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The human tibia is the most frequently broken long bone, often 
with significant bone loss.4 Segmental tibial defects can occur as a 
result of large tumor removal, trauma such as motor vehicle acci-
dents, and more recently, blast injuries as seen with the escalating 
number of global conflicts. Treatment of these large bone and sur-
rounding soft tissue defects is an ongoing, costly, and challenging 
clinical problem; no surgical technique has currently achieved 
preeminence.4 The general consensus on factors that affect heal-
ing include concomitant disease, age, and degree of trauma.5 
When the first 2 factors, which are patient-related, are removed 
from the equation, healing is influenced by the size, anatomic lo-
cation, and soft-tissue coverage of the defect. The ability to study 
these situations in a well-controlled, robust, and reproducible pre-
clinical model would be advantageous to help establish effective 
surgical techniques and evaluate implants and materials.

A literature review revealed that many ovine mod-
els for bone defects have been used, but all have limitatio
ns6,12,14,15,20,21,24,25,27,31,37,39,40 (Figure 1). Variations in protocols, such 
as age of the animals, size of the defect, and the bone and stabi-
lization techniques used, limit meaningful comparison between 
studies.33,34 Although some studies have investigated material 
performance in the healing of defects, they did not rigorously 
quantify control defects,17,20 and others used no controls at all.39 
There is often no explanation regarding the use of a particular 
defect size, leading to the question of whether the defect size was 

critical.24 The choice of bone used has been also varied; the femur,15 
tibia,37 and metatarsus40 have all been studied. A noncritical-size 
defect implies that healing would eventually occur without the 
presence of any graft materials. One study,12 for example, used a 
3-cm defect at an average of 1.8 times the diameter of the tibias in 
question and found that empty controls achieved as much as 26% 
of the stiffness of an intact tibia after 12 wk. Stabilization methods 
include plating,21,40 external fixtures,20 intramedullary nails,6,16 and 
a combination of intramedullary nails and plating.37

The criteria used in the present study for a critical-size segmen-
tal tibial defect model were based on the following factors. The 
ovine tibia closely resembles that of the human tibia in terms of 
size, shape, and physical properties and is commonly used when 
studying human orthopedic diseases.26,34 Intramedullary nailing 
has become the most commonly used method of tibial fracture fixa-
tion in human orthopedic surgery.8,22 An 8-mm intramedullary nail 
is commonly used in the treatment of human fractures, further con-
firming the size similarity between the ovine and human tibiae.19

The aim of this study was to establish and characterize a pre-
clinical ovine 5-cm osteoperiosteal critical-size tibial segmental 
defect model in mature sheep. The endpoints included those 
commonly used clinically, such as radiography and microCT. 
Histology to investigate the degree of healing and immunohis-
tochemistry to characterize the healing process were included to 
complete the evaluation process.

Materials and Methods
Ethics approval was gained from the Animal Care and Ethics 

Committee of the University of New South Wales. Adult cross-
bred ewes (n = 12; age, 5 to 6 y; weight, 55 ± 5 kg) were divided 
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(5 mg/kg; Zoletil, Virbac Animal Health, Sydney, Australia) and 
gaseous anesthetic mask induction with isoflurane (Abbott, Syd-
ney, Australia), an 8-mm endotracheal tube was placed and the 
cuff inflated. Anesthesia was maintained with isoflurane. The 
left hindlimb was clipped and aseptically prepared for surgery. 
An 18-gauge intravenous catheter was placed in the left cephalic 
vein, and a 1-L bag of Hartman solution was attached and infused 
at a rate of 1.5 times maintenance. Long-acting oxytetracycline  
(10 mg/kg IM; Troy Ilium, Sydney, Australia) carprofen (2 mg/kg IV; 

into pairs and acclimated in their respective stalls (6 m2) for 1 wk 
prior to surgery. They were maintained on a diet of lucerne hay, 
chaff, and water ad libitum.

