicled graft or as a
free flap.%9-%3 One advantage of this flap is the combination of
a large serratus muscle soft tissue envelope with or without
the latissimus.”’~>° The use of free rib graft for the treatment
of humeral bone defects has been associated with union rates
up to 100%.51-%3 For the treatment of clavicular non-unions,
Werner and colleagues showed that a double rib transfer was
anatomically feasible and biomechanically superior to a
single rib transfer to treat clavicular non-unions (~Fig. 3).62

Vascularized Bone from the Distal Radius

First described in 1978, the radial forearm flap is now
considered a “workhorse” flap for soft tissue reconstruc-
tion.%* Although it is typically used as a soft tissue flap, the
radial forearm flap can also incorporate the lateral third of the
distal radius to create an osteocutaneous forearm flap.5%>
This flap is commonly used for head and neck reconstruction;
however, in cases of upper extremity reconstruction, this flap
can either be a free or pedicled flap based off the radial
artery.5*®° Niazi and colleagues noted a 100% graft survival
when using this flap for upper extremity reconstruction.®*

The downsides to using the radial forearm flap in cases of
ipsilateral limb injury are multiple. First, the flap utilizes the
radial artery and can potentially compromise blood flow to
the hand. Additionally, the use of the radius bone with the
radial artery is associated with a high incidence of iatrogenic
fracture, thus limiting the use of this flap. A more applicable
use of radius bone is to base the grafts on either the dorsal or
palmar carpal arcade of vessels as described by Sheetz and
colleagues; these grafts while small in size can be used to aid
in carpal fusion or for the management of non-unions within
the carpus.

Pedicled vascularized bone grafts from the dorsoradial
aspect of the distal radius were first described by Zaidemberg
in 1991.%¢ This flap is based off the ascending irrigating
branch of the radial artery, specifically the 1,2 intercompart-
mental supraretinacular artery (ICSRA)."2° In some studies,
this pedicled bone graft has achieved a union rate as high as
90 to 100% when used in the treatment of scaphoid AVN or
non-unions.%6-%% Alternatively, a study by Boyer and col-
leagues reported union rates were only 60%.”% Of note, all
the patients who failed in this study had failed a previous
bone grafting procedure. Straw and colleagues also reported
discouraging results, with union in only 27% of proximal pole
scaphoid non-unions treated with pedicled distal radius
flaps.”! Possible explanations for these findings could involve
poor fracture fixation and removal of fixation components
prior to the confirmation of healing.”' Additional studies have
shown higher rates of failure in females and smokers, as well
as the presence of humpback deformity of the scaphoid with

Fig. 3 Single- and double-vascularized rib transfers have been found
to be successful for clavicle, humerus, and forearm reconstruction. The
addition of the serratus muscle provides excellent soft tissue coverage
in cases of concomitant soft tissue loss. (A) The technique for elevation
involves dissection of the lateral border of the latissimus to expose the
serratus. (B) The serratus branch of the thoracodorsal artery is
carefully isolated running on the superficial aspect of the serratus
(arrow). (C) Two to three slips of the serratus muscle along with two
underlying ribs are then dissected. (D) The intercostal muscle is
included in the harvest to protect the periosteal blood supply. The
chest wall defect is covered with dermal allograft or mesh prior to
chest closure.
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these grafts.”>’3 When union is achieved, the use of the 1,2
ICSRA flap can be expected to result in improved clinical
outcomes, with decreases in Disabilities of the Arm, Shoulder
and Hand (DASH) scoring and also improvements in SF-36

scores.”3

Vascularized Medial Femoral Condyle

The medial femoral condyle (MFC) vascularized graft is based
off either the articular descending genicular or superomedial
genicular artery, creating either an osteoperiosteal or cortico-
periosteal flap (~Fig. 4).”*7°> Along with the extraosseous
blood supply, the MFC also possesses a robust intraosseous
blood supply, with an average of 30 intraosseous perfora-
tors.”® These perforators are typically concentrated in the
inferior distal quadrant of the MFC, making it the preferred
location for graft elevation.”” Due to the consistent and robust
vascular supply in the medial femoral condyle, this flap can be
raised as a composite flap, including overlying skin and
muscle.”8-80

