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(ABSTRACT ) 

Bilateral defects made in the lateral subtrochanteric 

area of the proximal femur in 16 dogs received Biocompatible 

Osteoconductive Polymer (BOP) fiber (n = 16), autogenous 

cancellous bone from the proximal femur (n = 4) or proximal 

humerus (n = 7), or no treatment (n = 5). BOP block was 

attached extraperiosteally to the proximal humerus in 7 

dogs. 

Surgery sites were evaluated radiographically at 4 week 

intervals, and histologically 4, 8, 16, and 24 weeks 

postoperatively. Radiographic signs of bone healing were not 

observed in defects receiving BOP fiber. Control defects 

had radiographic signs of progressive bone ingrowth. 

Histologic evidence of bone formation was observed extending



to but not incorporating BOP fibers. No connective tissue or 

bone ingrowth into BOP blocks was observed. 

Control defects healed by ingrowth of cancellous bone 

during the first 12 weeks following surgery and reformation 

of the lateral cortical wall by week 24. Cancellous grafted 

defects healed more rapidly and more completely than 

untreated defects. Although the mean weight of cancellous 

bone harvested from the proximal femur (0.82 + 0.22g) was 

Significantly less (p < 0.05) than that harvested from the 

proximal humerus (1.38 + 0.29 g), there was no qualitative 

difference in bony healing of grafted defects based on 

histologic and radiographic assessment. 

The results of this study indicate that BOP is not 

osteoconductive when used in subtrochanteric femoral defects 

or when placed extraperiosteally on the proximal humerus of 

normal dogs. This study also shows that the proximal femur 

can be safely used to provide moderate amounts of cancellous 

bone, with reharvesting from the same subtrochanteric donor 

Site possible after 12 weeks.



“Healing is a matter of time, but it is sometimes also a 

matter of opportunity.” 

Hippocrates 460-377 BC 

Precepts I 

"Learning without thinking is useless. Thinking without 

learning is dangerous." 

Confucius 551-478 BC 

Analects Book II Chapter XV 
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INTRODUCTION: 

Biocompatible Osteoconductive Polymer (also known as 

Biocompatible Orthopedic Polymer or BOP) is a synthetic 

material formed from the polymerization of methylmethacrylate 

and N-vinyl pyrollidone and incorporating polyamide-6 fibers 

and calcium gluconate.* ® This polymer has been described as 

absorbable, biocompatible, mutagenically inactive, non-toxic 

and osteoconductive.*’ After implantation of the polymer fiber 

into tissue, hydrolysis of the bond between the hydrophilic 

and hydrophobic components increases fiber volume by up to 

15%.’ This increase in mass is responsible for the initial 

fixation and stability of the implant. Calcium gluconate is 

then absorbed, creating a porous surface which facilitates 

vascular and cellular ingrowth.*? The polymer then serves as 

passive support for the ingrowth of blood vessels and the 

subsequent deposition of new bone. This process’ of 

osteoconduction strengthens the implant, providing additional 

fixation and stability.’” 

BOP was developed as a synthetic alternative to metal for 

stabilization of bone in orthopedic and neurologic surgery, 

and has been used in human surgical procedures in Europe.*“* 

Based on the Chiari osteotomy technique performed for the 

treatment of hip dysplasia in humans, the BOP. shelf
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arthroplasty procedure advocates the use of BOP material to 

augment the dorsal rim of the acetabulum in dogs with hip 

dysplasia.’'*® By creating a bony shelf that extends beyond the 

acetabular rim, the femoral head is apparently contained, 

limiting subluxation. Some authors recommend its use in the 

surgical treatment of canine hip dysplasia, based on clinical 

results in 15 dogs that received the shelf arthroplasty 

procedure.’'* More recently, BOP has been recommended for use 

as a synthetic bone substitute in the form of chips that are 

packed into bone defects in place of cancellous bone graft.’ 

Despite the clinical application of BOP in human 

orthopedic and neurologic surgery and in canine orthopedic 

surgery, little published information is available on 

controlled studies that have evaluated the biological response 

to implantation of the BOP material. The purpose of this 

research was to determine the effects of BOP implantation into 

dogs and to evaluate two properties of BOP, namely 

osteoconduction and biocompatibility. As part of this research 

project, the proximal femur was evaluated as a source of 

autogenous cancellous bone in the dog. The following 

literature review will provide the necessary background for 

understanding the design and interpretation of this study.



LITERATURE REVIEW: 

Biocompatible Osteoconductive Polymer 

Biocompatible Osteoconductive Polymer (BOP) is a 

synthetic polymer that was developed as a result of research 

conducted in the Soviet Union as part of an ongoing project to 

develop alternatives to metallic materials for use in 

reconstructive orthopedic surgery.° These efforts were 

directed at finding a polymer that was biocompatible, 

absorbable, non-toxic, osteoconductive and had inherent 

mechanical stability.*’ 

Several aspects of polymer manufacture need to be 

considered. The more chemically similar polymeric materials 

are to living tissue, the more easily they are dissolved in 

the host. Polymers with molecular structures that are 

completely different from living tissues are more stable, but 

are hydrophobic and show little adhesion to living cells.*’ The 

ideal copolymer has high hydrophilic properties at _ the 

macromolecular level to ensure adhesion to tissue and 

interaction with physiologic media within the organism, but at 

the same time retains hydrophobic properties which are 

responsible for the physicomechanical characteristics of the 

Material.® This balance between hydrophilic and hydrophobic 

3
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properties, and therefore between biocompatibility and 

physicomechanical strength, determines the composition of the 

copolymer. However, even optimal hydrophobic properties result 

in a polymer that is inferior to bone and other synthetic 

materials with respect to mechanical characteristics. To 

overcome this weakness, the copolymer matrix is reinforced 

with fibrous fillers, with the nature, quantity and 

distribution of these fillers determining the strength of the 

end-product. The choice of materials is further restricted 

when considering the properties of biocompatibility and 

toxicological inertness. In addition, methods of processing 

and polymer manufacture also influence the final properties of 

the polymer.’ Based on in vitro testing, the polymer which 

best met these criteria consisted of l1-vinyl-2-pyrrolidone 

(hydrophilic component) and methylmethacrylate (hydrophobic 

component) in an initial monomer ratio of 40:60, and 

incorporating polyamide-6 fibers and calcium gluconate. This 

polymer was called biocompatible orthopedic polymer or 

biocompatible osteoconductive polymer (BOP) .'*”’ 

The molecular weight of the BOP polymer is 80,000 

dalton.’’? Based on a reverse mutation assay using Salmonella 

typhimurium, the copolymer has been found to be mutagenically 

inactive.* No carcinogenicity studies have been reported for 

BOP. However, polyvinyl pyrrolidone, one component of BOP, has
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been noted to have tumorigenic activity when implanted 

subcutaneously in animals.” 

Because the link between the 1l-vinyl-2-pyrrolidone and 

methylmethacrylate monomers is hydrolyzed in physiologic 

media, the BOP polymer is absorbable.” With hydrolysis, an 

increase in volume of the polymer of up to 15% occurs, 

improving primary stability.* Absorption of the calcium 

gluconate component creates pores; these pores facilitate 

cellular colonization and vascular ingrowth.’ Osteoconduction 

then strengthens the implant, providing additional 

stability.’ Following implantation of the polymer into the 

abdominal cavity and muscle tissues of rats, biodestruction 

started within 5 months and was complete within 1.5 to 3 

years, depending on implant size.* Substances released during 

this process did not produce detectable pathological changes 

locally or systemically.* Serial blood and urine laboratory 

tests performed on clinical human patients have not shown any 

pathological changes related to the use of BOP.* In two series 

of clinical human cases, no infections and no allergic 

responses have been reported.’ 

Three forms of BOP are currently available, each with a 

different composition for a specific use.‘’®'” The fiber form 

(BOP—-F) is composed of polyamide-6 fibers impregnated with a



Matrix consisting of 75% 1-vinyl-2-pyrrolidone/methyl- 

methacrylate and 25% calcium gluconate.‘*’’ The fibers allow 

for rapid volume expansion secondary to hydrolysis and provide 

a large surface area for vascular ingrowth.’ The rate of 

osteogenesis is directly proportional to the surface area of 

the implant.* The block or rod form (BOP-B) is composed of 

polyamide-6 fibers impregnated with a matrix consisting of 90% 

1-vinyl-2-pyrrolidone/methyl-methacrylate and 10% calcium 

gluconate.*’** These blocks are produced by moulding under 

extremes of temperature and pressure, and have a double I-beam 

configuration to improve strength and rotational stability.‘ 

High stresses exerted on BOP implants, however, have been 

reported to result in expulsion of the implants.” The BOP-B 

form has better biomechanical properties than BOP-F, but its 

incorporation into bone takes more time.” The third form is 

the syrup/powder form (BOP-SP).°®° The syrup is composed of a 

30% (m/v) mixture of 1-vinyl-2-pyrrolidone/methylmethacrylate 

in 95% ethyl alcohol. The powder consists exclusively of 1- 

viny1-2-pyrrolidone/methyl-methacrylate. A 50:50 mixture of 

the syrup and powder combines to form a putty-like material 

which can be moulded as desired.’’*’”* The putty hardens within 

8 to 10 hours without setting up an exothermic reaction. 

Contact with physiologic fluids decreases this time.’ 

Radiographically visible ossification, however, has not been 

associated with BOP-SP.”
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The reported uses for the various forms of BOP in human 

orthopedic surgery include primary placement of total hip 

prostheses, revision of failed total hip procedures, 

stabilization of long bone fractures, stabilization of 

odontoid fractures, filling of bone defects and spinal 

fusions.**%*-4 BOP fibers packed around the stem of loose 

prosthetic femoral components swell secondary to hydrolysis, 

providing initial fixation of the prosthesis. Bone ingrowth 

into the fibers provides long-term stabilization.’'® BOP-F and 

BOP-SP are similarly used to stabilize loosened acetabular 

components, and have been used for primary fixation of 

prosthetic hip components.*’® BOP has also been used to improve 

bony stability in patients with osteoporotic bone and to 

improve femoral head coverage by the acetabulum in patients 

with dysplastic hips.?’® The use of BOP for the repair of 

loosened total hip prostheses has been reported to result in 

cortical thickening from bone ingrowth and calcification of 

the BOP-implant interface, based on radiographic 

observations .? 

BOP rods are currently being used in hospitals in parts 

of Russia for the stabilization of long bone fractures.“ 

Patients are treated in a non-weight bearing status or are 

ambulated with the use of plaster casts early in the course of 

treatment.‘ Additional research is currently being conducted
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to find means of strengthening the material prior to its use 

for primary fixation of long bone fractures in the ambulatory 

patient.® A report describing the use of biocompatible polymer 

rods for the internal fixation of long bone fractures and the 

filling of bone defects in 113 human patients concluded that 

the polymer rods were suitable for clinical orthopedic use.™ 

Good or satisfactory bone healing was reported in all patients 

followed for longer than 2 years. Complications included wound 

infection (10%) and osteomyelitis (10%); these complications 

resolved after removal of the implants. Based on radiographic 

observations, the authors concluded that the biocompatible 

polymer rods stimulated consolidation of the bones. No 

histologic evidence supporting this conclusion was reported.” 

Reports list a number of advantages to the use of BOP 

rods instead of metal implants for fracture repair.**'*'* The 

use of an absorbable rod obviates the need for removal from 

the medullary canal after fracture healing is complete, 

avoiding the need for a second surgical procedure.‘*’* The rods 

can be cut to match the exact length required with a scalpel 

at the time of surgery. Similarly, the rod can be shaped toa 

diameter appropriate for the particular medullary canal.‘’® 

Because the rod can be cut to length, the cost of storage of 

multiple lengths and diameters of the implant is avoided, 

decreasing the cost of hospital inventory.?'*'* An exact fit
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avoids the problems associated with a protruding metal rod, 

and decreases the likelihood of premature implant removal 

secondary to such problems.*® The polymer rods have some 

flexibility, which eliminates stress shielding at the fracture 

site, allowing for faster healing.‘ If necessary, the rods 

can be penetrated with screws or pins to provide additional 

rotational stability.* Because the rods are biocompatible, the 

potential for tissue reaction is eliminated, especially in 

patients sensitive to metal alloys.* Degradation of the rods 

by hydrolysis permits ingrowth of vascular tissue and the 

formation of bone, assisting endosteal callus formation.‘’*'” 

During degradation, no toxic products are released. The 

polymer can be impregnated with antibiotics which are 

subsequently released to surrounding tissues over 10 to 24 

days, providing sustained local levels.’'* Over the first 5 

days, 50% of the antibiotic is absorbed, with 25% of the total 

dose being absorbed into the blood. The antibiotic can be 

detected in urine over a 14 day period.’ Finally, the BOP 

Material is radiolucent, which facilitates radiographic 

monitoring of osteointegration. In addition, the BOP material 

does not interfere with magnetic resonance imaging as do metal 

implants.° 

In human neurosurgery, BOP has been used as a vertebral 

interbody implant to promote spinal fusion following
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discectomy.’ Interbody implants are designed to maintain the 

interbody space and ensure the patency of the intervertebral 

foramina. Permanent immobilization results when fusion 

occurs.’? In a series of clinical human patients that received 

BOP block interbody implants following discectomy, no signs of 

radiolucency or lysis were noted between the vertebral bodies 

and the implants. Opacities, which were presumed to indicate 

bone ingrowth, were detected at the BOP implantation sites 

from the fifth month on radiographs and from the third month 

using computed tomography.’’” Histologic confirmation of this 

apparent bone ingrowth, however, was reported for only two 

patients.?'” Biopsy of the surgical site in one patient seven 

months post-implantation showed a central area of polyamide 

fibers and co-polymer, surrounded by an area resembling 

enchondral ossification and consisting of chondrocytes 

surrounding polyamide fibers. On the periphery was an outer 

area of ossification, consisting of chondrocytes’ and 

osteocytes surrounding polyamide fibers.*’” In another 

patient, biopsy 3 months post-implantation showed a sclerotic 

rim of bone at the interface between bone and biopolymer, but 

no osteoconduction within the biopolymer. The sclerotic rim 

was believed to have prevented ingrowth of new bone from the 

graft bed to the implant. Giant cells were observed around 

some fibers.”
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BOP has been evaluated experimentally as a joint 

resurfacing material. In a study in which rabbit acetabula 

were debrided of articular cartilage and then lined with a 

film of N-vinyl pyrrolidone, the polymer was found to protect 

the regenerating tissues without playing a direct role in 

cartilage formation.” 

BOP-SP has also been used for the treatment of defects of 

the cranium, in conjunction with BOP-F which is used to form 

a scaffolding over which the BOP-SP is placed. Fractures and 

congenital malformations of the skull can be similarly 

repaired using the BOP material.*’”* Because BOP-SP can be 

moulded to conform to defects, cranioplasties performed using 

this material have improved cosmetic results. However, because 

its biological properties are considered to be inadequate and 

because of the poor results that have been obtained with 

regard to bone incorporation, BOP is no longer used for the 

repair of defects in the cranium in humans.” 

The first reported clinical use of the BOP material in 

the United States has been the "BOP Sertl Arthroplasty 

Procedure", advocated for use in dogs with hip dysplasia.’ 