Each sheep was given preemptive analgesia 72 h prior to sur-
gery by using a transdermal fentanyl (100 µg) patch (Duroge-
sic, Janssen, Sydney, Australia). Twelve hours prior to surgery, 
all food was removed from the stalls. On the day of surgery, the 
fentanyl patch was replaced to provide another 72 h of analge-
sia postoperatively.1,2 After sedation with tiletamine–zolazepam  

Figure 1. A limited summary of the many studies where a segmental tibial has been used with their references.
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was provided. There was no need for harnessing or any other 
form of weight support; all sheep were euthanized at 12 wk.

Limb usage was monitored and evaluated daily as an assess-
ment of pain. The following classification system was devised for 
use in this study: 5, nonweightbearing; 4, occasional placement 
of leg; 3, use of leg when walking but not when standing still; 
2, nearly fully weightbearing when walking and resting on the 
leg when still; 1, normal weightbearing. All observations were 
recorded on each animal’s daily postoperative monitoring sheet.

At the time of euthanasia all tibias were harvested, and Fax-
itron radiographs (Faxitron Tucson, AZ) in the lateral and an-
teroposterior planes were taken by using digital plates (Agfa, 
Scoresby, Victoria, Australia) and with the intramedullary nail 
in situ. The radiographs were graded according to the amount 
of callus tissue bridging the defect site in a blinded fashion by 
2 independent observers who used the following scale: grade 1, 
0% to 25%; grade 2, 25% to 50%; grade 3, 50% to 75%; and grade 
4, 75% to 100%. The distance across each defect was measured 
to check the integrity of the defect gap after 12 wk, and the bony 
callus was measured at its longest distance from osteotomy site to 
the middle of the defect from both the proximal and distal ends of 
the defect by using the radiographic images and Image J software 
(version 1.44, NIH, Bethesda, MD).

The intramedullary nails were removed from each tibia by re-
moving the cross-locking bolts prior to cutting the tibia just be-
low the tibial plateau. To avoid beam artifact during the microCT 
scanning,7 the nail was removed carefully so as not to disturb any 
callus at the defect site. Four-bed microCT scans (Inveon Siemens, 
Erlangen, Germany) to include the whole tibia were performed 
at 80 kV, 500 µA, with a resolution (pixel size) of 54 µm. The data 
were imported into Mimics software (Materialise, Leuven, Bel-
gium) for analysis. All images were thresholded to remove any 
soft tissue and cartilage, leaving only bone. The thresholding was 
performed visually based on the removal of the existing soft-tis-
sue densities present on the tibia at the time of scanning; consis-
tent grayscale values were used. 3D images were constructed and 
sectioned to isolate the defect site. The volume of bony tissue fill-
ing the defect site was calculated from the 3D models produced 
by using Mimics software.

Rimadyl, Pfizer, Sydney, Australia), and cephalexin (20 mg/kg IV; 
Virbac Animal Health) were provided.

Each sheep was placed in dorsal recumbency, and a cranio-
medial approach to the tibia was used. The midshaft of the left 
tibia was exposed and identified as a point 20 mm from where 
the ridge of the tibial crest flattens and meets the tibial diaphysis 
(Figure 2). Measuring 25 mm proximal and distal to this point, 
a 50-mm section of the diaphysis and its associated periosteum 
was removed by using a saline-cooled oscillating saw (Microaire, 
Zimmer, Sydney, Australia). The size of each medullary cavity 
encountered was such that only 0.5 to 1 mm of reaming was re-
quired to reach the desired 8-mm medullary cavity diameter. The 
tibia was stabilized and returned to its original length and orien-
tation by using an stainless steel intramedullary nail (diameter, 8 
mm; length, 185 mm) and 2 proximal and 2 distal 4.5-mm cross-
locking bolts (Innovative Animal Products, Rochester, MN). At 
the time of nail locking, the piece of bone that was removed was 
split in half longitudinally and placed across the defect to main-
tain the correct spacing (Figure 3). The defect was left empty, and 
the surrounding tissues closed in their respective layers. Postop-
erative radiographs were taken immediately.