24 New Options for Vascularized Bone Reconstruction in the Upper Extremity Houdek et al.

In the upper extremity, the MFC graft has been most
commonly described to reconstruct scaphoid non-unions.””
Initially, the MFC was used to treat non-unions of the
scaphoid with associated AVN as an alternative to distal
radius flaps.3" Secondary to the pliability and abundant
vascularity of the graft, a high union rate is able to be
achieved, leading to good to excellent recovery of wrist
motion and pain relief in the majority of patients.®’ When
comparing pedicled distal radius flaps (1,2 ISCRA) to the MFC,
it was found that the MFC was superior, especially in the
setting of carpal collapse and AVN of the scaphoid.®? In the
review by Jones and colleagues comparing MFC to 1,2 ISCRA
flap in the setting of carpal collapse and scaphoid AVN, union
was achieved in 100% of MFC flaps, compared with only 40%
of the 1,2 ISCRA flaps.? Likewise it has been shown that in the
setting of scaphoid nonunion with associated carpal collapse,
humpback deformity, or AVN, the MFC not only achieves
healing of the nonunion site, but also contributes to an
improvement in the carpal alignment and architecture.'®

Additional uses for the MFC in the upper extremity include
the humerus, clavicle, metacarpals, and forearm.”>77:83-86 |

Fig.4 A35-year-old man suffers a gunshot wound to the index finger resulting in loss of the majority of the proximal phalanx, but maintains finger
viability and sensation. (A) Radiographs of finger showing antibiotic impregnated cement spacer placed within proximal phalanx to maintain
length. (B) A flap is harvested based on the descending geniculate artery (black arrow) to include bone (white arrow) and skin. Bony healing is
obtained in 9 weeks as seen in this (C) anteroposterior (AP) radiograph (D-F) and final function is acceptable.
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these cases the pliable flap is typically wrapped around the
tubular bone to “patch” the non-union site, having subse-
quent union rates up to 100%.”>7783-86 This graft deserves
particular consideration in the clavicle in the setting of failed
open reduction, internal fixation (ORIF) or fractures associat-
ed with prior radiation treatments.”84 In these cases, the MFC
is wrapped around the site of the non-union and held in place
with heavy sutures.3* Because the MFC provides little struc-
tural stability, it is critical to supplement it with rigid internal
fixation.®* This technique has also been successfully used to
treat non-unions of the radius and ulna by resecting the
nonunion and augmenting a rigid internal fixation with MFC
graft.®>87 For atrophic non-unions of the humerus, the MFC
flap is typically used at the time of revision fixation with
reports of union ranging from 90 to 100%.%->>-83.88

In addition to being a corticocancellous flap, the MFC can
also be an osteocartilaginous flap by including the medial

femoral trochlea for the treatment of proximal pole of the
scaphoid AVN.29-°1 The size of the medial trochlea in relation
to the arc of curvature of scaphoid allows for anatomical
reconstruction of the scaphoid.? In a series by Biirger et al,
this flap was used in 16 patients, with healing of the nonunion
noted in 15 patients.® The patients in this study had a
reduction in the pain, with a majority reporting no pain,
and also an improvement in their wrist motion.?° Likewise
there was preservation of the scapholunate relationship in
patients undergoing this transfer through the preservation of
the distal portion of the scapholunate ligament.?°
Donor-site complications following this procedure are
minimal. In a report by Jones et al, all patients noted knee
pain following the procedure; however, at 6 weeks follow-up
the pain had completely resolved and no long-term compli-
cations were noted.®? There have been no reports of deep
infection, knee motion complications, or fracture reported.’’

