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a b s t r a c t 

Reconstructive microsurgery has been an essential aspect of orthopaedic surgery and extremity recon- 

struction since the introduction of the operating microscope in the mid-20 th century. The reconstruc- 

tive ladder ranges from simple healing by secondary intention to complex procedures such as free tissue 

transfer and vascularized composite allotransplantation. As orthopaedic surgery has evolved over the past 

60 years, so too have the reconstructive microsurgical skills that are often needed to address common 

orthopaedic surgery problems. In this article, we will discuss a variety of complex orthopaedic surgery 

scenarios ranging from trauma to infection to tumor resection as well as the spectrum of microsurgical 

solutions that can aid in their management. 

© 2021 Elsevier Ltd. All rights reserved. 
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ntroduction 

It has been more than a half century since Susumo Tamai MD 

eported on the world’s first thumb replantation [1] . Tamai- an 

rthopaedic Surgeon was encouraged by the late Harry Buncke 

D to report the case during a microsurgery conference orga- 

ized by Berish Strauch MD that took place in New York. At that 

ime, reconstructive microsurgery was in its infancy, and the con- 

epts of microsurgical repair of vessels and nerves were confined 

o traumatic conditions affecting the hand and upper extremity. 

n 1973 G. Ian Taylor MD reported on the world’s first free tis- 

ue transfer, which was for lower extremity reconstruction follow- 

ng an open fracture [ 2 , 3 ]. The ability to perform microsurgery in

he form of arterial, venous, and lymphatic anastomoses as well 

s neural coaptation has allowed for the growth of autogenous 

issue transplantation, allotransplantation, and replantation, which 

ave all had profound impact on the field of Orthopaedic Surgery 

nd has facilitated advanced care in every Orthopaedic specialty in 
dults and children. 

∗ Corresponding author at: Penn Medicine University City, 7th Floor 3737 Market 

t., Philadelphia, PA 19104, United States. 

E-mail addresses: Wen.xu@pennmedicine.upenn.edu (W. Xu), 
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eplantation 

Many of the early advances in microsurgery developed from in- 

erests in limb and digit replantation. Since these early days, there 

ave been many refinements and modifications described in the 

reatment of patients requiring replantation. In particular, one ad- 

ance has been in the field of supermicrosurgery, defined as mi- 

rosurgery in less than 0.8mm vessels, which has allowed the re- 

lantation of distal fingertips to become a reality [4] . As the dig- 

tal arteries divide at the level of the distal transverse palmar 

rch just distal to the flexor digitorum profundus tendon inser- 

ion, they routinely decrease in size from 0.8mm to as small as 

.3mm in the radiating branches, necessitating the use of super- 

icrosurgery when considering replantation of parts distal to this 

ivision point. Although the need for distal fingertip reattachment 

as been debated in the literature, it should be considered in chil- 

ren, young women, and patients with certain occupations, such 

s musicians [5] . Additionally, multiple studies and systematic re- 

iews have demonstrated high distal finger replant survival rates 

nd good functional outcomes, including high rates of nail salvage, 

ngertip sensibility, range of motion, and preservation of length 

nd aesthetic appearance [ 6 , 7 ]. 

Aside from supermicrosurgery, other innovations that have ad- 

anced the care of patients with complex hand and upper extrem- 

ty trauma include venous flowthrough flaps, filet flaps, ectopic 

anking, and heterotopic procedures. Venous flaps were first de- 

cribed by Nakayama et al in 1981 and consist of a vein with its 

https://doi.org/10.1016/j.injury.2021.05.003
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http://www.elsevier.com/locate/injury
http://crossmark.crossref.org/dialog/?doi=10.1016/j.injury.2021.05.003&domain=pdf
mailto:Wen.xu@pennmedicine.upenn.edu
mailto:Scott.levin@pennmedicine.upenn.edu
https://doi.org/10.1016/j.injury.2021.05.003


W. Xu and L.S. Levin Injury 52 (2021) 3561–3572 

o

h

j

e

m

m

(

t

a

a

c

d

d

r

a

u

S

e

u

a

c

t

[

p

s

o

p

m

o

i

t

u

e

t

e

d

t

m

fl  

e

o

V

H

G

c

a

h

f

i

p  

8

w

d

f

u

t

i

t

a

[

t

d

c

a

n

p

c

e

n

t

o

p

b

s

l

c

p

t

p

o

p

m

h

r

r

o

e

s

i

o

t

c

m

i

a

p

l

F

n

p

[

c

r

t

i

t

o

S

t

i

e

t

t

p

m

t

a

B

t

t

a

t

e

verlying skin [8] . Due to their thin pliable nature, venous flaps 

ave become an important tool when treating complex hand in- 

uries requiring both revascularization as well as soft tissue cov- 

rage [9] . In a systematic review of venous flaps used for trau- 

atic hand injuries, the forearm was the most common donor site, 

ost flaps were supplied with an arterial inflow, and the majority 

79.6%) of flaps healed well without issue [10] . Other small flaps 

hat can be used for dysvascular digits requiring soft tissue cover- 

ge include the second toe plantar free flap, thenar free flap (radial 

rtery perforator free flap), hypothenar perforator free flap (fourth 

ommon digital artery perforator flap) [11] , as well as a pedicled 

igital artery flap from an adjacent finger [12] . In cases of multi- 

igit injury in which some digits are unreplantable and other digits 

equire soft tissue coverage as well as revascularization, consider- 

tion should be given to the microvascular finger fillet flap, which 

tilizes the “spare parts” from the non-salvageable digit(s) [13] . 

imilarly, amputated parts can sometimes be replanted in a het- 

rotopic position to improve function and aesthetics, such as the 

se of pollicization in the case of concurrent nonreplantable thumb 

mputation and index finger injury/amputation [14] . Another con- 

ept important in the management of complex hand trauma is 

he process of ectopic banking. First described by Godina in 1986 

15] , ectopic banking refers to the temporary banking of an am- 

utated part away from the zone of injury. It can be helpful in 

ituations in which an amputation or devascularizing injury would 

nly be immediately reconstructible if radical debridement were 

erformed on the day of injury, thereby resulting in the debride- 

ent of vital structures important in the function and aesthetics 

f the ultimate reconstruction [ 16 , 17 ]. Additionally, ectopic bank- 

ng has been described in cases where multi-system trauma pa- 

ients are too hemodynamically unstable on the day of injury to 

ndergo a standard replantation procedure, which has a longer op- 

rative time compared to ectopic banking, which only addresses 

he skin and vasculature [18] . Over time, as ectopic banking has 

volved as a technique, there have been discussions regarding the 

etails of the procedure, including surgical indications, preopera- 

ive counseling, ideal banking location, ideal banking duration, and 

anagement of the amputation stump soft tissue and arterial in- 

ow [ 16 , 19 ]. While some of these questions are still up for debate,

ctopic banking continues to be an important tool in the toolbox 

f the reconstructive extremity surgeon. 