The sheep were returned to their stalls and monitored by a 
veterinarian for pain every 12 h during the 72-h period postop-
eratively. Criteria used included degree of lameness, appetite, 
and general overall demeanor of each animal. After the acute 
postoperative period, the sheep were monitored every 12 h by 
the animal technicians, who observed the sheep’s appetite and 
demeanor. Postoperative husbandry was kept simple, free move-
ment was allowed, the sheep were kept in pairs for socialization, 
visual contact across the pens was maintained, and nonslip bedding 

Figure 2. Marking of the tibia intraoperatively before the 5-cm oste-
otomy. The arrow indicates the point where the tibial crest meets the 
diaphysis.

Figure 3. After the osteotomy, the bone segment (asterisk) is held in 
place to maintain gap length while the distal segment is being drilled 
for the cross-locking bolts.

Figure 4. Anteroposterior Faxitron radiographs at 12 wk and their cor-
responding 3D models extracted from the microCT data demonstrate 
the incomplete bridging of the defects. Due to cropping, not all the ra-
diographs are to scale; the reference point is that every nail is 8 mm in 
diameter.
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Results
During the immediate postoperative period, all sheep appeared 

comfortable, stood and sat with relative ease, and had normal appe-
tite, indicating the effectiveness of the fentanyl patches. No addition-
al analgesia was required. All soft-tissue wounds healed, well and no 
additional antibiotics were required. Across all sheep, weightbearing 
immediately postoperatively was evaluated as grade 3, according 
to the aforementioned scale. All sheep achieved a grade 2 ambula-
tion score by week 3. On the 21st postoperative day, one sheep was 
discovered to be unwilling to stand, and additional investigation 
revealed a fracture below the defect site. The sheep was euthanized, 
the tibia was radiographed, and gross dissection showed that the 
problem was due to failure of the intramedullary nail at the proximal 
hole of the 2 distal cross-locking bolts.

The remaining 11 sheep remained on study until the intended 
12-wk time point. Of these 11 sheep, 3 showed slight reduction 
in limb usage during the final 3 wk of the study, such that their 
lameness scores were 2 or 3 instead of 2. Clinical examination 
revealed minor instability, with no loss of integrity of the overall 
nail–tibia construct and no associated pain.

At the time of tissue harvest, 1 sheep (no. 2260) had a mild in-
fection at the proximal locking bolts (Figure 4). At no stage did 
this animal show signs of lethargy or inappetence, and its skin 
and the surrounding tissues showed no premortem evidence of 
infection.

Plain-film radiographs and microCT showed the initiation of a 
callus reaction at all cut bony edges, indicating that all defects had 
some initial attempt at healing (Figure 4). All cases showed failure 
of union between the 2 healing ends of the bone, as demonstrated 
by the lack of any significant hard tissue in the defect region; only 
a fibrous union was present. According to the aforementioned 
grading scale, 9 tibias were classed as grade 1 (0% to 25%) rela-
tive to the amount of callus forming across the gap, 1 was grade 2 
(25% to 50%), and 1 was a grade 4 (75% to 100%). The defect sizes, 
as measured at 12 wk, ranged from 44 to 50 mm in length (mean ± 
1 SD, 47.8 ± 1.9 mm). The absolute distances across the defect site 
produced a span of 24.7 ± 10.3 mm. This value excludes the tibia 
in which bridging was almost complete, because the gap could 
not be measured from the radiograph. Four tibias (sheep 2207, 
2210, 2260, and 2261) had loosening of a cross-locking bolt at the 

The tibias were decalcified in 10% formic acid in PBS. The 
bones were cut through the middle of the defect in 2 planes, one 
parallel to the long axis of the tibia to produce coronal sections, 
and the other perpendicular to it, giving proximal and distal sec-
tions. The tissues were processed for paraffin histology, and 4 × 
5-µm sections were cut from each block by using a microtome 
(Leica MicroSystems, Wetzlar, Germany). Sections were stained 
with Harris hemtoxylin and eosin for cellular staining and iden-
tification and modified tetrachrome for tissue differentiation of 
osteoid, mature lamellar bone, woven bone, mineralization of 
front cartilage, and calcified cartilage.32 Cellular type and posi-
tion within the healing tissues were assessed for each slide from 6 
high-power fields (magnification, 400×) viewed at 3 points within 
the callus: close to the osteotomy and the middle and distal areas.

