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ABSTRACT 
 
 

Radius fracture configurations conducive to internal fixation most often contain a 

spiral or oblique fracture of the distal diaphysis.  The location and fracture configurations 

are biomechanically challenging because of the limited amount of bone available distally 

for screw purchase and the complex three dimensional (3D) loading and unconstrained 

motions that occur in the distal radius. 

   Development of an in vitro loading-measurement system that mimics in 

vivo unconstrained 3D relative motion of long bones, applies uniform load components 

over the entire length of a test specimen, and measures 3D relative motion to directly 

determine construct stiffness was verified.  An infrared optical tracking system was used 

to measure the 3D relative motion between ends of a test segment in intact, osteotomized, 

and ostectomized radii.  Measured intact radii stiffness results were comparable in 

magnitude to those theoretically predicted, and were consistently higher than comparable 

results in the literature due to elimination of potting-fixture-test machine finite stiffness.  

Construct failure configurations were consistent with theoretical failure modes for brittle 

material (bone) and reproducible for both the torsion and bending load to failure tests. 

  Biomechanical properties of the dynamic condylar screw (DCS) implant system 

and the double broad dynamic compression plate (bDCP) construct used to repair distal 

oblique diaphyseal osteotomies and ostectomies in adult cadaveric radii were compared.  

No statistical difference was observed between the DCS implant system and the bDCP 

construct stiffness during axial compression, torsion, or four-point bending; intact radii 

displayed the greatest stiffness.  Torsion and four-point bending failure loads were not 

statistically different for the DCS implant system when compared to the bDCP construct. 
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 CHAPTER 1 

EQUINE RADIUS 

1. Bone Composition 

By wet weight, the overall composition of bone is 71% inorganic material, 21% 

organic extracellular matrix, and 8% water.1  Microstructurally, bone consists of three 

principal components that are intimately associated with each other to allow rapid 

biological and biomechanical responses.  The first component is cellular and consists of 

osteoclasts, osteoblasts, and osteocytes.  The second component includes the organic 

extracellular matrix, which is composed of 95% collagen (predominantly type I), and 5% 

proteoglycan and glycosaminoglycan.  The last component is the inorganic portion, 

which is composed of calcium and phosphorous in the form of hydroxyapatite crystals.1  

Collectively, type I collagen and hydroxyapatite crystals are responsible for the 

mechanical strength of bone.1   

 

2. Anatomy and Biomechanics 

The appendicular skeleton provides rigid links for muscular attachment to allow 

proper structural posture and body movement.  Specifically, the radius is the major 

weight-supporting bone of the antebrachium.  Proximally it articulates with the humerus 

and ulna forming the cubital joint, and distally it articulates with the proximal row of 

carpal bones forming the antebrachiocarpal joint (Figure 1).2  Proximally, the biceps 

brachii muscle inserts on its cranial surface, and distally the digital extensor and flexor 

muscle tendons pass through their respective tendon sheaths as they traverse the carpus 

en route to the digit.2  Medially, the radius lacks overlying muscle and is covered only by 
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skin and subcutaneous fascia.  In juvenile horses, proximal and distal physes are present.  

The radius is strongly curved in the frontal plane and has a distinct cranial bow.  

Biomechanically, the distal radius is under a small axial compressive strain while the 

greatest strain in the distal radius is created by torsion.3  During weightbearing, the 

cranial and lateral radius cortices are in tension, whereas the caudal and medial radius 

cortices are under compression resulting in 2 potential bending moments in the frontal 

and sagittal planes along the entire length of the bone.3,4  Variations in mechanical 

properties around the equine radius occur in close association with different collagen 

fiber orientations.5  Longitudinally oriented collagen fibers are predominantly present in 

the cranial, lateral, and medial cortices, while the caudal cortex contains predominantly 

oblique/transverse collagen fiber patterns, suggesting a functional association between 

collagen fiber orientation and locomotor strain direction in equine radius cortical bone.6 

 

3.  Radius Fracture Pathogenesis, Diagnosis, and Treatment 

Radius fractures in adult horses are complicated orthopedic emergencies 

attributable to direct trauma or physically excessive mechanical forces that occur during 

exercise, most often resulting in a spiral or oblique fracture of the distal diaphysis.7,8  

Variable amounts of comminution often accompanies radius fractures regardless of the 

patient’s age.  The degree of fragmentation accompanying comminuted fractures in foals 

is less than that of comminuted fractures in adults likely because of increased energy 

released in adult fractures.  Incomplete or complete nondisplaced radius fractures 

occasionally occur in adult horses that have been kicked along the distal medial aspect of 

the antebrachium.   
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Fracture configurations in foals vary.  Mid-diaphyseal transverse fractures result 

from a cranial load to the antebrachium.  A lateral force results in an oblique fracture of 

the proximal metaphysis, and Salter-Harris fractures occur at both the proximal and distal 

radial physes.9  

Radius fractures, especially diaphyseal and distal metaphyseal, have an increased 

risk of distal limb abduction and subsequently developing an open fracture along the 

medial aspect of the antebrachium.  Because of the high energy release associated with 

radius fractures, a substantial amount of soft tissue injury occurs making them highly 

susceptible to infection at the fracture site.   

Non-weightbearing lameness accompanied by instability and crepitation in the 

antebrachial region is pathognomonic for radius fractures.8  Attempts at weightbearing 

result in valgus deviation at the fracture site and the patient usually holds the limb with 

the carpus and fetlock flexed while dragging the toe.  Horses with incomplete fractures or 

nondisplaced complete fractures do not demonstrate instability or crepitation.  However, 

they are usually lame, and in many cases a wound is evident at the site of traumatic 

impact.8  Orthogonal and oblique radiographic views are necessary to delineate the 

severity of the fracture and to assist in determining a surgical plan and providing a 

prognosis (Figure 2).   

Appropriate limb stabilization immediately following examination of the patient 

and the condition of the affected limb is the key to orthopedic first aid.  The goal of 

immobilizing a radius fracture is to prevent additional trauma that may result in fracture 

eburnation, fragmentation and fracture displacement, neurovascular damage, skin 

penetration leading to an open fracture, and further soft tissue damage.  For temporary 
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stabilization, a caudal splint extending from the ground to the elbow, and a lateral splint 

extending from the ground to lie against the lateral aspect of the shoulder are applied and 

tightly secured using nonelastic tape (Figure 3).10  

Nonsurgical management of radius fractures is rarely a viable alternative unless 

the fracture is incomplete or nondisplaced complete.  For these fractures, conservative 

therapy consists of strict stall confinement.11,12  It has been reported that 30% of 

incomplete radius fractures progress into complete, displaced fractures with conservative 

management.13 

Surgical management of radius fractures consists of plate application to 

counteract tensile and torsion forces.14-16  A thorough review of clinical cases at the 

University of Missouri Veterinary Medical Teaching Hospital and previously published 

literature revealed that spiral or long oblique fracture configurations involving the distal 

diaphysis in adult horses are more conducive to internal fixation repair.14,17-33  These 

fracture configurations are clinically and biomechanically difficult to effectively repair.  

The reasons include: size of the horse, a limited amount of bone available for screw 

purchase, complex three dimensional (3D) loading of the proximal and distal radius ends, 

and complex 3D interfragmentary movements which influence the type and rate of 

fracture healing, thus the clinical outcome.  Strict adherence to biomechanical principals 

is necessary for successful equine fracture repair because the implant-bone constructs are 

often functioning at their mechanical limits and frequently cannot withstand the forces 

exerted on the limb during anesthetic recovery or cyclic fatigue that occurs during normal 

convalescence after surgery.  Comminuted fractures or fractures without a complete 

caudal cortex are frequently euthanized.   
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Open reduction and internal fixation (ORIF) of radius fractures is an immense 

task that requires a knowledgeable and orchestrated surgical team.  When pursued, adult 

radius fracture internal fixation is performed using 2 plates.  One plate should be on the 

dorsal cortex, and the second plate should be placed on either the lateral or medial cortex, 

depending upon fracture orientation.7,8,34 The dorsal plate should be either a 4.5 broad 

dynamic compression plate (bDCP) or a 5.5 limited contact-dynamic compression plate 

(LC-DCP).  Using traditional bone plating, the lateral or medial plate is usually either a 

4.5 bDCP or a 5.5 LC-DCP.  However, fractures involving the distal radius limit the 

ability to gain adequate fixation rigidity using traditional bone plating.  In human 

orthopedics, the dynamic condylar screw (DCS) implant system has been used for distal 

femur fractures.35,36  The DCS achieves greater bone purchase of small fracture segments, 

thereby enhancing the stability of the final repair.  Thus, application of the DCS implant 

system has been suggested as a means of enhancing the stability of radius fractures in 

adult horses.27,32,37,38    

A 4.5 bDCP has a thickness and width of 4.8 mm and 16 mm, respectively 

(Figure 4). A 5.5 LC-DCP has a thickness and width of 5.7 mm and 16 mm, respectively 

(Figure 5). The DCS plate has a thickness and width of 5.4 mm and 16 mm, respectively 