This procedure is based on the Chiari pelvic osteotomy 

technique, performed for the treatment of severe hip dysplasia 

in older children and adolescents and for dysplasia-induced
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arthritic changes in adults.’’ In the Chiari procedure, an 

osteotomy performed through the rim of the acetabulum is used 

to lateralize a segment of the acetabular roof, thereby 

improving coverage of the femoral head. Development of a 

functional acetabular roof is dependent on adequate 

biomechanical loading, which is responsible for transforming 

the granulation tissue on the osteotomized surface into 

fibrocartilage, producing a congruent articular surface. 

Incorrect surgical technique or inadequate loading of the 

surface result in degenerative changes and regression of the 

new acetabular rim.*’ The shelf arthroplasty procedure in dogs 

is designed to create a shelf of bone that extends the dorsal 

rim of the dysplastic acetabulum by relying on _ the 

osteoconductive properties of BOP. This bony shelf contains 

the femoral head, preventing subluxation and subsequent 

stretching of the joint capsule, and thereby eliminating 

pain.’ 

The shelf arthroplasty procedure is performed through a 

craniolateral approach to the coxofemoral joint.’® The 

superficial, middle and deep gluteal muscles are divided in 

the middle of the muscle bellies in the direction of the 

muscle fibers. Elevation of the deep gluteal muscle exposes 

the ilium, joint capsule and periacetabular area. A 10 to 20 

mm slot is then created in the lateral wall of the ilium just
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dorsal to the acetabulum and following the curvature of the 

acetabulum from cranial to caudal. All cancellous bone is 

curreted from this slot up to but not including the medial 

cortex, and is stored temporarily in blood-soaked sponges. 

Adequate vascularization facilitates osteoconduction by BOP, 

and is important in determining the success of the 

procedure.’’? Dorsal and cranial to the slot, a BOP block is 

attached to the ilium using a 3.5 mm screw inserted into a 2.7 

mm drill hole. BOP fibers are cut into 2.5 cm lengths and are 

packed tightly into the bone slot at right angles to the BOP 

block and extending over the femoral head. The cancellous bone 

harvested from the slot is placed between the perpendicular 

fibers. Additional fibers are placed horizontally between the 

BOP block and the perpendicular fibers occupying the bone 

slot. The deep, middle and superficial muscles, fascia and 

skin are then routinely closed individually.’ 

A report ona series of 34 shelf arthroplasty procedures 

performed in 15 animals with moderate to severe hip dysplasia 

noted symptomatic improvement within 2 to 3 weeks of surgery 

in all animals.’ This early improvement was believed to result 

from the BOP complex increasing capsular stability by 

preventing dorsolateral subluxation of the femoral head, and 

from an increased lever arm effect on the gluteal musculature 

by the BOP block, directing the femoral head into the
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acetabulum.’'* Decreased crepitation and negative Ortolani 

signs were noted within 3 months of surgery. Complications 

included superficial infection (6%), seroma formation (12%), 

screw breakage (6%) and sciatic neuropraxia (3%). No abnormal 

tissue reaction was noted in 5 revision procedures performed 

5 to 10 months after the initial procedure. Radiographically, 

new bone growth was observed by the sixth to eighth week 

following surgery.’ However, a description of a separate 

series of 15 dogs in which this procedure was performed 

reported clinical improvement, but no radiographic evidence of 

significant bone formation associated with the BOP material on 

follow-up.” 

The BOP-F material has also been used in human orthopedic 

surgery in the place of bone grafts to fill defects resulting 

from the excision of bone tumors and bone cysts.° BOP chips 

are now being marketed for use as a synthetic bone substitute 

in canine and feline orthopedic surgery.’ The chips are 4 to 

5 millimeters in length, and are intended to be used for 

filling bone defects resulting from fracture comminution, cyst 

curretage and corrective osteotomies, and in arthrodeses. They 

reportedly supply a large surface area for vascularization and 

subsequent bone ingrowth, thereby enhancing bone healing.’ The 

advantages of using synthetic graft material include an 

unlimited supply of the sterile bone substitute, a decrease in
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surgical time spent harvesting autogenous graft material and 

decreased postoperative morbidity resulting from’ the 

harvesting procedure.°:?'”” 

Biodegradable bone implants 

A wide variety of biodegradable polymers have been 

investigated experimentally as orthopedic implants, and a 

number of these materials have been used clinically.**?® 

Biodegradable polyglycolide, self-reinforced polyglycolide and 

polylactide-polyglycolide rods have been used for fracture 

fixation and osseous reconstruction under experimental 

19~21 conditions in rats, rabbits and dogs, and under clinical 

22-28 6 Clinical conditions in human patients in Europe. 

applications of these polymers in human orthopedic surgery now 

include internal fixation of displaced fractures of the 

ankle,”?"** malleolar fractures,??"?> distal radial fractures,?’ 

28 talar osteochondral fractures,** and reconstructive procedures 

of the skull.”* 

Biodegradable implants have been found to be comparable 

to metal rods in achieving successful fracture healing, but 

have the advantage of not requiring implant removal .?7:23/7%?? 

However, foreign body reactions are reported as complications
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in about 8% of patients, characterized by the development of 

fluctuant swelling at the implantation site approximately 12 

weeks following surgery.”°’’*? The swelling contains a sterile 

exudate of liquid remnants of the implant. Histologically, a 

foreign body reaction with abundant giant cell infiltration is 

29 Factors determining the nature of this localized evident. 

reaction appear to be related to the local capacity of the 

tissues to clear polymeric debris. Clinical outcome is 

apparently not affected by this complication.”? Wound infection 

(1.6%) and fracture displacement (15%) have also been reported 

as complications associated with the use of biodegradable 

implants .”° 

The following sequence of events has been described at 

the interface of biodegradable polymer and host tissue: 

surface adhesion of macrophages to the implant, followed by 

phagocytosis of wound debris and then invasion and 

phagocytosis of the polymer by macrophages and giant cells.* 

In vitro hydrolytic degradation of polymeric implants involves 

early surface modification with diffusion of water into the 

Matrix and increased polymer porosity, but little change in 

tensile strength. As matrix porosity increases, hydrolysis 

within the matrix and diffusion of degradation products out of 

the matrix become more efficient and matrix erosion and loss 

of tensile strength increase accordingly.*'
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In veterinary orthopedic surgery, biodegradable polymer 

rods composed of self-reinforced polyglycolic acid 

(polyglycolide fibers embedded in a polyglycolic acid matrix) 

have been used both experimentally and clinically for fracture 

repair.**** These implants have been recommended for internal 

fixation of metaphyseal and physeal fractures in dogs and 

cats.** The biorods have an initial bending strength twenty 

times greater than that of cancellous bone. Four weeks 

following implantation, biodegradation reduces the bending 

strength to equal to that of bone.* Peripheral biodegradation 

is followed by new bone replacement. Adjacent bone tissue 

shows no inflammatory or foreign body reaction.’° The biorods 

are believed to facilitate bone healing by allowing increasing 

micromotion at the fracture site as the bending strength of 

the implants decreases to that of bone over four weeks. This 

is believed to prevent stress-shielding of the bone by the 

implant.*° The polymer rods biodegrade too quickly to provide 

sufficient stability for healing of diaphyseal fractures, but 

are sufficient for repair of physeal and metaphyseal 

(cancellous bone) fractures, or other fractures that undergo 

early rapid healing.” 

Experimentally, the biorods minimally retard growth from 

the physeal plate, presumably because growth from the physis 

is able to break the implant at the level of the physis. This
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usually occurs 3-4 weeks post-implantation, and the gap 

between the ends of the broken rod fills in with regenerative 

cartilage which does not restrict bone growth.**? When used 

clinically, however, biodegradable implants resulted in 

premature physeal closure no different to that observed with 

Metallic implants. It was speculated that the implants may 

have been too large to have been easily broken by physeal 

growth power, or may have been large enough to disrupt enough 

of the physeal plate to cause premature closure.™ Clinically, 

animals receiving biodegradable implants have been reported to 

use their limbs earlier than animals receiving metallic 

implants. No difference in radiographic healing between 

metallic and biodegradable implants has been reported.** 

A biodegradable particulate composite, consisting of a 

matrix of polypropylene fumarate cross-linked with 

methacrylate and particulate tricalcium phosphate and calcium 

carbonate, has been evaluated as an adjunct to internal 

fixation of fractures of osteoporotic proximal femoral bone. 

This cement enhances congruence between the implant and bone, 

increasing the load-bearing area and improving stability. 

Biodegradation and bony ingrowth, however, have yet to be 

determined.** This cement may also be useful as a carrier agent 

for local release of antibiotics in the treatment of chronic 

osteomyelitis.** A 3% mixture by weight did not significantly
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alter material properties but provided sustained high local 

levels of antibiotic.*® 

A biodegradable particulate composite of a matrix of 

gelatin, water and sodium salicylate combined with particulate 

tricalcium phosphate and cross-linked with paraformaldehyde 

has been evaluated in rabbits.*’°* Four weeks after 

implantation, the implant undergoes a slight increase in size, 

at which time matrix dissolution and bone ingrowth are 

evident. By 12 weeks, implant size had reduced by 50% and 

extensive bone ingrowth had become apparent. Mechanically, 

compressive strength was reduced at 4 weeks, but had increased 

to greater than initial values by 12 weeks.*® 

Autogenous cancellous bone grafting: 

Meckren, who in 1682 used fragments of a canine skull to 

reconstruct a defect in the cranium of a Russian soldier, is 

credited with the first recorded attempt at _ bone 

transplantation.*? Although the first clinically successful 

autogenous bone grafting procedure in humans was performed by 

Von Walther in 1820, autogenous bone transfer did not become 

routine practice until the early part of this century.*° With 

the exception of blood transfusion, bone transplantation is
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now the most common form of organ transplantation.‘!:* 

Autogenous bone grafts, either cortical or cancellous, are now 

well established as the ideal replacement tissue in terms of 

host acceptance, and fresh autogenous bone is considered to be 

the most effective biological resource for repair of skeletal 

defects.” 

Bone grafts are classified according to origin, location 

and type.** Autogenous bone grafts may be cancellous, 

corticocancellous or cortical, the most frequently used type 

being the autogenous cancellous graft.* Autogenous cancellous 

bone grafting involves the transfer of fresh cancellous bone 

from a donor site to an anatomically appropriate (orthotopic) 

recipient site within the same patient.*” It is the most 

commonly used type of bone graft in veterinary orthopedic 

surgery, having the advantages of histocompatibility, viable 

cellular components and greatest osteogenic potential.*® 

Cancellous bone grafts facilitate bony healing by 

providing osteogenic cells for new bone production, bone 

induction agents that stimulate pluripotential cells within 

the host bone, a framework for vascular ingrowth and 

protection for the new vascular buds.*’*’? Cancellous autografts 

have a large surface area to volume ratio, increasing the 

proportion of surface osteoblasts that are directly bathed in
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tissue fluids, thereby improving cell survival. The large 

surface area also provides multiple avenues for appositional 

bone growth, permits easy penetration by blood vessels from 

the graft bed and assists osteoblastic migration across the 

graft site.*® 

There are two phases of bone production by autogenous 

bone grafts. In the osteoblastic or early phase, new bone 

produced by viable transplanted osteoblasts becomes evident 

within 7 days.*’° This early bone production is important in 

stabilizing the graft-host interface, reducing motion and 

facilitating revascularization, an integral part of late-phase 

osteogenesis.°*’ During the induction or late phase of 

osteogenesis, osteoinduction transforms host pluripotential 

cells into osteoblasts. Bone production from these induced 

cells becomes evident 4 to 8 weeks post-implantation.*??:*? 

Because necrosis does not alter the mechanical strength of 

bone,** cancellous grafts initially strengthen with the 

addition of new bone onto the necrotic bony surfaces.** Once 

necrotic bone cores are removed, the mechanical strength of 

the grafted area returns to normal.* The rate of repair of 

transplanted bone depends on the size, porosity, surface area 

and vascularity of the implant, the immunologic compatibility 

of the transplant with the host, the degree of bone 

immobilization and the host’s age and metabolic state.”
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Studies have shown that cells on the _ surface of 

cancellous bone graft fragments can survive the 

transplantation process to participate in early-phase 

osteogenesis.°’”*? In vitro studies show that osteocytes can 

survive up to 24 hours, even in the absence of a tissue fluid 

medium.°? Transplanted osteogenic cells are derived from four 

sources: periosteum, intracortical zone, endosteum and 

marrow.°? The periosteum contributes about 30% of the new bone 

formed, while the endosteal and intrahaversian osteoblasts and 

marrow stroma together produce about 60% of the new bone.*° 

Hematopoetic marrow cells and osteocytes do not significantly 

contribute to new bone formation. Intracortical cells 

(endothelial cells and intracortical mesenchyme) make only a 

small contribution (10%) to bone formation.®® Osteocytes within 

the matrix and deeper than 0.3 mm from the surface remain 

entrapped in their lacunae and die.*’’*? However, the matrix 

plays an important passive role by occupying space and 

providing a framework that facilitates vessel ingrowth, guides 

cells during reorganization, structurally resists applied 

forces and may assist in the generation of electric 

potentials.” 

Osteogenic induction is the mechanism of cellular 

differentiation or specialization in which interaction between 

one tissue (inducer) and another (responding tissue) results
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in the responding tissue forming osteogenic elements.®-® For 

induction to take place there must be an inducing stimulus, a 

potentially osteogenic cell, a tissue environment favorable to 

osteogenesis and optimal nutrition.” 

Surface cells on the trabeculae of the _ graft, 

perivascular cells associated with proliferating blood vessels 

and bone marrow in the host bed, endothelial cells and the 

cambium layer of the periosteum contribute to a pool of 

mesenchymal stem-cells capable of specializing into 

osteoblasts, osteoclasts, chondroblasts, chondroclasts, 

fibroblasts or lipoblasts.*’*? Host mesenchymal cells usually 

specialize as osteoclasts first, resorbing bone from osteons 

of the graft, then specialize as osteoblasts to deposit new 

bone.®* The osteoblast is the cell specifically responsible for 

bone formation in the late phase of osteogenesis, but the 

osteoblast progenitor cell has yet to be determined.*®’ All 

somatic cells are presumed to contain the genetic information 

necessary for transformation into osteoblasts.°*’ Studies have 

suggested that osteoinduction acts mainly on the endothelial 

cells of blood vessels.*® It is generally agreed, however, that 

undifferentiated, fibroblast-like mesenchymal cells found in 

the limiting membrane of bone and found perivascularly in the 

soft tissues surrounding the graft bed may be induced to 

differentiate into osteoblasts .‘*!
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Adequate graft nutrition depends on the _ general 

nutritional state of the host and the ability to deliver 

nutrients to the mesenchymal stem cells.®* Factors that 

determine nutrient delivery to the stem cells include: the 

distance of the cell to the nearest blood vessel; barriers to 

diffusion between the cell and blood vessel; the diffusion 

rate of nutrients through extracellular spaces; the movement 

of extracellular fluids through tissues; the electrophoretic 

and osmotic pumping action of the cells; and cellular 

characteristics such as pore size and pinocytic rate.” 