ascularized composite allotransplantation (VCA) 

and transplant 

Vascularized composite allotransplantation was reported by 

ilbert as early as 1964 (20). Although the procedure was a techni- 

al success, immunosuppression was in its infancy at the time and 

cute rejection necessitated the amputation of the transplanted 

ands at 3 weeks post-operatively. However, this set the stage 

or future success in the field of hand transplant, which was re- 

nvigorated when the world’s first successful hand transplant was 

erformed by Dubernard et al in 1998 [ 20 , 21 ]. Since then, over

5 hand transplants have been successfully performed around the 

orld, including bilateral hand transplants in both adults and chil- 

ren [22–24] . Functional outcomes have been overall positive thus 

ar but there are many areas of research that require contin- 

ed investigation and discussion, including indications for surgery, 

he ethical implication of placing a healthy patient on life-long 

mmunosuppression, the impact of anatomic level of transplan- 

ation on post-transplant function, immunosuppression protocols, 

nd neural regeneration and reinnervation of the transplanted part 

24–33] . 

One particular topic of discussion has been hand transplan- 

ation in the pediatric population. The world’s first bilateral pe- 
3562 
iatric hand transplant was performed in 2015 in an 8-year-old 

hild who had previously suffered from staphylococcal sepsis at 

ge two years, resulting in quadrimembral amputation and kid- 

ey failure, for which he underwent a living-related kidney trans- 

lant at age four years. While his procedure was a technical suc- 

ess with the help of extensive preoperative planning and 3D mod- 

ling [ 34 , 35 ], his post-hand transplant course has also answered a 

umber of questions in pediatric VCA, including the demonstra- 

ion of good function above what was able to be obtained pre- 

peratively through adaptive learning [36] , the ability of the trans- 

lanted limbs to grow with the child [37] , and the ability of the 

rain to re-organize its somatotopic maps after the restoration of 

ensory input from the transplanted limb [38] . However, when 

ooking at the ethics of hand transplantation in children, one must 

onsider the risks of lifelong immunosuppression in the pediatric 

opulation and the higher likelihood of negative side effects given 

heir overall longer life expectancy. While advances in immunosup- 

ression and prostheses may swing the pendulum, the current rec- 

mmendation for hand transplantation in children leans towards 

atients requiring bilateral transplants, preferably already on im- 

unosuppression, who would derive a large functional gain from 

and transplant compared to current prosthetics and autologous 

econstructive options [ 39 , 40 ]. 

The ultimate functionality of the transplanted hand depends on 

einnervation, which determines sensibility as well as movement 

f the distal parts. Using her clinical and basic science knowl- 

dge of peripheral nerve regeneration, MacKinnon et al has de- 

cribed multiple surgical and non-surgical strategies for optimiz- 

ng nerve regeneration after hand transplant [41] , including the use 

f FK-506, augmentation of Schwann cell support, and optimiza- 

ion of surgical technique. FK-506, also known as tacrolimus, is a 

alcineurin phosphatase inhibitor that is typically part of the im- 

unosuppression regimen following allotransplantation. While its 

mmunosuppressive effects are primarily due to inhibition of the 

ctivation of T-cell proliferation, it has also been noted to enhance 

eripheral nerve regeneration after injury and in isograft and al- 

ograft models through calcineurin-independent pathways [ 41 , 42 ]. 

K-506 has been shown to increase the number of regenerated 

erve fibers, stimulate chronically axotomized motor neurons, and 

rotect neural cells from ischemia and block neuronal apoptosis 

 41 , 42 ]. MacKinnon et al recommend pre-loading the transplant re- 

ipient with FK-506 in order to induce the most therapeutically 

egenerative environment at the time of transplant and to con- 

inue FK-506 as part of the post-operative immunosuppression reg- 

men while the transplanted extremity is undergoing reinnerva- 

ion. Aside from FK-506, Schwann cell augmentation with TGF- β
r supplementation with autologous cultured or stem cell-derived 

chwann cells is another method of supporting reinnervation af- 

er hand transplant [43] , although these pathways require further 

nvestigation before implementation in vivo . Finally, nerve regen- 

ration after hand transplant can be positively influenced by op- 

imal surgical techniques at the time of transplant. For example, 

he motor and sensory fascicles of the ulnar nerve should be to- 

ographically mapped and aligned. Release of potential entrap- 

ent points and distal nerve transfers (such as distal anterior in- 

erosseous nerve to recurrent branch of the median nerve) have 

lso been advocated for in the literature [41] . 

eyond hand transplantation 

Aside from hand transplant, VCA also has other implications for 

he field of orthopaedic surgery. Although amputees with lower ex- 

remity prostheses generally have higher satisfaction compared to 

mputees with upper extremity prostheses, a recent study found 

hat 43% of lower extremity amputees would be interested in being 

valuated for lower extremity transplant [44] . The primary reasons 
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or interest in allotransplantation included the possible restoration 

f functional knee and/or ankle movement as well as the restora- 

ion of limb sensibility. While there has been some discussion of 

he pros and cons of lower extremity allotransplantation [45] , there 

ave only been a few successful cases reported in the literature. 

ne case involved unilateral lower limb allotransplantation in is- 

hiopagus conjoined twins joined at the pelvis, therefore avoiding 

he need for postoperative immunosuppression [46] . Another case 

nvolved bilateral above-knee transplantation of lower extremities 

n a 21-year-old man, who was able to recover some aspects of 

oth knee and ankle motion and was able to achieve ambulation 

ith assistance but ultimately developed primary central nervous 

ystem post-transplant lymphoproliferative disease (CNS PTLD) re- 

uiring cessation of immunosuppression and amputation of his 

ransplanted lower extremities [47–49] . One other type of VCA 

n its infancy is vascularized elbow allotransplantation, which has 

een demonstrated to be technically feasible in a rat as well as a 

uman cadaveric study [ 50 , 51 ]. 