Standard immunohistochemical procedures were performed on 
all 5-µm paraffin sections for expression of cathepsin K (CATK), 
ALP, bone morphogenic protein (BMP2), vascular endothelial 
growth factor (VEGF), TGFβ, and IL6.42 After deparaffinization, 
heat-based antigen recovery was performed on the tissues by us-
ing a citrate-based solution (DAKO, Glostrup, Denmark) at 100 
°C for 30 min. Endogenous peroxidase was quenched in 0.3% hy-
drogen peroxide in 50% methanol for 10 min followed by a rinse 
in 0.01% Tween 20 in PBS. Primary mouse monoclonal antibod-
ies against CATK (0.1µg/mL; Santa Cruz Biotechnology, Dallas, 
TX), ALP (0.5 µg/mL; Santa Cruz Biotechnology), BMP2 (2 µg/
mL; Santa Cruz Biotechnology), VEGF (5 µg/mL; Santa Cruz Bio-
technology), and IL6 (2 µg/mL; Santa Cruz Biotechnology) were 
used, with nonimmunized mouse IgG (5 µg/mL, Dako) as a neg-
ative control. Primary rabbit monoclonal antibodies against TGFβ 
(4 µg/mL; Santa Cruz Biotechnology) were used with nonimmu-
nized rabbit IgG (4µg/mL; Dako) as a negative control The slides 
were incubated overnight at 4 °C, washed with Tween 20 in PBS, 
and incubated with HRP-labeled polymer (antimouse K4001, 
Dako Cytomation, Carpinteria, CA) for 1 h. After the slides were 
washed with Tween 20 in PBS, a substrate–chromogen system 
(catalog no. K24668, liquid diaminobenzidine, Dako) was applied 
for 30 min. The reaction was stopped by rinsing in PBS, slides 
were counterstained by using Harris hematoxylin, and coverslips 
were mounted. Each slide was analyzed under light microscopy 
for protein expression.

Figure 5. (A) Callus growth at the osteotomy. Magnification, 40×. (B) A magnified view from inside the square, showing osteoblasts and osteoclasts 
around the site of the osteotomy where the callus is docking with the cortical bone and where remodeling has begun. Magnification, 200×.
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Histologic evaluation of the defect site reflected an active heal-
ing process at 12 wk (Figure 5). Hematoxylin and eosin staining 
revealed the presence of osteoclasts and osteoblasts close to the 
osteotomy site, confirming active bone remodeling after callus 
initiation. Further into the callus, osteoblasts were present on 
the surfaces of the newly formed bone, and few osteoclasts were 
found, indicating an anabolic process with little remodeling. Non-
union was still evident at the extremities of all calluses (Figure 6).

Strong staining for ALP was seen at all bone edges within and 
around the advancing callus, demonstrating osteoblastic activity 
(Figure 7 A). Weak CATK staining occurred in the areas of the 
initial callus adjacent to the osteotomy site (Figure 7 B), confirm-
ing the presence of osteoclastic activity where remodeling would 
be expected to begin. No cellular staining for CATK is visible 
at the edges of the newly formed advancing callus (Figure 7 B). 

time of harvest, as noted on radiographs (Figure 4). These sheep 
were the same ones that showed a decrease in leg usage during 
the last 3 wk of the study.

