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Introduction: Vascularized bone allotransplantation may provide new options for reconstruction

of segmental defects if problems of long-term immune modulation can be solved. The current liter-

ature lacks an orthotopic large animal model, limited to bone and without the confounding effects

of other tissue types, permitting a multifaceted evaluation before new methods are used clinically.

The purpose of this study was to develop a large animal model for vascularized bone

allotransplantation.

Materials and methods: Eight porcine hind limbs were dissected. Length, diameter, and location

of all hindlimb vessels were measured and a single nutrient vessel supplying the tibial diaphysis

identified enabling its use as a vascularized bone allotransplant. Four Yucatan minipigs were

divided into two pairs with a major swine leukocyte antigen mismatch. A 3.5 cm tibial segment

including its nutrient pedicle was raised simultaneously from each pig and transplanted into the

matched defect of the other animal. Microarterial anastomosis of the pedicle and 3-drug immuno-

suppression maintained VCA viability. Bone healing and limb function were followed for 16 weeks.

Results: A consistent tibia diaphyseal nutrient artery arose from the caudal tibial artery to enter

bone a mean 2.8 mm distal to the tibial tubercle with a pedicle length of 6.6 6 3.3 mm and diame-

ter of 1.6 6 0.2 mm. Using this pedicle, we reconstructed a 3.5 cm tibial defect with a vascularized

bone allotransplant in four animals. Immediate weightbearing as well as progressive bone healing

was demonstrated.

Conclusion: We have developed a vascularized tibial bone allotranplantation large-animal model

suitable for future bone-only allotranplantation research in mini-pigs.

1 | INTRODUCTION

Segmental loss of bone in the axial and appendicular skeleton results

from limb sparing tumor resection, trauma, infection and congenital

deficiency. Restoring limb function remains a major reconstructive chal-

lenge. Although cryopreserved allograft bone provides excellent initial

stability due to accurate size- and shape-matching, it remains largely

nonviable with frequent delayed or nonunion, infection and late stress

fracture. Vascularized bone autografts maintain osteocyte viability, ena-

bling the healing and remodeling responses lacking in nonviable allo-

grafts. They are generally poorly matched to defect size and shape

however, and therefore rely upon plates or nails for initial stability.

Failure of reconstruction by either method commonly results in ampu-

tation (Abudu, Carter, & Grimer, 1996; Damron et al., 1996; Ham et al.,

1998; Niimi et al., 2008; Khattak, Umer, Haroon ur, & Umar, 2006;

Tukiainen & Asko-Seljavaara, 1993). Vascularized bone allotransplanta-

tion may offer the best of both methods: replacing what is lost with

bone having both the morphology of the missing bone and resiliency of

living tissue.

Swine have proven to represent a favorable large animal model in

allotransplantation research. Vascularized composite allotransplant

(VCA) rejection response in the pig is similar to that in man (Kuo et al.,

2006; Ren et al., 2000; Ustuner et al., 2000; Villamaria, Rasmussen,

Spencer, Patel, & Davis, 2012). Blood types and swine leukocyte anti-

gen (SLA) histocompatibility haplotypes are well defined, allowing study

of the effects of minor and major SLA mismatch of allotransplants (Ho

et al., 2009, 2010). Similarity of hindlimb skeletal anatomy allows crea-

tion and reconstruction of segmental bone defects using the same
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methods used clinically. It is reasonable to expect that any method suc-

cessfully transplanting living allogeneic bone in this model would also

prove effective in clinical practice.

Differences in antigenicity between the various tissue components

of VCAs are well recognized (Lee et al., 1991). Understanding the prob-

lems and potential of vascularized allotransplantation requires a model

free of other allogeneic tissue. We have developed a swine model, per-

mitting orthotopic transplantation of vascularized tibial transplants into

matched segmental bone defects. A multifaceted evaluation including

limb function, bone material properties, immunology, and bone viabil-

ity/remodeling is possible, with an ultimate goal of application to clini-

cal practice.