There are many advances yet to be made in the field of VCA as 

t pertains to orthopaedic surgery. Regardless of type of VCA, the 

ecision to operate should always be based on a careful consid- 

ration of risks and benefits for each individual patient. Addition- 

lly, surgical planning and preoperative counseling should always 

nclude the possibility of VCA failure and salvage options should 

e kept at hand should the patient subsequently require an ampu- 

ation of their transplant [52] . In summary, VCA holds significant 

romise in the treatment of orthopaedic patients, and further in- 

ovation in the field depends on interest on the part of the sur- 

eon as well as the public and patients [53] . 

he orthoplastic approach to limb salvage 

First coined by the senior author (LSL) in the 1990s, the ortho- 

lastic approach to limb salvage refers to the collaborative efforts 

f orthopaedic surgeons and plastic surgeons in extremity recon- 

truction after trauma, tumor resection, or any variety of patholo- 

ies. The orthopaedic surgeon strives to achieve stable bony fixa- 

ion while the plastic surgeon must be able to provide stable soft 

issue coverage, since both are required for functional and aesthetic 

xtremity reconstruction. The two specialties are complementary, 

nd must have a good mutual understanding of the other’s role 

nd objectives in order to coordinate the best care for the patient 

54] . 

First and foremost, in cases of traumatic open fractures, the 

ound must be adequately debrided, sometimes requiring multiple 

rips to the operating room to achieve a clean wound bed. There 

lso needs to be a discussion regarding the type of fixation (in- 

ernal vs external) required from the orthopedic perspective, with 

orethought given to the required soft tissue access needed for re- 

onstruction. For example, anterior pins in the leg are typically su- 

erior to medial or lateral pins, which may preclude vascular ac- 

ess for either local or free flaps. The plastic surgeon should be 

vailable to assess the soft tissue options either at the time of 

ony fixation or shortly thereafter, and timely soft tissue coverage 

hould be obtained [ 55 , 56 ]. Additionally, by tapping into both or-

hopaedic and plastic surgical expertise, the orthoplastic approach 

s helpful in determining whether an extremity is best treated with 

imb salvage or amputation and can help guide patient decision- 

aking. 

ediatric lower extremity vascular injures 

Despite advances in orthopedic surgery and vascular surgery, 

ower extremity Gustillo IIIC injuries in the pediatric population 

emain a challenge for pediatric trauma centers. While vascular 

urgeons are routinely on call for adult trauma centers and play 
3563 
 key role in the management of IIIC level injuries in the adult 

atient, there are typically no pediatric vascular surgeons avail- 

ble at most pediatric trauma centers given its relevant nonexis- 

ence as a surgical field. However, concurrent orthopedic and vas- 

ular injuries threatening limb perfusion do occur in children and 

hen not managed appropriately, can lead to significant morbid- 

ty including decreased function and amputation [57] . Additionally, 

ediatric vascular injury presents an added challenge due to the 

mall caliber of vessels involved and often require unique micro- 

urgical expertise in order to perform microvascular anastomoses, 

ein grafting, and arterial repair. Gans et al [58] described the im- 

lementation of a lower extremity vascular trauma (LEVT) protocol 

hat includes around-the-clock coverage by microsurgery-trained 

urgeons and outlines the treatment algorithm for pediatric IIIC in- 

uries, including when to involve different subspecialty teams such 

s trauma surgery, orthopedic surgery, and microsurgery ( Fig. 1 ). 

n their series of 22 patients, Gans et al found that implementa- 

ion of the LEVT protocol resulted in a decrease in preoperative 

ascular radiographic studies and quicker time to definitive vascu- 

ar care [58] . Although this single-institution report is promising, 

urther work needs to be done in order to standardize the treat- 

ent of pediatric IIIC injuries and to establish a reliable protocol 

or addressing limb-threatening vascular injuries in the pediatric 

opulation ( Fig. 2 ). 

ree vascularized bone and composite tissue transfer 

There are many indications for the use of free vascularized bone 

rafts (FVBG) in orthopaedic surgery, including segmental bone de- 

ects secondary to trauma, tumor, and infection. Commonly used 

VBG include the fibula, medial femoral condyle or trochlea flap, 

nd less frequently, fibular epiphyseal transfers in children. A com- 

on composite tissue transfer is the toe to hand transfer. 

ibula flap 

The free fibula flap was first described by Ian Taylor in 1975 

59] , and has since become one of the most frequently utilized 

VBG for a variety of reconstructive efforts, including segmental 

efects of the upper and lower extremity as well as the craniofa- 

ial skeleton. Its popularity stems from its relatively large size and 

ength, acceptable donor site morbidity, and reliable anatomy and 

issection. The fibula can be harvested as an osseous flap, osteo- 

utaneous flap, or an osteomyocutaneous flap if the gastrocnemius 

nd/or soleus is taken as well [60] . The vascular pedicle is the per-

neal artery, which typically has a large caliber ranging from 1.5 

o 4mm in diameter and is accompanied by two veins. The shorter 

edicle length can be increased by dissecting it free of the proxi- 

al fibula and harvesting the distal bone for reconstruction [60] . 

The free vascularized fibula graft (FVFG) has come to play an 

mportant role in the reconstruction of large spinal defects and 

or the treatment of failed spinal fusion. Erdmann et al described 

our cases of spinal osteomyelitis and nonunion following thoracic 

nd lumbar spinal fusion treated with hardware removal and FVFG 

ith subsequent infection clearance and bony union [61] . Similarly, 

umerous studies have described the utility of FVFG for the re- 

onstruction of spinal defects due to tumor resection, radiation, 

steomyelitis, and/or failed arthrodesis with good success [62–

5] ( Fig. 3 ). Mericli et al found that compared to patients who un-

erwent spinal tumor resection and reconstruction with nonvascu- 

arized bone graft and alloplastic cage, the patients who underwent 

pinal tumor resection with FVFG reconstruction achieved higher 

ates and quicker time to bony union postoperatively [66] . Vrints 

t al also discussed the merits of FVFG reconstruction and avoiding 

ardware placement, thereby allowing for increased accuracy of 
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Fig. 1. Pediatric lower extremity trauma combined musculoskeletal and vascular injury protocol (Reprinted with permission from Gans et al. A lower extremity muscu- 

loskeletal and vascular trauma protocol in a children’s hospital may improve treatment response times and appropriate microvascular coverage. Journal of Orthopaedic 