Environmental stresses, particularly the effect of oxygen 

tension and applied forces, influence cell growth and 

differentiation.”’** Mesenchymal cells exposed to low oxygen 

and compressive forces form cartilage. When exposed to 

adequate oxygen and tensile forces, fibrous tissue is formed, 

and when exposed to adequate oxygen and compressive forces, 

bone formation is favored.®:°:® 

Many studies have attempted to define the nature of the 

stimulus that induces osteogenesis, and several theories have 

been advanced. The metaplasia theory suggests that soluble, 

non-covalently bound macromolecules released from the 

extracellular matrix of the graft during cellular invasion are 

responsible for osteoinduction.”° A second theory proposes that
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hemodynamically or mechanically stress-generated electric 

potentials control osteogenesis.’ Despite evidence for the 

existence of these potentials at the osteonal level, however, 

no study has unequivocally demonstrated their physiological 

significance.” The third and more accepted theory proposes 

that a bone morphogenetic protein (BMP) in the organic matrix 

guides modulation and differentiation of mesenchymal cells 

into bone.*’®” This protein is structurally related either to 

the teleopeptide terminal, non-helical portion of the bone 

collagen molecule, or to the protein moeity of the bone 

proteoglycans, or may constitute the bonding site between the 

two.” The molecular mechanism by which BMP redirects 

cytodifferentiation toward bone morphogenesis, the mechanism 

of transfer and the receptor site, however, remain to be 

discovered. ‘4}/>>:® 

Urist has characterized BMP as a glycoprotein, the 

predominant component having a molecular weight of 17.5K, with 

variable quantities of 14K, 24K and 34K proteins. It is an 

acidic polypeptide, degraded by acid alcohol, trypsin and 

chymotrypsin, partially degraded by pepsin and papain, but 

resistant to nuclease (RNase, DNase), chondroitinase, alkaline 

phosphatase and collagenase.*’'” The physicochemical properties 

of bone morphogenetic protein are summarized as follows:”
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General nature: 

Acidic polypeptide 

Isoelectric point 5.0 + 0.2 

Contains Gla-protein (osteocalcin) (1/170 residues) 

Contains no carbohydrate 

Binds to hydroxylapatite 

Solubility: 

Insoluble in chloroform, methanol, absolute alcohol, 

acetone and 0.6N HCl 

Soluble in 6 M urea, 4 M guanidine HCl, 0.1% sodium 

dodecyl sulfate, 0.02% HCl 

Partially soluble in ethylene glycol 

Forms insoluble complex with 14 K protein in triton xX~100 

Biological activity: 

Resistant to RNase, DNase, chondroitinase, alkaline 

phosphatase, chymopapain, collagenase, tyrosinase, 

thermolysin and neuramidase 

Inactivated by trypsin and chymotrypsin 

Partially degraded by pepsin and papain 

Extraction procedures such as freezing and freeze-drying 

leave the activity of BMP intact. BMP is lost during delayed 

collection time, irradiation sterilization over 2.0 Mrad,
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heating over 60C, and from exposure to chemicals including 

hydrogen peroxide, beta-propiolactone, benzalkonium chloride, 

and cryolysis (thrice freezing and thawing).®* Bone grafts 

decalcified with HCl have greater osteogenic potential than 

EDTA-decalcified bone grafts.’* BMP is diffusible across up to 

five membranes, across distances Of 450 to 1000 micrometers, 

and through pores as small as 25 nm in diameter.’’’” 

Bone marrow stroma cells appear to be more sensitive to 

the action of BMP than any other mesenchymal cell population 

in the body.’’’”? BMP is found in greater concentrations in 

cortical than in cancellous bone.’ Normal adult humans have 

levels of less than 16 ng/ml; rapidly growing children have 

levels of 20 to 72 ng/ml.* 

Under experimental conditions, bone morphogenetic protein 

has been shown to promote osseous healing. A partially 

purified fraction of bovine bone morphogenetic protein 

implanted into experimental craniotomy defects in rhesus 

monkeys resulted in more complete bone regeneration than 

control defects.** The morphogenetic response occured in the 

following sequence of events: mesenchymal cell proliferation, 

followed by chondrogenesis and then osteogenesis. Bone 

morphogenetic protein-induced osteogenesis may have initiated 

81 these reparative processes.*' Tricalcium phosphate ceramics
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have been evaluated experimentally as non-immunogenic delivery 

systems for bone morphogenetic protein and have been found to 

enhance bone formation.*®:’* The use of human bone morphogenetic 

protein to augment autogenous cancellous bone grafts may 

improve the osseous repair of large segmental bone defects. 

Osteoconduction is the process by which the bone graft 

provides passive support for vascular ingrowth and subsequent 

new bone deposition from the recipient bed,*’ and has been 

described as "creeping sustitution".°® This process occurs most 

actively at the graft-—host interface, but also results from 

vascular ingrowth from surrounding muscle tissue.*’** The 

initial host response to transplanted cancellous bone is 

inflammation (Phase I), which is the predominant process 

during the first week following transfer.°*? Necrotic tissue is 

removed by invading macrophages, followed by invasion of the 

graft by host blood vessels.®*® Under experimental conditions, 

capillaries advance into cancellous graft bone at the rate of 

’ This revascularization is dependent on the 1 mma day.?® 

source, quality and nature of the cancellous graft material. 

Fresh autogenous bone chips are extensively vascularized by 7 

days. Vascular invasion incorporates only the borders of 

frozen cancellous allografts at 7 days, but permeates the 

entire graft at 3 weeks. Xenogeneic cancellous bone (processed 

calf bone) shows minimal vascularization by 12 weeks.°®’
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Revascularization of fresh cancellous autografts is 

usually complete within 1 to 2 weeks.*’ By the second week, 

fibrovascular granulation tissue becomes dominant, the 

inflammatory processes start to subside and osteoclastic 

activity increases (Phases II and III: vascularization and 

osteoinduction).°? Osteoclasts invade the transplanted bone, 

creating Howship’s lacunae.” Capillaries vascularize these 

tunnels, bringing with them osteoblasts that deposit 

concentric layers of bone, eventually filling the tunnel 

except for a small central canal containing an arteriole 

(Phase IV: osteoconduction). A Haversian system or osteon is 

thus formed by the host’s primitive mesenchymal cells, a 

process which continues until all transplanted bone has been 

removed and replaced by viable osteons derived from the host.* 

The periphery of the graft is repaired by the host first; the 

interior is repaired in a haphazard manner, a process which 

lasts several months.*’°* In the final phase of incorporation 

(Phase V: mechanical), non-viable grafted bone persists ina 

functional stress—bearing location.” This phase is rarely 

observed in cancellous autografts because such grafts are 

usually completely resorbed and replaced by host bone.*’ 

Studies have evaluated the effects of the antigenic 

difference of bone on revascularization and the subsequent 

healing process of cancellous grafts.*’*®* Following florid
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revascularization of fresh autogenous bone by 1 week, bony 

healing is rapid. Vascularization and subsequent bony healing 

are slower with allogeneic bone grafts.°*’ Allografts with minor 

histocompatibility mismatches are infiltrated with 

lymphoplasmacytic cells during the first 2 weeks. Once the 

infiltrate clears, new bone formation proceeds rapidly, such 

that healing associated with autografts and minor-mismatched 

allografts is almost identical after 7 weeks. Allografts with 

major histocompatibility mismatches are associated with a 

marked inflammatory cell infiltrate and early new bone 

formation followed by necrosis. The graft is resorbed and 

replaced by fibrous connective tissue or cartilage. Bone 

healing is by ingrowth of host endosteal and periosteal new 

bone, similar to healing of ungrafted bone defects.* 

Xenogeneic cancellous bone grafts are incompletely 

vascularized by 12 weeks, and are associated with a foreign 

body reaction and severely retarded healing. The new bone that 

does form appears to be less adherent to the xenograft surface 

than the new bone associated with autografts or allografts.®’ 

The major veterinary indications for the use of 

cancellous autografts are: to establish union in 

pseudoarthroses, delayed union or non-union fractures which 

May or may not be complicated by osteomyelitis; to bridge



31 

cortical defects created by curretage or excision of bone 

cysts or tumors; to aid healing of complicated fractures; to 

replace bone lost from severely comminuted fractures; to 

promote surgical arthrodesis; to enhance vascularization of 

cortical allografts, and to shorten the time necessary for 

bones to resume maximal strength following early bone plate 

removal .°°*3 In human surgery, autogenous cancellous bone 

grafts are used in conjunction with deproteinized xenogeneic 

bone to form a composite graft that is used to replace large 

bony defects.” 

With delayed unions or non-unions, conditions for 

fracture healing may have become compromised by local 

(movement at the fracture site, infection) or systemic (age, 

nutritional status, concomitant disease or infection) factors. 

In such cases, autogenous cancellous bone grafts can be used 

to enhance osteogenesis and improve the chances of successful 

repair.** In addition, cancellous bone chips possess a high 

degree of viability in the presence of infection.” If 

infected, the cancellous bone liquifies and is resorbed or 

drains, but does not form a sequestrum.” Although the use of 

cancellous bone grafts in the presence of osteomyelitis is not 

universally accepted, studies have indicated that they may be 

of value in the treatment of delayed union secondary to 

97 osteomyelitis. Saucerization, open drainage and delayed
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autogenous cancellous bone grafting has been used successfully 

for the treatment of chronic osteomyelitis in humans.’ 

Surgical debridement of chronically infected bone often 

results in a large cavity that is slow to fill in with bone 

and easily becomes reinfected.*’’ An autogenous cancellous bone 

graft fills the defect with osteoblasts, provides a matrix for 

bone formation and may contribute to resolution of the bone 

infection.??"?°° 

Bone deficits resulting from bone cysts, Brodie’s 

abcesses, tumor excision or severely comminuted fractures can 

be filled with cancellous bone to promote bony healing and 

speed return to function and the weight-bearing stresses 

required for complete healing.* 

In arthrodesis, autogenous cancellous bone grafts provide 

osteogenic cells for the production of new bone and act as a 

scaffolding for capillary ingrowth. Gaps between bone surfaces 

delay capillary ingrowth and may contribute to failure of the 

joint fusion.” Radiographic studies have shown that bone 

healing in non-grafted arthrodeses is consistently 4 weeks 

behind that in cancellous-grafted arthrodeses. At 12 weeks a 

Significantly greater degree of radiographically apparent 

osseous union is associated with grafted carpal arthrodeses 

when compared to non-grafted carpal arthrodeses.*"
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Studies have shown that the addition of autogenous 

cancellous bone to the medullary canal of cortical allografts 

that are devoid of bone marrow assists in the establishment of 

medullary blood supply to the allograft, promoting its 

incorporation.** The autogenous cancellous bone provides 

induction factor and cells for osteogenesis, gives support and 

protection to ingrowing blood vessels vascularizing the 

medullary canal and reduces the antigenicity of the 

allograft.** Cancellous bone grafts are also used at allograft- 

host junctions to increase bone production and thereby assist 

in stabilizing the graft.’ 

Experimentally, healed fractures have been shown to have 

one third the strength of normal bone immediately following 

bone plate removal, the result of stress protection provided 

by the rigid plate.’” This effect is reversible with the 

healed bone doubling in strength within 4 weeks of plate 

removal.’** To shorten the time necessary for healed bone to 

regain strength, it has been recommended that at the time of 

plate removal, autogenous cancellous bone graft material be 

placed into screw holes and along bone cortex previously in 

contact with the plate.*° This procedure has also been 

recommended in conjunction with early removal of bone plates 

prior to the onset of stress protection.”



34 

The major drawback to the use of autogenous cancellous 

bone grafts is that an additional surgical procedure is 

required. This prolongs total surgery time (unless a second 

surgical team is used to obtain graft material) and has the 

potential for creating donor site morbidity.*?’* Hemorrhage 

from the graft harvest site may increase patient debilitation 

and discomfort and impede recovery.** Dissemination of 

infection from an open fracture or surgical site to the donor 

site is also possible.*:'” 

Postsurgical stress fractures through harvest sites are 

another potential problem following graft collection from the 

ends of long bones.’ Torsional forces can produce partial or 

complete fracture of the donor bone through the cortical 

defect.’°’ In studies on femurs from human cadavers, cortical 

defects acted as stress-concentrators, significantly weakening 

the bone.’ Similarly, cortical defects created in canine 

femurs reduced the energy absorbing capacity of the bone by 

55%3.°° The loss of long bone strength is proportional to the 

size of the cortical defect.** Angular defects further weaken 

bone because fractures can be propagated from the corners of 

such defects.’ However, bony healing and remodelling appears 

to eliminate the stress-concentrating effect of drill holes by 

8 weeks.'*° In contrast to these findings, a study in horses 

found that graft collection sites in tibias did not weaken the



35 

bones.*** The authors postulated that the architecture of the 

cancellous bone in the metaphyseal area may act’ to 

redistribute applied forces. Furthermore, bone material in the 

proximal third of the tibia is distributed further from the 

torsional axis than bone in the distal third, giving the 

proximal diaphysis a larger polar moment of inertia.’ Polar 

moment of inertia is a major determinant of tibial strength 

when the bone is loaded in torsion.’ ** It must also be 

remembered that defects made in equine tibias for graft 

collection are proportionally smaller than defects made in 

canine tibias for the same purpose.’ 

Other potential complications of bone graft collection 

reported in human surgery include seroma and hematoma 

formation, deformity, heterotopic bone formation, wound 

disruption with subsequent delayed healing, and pain 

associated with the graft harvest’ site.*’’'’ Visceral 

herniation through an iliac crest defect secondary to graft 

procurement has also been reported in humans.''"® 

A number of harvest sites have been described as sources 

of autogenous cancellous bone, and more than one donor site 

may be utilized if a large quantity of graft material is 

required. The proximal tibia and proximal humerus are well 

documented as sources of cancellous bone.***!'1!%! The greater
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trochanter of the femur has been described as a site for 

harvesting cancellous bone.**:**°*71 Corticocancellous grafts can 

be collected from the ilial wing, rib or caudal 

vertebrae.*°"?):119-271 The donor site chosen should be convenient 

to approach during the surgery for the orthopedic problem 

being addressed and should contain an adequate amount of 

cancellous bone. Some authors consider the iliac crest to be 

superior to other sites because more marrow and less fat is 

52 Others consider the harvested with the cancellous bone. 

proximal humerus to be superior because it yields larger 

quantities of cancellous bone and undergoes more rapid and 

complete healing.’ 

Maximum survival of graft cells is crucial to the success 

of the grafting procedure. If handled properly, an appreciable 

number of surface osteogenic cells can be _ successfully 

transplanted.’7? The quantity of cells that survive the 

transplantation process depends on the method employed to 

harvest the graft, the type of bone selected for grafting and 

physical factors in handling the graft prior to implantation.” 

Surgical trauma must be reduced to enhance survival of 

transplanted bone.‘ Powered orthopedic instruments cause an 

increase in temperature in adjacent bone, resulting in cell
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death and delayed osteogenesis, and should be avoided if 

possible.”° The graft should be collected just prior to 

implantation. Any form of temporary graft storage is 

deleterious and should be avoided if possible.*’*? While 

awaiting transfer, the graft should be kept in a blood-soaked, 

moistened sponge away from the heat generated by surgery 

lights. Experimentally, grafts protected in this manner remain 

viable for 4 to 6 hours.’ Temperatures above 42C are lethal 

to graft cells and exposure to room air for greater than 30 

minutes significantly decreases cell viability.”® Long term 

exposure to physiologic saline solutions is toxic to the 

graft. Cold sterilizing agents (organic mercurials), bone wax, 

rust inhibitors and other chemical agents are also lethal to 

graft cells. Certain antibiotics, including bacitracin, 

neomycin and kanamycin, are cellucidal. All these factors 

decrease the osteogenic potential of cancellous bone grafts 

and should be avoided. 

The particle size of fresh autogenous cancellous bone is 

also an important determinant of osteogenic potential. 

