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CHAPTER 1 

INTRODUCTION 

Femoral fractures are common in dogs and cats, accounting for one-quarter to one­

thirdofveterinaryfracturerepairs.6,10,60,84Femoralfracturescan resultfromhigh-energy 

trauma (e.g. motor vehicle accident or gunshot wound) with complex loading patterns of 

excessive caudal-cranial and medio-Iateral bending (CCB, MLB), torsion (TL), and axially 

compressive (AC) forces. Highly comminuted fractures are complicated by extensive soft 

tissue injury and resulting reduction of blood flow to bone fragments. Highly comminuted 

mid-diaphyseal femoral fractures are often difficult to reconstruct and present increased 

technical challenge for the surgeon. High fracture repair complication rates in humans and 

animals are attributed to the use of traditional methods of open reduction, bone 

reconstruction, and internal stabilization with dynamic compression plates (DCP)J 

Complications include implant loosening, sequestrum formation, osteomyelitis, delayed 

union ormalunion, poorlimbfunction, andfracture disease.47,6o,72,84 In lightofthese 

problems, new osteosynthesis concepts and methods of comminuted fracture repair have 

developed. 

The concept of biologic osteosynthesis has received increasing popularity, 

investigation,and applicationoverthepastdecade.5,23.48,68,69Thegoaloffracturetreatment 

is to achieve fracture healing, functional bone alignment, and return to function of the 

effected leg.1a A fractured bone does not have to be anatomically reconstructed to achieve 

these goals. Biologic osteosynthesis advocates functional alignment as opposed to anatomic 

reconstruction, closed or minimal approach reduction, preservation of fragment vascularity 

and soft tissue coverage, and rigid stabilization.5,68 The application of such principles has 

proven beneficial in terms of higher fracture repair success rates, lower complication rates, 

and more rapid return to functional limb use.23.48 
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The problem incurred using biologic osteosynthesis principles is that fixation devices 

span the fracture gap and are subjected to the entire load of the limb (buttress effect). Such 

buttress repair constructs must be the strongest of all fracture repairs because no 

distribution of forces acting on the bone occurs between the bone and the implant (load 

sharing).. The traditional use of bridging OCP plates continues; however, the application of 

these plates in buttress predisposes them to failure in unfilled screw holes within the 

fracture gap.6.48 To improve repair stability, new stabilization constructs have been 

recommended to include the addition of an intramedullary pin to standard buttress OCP 

plating (plate-rod construct)(PR), the use of limited contact -dynamic compression plates 
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Figure 1. Fixation Constructs. Cranial view of 
three mid-diaphyseal femoral ostectomy­
fixation constructs. A. Plate-rod (LCR, PR). B. 
Interlocking Nail (IN). C. Plate (OCP, LC, LP). 

(LG-OCP)(LC), the use of bone lengthening plates (LP), and the use of interlocking nails 

(IN).8,26,27,29,34.40.41.48,59,64,69 (Fig.1) 
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Improved bone stabilization appliances and techniques allow the biologic 

osteosynthesis of non-reconstructable diaphyseal fractures in buttress by producing more 

stable constructs. Plate-rod constructs have demonstrated doubled bending resistance by 

the application of an 1M pin of 30-50% isthmus diameter in addition to standard OCP 

repair.40.41 Limited contact -dynamic compression plates were designed by the AO Research 

Foundation as a new plating alternative for biologic osteosynthesis.6o These plates have a 

complex contouring design, which creates consistent cross-sectional area across the entire 

length of the plate, including screw-hole sections. They also offer more uniform bending 

characteristics and do not concentrate forces at screw holes, where OCP plates usually 

break. Lengthening plates, lacking screw holes at mid-plate, have been recommended 

because they allow gap bridging without force concentration in fracture gap screw 

holes.34,59,64 Interlocking nail systems are 1M pins with proximal and distal screw holes for 

securing the nail in the medullary canal. Interlocking nails, being fixed in the medullary cavity 

along the bone's longitudinal-neutral axis, have the mechanical advantage of having zero 

moment arm to force opposition.76The advantages and use of LC-OCP and LP for use in 

comminuted mid-diaphyseal femur fracture stabilization have been discussed, but not 

investigated.40 The use of LG-DCP-rod constructs (LCR) has neither been described, nor 

investigated. The use of IN stabilization of femoral fractures has been discussed and 

investigated;8,9 however, not all fracture forces were studied, and the Numedic IN system 

(Numedic SA Ltd., Collet, France) studied is not available in the USA. 

The objective of this study was to biomechanically compare the relative strengths of 

intact cadaveric canine femurs (FEM) and six internal stabilization constructs (IN, LP, OCP, 

LC, PR, and LCR) that might be used to fixate highly comminuted diaphyseal femoral 

fractures using biologic osteosynthesis principles. Intact FEM and stabilized gap­

ostectomized femurs were subjected to nondestructive physiologic loading conditions with 

four isolated forces (EC, AC, CCB, MLB) to determine construct stiffness and fracture gap 
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interfragmentary motion (IFM). No study to date has endeavored to simultaneously compare 

multiple femoral buttress fixation constructs (DCP, PR, LC, LCR, LP, IN) using all four fracture 

distraction forces (EC, AC, CCB, MLB). We hypothesized that FEM would outperform all 

appliances and that the stabilized gap-ostectomized femur constructs would perform 

predictably such that buttress plates were relatively weaker, plate-rod combinations were 

stronger, and IN and LP strongest,21,63,70,73,76 
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CHAPTER 2 

LITERATURE REVIEW 

Introduction 

A literature search was conducted using MEDLINE and the Veterinary Information 

Network's journals index. Key topical descriptors included femoral fractures, biological 

osteosynthesis, bridging technique, in vitro biomechanical testing, bone storage, plate-rod 

constructs, interlocking nails, limited contact -dynamic compression plates, and lengthening 

plates. Dynamic compression plating was not reviewed as a critical subject, due to its 

acceptance in veterinary orthopedics, unless DCP plating was used in biomechanical 

comparison to other evaluated constructs. Veterinary studies received greater attention; 

however, human literature was reviewed for biomechanical testing guidelines and results. 

Definitive veterinary surgical texts were also consulted. A bibliographic scrub of full text 

journal articles and orthopedic texts uncovered additional important citations. Commercial 

manufacturers were consulted for proprietary biomechanical data. Commercial manufacturer 

sites are accessible via Internet. In total, the search identified approximately 150 

manuscripts for evaluation; 87 are included in the reference list. 

Femur fractures 

Femoral fractures are common fractures in dogs and cats, accounting for one-quarter 

to one-third ofveterinaryfracture repairs.6,10,60,84 Femoralfractures are usuallythe result of 

high-energy trauma (motor vehicle accident, gunshot wound) with complex loading patterns 

of excessive caudal-cranial and medio-Iateral bending (CCB, MLB), torsional loading (TL), and 

compressive (AC, EC) forces. 21,70,73,84 Veterinary orthopedists are presented with complex, 

highly comminuted fracture patterns, which are complicated by extensive soft tissue injury 
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and reduction of blood flow to bone fragments. Highly comminuted mid-diaphyseal femoral 

fractures (Unger Type 32-C3)80 are often difficult to reconstruct and present increased 

technical challenge for the surgeon. Femoral fractures are the a severe test on internal 

fixation in veterinary patients.47.60,72,84 A decade ago many such fractures would be repaired 

with anatomic reconstruction of the fragments, limb shortening with standard fixation, or 

segmental allograft replacement and internal fixation splinting.64 Reduction of such fractures 

requires significant soft tissue disruption.69 High veterinary fracture repair complication rates 

are attributed to the use of traditional methods of open reduction, bone reconstruction, and 

internal stabilization with dynamic compression plates (DCP).12,35 In the human literature, 

while the overall incidence of acute and fatigue plate failure during extremity fracture 

stabilization is quite low (2.4%),12 the failure rates for femoral shaft plating as high as 21% 

have been reported.35 The femur also has the highest rates of nonunion and osteomyelitis of 

all fractures in veterinary patients.6o.72 Other complications, which may be attributed to 

inadequate stabilization, extensive soft tissue damage, and loss of periosteal and 

intramedullary blood supply include implant loosening, sequestrum formation, delayed union, 

poor limb function, and fracture disease.46.47.6o.72.84 In light of these problems, new 

osteosynthesis concepts and methods of comminuted fracture repair have developed. 

Biological osteosynthesis 

The concept of biologic osteosynthesis has received increasing popularity, 

investigation, and application over the past decade.5.23.48.68,69 The goal of fracture treatment 

is to achieve fracture healing, functional bone alignment, and return to function of the 

effected leg.6Afractured bone does not have to be anatomically reconstructed to achieve 

these goals. Traditional methods of mechanical fracture treatment (the Carpenter's 

approach)68 are being replaced with biological fracture treatment methods (the Gardener's 
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approach)68 when anatomic reduction and appliance-bone load-sharing cannot be achieved 

without substantial disruption of the bone's soft tissue supporting structures. Biologic 

osteosynthesis advocates functional alignment as opposed to anatomic reconstruction, 

closed or minimal open approach ("open but do not touch")68 reduction, preservation of 

fragment vascularity and soft tissue coverage, less traumatic construct application, rigid 

stabilization, and progressive destabilization, when applicable. The application of such 

principles has proven beneficial in terms of higher fracture repair success rates, lower 

complication rates, and more rapid return to functional limb use. In a comparison of 

fragment reconstruction and OCP fixation with bridging plate fixation using biologic fracture 

treatment principles in 35 dogs,48 dogs treated with bridging plate techniques had shorter 

operative periods and demonstrated faster clinical healing. Fragment reconstruction 

techniques showed radiographic evidence of healing at 15.1 weeks, while bridging 

techniques showed radiographic evidence of healing at 10.5 weeks. In a similar study, 

comparing 47 dogs with tibial fractures. treated with open reduction -plate stabilization or 

closed reduction -external skeletal fixation (ESF), closed reduction resulted in shorter 

operative periods and fewer complications.23 No differences in healing times were noted, 

possibly due to proportionately less rigid ESF stabilization.23 

The problem incurred using biologic osteosynthesis principles is that fixation devices 

span the fracture gap (bridging) and are subjected to the entire load of the limb (buttress 

effect). Such buttress repair constructs must be the strongest of all fracture repairs. The 

traditional use of bridging OCP plates continues; however, the application of these plates in 

buttress predisposes them to failure in unfilled screw holes within the fracture gap.59,76 To 

improve repair stability, new stabilization constructs have been recommended to include the 

addition of an 1M pin to standard buttress OCP plating (PR), the use of limited contact ­

dynamic compression plates (LG-OCP), the use of lengthening plates (LP), and the use of 

interlocking nails (IN).8,26,27,29,34,40,41,48,59,64,69 
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Fixation constructs 

Buttress-plate arut Plate-rod constructs 

Modern bone plating began in the early 1960s and has continued to grow in 

implementation and investigation through the efforts of the Swiss Arbeitsgemeinschaft fur 

Osteosynthesefragen (AO) and the Association for the Study of Internal Fixation (ASIF) (USA 

counterpart). This group has developed plate designs, instrumentation, and standardized 

techniques has made internal fixation with bone plates a versatile, popular, and successful 

alternative for internal fixation of most long bone fractures in human and veterinary 

patients.53,72 The properly applied plate effectively resists all disruptive fracture forces: axial 

compression, bending, shear, tension, and torsional forces.73 Bone plating allows early return 

to function via rigid stabilization of reconstructed fractured bone.72 Bone plating, due to lack 

of alternatives, has traditionally been the fixation method of choice for femoral fractures in 

dogs.6,72 

Figure 2. Dynamic Compression Plate. 3.5 
mm, 10 hole, DCP. 