(Figure 6).  The barrel of the DCS plate, which is inserted into the bone and interlocks 

with the condylar screw, is at a 95 degree angle with the longitudinal axis of the plate and 

has a length of 25 mm with an outside diameter of 12.6 mm (Figure 7).  The 2 holes 

adjacent to the barrel are round and require insertion of the screws at a right angle to the 

longitudinal axis of the plate; the remaining screw holes are manufactured to allow 

dynamic compression. The condylar screw length can be selected in 5 mm increments 
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between 50 and 140 mm.  The shaft diameter of the condylar screw is 8 mm, while the 

threaded portion of the condylar screw is 22 mm long, contains an 8.2 mm core, has an 

overall thread diameter of 12.7 mm, and a thread width of 2.25 mm.  An additional 

alternative implant, although not commonly used for radius bone plating, is the cobra 

head plate.28 

  Regardless of the bone plating combination used, as many 5.5 mm cortical bone 

screws as possible should be inserted, and every opportunity to provide compression 

across the fracture lines should be attempted.8  The entire length of the radius is spanned 

by the plates, which should be offset to avoid ending at the same level in the transverse 

plane.8  Plate luting with antimicrobial polymethylmethacrylate (PMMA) is 

recommended even though the PMMA loses some strength from the solvent that is added 

for the antibiotic.39  In addition, cancellous bone grafts can be incorporated into the 

fixation to promote healing.40  

Radius fractures in foals are treated in a similar manner to adults; however, some 

principles are different.  Provided that the caudal cortex can be anatomically 

reconstructed, simple transverse mid-diaphyseal fractures in foals weighing less than 250 

kg can be repaired with a single 4.5 bDCP, 4.5 broad LC-DCP (bLC-DCP), or 5.5 LC-

DCP placed on the dorsal cortex with 5.5 mm cortical bone screws inserted throughout 

the entire length of the plate.8  In foals heavier than 250 kg, an additional plate should be 

applied to the lateral surface.  The second plate may either be a narrow or broad LC-DCP 

or DCP fixed with a majority of 4.5 mm cortical bone screws; 5.5 mm cortical bone 

screws should be placed in the last holes and holes adjacent to the fracture.8  Spiraling, 

oblique, or comminuted radius fractures in foals are repaired using the double plate 
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technique as described above.  DCS plates are not used in young foals because the length 

of the smallest condylar screw is longer than the width of the distal radius.  Special 

precautions should be followed when plating the fractures involving the proximal physis.  

Because this fracture configuration commonly involves the ulna, radioulnar transfixation 

is necessary which can consequently result in ulnar dysplasia or cubital joint 

subluxation.41  Similarly, fractures of the distal radial physis requiring transphyseal 

bridging should be closely monitored for development of an angular limb deformity. 

 As with any long bone fracture, infection, instability, fixation failure, and support 

limb problems are the most common complications after surgery.   

 

4. Defining Biomechanics 

Biomechanical forces commonly encountered by the musculoskeletal system 

include tension, compression, torsion, bending, and shear.  During normal weightbearing 

and locomotion, combinations of these forces are continuously exerted on the radius 

because of the influence of the adjacent joints and muscle insertions on the bone.   

Axial loads include both tension and compression.  Tension is an external force 

vector that is parallel to the longitudinal axis of an object resulting in structural 

elongation.42  Bone failure occurs around the osteon by debonding of the cement line and 

pulling out of osteons.43  Clinically, these fractures are usually transverse in orientation, 

corresponding to the plane of maximal tensile stress.42  In contrast, compression is an 

external force vector that is parallel to the longitudinal axis of an object resulting in 

structural shortening.42  Under compression, bone failure occurs obliquely through 

osteons.43  Clinically, compressive fractures have an oblique fracture orientation that 
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corresponds to the plane of maximal shear stress, which is at a 45 degree angle to the 

orientation of the compressive load.43 

Torsion is an external moment vector whose axis is parallel to the longitudinal 

axis of the structure.42  In its pure form, torsional load about the longitudinal axis of a 

structure is applied by a couple of forces that are equal, parallel, opposite in sense, and 

separated by a distance.42  Application of torque results in generation of several types of 

stresses depending on the plane of observation: 1) shear stresses on the transverse plane; 

2) shear stresses along the length of the structure; 3) compressive stresses at 45 degrees to 

the length; and 4) tensile stresses at 45 degrees along a direction perpendicular to that of 

the compressive stresses.42  When bone is loaded in torsion, the bone first fails in shear 

with the formation of the initial crack parallel (along the longitudinal axis of the cortex) 

to the neutral longitudinal axis.43  A second crack then forms along the plane of maximal 

tensile stress, causing a spiral fracture to occur.43 

In bending, loads are applied to a structure causing it to bend around a transverse 

axis.  As a result, tensile stresses occur on the convex side of the bend and compressive 

stresses occur on the concave side of the bend.42  In contrast to axial and torsional loads, 

which are the same on all cross sections of a long structure, bending loads vary 

depending on the lever arm of the force causing the bending.42  A bending moment 

occurs when the force couple plane is applied parallel to the longitudinal axis of the 

structure, which equals the product of one of the forces and the perpendicular distance 

between them.42  In pure bending, the bone initially fails in tension and the fracture 

propagates toward the compressive surface, resulting in a small butterfly fragment.43  In 

combined compression and bending, bone failure begins on the tensile surface and 
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propagates to the compressive surface along the maximal tension plane until shear forces 

acting on a 45 degree plane becomes sufficiently high to cause a butterfly fracture at the 

compressive surface.43   

Clinically and experimentally, bending may be caused by cantilever bending, 

three-point bending, or four-point pending.  Cantilever bending is a loading situation in 

which one end of a long structure is fixed while its other free end is transversely loaded.42  

This results in a bending moment at the base which linearly increases from zero at the 

applied load end to a maximum at the support end (Figure 8).  Three-point bending 

occurs when three forces act on a structure to produce two equal moments, each being the 

product of one of the two peripheral forces multiplied by the perpendicular distance from 

the peripheral force to the middle force.42  A long structure is loaded in three-point 

bending when a single transverse force is applied in the middle of a beam, simply 

supported at its two ends.  A structure undergoing three-point bending is subjected to 

bending moments that linearly increase from zero at the support ends to a maximum at 

the central load application cross section, thus the structure will fail through the sight of 

central load application, rather than at its weakest point (Figure 8).42,43  Four-point 

bending occurs when two central and two peripheral transverse forces act on a structure 

to produce two equal but opposite moments on each end.  The region between the two 

central application points is subjected to a uniform bending moment, thus the bone 

fractures through the weakest point within this region (Figure 8).42,43 

Shear is a transverse force that causes an opposite but parallel sliding motion of 

adjacent transverse planes of a beam.42  This biomechanical effect is usually not the sole 

source of bone failure observed in intact structures since transverse forces produce a 



 

 10

bending moment, as previously discussed, in addition to the shear force acting on a 

transverse plane of the beam.  Rather it occurs along with other forces that result in bone 

failure, and is a major factor when monitoring implant stability through interfragmentary 

motion and determining fracture healing.44,45 

Bone has limited ability to deform elastically without consequences.  Cancellous 

bone is more ductile and fails at approximately 75% strain, whereas cortical bone fails at 

approximately 2% strain.46  Because of its porous structure, cancellous bone also has the 

ability to store more energy before failure than does cortical bone.  In contrast, cortical 

bone tends to be a fairly brittle material and can only sustain a limited strain before 

fracture.46 

Essential information about bone mechanical properties can be gathered from a 

load-deformation curve by quantifying the relationship between the load applied to a 

bone and the deformation produced.  A load-deformation curve is made up of toe, elastic, 

and plastic regions.  The toe and elastic regions are considered physiologic ranges, 

whereas the plastic region is within the traumatic range.  The toe region occurs during 

initial loading and represents a zone of laxity where very little effort is required to deform 

bone.42  During in vitro testing, the toe region is not measured because it corresponds to 

the elimination of “dead space” between components involved in the testing apparatus 

(e.g. test machine, fixtures, potting materials, etc.).  The elastic region is the initial linear 

portion of the curve from which structural stiffness is derived from its slope.42  If bone is 

only loaded within the elastic region, it will return to its original shape when the load is 

removed.42  Once the yield point is reached, bone exhibits plastic behavior and will no 

longer return to its original shape when the load is removed.42  In the plastic region, bone 
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deforms to a much greater extent for a given load than in the elastic region.  If the load is 

progressively increased, ultimate bone failure or bone fracture will occur.  The area 

underneath the load-deformation curve represents energy storage as the bone is loaded.  

Upon fracture, this stored energy is released into the bone and surrounding soft tissues.   

 

5. Literature Review  

The first published report of attempting to repair a radius fracture using ORIF 

occurred in 1971.17  A comminuted, proximal diaphyseal radius fracture involving the 

ulnar body in a 7-month-old foal was repaired using 2 compression plates placed on the 

medial and craniomedial aspects of the radius.  No complications were encountered 

during anesthetic recovery; however, the foal refractured the radius distal to the bone 

plates immediately after anesthetic recovery.  Since then, multiple retrospective 

studies18,26,27 and case reports14,19-25,28-33 have described various ORIF techniques for 

adult radius fracture repair; however, no comparisons or biomechanical properties can be 

extrapolated from these publications.   