MicroCT further confirmed the radiographic findings and pro-
vided the added benefit of volumetric analysis (Figure 4). Given 
an external diameter of 22 mm and an internal diameter of 8 mm 
(as reamed during surgery), the amount of bone that is needed 
to fill a 50-mm defect is 16.5 cm3. The volume of bone that grew 
across the gap in the 11 sheep was 2.55 ± 2.54 cm3. The grade 4 
tibia had 9.76 cm3 of bone bridging the defect and thus caused 
the relatively large SD. Omitting this tibia from the calculations 
led to a volume of 1.83 ± 0.94 cm3 of bone that grew across the 
gap. In all cases, the bone originated from the osteotomy site both 
proximally and distally; there appeared to be no spontaneous 
intramembranous bone formation in the middle of the callus.

Figure 6. A composite image generated from multiple slide shots of a slide section across the defect that shows the nonunion. C, cortex; F, fibrous tissue; 
NB, new bone growth. Magnification, 12.5×.
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bone.29 Many previous studies only mention the use of adult or 
skeletally mature sheep; this wording merely indicates an animal 
older than 18 mo, and the bone is still lamellar and thus more  
rapidly growing in these younger sheep.12,20,21 In addition, com-
pared with mature adults, younger sheep have a greater healing 
capacity, one more closely related to that of the adolescent skel-
eton than the adult skeleton in humans.26 An expected time to 
union of a simple fracture in sheep is 10 to 14 wk;28 accordingly a 
12-wk endpoint was chosen to harvest the tissues for examination 
of the healing response.

BMP2, VEGF, and TGF-β were all found within the callus tissues. 
BMP2 and VEGF (Figure 8 A and B) were closely associated with 
the osteoblasts present in the callus. Their signals however were 
weak and not present on every osteoblast. TG-β was found in the 
fibrous tissues as far as 1 mm away from the cells that stained for 
BMP2 and VEGF within the callus (Figure 9). Staining for IL6 was 
negative in all slides (Table 1).

Discussion
The establishment of a standardized, preclinical, critical-size 

segmental defect model in a large animal will assist in the de-
velopment and improvement of treatment modalities for cases 
of critical bone loss, To date, it has been difficult to achieve such 
a model.23 Many factors play a role in such model development, 
including the choice of species, sex, age, anatomic location, and 
choice of fixation method.

According to the breed of sheep we used in our study (first-
generation merino crossbreds), the ovine tibia has an average 
midshaft diameter of 22 mm. Research has shown that for a de-
fect to be critically sized, its length must exceed 2 to 2.5 times 
the diameter of the bone in question.12,34 From this, a 50-mm de-
fect was deemed an appropriate size. Ewes older than 5 y were 
chosen to better represent a skeletally mature adult, with bone 
changing from lamellar to Haversian in structure from 4 y of age 
onward and therefore more closely resembling that of human 

Figure 7. Immunohistochemistry of the slide section shown in figure 6. (A) Alkaline phosphatase stain. (B) CAT-K stain. See Table 1. C, cortex; F, fibrous 
tissue; NB, new bone growth. Magnification, 20× . 

Figure 8. Weak to mild expression of (A) BMP2 and (B) VEGF at an advancing edge within a callus at 12 wk. See Table 1. NB, new bone; F, fibrous tis-
sue. Magnification, 100×. 

Figure 9. Strong TGFβ expression advancing into the surrounding fi-
brous tissue at 12 wk. Magnification, 40×.
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although the healing response was not exhausted, the nature and 
size of the defect exceeded the body’s natural healing capacity 
at the given postoperative time point. The role of TGFβ within 
tissues is dependent on the surrounding environment.41 In this 
series of animals, the presence of TGFβ appears to be as a primer 
of tissue differentiation prior to the influx of tissue factors such 
as BMP2 and VEGF.35 Catabolic processes were investigated by 
staining for CATK and IL6. CATK is a cysteine protease released 
from osteocytes that are cleaving collagen and degrading bone 
matrix and is critical in bone resorption and remodeling.38 The 
weak CATK staining in the callus adjacent the osteotomy sites 
indicates that despite delayed healing and lack of mechanical 
stimulation, callus remodeling was occurring. The negative IL6 
staining was useful in confirming that chronic inflammation was 
not present across the defect site.