The dynamic compression plate (DCP) (Fig. 2) was introduced in 1969,4 and has 

been the standard internal fixation plate for the past three decades. The main problem with 

the use of a DCP in buttress to span an open fracture gap is that plate stress concentrates in 

unfilled screw holes, and the plate preferentially bends at a fracture gap hole.6,40,46,59,71,73 

Plates are also more effected by repeated bending stress (fatigue failure), than 1M devices, 
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due to their eccentric placement off the neutral axis of the bone (moment arm),70,73 Other, 

reported features of current biologic plating theory include: induction of osteoporosis through 

interference with cortical perfusion, weak bone lamellae about the bone plate interface, and 

lack of screw placement flexibility due the OCP's extended middle section (without holes) and 

one-way compression holes.69,71 For these reasons, the OCP has not been totally successful 

in the repair of highly comminuted femoral fractures35 and is being phased out of use in lieu 

of the LC-OCP.69,71 

Since buttress plating of non-reducible fracture gaps with uncontrolled compression 

of the contralateral side of the fracture can lead to early plate fatigue failure, the plate-rod 

constructhasbeenrecommended.40,73 Theadditionofan1Mpin,occupying 50%ofthe 

marrow caVity, to a buttress plate construct reduces plate strain by a factor of two and 

increases fatigue life of the plate by lQ-fold.40 Further study demonstrated that optimal pin 

size to encourage healing, allow screw placement, and minimize stress protection is between 

35% and 40% of 1M diameter.41 A plate-rod construct is recommended whenever a plate is to 

be used, and anatomic fracture reduction is not possible.40,73 An additional advantage ofthe 

PR is that it can be destabilized at 6-8 weeks by removing the 1M pin to encourage fracture 

healing.47 

Limited contact Q!.gNs (Fig. 3) 

Limited contact -dynamic compression plates are bone plates specifically designed 

by AO as a replacement for OCPs for use with biologic plating techniques.46,55,69,71 They are 

designed to minimize plate to bone contact and to encourage blood flow beneath the plate, 

as compared to standard OCP plates. This is achieved by having an undercut surface with a 

more trapezoidal, than rectangular, cross-sectional area. In theory, in the long term, this 

reduces plate associated osteoporosis by increasing cortical perfusion around the plate and 
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by minimizing stress protection by the plate. However, both of these claimed effects have 

been investigated and disputed.44,45 Additionally, the LC-OCP's trapezoidal shape and cutout 

between screw holes allows for equivalent cross-sectional area across all sections of the 

plate, reducing stress concentration at screw holes and allowing for uniform bending 

stiffness. This is in contrast to OCPs which deform preferentially at open screw holes. The 

screw holes are designed for more flexible use by allowing dynamic compression in either 

direction; however, special guides are required to achieve this effect. Holes are also equally 

spaced to allow purchase of fracture gap fragments. Finally, the undercut shape allows for 

more screw angulation than OCP plates (up to 400). 

Biomechanical comparison of LG-OCPs and OCPs has been performed. In two 

Figure 3. Limited Contact -Dynamic 
Compression Plate. 3.5 mm, 10 hole, LG­
OCP. 

studies, 4.5mm titanium LG-OCPs (tLC) and 4.5mm stainless steel OCPs (sOCP) had similar 

bending stiffness in a 1mm gap model,1 and 4.5mm tLC and 4.5mm titanium OCPs (tDCP) 

had nearly identical bending stiffness in a closed gap model.59 These studies lead to an 

expectation that OCPs should perform similarly to LG-OCPs. In a study of radial bone fracture 

fixation, Jain43 determined that using a closed-gap osteotomy model, no differences in 

construct bending stiffness existed between 3.5mm sOCP, tDCP, steel LG-OCPs (sLC ), or tLC. 

However, with a small open-gap model the stiffness and yield of sLC was better than tLC, and 
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the stiffness and yield of sDCP was better than sLC. In another recent study, unmounted 

3.5mm sLC were only 2/3 as stiff as unmounted 3.5mm sDCP in 4-point bending.55 The 

expectation is that naked plate bending should be a more representative predictor of the 

plates' performances when placed in buttress across a large, open fracture gap. 

Lengthening plates (Fig. 4) 

Vacant screw holes in DCP plates result in weak points by concentrating stress, and 

they contribute to plate fatigue and failure. When a DCP is placed on a Type 32C3 fracture, 

bending causes a fulcrum effect, which concentrates excess force on the unfilled screw 

holes, resulting in acute or fatigue failure of the plate.6The probability of fatigue failure 

increases with gap size, because healing time and total cyclic loading is increased 

proportionately.59 To avoid this weakness of DCPs, lengthening plates (LP), have been 

recommended to provide increased implant strength at the fracture gap for buttress plating 

applications.8 ,34,40,59,6o Lengthening plates were designed for stabilization of human femoral 

and tibial corrective osteotomies.59 Lengthening plates have a solid central portion and no 

screw holes over the fracture/osteotomy gap (Fig. 4). Because of this, they have a very high 

area moment of inertia at the fracture gap,63,76 and do not concentrate force at a single point 

along the plate. 

Figure 4. Bone Lengthening Plate. 4.5 mm, 
8 hole, 30mm gap, LP. 
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Literature concerning lengthening plates is difficult to find. No published 

biomechanical studies are available. In one clinical case series,S4 LPs were used to repair 

eleven comminuted diaphyseal fractures including nine femora and two tibia. On average, 

patients were 75% weight bearing within 14 days and 100% weight bearing within 6 weeks. 

No implant failures occurred. 

The time to radiographic union varied from 12 to 24 weeks, depending on fracture severity 

and reconstructability, and patient age. Only one complication (delayed union) occurred. In a 

similar report,59 clinically excellent results were achieved in eight of ten dogs with highly 

comminuted femoral or tibial fractures. Three cases involved revision of failed DCP buttress 

plating. Only one complication (nonunion at one year) was noted. 

Despite these advantages and successes, LPs have disadvantages, which limit their 

use. 34,59 Synthes-ASIF LPs are only offered in larger plate stock sizes (4.5mm narrow and 

broad),* so patient selection is limited to very large dogs. Their placement, even on larger 

dogs, usually requires substantial plate contouring and soft tissue reflection. Despite closer 

hole spacing, which allows more screws to be placed in the extant bone fragments, the LP's 

round screw holes do not allow the surgeon to angle screws except from the outer two holes. 

Additionally, they are somewhat more expensive than comparably sized DCPs. 

Lengthening plates, using 4.5mm narrow plate stock, saw disuse following the 

introduction of the 3.5 mm broad DCP,t because biomechanical studies questioned the 

relative biomechanical merits of 4.5 mm narrow versus 3.5mm broad plates.49,77 These 

plates, along with 4.5 mm LPs use the same plate stock, but vary in screw size and 

placement. Johnston's comparison of 7-hole 3.5mm broad DCPs and 5-hole 4.5mm narrow 

DCPs demonstrated similar stiffness characteristics and cyclic fatigue failure, but improved 

catastrophic failure and screw pullout characteristics for the 3.5mm broad plate.49 

* Veterinary Orthopedics, Inc. offers LPs in smaller (3.5mm) sizes, which are not available
 
through Synthes.
 
t Personal communication, Sharon Kerwin, Texas A & M University, March 2000.
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Interestingly, following the publication of this study, many surgeons adopted the broad plate 

over the narrow plate, and the use of lengthening plates reduced significantly. More recently, 

Silbernagel performed a similar study using a synthetic bone open-gap model and derived 

opposite conclusions, advocating the superiority of the 4.5mm narrow plateJ? A LP with solid 

fracture gap coverage is intuitively stiffer than standard DCP or LC with screw holes in the 

gap.64 Despite this fact, LPs have seen little use and no reported biomechanical investigation 

in veterinary medicine. 

Interlocking nails (Fig. 5) 

Interlocking nails are one of the most popular devices for fracture management in 

human orthopedics, and are gainingpopularity amongveterinaryorthopedists.46,57 

Interlocking nails are 1M pins with transverse screw holes proximally and distally for the 

insertion of interlocking screws. Veterinary INs ("Dueland" IN, Innovative Animal Products) 

are available for small animal use in 4.0 mm, 4.7 mm, 6.0 mm, and 8.0 mm sizes with one 

or two screw holes in each end (one or two distally and one or two proximally). The Model 11 

8.0 mm nails use standard 3.5 mm cortical screws for locking bolts with a fragment 

interscrew distance of 11 mm (four screw nail). Placement of INs requires appropriately sized 

bone screws and screw placement equipment, as well as specialized IN equipment including 

~
 Figure 5. Interlocking Nail. 8mm x 140 I 
mm, 11 series, IN. 
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reamers, jigs, drill and tap gUides, guide trocar, insertion handle, and extension pieces.46,57 

Nail placement is technically demanding and is facilitated with intraoperative radiography (C­

arm flouroscopy). The major limitation to IN use in veterinary patients has been nail size, 

which limited IN use to larger patients. Recently, smaller 4.0 mm and 4.7 mm INs have been 

manufactured to allow their use in smaller patients,67 In small animal patients, IN fixation is 

indicated for mid-diaphyseal fractures of the humerus, femur, and tibia.26,2746,57,7273 

A properly applied IN effectively resists all disruptive fracture forces: axial 

compression, bending, shear, tension, and torsional forces. The inherent structural strength 

of INs lies in their position along the bone's neutral axis and their cylindrical shape, which 

affords a large area moment of inertia (Appendix A). Mechanically, an IN is a hybrid between 

an 1M pin and a bone plate, functioning as an "1M plate." 28 It has mechanical advantage over 

a bone plate because it is placed along the bone's neutral axis, as opposed to eccentric plate 

placement, which results in a force moment arm. Comparatively, INs have a greater area 

moment of inertia, and hence bending stiffness, than bone plates (Appendix X).63,76 

Theoretically, this combination results in proportionately better bending stiffness, resistance 

to torsional stress, and fatigue life. 1M pins are equally resistant to bending loads applied 

from anydirectionbecausetheyareround.46,57Bendingstressismoreevenlydistributed 

across the length of the IN, than a bone plate, which concentrates stress at screw holes,72 

INs resist torsional forces better than bone plates and 1M pins.25 Locking screws provide INs 

with resistance to axially compressive and torsional forces. However, screw holes are the 

weakest point on INs.28 Screw holes of INs act as stress risers and are susceptible to 

bending, shear, and torsional forces. Unlike screws in bone plates, the screws placed 

through an IN do not interact rigidly with the nail; hence, locking screws do not reduce 

stresses at the screw hole,76,87 Screws placed adjacent to fracture gaps « 2 cm) produce 

stress risers, which predispose the nail to fatigue failure.28 The use of a single screw at one 

end of the IN does not significantly alter construct stability and is preferred to placing a screw 
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adjacent to the fracture site.2526.27.37 However, screw bending and nail breakout from cortical 

bone adjacent to screw holes has been reported.79 

Clinical reports demonstrate successful IN use in veterinary patients. In one study of 

134 fracture repair constructs using Dueland INs,27 75% healed uneventfully and 82% were 

judged to have excellent final outcomes. In a report of the use of a Huckstep type nail in 15 

dogs, good limb function was obtained in less than three weeks, and fracture healing 

occurred in most dogs between 8 and 16 weeks post-operatively.29 In another report of 13 

comminuted fracture fixations in dogs and cats using a specially designed IN,31 average time 

to weight-bearing limb use was three days, and no complications were encountered. One 

successful use of an IN for rigid stabilization following corrective opening-wedge osteotomy of 

an angular malunion,38 with loss of cis-and trans-cortices, has been reported. Difficult 

contouring and placement of a DCP were avoided with IN use. One case of successful IN use 

as a revision following 1M pin/cerclage femoral stabilization failure and osteomyelitis has 

been reported.61 Using specialized devices, INs have also been successfully used in fracture 

fragment compression.30 

One pair of similar studies has compared an 8 mm, 3 hole, the Numedic IN directly 

with the 3.5 mm broad, 10 hole DCP in eccentric compression and cantilever bending 

(CCB).8.9 This study noted significantly greater stiffness and failure limits for IN over DCP in 

compression, despite little structural strength differences in bending. It also noted no 

differences in gap IFM with compression, but significantly more gap motion with DCPs in 

bending than IN. These studies were difficult to use comparatively because the investigators 

used non-standard bending methods, reported their results in incorrect units [compressive 

and bending stiffness both as Newtons (N) instead of Newton-meters (Nm) and Newton­

meters per degree (Nm/deg), respectively], and failed to describe their methodology in 

sufficient detail to allow reader data transformation. This author holds these results in 

question because the investigators appeared more interested in validating their new 
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optoelectric measuring device than reporting biomechanical data and some of their 

measurements appear out of acceptable ranges. 