Trauma. 2015). 

p

s

s

a

o

g

c

s

p  

s

a

r

t

[

p

t

b

d

p

h

t

m

d

t

f

f

T

d

c

p

G

r

r

a

a

t

f

d

M

b  

F

ost-resection radiation therapy [67] . One essential technical con- 

ideration when performing spinal reconstruction with FVFG is the 

election of recipient vessels, which is highly dependent on the 

natomical level and surgical approach. While there are a plethora 

f recipient vessels in the cervical region, the thoracolumbar re- 

ion can present a challenge with possible recipients being inter- 

ostal vessels, lumbar vessels, inferior mesenteric vessels, iliac ves- 

els, the aorta (end to side with or without greater saphenous vein 

atch), among others [ 61 , 68 , 69 ]. Success of this complex recon-

tructive endeavor relies on careful preoperative planning as well 

s interdisciplinary communication between the orthopedic and 

econstructive surgeon. 

In addition to spinal reconstruction, the FVFG is also used in 

he treatment of hip osteonecrosis in both adults and children 

70] . Osteonecrosis of the femoral head occurs when bone death 

rogresses to articular incongruity and osteoarthritis, resulting in 

he need for total hip arthroplasty (THA). Many procedures have 

een described to delay this pathologic progression, including core 

ecompression, nonvascularized bone grafts, porous tantalum im- 

lant placement, and osteotomies, but these have been shown to 

ave limited efficacy and predictability [70] . One surgical interven- 

ion involves decompression, excision of necrotic bone, and place- 

ent of a FVFG, which simultaneously brings in bone with osteoin- 

t

3564 
uctive potential and aids in revascularization. Eward et al inves- 

igated the use of the FVFG for pre-collapse osteonecrosis of the 

emoral head and found that 75% of patients had a surviving graft 

or at least ten years postoperatively and only 40% converted to 

HA at a mean of eight years postop [71] . Similarly, Bertrand et al 

emonstrated that FVFG can be used for the treatment of avas- 

ular necrosis after slipped capital femoral epiphysis with 90% of 

atients maintaining their native hip for eight years postop [72] . 

arrigues et al investigated the use of FVFGs for osteonecrosis that 

esulted from hip dislocation in 35 young patient, of which seven 

equired THA at an average of 45 months postop [73] . A system- 

tic review performed by Ligh et al included 166 hips and found 

 mean graft survival before THA of 5.2 years [74] . Overall, FVFGs 

end to be more beneficial for younger patients with less severe 

emoral head osteonecrosis [75] . Contraindications to this proce- 

ure include joint space narrowing and acetabular involvement. 

edial femoral condyle (MFC) 

First described as a pedicled reverse-flow osteoperiosteal flap 

y Masquelet and Hertel [ 76 , 77 ], the MFC has become a versatile

VBG with a variety of applications in both upper and lower ex- 

remity reconstruction. One of the reasons the MFC is so versatile 
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Fig. 2. Seven-year-old male whose left lower extremity was mauled by a pit bull 

and was devascularized on presentation (A and B). He underwent emergent revas- 

cularization with a reversed saphenous vein graft for reconstruction of the anterior 

tibial artery and posterior tibial artery (C and D). This was followed by soft tissue 

coverage with a free myocutaneous latissimus dorsi flap connected to the poste- 

rior tibial artery in flow-through fashion as well as split thickness skin grafts (E–H). 

Follow up at 2.5 years demonstrates stable soft tissue coverage and good aesthetic 

contour after debulking of the flap (I and J). 

Fig. 3. Sixty-one-year-old woman with a history of cervical stenosis who under- 

went C4 corpectomy and anterior C3-C5 discectomy and fusion followed by C2-T2 

posterior fusion three months later presents with worsening upper extremity weak- 

ness. Pre-operative MRI demonstrates a prevertebral collection and collapse of the 

C5 vertebral body (A). She underwent serial washout and antibiotic treatment fol- 

lowed by a staged procedure: (1) occipital-T5 fusion with tricortical allograft and 

BMP plus halo vest placement, and subsequently (2) C3-C6 corpectomy with a free 

fibula autograft fusion. Her one-year postoperative CT scan demonstrates a stable 

construct with osseous incorporation of the vascularized fibula graft (B). 
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3565 
s that the blood supply to this donor area is both plentiful and 

onsistent [78] . Yamamoto et al studied this arterial supply in a ca- 

averic model, which demonstrated that the descending genicular 

rtery was present 89% of the time and could be found branching 

rom the superficial femoral artery approximately 13.7cm proximal 

o the articular surface. Meanwhile, the superior medial genicu- 

ar artery was present 100% of the time which allows it to be a 

ackup but its disadvantage is a shorter pedicle length, branching 

nly an average of 5.2cm proximal to the articular cartilage [79] . 

 described variation of the MFC is the medial femoral trochlea 

steochondral flap (MFT), which is used when there is a need for 

oncurrent cartilage transfer. The MFC/MFT donor site morbidity 

as been studied, with overall low incidence of complications, with 

he most common being chronic knee pain and sensory changes, 

hich are more evident in MFT donor sites vs MFC donor sites 

80] . 

The MFC has been extensively described for the treatment 

f hand and wrist pathologies. While it first gained popular- 

ty as a thin pliable corticoperiosteal wafer for the treatment of 

mall nonunions of the hand such as scaphoid nonunions with 

roximal pole avascular necrosis, it has now expanded in indi- 

ations to include the treatment of hand and wrist conditions 

uch as kienbock’s disease, capitate avascular necrosis, failed ra- 

iolunate arthrodesis, and multiple metacarpal defects [81–88] Its 

se has also been described for more proximal upper extremity 

onunions including resistant nonunions of the distal radius, fore- 

rm, humerus, and clavicle [88–90] . In cases requiring osteochon- 

ral grafting, the MFT has been described for scaphoid and lunate 

econstruction [ 91 , 92 ]. 