 

a. Retrospective Studies 

Three retrospective studies evaluating radius fracture ORIF have been published.  

Alexander and Rooney first reported on a series of radius fractures occurring in 12 horses 

in 1972.18  Two foals and 10 adult horses were examined.  Five horses were euthanized 

immediately at presentation.  One horse with a non-displaced fracture was successfully 

managed conservatively, while the remaining 6 horses were treated using various ORIF 

techniques.  Only one case, an adult horse with an open, transverse mid-diaphyseal 
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fracture, was successfully treated with ORIF.  Although no longer used in equine 

orthopedic surgery because of substantial improvements made in bone implant design, it 

was subjectively determined during the study that a blade plate was ideally suited for 

oblique fractures involving the distal one-third of the radius.18  

A second study evaluated radius fractures in juvenile and adult horses.26  Nineteen 

horses were euthanized immediately at presentation. Twenty-four of the remaining 28 

horses were treated with ORIF using a variety of surgical approaches, bone plates, and 

plate placement.  Overall, 64% of the treated horses survived.  Eighteen of 22 (82%) 

fracture repairs in juvenile horses (less than 2 years of age) were successful, but all 6 

repairs in adult horses (greater than 2 years of age) were failures.  The success rate was 

highest for transverse and physeal fractures (100% each), but lower for oblique (57%) 

and comminuted (22%) fractures.  Plates were removed in 60% of successful ORIF 

repairs within 3 to 9 months after surgery.  A 2-fold increase in the success rate was 

noted when the first half of the study was compared to the second half.  This 2-fold 

increase in success rate was attributable to a progressive understanding of long bone 

biomechanics and improved implant design during the 10-year study period.   

The third retrospective study evaluated radius fracture treatment exclusively in 

adult horses weighing greater than 310 kg.27  Four horses were euthanized immediately at 

presentation.  Two horses were treated conservatively with cast application; both horses 

were euthanized at 5 and 35 days after cast application.  ORIF was performed in 9 horses 

using an assortment of surgical approaches, bone plates, and plate placement.  A 

minimum of 2 DCP’s were used in all cases.  Overall, 18% of the treated horses survived.  

Complications resulting in euthanasia included 2 catastrophic failures during anesthetic 
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recovery, 4 implant failures ranging 5 to 42 days after surgery, and 1 horse developed 

bilateral forelimb laminitis.  The remaining 2 (22%) horses that underwent ORIF had 

successful outcomes.  In one of these horses, the cranial plate was removed 8 months 

after surgery.  The fact that only 2 out of 15 horses survived and recovered completely 

underlines the problems associated with treatment of radius fractures in adult horses.  

 

b. Case Reports 

Initial ORIF case reports for radius fracture repair were focused around horses 

younger than 1 year of age.14,19-25  Gertsen et al repaired radius fractures in two foals that 

subsequently were euthanized because of osteomyelitis and implant instability.19  One of 

these foals had an open fracture, and the second foal sustained a closed, proximal physeal 

radius fracture that involved the ulnar body.  Turner et al successfully repaired a closed, 

simple transverse diaphyseal radius fracture in a 19-day-old foal using 2 DCP’s placed on 

the medial and cranial aspects of the radius.14  The medial and cranial plates were 

removed 7.5 and 9.5 months after surgery, respectively.  The limb had 2 degrees of 

lateral rotation, but this did not preclude the horse from entering race training.  Denny 

repaired radius fractures in 3 foals with unsuccessful outcomes.20  One foal with a 

comminuted fracture was managed with a Venables plate.  The second foal with a 

comminuted fracture was managed with a single DCP and a transfixation cast.  The third 

foal acquired a proximal radial physeal fracture involving the ulnar body and was 

repaired using a single DCP applied to the caudal aspect of the radius and ulna.  Failure 

in all cases was attributable to osteomyelitis and implant instability.  Turner successfully 

repaired an open, simple transverse, diaphyseal radius fracture in a 30-day-old foal using 
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DCP’s placed on the medial and cranial surfaces of the radius.21  Both plates were 

removed when complete bone healing was radiographically determined.  Valdez et al 

reported on 3 foals that were managed with ORIF.22  Two foals were successfully treated 

using medial and cranial DCP’s; the medial and cranial plates were removed in both foals 

at 4 and 6 months after surgery, respectively.  The third case refractured the radius distal 

to both plates.  Frauenfelder and Fessler repaired a comminuted fracture of the proximal 

radius in an 11-month-old filly using a medially positioned angle blade plate and 

craniolateral placement of a DCP.24  The angle blade plate and DCP were removed 5 and 

8 months after surgery, respectively.  Twenty-three months after the initial surgery, the 

horse was reported to be sound and had returned to athletic performance.  May and Wyn-

Jones repaired a closed, comminuted proximal radius fracture in a 6-month-old foal using 

DCP’s placed on the lateral and cranial radius surfaces.25  The lateral and cranial plates 

were removed 5 and 5.5 months after surgery, respectively.  No gait abnormalities were 

ever noted after plate removal.   

Collectively, 50% of the foals described in the above case reports survived.  It is 

noteworthy that all of those case reports were published before the retrospective study 

published by Sanders-Shamis. When comparing the two results, the case report findings 

are reflective of findings from the first half of the Sanders-Shamis retrospective study, 

where a 40% success rate was reported.26 

Because of cost and a guarded outcome, successful reports of ORIF in adult 

radius fractures are infrequent.  Turner reported on four horses that were presented with 

open radius fractures.21  Configurations included 2 cases with transverse diaphyseal 

fractures and 2 cases with oblique diaphyseal fractures.  All horses had DCP’s placed on 
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the medial and craniomedial aspects of the radius.  Three horses refractured their radius 

during anesthetic recovery, and one horse was euthanized 1 week after surgery because of 

gastrointestinal disease.  Kirker-Head and Fackelman repaired an open, oblique fracture 

involving the distal diaphysis using a cobra head plate placed on the medial aspect of the 

radius and a DCP placed on the lateral aspect of the radius.28  Radiographically, 

satisfactory bone healing was occurring, but contralateral limb laminitis necessitated 

euthanasia 6 weeks after surgery.  Baxter et al successfully repaired an open, long 

spiraling fracture involving the mid- and distal diaphysis using DCP’s placed on the 

lateral and cranial aspects of the radius.29  Complete fracture healing was 

radiographically evident 9 months after surgery.  Both plates were removed 10.5 months 

after surgery allowing the horse to return to athleticism.  Zamos et al repaired distal 

radius fractures in 2 horses through open reduction and interfragmentary compression 

using cortical bone screws placed in lag fashion.30  One horse had a closed, complete, 

oblique fracture that was successfully repaired allowing the horse to return to athleticism.  

The other horse had an open, spiraling comminuted fracture and developed contralateral 

limb laminitis resulting in euthanasia.  Similarly, Schneider et al successfully repaired an 

open, comminuted, transverse fracture of the distal radius through open reduction and 

interfragmentary compression along with a full-limb cast.31  The significance of that 

report was implantation of antibiotic PMMA cylinders into the soft tissue to achieve high 

antibiotic concentrations in the surrounding bone and tissue.  Rodgerson et al 

successfully repaired an open, long oblique fracture of the distal radial diaphysis.32  

Because of fracture orientation, a DCS plate and a DCP were placed on the medial and 

cranial aspects of the radius, respectively.  Eight months after surgery, the DCS plate was 
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removed because of radiographic evidence of severe osteolysis beneath the distal aspect 

of the plate.  Bolt and Burba reported on successful repair of a simple, longitudinal, 

oblique fracture of the radius, extending proximally from the caudal cortex of the radial 

mid-diaphysis into the humeroradial joint.33  A DCP was placed along the cranial aspect 

of the radius.  In addition, stainless steel cerclage cable was applied under tension around 

the mid- and proximal diaphysis of the radius, encompassing the plate and distal ulna.   

Collectively, 46% of the adult horses described in the above case reports survived.  

That improvement in outcome should be interpreted with caution when comparing 

retrospective studies to case reports because of the low number of radius fracture repairs 

that are attempted and the tendency of individuals to publish only positive outcomes.  In 

addition, case reports (level IV) have a lower level of evidence based medicine in 

comparison to retrospective studies (level III).47 

Another method worth mentioning includes successful management of an open, 

comminuted radius fracture in a foal using a full Kirschner splint.23  Similarly, Thoene 

and Stuck successfully managed a radius fracture in an adult horse by application of a 

custom made Kirschner apparatus.48  The horse was maintained in a sling and pulsating 

electromagnetic field therapy was applied to stimulate fracture healing.     

 

c. Metanalysis 

Metanalysis of all available radius fracture publications was performed for 

thoroughness of this Masters of Science project (Table 1).  Overall, 47% of horses 

survived following ORIF of a radius fracture.  Twenty-two of 36 (62%) juvenile horses 

(less than 2 years of age) had successful outcomes when radius fractures were treated 
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with ORIF.  Nine of 30 (30%) mature horses (greater than 2 years of age) had successful 

outcomes when radius fractures were treated with ORIF.  Results of this metanalysis 

served as the foundation for stimulating further inquiry to determine a superior method of 

radius fracture ORIF in adult horses. 