The biomechanical advantages of IN stabilization, usually concurrent with biologic 

osteosynthesis, have resulted in lower implantfailure rates.25,28,73 Clinically, nail breakage 

occurs rarely, at screw holes. Error in IN placement technique is the most common cause for 

IN failure. Fatigue failure at a screw hole has been reported following inadequately sized nail 

placementand screwplacementadjacenttothefracture site.2627,46,57 The proximal screw 

hole in the distal fragment is the most common breakage siteJ6,87 Screw failure also 

occurs.46,5? 

Conclusions 

This literature search was performed to investigate the role of biological 

osteosynthesis and bridging technique in fracture management, and to gain biomechanical 

and clinical information relating to the use of plate-rod constructs, interlocking nails, limited 

contact -dynamic compression plates, and lengthening plates. Generally, descriptive and 

clinical data concerning each of the investigated appliances is available, but relevant 

biomechanical data is rare. The advantages and use of LC-DCP and LP for comminuted 

fracture stabilization have been discussed, but not investigated. The use of LC-DCP-rod 

constructs (LCR) has neither been described, nor investigated. The use of IN stabilization of 

femoral fractures has been discussed and investigated. Report of biomechanical data about 

the specific appliances tested in this study is rare. No direct comparisons of the studied 

appliances supporting an open fracture gap are found. 

Review of the biomechanicalliterature for purposes of discovering methodology and 

comparing results was unrewarding and frustrating. The number of biomechanical papers 

relevant to preparation for and validation of this study was limited. Generally, biomechanical 

studies lack any standardization of construct preparation and biomechanical testing 
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methodology. Despite recommendations by the AO-ASIF and others concerning appropriate 

testing methods,11.16.21 there appears to be no consensus among researchers which would 

lend to unification of their efforts. Biomechanical reports suffer from variability of testing 

methods, and results are often reported in the wrong units -most commonly the report of 

compressive stiffness as an isolated force [e.g. newtons (N), appropriately newton/meter 

(N/m)] or the report of bending stiffness as a linear force, rather than an angUlar moment 

[e.g. Newton-meter (Nm), appropriately Newton-meter per degree (Nm/deg)]. This is likely the 

result of inappropriate data collection or data transformation. Further, methodology 

descriptions generally lack sufficient detail in the discussion to allow data/result 

transformation by the reader for comparison between studies. These problems, which occur 

through the collective efforts of the investigators, manuscript reviewers, and journal editors 

alike, make interpretation and comparison of the data difficult. Likely, these problems occur 

because those involved don't have a firm theoretical grasp on the "mechanics" of 

biomechanics. 
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CHAPTER 3
 

RESEARCH METHODOLOGY
 

Materials and Methods
 

Experimental Design Brief 

The relative strengths of intact cadaveric canine femurs and six internal stabilization 

constructs were compared under nondestructive physiologic loading conditions with four 

isolated forces. Twenty-eight treatment groups (Fig. 6) comprised a factorial arrangement 

with four loading forces [cranial-caudal and medio-Iateral bending (CeB, MLB); axial and 

F-EC F-AC F-MLB F-CCB 

IN-EC IN-AC IN-MLB IN-CCB 

LP-EC LP-AC LP-MLB LP-CCB 

LCR-EC LCR-AC LCR-MLB LCR-CCB 

PR-EC PR-AC PR-MLB PR-CCB 

LC-EC LC-AC LC-MLB LC-CCB 

DCP-EC DCP-AC DCP-MLB DCP-CCB 

Figure 6. Treatment groups. Twenty-eight treatment groups comprised a 
factorial arrangement with four loading forces [cranial-caudal and medio­
lateral bending (CCB, MLB); axial and eccentric compression (AC, EC)] and 
seven constructs [intact femurs (FEM); dynamic compression plate (DCP); 
limited contact -dynamic compression plate (LC); DCP with 1M pin (PR); LC­
DCP with 1M pin (LCR); lengthening plate (LP); and interlocking nail (IN)]. 
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eccentric compression (AC, EC)] and seven constructs [intact femurs (FEM); dynamic 

compression plate (DCP); limited contact -dynamic compression plate (LC); DCP with 1M pin 

(PR); LG-DCP with 1M pin (LCR); lengthening plate (LP); and interlocking nail (IN)]. Thirty-two 

femurs were subjected to loading in CCB, MLB, AC, and EC with a materials-testing machine 

(Model TM-S. Instron Corporation, Canton, Massachusetts). A 2cm ostectomy was made to 

simulate non-reconstructable fracture comminution. Constructs of PR, LCR, LP, and IN were 

randomly applied to FEM using standard techniques. DCP and LC constructs were created by 

removal of pins from previously tested PR and LCR constructs. Eight constructs of each 

design were tested. Structural stiffness was determined as the calculated slope of the elastic 

portion of the load-deformation curve. Interfragmentary motion was measured as fracture 

gap collapse. Mean values for biomechanical variables were compared between FEM and 

ostectomized femur-constructs. 

Specimen Preparation 

Thirty-two (32) unpaired femurs were collected from skeletally mature, young adult 

dogs, weighing between 20 and 40 kg. Each of the dogs had been previously used under the 

approval of the Oklahoma State University Institutional Animal Care and Use Committee, 

then euthanized for reasons not related to this study. None of the dogs had orthopedic 

disease or had received treatments that might adversely affect bone strength, based on 

history, physical examination, and gross bone examination. The femurs were collected 

immediately following euthanasia, soft tissues removed, and bones wrapped in saline­

soaked cloth to preclude dehydration during storage. Femurs were sealed in plastic bags and 

stored at -20°C, awaiting later use. Collection, labeling, and storage methods were consistent 

with accepted practices.14.42.56.75 Labeled femurs were assigned to have one of four 

constructs (DCP, LC, LP, IN) applied using a random number generator (MS Excel). 
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Cadaveric femurs were thawed in room temperature isotonic saline and towel dried 

prior to potting, instrumentation, and biomechanical testing. Femurs were denuded of soft 

tissue, neutral-longitudinal central-medullary axis determined, physeal-footing steric interface 

enhanced with three transverse Steinmann pins per physis, and potted in a 1/8 inch steel 

encased footing of structural polymer (Axson Fast-Cast F-l00, Axson North America, Inc., 

Eaton Rapids, Michigan) (5 cm x 5 cm, 2 in x 2 in) using a specially designed mold and jig. 

The footing ensured compressive loading along the neutral-longitudinal axis of the bone, 

bending in true CC and ML directions, and consistent working, dimensions (working femur 

length of 140mm), while not interfering with the appliances. Working dimensions for all 

constructs were constant: ostectomy gap, 20 mm; working bone length, 140 mm; inner 

bending span length, 150 mm; outer bending span length, 200 mm (Fig. 8). Following footing 

placement, intact FEM were subjected to loading (see Biomechanical testing below). 

Following FEM biomechanical testing, fixation constructs (8 each of OCP, LC, LP, IN) 

were applied to intact femurs using standard methods, appliances removed, mid-diaphyseal 

ostectomy performed, and appliances reapplied for biomechanical testing. A mid-diaphyseal 

ostectomy was performed using a saggital bone saw, creating the 2 cm fracture gap used to 

simulate non-reconstructable mid-diaphyseal comminution. Plate-rod constructs comprised a 

10 hole, 3.5mm OCP plate (Synthes, Ltd., Paoli, Pennsylvania), secured to the fracture model 

with six 3.5mm unicortical screws and two 3.5mm bicortical screws. The central two screw 

holes remained open in the fracture gap. A 3.2 mm Steinman pin (IMEX Veterinary, Inc., 

Longview, Texas), occupying approximately 40% of the isthmus diameter was placed 

normograde from proximal to distal metaphysis along the central medullary, neutral 

longitudinal axis using a low speed bone drill (250 rpm). Limited contact plate-rod constructs 

comprised a 10 hole, 3.5mm LG-OCP plate (Synthes), secured to the fracture model with 

eight 3.5mm bicortical screws. The central two screw holes remained open in the fracture 

gap. A 3.2 mm Steinman pin, occupying approximately 40% of the isthmus diameter was 
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placed as per PR above. LP constructs comprised an 8 hole, 4.5mm LP plate (Synthes, Ltd.), 

secured to the fracture model with eight 4.5mm bicortical screws. There are no fracture gap 

screw holes in an LP. Interlocking nail constructs comprised a 4 hole, 8x140mm IN 

(Innovative Animal Products, Rochester, Minnesota), placed normograde, from proximal to 

distal metaphysis along the central medullary, neutral longitudinal axis, secured to the 

fracture model with four 3.5mm bicortical screws. The nail tracks were reamed and nails 

placed using standard Innovative Veterinary Products IN instrumentation and technique. 

Interl'ocking screws were guided into screw holes using a guide jig. Dynamic compression 

plate and LC constructs were created by removal of pins from previously tested PR and LCR 

constructs. All screws were placed in standard AG-ASIF fashion. Screw pilot holes were pre­

drilled to screw shaft diameter (2.5mm or 3.5mm) using a high speed bone drill (1500 rpm) 

and hand-tapped to screw thread diameter using standard Synthes plating instrumentation. 

Screws were hand inserted to a torque of 5 Newton-meters (Nm).13,33 Eight constructs of 

each design were prepared and tested. 

Biomechanical Testing 

Constructs of each design (FEM, IN, LP, LCR, PR, LC, DCP) were subjected to each 

loading force (AC, EC, CCB, MLB) using a materials testing machine (Instron) with 10,000 

pound load cell. Construct-force testing was conducted randomly (order selected by Excel™ 

random number generator) until all iterations of each construct-force combination had been 

completed. Each construct was tested similarly. The proximal and distal ends of the femur 

(footing blocks) were placed onto the material-testing machine. The lnstron was balanced 

and calibrated before each construct-force testing iteration. Constructs were first pre-loaded 

to 49 N (5Kg, 11 Lb) prior to testing to remove construct play in the testing machine. Load­

deformation data were collected via monotonic non-destructive loading (single ramp 

movement) to simulate physiologic loading conditions [200N @4.5Njsec (AC, EC), 5Nm 
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@O.5Nmjsec (CCB, MLB)]. Load-displacement curves were generated by Instron associated 

software. Construct stiffness for each force Was calculated as the slope of the elastic portion 

of this curve. The Instron was stopped to maintain maximum load (200N compression and 

5Nm bending moment) while photometric measurements were made to derive IFM. 

Compressive load was reported in Newtons (N), and displacement was reported in meters 

(M). Bending load was reported as a moment in Nm, and angular displacement was reported 

in degrees (deg). Interfragmentary motion was reported in millimeters (mm). 