Segmental tibial defects of 30 mm in sheep have been reported 
where the empty defects were bridged by tissues that provided 
some inherent stability to the tibia.12 Mechanical testing of the 
empty defects showed as much as 26% of the torsional stiffness 
of an intact tibia at 12 wk postoperatively, indicating probable 
progression to union; therefore the defects cannot be classified 
as critically sized.6,13 A study involving a 50-mm tibial defect did 
not mention the age of the sheep, only stating that they were 
skeletally mature.31 Skeletal maturity can occur as young as 18 
mo and therefore does not allow for the slow conversion from 
lamellar to Haversian bone and the reduced healing capacity of 
the older animal. Furthermore a less challenging healing environ-
ment was established by not removing the periosteum at the time 
of surgery, leading to increased bone regrowth capacity.31 In an-
other study, 48-mm tibial defect was created, but the surgery was 
performed on young 2-y-old sheep, no controls were used, and 
some periosteum was left as a source of healing cells.27 Although 
the femur can be a good candidate for a critical-size defect model, 
its surrounding muscle makes the surgical approach more de-
manding than that for the tibia.15 In addition, the muscle reduces 
the severity of the healing conditions in the femur by providing 
good soft-tissue coverage, collateral blood supply, and a possible 
source of muscle-derived stem cells,30 when compared with the 
relative lack of soft tissue coverage in the tibia.

A single time point, 12 wk, was used in the current study. Although 
additional time points and animals would have been advantageous, 
considering the status of the defects as indicated by radiographic and 
histology parameters, union at later points was possible, although 
unlikely. The aim of the present study was to characterize the heal-

The choice of fracture fixation method is influenced by the na-
ture of the injury as well as load-bearing considerations. Intra-
medullary nailing was chosen in the current study because it has 
become the fixation method of choice for diaphyseal fractures of 
long bones in humans.36 Intramedullary nailing is a mechanically 
superior fixation method when compared with plating in load-
bearing bones such as the tibia.3,9 The implant lies in the plane of 
axial loading, producing a more efficiently placed area moment 
of inertia when compared with that of an eccentrically placed 
plate. Greater implant bone contact surface area also reduces the 
stress points on the bone when compared with the smaller con-
tact area associated with plating.10 The eccentric placement of 
plates relative to the axial forces requires the plates to be stiffer 
to resist weight-bearing forces, therefore they are associated with 
stress shielding of the fracture site and can place pressure on the 
periosteum, compromising blood supply. In one study,33 plate 
failure was noted associated with a 3-cm defect in sheep, thus 
demonstrating a potential limitation of such devices. In addition, 
the presence of an intramedullary nail at the defect reduces the 
amount of graft material required; the nail acts as space filler, 
serves as a potential guide for tissue growth, and provides for 
the formation of a medullary cavity during the healing process. 
Intramedullary nailing can be performed in a closed fashion.

The results presented here indicate that despite one sheep 
achieving bone filling of 9.76 cm3 across the defect site, radiog-
raphy, microCT, and histology all confirmed that none of the 11 
sheep evaluated at the 12-wk point achieved union of a critical-
size tibial defect. The dramatic healing response of the remain-
ing sheep highlights the variability that can occur in live animal 
models. The benefit of using microCT in conjunction with radi-
ography is that microCT more accurately assesses not only the 
amount of bone bridging the defect but also the quality of bone 
growth. Although not available clinically, histology and immu-
nohistochemistry provided useful insight regarding the bone’s 
healing response and its progress.