 

d. Biomechanics 

Recognition of bone strain in the intact adult radius was published in 1975 using 

strain gauges placed on the cranial, caudal, lateral, and medial aspects of the radius.4  It 

was determined that the cranial and craniolateral aspects of the radius were under tension, 

thus providing an objective blueprint for optimal bone plate application to neutralize 

radial tensile forces in horses undergoing ORIF.   

Rybicki et al reported on maximum axial forces and bending moments of the 

radius by combining in vivo strain gauge readings and a mathematical model for bone 

mechanics.49  Axial compression loads calculated from in vivo strains during anesthetic 

recovery, standing, walking, and trotting were 8,712 N, 7,562 N, 9,386 N, and 13,166 N, 

respectively.  Maximum bending moments calculated from the in vivo strains during 

anesthetic recovery, standing, walking, and trotting were 176 Nm, 130 Nm, 167 Nm, and 

219 Nm, respectively.     

 Schneider et al performed in vivo multidirectional strain analysis of the equine 

radius while walking with and without a cast.3  Rosette strain gauges were attached to the 

bone with cyanoacrylate at 90 degrees to one another on the cranial, caudal, lateral, and 

medial surfaces in the proximal metaphysis, mid-diaphysis, and distal metaphysis of the 

radius.  Calibration of the strain gauges was performed while the horses were lying on the 
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floor in lateral recumbency with the limb elevated in an anesthetic recovery stall; in that 

position it was assumed that the bone was under zero strain.  The principal axis of tensile 

strain was on the craniolateral aspect of the radius.  Distally, on the radius, the largest 

strains were torsional.  Full limb cast application changed the principal axis of tensile 

strain on the radius from the craniolateral surface to the caudal surface.  From that study, 

it was concluded that cast application does not provide additional stabilization of radius 

fractures repaired with ORIF, and may place additional stress on the fracture site.   

In vitro diaphyseal structural properties of adult radii have been documented 

when subjected to axial compression, torsion, and 4-point bending tests.50  The goal of 

that study was to provide reference data for basic structural properties of diaphyseal 

segments from equine long bones.  However, multiple problems occurred during the 

study making it difficult to interpret, apply, and compare that information to other 

biomechanical investigations.  The principal problem in the study was their method of 

load application for torsion and bending.  Although torsional stiffness was determined, 

“grip slippage” occurred during all torsion tests before maximal rotation was reached.  

Therefore, the reported torsional data should be interpreted with caution.  Secondly, the 

distance between the inner force applicator points during 4-point bending was only 1.15 

cm.  As a result, loads to failure resulted in failure directly under the applied load.  

Essentially, 3-point bending was applied during testing.  Again, that data should be 

interpreted with caution and is difficult to directly apply to results from current 

biomechanical investigations.         

Transfixation casting is commonly performed for fractures involving the 

phalanges,51,52 and occasionally used to manage metacarpus/metatarsus fractures and 
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surgical management of laminitis.53,54  Theoretically, distal radius fractures could be 

managed with full limb transfixation casting.  The effect of pin hole size and number on 

the breaking strength of the intact equine radius when loaded in torsion to failure has 

been established during in vitro testing.55  That study concluded that up to three 6.35 mm 

transfixation pins can be used in a full-limb transfixation pin cast without a significant 

decrease in bone strength.  Recently, Elce et al performed an ex vivo comparison of a 

novel tapered-sleeve and traditional full-limb transfixation pin cast for distal radial 

fracture stabilization in the horse.56  Mean axial load to failure for the tapered-sleeve 

transfixation pin cast (35,814 N) was significantly greater than the traditional 

transfixation cast group (22,344 N).   

Biomechanical studies that appear in the literature typically use fixtures that 

constrain some components of relative 3D motion between ends of the test specimen, 

other than in the direction of loading, and/or do not apply a uniform component of load 

over the instrumented length of the specimen,50,55,57-62 and use test machine ram 

displacement to determine stiffness without correcting for potting-fixture-test machine 

(PFT) stiffness error.50,57,58,60,61,63  Direct measurement of relative 3D interfragmentary 

motions during in vitro testing has been performed using Hall Effect devices,64 

goniometers,65 an infrared motion capture system (Qualisys®),61,66 and an opto-electronic 

device (VICON®),59 including those that have eliminated PFT stiffness error.65,66  In vivo 

3D interfragmentary motions have been measured using a transducer telemetry system,67 

Qualisys®,60,61,63 and a 3D optical tracking system (Optotrak®).68  To the author’s 

knowledge, combined use of 3D unconstrained fixtures with 3D optical tracking of test 

segment ends to eliminate PFT stiffness error has not appeared in the literature.  
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CHAPTER 2 

EXPERIMENTAL PURPOSE AND HYPOTHESIS 

 

To investigate the clinical problem from a research standpoint, an in vitro 

loading-measurement system was designed and its capabilities verified (study 1) that: 1) 

mimics in vivo unconstrained relative 3D motion between fracture-model (herein after 

referred to as “fracture”) segments of long bone ends, 2) applies uniform axial 

compression, torsion, or bending moment loads over the entire length of the test 

specimen to identify the weakest aspects of an instrumented specimen, and 3) measures 

3D relative motion between test segment ends to determine 3D stiffness components of 

intact and instrumented test segments directly by eliminating PFT machine stiffness 

errors.   

The ultimate goal of this investigation, study 2, was to objectively compare the 

3D mechanical properties of the DCS implant system with a dorsally placed bDCP and 

the double bDCP construct for repair of oblique distal diaphyseal osteotomies in the 

equine radius.  It was hypothesized that the DCS implant system would provide superior 

resistance and less 3D interfragmentary motion during axial compression, torsion, and 

bending loads compared to the double bDCP construct.   
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CHAPTER 3 

STUDY 1: DEVELOPMENT OF A THREE DIMENSIONAL LOADING 

MEASUREMENT SYSTEM FOR IN VITRO BIOMECHANICAL TESTING  

 

1. Materials and Methods 

a. Collection and Preparation of Specimens 

Ten pairs of radii were collected from skeletally mature horses (age range: 4-15 

years; weight: 400-500 kg) euthanized for non-musculoskeletal diseases.  Radii were 

trimmed of soft tissues, wrapped in saline-soaked towels, sealed in 3 layers of plastic, 

frozen, and stored at -20˚C until testing.  Frozen radii were thawed to room temperature 

(27˚C) before instrumentation and mechanical testing.  Physiologic saline (0.9% NaCl 

solution) was applied throughout preparation and testing to minimize drying.   

 

b. Loading Fixture Design and Potting 

Proximal and distal steel box type loading fixtures were designed in which the 

corresponding ends of each radius were potted.  Inside length, width, and depth 

dimensions of the proximal fixture were 14, 10, and 9 cm, respectively.  Inside 

dimensions of the distal fixture were 14, 10, and 7.5 cm, respectively on the medial side, 

tapering to 2.5 cm in depth on the lateral side (Figure 9).  This size was designed to 

compliment application of Association for the Study of Internal Fixation (ASIF) devices 

on lateral and cranial radius surfaces with at least a 0.5 cm distance from potting material, 

and to have sufficient bone-potting material interface to transmit torsion and bending 

loads to failure of the instrumented test segment itself.      
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A potting jig was designed to align and hold the proximal and distal loading 

fixtures and the radius during potting (Figure 10).  The longitudinal axis of the radius was 

aligned by locating the major and minor diameter periosteal surfaces equidistance from 

the sides of the fixtures at two cross sections, one being 10 cm from the distal end of the 

radius, and the other being 10 cm proximal to it (see the radius alignment brackets with 

four adjustable depth threaded posts having T-nut ends in Figure 10).  This placed the 

longitudinal axis of the radius coincident with the center line passing through the center 

of the spherical socket centrally located in the proximal and distal loading fixtures.  To 

help secure the radius to the fixtures during application of bending moments, a cranial-to-

caudal (CrCa) directed 0.79 cm diameter threaded steel stud was passed through 

horizontal slots in the loading fixture sides and a hole drilled through the medial side of 

both ends of the radius.  The ends of the radius were then potted by using a mixture by 

volume of 70% crushed limestone (screened to 0.32 to 0.64 cm diameter) and 30% dry 

polymethylmethacrylate (PMMA) powder (Technovit, Jorgenson Laboratories, Loveland, 

CO) wetted with methacrylate monomer to make a pourable slurry.  This was done to 

reduce the amount and cost of PMMA used.  Axial compressive stiffness and maximum 

axial compressive load resisted were determined by testing 20 mm diameter samples 

consisting of different percent PMMA, limestone, and sand mixtures as summarized in 

Table 2.  The 70% limestone/30% PMMA mixture was selected because the limestone 

did not settle to the bottom of the mixture as occurred with sand in the sand alone and 

sand-limestone mixture.  In addition, the 70% limestone/30% PMMA mixture was found 

to have the highest compressive strength, and comparable stiffness to pure PMMA at low 

loads and 86% at higher loads.   
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Once potted, the potting fixture's four 1.27 cm square steel tube frame members were 

used to define potting fixture side planes to locate and draw center lines using a fine tip 

permanent pen on orthogonal surfaces of the radius.  Center lines of the radius were 

located by measuring equidistance from each side plane of the potting fixtures.  The 

proposed fracture plane was marked by using a flexible straight edge contoured around 

the radius from a point 4 cm proximal to the lateral styloid process to a point 12 cm 

proximal to the medial styloid process.  Cross section ends of the 50 mm long test 

segment were then located and marked at the level of the fracture plane's center and 50 

mm proximal to it.  A hole was drilled and tapped (# 8-32 thread) into the dorsomedial 

cortex of right radii and the palmaromedial cortex for left radii to securely mount a 3D 

optical measuring system rigid body to each end of the test segment.  These marks were 

used to consistently locate the fracture, and re-attach the rigid bodies after all tests were 

completed on each intact specimen.  