Compression. Constructs were loaded in the construct's longitudinal plane under 

compression (EC and AC) up to 200N (21Kg, 451b) at a rate of 4.5Njsec. Instron footings 

with hemispheric contact allowed the construct 2-dimensional (cranial-caudal and medio­

lateral) construct freedom of movement while compression occurred in the 3rd dimension 

(proximal-distal). Axial loading occurred along the true neutral-longitudinal axis of the 

construct, while eccentric loading occurred over the femoral head with a standardized offset 

lever arm of 15mm (Fig. 7). Compressive stiffness was reported as Newtons per meter 

(Njm). 

Four-point bending. Constructs were loaded in the construct's transverse plane to 

achieve bending moments (CCS and MLB) of up to 5Nm at a rate of O.5Nmjsec. Gap-closing 

four-point bending, as recommended by AO-ASIF and other biomechanical investigators, was, 

used.11.16.21 Four-point bending allows a constant bending moment between the two internal 

loading points, and the derived stiffness does not depend upon the exact position of the 

fracture gap or the appliance. Additionally, 4-point bending generates bending forces most 

similar to fracture 10ading.11 Construct footings ensured loading in true CCB or MLB. Instron 

footings with roller bar contact allowed the construct bending translation in only ooe­

dimension (cranial-caudal or medio-Iateral), while fracture gap collapse occurred in the 

second dimension (proximal-distal). An inner loading span of 150mm and an outer loading 

span of 200mm created offset lever arms of 25mm, Which derived a bending moment of 
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5Nm at 400N linear vertical load (Fig. 8). Bending stiffness was reported as Newton-meters 

per degree (Nmjdeg). 

Data Transformation and Analysis 

Construct stiffness, was calculated, using linear regression, as the slope of the load­

deformation curve's elastic portion. Datapoints [x,y: !load (N or Nm), deformation (m or 

degree) for linear regression were measured from the raw load-deformation curve, as plotted 

by the Instron, at ON, 25N, 50N, 75N, 100N, 125N, 150N, 175N, and 200N linear vertical 

force. For compressive stiffness, these data points were used directly by SAS software (PC 

SAS Yersion 6.11, SAS Institute, Cary, NC) for linear regression. For bending stiffness, an 

additional transformation of linear vertical force into bending moment and of linear 

translation into angular deformation was performed. Angular displacement (deg) was 

calculated as 2 x ARCSIN (linear d,isplacement in mm j effective moment arm) x deg-rad 

conversion factor of 57.296. Interfragmentary motion was measured photometrically and 

calculated as the geometric linear translation of the weighted absolute values of 3­

dimensional vectors at 200 N (compression) and 5 Nm (bending moment). Data 

transformation, before use by SAS software, was performed on Excel spreadsheets. 

Analysis of variance (ANOYA) procedures were performed using PC SAS Version 6.11 

(SAS Institute, Cary, NC) on data from an 4 x 7 factorial arrangement of treatments 

(construct-force combinations) within a randomized block design. Eighty (80) experimental 

units were applied to 32 cadaveric femurs (FEM), with pooled n =240, df = 239. Barring 

interactions between construct types, major effect determination of overall construct 

superiority across forces could be determined. Barring this, the relative strength of individual 

constructs loaded with individual forces could be compared. Additionally, the use of multiple 
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comparisons by construct type (rod-plate, buttress plate) is available. Comparisons were 

made using Fisher's least significant difference procedures. Significant differences were 

reported at the p < 0.05 level. 

Interfactorial interactions (within forces and within constructs) did not allow main 

effect comparisons to demonstrate significant across-the-board advantage of one fixation 

device over another. This forced minor effect C"per treatment") compari.sons, whereby 

individual constructs were compared to one another under each loading force ("per 

construct" comparisons). "Per force" comparisons across constructs are not reported as 

these comparisons are not clinically applicable, and they are generally self-evident in a 

construct's ability to resist loads based on application geometry (MLB > CCB > AC > EC). 

Conclusions 

This study was designed to compare the relative strengths of intact cadaveric canine 

femurs and six internal stabilization constructs under nondestructive physiologic loading 

conditions with four isolated forces. Specimen collection, storage, preparation, and 

biomechanical methods performed were consistent with pub.lished fracture stabilization 

studies.8 .9 .24 ,41.65 Efforts were made to describe biomechanical methods in sufficient detail to 

allow experiment reproduction and result comparison by future investigators. 

Specimen collection, storage, and preparation were much more labor intensive than 

anticipated .. For this reason, and the negative effect of inherent variability of biological 

specimens on data set variance, I would not recommend cadaveric bone studies to other 

investigators. Bone model use is accepted in human bone-construct biomechanical testing.' 

In veterinary biomechanical studies, bone model use is a new topic of investigation and is 

poorly documented. Nevertheless, I would recommend model use over cadaveric specimen 

, An extensive discussion and bibl;iography referencing studies which validate human bone 
model use in biomechanical studies is found at www.sawbones.com. 
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use, especially in open gap fracture modeling where fixation device characteristics have 

more impact on construct stability than the bone repaired.l7·21.36.39 

Biomechanical testing is not routinely performed at Oklahoma State University. This 

project resulted in retraining and reinstrumentation by collaborators within the College of 

Engineering, Architecture, and Technology. The testing instrumentation for this study was 

designed and manufactured by myself. If continuing biomechanical collaboration does not 

occur, testing appliances and institutional knowledge will be lost. As such, future 

investigation will start ufrom scratch" each time, as this project did. The materials testing 

equipment used in this project is not compatible with existing software, which is capable of 

automatically performing much of the datapoint measurement and analysis performed by­

hand in this study. Such software eliminates one source of experimental error in the present 

study. 
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A 8 

Figure 7. Compressive loading. A. Eccentric 
compression (EC) with 15 mm moment arm. B. 
Axial compression (AC). Note hemispheric 
loading heads to allow freedom of movement in 
response to compressive loading. 

Gap-Closing 4-point bending 

200mm 

140mm 

150mm 

Figure 8. Bending. Gap-closing 4-point bending (MLB, 
eCB). MLB is depicted. 
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CHAPTER 4 

RESULTS 

Femur Specimens 

One hundred forty;..two femurs were collected from 71 healthy, young adult dogs 

weighing 21 ± 2 kg. The largest thirty-two femurs were selected for use in this study. 

Selected femurs had an average total length of 189 ± 13 mm, outer isthmus diameter of 15 

± 1 mm, and inner isthmus diameter of 10 ± 1 mm. Femurs were not used as paired 

specimens, but rather selected at random for construct application. 

Stiffness 

Stiffness within physiologic loading limits [0-200N (21Kg, 45 Lb) axial compression, 

and 0-5Nm bending moment] was calculated, using linear regression, as the slope of load­

deformation curve for intact femurs and each construct under each ,loading mode. 

Calculated stiffness for each treatment condition (load-construct combination) is given in 

Tables 1-2 and represented in Figure 9. 

When loaded in compression (Tab.1), all constructs were centrally distracted in a 

medial-lateral direction with medial (trans-cortex) gap collapse, as compressive loading was 

effectively transmitted through the construct as a ML bending force. This effect was greater 

in EC than AC due to a longer effecti,ve lever arm between the appliance and the effective 

loading point. Under eccentric compression (EC), intact femurs (FEM) and interlocking nails 

(IN) were significantly stiffer than other constructs. Lengthening plates (LP) were also 

significantly stiffer than plate-rod constructs (PRr LCR) and buttress plate constructs (OCP, 

LC). Under axial compression (AC), intact femurs (FEM) and lengthening plates (LP) were 

significantly stiffer than other constructs. Interlocking nails (IN) a,nd plate-rod constructs (PR, 
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LCR) were also significantly stiffer than buttress plate constructs (DCP, LC). Determination of 

compressive stiffness is summarized: [EC (FEM > IN » LP » LCR > PR > LC > DCP), AC 

(FEM > LP » IN > LCR > PR » LC > DCP): "»" denotes significant difference in means] 

(Fig. 9). 

1.8803±1.1E+04± 5.8El<I3± 3.CBCI3± 1.6E+03± 1.1E:t03± 8.CB02± 
8.1E+011.8E+03 1.6Et02 3.3E+Q2 8.2802 5.5E+<n 5.2E+01 

1.BfI:i04 ± 1.2E+04 ± 1.6804 ± 9.EEt<B ± a7E+<l3 ± 5.8E:t03 ± 4.3E+03 ± 
2.4803 8.3E+02 2CBCI3 8.3Et02 4.8E+02 3.BE+02 2B802 

Table 1. Compressive stiffness. Compressive stiffness (N/m) calculated as the slope of 
the elastic portion of the load-deformation curve. Values are represented as mean ± SD. 

When loaded in 4-point bending (Tab.2), all constructs collapsed (bent) along the 

construct edge away from the loading force. Interestingly, INs showed independent cantilever 

bending of the proximal and distal fragments with a fulcrum at the locking screws, secondary 

to the relatively weaker bending resistance of the 3.5mm screws. This was noted as 

fragment collapse towards the IN plrior to evidence of nail bending. This effect was greatest 

when bending moment was across the screw holes (CCB) and decreased with bending 

moment alignment along the screw holes (AC, EC, MLB). This resulted in less stiffness than 

expected for IN constructs. Under medial-lateral bending (MLB), intact femurs (FEM) and 

lengthening plates (LP) were significantly stiffer than other constructs. Other constructs did 

not demonstrate significant differences in bending stiffness. Under cranial-caudal bending 

(CCB). lengthening plates (LP) were significantly stiffer than all other constructs. Intact 

femurs (FEM) and LCR constructs significantly stiffer than LP, PR, and buttress plate 

constructs (DCP, LC). Determination of bending stiffness is summarized: [MLB (FEM > LP » 
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IN > LCR > PR > LC > OCP), CCB (LP » FEM > LCR » PR > LC > IN > DCP); W»_ denotes 

significant difference in means] (Fig. 9). 

3.5E+03 ± 1.9E+<l3 ± 5.1E+02 ± 3.1Et-02 ± 2.8E+-02 ± 1.9e.-02 ± 1.4E+<l2 ± 
2.7E+012.5e.-02 1.7E+02 1.7E+01 1.2E+01 1.1E+<l1 2.1E+<l1 

3.5E+03 ± 1.9E+03 ± 5.1E+03 ± 3.4E+03 ± 2.5E+-03 ± 2.5E+<l3 ± 1.3E+03 ± 
2.3E+02 2.9E+02 6.6E+02 1.9E+02 6.0E+01 1.2E+02 1.3E+02 

Table 2. Bending stiffness. Bending stiffness (Nmjdeg) calculated as the slope of the 
elastic portion of the load-deformation curve. Values are represented as mean ± SO. 

Interfragmentary Motion 

Interfragmentary motion was measured photometrically and calculated as the 

geometric linear translation of the weighted absolute values of 3-dimensional vectors at 200 

N (compression) and 5 Nm (bending moment). Gap collapse was generally greatest along the 

medial (trans-) cortex; see previous discussion (stiffness) for gap collapse patterns. Again, IN 

gap motion was greater than expected due to independent cantilever collapse of proximal 

and distal fragments until the inner cortex engaged the IN; this effect was greatest in CCB. 

Calculated motion for each treatment condition (load-construct combination) is given in Table 

3 and represented in Figure 10. Under eccentric compression (EC), buttress plate constructs 

(OCP, LC) allowed significantly more gap motion than plate-rod constructs (PR, LCR), which 

allowed more motion than IN or LP. Under axial compression (AC), no significant differences 

in gap motion were observed between constructs. Under medial-lateral bending (MLB), 

buttress plate constructs (OCP, LC) allowed significantly more gap motion than other 

constructs. Plate-rod constructs (PR, LCR) allowed significantly more gap motion than 

lengthening plates (LP), which allowed significantly more gap motion than interlocking nails 

(IN). Under cranial-caudal bending (CCB), OGP and IN constructs allowed significantly more 
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gap motion than other constructs. Determination of gap motion is summarized: [EC (IN < LP 

« LCR < PR « LC < DCP), AC (LP < IN < LCR < PR < LC < DCP), MLB (IN « LP « LCR < PR 

« LC < DCP), CCB (LP < LCR < PR < LC « IN < DCP); "«" denotes significant difference in 

means] (Fig. 10). 