In addition to upper extremity reconstruction, the MFC and MFT 

an also play an important role in reconstruction of the foot. VBGs 

uch as the MFC and MFT are typically indicated when conven- 

ional bone grafting fails or the defect is too large for conventional 

one grafting. Haddock et al studied five patients who underwent 

FC for talar avascular necrosis, talar nonunion, or navicular avas- 

ular necrosis and found a 100% flap survival rate, with all five pa- 

ients achieving union and full weight bearing status [93] . Other 

ase reports similarly support the use of the MFC in the treatment 

f navicular avascular necrosis [ 94 , 95 ]. A randomized control trial 

nvestigating the use of core decompression with cancellous bone 

raft vs core decompression with MFC in the treatment of talar os- 

eochondral lesions found that the MFC group demonstrated better 

ain relief and improved physical function as well as a decreased 

ate of partial malperfusion as assessed on MRI at 12 months of 

ollow up [96] . 

piphyseal transfer 

A major challenge of reconstructing bony defects in children is 

hen growth plates are involved and failure to address this can 

esult in growth limitations and limb-length discrepancies. Mul- 

iple authors have described the free vascularized transfer of the 

bular epiphysis in children as a means of reconstructing bony de- 

ects of the upper and lower extremity that also allows for con- 

inued growth potential [97–101] . Morsy et al [102] performed an 

natomic cadaver study and found that the proximal fibula can be 

ransferred on either the anterior tibial artery or the inferior lateral 

enicular artery and recommended against the use of the peroneal 

rtery alone. However, Kurlander et al [98] performed a systematic 

eview of vascularized fibular epiphyseal transfer for pediatric ex- 

remity reconstruction and found that the most commonly utilized 

edicle was the anterior tibial artery (64%) followed by the per- 

neal artery (23%). All 62 cases in the systematic review reported 

rowth based on xray with a full growth rate of 63% for patients 

ndergoing upper extremity reconstruction and 56% for patients 

ndergoing lower extremity reconstruction, with “full growth” be- 
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ng defined as having open growth plates at last follow up. Sim- 

larly, Shammas et al [99] calculated an approximate 0.54cm/year 

f growth following fibular epiphyseal transfer for reconstruction 

f the proximal humerus in a series of four patients. However, in 

heir systematic review, Kurlander et al also found an 8% rate of 

ermanent foot drop due to the intimate relationship between the 

nterior tibial artery and the peroneal nerve and also noted an 

verall high rate of complications and revision surgery. Nonethe- 

ess, given the paucity of other bony reconstructive options that 

lso maintain growth potential in children, the vascularized fibular 

piphyseal transfer remains an important tool in the reconstructive 

rmamentarium. 

oe to hand transfer 

Composite transfer of a toe for thumb reconstruction was one 

f the earliest described elective microsurgery procedures and set 

he foundation for free tissue transfer [103] . Given that the thumb 

ccounts for up to 50% of hand function, reconstruction of the 

humb is imperative in restoring hand function in cases of trauma 

r congenital abnormalities. While toe to thumb transfer was ini- 

ially popularized for thumb reconstruction following traumatic 

mputation, technical refinements have increased its indication to 

nclude treatment of multiple finger amputations aside from the 

humb, dystrophic nails, pulp loss, arthritic joints, as well as con- 

enital malformations such as hypoplastic thumb [104–109] . Vari- 

tions on the technique include the great toe flap, second toe flap, 

oe pulp flap, and wrap-around toe flap, and with selection de- 

ending on each patient’s reconstructive needs. In the majority 

f cases, the dominant blood supply is the first dorsal metatarsal 

rtery, but in a small portion of the population, the plantar artery 

an be dominant [110] . Innervation of the toe is from the plan- 

ar digital nerves and branches of the deep or superficial peroneal 

erves. Overall satisfaction following toe to hand transfers is high, 

ith patients who underwent toe to hand transfers for thumb am- 

utation scoring higher on the Michigan Hand Outcomes Question- 

aire for overall function, activities of daily living, and aesthetic 

utcome compared to patients suffering from thumb amputation 

ithout reconstruction [ 104 , 111 ] 

esthetic limb resurfacing 

The majority of post-traumatic extremity reconstruction is fo- 

used on function, but there has been a growing interest in aes- 

hetic resurfacing of extremities after trauma. Jeon et al [112] pre- 

ented a series of 14 patients who underwent free flap surgery for 

he primary purpose of improving aesthetics. They were able to 

chieve both subjective improvement in patient satisfaction based 

n survey data as well as objective improvement in aesthetic out- 

ome, as evaluated by independent graders of pre-operative and 

ost-operative photos. Integral to their success was the utilization 

f perforator flaps (TDAP and DIEP) that were judiciously thinned 

hrough the removal of deep subcutaneous fat as well as excision 

f some areas of the superficial fascial system and part of the su- 

erficial subcutaneous fat layer away from the perforators, allow- 

ng them to achieve favorable aesthetic results with only a 27% rate 

f secondary revision procedures. Seth et al [113] also described 

heir technique for raising super-thin and suprafascial anterolat- 

ral thigh (ALT) flaps for extremity reconstruction with contour 

mprovement. While the major focus of the primary reconstruc- 

ion may not be aesthetics, a significant proportion of patients ul- 

imately desire secondary revisions for aesthetic purposes. In a re- 

ent case series by Nelson et al [114] , 21% of lower extremity free

ap patients desired secondary revisions, with the most commonly 

erformed procedures being flap debulking via direct excision, scar 
3566 
evision, and suction-assisted lipectomy. As extremity reconstruc- 

ion evolves, there is no doubt that increased emphasis will be 

laced on the ultimate aesthetic outcome of the reconstruction and 

herefore, it may be helpful to incorporate aesthetic goals into the 

nitial reconstructive plan for each patient. 

olutions for peripheral nerve injuries 

inkovic procedure for peroneal nerve injury 

Microsurgical techniques can be useful in the treatment of per- 

neal nerve injuries, which are the most common nerve injuries 

f the lower extremity. In the setting of an acute open injury, sur- 

ical exploration with primary repair or repair with nerve graft- 

ng is recommended. However, if the acute intervention fails or 

f the patient is not assessed in a timely manner, there may be 

rreversible degeneration of the muscles of the anterior compart- 

ent, leading to foot drop. In these cases, there are a variety of 

urgical techniques described to address the foot drop, including 

rthrodesis, posterior tibial tendon transfers via the circumtibial or 

nterosseous pathway, or the posterior tibial muscle bridle trans- 

er, but all of these transfers depend on the use of an antagonis- 

ic muscle to restore ankle dorsiflexion. As an alternative, Ninkovi ́c 

t al described a neurotized transfer of the lateral head of the gas- 

rocnemius, consisting of simultaneous transposition of the lateral 

ead of the gastrocnemius muscle to the tendons of the tibialis 

nterior and a deep peroneal nerve to tibial nerve transfer [115] . 