 

c. Unconstrained Three Dimensional Loading System Design 

An Instron 8821S (Instron, 100 Royall Street, Canton, MA) biaxial loading frame 

equipped with a 25 kN axial, + 225 Nm torque load cell was used along with the fixtures 

described below to apply 3D component(s) of load uniformly over the length of the 

radius.  Load was applied using position control to move the global component of relative 

displacement between specimen ends at a constant rate that corresponded to the applied 

load component.  Assuming negligible friction in the loading fixture hydraulic fluid 

lubricated joints, the loading fixtures were designed to produce no external constraints on 

the remaining 3D components of displacement (out of 6 total) of proximal relative to 
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distal end of the radius (herein after referred to as "unconstrained").  The weight of the 

radius and fixtures were also assumed to be negligible compared to the applied loads.    

Axial compression.  Axial compression was applied through hardened 25.4 mm 

diameter steel spheres centrally located in the end of each loading fixture base (Figure 

11).  The centers of the spheres were externally constrained to remain on the global 

vertical Z axis of the test machine with externally applied compressive force acting only 

at the center of each sphere and along the global Z axis (Figure 12).  Due to freedom of 

rotation of both ends about the sphere joints, there were no external constraints on the 

following five components of proximal relative to distal end displacement of the 

specimen: lateral-to-medial (LM) and CrCa translation (shear); and axial, LM and CrCa 

bending rotations.     

Torsion.  Torsion was applied by transmitting equal but opposite direction 

components of tangential force to hardened steel shoulder bolts attached to the lateral and 

medial sides of each fixture on a common axis through the center of the centrally located 

sphere (Figure 13).  An axial compression bias load could simultaneously be applied 

through the hardened steel sphere which was free to move in a CrCa spherical slot in each 

fixture base (Figure 13).  The sphere-slot arrangement kept the fixture centered LM while 

allowing all CrCa components of force to be transmitted through the pair of shoulder 

bolts.  The centers of the spheres were externally constrained to remain on the global 

vertical Z axis of the test machine.  The vertical plane containing the axis of the proximal 

fixture's LM shoulder bolts and the global Z axis was externally constrained to rotate 

about the test machine's Z axis.  Due to freedom of LM and CrCa rotation of both fixtures 

about their respective sphere joints, there were no external constraints on the following 
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four components of proximal relative to distal end displacement of the specimen: LM and 

CrCa translation; and LM and CrCa bending rotation.   

Four-Point Bending.  Sections of 15.2 cm diameter (0.64 cm wall thickness) 

steel pipe were bolted with shims using the lateral and medial threaded shoulder bolt 

holes to each fixture base (Figure 14).  The pipe was stiffened with miniature screw type 

jacks placed in the plane of loading.  This allowed 4-point bending forces to be applied 

on the pipe 10 cm apart through transversely oriented hardened steel cylindric surfaces.  

The inner load application cross bars were attached to an arm equidistance from its pivot, 

thus creating equal inner forces regardless of how or where the test radius deformed 

and/or failed.  Including the potted ends, this created a 34 cm length of radius subject to a 

uniform bending moment (Figure 14).  The pipe allowed the specimen-fixture assembly 

to be rotated 90 degrees about its longitudinal axis to load the radius in LM, CrCa, 

medial-to-lateral (ML), and caudal-to-cranial (CaCr) bending.   Assuming no friction 

between the pipe and transverse load application cross bars, the only external constraint 

placed on the specimen was bending rotation in the global plane of the 4-point bending 

fixtures.   Due to freedom of the fixtures at both ends to slide axially, and to rotate axially 

and in a plane transverse to the loading direction, there theoretically were no external 

constraints on the following five components of proximal relative to distal end 

displacement of the specimen: axial, LM and CrCa translation; axial rotation; and 

bending rotation in a plane transverse to the direction of loading.  
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d. Three Dimensional Interfragmentary Motion Measurement System 

3D motion of the ends of the 50 mm long test segment was measured as load was 

applied by using a 0.01 mm resolution 3D infrared close focus Certus optical tracking 

system (NDI Optotrak, Waterloo, Ontario, Canada) to follow the light emitting diodes 

(LEDs) in the rigid bodies attached at each end of the test segment (Figure 15).  The rigid 

bodies were made from 0.64 cm thick PVC with three LEDs press fit into recesses 

located 25 mm apart on mutually perpendicular axes.  Each rigid body was attached to 

the radius with a # 8-32 machine screw and nylon stand-off, with a serrated washer 

between it and bone and also the PVC rigid body.  A third similarly designed rigid body 

was attached directly to a reference block on the fixed base of the Instron testing 

machine.  The reference block had three miniature conical indentations: one at the origin 

and one each on mutually perpendicular global X and Y axes.  These indentations were 

located at known distances from the test machine's axis, and oriented to define a global 

XYZ coordinate system with Z axis coincident with that of the test machine's axis.  A 0.1 

mm diameter tip portable digitizing probe was used to digitize the location of the three 

indentations on the reference block as well as 5 predetermined points around the fracture 

plane.  One point was identified on each side of the lateral plate and one point was 

identified on the medial, cranial, and caudal surfaces of the radius (Figure 16).  Point 

digitization was done after each specimen (intact, osteotomy-instrumented, and 

ostectomy-instrumented) was mounted in the torsion-axial compression fixtures with the 

medial side in the X direction of the global XZ plane.  The digitized points and the 

optical tracking system’s software were then used to define local xyzd coordinate axes 

associated with the rigid body attached at the distal end of the 50 mm long test segment, 
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zd being coincident with the radius' axis and xyd in the plane of the radius' cross section 

(xd being in the medial direction).  Similarly local xyzp coordinate axes were defined and 

associated with the rigid body attached at the proximal end.  The local xyzd and xyzp axes 

remained oriented with respect to and attached to the distal and proximal rigid bodies, 

respectively, thus tracking the 3D position of the radius' cross section at each end of the 

test segment as the specimen was placed into its orientation for each mode of loading and 

as it was loaded.  The digitized points around the osteotomy site were split into two sets, 

one set defined to be in and move with the proximal rigid body, the other set to be in and 

move with the distal rigid body.  This was done in anticipation of developing a technique 

to determine shear and normal relative 3D movement of initially coincident points 

directly across the osteotomy as load was applied.      

 

e. Test Segment Stiffness Determination and Testing System Verification 

To verify the capabilities of the 3D loading-measurement system, the stiffness 

associated with each mode of loading was measured for intact radius test segments (n = 

20), and compared to the corresponding stiffness theoretically predicted with equations of 

classical mechanics.  Each radius was then osteotomized, instrumented with ASIF 

techniques, and subjected to the same sequence of randomized 3-cycle non-destructive 

load tests (n = 20).  Eight osteotomies were then converted to 7 mm ostectomies, re-

instrumented, and subjected to the same sequence of 3-cycle non-destructive load tests.  

Representative results of the intact, osteotomized, and ostectomized tests for each load 

mode were compared to each other to determine: if the measurement system could 

resolve the primary component of 3D motion corresponding to direction of applied load 
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from the other components, and if it had sufficient resolution to measure the stiffness of 

intact segments for comparison to that of fractured segments secured with different types 

of internal fixation.  Following the last of these tests, each radius was subjected to either a 

1-cycle torsion, LM bend or CrCa bend to failure test.  The location and orientation of the 

fracture surfaces were observed and compared to the classical brittle fractures that would 

be produced by a pure component of applied load to help verify that the loading system is 

indeed applying the desired "pure" component of load. 

  

f. Measured Stiffness 

Each intact radius was subjected to a 3-cycle non-destructive random sequence of 

load modes: axial compression, torsion, and CrCa and LM bending (n = 12), and in 

addition CaCr and ML bending (n = 8).  Instron's RSBasLab software was used to apply 

load at a constant ram displacement rate (0.004 mm/sec axial compression, 0.25 deg/sec 

torsion, and 0.02 mm/sec bending), with load limits used to define ends of a cycle (100 to 

4000 N axial compression, + 50 Nm torsion, and 10 to 150 Nm bending).  As load was 

applied, the 3D position of the rigid body LEDs were synchronously measured and stored 

along with the testing machines ram position and applied load at sampling rates of 50 Hz 

axial compression, and 100 Hz for torsion and bending.  NDI Toolbench software was 

then used to determine the 3D position of the proximal end of the test segment relative to 

the distal end for each test, and to transfer this position data along with applied load into 

an EXCEL file.  EXCEL was used to plot the 3D components of relative position as a 

function of the component of applied load.  For example, Figure 17 contains plots of the 

Eulerian rotation components (Rx, Ry, and Rz) about the xp, yp, and zp axes of the 
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proximal relative to the distal end of the test segment as a function of applied torque for 

the intact, osteotomy-instrumented and ostectomy-instrumented test segments of a 

representative radius.   