0.03 ± 0.07 ± 0.11 ± 0.25± 
0.001 0.008 0.005 0.02 

0.02 ± 0.01 ± 0.02 ± 0.02± 0.03 ± 0.05 ± 
0.002 0.001 0.002 0.001 0.002 0.003 

0.11 ± 0.39 ± 0.65 ± 0.72 ± 1.08 ± 1.44 ± 
0.01 0.02 0.04 0.03 0.07 0.2 

0.11± 0.04 ± 0.06 ± 0.08 ± 0.10 ± 0.16 ± 
0.02 0.005 0.003 0.002 0.005 0.02 

Table 3. Interfragmentary motion. Interfragmentary motion (mm) measured as maximum 
fracture gap collapse. Values are represented as mean ± SO. 

Summary 

Biomechanical testing, data collection and transformation, and statistical analysis 

were performed as discussed in the methodology description. A relativel,y small variance in 

collected data is represented by an experimental standard error of 8% of mean. This is equal 

to or less than other representative biomechanical studies. Generally, the use of biologic 

specimens lends to increased variance in data collection due to individual variability and the 

introduction of error through numerous sources: collection, storage, freeze-thaw cycles, bone 

size and mineral density differences, isthmus diameter.ll, 14,42,56,75 Dog age does not have 

significant effect on canine bone's structural properties.ll,51,56 These possible sources of 

error were anticipated and mitigated through meticulous specimen handling, definition of 
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standard bending moment arms, identification each bone's central-medullary neutral­

longitudinal axis, and footing to load true AC, MLB, and CCB. No complications occurred in 

data collection, and no data was eliminated due to instrumentation or collection enors. 

As noted before, structural stiffness determination can summarized [Significant 

differences are ind,icated by"»" or "«".]:EC (FEM > IN » LP » LCR > PR > LC> DCP), AC 

(FEM > LP» IN > LCR > PR » LC > DCP), MLB (FEM > LP » IN > LCR > PR > lC > DCP), 

CCB (LP» FEM > LCR » PR > LC> IN > DCP). Determination of IFM was as foHows: EC (IN 

< LP « LCR < PR « LC < DCP), AC (LP < IN < LCR < PR < LC < DCP), MLB (IN « LP « LCR 

< PR « LC < DCP), CCB (LP < LCR < PR < LC « IN < DCP). 

Generally, constructs performed as they would theoretically be expected to based on 

biomechanical principles and material properties (Appendix A). Notable exceptions to this 

finding were LG-DCP plates (stiffness and motion) and IN (motion). Calculation of a,rea 

moment of inertia is generally based on rough cross-sectional area of the appliance.63,76 

Limited contact plates, with their complex trapezoidal cross-sectional geometry, do not lend 

to simple inertia calculations and make accurate pred:iction of biomechanical behavior 

difficult. Interlocking nail motion, especial,ly in CCB, was unexpected. The effect of 

independent fragment rotation about the locking screws is discussed above. The effect of IN 

screws on construct stability has probably been underestimated in previous studies.e.9 This 

effect can be expected to increase, within limits, proportionately with isthmus-nail diameter 

difference (Le. the distance the fragments can collapse prior to inner cortex engaging the 

nail). Generally, plate-rod combinations performed as would be expected based on inertial 

calculations for a bone lengthening plate (Without fracture gap screw holes) of similar size. 

The expectation that 4.5mm narrow plates should outperform 3.5 mm plate-rod constructs, 

which should outperform buttress 3.5mm plates, is justified using biomechanical principles. 

While major effect (per construct) comparisons can not be made, IN and LP constructs 

largely outperformed plate-rod constructs, which outperformed buttress plate constructs. 
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Generally, constructs withstood AC better than EC, better than CCB, better than MLB. These 

results were not unexpected with the application of biomechanical theory. 
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CHAPTER 5 

DISCUSSION 

Introduction 

The relative strengths of intact cadaveric canine femurs and six internal stabilization 

constructs were compared under nondestructive physiologic loading conditions with four 

isolated forces. The implants (DCP, LC, PR, LCR, LP, and IN) were selected based on current 

availability and their described use in biologic osteosynthesis of highly comminuted femoral 

fractures. The implant sizes were chosen to correspond to what might be used clinically, 

based on animal weight versus implant sizing guidelines. From a clinical perspective, 

buttress plating (DCP or LC) is not ideal; this is biomechanically intuitive and supported in the 

Iiterature.6 ,40,59.71,73 Buttress plated constructs (DCP and LC) were evaluated for comparative 

reference with other constructs, for completeness, and because their inclusion required no 

additional fiscal expenditure and minimal additional effort. Lengthening plate application has 

been recommended in lieu of DCP or LC buttress plating. 8.9.40.41 However, LP sizes are 

limited to large plates and clinical application of such plates can be challenging, requiring 

extensive soft tissue disruption and plate contouring. While the size of femurs used in this 

study was consistent with other studies, lengthening plate (4.5mm narrow LP) placement in 

this study required such contouring and pushed the limits of acceptable plate size for the 

,femurs l!sed. As an alternative allowing less technically demanding plate application and 

biologic disruption of the fracture site, 3.5 mm plate-rod constructs (PR, LCR), which allow 

area moments of inertia equivalent to LPs of smaller, unavailable sizes, were aliso tested.40 

Larger, 4.5mm narrow or 3.5mm broad, DCP or LC plates were not used. Controversy exists 

in the literature regarding the relative biomechanical merits of 4.5 mm narrow versus 3.5mm 

broad plates.49
.77 Nevertheless, an LP with solid fracture gap coverage offers an intuitively 
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clear advantage over a similarly sized plate stock with screw holes in the gap. Dueland 

interlocking nails were sellected based on commercial availability in the USA and sized based 

on femoral 1M diameter. Since, bending stiffness of a fixation construct is improved with 

increasing appliance length as a result of greater distribution of stress across the loaded 

bone,7073 all implants were selected to have comparable total and end-screw length. This 

also allowed standardized biomechanica testing measurements (moment arms), data 

analysis, and comparison (Appendix A). Information discussing use of the studied implants is 

readily available in the veterinary literature.2326.27.29.30,31.34.35.38,48.59.61.64.79.83 Manuscripts 

offering comparative biomechanical evaluation of naked appliances, 24.25,28.55,67 and 

appliances using gap-closed 19.24.25,30.32.43,49,62,65,81 or gap-open 8,9.12,24,25,39,40,41,43,53,77,17 

fracture models are arso available. No study has endeavored to compare all currently 

available options for Type 3283 fracture stabilization in a comprehensive, prospective 

investigation. This study was performed to fill this void in the literature. t 

The Unger type 3283 fracture was chosen for evaluation because it is among the 

most challenging repairs in veterinary orthopedics, both for surgeons to operate and for the 

sel'ected constructs to stabilize until clinical healing occurs. 6,10.12,47,60,72.84 An open fracture 

gap of 2cm was chosen to simulate irreducible comminution as has been performed in other 

similar studies.8.9,24,25,41 Femur size, collection, storage, and preparation was consistent with 

similar studles.8,9.24.41.65 8iomechanical testing of femurs and constructs was also consistent 

with similar published studies in the literature. al'though there seems to be no apparent 

consistency in the biomechanical evaluation of fixation constructs. 

We chose to evaluate the relative merits ofthe selected constructs in terms of 

structural stiffness and FM. Structural stiffness is the biomechanical parameter which best 

t Concerning uall currently available options ... :" The VETFIX system is a new fracture 
stabilization system designed for use in the studied fracture model. Synthes was contacted 
to obtain the new 3.5mm and 4.5 mm VETFIX systems for evaluation. VETFIX systems were 
not available for this study. 
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evaluates a construct's dinilcal applicability, Le. its ability to counter physiologic loading,7.21 

Isolated forces of AC, EC, MtB, and CCB were evaluated because they each affect bones or 

fracture repairs during physiologic loading. Additionally, using combined forces for testing 

biologic specimens such as cadaveric femurs offers the potential for substantially increased 

experimental error, which can be minimized by using isolated forces, standardized 

measurements, and moment arms. Eccentric compression is the most commonly evaluated 

biomechanical force, because it is the most clinically relevant force when only one force is 

selected for evaluation.8.924.65 However, isolated EC evaluation is not a complete 

biomechanical assessment of a construct's structural characteristics. Bending forces are the 

most important structural challenges to fracture stabilization constructs, and while EC 

ultimately affects bone as a bending force, evaluation of isolated bending forces is 

warranted. 2,3,7,11,15,16.19,21,2B,41 This study's finding of cantilever behavior of IN stabilized 

fragments independent of the IN during CCB would have been lost if EC was the sole force 

evaluated. Torsional loading and catastrophic loading using the aforementioned forces were 

not tested. Torsional loading has been shown to place much I!ess demand on fracture tixation 

constructs than the other tested forces, and is not routinely evaluated In biomechanical 

testing.2.3,B.2B Compressive loads of 200N (21Kg, 45tb) and bending moments of 5 Nm were 

used because this is consistent with similar studies and physiologic loading conditions.B,9,24.25 

Interfragmentary motion was evaluated because its magnitude has been shown to be 

a source of both fracture fixaUon failure and increased fracture osteosynthesis. 

. Interfragmentary motion at a rate of greater than 2% is known to exceed bone's stress limit 

for regeneration and leads to callus formation or fracture healing 

complications.2o.47.57,60.72.73,84 However, controlled interfragmentary micromotion has been 

advocated in biologic osteosynthesis as a means to improved bone healing. 5,23.48,68.69.73 

Recent studies support these recommendations.17.22,52.66,86 For these reasons, IFM is a 

critical evaluation when comparing the relative merits of fixation devices. As noted in this 
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study and others,8,9 IFM is not always directly proportionate to construct stiffness, nor easily 

predicted. As such, its measurement and analysis as an independent variab:le is warranted 

for better understanding of fracture IFM behavior for studied constructs. 

Analysis of Results 

When loaded in compression, FEM outperformed all fracture-constructs, and 

individual constructs performed better under loading in AC than they did under loading with 

EC. This can be directly attributed the length of the lever arm across which compression is 

translated into a bending moment. While IN constructs theoretically have no lever arm when 

loaded in axial compression along the central medullary neutral-longitudinal axis, plated 

constructs have a mi'nimum lever arm equal to the radius of the plated bone. This effect is 

• greater in EC than AC due to a longer effective lever arm between the appliance and the 

loading point. Under eccentric compression (EC), intact femurs (FEM) and interlocking, nails 

(IN) were significantly stiffer than other constructs. Lengthening plates (LP} were also 

significantly stiffer than plate-rod constructs (PR, LCR) and buttress plate constructs (DCP, 

LC). Under axial compression (AC), intact femurs (FEM) and lengthening plates (LP) were 

significantly stiffer than other constructs. Interlocking nails (IN) and plate-rod constructs (PR, 

LCR) were also significantly stiffer than buttress plate constructs (DCP, LC). Constructs 

behaved as might be predicted based on their biomechanical properties (Appendix A)63,16 

with the exception of greater LP stiffness than IN under AC. A wide diameter IN loaded in AC 
, 

has no lever arm and should be expected to have virtually no deformation under physiologic 

loading conditions « 200N) because of the high material strength of 316L steel. However, 

the locking screws are subjected directly to bending forces and collapse as a combined 

function of their smaller diameter (3.5mm) and the lever arm between the longitudinal axis 

and the cortex. The lever arm and the screws' proportional bending deformation is 
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accentuated when screws are placed in the metaphyses were cortical diameter may be twice 

that of the isthmus, as was the case in this study. Given this analysis, all constructs 

performed as mig,ht be expected under compression. 