Cancellous bone chips should be no larger than 5 mm in order 

to prevent central necrosis of graft cells.*? Smaller bone 

chips increase the available surface area and the number of 

osteogenic elements. However, particles that are too small 

become incorporated in a granulomatous foreign body response
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and do not form bone.’ It has been determined experimentally 

that cancellous bone fragments smaller than 0.7 mm do not 

appreciably stimulate osteogenesis .*® 

Bone graft survival also depends on the host since the 

cellular elements of the graft are comparatively inert.* In 

addition to influencing graft survival, the host bone also 

contributes to osteogenesis.’”*? The contributions from 

periosteal, intracortical, endosteal and marrow components of 

the host bone are similar to those already described for the 

grafted bone.” 

The host site should be thoroughly flushed prior to graft 

placement to remove exudate, hematoma, necrotic tissue or any 

other form of dead space which might impair nutrient 

diffusion.” Cellular elements on the graft surfaces are 

sustained by nutrient diffusion until circulation is re- 

established.* If possible, the graft should be placed adjacent 

to cancellous surfaces to facilitate rapid revascularization.* 

The bone graft material should not be packed too tightly or in 

a large mass as this may hinder efficient nutrient diffusion.** 

Experimentally, collagen sponge used as a retainer for 

autogenous cancellous bone permits graft vascularization and 

127 bone formation and is completely resorbed within 3 months. 

Ideally recipient sites should be prepared 2 to 3 weeks prior
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to the transplantation procedure. If the recipient site is 

already producing vasculature and new bone at the time of 

graft transfer, graft survival is improved.*? Previous 

treatments with radiation therapy, corticosteroids, 

chemotherapeutic drugs or other antimetabolyte drugs known to 

suppress bone remodelling may also influence graft 

incorporation.* Finally, stability of the grafted area is 

important to the successful incorporation of the bone graft. 

Persistent movement traumatizes the vascular buds, preventing 

revascularization and subsequent new bone formation, and 

results in graft sequestration and failure.*® 

The healing process in bone defects is influenced by the 

prevailing mechanical stability of the bone edges.**® Graft 

harvest sites are inherently stable, have no interfragmentary 

motion and heal by endosteal callus formation. The 

contribution of the periosteum to the repair process is 

considered to be minimal.’*? Bone healing is an ongoing process 

arbitrarily divided into specific phases based on observed 

histologic events. In Stage I, hemorrhage from disrupted 

vessels results in hematoma formation, devitalized bone 

becomes necrotic and adjacent soft tissues become inflamed. In 

Stage II, fibrovascular granulation tissue invades and 

replaces the hematoma. In Stage III woven bone, cartilage and 

fibrous tissue forma callus, uniting the edges of the defect.
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In Stage IV, cancellous bone in the callus is remodelled by 

surface resorption and apposition.’® 

In a study that evaluated healing of canine tibial graft 

harvest sites, the repair process at 2 weeks was in stage II, 

at 4 and 8 weeks in stage III and at 12 weeks in stage Iv.” 

By 12 weeks, new cortical bone had not bridged the cortical 

defects. Repopulation of the medullary cavity started at 4 

weeks, and by 12 weeks lamellar trabecular structure and 

intertrabecular hematopoetic marrow had been reestablished.*? 

In another study, a similar sequence of healing was observed 

in tibial and humeral graft harvest sites.’ The repair 

process in the tibial defect, however, was still in stage II 

at week 8, with the defect containing prominent amounts of 

connective tissue. Conversely, the repair process in the 

humerus was in stage III by week 8, indicating more rapid and 

22 In a study that evaluated canine ilial complete healing. 

wing bone donor site regeneration, the repair processes were 

in stage II at week 6, stage III at week 12 and in stage IV 

from months 6 to 12.”° Based on these healing processes, it 

has been suggested that second grafts can be collected from 

the same harvest sites after 8 weeks in the humerus and after 

12 weeks in the tibia.’?’”? The pattern of healing observed in 

ilial wing donor sites suggests that reharvesting is possible 

after 6 months.?*°
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Several theories have been advanced to explain the 

differences in bony healing between harvest sites. Cancellous 

bone harvesting may damage the tibia more than the humerus 

because of more complete removal of trabecular bone, 

hematopoetic cells or endosteum, thereby compromising the 

vascular supply and inhibiting regrowth of new cancellous 

bone. Similarly, more complete removal of bone morphogenetic 

protein may impede osteoblastic induction.’ 

The rate of cortical restoration is determined by defect 

size.?*? In rabbits, cortical holes 0.2 to 0.3 mm in diameter 

heal within 4 weeks by concentric deposition of new lamellar 

bone.**? Cortical defects 0.4 to 1.0 mm in diameter fill with 

a framework of trabecular bone by 4 weeks. This framework 

subdivides the defect into smaller compartments, each of which 

subsequently fills with new lamellar bone. Complete cortical 

restoration takes up to 8 months.*** In larger defects (> 1 

mm), fibrous bone forms on the surface of the wall. Lamellar 

bone is inserted into this fibrous network, but the center of 

the defect is not usually filled over the full thickness of 

the cortex.’” In a clinical study of canine patients, the 

cortex at tibial graft harvest sites remained radiographically 

osteoporotic for up to 3 years.*** Such holes’ remain 

radiographically visible because they contain less filling
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Material than adjacent normal cortex, and the filling material 

consists of young bone which is less mineralized and therefore 

less dense.**? Complete cortical regeneration in large defects 

appears to be a slow process.’’ 

Removal of bone marrow is followed by a regenerative 

process in which the marrow stroma is restored and 

hematopoietic activity resumed.’*? Marrow stroma is first 

reconstituted and then within this framework, hematopoeitic 

cells proliferate.’ In studies involving rat and rabbit long 

bones, bone marrow regeneration consisted of the following 

sequence of events: blood clot formation, fibrovascular cell 

proliferation, osteoblast differentiation, formation of 

trabeculae, establishment of sinusoidal circulation, 

hematopoietic cell repopulation and resorption of 

trabeculae.***"**° This process takes 3 weeks in the rat and 7 

weeks in the rabbit.**?'*** Trabecular bone formation and 

subsequent resorption appears to be a prerequisite for re- 

establishment of hematopoietic function within the medullary 

cavity, and is the limiting factor in complete recovery of 

normal function.}>
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Synthetic bone graft substitutes: 

The ideal bone graft or bone graft substitute should be 

strong, non-reactive in tissue, non-toxic, non-immunogenic, 

non-carcinogenic, sterile, cosmetically pleasing, technically 

feasible to craft, affordable and have a prolonged shelf- 

life.** Biodegradable porous ceramic materials (alumina, 

calcium aluminate, calcium hydroxylapatite and tricalcium 

phosphate) have been widely investigated as synthetic bone 

substitutes. 1*%4} Calcium phosphate ceramics, described as 

hydroxylapatite or tricalcium phosphate, have been shown to 

possess biocompatibility and the ability to bond tightly with 

host bone.’ Tricalcium phosphate ceramics have been found 

experimentally to be suitable for bridging long segmental 

defects in weight-bearing extremities in dogs, provided 

adequate supplementary mechanical stabilization is provided.**? 

Vascular infiltration, dissolution of the tricalcium phosphate 

and dense bony replacement was evident within the entire 

ceramic implant on follow-up.** 

Implanted ceramics cause no- adverse biological 

response,**? but the resorbed ceramic material is probably not 

used for the formation of new bone.** Hydroxylapatite ceramics 

have a higher osteoconductive potential than tricalcium 

phosphate (beta-Whitlockite) ceramics, but the latter are more
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biodegradable.**° The structural formation and microporosity 

play an important role in facilitating interface activity with 

the host and potentiating bony ingrowth.” The crystallographic 

form and density of ceramics can be varied to provide 

properties ranging from relatively stable to completely 

biodegradable. The shear and fatigue strengths of calcium 

phosphate based ceramics, however, are low.** 

In a study that evaluated three different porous ceramics 

for use in bone replacement, tissue ingrowth was observed 

throughout implants of all three types and of two pore sizes 

(150 and 210 micron).**’? The density of the penetrating tissue 

was greater for calcium hydroxylapatite and tricalcium 

phosphate ceramics than for calcium aluminate, and was more 

dense with larger pore sizes and longer periods of 

implantation. Bone ingrowth was not observed within the pores 

139 of any ceramic. However, in a separate study, new bone 

formation was able to penetrate the ceramics provided the pore 

size was greater than 100 micron.’ 

Experimentally, tricalcium phosphate ceramic discs have 

been used to repair craniotomy defects in rabbits.** 

Centripetal degradation of the implant with subsequent woven 

bone formation results in a host-implant interface of bone 

without interposed soft tissue.”® Beta tricalcium phosphate
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magnesium is a biocompatible ceramic capable of enhancing 

repair of bone defects. It provides a biodegradable matrix for 

osteoconduction and releases mineral ions into the tissues 

during mineralization.**’ The newly formed bone comes in direct 

contact with the ceramic surface without an interposing 

connective tissue layer.™’ 

Macroporous biphasic calcium phosphate (MBCP) has been 

used experimentally and clinically for spine fusion and the 

filling of long bone defects in humans and dogs.**” In the dog, 

biointegration of MBCP begins two weeks after implantation 

secondary to dissolution of the tricalcium phosphate ceramic 

crystals by multinucleated cells. Bone apposition occurs 

concurrently on the ceramic surface, and bone ingrowth occurs 

at the expense of the ceramic. The extent of biodegradation is 

greater during the first month (20% decrease in volume), and 

decreases steadily as new bone formation increases, apparently 

due to the protective role of the newly formed lamellar bone 

on the surface and in the core of the ceramic.*** The ceramic 

surface forms a scaffold for direct osteoblastic cell fixation 

and lamellar new bone formation. Bone formation was found to 

be more significant in the cortical part of the implant, 

filling the pore spaces. In the intramedullary part of the 

implant, new bone lined only the surfaces of the pores, which 

were found to contain bone marrow. Inside the implant, bone
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remodelling was observed from the 4th week of implantation. 

After 18 weeks, the entire outer part of the implant was 

transformed into new cortical bone.?” 

Porous ceramics have also been evaluated as delivery 

systems for cancellous bone graft cells, facilitating the 

osteogenic potential of these cells in the filling of bone 

defects.**? Calcium hydroxylapatite and tricalcium phosphate 

ceramics are compatible with transplanted autogenous 

cancellous bone graft cells, and sustain osteogenesis from 

these cells, which adhere well to the surface of the 

ceramics .}*6:141 

Tricalcium phosphate ceramics have also been evaluated as 

non—immunogenic delivery systems for bone morphogenetic 

protein.*®’* An aggregate of bone morphogenetic protein and 

tricalcium phosphate yielded twelve times greater new bone 

than bone morphogenetic protein alone. The tricalcium 

phosphate may have acted as a slow-release delivery system, 

may have potentiated the activity of bone morphogenetic 

protein or may have distributed the protein in a more 

favorable three dimensional pattern.” A bone morphogenetic 

protein/tricalcium phosphate composite implanted in canine 

skull trephine defects induced 91-100% incorporation by new 

bone.*? A combination of tricalcium phosphate ceramic and



47 

autogenous cancellous bone has been shown to result in better 

reconstructed bony architecture than cancellous bone alone.*® 

Other materials have been evaluated as synthetic bone 

substitutes. Combinations of low-molecular weight polylactic 

acid and hydroxylapatite, bone gelatin and hydroxylapatite, 

polylactic-glycolic acid and proteolipid and polylactic- 

glycolic acid and demineralized freeze dried bone all appear 

to increase bone reparative elements, stimulate bone ingrowth 

and increase trabecular bone formation when implanted into 

bone defects.°? Coral implants have been used _ both 

experimentally to fill bone defects and clinically as a bone 

153 Corals are graft substitute in skull reconstruction. 

composed of 99% calcium carbonate and are inert, biodegradable 

and readily incorporated by bone ingrowth. No infectious 

complications have been associated with the use of coral 

implants.*? 

Implants designed to stimulate new bone formation should 

provide a good bed for vascularization, act as a template for 

bone deposition and then be absorbed as bone is remodelled.’ 

Other materials that have been implanted into bone defects in 

order to promote osseous healing include plaster of Paris, 

gelatin sponge and collagen gel.**'’* Chips of Biocompatible
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Osteoconductive Polymer are now being recommended for use as 

a synthetic bone substitute.’ 

Plaster of Paris implanted in defects in canine long 

bones acts as a filling matrix and allows normal bone healing, 

but possesses no osteogenic properties.*° Bone healing in 

plaster of Paris implanted defects has been found to be 

superior to that in unfilled defects.*°* The plaster of Paris 

may act as a space filler whose natural rate of absorption 

coincides with the rate of new bone ingrowth.*’'*** However, the 

calcium salts may accelerate bone healing in large defects 

that contain adequate organic matrix and functioning 

osteoblasts.**® The plaster of Paris does not appear to delay 

wound healing or provoke a foreign body reaction, and in the 

presence of infection, liquifies without forming a 

sequestrum.?°?76° 

Gelatin sponge implanted in cancellous bone defects in 

the proximal humeral metaphysis of dogs obstructed new bone 

formation and remodelling, but did not elicit any reaction in 

surrounding bone. The gelatin sponge showed no evidence of 

absorption 16 weeks after implantation.’ However, when 

gelatin sponge was packed into bony defects in the oral cavity 

and exposed to contamination, an inflammatory response 

resulted in elimination of the implanted material.**? Collagen
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gels placed into osseous defects may promote more rapid bone 

healing, possibly by supplying usable and absorbable collagen 

without matrix.?” 

Xenogeneic bone has been used as an implant in bone 

defects in experimental animals and clinical human patients.” 

The use of frozen calf bone, freeze-dried calf bone and 

decalcified ox bone has been discontinued because of 

unsatisfactory results. Various types of deproteinized bone 

have proven more useful.” "Owestry Bone" is_ fully 

deproteinized bovine cancellous bone prepared by double 

extraction using hydrogen peroxide and ethylenediamine.’® This 

provides excellent scaffolding for osteoconduction, but is not 

available commercially.*? "Kiel Bone" is partly deproteinized 

calf bone prepared by hydrogen peroxide extraction and is 

available commercially. It is weakly antigenic, has good 

mechanical properties and provides scaffolding for 

osteoconduction.”? Kiel bone facilitates osteogenesis when used 

in conjunction with autogenous cancellous bone or placed ina 

cancellous bone bed.’ This composite graft of deproteinized 

xenograft bone impregnated with autogenous cancellous bone 

promotes bony healing by osteogenesis and osteoinduction as 

well as by osteoconduction.”



JUSTIFICATION AND HYPOTHESIS: 

Despite the clinical application of BOP in human 

orthopedic and neurologic surgery, little published 

information is available on controlled studies that have 

evaluated the results of BOP implantation into animals. 

Similarly, BOP has been recommended for use in dogs based on 

results obtained in a limited number of clinical patients. 

Controlled histologic and radiographic studies evaluating the 

biological response to implantation of BOP in dogs, however, 

are absent in the biomedical literature. This investigation 

was undertaken to evaluate the biocompatibility and 

osteoconductive properties of BOP, using radiographic, 

histologic and fluorescent microscopic methods. The general 

hypothesis for this study is that BOP fiber will be 

osteoconductive when implanted into bone. The specific 

hypothesis is that more rapid bony healing and increased 

extracortical bone formation secondary to osteoconduction will 

be associated with BOP-grafted defects when compared to 

ungrafted defects. 