y performing a concurrent nerve transfer from the proximal un- 

njured end of the deep peroneal nerve to the distal tibial nerve 

upplying the lateral head of the gastrocnemius, the end result is 

 neurotized muscle that can be voluntarily contracted to aid with 

mbulation. Several studies in the literature have demonstrated ex- 

ellent overall results with this technique in the treatment of pa- 

ients with chronic peroneal nerve injury and foot drop [115–117] . 

ree functional muscle transfer for brachial plexus injuries 

Free functioning muscle transfers (FFMT) involve transplanta- 

ion of a vascularized and innervated muscle to an area of the body 

acking functional musculature, such as following brachial plexus 

njury as well as extensive direct trauma, infection requiring wide 

ebridement, ischemic contracture, or tumor resection. In particu- 

ar, for brachial plexus injuries, FFMT is indicated for delayed pre- 

entation, failure of previous nerve and/or tendon transfers, lack of 

onor nerves, and/or complete C5-T1 postganglionic injuries [118] . 

n cases of complete brachial plexus injury, the primary goals of 

econstruction are elbow flexion followed by finger flexion and fin- 

er extension [119] . Options for donor muscles include the gracilis, 

atissimus dorsi, rectus femoris, and vastus lateralis, with the gra- 

ilis being the most popular at many institutions due to its low 

onor site morbidity, ease of dissection, and reliable blood sup- 

ly from the medial femoral circumflex system and innervation 

rom the anterior branch of the obturator nerve. Free functional 

racilis transfer has been described for the treatment of brachial 

lexus injuries in both adults and children [ 120 , 121 ]. Estrella et al

122] performed a retrospective review of 42 adult patients who 

nderwent gracilis flaps for the restoration of elbow flexion and 

ound a 90% flap success rate with 88% of patients achieving at 

east M3/5 muscle strength postoperatively. In a larger series, Silva 

t al [123] reported on a series of 87 adult patients, of which 65%

chieved at least M3 strength following surgery; interestingly, they 

tilized a variety of donor nerves, including spinal accessory, inter- 

ostal, median nerve fascicles, ulnar nerve fascicles, and phrenic 

erve. Along with the studies in adult patients, there have also 

een some studies looking at pediatric brachial plexus injuries and 

FMT, but the results are somewhat more mixed. El-gammal et al 
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124] described a series of 18 children suffering from late obstet- 

ic brachial plexus palsy who underwent free gracilis flap at a 

ean age of 102.5 months. They were able to achieve improve- 

ents in both active elbow flexion as well as active finger flex- 

on with a concurrent decrease in passive elbow ROM. However, 

nly 17% achieved a grade 3 (useful hand) on the Raimondi hand 

cale. Likewise, Chim et al [125] reported on 12 children who un- 

erwent free functional gracilis transfers for the treatment of trau- 

atic brachial plexus injury and demonstrated overall good out- 

omes, but did caution regarding the possibility of elbow flexion 

ontracture as children grow. Overall, there is no consensus on the 

deal donor nerve, with multiple studies utilizing a variety of donor 

erves, including spinal accessory nerve (SAN), intercostal, median 

erve fascicles, ulnar nerve fascicles, and phrenic nerve, with no 

ignificant difference between SAN and ulnar nerve [126] as well 

s between SAN and intercostal nerves [127] . Finally, there have 

een a number of modifications and additions to the FFMT tech- 

ique for treatment of brachial plexus injury, including adding a 

erve transfer at the time of FFMT [128] and doing a double FFMT 

or the restoration of multiple joint motions [129] . 

estoring shoulder function with nerve transfers 

Shoulder function is essential to overall upper extremity func- 

ion and the ability to perform activities of daily living. A number 

f nerve transfers have been described for restoring shoulder mo- 

ion, each with its own surgical indication depending on the ex- 

ent of nerve injuries [130] . For isolated axillary nerve injuries, a 

ommon transfer is the nerve to the long head of the triceps to 

he anterior branch of the axillary nerve, which has been shown 

n multiple studies to improve shoulder abduction postoperatively 

131] . It can also be combined with the spinal accessory to supras- 

apular nerve transfer for C5-C6 nerve root injuries or concurrent 

xillary and suprascapular nerve injuries in order to restore both 

houlder abduction and external rotation [ 132 , 133 ]. Interestingly, 

n their technique paper, Colbert et al [133] advocated for the use 

f the nerve to the medial head of the triceps (as opposed to the 

ateral head of the triceps) due to its ease of exposure, longer 

ength, and no requirement for intramuscular dissection. In cases 

f winged scapula, a thoracodorsal nerve to long thoracic nerve 

an be performed. In C5-C7 root injury, the triceps are weakened 

nd therefore cannot provide a donor nerve to the axillary nerve 

r long thoracic nerve, so intercostal nerves can serve as an im- 

ortant alternative donor nerve; spinal accessory to suprascapular 

erve transfer can also be performed for these patients. In addition 

o success in adult patients, nerve transfers have also been success- 

ully performed for neonatal brachial plexus injuries [ 134 , 135 ]. It is

mportant to be familiar with the anatomy and depending on the 

xact location and extent of nerve injury, various combinations of 

erve transfers can be helpful for each specific situation [136–138] . 

icrosurgical treatment of lymphedema 

Lymphedema is a chronic condition caused by impairment of 

ymphatic fluid drainage, resulting in edema, cellulitis, and over 

ime, irreversible fibrosis. It can either be congenital or as a result 

f secondary mechanical obstruction of lymphatic drainage, often- 

imes due to surgical lymphadenectomies in the setting of onco- 

ogic resection [139] . Non-operative treatment options for patients 

ith early lymphedema include compressive garments and man- 

al decongestive therapy but require patient compliance and are 

ot ultimately curative. Operative treatments have also been de- 

cribed with many of the earlier procedures focusing on surgical 

esection, but these resulted in high morbidity and therefore are 

enerally reserved for the most advanced and debilitating cases 
3567 
139] . Suction assisted lipectomy can also be used as an adjunc- 