When loaded in 4-point bending, FEM outperformed all fracture-constructs, and 

individual constructs generally performed better und'er loading in CCB than they did under 

loading with MLB, as expected.36.63.76 P,late constructs would be expected to be stiffer when 

bent out of plane than when bent in plane.62 By example, the LP's significantly greater 

stiffness in CCB is a function of its huge area moment of inertia (547mm4 ) when loaded 

across its height (CCB) - comparatively at least twice the area moment of inertia of the other 

devices, discounting the additional weakening effect of open screw holes. Having round 

cross-sections, FEM and IN would be expecte,d1 to have the same stiffness under CCB or MLB. 

Intact FEM performed slightly better under CCB than MLB, which is attributed to a slightly 

ovular shape of the diaphysis with a longer axis in the cranial-caudal direction. Interlocking 

nails had unexpectedly low stiffness in CCB. Because they showed independent cantilever 

bending of the proximal and distal fragments with a fulcrum at the locking screws, secondary 

to the relatively weaker bending resistance of the 3.5mm screws. This was noted as 

fragment collapse towards the IN prior evidence of nail bending. This effect was greatest 

when bending moment was across the screw holes (CCB) and decreased with bending 

moment alignment along the screw holes (AC, EC, MLB). This resulted in less stiffness than 

expected for IN constructs. Under medial-lateral bending (MLB), intact femurs (FEM) and 

lengthen,ing plates (LP) were significantly stiffer than other constructs. Other constructs did 

not demonstrate significant differences in bending stiffness. Under cranial-caudal bending 

(CCB), lengthening plates (LP) were significantly stiffer than all other constructs. Intact 

femurs (FEM) and LCR constructs were significantly stiffer than LP, PR, and buttress plate 

constructs (OCP, LC). Given the preceding discussion, the behavior of each construct under 

bending was as expected or can be explained. 
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When compared, constructs generally performed as they would theoretically be 

expected to, based on biomechanical principles and material prope,rties (Appendix A). 

Generally, intact FEM outperformed fracture constructs under all force load'ng conditions. 

This study agrees with others which find that arguments about stress protection osteopenia, 

whereby extremely rigid fixation constructs cause weakening of adjacent bone" are largely 

overstated in the orthopedic literature and in veterinary orthopedics seem to be more of a 

theoretical than a practical concern.44.45 In this study and others, intact bone has a greater 

mechanical strength than the appliances used to repair it when fractured.25.43,4349.65,81 Since 

construct stiffness in this study was less than intact femoral stiffness for all loading forces, 

construct failure under load during the early post-operative period, rather than stress 

protection, should be the clinician's major concern. By exception, LP constructs were stiffer 

in CCB than intact femurs. This is attributed to the extreme moment of inertia of the lP when 

bending moment is across the plate's height (Appendix A).53,76 Previous biomechanical 

evaluation of the LP is not available for comparison, but manuscripts report clinical 

success.34,59 

Buttress constructs were generally weakest, as would also be expected.35.63,76 In this 

study, LG-OCPs generally performed on par with OCPs. This is not consistent with Jain's 

finding that while steel or titanium Le-OCPs or DCPs performed equally well in the 

stabilization closed- gap canine radial fractures, OCPs provided more stiffness in an open-

gap model.43 Similarly, another recent study found that naked 3.5mm steel LG-OCPs were 

only 2/3 ,as stiff as naked 3.5mm steel OCPs in 4-point bending.55 The expectation is that. 

naked plate bending would be a more representative predictor of the plates' performances 

when placed in buttress across a large, open fracture gap. However, in two other studies, 

4.5mm tLC and 4.5mm sOCP had similar bending stiffness in a l.mm gap model,l, and 

4.5mm tLC and 4.5mm tOCP had nearly identical bending stiffness in a closed gap model.59 

Our study was consistent with th,ese stUdies, which lead to an expectation that DCPs perform 
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similarly to LG-DCPs. Calculation of area moment of inertia is generally based on rough cross­

sectional area of the appliance.63.76 Limited contact plates, with their complex trapezoidal 

cross-sectional geometry, do not lend to simple inertia calculations, nor straight forward 

theoretical plate performance expectations. 

This is the first study to measure plate-rod construct stiffness. Plate-rod constructs 

CPR and LCR) are expected to increase the eccentric compressive stiffness of a plate by 30­

50% depending on the diameter of the 1M pin relative to the bone's isthmus diameter. 40.41. 

Plate-rod constructs can generally be expected to perform similarly to a lengthening plate of 

similar size, as fracture gap holes reduce the area moment of inertia of the plate by 

approximately 50% (Appendix A).63.76 Despite the fact that 1M pins used in this stUdy for 

plate-rod constructs were on average 32% of isthmus diameter, the average increase in 

plate-rod stiffness relative to buttress-plates was approximately 55%. In comparison with 

Hulse's findings,40.4:l. 1M pins increased the stiffness of buttress constructs loaded iin EC by a 

factor of twice the expected increase in stiffness of 30%-40%. Hulse reported point plate 

strain at an open fracture gap screw hole; expected change in stiffness of the fracture­

construct may not be directly proportional to point plate strain as expected. 

Interlocking nails generally performed as expected based on their large area moment 

of inertia with measured stiffness less than intact FEM, commensurate with LPs, and better 

then plate- rod constructs and buttress-plate constructs. As noted above, the role of 

medu lary cortex diameter and loading direction on screw stiffness cannot be discounted as 

_� proximal ~nd distal fragments may demonstrate independent cantilever bending with a 

fulcrum at the locking screws, decreasing overall construct stiffness. Under greater forces 

the fragments will collapse in bending until the inner cortex engages the IN. This effect was 

greatest when bending moment was across the screw holes (CCB) and decreased with 

bending moment alignment along the screw holes (AC, EC, MLB). Interlocking nail IFM, 

especially in CCB, was similarly unexpected, but was proportional to unexpected decreases in 
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stiffness. In CCB, IN motion was similar to OCP. These findings support the recommendation 

that IN diameter should be as large as will fit into the medullary canal. 

One pair of similar studies has compared an 8 mm, 3 hole, European IN directly with 

the 3.5 mm broad, 10 hole OCP in eccentric compression and cantilever bending (CCB).8.9 

These studies noted significantly greater stiffness and failure limits for IN over OCP in 

compression, despite little structural strength differences in bending. It also noted no 

differences in gap IFM with compression, but significantly more gap motion from OCPs in 

bending than IN. These studies measured cranial-caudal cantilever bending, and would 

expect similar cantilever motion about the screws as we found. Additionally, the nails used in 

these studies were 3 screw variants, offering even less resistance to CCB IFM. Response to 

compression was similar between these studies and our results. 

Interfragmentary motion measurements were within expected ranges for the 

determined construct stiffness and load applied. Again, IN gap motion was greater than 

expected due to independent cantilever collapse of proximal and distal fragments; this effect 

was greatest in CCB. Motion was less than that reported by Bernarde, who reported mean 

IFM measurements greater than unacceptable strain levels of 2%.8. These differences may 

be accounted for by the three nail configuration used and by the method of IFM 

measurement. While hard to verify, the IFM measurements reported by Bernarde appear to 

be gross translation to include cantilever movement of the entire bone-construct, while our 

reported measurements are for relative fracture gap motion factoring out gross construct 

movement. Clinically, callus formation noted during buttress construct healing supports the 

presence of micromotion as demonstrated in our study. Of note is that under these 

physiologic loading conditions, all mean motion measurements were less than 1 mm except 

for buttress plates (LC, OCP). This again tenders reservations concerning the use of buttress 

plating for the repair of highly comminuted femoral fractures. 
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We hypothesized that FEM would outperform all constructs and that the stabilized 

gap-ostectomized femur constructs would biomechanically behave commensurate with the 

appliances' material strengths. Intact FEM did, except with one exception treatment (LP­

CCB), outperform fracture-constructs. We assumed that construct response to loading in a 

bone-construct model with the fixation device spanning a large fracture-gap in buttress is. 

largely a function of the appliances' biomechanical properties.17.36.39.63.76 As such, construct 

response should be predictable through the application of biomechanical discrete analysis of 

the specific constructs and loading conditions. This again was largely validated. Again 

however, exceptions were noted in the expected versus true performances of LC-DCP plate 

constructs and IN constructs. Two factors account for this: We entered bone-construct finite 

analysis knowing that appliances' area moment of inertia calculations were based on general 

appliance dimensions rather than accurate three-dimensional analysis (Appendix A). Hence, 

area moment of inertia calculations were crude estimates. This problem actually only caused 

problems in the estimation of the trapezoidal LG-DCP's area moment of inertia and in the 

estimation of the effect of empty screw holes on area moment of inertia. It did, nevertheless, 

alter the predictability of results. Secondly, reliance on device material characteristics to 

predict construct behavior when loaded discounts the effect of bone-appliance Interface 

stability. This effect was most evident in IN construct fragment cantilever motion about the IN 

screws. These exceptions aside, our hypotheses were validated. 

Clinical implications 

While no single fixation device clearly outperforms the others, generally intact femur 

outperform INs and LPs, which outperform plate rod constructs, which outperform buttress 

plates. Clinically these results imply that: 1) No construct performs at the level of FEM, and 

post-operative confinement is essential to prevent construct failure. This finding also 
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supports the idea that stress protection osteoporosis is more of a theoretical than practical 

clinical concern. 2) LP and IN are superior to OCP and LC constructs. 3) Plate-rod constructs 

(PR, LCR) generally perform as an LP of similar size, offering an acceptable alternative to 

placement of larger LPs. 4) The use of buttress plates (OCP, LC) is not recommended without 

augmentation, since they are generally weaker in stiffness and are more likely to anow 

unacceptable IFM. The results of thls investigation allow the surgeon to make a more 

informed decision when selecting among fixation devices for highly comminuted femoral 

fractures. 

Recommendations for Further Study 

This study has failed to clearly demonstrate the superiority of one construct over the 

others in the stabilizatlion of comminuted femoral fractures. It has also failed to completely 

evaluate the studied constructs. These constructs still demand testing under nondestructive 

torsion, catastrophic loading under each force (AC, EC, CCB, MLB, and TL), and fatigue failure 

testing. Fatigue testing of 8mm Oueland nails has been performed using a bending model,28 

but cyclic nondestructive-load testing in eccentric compression is a closer approximation of 

clin!ical conditions. While the use of a single screw at one end of the IN has been noted to not 

significantly alter construct stability and is preferred to placing a screw adjacent to the 

fracture site,25,26,27,37 the results of this study and Bernarde's studies raise questions about 

these results, having been determined using human IN models. The effect of single versus 

double screws in Oueland IN-construct stiffness and fatigue hfe should be assessed. 

A suggestion that medial plating of the femur may be stronger against physiologic 

loading (eccentric compression leading to bending) in the face of the lack of intact medial 

cortical support has been theoretically modeled and suggested.12 Femurs are usually plated 

laterally because it places the plate in tension (if tile medial cortex is intact), the approach is 
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easi,er, and there is less danger of damaging vital structures. 47.72.84 Nevertheless, Beaupre 

suggests an interesting concept, which is counterintuitive,. but has merit on paper. As such it 

warrants investigation. 

I recommend the replacement of bone with bone substitute in future similar studies, 

especially in open-gap fracture models where the appliance is expected to act in buttress. 