The second part of the study was undertaken to evaluate 

the proximal femur as a cancellous bone donor site. Although 

the greater trochanter of the femur has been described as a 

source of cancellous bone, no study has objectively documented 

50
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the use of or limitations of the proximal femur as a bone 

donor site. The purpose of this part of the study was to 

quantitate the amount of cancellous bone available for 

harvesting from the subtrochanteric region of the femur, to 

compare the histologic features and efficacy of the graft to 

cancellous bone obtained from the proximal humerus, a commonly 

used donor site, to monitor healing of the proximal femoral 

donor site and to monitor any related complications. The 

general hypothesis for this part of the study is that equal 

quantities of cancellous bone will be obtained from the 

proximal femur and proximal humerus, and the cancellous bone 

from these two sources will have similar osteoinductive, 

osteoconductive and osteogenic properties. The specific 

hypothesis is that the weight of cancellous bone harvested 

from the proximal femur will be equal to the weight of 

cancellous bone harvested from the proximal humerus, and the 

pattern of healing observed in bone defects grafted with 

cancellous bone from these two sources will be similar.



EXPERIMENTAL DESIGN AND METHODS: 

Experimental design: 

Sixteen mature conditioned mixed breed dogs of medium 

Size (14 to 23 kg body weight) were studied. Each animal was 

examined clinically and found to be normal before being 

included in the study. The dogs were randomly assigned to 4 

groups (4, 8, 16 and 24 week groups), each consisting of 4 

dogs. Within each group, treatment vs control limbs were 

randomly assigned. The preoperative laboratory data base for 

each dog consisted of a complete blood count, biochemical 

profile and urinalysis. 

Surgical procedure: 

The dogs were premedicated with atropine sulfate (0.02 

mg/kg, IM) and acetylpromazine (0.01 mg/kg, IM). Anesthesia 

was induced using sodium thiamylal (2-10 mg/kg, IV) and was 

maintained using a halothane and oxygen mixture (1-2%) 

delivered via a cuffed endotracheal tube connected to a semi- 

closed circle system. During the surgical procedure, a 

balanced electrolyte solution was administered (15 ml/kg/hour, 

IV) through a cephalic catheter. Post-operative analgesia was 

provided using butorphanol (0.4 mg/kg, IM). 

52
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Following routine skin preparation for aseptic surgery, 

a lateral approach was made to the proximal femur.’ The 

fascia lata was incised at the cranial edge of the biceps 

femoris muscle. Caudal retraction of the biceps muscle 

permitted exposure of the vastus lateralis muscle. After 

incising its origin on the third trochanter, the periosteal 

attachment of the vastus lateralis muscle was elevated to 

expose the proximal lateral femoral cortex. Using the 

greater trochanter and third trochanter as reference points, 

three holes were drilled through the cortex using a 3/16 inch 

intramedullary pin mounted on a hand-chuck. Kerrison rongeurs 

were used to combine and enlarge the holes to an oval defect 

20mm long and 10mm wide. All cancellous bone was removed up to 

but not including the medial cortex, using an oval bowl 

curette to provide 3-5 mm segments of cancellous bone. After 

removing excess blood, the weight of the harvested cancellous 

bone was recorded. Prior to grafting, the cancellous bone was 

placed in sterile containers, moistened with blood and covered 

with blood-soaked gauze sponges. 

Cancellous bone was also taken from the proximal humerus 

in 7 dogs using similar techniques for harvesting and 

measurement. Following routine skin preparation for aseptic 

surgery, a lateral approach was made to the proximal humerus.* 

A craniolateral skin incision was made over the base of the
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greater tubercle cranial to the acromial portion of the 

deltoideus muscle and distal to the insertion of the 

infraspinatus and teres minor muscles. After retracting the 

caudal border of the brachiocephalicus muscle cranially, the 

periosteal surface was exposed by sharp dissection. A 3/16 

inch intramedullary pin mounted on a hand-chuck was used to 

make a 10 mm round defect in the cortex of the proximal 

humerus. An oval-bowl curette was used to remove 3-5 mm 

segments of cancellous bone. After removing excess blood, the 

weight of the cancellous bone was recorded and the bone was 

temporarily stored prior to grafting in blood-soaked gauze 

sponges kept in sterile containers. After removing the graft 

Material, a 3.5 mm cancellous screw was used to secure a BOP 

block to the proximal humerus adjacent to the harvest site in 

each of 7 dogs (two 4 week dogs; two 8 week dogs; two 16 week 

dogs and one 24 week dog). The deep and superficial fascia, 

subcutaneous tissues and intradermal layer were’ then 

separately apposed with interrupted sutures of 3-0 

polydioxanone”"'. 

One subtrochanteric femoral defect in each dog was 

randomly assigned to receive biocompatible osteoconductive 

  

t PDS, Ethicon Ltd, Somerville, NJ
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polymer (BOP) fiber’** (n = 16). The BOP fiber was impacted 

into the defect and cut to extend 15-20 mm extracortically. 

The weight of the BOP fiber used in each dog was recorded. 

Control femoral defects were randomly assigned to receive 

fresh autogenous cancellous bone (n = 11) or no treatment (n 

= 5). Four of the defects received cancellous bone harvested 

from the contralateral proximal femur and seven defects 

received cancellous bone harvested from the ipsilateral 

proximal humerus. Five defects were not grafted to permit 

monitoring of donor site healing. Following’ surgical 

manipulation, the vastus lateralis muscle, fascia lata and 

subcutaneous tissues were separately apposed with interrupted 

sutures of 3-0 polydioxanone’', and the skin was apposed using 

intradermal sutures of the same material. Postoperatively, all 

dogs were monitored daily for any changes in behavior, 

illnesses or complications related to surgery. 

Samples of cancellous bone harvested from the proximal 

femur and not used for grafting were fixed in 10% buffered 

formalin and decalcified in 10% formic acid. Tissue sections 

were stained with hematoxylin and eosin and examined 

microscopically. 

  

2*Ortho-Tex, Inc. San Antonio, TX
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Fluorochrome bone labelling: 

Sequential intravenous fluorochrome labels were 

administered to each dog at two week intervals, starting two 

weeks after surgery. The schedule proceeded as_ follows: 

alizarin complexone ** (30 mg/kg) on days 14 and 28; 

tetracycline*' (30 mg/kg) on days 42 and 56; calcein*' (20 

mg/kg) on days 70 and 84; xylenol orange*' (80 mg/kg) on days 

98 and 112; tetracycline (30 mg/kg) on days 126 and 140, and 

xylenol orange (80 mg/kg) on days 154 and 164. 

Alizarin complexone, calcein and xylenol orange were 

dissolved in 2% sodium bicarbonate to give solutions of 30 

mg/ml, 20 mg/ml and 30 mg/ml respectively. The pH was tested 

and adjusted to 7.4 if necessary. Prior to injection the 

fluorochrome solutions were filtered through 0.45 micron 

millipore filters.°' All dogs were fasted prior to 

fluorochrome administration. The fluorochromes were 

administered by slow (over 10 minutes) intravenous injection 

through 21 gauge butterfly catheters. Left and right cephalic 

veins were used alternately, and the injection sites were 

clipped and aseptically prepared prior to catheter placement. 

  

"Sigma Chemical Company, St. Louis, MO 

“‘Liquamycin®, LA-200, Pfizer Inc, New York, NY 

[stAcrodisc, Gelman Sciences, Ann Arbor, MI.
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Radiographic evaluation: 

Radiographic assessment of surgery sites was performed 

preoperatively, postoperatively and at 4 week intervals 

following surgery. Each study consisted of medial-lateral and 

cranial-—caudal views of each femur and of each humerus that 

received BOP block. The radiographs were evaluated by 3 

veterinarians unaware of the experimental status of each limb. 

Bone formation was assessed by two-dimensional measurement of 

the defect margins and of the limits of extracortical bone 

using a digitizer coupled to a computer." 

Collection and processing of specimens: 

Groups of four dogs were humanely euthanatized at 4, 8, 

16 and 24 weeks after surgery using a barbiturate overdose.” 

The proximal femora and humeri were dissected, examined 

grossly and photographed. The graft sites were then removed 

en bloc leaving sufficient soft tissue and muscle so as not to 

disturb the implants. Samples were placed in 40% ethyl 

alcohol, cooled to 4C in order to optimize penetration and 

fixation. Each sample was maintained in 40% alcohol at 4C for 

  

*tSigma-Scan, Jondel Scientific, Corte Madera, CA 

™ Beuthanasia-D, Schering Corporation, Omaha, NE.
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14 days. Following fixation, samples were dehydrated by 

placing them in successively higher concentrations of ethyl 

alcohol. The schedule proceeded as follows: 70% ethanol for 

3 days, 95% ethanol for 3 days, 100% ethanol for 2 days, 100% 

ethanol for 2 days, and 100% ethanol for 4 days. After 

dehydration, specimens were cleared in two changes of xylene 

for 2 and 4 days respectively. Dehydration and clearing of the 

samples was peformed under a vaccuum of 15-21 mmHg in order to 

facilitate and accelerate specimen penetration by ethyl 

alcohol and xylene. The samples were then embedded in methyl 

methacrylate according to the following schedule: 

methylmethacrylate + 20% dibutyl phthalate for 4 days, 

methylmethacrylate + 20% dibutyl phthalate + 1% benzoyl 

peroxide for 3 days, and then methylmethacrylate + 20% dibutyl 

phthalate + 2.5% benzoyl peroxide for 5-7 days. Dibutyl 

phthalate was added to the methacrylate as a softener, to help 

in adjusting the consistency of the block. Benzoyl peroxide 

was added to the last two steps as a catalyst. The temperature 

of polymerization was 20C. Once the methylmethacrylate had 

polymerized, a band saw and sander were used to trim the 

specimen blocks to a size and shape suitable for fastening to 

the clamp of the sectioning saw. 

Transverse sections through femoral defects and through 

the humeri and BOP blocks were cut using a diamond wafering
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blade*' mounted on a precision saw*’'. Sections were cut at a 

speed of 2700 rpm and a load of 190 grams. Six 600-700 um 

thick sections were cut from each specimen, two each from the 

proximal, middle and distal areas of the defect, and were 

numbered from one to six, from distal to proximal. 

The sections were mounted on opaque plexiglass slides 

using cyanoacrylate adhesive, ground to a final thickness of 

100-200 wm with carborundum paper,*** and then polished with 

diamond paste.*'' Sections were ground at 190 rpm, using 60 

second runs according to the following schedule: 3 runs at 8 

pounds using 320 grit; 1 run at 15 pounds using 400 grit and 

3 runs at 20 pounds using 600 and then 800 grit. After 

polishing, the slides were processed as follows: slides 

numbered 1,3 and 5 were prepared for light microscopy by 

166 slides numbered surface staining with Toluidine blue stain; 

2 were surface-stained with a modified Masson’s trichrome 

stain,’®’ and slides numbered 4 and 6 were processed for 

fluorescent microscopy. 

  

®*Diamond wafering blade #11-4247, Buehler Ltd, Lake 
Bluff, IL 

**'Tsomet Plus, Buehler Ltd, Lake Bluff, IL 

*Carbimet paper discs, Buehler Ltd., Lake Bluff, IL 

t*Metadi diamond suspension, Buehler Ltd., Lake Bluff, IL
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Histologic evaluation: 

Histologic evaluation included qualitative examination of 

the nature of bone ingrowth into defects, semi-quantative 

analysis of defect healing and periosteal new bone formation, 

fluorescent microscopic evaluation of new bone and qualitative 

assessment of the soft tissue response to the presence of BOP. 

The semiquantative scale used to assess defect healing was: 

0%-25% of defect filled by new trabecular bone = 1+, 26%-50% 

of defect filled by new trabecular bone = 2+, 51%-75% of 

defect filled by new trabecular bone = 3+, and 76%-100% of 

defect filled by new trabecular bone = 4+. The semiquantative 

scale used to assess periosteal new bone formation was: 0 = 

none, 1+ = mild (less than the width of the cortical wall), 2+ 

= moderate (approximately equal to cortical width), 3+ = 

marked (greater than cortical width) and 4+ = severe (greater 

than twice cortical width). Histologic features were graded 

semiguantatively by four veterinarians unaware of defect 

treatment status. 

Statistical analysis: 

Data derived from digitized analysis of the radiographs 

was assessed for statistical significance using the paired t- 

test (P < 0.05). Data derived from semiquantative analysis of
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histologic features was assessed for statistical significance 

using the Wilcoxon signed rank test (P < 0.05). Significant 

difference (p < 0.05) between mean cancellous bone weights 

from the proximal femur and the proximal humerus was tested 

using the paired t-test.



RESULTS: 

Preoperative data base: 

The results of the preoperative bloodwork and urinalyses 

are presented in Tables 1-3. The biochemical profile and 

urinalysis were within normal limits for all dogs. On complete 

blood count, six dogs demonstrated mild to moderate 

leukocytosis without significant left shift. These findings 

were consistent with stress leukograms. The hematology 

findings were within normal limits in the other ten dogs. 

Surgical procedure: 

The surgical approach to the subtrochanteric area was 

rapid and simple. Prominent bony landmarks permitted accurate 

location of the bone defect in the subtrochanteric area. The 

mean weight + standard deviation (SD) of cancellous bone 

harvested from the proximal femur was 0.82 + 0.22 grams. This 

was significantly less (P < 0.05) than the mean weight + SD of 

the cancellous bone collected from the proximal humerus (1.38 

+ 0.29 grams) (Table 4), despite the difference in the size of 

the respective defects (humerus - 10mm x 10mm defect; femur - 

10mm x 20mm defect). The mean weight + SD of the BOP fiber 

implanted into treatment defects was 2.92 + 0.10 grams. The 
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mean weight + SD of cancellous bone implanted into control 

defects was 1.23 + 0.31 grams. The mean weight + SD of the BOP 

blocks fastened extraperiosteally to the proximal humerus was 

4.33 + .05 grams. 

Clinical examination: 

All dogs experienced a mild weight-bearing lameness 

during the first 48-72 hours following surgery. Dog #323 

developed persistent ocular and nasal discharge following 

surgery. Seven days after surgery the dog became anorexic and 

listless, and died 3 days later. This dog was subsequently 

excluded from the study. In one dog (#318), partial incisional 

dehiscence developed secondary to a draining tract from a 

defect receiving cancellous graft. In another dog (#299), 

similar wound disruption associated with a defect receiving 

BOP developed 33 days postoperatively, with subsequent loss of 

some BOP fibers. In each case, systemic antibiotic therapy 

(cephalosporin™’' at 25 mg/kg po BID) resulted in partial 

resolution, but the draining tracts were still present when 

the dogs were sacrificed at 4 and 8 weeks, respectively. No 

other complications were noted at the subtrochanteric defects. 

  

2* Cefa-tabs, Fort Dodge, Edgemont, PA.
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Radiographic evaluation: 

Radiographic signs of bone healing were not observed in 

defects that received BOP fiber. There was no decrease in the 

radiolucency of the BOP-grafted defects during the follow-up 

period, and the digitized measurements indicated an increase 

in the size of the defects over the 24-week evaluation period. 

At week 24, a dense collar of bone was apparent at the 

interface between trabecular bone and BOP fiber (Figure 1A). 