2 | MATERIALS AND METHODS

The study was divided into two parts. A preliminary anatomy study

was performed to define the nutrient vessel anatomy of the porcine

tibia and develop a technique to transplant a tibial segment orthotopi-

cally with microvascular repair of the nutrient vessels. Subsequently,

four vascularized tibial bone allotransplantations were performed to

reconstruct segmental hind limb defects.

2.1 | Anatomic study

Eight porcine fresh cadaver hind limbs from four outbred pigs were dis-

sected to define the vascular anatomy of the lower hind limb and tibial

blood supply. Animals were a mean 3 months of age, and weighed

33.9 kg (range 32.4–35.5 kg). The femoral arteries were flushed with

saline and then injected with Ward’s red latex (Ward’s, Rochester, NY).

After curing overnight the lower hind limbs were dissected and vessel

topography relevant for vascularized tibial bone allotransplantation

defined. We identified a single tibial diaphyseal nutrient vessel and

recorded and measured its location, diameter and length. Adjacent hind

limb vessels usable for microsurgical anastomosis of the vascularized

tibial bone allotransplant were similarly studied.

2.2 | Vascularized bone allotransplantation

Four Yucatan mini pigs (Sinclair Research, Columbia MO) were used in

this project. All animal procedures were performed in accordance with

the Institutional Animal Care and Use Committee (IACUC). Animals were

of similar age andweight, and of identical blood type. Animals were paired

based upon preoperative DNA sequence haplotyping to ensure five to

ten class I and class II swine leucocyte antigen (SLA) mismatches.

2.3 | Vascularized tibial bone allotransplant harvest

On each surgical day, selected pairs were anesthetized simultaneously

on adjacent operating tables. Each animal served as a donor and subse-

quent recipient of a vascularized tibial bone allotransplant. Xylazine

(2 mg/kg) and Telazol (5 mg/kg) were used for induction, maintaining

anesthesia with Isoflurane (1–3%). The right hind limb of each pig was

prepped and draped in a sterile fashion. Two surgical teams worked

simultaneously on each of the paired pig hind limbs. An anterolateral

hind limb incision was made from the proximal tibia to the tibiotalar

joint. The anterior compartment musculature was reflected laterally

from the tibia to identify the interosseous membrane (IOM) and the

cranial tibial artery, lying on its anterior surface. The interosseous mem-

brane was divided from the tibial tubercle distally to visualize the tibial

diaphyseal nutrient artery which was found entering the bone on its

caudal lateral surface. A customized cutting jig with two slots placed

3.5 cm apart was positioned to raise a uniformly-sized tibial diaphyseal

segment. The proximal slot was positioned immediately distal to the

tibial tubercle to reliably include the nutrient foramen (Figure 1). The jig

enabled precise matching of the size and location of the vascularized

tibial bone allotransplant and resulting bone defect in each pair of pigs.

Once both osteotomies were made, rotation of the bone segment bet-

ter visualized the nutrient foramen and vessels on its posterior surface.

Extraperiosteal dissection of the remaining muscular attachments and

ligation/division of the vascular pedicle completed the harvest. Opera-

tive time for harvest ranged from 90 to 120 min.

2.4 | Orthotopic allotransplant reconstruction

In each animal, the tibial defect was reconstructed using the matched

allogeneic vascularized tibial bone segment from the other pig. With

FIGURE 1 Schematic drawing of the customized jig for accurate
bone cuts after fixation on the lateral side of the tibia

FIGURE 2 Intraoperative view after interposition of the donor
tibial bone segment into the recipient tibial defect. Presentation of
the 3.5 cm tibial bone segment (1) with its nutrient pedicle (2) from
the donor after interposition in the tibial defect (3 and 4) of the
recipient. The donor nutrient pedicle (2) was anastomosed to a
muscle branch of the anterior compartmental muscles of the
recipient (5)
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the bone interposed in the defect but not plated (Figure 2), the nutrient

artery was anastomosed to a prepared muscular recipient branch of

the lower leg under microscope magnification. Positioning in slight

external rotation facilitated the microsurgical repair. Using 10-0 nylon

microsutures (Ethicon, Somerville, NJ) the microarterial anastomosis

was performed end to end using 10–12 interrupted sutures. No venous

anastomosis was performed, instead allowing venous outflow through

the widely open medullary canal. Patency of the nutrient artery was

demonstrated at surgery by a milking test. Visible bleeding from the

endosteum in all cases verified tibial perfusion.