ive, less morbid debulking procedure. However, more recent fo- 

us has been on restoring lymphatic flow, rely upon microsurgi- 

al skills, and include lymphovenous anastomosis (LVA) and vascu- 

arized lymph node transfer (VLNT). LVA consists of diverting ob- 

tructed lymphatic fluid into the venous system through a surgi- 

ally created anastomosis between lymphatic channels and veins. A 

ystematic review of LVA performed by Scaglioni et al [139] look- 

ng at 18 studies found significant variation in surgical technique 

ut demonstrated symptomatic relief in 50-100% of patients, over- 

ll good reduction in limb circumference measurements as well as 

eduction in number of cellulitis episodes. Drobot et al [140] per- 

ormed a retrospective review of 70 patients who underwent LVA 

or either primary or secondary lymphedema and demonstrated a 

5% decrease in upper limb volume and 25.5% decrease in lower 

imb volume at 9 months post-operatively. Higher volume reduc- 

ions were seen for early-stage lymphedema vs late-stage lym- 

hedema, which was not unexpected since LVA relies on the pres- 

nce of healthy, non-sclerotic lymphatic channels. Of note, the vast 

ajority of subdermal vessels used for LVA are less than 1mm in 

aliber, necessitating experience in supermicrosurgery in order to 

uccessfully perform this procedure. 

Another operative procedure for the treatment of lymphedema 

s vascularized lymph node transfer (VLNT), which involves the 

ransfer of lymph nodes and their blood supply to the affected 

imb [141] . While LVA is most effective in early lymphedema be- 

ore lymph vessels become sclerotic, VLNT can be efficacious in 

ore advanced cases of lymphedema because it does not rely on 

he native lymphatic channels. The exact physiology of how the 

ransferred lymph nodes facilitate lymphatic drainage is still some- 

hat unclear. In a systematic review of VLNT performed in 2016, 

caglioni et al [142] found 24 studies with 271 cases of VLNT. The 

ost common lymph node donor site was the inguinal region fol- 

owed by the lateral thoracic lymph nodes, which were found to 

e the least effective with the highest complication rates. Overall, 

owever, benefits of VLNT were reported in both early and ad- 

anced lymphedema. VLNT has been described for treatment of 

ongenital lymphedema [ 143 , 144 ] and post-surgical lymphedema 

145] and has been used in combination with LVA as well [146] . 

on-healing lower extremity wounds 

imb salvage in patient with peripheral vascular disease and diabetes 

Diabetic foot ulcers (DFUs) can be a source of significant mor- 

idity and mortality in patients with diabetes mellitus. Their devel- 

pment stems from a combination of macrovascular and microvas- 

ular insults as well as peripheral neuropathy [147] , and lack of 

reatment can lead to limb and life-threatening infections. While 

p to two thirds of small superficial DFUs can be treated conserva- 

ively with local wound care, the remaining one third of DFUs will 

equire operative debridement, leading to subsequent exposure of 

ital structures such as tendon and/or bone [148] . The combina- 

ion of critical limb ischemia (CLI) and DFUs in the diabetic patient 

resents a particularly significant reconstructive challenge. Suc- 

essful treatment of this patient population requires a multidisci- 

linary team that includes a nutritionist, wound care specialist, en- 

ocrinologist, podiatrist, orthopedist, vascular surgeon, and recon- 

tructive microsurgeon [149] . Multiple studies have described the 

enefits of a combination approach that includes revascularization 

endovascular vs open bypass) as well as free flap coverage of large 

FUs, either in a simultaneous or staged fashion [ 147 , 150 , 151 ].

andon et al reported a 55.8% three year amputation-free survival 

ate [150] , while Chang et al reported a 68% five year amputation- 

ree survival rate for patients who underwent revascularization 

nd free flap reconstruction [151] . Additionally, Hong et al demon- 
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Fig. 4. Forty-six-year-old female who underwent right total ankle replacement 

complicated by wound breakdown, osteomyelitis, and hardware exposure (A). She 

underwent limb salvage with hardware removal, antibiotic spacer placement, and 

soft tissue coverage with a free lateral arm flap. She ultimately healed well and 

was able to undergo spacer removal and revision total ankle arthroplasty (B). 
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trated an increase in five year overall survival in patients who un- 

erwent free flap reconstruction of their DFUs (86.8%) compared to 

atients who underwent above the ankle amputation (41.4%) [152] . 

espite the benefits of microvascular free tissue transfer for the 

reatment of DFUs, there is still a significant risk of amputation 

nd functional impairment following attempted limb salvage; this 

as demonstrated by Lu et al, who reported on a series of 29 pa-

ients, seven of which required below-knee amputation at a mean 

ime of 8 months following free tissue transfer [153] . Therefore, 

atients should be counseled appropriately during the initial dis- 

ussion with the reconstructive surgeon. Finally, a technical con- 

ideration in free flap reconstruction is the selection of recipient 

essels in a patient who has concurrent CLI; as such, Lee et al ad- 

ocated for the use of end-to-side anastomoses so as to not disrupt 

istal flow to the limb [154] . 

imb salvage in patient with osteomyelitis 

Lower extremity wounds with underlying osteomyelitis are 

ome of the most difficult challenges faced by the orthopedic sur- 

eon. While acute osteomyelitis can sometimes be treated success- 

ul with antibiotics alone, chronic osteomyelitis typically needs to 

e addressed with a combination of surgical debridement, soft tis- 

ue coverage, and antibiotic therapy [155] . The Cierny-Mader clas- 

ification is a useful classification system emphasizing anatomy of 

he bony infection and physiology of the host and can be used 

o guide optimal treatment [156] . There has been some debate 

egarding the prevention of osteomyelitis in the patient with an 

cute open fracture. Marko Godina advocated for the early cover- 

ge of open fractures within 72 hours of injury in order to prevent 

nfection and osteomyelitis [17] . While the advent of negative pres- 

ure wound therapy (NPWT) has revolutionized care of this patient 

opulation, there is still some evidence that definitive soft tissue 

overage should be performed within seven days of injury in order 

o decrease risk of infection [157] . However, the timing of soft tis- 

ue coverage also depends on the capabilities of the trauma facil- 

ty and should strike a balance between early coverage and taking 

he time to create a thorough operative plan and ensure that the 

ppropriate personnel are available [158] . In addition to preven- 

ion, there has also been debate regarding the optimal treatment 

f osteomyelitis requiring debridement and free tissue transfer for 

overage. Although there has been some historical and anecdotal 

ias towards the use of muscle flaps for treatment of infection, 

ecent studies have demonstrated no significant difference in os- 

eomyelitis recurrence between muscle flaps and fasciocutaneous 

aps, with the latter also having the benefit of improved aesthetics 

nd possibly decreased donor site morbidity [159–163] . However, if 

steomyelitis does recur following free tissue transfer, there is an 

ncreased risk for flap failure and eventual amputation [164] . 