Such investigations could lead to the conclusion that finite analysis modeling alone is 

sufficient to compare the biomechanical characteristics of fixation constructs which are 

\.� 
placed in buttress across a large fracture gap. Such finite analysis comparisons have already 

appeared in the literature comparing external skeletal fixation. Specimen collection, storage, 

and preparation is very labor intensive. and the effect of inherent variability of biological 

specimens, which potentially introduces sources of experimental error, makes cadaveric 

bone a poor investigational model. While the problems inherent in the use of biological 

specimens can be mitigated, appropriate alternative models usually render better data sets. 

Bone substitutes, both specific bone models and amorphous substitute characteristics, 

should be further investigated to validate the use of these models in veterinary research. 

Summary 

The goal of this study was to compare the relative strengths of intact cadaveric 

canine femurs and six internal stabilization constructs under nondestructive physiologic 

I.oading conditions with four isolated forces. We hypothesized that FEM would outperform all 

constructs and that the stabilized gap-ostectomized femur constructs would have 

biomechanical characteristics commensurate with the appliances' material strengths. This 

hypothesis was largely validated. 

Specifically, the results of this study are summarized as follows [Significant 

differences are indicated by"»" or "«".]: Stiffness - EC (FEM > IN » LP » LOR> PR > LC 
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> DCP), AC (FEM > LP » IN > LCR > PR » LC > DCP), MLB (FEM > LP » IN > LCR > PR > 

LC> DCP), CCB (LP » FEM > LCR » PR > LC > IN > DCP). Interfragmentary motion - EC (IN 

< LP « LCR < PR « LC < DCP), AC (LP < IN < LCR < PR < LC < DCP), MLB (IN « LP « LCR 

< PR « LC < DCP), CCB (LP < LCR < PR < LC« IN < DCP). The clinical implications of these 

findings are described above. 

46� 



REFERENCES 

1. Abel EW, Sun J. Mechanical evaluation of a new minimum-contact plate for internal 
fixation. J Orthop Trauma 1998; 12: 382-6. 

2. Adrian� ML, Roy WE, Karpovitch. Normal gait of the dog: an electrogoniometric study. AJVR 
1996; 27: 90-95. 

3.� Allen K, DeCamp CE, Braden TD, et al. Kinematic gait analysis of the trot in healthy mixed 
breed dogs. VCOT 1994; 7: 148-153. 

4.� Allgower M, Ehrsam R, Gam R, et al. Clinical experience with a new compression plate 
"DCP." Acta Orthop 5cand (Suppl) 1969; 125:45-63. 

5.� Aron DN, Palmer RH, Johnson AL. Biologic strategies and a balanced concept for repair of 
highly comminuted long bone fractures. Compend Cont Educ Pract Vet 1995; 17:35­
49. 

6.� Bardet JF, Vanini R. Fractures of the femur. In: Brinker wa, Olmstead ML, Sumner-Smith 
G, Prieur ED (eds). Manual of Internal Fixation in Small Animals, Springer, 1998, pp 
155-163. 

7. Baumgart F. Stiffness - an unknown world of mechanical science? Injury 2000; 31: 5Bl4­
SB23. 

8.� Bernarde A, Diop A, Maurel N, et.al. An in vitro biomechanical study of bone plate and 
interlocking nail in a canine diaphyseal femoral fracture model. Vet Surg 2001; 30: 
397-408. 

9.� Bernarde Antione, Diop Amadou, Maurel N, et.al. An in vitro biomechanical comparison 
between bone plate and interlocking nail. Vet Comp Orthop Traumatol 2002; 15: 57­
66. 

10.� Braden TD, Eicker SW, Abdinoor D, et al. Characteristics of 1000 femur fractures in the 
dog and cat. Vet Comp Orthop Traumatol 1995; 8: 203-209. 

11.� Bramer JA, Barentsen RH, vd Elst M, de Lange ES, Patka P, Haarman HJ. Representative 
assessment of long bone shaft biomechanical properties: an optimized testing 
method. J Biomech 1998; 31: 741-5. 

12.� Beaupre GS, Carter DR, Dueland RT, et al. A biomechanical assessment of plate fixation 
with insufficient bony support. J Orthop Res 1988; 6: 721-9. 

13. Borgeaud M, Cordey J, Leyvraz P-F, et al. Mechanical analysis of the bone to plate 
interface of the LC-DCP and of the PC-FIX on human femora. Injury 2000; 31: 5C29­
SC36. 

14.� Boutros CP, Trout DR, Kasra M. The effect of repeated freeze-thaw cycles on the 
biomechanical properties of canine cortical bone. Vet Comp Orthop Traumatol 2000; 
13: 59-64. 

47� 



15. Budsberg SC, Jevens OJ, Brown J,. et al. Evaluation of limb symmetry indices, ground 
rection forces in healthy dogs. AJVR 1993; 54: 1569-1574. 

16. BursteIn AH, Frankel VH. A standard test for laboratory animal bone. J Biomech 1971; 4: 
155-158. 

17. Claes L, Augat P, Suger G, et al. Influence of size and stability of osteotomy gap on the 
success of fracture healing. J Orthop Res 1997; 15: 577-84. 

18. Carter DR, Vasu R. Plate and bone stresses for single- and double-plated femoral 
fractures. J Biomech 1981; 14: 55-62. 

19. Carter DR, Vasu R, Spengler OM, (Dueland) et al. Stress fields in the unplated and plated 
canine femur calculated from in viv,o strain measurements. J Biomech 1981; 14: 60­
70. 

20. Conzemius M, Swaimson S. Fracture fixation with screws and bone plates. Vet elin North 
Am Sm Anim Pract 1999; 29: 1117-33. 

21. Cordey J. Introduction: Basic concepts and definitions in mechanics. Injury, Int J. Care 
Injured 2000; 3: SB1-SB13. 

22.� Duda GN, Eckert-Hubner K, Sokiranski R, et al. Analysis of interfragmentary movement 
as a function of musculoskeletal loading in sheep. J Biomechanics 1998; 31: 01­
210. 

23. Dudley M, Johnson AL, Olmstead M. Open reduction and bone plate stabilization, 
compared with closed reduction and external fixation, for the treatment of 
comminuted tibia fractures: 47 cases (1980-1995) in dogs. JAVMA 1997; 211: 
1008-12. 

24.� Dueland RT, Berglund L, Schultz F, et al. Preliminary results: biomechanical analysis of 
canine femora, solid intramedullary pins, and interlocking intramedullary pins. Vet 
Surg 1991; 20: 334. 

25. Dueland RT, Berglund L, Vanderby R, et al. Structural properties of interlocking nails, 
canine femora, and femur-interlocking nail constructs. Vet Surg 1996; 25: 386-96. 

26.� Dueland RT, Johndon KA. Interlocking nail fixation of diaphyseal fractures in the dog, a 
multicenter study. Vet Surg. 1993; 22: 377. 

27. Dueland RT, Johndon KA, Roe SC, et al. Interlocking nail treatment of diaphyseal long­
bone fractures in dogs. JAVMA 1999; 214: 59-66. 

28.� Dueland RT, Vanderby R, McCabe RP. Fatigue study of six and eight mm diameter 
interlocking nails with screw holes of variable size and number. Vet Camp Orthop 
Traumatol 1997; 10: 194-9. 

29.� Durall I, Diaz MC. Early experie.nce with the use of an interlocking nail for the repair of 
canine femoral shaft fractures. Vet Surg 1996; 25: 397-406. 

48� 



30.� Durall I, Morales I. An experimental study of the compression offemoral fractures by an 
interlocking intramedullary nail pin. Vet Comp Orthop Traumatol 1993; 6: 93-9. 

31.� Indo K, Nakamura K, Maeda H, et al. Interlocking intramedullary nail method for the 
treatment of femoral and tibial fractures in cats and small dogs. J Vet Med Sci 1'998; 
60: 119-22. 

32.� Field JR, Tornkvist H, Hearn TC, et al. The influence of screw omission on construction 
stiffness and bone surface strain in the application of bone plates to cadaveric 
bones. Injury 1999; 30: 591-8. 

33. Field JR, Mokee S. Screw torque and bone plate fixation to equine cadaver long bones. 
Vet Comp Orthop Traumatol 1996; 9: 1-3. 

34.� Frey AJ, Olds R. A new technique for the repair of comminuted diaphyseal fractures. Vet 
Surg 1981; 10: 51- 7. 

35.� Gant GC, Shaftan GW, Herbsman H. Experience with the ASIF compression plate in the 
management of femora.l shaft fractures. JTrauma 1970; 10: 458-71. 

36. Gautier E, Perren SM, Cordey J. Effect of plate position relative to bending direction on 
the rigidity of a plate osteosynthesis. Injury 2000; 31: SC14-SC20. 

-� 37. Hajek PO, Bicknell HR Jr, Bronson WE, et al. The use of one compared with two distal 
screws in the treatment of femoral shaft fractures with interlocking i:ntrameduUary 
nailing. A clinical and biomechanical analysis. J Bone Joint Surg Am. 1993; 75: 519­
25. 

38.� Hay CW, Johnson KA. Interlocking nail fixation of an opening wedge corrective osteotomy 
for femoral malunion in a dog. Vet Comp Orthop Traumatol 1995; 8: 218-21. 

39. Heitmeyer U, Claes L, Heirholzer G, et al. Significance of postoperative stability for bony 
reparation of comminuted fractures. Arch Orthop Trauma Surg 1990; 109: 144-9. 

40.� Hulse 0, Hyman W, Nori M, et al. Reduction in plate strain by addition of an� 
intramedullary pin. Vet Surg 1997; 26: 451-9.� 

41.� Hulse 0, Ferry K, Fawcett A, et al. Effect of intramedullary pin size on reducing bone� 
plate strain. Vet Comp Orthop Traumatol 2000; 13: 185-90.� 

42.� Huss BT, Anderson MA, Wagner-Mann CG, et al. Effects of temperature and storage on 
pin pull-out in harvested canine femurs. AJVR 1995; 56: 715-9. 

43. Jain R, Podworny N, Hearn T, et al. A biomechanical evaluation of different p.lates for� 
fixation of canine radial osteotomies. J Trauma; 1998: 193-7.� 

44. Jain R, Podworny N, Hearn T, et al. Effect of stainless steel and titanium low-contact 
dynamic compression plate application on the vascularity and mechanical properties 
of cortical bone after fracture. J Orthop Trauma 1997; 11: 490-495. 

45. Jain R, Podworny N, Hupel TM, et al. Influence of plate design on cortical bone perfusion 

49� 



and fracture healing in canine segmental fractures. J Orthop Trauma 1999; 13: 178­
186. 

46. Johnson AL, Hulse OA. Fundamentals. of orthopedic surgery and fracture management. 
In: Fossum TW (ed): Small Animal Surgery. Mosby, 2002, pp 821-900. 

47. Johnson AL, Hulse OA. Management of specific fractures. In: Fossum TW (ed): Small� 
Animal Surgery. Mosby, 2002, pp 901-1022.� 

48. Johnson AL, Smith CW, Schaeffer OJ. Fragment reconstruction and bone plate fixation 
versus bridging plate fixation for treating highly comminuted femoral fractures in 
dogs: 35 cases (1987-1997). JAVMA 1998; 213: 1157-61. 

49. Johnson SA. Lancaster R, Hubbard RP, et at A biomechanical comparison of the 7-hole 
3.5 mm broad dynamic compression plate and the 5-hole narrow dynamic 
compression plate. Vet Surg 1990; 19: 68-9. 

50. Jones OJ, Henford B, Schemitsch EH, et al. A biomechanical comparison of two methods 
of fixation of fractures of the forearm. J Orthop Trauma 1995; 9: 198-206. 