A 9-hole 3.5 mm locking compression plate (DePuy Synthes Vet,

West Chester, PA) was placed anteromedially with three bicortical

screws above and below the transplant, and additional unicortical

screws in the transplanted bone. Intraoperative radiographs confirmed

correct osteosynthesis and anatomic alignment of the reconstructed

tibia (Figure 3). The wound was closed in a layered fashion. A central

venous catheter was placed into the external jugular artery to enable

postoperative blood withdrawal and immunosuppressive drug

administration.

2.5 | Postoperative management

Animals were closely monitored for intake of fluids, food consumption,

weight, and activity level. The surgical site was inspected daily for evi-

dence of swelling, wound dehiscence or signs of infection.

During the first 14 days post-transplant the pigs received pro-

phylactic antibiotics, including a third-generation cephalosporin and

an aminoglycoside. Ceftiofur (Pfizer, New York, NY) was adminis-

tered at a dose of 5 mg/kg intramuscularly and Gentamicin (Spar-

hawk Laboratories, Lenexa, KS) at a dose of 3 mg/kg intravenously.

Serum creatinine levels were monitored to avoid aminoglycoside

nephrotoxicity. Tacrolimus (Sandoz, Princeton, NJ), mycophenolate

mofetil (MMF) (Sandoz, Princeton, NJ) and methylprednisolone

sodium succinate (Pfizer, NY, NY) were administered for two weeks

to ensure patency of the anastomosed nutrient tibial allograft pedi-

cle, inhibiting acute vessel thrombosis (Ohno, Pelzer, Larsen, Frie-

drich, & Bishop, 2007). Therapeutic trough levels of 5–15 ng/mL for

tacrolimus and 1–3.5 lg/mL for mycophenolate mofetil were main-

tained. Methylprednisolone was administered intravenously in a

dose of 500 mg and reduced gradually until a maintenance dose of

50 mg was obtained.

2.6 | Radiographic evaluation of bone healing

progression

Anteroposterior and lateral radiographs were taken at 2, 4, 6, 10, and

16 weeks. Periosteal bridging, callus remodeling and extent of union at

the proximal and distal graft junction site, and allotransplant integrity

was graded at each time point by two blinded observers, based on a

modified scale previously described (Giessler, Zobitz, Friedrich, &

Bishop, 2008; Taira, Moreno, Ripalda, & Forriol, 2004).

2.7 | Gait and weight bearing analysis

In the 16th postoperative week the gait was analyzed by video record-

ing and dynamic force plate analysis was performed in two pigs. Maxi-

mum forces and the force profile were analyzed. Load bearing on left

or right limbs were recorded. For each test sequence a minimum of six

good data sets for each limb was recorded.

2.8 | Statistical analysis

To define the bone healing process a nonlinear regression model was

used. The value R2 was used to define the fit of the model to the data.

Results in this manuscript are expressed as the median and interquartile

range (IQR) and as means with the standard deviation (SD). Data in this

manuscript were analyzed using GraphPadPrism
TM

Version 5.0 (Graph-

pad software, La Jolla, CA USA).