adiation-induced nonunions 

Radiation therapy is used in the treatment of a number of ma- 

ignancies and is known to have deleterious effects on the sur- 

ounding tissues, including bone. Its pathologic effect on bone is 

econdary to direct cellular damage as well as radiation-induced 

ascular injury. Important factors that influence the ultimate ef- 

ect of radiation on bone include the total radiation dose, the dose 

er fraction, the total volume of radiated tissue, and the treat- 

ent schedule [165] . Radiation injury to non-critical bones such 

s the clavicle can often be treated with debridement and/or re- 

ection. However, radiation injury that leads to pathologic frac- 

ure or nonunion of critical bony structures needs to be addressed 

ith surgical fixation and supplemental nonvascularized or vascu- 

arized bone grafting. Multiple studies have described the use of 
3568 
he free vascularized fibula graft (FVFG) for treatment of radiation- 

nduced nonunions of the humerus, femur, and fibula with postop- 

rative union rates ranging from 78-100% [166–168] . Additionally, 

FC flaps have also been described for the treatment of upper ex- 

remity nonunions and clavicular nonunions [ 169 , 170 ]. 

omplications around the knee and ankle 

oft tissue coverage of the knee 

Soft tissue defects around the knee can result from a vari- 

ty of etiologies, ranging from trauma, to oncologic resection, to 

ardware complications following total knee arthroplasty. Many 

f these cases can be managed with local pedicled flaps such as 

he workhorse gastrocnemius flap or the more recently described 

ree style perforator flap [ 171 , 172 ]. However, when wounds are too 

arge and complex or when local options have failed, free tissue 

ransfer should be considered. There are a number of recipient ves- 

els around the knee, including the anterior tibial, posterior tib- 

al, peroneal, popliteal, geniculate, sural, profunda femoral, super- 

cial femoral, descending branch of the lateral femoral circumflex, 

mong others [ 171 , 173 ]. Louer et al looked at 34 cases of free flap

overage for knee reconstruction and described a 97% flap survival 

ate and 88% lower extremity salvage rate [174] . Many different 

ree flaps have been used successfully for knee salvage, including 

ut not limited to the latissimus dorsi, gracilis, scapula, rectus ab- 

ominis, and fibula, with an overall high rate of flap survival and 

imb salvage [ 175 , 176 ]. However, the functional outcomes following 

ree tissue transfer for knee salvage described in recent literature 

re somewhat less promising in this typically complex patient co- 

ort and require further investigation [ 171 , 177 ]. 

oft tissue coverage of the ankle 

The distal leg and ankle is an area of tenuous blood supply 

hat makes healing following trauma or elective surgery more dif- 

cult. There has been some success in using skin grafts, Integra, 

s well as local flaps for coverage of these wounds, with popular 

ptions being the reverse sural flap, peroneus brevis flap, and pro- 

eller flaps [178–180] . However, there remains a role for free tissue 

ransfer in cases of large and complex defects as well as for robust 

nd reliable coverage of underlying hardware ( Fig. 4 ). A number 

f studies have highlighted the success of free tissue transfer for 

nkle coverage [181] . Cunningham et al examined 2065 patients 

ho underwent total ankle arthroplasty, and found that 1.4% of pa- 

ients required flap coverage, 68% of which were free flaps and 32% 
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f which were local flaps [182] . Risk factors for needing flap cov- 

rage include older age, higher comorbidity index, diabetes melli- 

us, and pulmonary disease. The most commonly used free flap in 

heir case series was the radial forearm flap. Functional outcomes 

ere promising, with 75% of flap patients presenting with a stable 

lantigrade foot at 1.5 years follow up. 

imb salvage following oncologic resection 

Large defects of the upper and lower extremity can occur fol- 

owing tumor extirpation, and often require free tissue transfer for 

uccessful reconstruction and limb salvage [ 183 , 184 ] A systematic 

eview by Lucattelli et al investigated the use of free flap recon- 

truction in 17 studies and 132 sarcoma patients [185] . They de- 

cribed a number of different free flaps used in the reconstruction 

f upper extremity sarcoma defects including the latissimus dorsi, 

astrocnemius, tensor fascia lata, anterolateral thigh, gracilis, rec- 

us abdominis, and superficial circumflex iliac perforator flap, and 

ound a near 100% flap success rate. Additionally, they found that 

ultimodal treatment with surgery, chemotherapy, and/or radia- 

ion was relatively common in this patient population. Specifically, 

f the patients who required radiation therapy, 57% received it as a 

eoadjuvant therapy, thereby making locally-based reconstruction 

ifficult and necessitating the import of healthy non-radiated tis- 

ue in the form of a free flap. Penna et al reported on a cohort of

3 patients who underwent free flap reconstruction following up- 

er and lower extremity soft tissue sarcoma resection and found 

 97% flap survival rate and 97% limb salvage rate [186] . An inves-

igation of soft tissue sarcoma patients who underwent free flap 

econstruction versus those who did not require free flap recon- 

truction revealed that the free flap group tended to have higher 

umor grades and have a history of neoadjuvant chemotherapy 

nd/or radiation [187] . The specifics of each reconstructive effort 

hould be tailored to the individual patient’s needs, and may in- 

lude skin, muscle, fascia, nerve, and/or blood vessels. For exam- 

le, Stranix et al described the transfer of functional composite 

high flaps which included fasciocutaneous tissue along with sen- 

ory nerve, plicated iliotibial band, and motorized vastus lateralis 

188] . Finally, it has been suggested that the option of free flap re-

onstruction may influence management of the primary tumor re- 

ection, allowing for adequate resection margins and decrease rates 

f local recurrence [ 187 , 189 ]. 

onclusion 

Microsurgery has and will continue to play an integral role in 

he advancement of orthopedic surgery. Specifically, microsurgical 

ools can be used to address many of the complex orthopaedic is- 

ues related to oncologic resection, infection, and trauma in both 

dults and children. Continued interdisciplinary collaboration must 

ontinue in order to advance both orthopaedic and microsurgery 

nd will result in better outcomes for all patients. 
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