51. Jonsson U, Netz P, Stromberg L. Solid mechanics and strength of bone in young dogs. 
Acta Orthop Scand 1.984; 55: 446-51. 

_ 52: Kenwright J, Goodship A, Evans M. The influence of intermittent micromovement upon 
the healing of experimental fractures. Orthopedics 1984; 7: 481-484. 

53.� Kinast C, Frigg R, Perren SM. Biomechanics of the interlocking nail. A study of the� 
proximal interlock. Arch Orthop Trauma Surg. 1990; 109: 197-204.� 

54.� Korvick OL, Monville JO, Pijanowski GJ, et al. The effects of screw removal on bone strain 
in an idealized plated bone model. Vet Surg 1988; 17: 111-6. 

55.� Little FM, Hill CM, Kageyama T, et al. Bending properties of stainless steel dynamic� 
compression plates and limited contact dynamic compression plates. Vet Comp� 
Orthop Traumatol 2001; 14: 64-8.� 

56.� Markel MD, Sielman E, Rapoff AJ, et al. Mechanical properties of long bones in dogs. Am 
J Vet Res 1994; 55: 1178-1183. 

57. McLaughlin R. Internal fixation. Vet Clin North Am Sm Anim Pract 1999; 29: 1097-1116. 

58. Miclau T, Remi.ger A, Tepic S, et al. A mechanical comparison of the dynamic� 
compression plate, limited contact-dynamic compression plate, and point contact� 
fixator. J Orthop Trauma 1995; 9: 17-22.� 

59. Miller CW, Kuzma AB, Sumner-Smith G. The narrow lengthening plate for treatment of 
comminuted diaphyseal fractures in dogs. Vet Comp Orthop Traumatol1989; 3:108­
12. 

60.� Milton JL. Fractures of the femur. In~ Slatter D (ed): Textbook of Small Animal Surgery. 
WB Saunders, 1993, pp 1805-17. 

50� 



61.� Muir P, Johnson KA. Interlocking intramedullary nail stabilization of a femoral fracture in 
a dog with osteomyelitis. JAVMA 1996; 209: 1262-94. 

62. Muir P, Johnson KA. Tibial intercalary allograft incorporation: comparison of fixation with 
locked intramedullary nail and dynamic compression plate. J Orthop Res 1995; 13: 
132-7. 

63.� Muir P, Johnson KA, Markel MD. Are,a moment of inertia for comparison of implant cross­
sectional geometry and bending stiffness. Vet Comp Orthop Traumatol 1995; 8: 146­
52. 

64.� Muir P, Markel MD, Bogdanske JJ, Johnson KA. Dual-energy X-ray absorptiometry and 
force-plate analysis of gait in dogs with healed femora after leg-lengthening plate 
fixation. Vet Surg 1995; 24: 15-24. 

65.� Nye R, Egger E, Huhta J" et al. Acute failure characteristics of six methods for internal 
fixation of canine oblique femoral fractures. Vet Comp Orthop Traumatol 1996; 9: 
106-10. 

66.� Park SH, O'Connor K, McKellop H, et al. The influence of active shear or compressive 
motion on fracture-healing. J Bone Joint Surg A 1998; 80A: 868-877. 

67.. Patrilcelli AJ, Dueland RT, McCabe RP, et all. Biomechanical properties of 4.0 and 4.7 mm 
interlocking nails. Vet Surg 2002; 31: 493. 

68. Palmer RH. Biological osteosynthesis. Vet Clin North Am Sm Anim Pract 1999; 29: 1171­
85. 

69.� Perren SM. Concept of biological plating using the limited contact dynamic compression 
plate. Injury 1991; 22: 1-41. 

70.� Perren SM. The biomechanics and biology of internal fixation using plates and nails. 
Orthopedics 1989; 12: 21-34. 

71.� Perren SM, Klaue K, Polher 0, et at The limited contact dynamic compression plate (Le­
DCP). Arch Orthop Trauma Surg 1990; 109: 304-10. 

72.� Piermattei DL, Flo GL. Handbook of Small Animal Orthopedics and Fracture Treatment. 
WB Saunders, 1997. 

73.� Radasch RM. Biomechanics of bone and fractures. Vet Clin North Am Sm Anim Pract 
1999; 29: 1045-82. 

74.� Rand JA, An KN, Chao EYS, et al. A comparison of the effect of open intramedullary 
nailing and compressive-plate fixation on fracture-site blood flow. J Bone Joint Surg 
Am 1981; 63-A: 427-42. 

75.� Roe SC, Pijanowski GJ, Johnson AL. Biomechanical properties of canine cortical bone 
allografts: Effects of prepara,tion and storage. AJVR 1988; 49: 873-7. 

51� 



76.� Roe SC. Biomechanics of interlocking nail fixation. ACVS Veterinary Symposium. 1995 
Oct 29 - Nov 1; Chicago, II, 280-1. 

77.� Silbernagel H, Johnson AL, Pijanowski JG, et.al. A mechanical comparison of the 4.5 mm 
narrow and the 3.5 mm braod plating systems. Vet Surg 2002; 31: 495. 

78. Sinibaldi KR. Evaluation of full cortical allografts in 25 dogs. JAVMA 1989; 194: 1570-7. 

79.� Suber H, Basinger RR, Keller WG. Two unreported modes of interlocking nail failure: 
breakout and screw bending. Vet Comp Orthop Traumatol 2002; 15: 228-32. 

80.� Unger M, Montavon PM, Heim UFA. Classification of fractures of the long bones in the 
dog and cat. Vet Comp Orthop Traumatol 1990; 3: 41-50. 

81.� Vasseur PH, Paul HA, Crumley L. Evaluation of fixation devices for the prevention of 
rotation in transverse fractures of the canine femoral shaft: an in vitro study. AJVR. 
1984 Aug; 45 (8): 1504-1507. 

82. Wallace MK, Boudrieau RJ, Hyodo K, et al. Mechanical evaluation of three methods of 
plating distal radial osteotomies. Vet Surg 1992; 2~:99-106. 

83.� Walter MC, Lenehan TM, Smith GK, et-al. Treatment of severely comminuted diaphyseal 
fractures in the dog, using standard bone plates and autogenous bone graft to span 
fracture gaps: 11 cases (1979-1983). JAVMA 1986.; 189: 457-62. 

84.� Whitehair JG, Vasseur PB. Fractures of the femur. Vet Clin North Am Sm Anim Pract 
1992; 22: 149-59. 

85.� Wiss DA, Fleming CH, Matta JM, et al. Comminuted and rotationally unstable fractures of 
the femur treated with an interlocking nail. Clin Orthop Rei Res 1986; 212: 35-47. 

86.� Woodard PL, Self J, Calhoun J, et al. The effect of implant axial and torsional stiffness on 
fracture heating. J Orthop Trauma 1987; 1: 331-40. 

87.� Wu CC, Shih CH. Biomechanical analysis of the mechanism of interlocking nail failure. 
Arch Orthop Trauma Surg 1992; 111: 268-72. 

52� 



APPENDIXA 

MATERIALS DATA 

Bonestock Dimensions (mm): 

111!111111111!1~lf!lllll!IIIIII~llijl[llijlllllillllll~!ijl~!ill\.ll!~ :~'"'II !i~.OW~'l :1'~I{t'll
 
Femur, cadaver canine 

Femur, sawbones 

Dog, weight, n = 60 

Dog, weight, n = 32 

Appliance Dimensions (mm): 

3.5 mm DCP 10 Hole 

3.5 mm LG-DCP 10 Hole 

4.5 mm Narrow Lengthening 
Plate, 8 Hole 

IN 8 mm x 140 mm 

Steinman Pin, 3.12 mm (Va") 

Mechanical Properties: 

316LSteei 38.9 

Cortical Bone (Human) 2.0 

F-l00 Fastcast 1.7 

PMMA 

186 

200 

18.35 

21 

121 

129 

135 

140 

140­
160 

5.8 E02 

1.3 E02 

2.9 E01 

4.8 EOl 

133 

140 

1.6 

10 

11 

12 

8 

3.12 

1.9 E05 

1.7 E04 

14.4 

15 

19 

3.3 

3.3 

3.8 

4.8 EOl 

7.2 EOl 

9.3 

10 

26 

16 12 

13 13 

50 12 

? 

1.9 E02 

2.5 E03 7.6 EOl 

2.1 E03 7.9 E01 
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.Area Moment of Inertia m(mm4);63.76 
I = mathematical representation of an object's area about the objects central axis. 
Deflection = l/p = M/EI [p, radius of curvature; M, applied moment; E, modulus] 
EI = flexural rigidity (kg-cm 2). Deflection y = f(x): y = FL3/3EI 
E3i6L = 193 GPa EBone = 17 GPa 

3.5 mm OCP 

3.5 moo DCP 

3.5 moo LC-DCP 

3.5 mm LC-DCP 

4.5 mm Narrow Lengthening Plate 

4.5 mm Narrow Lengthening Plate 

IN 800m x 140 mm 

IN 8 moo x 140 moo 

Steinman Pin, 3.12 moo 

Steinman Pin, 3.2 moo 

3.50000 screw (core 2.5 moo) 

4.50000 screw (core 3.2 mm) 

Cr-Cd� 

Med-�
Lat� 

Cr-Cd� 

Med-�
Lat� 

Cr-Cd� 

Med-�
Lat� 

Cr-Cd� 

NA� 

NA� 

NA� 

NA� 

1= 
bh3 12 

1= 
bh3 12 

1= 
bh3 12 

1= 
bh3 12 

1= 
bh3 12 

1= 
bh3 12 

I = rrr4/4 

I = rrr4/4 

1= rrr4/4 

1= rrr4/4 

I = rrr4/4 

I = rrr4/4 

30 15 

275 7 

337 7 

3667 ? 

55 N/A 

547 N/A 

201 65 

201 174 

4.65 N/A 

5 N/A 

31 N/A 

82.3 N/A 
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APPENDIX B� 

SPONSORS / MATERIAL SUPPLIERS� 

Listed in alphabetical order: 

1.� Supplier (Fast-Cast F-10Q) 
Associated Industries 
225 Wabash St. 
Wichita, KS 67214 
316/264-6311 

2.� Supplier (1M Pins) 
IMEX Veterinary, Inc. 
11112 Hwy 349 
Longview, TX 75603 
Bus: 1-903-643-7350 
Fax: 1-903-643-7335 
1-800-828-4639 
www.imexvet.com 

3.� Sponsor / Supplier (Interlocking Nails) 
Innovative Animal Products, Inc. 
5812 Hwy 52 N 
Rochester, MN 55901 
507/281-1000 
888/551-4394 
www.innovativeanimalproducts.com 

4.� Sponsor 
Oklahoma Canine Club 
c/o Oklahoma State University 
Stillwater, OK 74078 

5. Sponsor 
OSU Companion Animal Research 
Fund 
Oklah oma State University 
Stillwater, OK 74078 

6.� Sponsor I Supplier (Plates. Screws) 
Synthes, Ltd. (USA) 
Attn: Lael Ravenscroft 
Paoli,. PA 
800/523-0322 ext. 7231 

7. Supplier (Micromeasurernent 
Instrumentation) 

Vishay Measurements Group, Inc. 
PO Box 27777 
Raleigh, NC 27611 USA 
Telephone: (919) 365-3800 
Facsimile: (919) 365-3945 
email: 
measurementsgroup@vishay.com 
Web site: www..vishay.com 

8. Supplier 
(Fleck Bearing) 
Terry Pendleton 
3717 N. Land Run Drive 
Stillwater, OK 74075 
405/372-6605 

9. Supplier 
(Stillwater Steel) 
Hwy 51 East 
Stillwater, OK 74075 
405/377-5550 
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