3 | RESULTS

3.1 | Anatomic study

The blood supply of the lower hind limb was provided by the superficial

femoral artery and its saphenous and popliteal artery branches

(Figures 4 and 5). The saphenous artery and venae comitantes arose

proximal to the stifle (knee), dividing into branches that supplied much

FIGURE 3 Reconstruction of the tibia with a tibial VCA after
plate osteosynthesis. Intraoperative X-ray picture of the recon-
structed tibia at actual size. Correct plate position and anatomic
tibial alignment could be demonstrated
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of the hindlimb, including the dorsal and plantar digital arteries. The

popliteal artery passed from posterior (caudal) to anterior (cranial)

through the interosseous membrane (IOM) of the leg just below the sti-

fle to become the cranial tibial artery. Accompanied by two venae

comitantes, it immediately provided several large branches to anterior

compartmental muscles, similar in diameter to the nutrient artery. At

the level of the tibial tubercle a small branch of the cranial tibial artery

perforated the IOM to run on its caudal surface (Chiodo et al., 2000).

This caudal tibial artery immediately provided a consistent tibial nutri-

ent artery directed distally, supplying the diaphysis through a nutrient

foramen. The foramen was located on its posterior-lateral surface a

mean 2.8 mm (1.8–4.3 mm) distal to the tibial tubercle and 5.2 cm

(4.2–6.4 cm) distal to the tibial plateau. The nutrient artery proper was

a very short branch from the caudal tibial vessel (2.7 6 0.6 mm). Inclu-

sion of the caudal tibial artery increased pedicle length to a mean of

6.6 6 3.3 mm, making microvascular surgical repair possible. The cau-

dal tibial artery had a mean diameter of 1.6 6 0.2 mm. Inclusion of the

parent cranial tibial vessels allowed a much longer and larger pedicle

with a length of 5.2 6 0.6 cm with a mean artery diameter of

2.1 6 0.4 mm (Table 1). We found it possible to harvest a vascularized

tibial segment 3.5 cm in length including its caudal tibial vessel nutrient

blood supply when the proximal osteotomy was made immediately dis-

tal to the tibial tubercle that permitted rigid fixation with a 9-hole

3.5 mm locked plate spanning the defect.

3.2 | Vascularized bone allotransplantation study

Stable internal plate fixation, excellent limb alignment and bone apposi-

tion allowed free mobilization and weight bearing on the first

FIGURE 4 Schematic drawing of the porcine vascular hind limb

anatomy. View from the lateral side. Two arteries originate from
the superficial femoral artery (1) to supply the hind limb: the
saphenous artery (2), and the popliteal artery (7). The saphenous
artery divides into a ventral (5) and a dorsal branch (9), lies
superficially and gives rise to the common digital arteries of the
foot. The superior medial genicular artery branches from the
popliteal artery proximally (3) also providing numerous small muscle
branches to the anterior compartmental muscles. The popliteal
artery divides into the dominant cranial tibial artery (6) and a
smaller caudal tibial vessel (8 and 10) just below the knee joint.
The nutrient blood supply to the tibia arose from the caudal tibial
vessel shortly after its formation (4). Its nutrient foramen lies on
the posteromedial surface of the tibia

TABLE 1 Diametric and length measurements of the porcine lower
hindlimb arteries

Artery Length Diameter

Nutrient artery 2.7 6 0.6 mm 1.2 6 0.1 mm

Nutrient artery 1 CDTAa 6.6 6 3.3 mm 1.6 6 0.2 mma

Nutrient
artery 1 CDTA 1
proximal CTAb

Muscular branches

5.2 6 0.6 cm
NAc

2.1 6 0.4 mmb

1.1 6 0.1 mm

Values are means with the standard deviation (SD).
aCDTA, caudal tibial artery.
bCTA, cranial tibial artery.
cNA, not acquired.

FIGURE 5 Porcine hindlimb vasculature. View from the medial
side of the tibia. Depicted is a representative picture of the lower
hindlimb porcine vasculature after injection with Ward’s red latex.
Below the knee joint the popliteal artery divided into the cranial

tibial artery (1), which gave rise to the caudal tibial artery (2) with
its nutrient tibial bone vessel (3), and continuation (4) to the
malleolus medialis. The dominant pedicle of the cranial tibial artery
(1) continued more medially (5)
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postoperative day. Preservation of the saphenous vessels ensured that

all pigs maintained adequate perfusion of the hind limb, without any

tissue necrosis and with rapid wound healing in the follow up period of

16 weeks. No wound infections occurred. Pigs showed no signs of dis-

tress or excessive pain and gained weight after the tibial VCA proce-

dure (from a mean 62.3 6 8.4 to 82.0 6 3.0 kg over the survival

period). Serial X-rays confirmed stable internal fixation. Progressive

bone healing was observed over time in all pigs during the study period

(Figures 6 and 7).