Defects that received no treatment had radiographic signs of 

progressive bone healing, with a decrease in the size and 

radiolucency of the defect on both radiographic views over 24 

weeks (Figure 1B). Nevertheless, small radiolucent areas 

persisted at week 24. Defects that received cancellous bone 

showed similar signs of bony healing, but the healing was more 

rapid and more complete by week 24. Although the differences 

were not significant, digitized measurements indicated that 

the cancellous-grafted subtrochanteric defects were smaller 

than the ungrafted subtrochanteric defects at each evaluation 

period. Qualitatively there was no difference in the healing 

of defects grafted with cancellous bone from the proximal 

femur compared to those grafted with cancellous bone from the 

proximal humerus. Based on digitized measurements, the bony 

healing of control defects was significantly greater (P< 0.05)
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than that of BOP-grafted defects at each evaluation period 

except week 4. The changes in defect size (%), based on 

digitized measurements, are presented in Tables 5 and 6, and 

the comparison between control- and BOP-grafted defects is 

represented graphically in Figure 2. Fractures were not 

associated with the subtrochanteric defects in any dog. 

Radiographically, periosteal new bone formation was 

evident adjacent to control and BOP-grafted defects by week 4. 

This periosteal reaction was greatest at week 4, and 

subsequently underwent remodelling and resorption. At week 24, 

continued periosteal activity was apparent adjacent to BOP 

fiber (Figure 1A), but no periosteal reaction was identified 

adjacent to control defects (Figure 1B). Radiographically, no 

periosteal new bone was evident adjacent to BOP block 

attachment sites. The periosteal reaction associated with BOP 

grafted defects was greater than that associated with control 

defects (Figure 3), although these differences were only 

Significant (P < 0.05) on the cranial-caudal radiographic 

views at weeks 4, 8, 12, 16 and 24 and on the lateral 

radiographic view at week 4. Digitized measurements are 

presented in Tables 7 and 8. Except for the periosteal 

reaction adjacent to BOP fiber, no extracortical bone was 

evident radiographically at BOP fiber or BOP block sites.
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Gross necropsy observations: 

Gross examination at necropsy revealed that the BOP 

fibers were seated within the proximal femoral defects, 

surrounded by a fibrous capsule. In two dogs, some dislodged 

fibers were evident adjacent to the defects. In the dog with 

wound dehiscence associated with a BOP-implanted defect 

(#299), displaced BOP fibers were present along a draining 

tract that extended from the subtrochanteric defect to the 

skin wound. In another dog (#282), proliferative tissue 

extended from the encapsulated BOP fibers down fascial planes 

between the biceps femoris and semimembranosus muscles to the 

level of the stifle. Samples of this tissue were fixed in 10% 

neutral buffered formalin and routinely processed for paraffin 

sectioning. Sections were stained with hematoxylin and eosin 

stain. 

At necropsy at week 4, the dog with the previously-—noted 

dehiscence associated with a control defect had a draining 

tract that extended from the defect to the skin wound. Gross 

assesment of control defects at necropsy (weeks 4, 8, 16 and 

24) was otherwise unremarkable. At week 24 the control defects 

were still palpable as defects in cortical contour. At 

implantation sites in the proximal humerus, BOP blocks were
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surrounded by a fibrous capsule similar to that surrounding 

BOP fibers. 

Necropsy examination of the dog that died 10 days 

following surgery revealed severe, purulent, multifocal 

bronchopneumonia characterized by a generalized mononuclear 

infiltrate and some interstitial pneumonia. The findings were 

consistent with viral pneumonia, and canine distemper virus 

was considered the most likely etiological agent. 

Histologic evaluation: 

On histologic examination, cancellous bone harvested from 

the proximal femur consisted of segments of mature, lamellar 

bony trabeculae. Intertrabecular spaces were filled with 

moderately cellular hematopoietic and fatty marrow. Minimal 

osteoblastic activity was evident on the trabecular surfaces 

(Figure 4). 

Histologically, BOP fibers were evident within the 

defects at each evaluation period (Figures 5-8). In several 

sections, some BOP fibers had partially displaced out of the 

defects and had been replaced by dense connective tissue (week 

8) or woven new bone (weeks 8, 16 and 24). Minimal new bone 

formation was present between the ends of some BOP fibers
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close to the interface with cancellous bone at the base of the 

defect (Figure 9). Fluorescent microscopy indicated that this 

bone formed during the first 12 weeks following surgery. No 

other bone formation was evident between or within the BOP 

fibers at subsequent evaluation periods. 

At week 4, the areas of the defect adjacent to BOP fiber 

had filled in with fibrous connective tissue (Figure 5). This 

tissue extended between and in some areas into the BOP fibers, 

with progressive infiltration evident during the follow-up 

period. By week 8, this connective tissue was dense and 

organized, consisting of tightly woven bundles of collagen and 

moderate numbers of blood vessels, and replacement of the 

connective tissue with irregular new woven bone was evident 

(Figure 6). By week 16 this new bone was extensive, and by 

week 24 trabecular bone extended up to but did not include BOP 

fiber (Figures 7 and 8). At week 24, fluorescent microscopy 

revealed that a ring of dense lamellar bone had formed a close 

interface with the BOP fiber (Figures 10 and 11). At this 

time, most osseous activity appeared to be occurring adjacent 

to but not including the BOP fibers. Trabeculae adjacent to 

the subtrochanteric defect were reinforced with lamellar bone 

during the first 12 weeks following surgery, with minimal 

additional osseus reinforcement occurring thereafter.
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By week 4, a vascular connective tissue capsule 

surrounded the ends of the BOP fibers extending 

extracortically. During the follow-up period, fibrous 

connective tissue progressively extended from the capsule 

between and into adjacent BOP fibers. By week 8, the capsule 

consisted of two ill-defined layers, an inner layer of dense, 

mature collagen and an outer more vascular layer of loose 

collagen. At week 24, areas of chondroid metaplasia were 

present on the outer portions of the capsule. In 3 dogs, one 

each from the 4, 8 and 16 week groups, the connective tissue 

capsule was highly cellular (round cell infiltrate) and 

vascular, suggestive of a chronic inflammatory reaction. In 

one dog, this tissue was associated with a draining tract, and 

in another, with infected granulation tissue that extended 

between fascial planes. This tissue resembled reactive 

granulation tissue, consisting of chronic purulent 

inflammation surrounded by dense connective tissue and 

containing numerous reactive blood vessels, extensive edema 

and early fibroplasia. Gram positive bacteria (Staphylococcus 

spp) were present in some areas. 

Defects that received cancellous bone or no treatment 

healed normally, with trabecular bone formation occurring 

during the first 12 weeks, and lamellar cortical bone present 

by week 16. By week 24, the lateral cortical wall was
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continuous, but defects in cortical contour persisted. Based 

on semiquantitative evaluation, bony healing of control 

defects was significantly greater (P < 0.05) than that of BOP- 

implanted defects at each evaluation period (Table 9; Figure 

12). 

At week 4, a prominent periosteal reaction was evident, 

most severe adjacent to the cortical defect (Figure 5). By 

week 16, this reaction had resorbed or remodelled, except 

adjacent to BOP fiber, where increased periosteal activity was 

evident. At week 16, the periosteum appeared to be continuous 

with the fibrous tissue of the capsule. By week 24, the 

periosteal reaction had completely resorbed except adjacent to 

BOP fiber where continued periosteal new bone formation was 

apparent (Figure 8). Fluorescent microscopy indicated 

progressive formation of woven new bone at the periphery of 

this periosteal reaction over the 24 week follow-up period. 

Histologically, healing of the subtrochanteric donor 

sites occurred by progressive deposition of irregular, woven 

trabecular bone into a network of fibrovascular granulation 

tissue. Most of this new bone formed during the first 12 weeks 

following surgery (Figures 13, 14 and 16). Trabeculae 

remaining adjacent to the defects were reinforced by 

deposition of lamellar bone during the first 4 weeks, with
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little additional osseous activity occuring thereafter. 

Cortical bone formation was first apparent at week 16, and by 

week 24 the lateral cortical wall was continuous (Figures 15 

and 17). Fluorescent microscopy indicated that this new 

cortical wall comprised lamellar bone and osteons deposited 

between weeks 14 and 24. The new cortical bone was thinner and 

less organized than the adjacent cortex (Figure 17). At week 

4, a prominent periosteal bone reaction was evident adjacent 

to the cortical defects (Figure 13). By week 8, this 

periosteal reaction was continuous with trabecular bone 

filling the cortical defects (Figures 14 and 16). By week 24, 

the periosteal reaction had resorbed or remodelled (Figure 

15). Based on semiquantitative evaluation, the periosteal 

reaction associated with BOP-grafted defects was significantly 

greater ( P < 0.05) than that associated with control defects 

at each evaluation period (Table 10; Figure 18). 

The periosteum was evident on the periphery of the 

cortical defect at week 8, and by week 16 was continuous and 

actively contributing to formation of the new cortical wall 

(Figure 17). By week 24, new bone formation from the reformed 

periosteum was significant, but remodelling was incomplete and 

defects in cortical contour persisted, occupied by overlying 

muscle and scar tissue (Figures 15 and 17).
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Subtrochanteric defects that received cancellous bone 

graft material underwent a sequence of bony healing similar to 

that of ungrafted defects, but the healing was more rapid and 

more complete by week 24. Segments of grafted cancellous bone 

present within the defects were associated with new bone 

formation. There was no qualitative difference in the bony 

healing of defects grafted with cancellous bone obtained from 

the proximal femur compared to those grafted with cancellous 

bone obtained from the proximal humerus. 

Over the 24 week evaluation period, the extracortical, 

humeral BOP blocks became encapsulated by connective tissue 

similar to that surrounding BOP fiber. No connective tissue 

or bone ingrowth into the BOP blocks was observed. A mild 

periosteal reaction adjacent to BOP blocks was most prominent 

at week 4, with some activity still present at week 24.



DISCUSSION: 

Evaluation of Biocompatible Osteoconductive Polymer 

The first part of this study evaluated the 

osteoconductive properties and biocompatibility of 

biocompatible osteoconductive polymer following implantation 

of the fiber form into subtrochanteric defects in the proximal 

femur and following extraperiosteal placement of the block 

form onto the proximal humerus. The proximal femur was 

selected as the site for fiber implantation because it 

provided a vascular cancellous bone bed that met the 

conditions recommended for osteoconduction.’ In addition, it 

facilitated simultaneous radiographic monitoring of the 

process of osteointegration in both treated and control limbs. 

The BOP block was placed on the proximal humerus following 

collection of cancellous bone from the adjacent greater 

tubercle. This reduced surgery time and the number of surgical 

procedures on each dog, but permitted the biological response 

to implantation of the BOP fiber to be evaluated separately 

from the biological response to placement of the BOP block. 

The BOP fibers were implanted into the subtrochanteric 

area of the proximal femur based on guidelines outlined in the 

literature.’’"* Adequate blood supply to bathe the fibers is 
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recommended to ensure rapid bone ingrowth and the creation of 

a bony shelf.’ In this study, the fibres were seated in an 

actively bleeding cancellous bone bed and became saturated 

with blood following implantation. Histologically, vascular 

connective tissue was present between BOP fibers by week 4. 

Over the follow-up period, the vascular fibrous tissue 

continued to extend between and into BOP fibers, presumably 

secondary to absorption of components of the polymer matrix. 

We noted that some BOP fibers were partly displaced out of the 

defects in 6 dogs, with complete dislodgement of some fibers 

evident in 3 dogs. Stresses placed on the fibers by movement 

of overlying muscle groups may have been partly responsible 

for this displacement. High stresses exerted on BOP implants 

are reported to result in expulsion of the implants.” 

Although only one dog in this study developed a draining 

tract from BOP fibers, a chronic inflammatory reaction 

associated with BOP fiber was evident histologically in 3 

dogs. In one dog in which bacterial infection was confirmed, 

this reactive tissue extended between fascial planes adjacent 

to the BOP fiber. In a report on the clinical use of BOP in 

34 dysplastic hips, complications occurred in 9 cases, 

including 2 cases of infection.’ No abnormal tissue reaction 

was noted in 3 dogs during revision procedures performed 5-10 

months after BOP fiber implantation.’ Foreign body reactions
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are reported as complications in 8% of human patients 

receiving biodegradable implants.’°’? Wound infection is 

reported in 1.6% of such patients.”? Implanted ceramic and 

coral materials have not been associated with adverse 

biological responses.**?'**? In two series of clinical human 

patients that received BOP implants, no infectious or allergic 

complications were reported.’’? However, in a report on the use 

of biocompatible polymer rod for the internal fixation of 

fractures and the filling of bone defects, wound infection 

(10% of patients) and osteomyelitis (10% of patients) were 

reported as complications.” 

Bone formation adjacent to BOP is reported to become 

evident radiographically 6 to 8 weeks following implantation 

in animals and 3 months after implantation in humans.°*’ In 

this study, however, no extracortical bone formation other 

than periosteal reaction was observed radiographically at BOP 

fiber or block sites by week 24 post-implantation. There was 

Minimal bony healing of the subtrochanteric defects containing 

BOP fiber. Although radiographs indicated an increase in the 

size of BOP-grafted defects over the 24 week evaluation 

period, this was not borne out histologically. There are 

several possible explanations for this discrepancy. The 

formation of a ring of dense bone at the interface between BOP 

fiber and trabecular bone over the 24 week evaluation period
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made the defect margins easier to identify on radiographs, 

making the digitized measurements more accurate. Difficulty in 

defining the defect margins on radiographs taken early in the 

study may have led to an underestimation of their size. In 

addition, variation in radiographic positioning between 

evaluation periods may have resulted in variation in the 

radiographic assessment of defect size. Nevertheless, there 

was Minimal evidence of BOP-grafted defect healing based on 

radiographic and histologic evaluation. 

Radiographically, increased periosteal bone formation was 

associated with BOP-grafted defects. This periosteal reaction 

was greatest at week 4, then subsequently underwent resorption 

and remodelling. However, the periosteal reaction immediately 

adjacent to BOP fiber was progressive and active, with 

continued new bone formation evident throughout the follow-up 

period. By week 16, the periosteum appeared to be continuous 

with the fibrous capsule surrounding the BOP fiber. This 

periosteal reaction may previously have been mistaken as 

radiographic evidence of osteoconduction between BOP fiber. 

Previous reports on the use of BOP in canine and human 

patients only documented apparent osteoconduction 

radiographically, without confirming the bone ingrowth 

histologically.’'™
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In this study, minimal bone formation was’ evident 

histologically between BOP fibers during the 24 week follow-up 

period. The bone that did form was deposited between fibers 

immediately adjacent to the interface with cancellous bone at 

the base of the osteotomy during the first 12 weeks following 

surgery. No other bone ingrowth was noted between or within 

the BOP fibers. No connective tissue or bone ingrowth was 

associated with the BOP’ blocks. Studies on porous 

biodegradable ceramic implants indicate that connective tissue 

is able to penetrate the ceramic pores regardless of size, but 

new bone formation only penetrates pores larger than 100 

micron in diameter.*** No data is available on the size of the 

pores that develop within the BOP fibers following resorption 

of calcium gluconate. However, based on the results reported 

from studies on ceramics, the pores that develop within the 

BOP material may not be large enough to permit bone ingrowth. 

These observations are supported by a previous report, in 

which histologic examination of a biopsy from a human patient 

3 months after implantation of BOP into an intervertebral 

space showed no ossification between the bone graft bed and 

the implant, with evidence of sclerotic bone at the interface 

between bone and biopolymer.® Similarly, in a study in 

rabbits, BOP material was found to play no role in cartilage 

regeneration.”
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No extracortical bone was evident between BOP fibers 

during the follow-up period, and the physical presence of the 

BOP material appeared to impede filling of the subtrochanteric 

defects. However, when BOP fibers became displaced out of the 

defects, the prior presence of the polymer did not impede bone 

ingrowth. Gelatin sponge implanted in bony defects in the 

proximal humeral metaphysis similarly obstructed new bone 

formation, but elicited no reaction in surrounding bone.*”“ 

Plaster of paris and collagen gel implants, however, have been 

reported to permit normal bone healing. These implants are 

completely absorbable, and products from implant resorption 

may be utilized in the bone repair process.*’''?* Although other 

biodegradable polymeric implants (such as self-reinforced 

polyglycolic acid biorods ) are not specifically 

osteoconductive, peripheral biodegradation of the implant is 

followed by new bone replacement.”° Similar events were not 

associated with the implantation of BOP fibers in this study. 