D

Fig.5 (A) A 9-year-old girl who presents with distal ulnar hypoplasia and non-union. Proximal fibular physeal transfer was used for reconstruction
of the involved ulna. (B) Image of perforating branch to physis originating from the anterior tibial artery (arrowhead). (C) Image of graft prior to
insetting. (D) Image of donor site showing carefully preserved branches of deep peroneal nerve, which must be preserved during dissection to
avoid a postoperative foot drop. (E) Anteroposterior (AP) radiograph of forearm showing proximal bony union and re-establishment of forearm

length.
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In a radiographic assessment of the knee in patients who have
undergone MFC grafting, it was found that there was no
increase in osteoarthritis compared with the contralateral
side.?? Biomechanical studies have also shown that the stress
of ambulation is not sufficient to cause a fracture, even in the
setting of a large graft harvest.>3

The Foot as a Donor Site for Vascularized
Bone

Vascularized portions of the metatarsals have been used to
reconstruct portions of the distal radius and ulna.**% For
malunions of the distal radius, Del Pinal and colleagues have
shown that the base of the third metatarsal can be used to
reconstruct the articular surface.®® The authors showed
significant improvement in wrist motion, grip strength, and
also improvements in pain and DASH scores.”® Radiographs
also showed preservation of the articular surface without any
signs of osteoarthritis.”® Likewise, there were minimal donor-
site complications, with a mean American Orthopedic Foot
and Ankle score of 96/100 reported at follow-up.®®

Similarly, a case report using the metatarsal head to
reconstruct the distal radio-ulna joint (DRUJ) has been re-
ported.®* In this patient, the soft tissue attachments of the
sigmoid notch and triangular fibrocartilage complex (TFCC)
were intact; however, the ulnar head suffered avascular
necrosis following a fracture leading to pain and decreased
function.”® The metatarsal head was transferred and used to
successfully recreate the ulnar head, providing the patient
with improvements in grip strength and symmetrical carpal
motion.>*

Vascularized Epiphyseal Transfer

Skeletally immature patients with large bone defects repre-
sent a challenging problem secondary to the need to match
their healthy bone’s growth in the upper extremity. One
solution involves the transfer of the proximal fibular epiphy-
sis enabling both bony reconstruction and growth potential.
The use of the proximal fibular physis was first used to
reconstruct the distal radius.’® The physis of the fibula is
supplied by the anterior tibial artery. It is critical to maintain
the proximal physeal blood supply to preserve the graft
growth potential. The epiphyseal arterial pedicle arises
from the main tibial artery just prior to entering the anterior
compartment of the tibia, along with the musculoperiosteal
branches to the diaphysis.®’

Innocenti and colleagues showed the use of the proximal
fibular physis can be successfully used to reconstruct the
distal radius in children.’® The transplanted physes demon-
strated reliable healing with continued growth at a rate
similar to the contralateral side and ipsilateral ulna.’® Like-
wise, radiographs of the transplanted physis showed remod-
eling of the articular surface, providing a stable, functional
wrist, with 70% of wrist motion compared with the contra-
lateral side.’® Similar successful results have been demon-
strated by other authors using proximal fibular physis
transfer to the distal radius (~Fig. 5).99.100

Seminars in Plastic Surgery  Vol. 29 No. 1/2015

The proximal fibular physis has also been used to recon-
struct the proximal humerus in children.’%%'°" However,
these results are not as promising as seen in the distal radius.
In the largest series by Innocenti and colleagues, despite the
high rate of graft fracture, all patients achieved a painless,
functional extremity.'®! The authors of this study feel the
worse outcomes are related to the difference in size between
the fibula and humerus, while also dependent on the amount
of rotator cuff removed during the oncologic resection.'?

Conclusion

Although the fibular graft still remains the gold standard for
most upper extremity reconstruction, newer options such
as the scapula osteocutaneous flap and extended medial
femoral condyle flap have significant potential for recon-
structing composite defects involving both bone and soft
tissue. The possibility of articular reconstruction is now
possible with vascularized grafts from the knee and foot.
Long-term outcomes of these articular reconstructions still
remain unknown; additional studies will be required to
determine the long-term success and potential donor-site
complications.
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