All pigs walked without an antalgic gait. Weight bearing was con-

firmed by force plate analysis in two animals, with comparable mean

loads on the operated (230 6 20 N) versus the nonoperated limb

(1756 35 N).

4 | DISCUSSION

Size- and shape-matched vascularized bone allotransplants combine

the morphologic advantages of a matched cryopreserved structural

allograft with the remodeling potential of living bone. While VCAs of

different tissue components have been successfully employed in hand

and face allotransplantation, clinical experience with vascularized bone

allotransplants is limited (Agaoglu, Unal, & Siemionow, 2005; Diefen-

beck, Nerlich, Schneeberger, Wagner, & Hofmann, 2011; Doi, Kawai, &

Shigetomi, 1996). The few clinical cases reported reconstructed either

a segment of the femur (n 5 4) or an entire knee joint (n 5 5) (Doi

et al., 1996; Hofmann et al., 1998; Hofmann, Kirschner, Buhren, &

Land, 1995; Hofmann, Kirschner, Wagner, Land, & Buhren, 1997). All of

these cases used continual drug immunosuppression and all but one

failed due infection or necrosis upon cessation of immunosuppression.

The one exception was mother-to-child fibula transplantation for con-

genital tibial pseudarthrosis reconstruction (Doi et al., 1996). The need

for long-term immune modulation has been a major barrier to clinical

use of bone-only VCAs. Others include the high cost of life-long drug

immunotherapy, as well as risks of drug-related organ toxicity, oppor-

tunistic infection and neoplasm. These issues make vascularized bone

allotransplantation practically and ethically problematic in many nonlife-

threatening applications (Euvrard & Butnaru, 2004; Miller, 2002).

The means to successfully maintain viability of vascularized bone

allotransplants without continual drug immunotherapy is an area ripe

for experimental study. Indeed, small animal models have tested short-

term immunosuppressive regimens and tolerance induction strategies

(Suzuki et al., 2000; Tai et al., 2003) as well as a novel method using

surgical angiogenesis (Kremer et al., 2013; Larsen, Pelzer, Friedrich,

Wood, & Bishop, 2011) for this purpose. Differences between rodents

and man in terms of anatomy, bone metabolism and immune response

require caution in considering direct translation of these findings into

clinical practice.

The mini-pig is arguably the best experimental VCA model for

translational study of methods showing promise in the laboratory rat.

Adult mini-pigs are of similar size to man, and have bone of similar size

and shape. Reconstruction of tibial bone defects in this model uses

identical surgical techniques and implants as in clinical practice. Porcine

bone physiology is also similar to that of man (Laiblin & Jaeschke,

1979). Porcine blood type and SLA haplotypes are known, and permit

rigorous evaluation of transplant immunology. Whole limb transplanta-

tion and other composite tissues have been studied in swine (Kuo

et al., 2006; Ren et al., 2000; Ustuner et al., 2000). Lee et al. (1991)

demonstrated that various VCA tissue components vary in their effect

on cellular and humoral immune response timing and intensity.