By week 24, a ring of dense lamellar bone had developed 

at the interface between BOP and the trabecular bone. This 

bone was evident both radiographically and histologically. The 

development of a rim of sclerotic bone at the interface 

between bone and biopolymer has been reported in at least one 

human patient.® This sclerotic rim was thought to have 

prevented bone ingrowth from the cancellous bed into the BOP
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mMaterial.® In studies evaluating macroporous biphasic calcium 

phosphate (MBCP) as a synthetic bony substitute, newly formed 

lamellar bone was thought to exert a protective role, 

decreasing biodegradation and subsequent new bone formation 

after the first month.’ Nevertheless, 18 weeks following 

implantation of MBCP into bone defects in dogs, the entire 

outer part of the implant had been transformed into new 

cortical bone.?}* 

In this study, lamellar new bone was deposited around the 

BOP fibers, with no bone growth into or between the BOP 

fibers. By week 24, the newly formed bone had come into direct 

contact with the outer BOP surface in some areas, but in many 

areas, interposing connective tissue still separated the new 

bone from the BOP fibers. Studies evaluating biodegradable 

ceramic materials indicate that newly formed bone comes in 

direct contact with the ceramic surface without an interposing 

connective tissue layer. This is considered to be an important 

characteristic of biocompatiblity, and is necessary for 

subsequent bone ingrowth.**’ 

At week 24, chondroid metaplasia was present on the 

periphery of the fibrous capsule surrounding the BOP fibers. 

This metaplasia was probably an attempt to form a bursa-like 

structure secondary to continual movement of overlying
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muscles. Isolated biopsies of such an area, however, could 

resemble the enchondral ossification that has been reported 

previously.? 

Based on the results of this study, BOP is not 

osteoconductive when implanted in femoral subtrochanteric 

defects or when placed extraperiosteally on the proximal 

humerus of normal dogs. Although the BOP fibers were 

infiltrated by fibrovascular connective tissue, no bone was 

incorporated into the BOP material and the physical presence 

of the BOP fibers appeared to impede healing of the bone 

defects. Periosteal new bone formation occurred adjacent to 

but did not incorporate the BOP material. Although a close 

interface forms between the BOP fiber and bone, there is 

little evidence to suggest that the material is biocompatible. 

A prominent fibrous capsule surrounded BOP material in contact 

with soft tissue, and a collar of dense lamellar bone 

surrounded BOP fiber adjacent to trabecular bone. When 

infected, a pronounced inflammatory response ultimately 

resulted in rejection of the BOP material. 

Because current indications for use of the BOP material 

are based on the premise that BOP is osteoconductive, and 

because this study found no evidence to suggest that the BOP 

Material supports osteoconduction, the clinical use of BOP,
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either as the fiber/block form in the shelf arthroplasty 

procedure or as BOP chips used as a synthetic bone graft 

substitute, cannot be recommended. 

The proximal femur as a cancellous bone donor site 

The greater trochanter of the femur has been described as 

a source of cancellous’ bone,*®’?°7? but no study has 

objectively documented the use or limitations of the proximal 

femur as a bone donor site. The second part of this 

investigation was undertaken to quantitate the amount of 

cancellous bone available for harvesting from defects in the 

subtrochanteric region of the femur, to compare the histologic 

features and efficacy of the graft to cancellous bone obtained 

from the proximal humerus, to monitor healing of the proximal 

femoral donor site and to monitor any related complications. 

Acquiring autogenous graft material is not without 

°° Additional surgical incisions, certain risks to the patient. 

increased patient morbidity and weakened bone donor sites have 

the potential for developing into serious complications.” 

Cortical defects in long bones are _ sites of stress 

concentration, decreasing the energy required for failure by 

30% to 80%.797'1%-112, Small torsional forces can produce partial 

or complete fracture of the donor bone through the cortical
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defect.’ Angular defects further weaken bone because 

fractures can be propagated from the corners of such 

108 defects. For this reason, oval defects were created in the 

femurs of the dogs used in this study. 

The loss of long bone strength is proportional to the 

size of the cortical defect.*** Although the defects used in 

this study were longer than would be used in clinical surgical 

cases, no fractures were associated with graft harvest sites 

in any of the dogs. The defects were no wider than 10mm, which 

would approximate the width of graft harvesting defects used 

clinically. The defects were 20mm in length, which is larger 

than would be used clinically. However, increasing the length 

of a cortical defect has been shown not to significantly 

reduce bone strength.’ Clinical cases, however, may have 

reduced use of another limb, increasing the weight~bearing 

forces on the femur from which the graft material was 

harvested. Cortical defects, therefore, should be as small as 

is necessary to facilitate efficient graft collection and the 

defects should be constructed with rounded edges. In 

addition, restricted postoperative activity is often enforced 

following orthopedic procedures that require autogenous bone 

graft material. This further decreases the risk of fracture 

through graft harvest sites. Previous reports have expressed 

concern over graft collection in small dogs because of the
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increased risk of iatrogenic fracture.**® In this study, graft 

material was harvested without complication from dogs as small 

as 14 kilograms. 

Dehiscence of the surgical skin incision occurred in one 

dog in this study, presumably secondary to local wound 

infection. As with any surgical procedure, meticulous 

attention to aseptic technique, careful dissection and 

anatomic apposition of tissues will minimize complications. 

Although postoperative bandaging of graft collection sites has 

been recommended to prevent hematoma or seroma formation,’”*® 

this was not necessary in this group of dogs. Patient 

morbidity associated with the graft harvesting procedure was 

limited to postoperative lameness which resolved within 72 

hours. 

Radiographs showed progressive bony healing of the bone 

donor sites (ungrafted control defects) during the follow up 

period; however small radiolucent areas were still present at 

week 24. This is similar to radiographic findings reported 

elsewhere .*"'11"135) Previous reports have indicated that the 

cortical bone that heals defects is thinner and less 

mineralized than surrounding normal cortex, hence’ the 

radiolucent appearance.**?*° In this study, histologic 

evaluation indicated that the cortical wall had reformed by



84 

week 24, but was thinner and less organized than adjacent 

cortex, with persistent defects in contour. The large size 

and inherent mechanical stability of the cortical defects may 

have contributed to the delay in cortical remodelling. 

Complete cortical regeneration in large defects appears to be 

a slow process.’’ Although incomplete cortical remodelling has 

been reported elsewhere,*'’’’** experimental studies have shown 

that long bones regain their initial strength before healing 

of cortical defects is complete.**'” 

Fluorescent microscopic evaluation indicated that 

trabecular bony healing of harvest sites occurred during the 

first 12 weeks following surgery, after which time healing 

appeared to be directed towards reconstructing the cortical 

wall. The repair process was in stage II (fibrovascular 

granulation tissue formation) at week 4, in stage III (callus 

formation) at weeks 8 and 12, and in stage IV (callus 

remodelling) from weeks 12 to 24. This healing is similar to 

that described for canine tibial and humeral graft harvest 

sites.’*?-”9 Similar but slower healing has been described for 

canine ilial wing harvest sites.’ The trabecular bone filling 

the subtrochanteric defect was derived from endosteal callus, 

while the reformed periosteum contributed primarily to 

formation of the new cortical wall. Previous reports have 

considered the contribution of the periosteum to the healing
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of bone defects to be minimal.’”? In this study, however, the 

periosteum had reestablished continuity adjacent to the 

cortical defect by week 16, by which time the periosteum was 

actively contributing to formation of the new cortical wall. 

By week 24, new bone formation from the rejoined periosteum 

was Significant. 

Based on the bony healing observed in this study, it 

appears that a second cancellous bone graft can be taken from 

the same subtrochanteric donor site after 12 weeks, although 

a slightly reduced quantity of graft material may be available 

due to incomplete remodelling. A previous report reached 

Similar conclusions for the proximal tibia, indicating that 

regrafting from the same tibial donor site could be performed 

after 12 weeks.’ Studies indicate that a second graft can be 

harvested from the proximal humerus after 8 weeks.’ The 

pattern of healing observed in the ilial wing suggests that 

reharvesting from this donor site is possible after 6 to 12 

months.?*? 

Control defects that received cancellous bone grafts 

underwent a sequence of bony healing similar to that observed 

in ungrafted control defects, except that the healing was more 

rapid and more complete by week 24. Presumably, some cells on 

the surface of the cancellous bone graft fragments survived
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the transplantation process to participate in osteogenesis. 

Efforts were taken to ensure survival of the transplanted 

bone. Non-powered orthopedic instruments were used to harvest 

the graft material in order to avoid possible compromise to 

the osteogenic potential of the graft cells. Attempts were 

made to ensure that the chips of cancellous bone were 3 to 5 

mm in size, small enough to prevent central necrosis but large 

enough to prevent the graft material from being overwhelmed by 

a foreign body reaction. Cancellous bone chips larger than 5 

mm undergo central necrosis,” while chips smaller than 0.7 mm 

become incorporated by a granulomatous foreign body response 

and do not appreciably contribute to osteogenesis.**'*? The 

graft material was collected just prior to implantation. While 

awaiting transfer, the graft material was kept in blood-soaked 

sponges away from the heat of surgery lights. The recipient 

defects were flushed thoroughly prior to graft placement in 

order to remove blood clots and other debris that might hinder 

efficient nutrient diffusion, and the graft material was 

placed adjacent to cancellous bone surfaces within the 

proximal femur in order to facilitate revascularization. 

Despite differences in the amount of cancellous bone 

grafted from the proximal femur and humerus, there was no 

qualitative difference in the rate, amount and completeness of 

bone repair and graft incorporation between cancellous bone
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material harvested from the proximal femur and proximal 

humerus, based on histologic and radiographic assessment. 

This would suggest that cancellous bone from the proximal 

femur and proximal humerus has similar osteoinductive, 

osteoconductive and osteogenic capabilities. 

The results of this part of the study indicate that the 

proximal femur can be safely used as a primary or adjunct bone 

donor site, providing moderate amounts of cancellous bone. 

The subtrochanteric region is easy to approach surgically, has 

consistent bony landmarks for graft collection and is 

associated with minimal patient morbidity. Because of the 

forces placed on the femur, however, considerable care should 

be taken not to weaken the femoral neck area by removing 

excessive quantities of bone. Regrafting from the same 

proximal femoral donor site can be performed after 12 weeks.



OUTLOOK : 

The results of this study indicate that although a 

component of BOP fiber appears to be absorbable, there is no 

evidence that BOP material supports osteoconduction and little 

evidence to suggest that the material is biocompatible. 

Additional studies are warranted, however, to determine 

whether or not properties of the polymer can be altered to 

make it more suitable as a biodegradable implant. The polymer 

may prove to be useful as a biodegradable rod in the 

intramedullary fixation of long bone fractures, provided that 

the BOP rod has good physicomechanical characteristics. 

Studies are also indicated to determine whether or not the 

addition of autogenous cancellous bone graft or purified bone 

morphogenetic protein to the BOP material might improve the 

osteoconductive properties of BOP, or indeed whether 

alteration of the physical characteristics of the BOP material 

itself might make it more conducive to bone formation. 

Finally, a study evaluating the use of the Chiari osteotomy 

procedure in the treatment of canine hip dysplasia also 

appears to be indicated. 
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TABLE 4: WEIGHT (GRAMS) OF BONE GRAFT MATERIAL OBTAINED 

DOG # PROXIMAL FEMUR PROXIMAL HUMERUS 
LEFT RIGHT 

308 0.86 0.60 1.08 
307 1.34 1.02 1.28 

313 0.96 0.74 1.61 
326 0.88 0.66 1.30 
328 0.69 1.37 1.93 
318 0.84 1.14 1.19 
323 0.72 0.89 1.24 

311 0.52 0.59 
296 0.93 0.85 
305 0.91 0.90 

282 0.67 0.96 
299 0.56 0.72 
320 0.50 1.05 
330 0.66 0.91 
333 0.83 0.51 
335 0.51 0.94 

Mean: 0.82* 1.38* 

Standard 
Deviation ;: 0.22 0.29 

*Difference significant at p = 0.021



TABLE 5: PERCENTAGE CHANGE IN FEMORAL DEFECT SIZE AS MEASURED ON LATERAL 
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RADIOGRAPHS 

4 weeks 8 weeks 12 weeks 

Dog Control BOP Control BOP Control BOP 
# 

311 55 .6 157.6 59.1 172.3 60.7 154.9 
296 92 .6 131.7 80.1 109.1 95.4 138.5 
308 95.1 81.4 73.7 87.0 65.7 77.6 
305 125.1 139.0 57.3 116.2 7.9 141.4 

330 85.4 95.9 64.6 53.9 47.1 40.6 
313 98.8 94.8 83.4 98.4 93.2 84.8 

307 86.2 90.4 83.8 104.9 72.1 98.3 
282 109.5 111.8 97.3 119.5 94.9 152.7 
299 133.6 146.8 94.6 101.6 
326 37.2 87.9 40.8 87.9 
328 100.6 102.1 13.0 130.3 
320 90.2 49.5 58.6 43.5 

333 79.0 106.0 
318 87.0 65.6 

335 100.7 110.4 

Mean 91.8 104.7 67.2 102.1 67.1 111.1 

Standard 
Deviation 23.8 29.7 23.9 33.7 29.8 41.9 

P-Value 0.155 0.017 0.041 

Significance NS sD SD 

KEY: SD = significant difference 
NS = not significant
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16 weeks 20 weeks 24 weeks 

Dog Control BOP Control BOP Control BOP 

# 

311 60.4 138.7 69.4 145.3 64.6 133.0 
296 99.9 141.1 88.4 141.8 96.9 177.0 
308 1.3 91.2 1.5 75.2 44.1 87 .6 
305 2.3 124.3 3.2 150.8 50.5 95.9 
330 37.0 39.8 
313 95.4 98.6 
307 65.5 75.5 
282 89.4 147.8 

Mean 56.4 107.1 40.6 128.3 64.0 123.4 

Standard 
Deviation 39.5 37.7 44.9 35.6 23.5 40.8 

P-Value 0.014 0.024 0.007 

Significance sD SD SD 

KEY: SD significant difference 
NS = not significant
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TABLE 6: PERCENTAGE CHANGE IN FEMORAL DEFECT SIZE AS MEASURED ON 

CRANIAL-CAUDAL RADIOGRAPHS 

4 weeks 8 weeks 12 weeks 

Dog Control BOP Control BOP Control BOP 

# 

311 109.7 199.1 86.5 203.0 60.3 211.92 
296 52.9 129.0 91.8 112.8 108.1 114.6 
308 65.3 208.1 53.8 206.2 33.9 234.9 

305 63.7 161.2 58.9 193.7 44.6 222.2 
330 118.2 68.4 88.0 64.5 72.4 38.3 
313 56.1 142.1 70.9 143.5 52.3 159.9 