Histology allowed for the identification of tissue types present 
in the callus, confirming the delayed unions seen in the imaging. 
Immunohistochemistry was useful in confirming the continued 
anabolic nature of the distal callus at its advancing edge. The 
presence of ALP at the advancing edges of the callus is indica-
tive of an active mineralization process at the callus margins.18 
This feature in combination with weak and sporadic BMP2 and 
VEGF staining, which work synergistically in endothelial cell and 
osteoblast maturation and metabolism,11 combine to indicate that 

Table 1. Staining intensity of the immunohistochemical factors tested (no staining to strong staining, – to +++)

Animal ALP CATK BMP2 VEGF TGFβ IL6

2207 +++ + + ++ ++ —
2208 +++ ++ ++ ++ +++ —
2209 +++ + ++ ++ +++ —
2210 +++ + +++ +++ +++ —
2211 +++ + ++ ++ +++ —
2259 +++ + + ++ ++ —
2260 +++ ++ + ++ +++ —
2261 +++ + + ++ ++ —
2262 +++ +++ ++ ++ +++ —
2263 +++ ++ ++ ++ +++ —
2264 +++ ++ +++ ++ +++ —
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cal assessment of the influence of rhTGFβ-3 on bone regeneration 
in a segmental defect in the ovine tibia: Pilot study. J Orthop Res 
24:1670–1678. 

 25. Marcacci M, Kon E, Zaffagnini S, Giardino R, Rocca M, Corsi A, 
Benvenuti A, Bianco P, Quarto R, Martin I, Muraglia A, Cancedda 
R. 1999. Reconstruction of extensive long-bone defects in sheep using 
porous hydroxyapatite sponges. Calcif Tissue Int 64:83–90. 

 26. Martini L, Fini M, Giavaresi G, Giardino R. 2001. Sheep model in 
orthopedic research: a literature review. Comp Med 51:292–299.

 27. Mastrogiacomo M, Corsi A, Francioso E, Comite MD, Monetti 
F, Scaglione S, Favia A, Crovace A, Bianco P, Cancedda R. 2006. 
Reconstruction of extensive long bone defects in sheep using resorb-
able bioceramics based on silicon stabilized tricalcium phosphate. 
Tissue Eng 12:1261–1273. 

 28. Mills LA, Simpson AH. 2012. In vivo models of bone repair. J Bone 
Joint Surg Br 94:865–874. 

 29. Pearce AI, Richards RG, Milz S, Schneider E, Pearce SG. 2007. 
Animal models for implant biomaterial research in bone: a review. 
Eur Cell Mater 13:1–10.

 30. Peng H, Wright V, Usas A, Gearhart B, Shen HC, Cummins J, Huard 
J. 2002. Synergistic enhancement of bone formation and healing by 
stem cell-expressed VEGF and bone morphogenetic protein 4. J Clin 
Invest 110:751–759. 

ing capacity of sheep with a 5-cm osteoperiosteal defect at a 12-wk 
time point to provide a basis for the testing of implant materials and 
surgical techniques used in the healing of bony defects in the harsh-
est of environments. The current study has provided, in a logical 
progression, the reasoning behind the choices made in establishing 
this preclinical, critical-size defect model in sheep.

A limitation to this study is the fact that 4 of the 12 animals had 
some loosening of the cross-locking bolts by the 12-wk time point. 
The one sheep that had significantly more callus formation than 
did the others highlights the variability that can be experienced in 
live animal model studies. Despite the excellent healing response, 
microCT was useful in confirming a delayed union in this animal 
(Figure 4: 2210). Interestingly, this sheep had slight loosening of 
the proximal-most of the proximal 2 bolts, whereas the loosen-
ing that occurred in the other sheep happened either at the distal 
bolts or, in the case of sheep 2260, both proximal bolts. The bolt 
loosening for 2210 was only evident at harvest; clinically the ani-
mal showed no indication of nail loosening.

A sample of one does not provide any conclusive evidence, but 
it allows for interpretation and formulation of a hypothesis. For 
example, did the partial dynamization from the proximal loos-
ening of the cross-locking bolts promote callus formation in the 
animal with grade 4 healing?
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