FIGURE 6 Reconstruction of the porcine tibial diaphysis with a
tibial VCA and plate osteosynthesis. Representative X ray picture
of the reconstructed tibia at actual size at 16 weeks postoperative.
Maintenance of the stable internal plate fixation and limb
alignment could be demonstrated. Callus formation and periosteal
bridging were detected at the host/allotransplant junctions

FIGURE 7 Nonlinear regression model of the bone healing
progression over the study period of 16 weeks (R2 5 0.815). The
median and interquartile range is depicted. The bone healing score
was assessed using a modified scoring system based on
anterioposterior and lateral radiographs with a maximum score of
25 (Giessler et al., 2008; Taira et al., 2004). Over the period of
16 weeks a continuous increase of the bone healing score could be
demonstrated
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Therefore, new therapeutic strategies, tested in whole limb or VCA

models may not be applicable to bone-only allotransplants. Chiodo et al.

recently described the anatomy of a vascularized fibula bonemodel, also

in the pig, supplied by a branch of the cranial tibial artery (Chiodo, Forr-

est, Pang, Neligan, & Boyd, 1996; Chiodo et al., 2000; Gur et al., 1999).

Our model, unlike a fibular model, permits study of major limb segmental

bone loss and reconstruction in a clinically applicable fashion matching a

large bone defect with size- and shape-matched living allotransplanted

bone. The cross-sectional area of the tibia is large enough to reconstruct

segmental defects in the humerus, tibia, and femur. The clinical feasibil-

ity of vascularized tibial bone flap transfer has been demonstrated previ-

ously. Fealy, Most, Struck, Simms, and Hui (1996) treated a femoral

pseudarthrosis with associated knee arthrofibrosis and limb functional

loss with an autogenous pedicled vascularized tibial bone segment.

However, the use of autogenous tibial bone segments is restricted to

selected cases. Allogeneic vascularized tibial bone segments (vascular-

ized bone allotransplants) offer the advantage of unlimited supply if an

alternative for long-term immunosuppression is to be found.

The swine tibia is readily accessible surgically, without the large

surrounding muscle mass of the femur. We have analyzed the vascular

supply of the porcine tibia in detail and found the tibial diaphysis to

have a consistent single nutrient pedicle arising from the caudal tibial

artery immediately distal to the tibial tubercle permitting microsurgical

transplantation of the diaphysis. Our model simulates clinical bone

VCA use, orthotopically transplanting the tibia into a matched defect in

a recipient defect with microvascular repair and rigid internal fixation.

The technique permits reconstruction of segmental bone loss with

immediate stability. Wound healing occured without problem, and limb

perfusion was maintained through the saphenous and cranial tibial vas-

cular system.

The location of the foramen of the nutrient tibial artery is compa-

rable both in swine and man, lying on the posterior-lateral surface distal

to the tibial tubercle in the upper third of the tibial diaphysis (Hallock,

Anous, & Sheridan, 1993). However, while in man anatomic variations

of the origin of the nutrient pedicle have been described, the endosteal

blood supply of the tibia is consistent in swine. Arterial nutrient pedicle

diameter and length were sufficient for microsurgical tibial transfer as a

vascularized allotransplant. Venous anastomosis was not performed

since others have provided both clinical and experimental evidence

demonstrating fibula and other bone flaps to survive by outflow

through the medullary canal (Kamei et al., 2001; Tanaka et al., 1998).

Tools for the study of transplant rejection, chimerism, biome-

chanics, histomorphometry and weight-bearing function are readily

available in swine, but have not been used in this study. The described

vascularized bone allotransplantation model may serve as basis to test

different therapeutic approaches to obviate the need of long-term

immune modulation (Kotsougiani et al., 2017; Leonard et al., 2014).

Ideally, continuous monitoring of acute rejection responses and

nutrient artery patency is desirable. In limb transplantation, skin is an

ideal ‘window’ for this purpose. Elevation of such an osteocutaneous

flap fails to exclude tissues other than bone. In future studies, an

implantable Doppler probe may permit monitoring of nutrient pedicle

patency (Chang et al., 2016).

5 | CONCLUSION

We have delineated the vascular anatomy of the lower hind limb of the

pig and used this information to develop a bone-only VCA model suita-

ble for study of orthotopic structural bone allotransplantation in Yuca-

tan mini pigs. We have demonstrated the tibia to have a consistent

anatomy, and used this information to develop a reliable surgical meth-

odology for study of segmental bone loss and VCA reconstruction in a

swine model already well characterized and extensively used for allo-

transplantation research.
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