307 62.1 107.8 80.5 106.5 77.9 114.6 
282 54.7 211.1 41.4 223.2 48.3 237.1 

299 95.5 87.7 63.7 69.1 
326 98.1 119 .6 83.9 95.0 
328 42.1 178.9 15.7 156.8 
320 116.3 56.7 85.0 42.1 
333 124.3 139 .6 
318 64.9 206.3 
335 100.2 225.3 

Mean 81.6 149.4 68.3 134.7 62 .2 166.7 

Standard 
Deviation 28.0 54.7 22.9 62.0 23.5 72.3 

P-Value 0.002 0.012 0.014 

Significance SD SD 

KEY: SD = significant difference 
NS = not significant
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16 weeks 20 weeks 24 weeks 

Dog control BOP Control BOP Control BOP 
# 

311 74.9 220.1 50.6 242.0 78.8 254.1 
296 111.6 124.6 123.0 144.3 138.5 233.8 
308 39.4 240.6 49.7 240.1 20.5 249.4 

305 43.6 215.0 57.4 217.6 51.3 231.9 
330 59.6 44.4 

313 79.6 155.4 
307 98.0 90.1 
282 55.8 279.0 

Mean 70.3 171.2 70.2 211.0 72.3 242 .3 

Standard 
Deviation 25.6 80.9 35.4 45.8 50.2 11.1 

P-—Value 0.022 0.040 0.009 

Significance SD SD SD 

KEY: SD significant difference 
NS not significant
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TABLE 7: PERIOSTEAL NEW BONE FORMATION (CM’) ADJACENT TO FEMORAL DEFECT 

AS MEASURED ON LATERAL RADIOGRAPHS 

  

  

  
  

  

4 weeks 8 weeks 12 weeks 

Dog Control BOP Control BOP Control BOP 

# 

311 0.0 1.167 0.0 0.338 0.041 1.088 
296 1.060 1.283 0.0 0.0 0.0 0.195 
308 1.957 1.695 0.042 0.0 0.0 0.0 
305 0.0 0.741 0.0 0.79 0.265 0.209 
330 0.0 0.0 0.065 1.528 0.0 0.0 
313 0.056 0.0 0.0 0.168 0.031 0.426 
307 0.287 0.93 0.096 0.0 0.0 0.0 
282 0.0 0.926 0.582 0.681 0.0 0.069 
299 0.0 0.232 0.0 0.0 
326 0.147 0.171 0.123 1.495 
328 1.364 1.382 0.0 0.0 
320 0.0 0.0 0.0 0.09 
333 0.643 1.509 
318 0.0 0.0 
335 0.206 0.39 

Mean 0.381 0.695 0.076 0.424 0.042 0.248 

Standard 
Deviation 0.61 0.62 0.17 0.58 0.09 0.37 

P—Value 0.015 0.051 0.159 

Significance SD NS NS     
  

KEY: SD = significant difference 
NS = not significant
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TABLE 7 con’t 

16 weeks 20 weeks 24 weeks 

Dog Control BOP control BOP Control BOP 
# 

311 0.003 1.363 0.0 0.0 0.0 0.0 
296 0.0 0.101 0.0 0.0 0.0 0.535 

308 0.0 0.0 0.0 0.258 0.0 0.0 
305 0.044 0.038 0.0 0.056 0.0 0.166 

330 0.0 0.0 
313 0.0 0.288 
307 0.0 0.0 

282 0.0 0.062 

Mean 0.006 0.232 0.00 0.079 0.00 0.175 

Standard 
Deviation 0.02 0.47 0.00 0.12 0.00 0.25 

P-Value 0.216 0.290 0.259 

Significance NS NS NS 

KEY: SD = significant difference 
NS = not significant
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TABLE 8: PERIOSTEAL NEW BONE FORMATION (CM) ADJACENT TO FEMORAL DEFECT 

AS MEASURED ON CRANIAL-CAUDAL RADIOGRAPHS 

  

  

    
        

4 weeks 8 weeks 12 weeks 

Dog Control BOP control BOP Control BOP 

311 0.137 0.801 0.098 0.135 0.056 0.398 
296 0.128 0.914 0.009 0.103 0.038 0.159 
308 0.522 0.709 0.0 0.0 0.0 0.136 
305 0.194 0.433 0.121 1.055 0.017 0.471 
330 0.103 0.349 0.117 0.232 0.0 0.090 
313 0.0 0.608 0.063 0.225 0.0 0.408 

307 0.397 0.912 0.0 0.172 0.157 0.085 
282 0.183 0.383 0.094 0.320 0.271 0.697 

299 0.107 0.126 0.0 0.121 
326 0.024 0.084 0.0 0.637 
328 0.152 0.36 0.147 0.058 

320 0.0 0.186 0.327 0.574 
333 0.335 0.682 
318 0.0 0.029 
335 0.128 0.455 

Mean 0.161 0.469 0.081 0.303 0.067 0.306 

Standard 
Deviation 0.15 0.29 0.10 0.31 0.10 0.22 

P-Value 0.000 0.022 0.010 

Significance SD SD SD 

KEY: SD = significant difference 
NS = not significant
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16 weeks 20 weeks 24 weeks 

Dog Control BOP Control BOP Control BOP 

# 

311 0.028 0.293 0.0 0.075 0.0 0.127 
296 0.0 0.207 0.0 0.402 0.0 0.806 
308 0.0 0.106 0.269 0.869 0.138 0.153 
305 0.012 0.266 0.392 0.732 0.0 0.660 
330 0.0 0.094 
313 0.0 0.451 

307 0.120 0.039 
282 0.449 0.772 

Mean 0.076 0.279 0.165 0.520 0.035 0.0437 

Standard 
Deviation 0.16 0.24 0.20 0.36 0.07 0.35 

P-Value 0.010 0.047 0.131 

Significance SD SD 

KEY: SD = significant difference 
NS = not significant
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TABLE 9: HISTOLOGIC EVALUATION OF FEMORAL DEFECT HEALING (SEMIQUANTATIVE) 

  

  

4 weeks 8 weeks 16 weeks 24 weeks 
Control BOP Control BOP Control BOP control BOP 

318 4.00 1.00 328 4.00 2.25 330 3.75 1.50 308 4.00 1.00 

4.00 1.00 4.00 1.00 3.25 1.00 3.75 1.00 
4.00 1.00 4.00 1.25 3.25 2.00 4.00 1.50 

333 3.75 1.00 326 4.00 1.50 307 3.75 1.25 311 4.00 3.50 

3.75 1.00 4.00 1.00 3.75 1.50 4.00 1.50 
3.75 1.00 4.00 1.00 3.75 1.50 3.75 1.00 

335 4.00 2.00 299 4.00 2.00 282 4.00 1.00 296 3.50 1.25 

3.25 1.00 3.00 1.25 4.00 1.00 4.00 1.00 

3.75 1.00 3.50 1.50 3.75 1.00 4.00 1.00 
320 4.00 2.25 313 3.75 1.25 305 4.00 1.25 

4.00 1.50 4.00 1.00 4.00 1.00 
4.00 1.50 3.75 1.00 4.00 1.00 
  

Median Value 

  

  

  

3.75 1.00 4.00 1.50 3.75 1.13 4.00 1.00 

P-Value 

0.004 0.001 0.001 0.001 

Significance 

SD sD SD SD 

SCALE: 1 = 0-25% of defect filled by new trabecular bone 
2 = 26-50% of defect filled by new trabecular bone 
3 = 51-75% of defect filled by new trabecular bone 
4 = 76-100% of defect filled by new trabecular bone 

KEY: SD = significant difference 
NS = not significant 
Italicised number = dog number
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HISTOLOGIC EVALUATION OF PERIOSTEAL NEW BONE 
FORMATION ADJACENT TO FEMORAL DEFECTS (SEMIQUANTATIVE) 

  

  

  

  

  

  

4 weeks 8 weeks 16 weeks 24 weeks 

Control BOP Control BOP Control BOP Control BOP 

318 1.75 3.75 328 1.00 2.00 330 0.75 1.25 308 0.25 0.75 

1.75 3.75 0.75 1.75 1.00 1.50 0.50 0.75 
1.75 3.00 0.25 0.75 0.50 1.00 0.75 1.25 

333 3.00 4.00 326 0.75 0.25 307 0.50 0.50 311 0.25 1.00 

3.00 4.00 0.50 1.00 0.50 0.50 0.25 1.75 
1.75 4.00 0.25 1.00 1.00 1.25 1.00 1.25 

335 3.50 3.50 299 0.50 1.00 282 0.25 3.00 296 0.00 1.25 

1.00 3.00 0.50 1.25 0.25 3.00 0.25 0.75 

2.00 2.25 0.25 1.00 1.00 3.25 0.50 1.25 

320 0.00 0.50 313 0.25 1.25 305 0.25 2.00 
0.50 0.75 0.25 1.25 0.50 2.25 

0.50 1.00 0.75 1.25 0.25 2.50 

Median Value 

1.75 3.75 0.50 1.00 0.50 1.25 0.25 1.25 

P-Value 

0.006 0.003 0.003 0.001 

Significance 

SD SD SD SD 

SCALE: 0 = none 

1 = mild 

2 = moderate 

3 = marked 

4 = severe 

KEY: SD = significant difference 
NS = not significant 
Italicised number = dog number
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Figure 1A: Cranial-caudal radiograph of BOP-grafted defect, 
week 24. The radiolucent BOP-grafted defect is bordered by a 
collar of dense bone at the interface with trabecular bone 
(arrowheads ). A prominent periosteal reaction is present 
adjacent to the defect (arrows).
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Figure 1B: Cranial-caudal radiograph of control defect, week 
24. The control defect has undergone bony healing. The 
cortical wall has reformed, but remodelling is not yet 
complete (arrowheads).
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Figure 2: Radiographic evaluation of defect healing. Defect 
healing is expressed as a percentage change in size of the 
defect when compared to the immediate post-operative 
radiographs. Difference are significant (p < 0.05) at weeks 
8, 12, 16, 20, and 24. A = lateral view; B = cranial-caudal 
view.
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Figure 3: Radiographic evaluation of periosteal new bone 
formation. Digitized measurements (cm’) of the periosteal new 
bone were used to assess the periosteal reaction. Difference 
are significant (p < 0.05) on cranial-caudal views at weeks 4, 
8, 12, 16 and 20. A = lateral view; B = cranial-caudal view.
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Figure 4: Cancellous bone graft from subtrochanteric area. 

The bone graft material consists of mature trabeculae 

separated by spaces filled with hematopoietic and fatty 

Marrow. H&E; x10. TB = trabeculae; FM = fatty marrow; HM = 

hematopoietic marrow.



124 

  
Figure 5: BOP fiber implanted into subtrochanteric defect, 
week 4. Connective tissue occupies the areas of the defect 
not containing BOP fiber. Periosteal new bone formation is 
evident adjacent to BOP fiber. Portions of the connective 
tissue capsule surrounding the BOP fiber can be seen. 
Toluidine blue. BOP = biocompatible osteoconductive polymer 
fiber; PR = periosteal reaction; CT = connective tissue; CP 
= capsule.
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Figure 6: BOP fiber implanted into subtrochanteric defect, 
week 8. Trabecular new bone extends up to but does not 
include BOP fiber. Periosteal activity and portions of the 
connective tissue capsule are evident. Toluidine blue. BOP 
= biocompatible osteoconductive polymer fiber; PR = periosteal 
reaction; TB = trabecular new bone; CP = capsule.
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Figure 7: BOP fiber implanted into subtrochanteric defect, 

week 16. Trabecular new bone extends up to but does not 

incorporate BOP fiber. Continued periosteal activity is 

evident adjacent to BOP fiber. Toluidine blue. BOP = 

biocompatible osteoconductive polymer fiber; 
PR = periosteal reaction; CP = capsule.
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Figure 8: BOP fiber implanted into subtrochanteric defect, 
week 24. Dense connective tissue is evident between BOP 
fibers. A collar of lamellar bone (arrowheads) is evident at 
the interface between cancellous bone and BOP fiber. 
Extensive periosteal new bone can be seen adjacent to the BOP 
fiber. Toluidine blue. BOP = biocompatible osteoconductive 
polymer fiber; PR = periosteal reaction; CT = connective 

tissue; CP = capsule.
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Figure 9: BOP fiber, week 8. Some new bone is evident between 
BOP fibers adjacent to cancellous bone at the base of the 
defect. Toluidine blue; x10. BOP = _ biocompatible 
osteoconductive polymer fiber; NB = new bone; CB = cancellous 
bone.
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Figure 10: BOP fiber, week 24. A collar of dense lamellar bone 
has formed a close interface with BOP fiber. Toluidine blue; 

x10. BOP = biocompatible osteoconductive polymer fiber; LB = 
dense lamellar bone; CT = connective tissue.
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Figure 11: Dense lamellar bone, week 24. Fluorescent 
microscopy demonstrates the sequence in which lamellar bone 
was deposited around BOP fiber. No fluorescent markers are 
evident within the BOP fiber. Ultraviolet fluorescence, x 10. 
BOP = biocompatible osteoconductive polymer fiber; 1 = 
alizarin-labelled bone (weeks 2 and 4); 2 = tetracycline - 
labelled bone (weeks 6 and 8); 3 = calcein-labelled bone 
(weeks 10 and 12); 4 = xylenol-orange-labelled bone (weeks 14 
and 16); = tetracycline-labelled bone (weeks 18 and 20) and 
6 = xylenol-orange labelled bone (weeks 22 and 24).
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Figure 12: Histologic evaluation of defect healing. Based on 
the percentage of defect filled by new bone, the 
semiquantative scale used to evaluate bony healing was: 1 = 
0-253; 2 = 26-50%; 3 = 51-75% and 4 = 76-100%. Median scale 
values are indicated. Differences are significant (p < 0.05) 
at weeks 4, 8, 16, and 24.
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Figure 13: Subtrochanteric donor site, week 4. Half the defect 
has filled with new trabecular bone. Periosteal new bone is 
evident adjacent to the cortical defect. Arrowheads delineate 
the original defect. Toluidine blue NT = new trabecular 
bone; PR = periosteal reaction.
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Figure 14: Subtrochanteric donor site, week 8. Most of the 
defect has filled with new trabecular bone. Arrowheads 
delineate the original defect. Toluidine blue. NT = new 
trabecular bone; PR = periosteal reaction.
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Figure 15: Subtrochanteric donor site, week 24. The cortical 
wall has reformed, but a defect in contour persists. 
Arrowheads delineate the original defect. Toluidine blue. NT 
= new trabecular bone; NC = new cortical bone; MS = muscle and 

scar tissue.
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Figure 16: New trabecular bone formation, week 8. Fluorescent 
bone labelling indicates the sequence in which bone was 
deposited: red = alizarin-labelled bone (weeks 2 and 4); 
yellow = tetracycline-labelled bone (weeks 6 and 8). Areas of 
diffuse fluorescence indicate rapid bone formation. 
Ultraviolet fluorescence; x10.
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Figure 17: Reformed cortical wall, week 24. The periosteum has 

re-established continuity adjacent to the new cortical wall. 
Successive layers of new bone formation are evident, but the 

reformed cortical wall is thinner than normal and remodelling 

is incomplete. Toluidine blue; x10. NT = new trabecular bone; 

NC = new cortical bone; MS = muscle and scar tissue; 

P = periosteum.
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Figure 18: Histologic evaluation of periosteal new bone 
formation. The semiquantative scale used to evaluate the 
periosteal reaction was: 0 = none, 1 = mild, 2 = moderate, 3 
= marked and 4 = severe. Median scale values are indicated. 
Differences are significant (p < 0.05) at weeks 4, 8, 16, and 
24.
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