The component of relative displacement between test segment ends corresponding 

to the component of applied load was plotted as a function of the applied load 

component.  Measured stiffness was determined as the reciprocal of the slope of a 

straight line fit to this data between selected load ranges, typically having linear data, 

during the 3rd loading cycle: 200 to 4000 N for axial compression (Figure 18), 10 to 50 

Nm for positive torque, -10 to -50 for negative torque (Figure 19), 10 to 150 Nm for 

bending (Figures 20, 21). 

 

g. Theoretical Segment Stiffness 

After testing to failure, each radius was transected 1 cm distal to the proximal 

rigid body allowing periosteal and endosteal cross-section major and minor diameters to 

be measured with digital calipers (Figure 22).  Two cross-section shapes, hollow ellipse 

and hollow rectangle, were assumed to calculate a range of theoretically predicted 

stiffness values that would account for the non-uniform shape characteristics of the radius 

(Figure 23).  The measured cross-section diameters and published bone biomechanical 

properties were substituted into classical structural mechanics stiffness equations to 

predict its axial compression, torsion, and bending stiffness values (Figure 24).  

To compare our intact measured radius stiffness results (herein after called K3D) 

to those published by Hanson et al50 who used ram displacement in determining stiffness 

values (herein after called KH), the following was performed.  Their axial compression 
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and torsion tests were conducted on a 150 mm long test segment, thus the K3D results 

were multiplied by the ratio of test segment lengths (50 mm / 150 mm) to obtain 

corresponding 150 mm segment values (herein after called normalized stiffness [K3DN]) 

for direct comparison to axial compression and torsion KH results.  Their 4-point bending 

tests were conducted with an apparatus having 11.5 mm between inner force application 

points and 101 mm between outer force application points, with both inner and outer 

forces applied directly to bone.  Hanson et al50 did not report how relative angular 

displacement between cross sections was determined from the ram's axial displacement 

or between which pair of cross sections.  Thus we converted our measured K3D values to 

those for a uniform bending segment of 11.5 mm and 101 mm by multiplying by the ratio 

of test segment lengths (50 mm / 11.5 mm) = 4.35 and (50 mm / 101 mm) = 0.50 

respectively, to determined a range of K3DN values within which their measured KH 

values should theoretically lie. 

 

h. Data Analysis 

The component of interfragmentary 3D relative motion between the test segment 

ends was plotted as a function of the corresponding applied load component over its 

respective load range.  Stiffness was determined as the reciprocal of the slope of a 

straight line fit to the data between selected load ranges described above during the 3rd 

loading cycle.  The criteria for “first failure” during destructive testing was the first 

occurrence of a relative maximum: followed by a drop greater than 5 Nm during torsion, 

and a drop greater than 25 Nm during bending or (in one case) greater than 0.5 mm ram 

displacement with a nearly constant applied load.  
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i. Imaging 

A digital video camera (Sony DCR-HC20, Japan) with audio was used to obtain a 

video clip of each test to failure to visually and audibly monitor relative motion within 

the test segment, and review modes of failure.  After biomechanical testing, radiographs 

of each radius were taken to verify the mode of failure for each implant-bone construct.  

CrCa, LM, dorsolateral-palmaromedial oblique, and dorsomedial-palmarolateral oblique 

radiographic views (60 kVP, 1.7 mAs) were taken (MinXray HF 100/30; MinXray Inc, 

Northbrook, IL) using a Lanex fine single screen system (AGFA, Mortsel, Belgium). 

 

2. Results 

a. Theoretical Segment Stiffness 

Major periosteal and endosteal cross-section diameters measured 49.8 (±4.4) mm 

and 30.5 (±4.8) mm, respectively.  Minor periosteal and endosteal cross-section 

diameters measured 32.1 (±1.4) mm and 18.4 (±1.7) mm, respectively.  The mean 3D 

loading-measurement system's intact equine radius K3D values were within the average 

elliptical to rectangular cross-section theoretical range for axial compression, torsion and 

ML bend; and were greater than the highest theoretically predicted value by a factor of 

1.1 for LM bend, 1.3 for CaCr bend, and 1.5 for CrCa bend (Table 3).  The 3D loading-

measurement system's axial compression and torsion K3DN results were a factor of 19.6 

and 7.5 higher, respectively, than the corresponding KH results (Table 4).  Likewise, the 

101 mm CrCa and LM bending K3DN results were a factor of 8.3 and 10.6 higher than the 

corresponding KH, respectively; whereas, the 11.5 mm CrCa and LM bending K3DN 

results were a factor of 72 and 92 higher than the corresponding KH (Table 4).  The 
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fixtures allowed components of 3D motion other than in the direction of loading to occur.  

For axial compression and torsional loading, unconstrained relative 3D motion across the 

fracture site was most noticeable for the ostectomy due to definite lack of load sharing 

with bone at the fracture site and the unsymmetrical double plate construct.  The least 

amount of 3D motion between ends of the test segment occurred for the intact radius.  

This is illustrated in the torsion loading example which shows detectable CrCa and LM 

bending rotation for the ostectomy, and negligible CrCa and LM bending rotation for the 

intact radius and the reduced osteotomy (Figure 17).  The loading fixtures during axial 

compression and torsion testing were also observed to have CrCa and LM bending 

rotation, which was most prevalent for the ostectomy model.  Relative 3D motion 

between ends of the test segment was detected by the optical tracking system for bending 

loads which in some cases was visible by the relative motion across the fracture; 

however, 3D motion of the loading fixtures was not readily visible. 

 

b. Failure Modes 

Failure did not occur in any intact radius.  Construct failure configurations were 

consistent with theoretical failure modes for brittle material (bone) and reproducible for 

both torsion and bending load to failure tests.  Torsion failure was consistently 

attributable to spiral fracture propagation that initiated perpendicular to the osteotomy or 

ostectomy at cranial screw holes (Figure 25).  Gross evidence of 3D interfragmentary 

motion was visualized within the ostectomy during torsion; torsional loading resulted in 

closure of the ostectomy on one surface (i.e. compression surface) and simultaneous 
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opening of the ostectomy on the opposite surface (i.e. tensile surface), and vice versa 

when loaded in the reverse direction.   

LM and CrCa bend failure initiated by cis-cortex fracturing through either the 

proximal or distal screw holes adjacent to the osteotomy or ostectomy, and progressed 

perpendicular to the osteotomy or ostectomy (Figures 26, 27).  An exception occurred in 

one ostectomy instrumented with a double bDCP construct undergoing LM bend to 

failure that experienced substantial bone-plate interface separation along the lateral 

surface and just proximal to the ostectomy without any bone fracture.  LM and CrCa 

bends produced visible osteotomy and ostectomy gap opening on the non-plated side 

because it was in tension and visible proximal and distal screw bending adjacent to the 

osteotomy or ostectomy.  ML and CaCr bending produced visible ostectomy gap closure 

on the non-plated side because it was in compression.    

No failures occurred within the potted ends or of the fixtures themselves during 

torsional and bending loads to failure.     

 

3. Discussion 

The order of magnitude difference in our K3DN results compared to those reported 

by Hanson et al50 is likely due to their PFT machine stiffness (Kpft) being similar to the 

actual stiffness (Ksa) of the specimen.  When using the test machine ram displacement to 

calculate measured stiffness (Ksm) of a specimen, ram displacement is the sum of that due 

to specimen deflection and PFT machine deflection.  The theoretical model is two springs 

in series, one with stiffness Ksa the other with Kpft, resulting in a measured stiffness Ksm = 

Ksa / (1 + Ksa/Kpft).  Ideally Kpft is infinite (rigid PFT), thus Ksm = Ksa.   The general rule-
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of-thumb when using ram displacement is that Kpft > 10*Ksa so that Ksm > (1/1.1) Ksa and 

thus error is < 9% when reporting Ksm for Ksa.  Difference in Kpft likely contributed to the 

order of magnitude difference in McDuffee et al57 versus Hanson et al50 intact adult 

equine tibia test results: axial compression 24,290 N/mm versus 4800 N/mm, 

respectively, and torsion 71.15 Nm/deg versus 20.94 Nm/deg, respectively.  

Theoretically, measured stiffness could be corrected if Kpft was known; however, the 

actual value will differ between specimens due to variations in bone-potting-fixture 

interface variations.  Use of direct measurement of test segment end motion to determine 

its stiffness is not subject to PFT stiffness error, which is the reason for deciding to use 

3D optical tracking.        

The material testing machine's uprights and proximal and distal cross heads act as 

an external fixator in addition to the internal fixation device being tested, unless the 

loading fixtures are designed to allow externally unconstrained 3D components of 

relative motion, other than the component associated with that of the applied load 

component, between ends of the test specimen.  For example, assume that an 

ostectomized bone instrumented with a single lateral plate is to be tested in "pure" axial 

compression as illustrated in Figure 12B.  As an axial compression load is applied, the 

plate begins to laterally bend because of the lateral offset from the loading axis, vertical 

shear occurs at the bone-plate interface, and the screws begin to pull out of the bone.  If 

however, the proximal and distal ends are rigidly fixed to the test machine ram and test 

machine table, respectively, the off-axis lateral plate is subjected only to axial 

compression and the screws are only subjected to vertical shear at the plate-bone 

interface since the test machine external fixator is applying an unmeasured bending 
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moment to each end of the specimen to restrain them from bending rotation.  As a second 

example, if the distal end in Figure 12 is fixed and a sphere joint exists on the proximal 

end, the distal ends axis z’d remains coincident with the test machine's Z axis.  Thus 

lateral displacement of the proximal relative to the distal end is constrained by creation of 

an unmeasured lateral shear force acting on the proximal end, which results in the plate 

being subjected to an increasing bending moment from its proximal to distal end with 

corresponding changes in screw pull out.  These examples illustrate that fixtures 

externally constraining the relative motion between ends of a specimen can have a 

significant effect on the internal forces and moments acting on the implant components 

and their associated bone-implant interface, and thus on the in vitro modes of failure and 

measured construct stiffness.  Ideally, in vitro biomechanical tests would simulate "worst 

case" in vivo conditions, that is, externally unconstrained 3D relative motion between 

ends of a specimen, excluding those associated with the desired component of applied 

load.   

Theoretically, in the absence of friction, the loading fixtures designed and 

presented in this investigation allow 3D unconstrained components, other than associated 

with the applied load component, of proximal relative to distal end motion of the test 

specimen.  During loading, the ends of the specimen independently rotate into a position 

that is dictated only by the 3D resistance of the instrumented segment to the 

component(s) of externally applied load such that mechanical equilibrium is achieved.  

That is the vectorial sum of externally applied forces acting on the specimen = 0, and the 

vectorial sum of moments about any point of externally applied moments and forces = 0.  

For example, in Figure 12 the distally located ostectomy results in greater rotation of the 
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distal end than the proximal end relative to the global XYZ axes.  If pure torsion is 

applied, globally viewed 3D rotation of the ends will theoretically occur in such a fashion 

that equilibrium is achieved with the proximal z'p and distal z'd axes being parallel to each 

other, but not necessarily to the global Z axis (z'p and z'd being the axes about which the 

pure torque is applied).  The bending fixtures are the most likely to be subject to 

constraint by non-zero friction since the hardened cross bars were observed to indent the 

unhardened extension pipe surface during bending load to failure.  The effect of this was 

reduced by periodically smoothing the pipe contact surfaces with a file.  Improvements 

could be made to reduce joint friction by using rollers incorporated into the 4-point 

bending load applicators.69  Use of a commercially available universal joint has been 

reported58 and was considered but not used since its pivot center, equivalent to that of the 

sphere in Figure 12, would be several centimeters above the distal end or below the 

proximal end of the bone being tested.  Since the applied axial compression load remains 

coincident with the axis through the center of the universal joints, this would create, as 

load was increased, an ever increasing non-physiological lateral displacement of the plate 

from the axis of loading and thus bending moment on the specimen.  Our goal was to 

keep the center of the spheres as close as possible to the ends of the radius being tested, 

so that the line of action from the axial compression applied load would remain close to 

passing through the initial cross section's central point on each end of the specimen.  It is 

believed that the loading fixtures used and described in this Master’s Thesis, particularly 

axial compression and torsion, are a significant improvement towards achieving clinically 

relevant 3D unconstrained "worst case" in vivo loading simulation, compared to the 

fixtures reported in the literature.50,57,58 
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Another advantage of this loading fixture design was that the same potting of the 

ends could be used to test a specimen in all three modes of loading: axial compression, 

torsion and bending.  In addition, the bending fixtures were capable of applying uniform 

4-point bending moment in any transverse plane over the entire length of the 

instrumented specimen with no point of load application applied directly to bone or 

instrumentation hardware.  Thus the weakest aspect of an instrumented segment can be 

located, in contrast to it being predisposed to be at the location of the highest applied 

bending moment: central loading point in 3-point,57 and short segment "4-point" 

bending,50 or near the base of a cantilever beam type loading.59  Also it avoids the 

problem of applying loads to non-circular bone cross-sections and failure due to bone 

crushing50,57 at the point of transverse force application.  

The theoretical stiffness equations are based on the assumption that cross-sections 

remain plane as load is applied, and thus corresponding experimental stiffness 

determination depends upon accurate 3D measurement of the position of these planes.  

For axial compression and torsional testing the initial position of the LEDs was pointing 

directly towards the 3 camera optical measuring head (Figures 11, 13), but were oriented 

at approximately 45 degrees for bending (Figure 14).  Accuracy in detecting the location 

of individual LEDs is known to deteriorate as their angle deviates from pointing directly 

at the measuring head.70  This may explain why the average measured axial compression 

and torsional stiffness values were within the predicted range, while the average 

measured bending stiffness values were 0.97 to 1.5 times greater than the largest 

theoretically predicted stiffness for the four bending modes.  This also might be an 

explanation for the occasional saw tooth type characteristic in some bending moment 
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versus relative angular displacement graphs to which we used regression to fit a straight 

line to obtain the general trend and thus stiffness.  Another possibility is that the single 

point of attachment to the radius of each rigid body by using a single machine screw did 

not produce an accurate representation of the 3D motion of the cross-section plane.  

During development of the experimental design, the thought of attaching a rigid body to a 

C-ring with three pointed machine screws to make cortical bone contact at three points 

(medial, craniolateral, and caudolateral) on the cross-section plane was considered.  In 

doing so, attachment of two rigid bodies at each cross-section may have been necessary, 

one facing in a CrCa direction to measure LM (ML) bending induced motions, and a 

second one facing in an LM direction to measure CrCa (CaCr) bending.  However, a 

single rigid body with a single point of attachment was used once it was determined 

during initial testing that the tracking system could follow the single rigid body 

throughout all four bending mode loading sequences.  In future biomechanical 

investigations using a 3D optical tracking system, 3-point C-rings with two rigid bodies 

attached at each cross-section should be considered to improve measurement accuracy. 

NDI Toolbench software was used to calculate the relative distance between each 

pair of initially adjacent points (i4, i5, i6, i7, i8); examples of which are plotted as a 

function applied loads in Figures 28-31.  NDI software does not have capabilities of 

extracting the normal and shear components of distance, and thus is being performed as 

data reduction as an extension to this thesis project.  Initial results of this extension (by 

Nicole Waters) have produced normal and shear component results that correspond in 

direction (open-close, + LM, + CrCa), and in order of magnitude to those visually 

observed during testing and on video records of the tests.   
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Assuming negligible friction, the 3D loading-measurement system described in 

this Master’s Thesis: a) mimics unconstrained relative 3D motion between radius ends 

that occurs in clinical situations, b) applies uniform axial compression, torsion, and 4-

point bending loads over the entire length of the test specimen, c) measures 

interfragmentary 3D relative motion between test segment ends to directly determine 

stiffness thus being void of PFT machine stiffness error, d) has the resolution to detect 

differences in the 3D motion and stiffness of intact as well osteotomized-instrumented 

and ostectomized-instrumented equine radii, and e) has the capabilities of resolving the 

relative displacement between initially adjacent points across a fracture site into their 

fracture plane normal and shear components.  The 3D loading-measuring system 

described in this Master’s Thesis is capable of creating "worst case" clinically relevant 

unconstrained external (thus internal) loading conditions and accordingly has the capacity 

to detect location and type of instrumented segment modes of failure, and has the ability 

to produce more accurate stiffness results that are independent of PFT machine stiffness 

error. 
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CHAPTER 4 

STUDY 2: IN VITRO BIOMECHANICAL COMPARISON OF THE DYNAMIC 

CONDYLAR SCREW AND DOUBLE PLATE FIXATION IN EQUINE RADII 

 

1. Materials and Methods 

a. Collection and Preparation of Specimens 

Because biomechanical testing for studies 1 and 2 were performed 

simultaneously, the same ten pair of mature equine radii used as discussed in chapter 3.   

    

b. Dynamic Condylar Screw Implant System 

Dynamic condylar screw plate fixation was performed in 5 left and 5 right 

randomly selected radii (Figure 32).  A 14-hole, 95˚ DCS plate (Synthes, Paoli, Pa) was 

positioned laterally so that a 75 mm length DCS (Synthes, Paoli, Pa) and two 5.5 mm 

cortical bone screws (Synthes, Paoli, Pa) could be inserted distal to the osteotomy.  Plate 

holes proximal to the osteotomy were filled with 5.5 mm cortical bone screws.  Four 

screws (in plate holes 4-7 counting from the distal condylar screw hole) were placed 

across the osteotomy in lag fashion.  The DCS plate spanned from the lateral styloid 

process to the proximal metaphysis.  A 14-hole 4.5 bDCP (Synthes, Paoli, Pa) was 

positioned dorsally ensuring insertion of four 5.5-mm cortical bone screws distal to the 

osteotomy.  Plate holes proximal to the osteotomy were filled with 5.5 mm cortical bone 

screws staggered between the screws placed in the DCS plate.  The dorsal bDCP 

extended from the distal metaphysis to the proximal metaphysis.  Standard ASIF 

techniques were used for screw placement and compression plating.34    
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c. Double Broad Dynamic Compression Plate Construct 

Two 14-hole 4.5 bDCP’s were applied to the 10 contralateral radii (Figure 33).  

Lateral bDCP positioning ensured placement of three 5.5 mm cortical bone screws distal 

to the osteotomy.  Plate holes proximal to the osteotomy were filled with 5.5 mm cortical 

bone screws.  Four screws (in plate holes 4-7 counting from the distal plate hole) were 

placed across the osteotomy in lag fashion.  The lateral bDCP spanned from the lateral 

styloid process to the proximal metaphysis.  The dorsal bDCP was positioned to allow 

insertion of four 5.5 mm cortical bone screws distal to the osteotomy; plate holes 

proximal to the osteotomy were filled with 5.5 mm cortical bone screws staggered 

between the screws placed in the lateral bDCP.  The bDCP extended from the distal 

metaphysis to the proximal metaphysis.  Standard ASIF techniques were used for screw 

placement and compression plating.34  

 

d. Measured Stiffness 

Using the unconstrained loading-measurement system described in chapter 3, 

each intact radius was subjected to a 3-cycle non-destructive random sequence of load 

modes: axial compression, torsion, and CrCa and LM bending (n = 12), and in addition 

CaCr and ML bending (n = 8).  Instron's RSBasLab software was used to apply load at a 

constant ram displacement rate (0.004 mm/sec axial compression, 0.25 deg/sec torsion, 

and 0.02 mm/sec bending), with load limits used to define ends of a cycle (100 to 4000 N 

axial compression, + 50 Nm torsion, and 10 to 150 Nm bending).  As load was applied, 

the 3D position of the rigid body LEDs were synchronously measured and stored along 

with the testing machines ram position and applied load at sampling rates of 50 Hz axial 
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compression, and 100 Hz for torsion and bending.  NDI Toolbench software was then 

used to determine the 3D position of the proximal end of the test segment relative to the 

distal end for each test, and to transfer this position data along with applied load into an 

EXCEL file.  EXCEL was used to plot the 3D components of relative position as a 

function of the component of applied load.   

  

e. Loads to Failure 

After non-destructive testing, torsion, CrCa or LM 4-point bending tests to failure 

were performed on all constructs.  During torsion, a 3-cycle ± 210 Nm load followed by a 

1-cycle to maximum test machine capacity (± 225 Nm torsion load) or attaining 20˚ of 

rotation was performed, whichever was achieved first.  Positive torque meant that the 

load applicator applied a load to failure in a counter-clockwise direction and negative 

torque meant that the load applicator applied a load to failure in a clockwise direction.  

The direction of torsion failure was dependent upon whether or not the specimen was a 

left or right radius, ensuring that the ± 225 Nm torsion load was applied so that the 

dorsolateral aspect of the radius was in tension and the palmaromedial aspect of the 

radius was in compression, as occurs clinically.  Each radius was loaded in torsion using 

position control at a constant displacement rate of 0.25 deg/sec, and an output scale of 

22.7 Nm/v and 13.0 deg/v.  The sampling rate for the Optotrak, Instron machine, and 

Optotrak Data Acquisition Unit (ODAU) were set at 100 Hz, respectively. 

CrCa and LM 4-point bend to failure were performed with a 1-cycle to failure 

protocol using position control at a constant displacement rate of 0.02 mm/sec, and an 
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output scale of 2500 N/v and 10.0 mm/v.  The sampling rate for the Optotrak, Instron 

machine, and ODAU were set at 100 Hz, respectively.                

 

f. Data Analysis 

The component of interfragmentary 3D relative motion between the test segment 

ends was plotted as a function of the corresponding applied load component over its 

respective load range.  Stiffness was determined as the reciprocal of the slope of a 

straight line fit to the data during the 3rd loading cycle between the following selected 

load ranges: 200 to 4000 N for axial compression (Figure 18), 10 to 50 Nm for positive 

torque, -10 to -50 for negative torque (Figure 19), 10 to 150 Nm for bending (Figures 20, 

21).  The criteria for “first failure” during destructive testing was the first occurrence of a 

relative maximum:  followed by a drop greater than 5 Nm during torsion (Figure 25), and 

a drop greater than 25 Nm during bending (Figures 26, 27) or (in one case) greater than 

0.5 mm ram displacement with a nearly constant applied load.  

 

g. Statistical Analysis 

Mean ± SD was calculated for structural stiffness and ultimate failure values for 

all groups.  Structural stiffness (compression, torsion, 4-point bending) and maximum 

load to failure (torsion, LM 4-point bend, and CrCa 4-point bend) values were compared 

among groups using a t-test.  If the assumptions of normality were not satisfied, a 

statistical comparison using a Mann-Whitney rank sum test was performed to evaluate 

the differences among the construct groups and forces applied.  Statistical significance 

was set at P < 0.05. 
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When comparison between the DCS implant system and bDCP construct were not 

statistically significant, a post hoc calculation was performed between populations at 

power = 0.8 and α = 0.05.71  All statistical analyses were performed using computer 

software (SigmaStat for Windows, version 3.1, SPSS Inc., Chicago, IL). 

 

h. Imaging 

A digital video camera (Sony DCR-HC20, Japan) with audio was used to obtain a 

video clip of each test to failure to visually and audibly monitor relative motion within 

the test segment, and review modes of failure.  After biomechanical testing, radiographs 

of each radius were taken to verify the mode of failure for each implant-bone construct.  

CrCa, LM, dorsolateral-palmaromedial oblique, and dorsomedial-palmarolateral oblique 

radiographic views (60 kVP, 1.7 mAs) were taken (MinXray HF 100/30; MinXray Inc, 

Northbrook, IL) using a Lanex fine single screen system (AGFA, Mortsel, Belgium). 

 

2. Results 

a. Stiffness 

The intact radius consistently had significantly greater structural stiffness than the 

corresponding plated osteotomized/ostectomized test segments during axial compression 

(DCS ostectomized p=0.004; bDCP ostectomized p=0.004), torsion (DCS 

p<0.001/=0.002; bDCP p<0.001/=0.002 ), CrCa bend (DCS p= 0.034/=0.001; bDCP p= 

0.029/=0.002 ), and LM bend (DCS p<0.007/=0.003; bDCP p<0.001/=0.003), 

respectively (Table 5), with intact radii having correspondingly lower components of 

displacement between test segment ends than either the DCS implant system or the bDCP 
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construct (Table 6).  There was no statistically significant difference in stiffness between 

intact radii and osteotomized radii that were repaired with either the DCS implant system 

(power = 0.215) or the bDCP construct (power = 0.163) when subjected to axial 

compression (Table 5).  No significant statistical difference in stiffness values was 

observed when comparing the DCS implant system and the bDCP construct in 

osteotomized/ostectomized radii during axial compression (power = 0.056/=0.111), 

torsion (power = 0.185/=0.117), CrCa bend (power = 0.214/=0.223) and LM bend (power 

= 0.395/=0.398) (Table 5), respectively, with corresponding similar amounts of relative 

displacement between test segment ends (Table 6).  Instrumentation of osteotomized radii 

with the DCS implant system or the double bDCP construct produced significantly 

greater stiffness attributable to osteotomy reduction, but with greater variability because 

of the disparity in bone-on-bone reduction achieved, than instrumentation of 

ostectomized radii during axial compression (p= 0.01), torsion (+/-, p= 0.01/0.01), CrCa 

bend (p= 0.02), and LM bend (p= 0.01) (Table 5). 

 

b. Displacement of adjacent points across the fracture model     

By observing the ostectomized, osteotomized, and intact control graphs, the max 

change in distance between any pair of the point’s i4, i5, i6, i7 and i8 over the range of 

applied load was approximated for each loading mode with results summarized in Table 

7.  In general, the ostectomized radius had more change in interfragmentary distance than 

intact radius and osteotomized radius.  The osteotomized radius had similar max change 

in interfragmentary distance for axial compression and torsion with greater change for 

CrCa and LM bend than intact radius.  These results are expected as the osteotomy was 
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reduced; thus allowing that portion of the bone-on-bone interface that is being 

compressed together help prevent relative motion between the proximal and distal bone 

segments.  

Points around the fracture model site exhibited different changes in displacement, 

which was dependent upon the mode of loading and whether the bone was osteotomized 

or ostectomized.  During axial compression (Figure 28), the intact and osteotomized 

radius points all had small changes in interfragmentary distance with all points having the 

same trend in the intact radius, with a slight difference in trend for the osteotomized 

model.  For the ostectomized radius, all points except point i7, which was adjacent to the 

cranial plate, had relatively larger amounts of change in interfragmentary distance 

indicating that relative 3D motion is occurring in contrast to motion being constrained by 

fixtures so that all points move the axially and the same distance.  During torsion (Figure 

29), greater increase in interfragmentary distance occurred during positive torque 

application than for the negative direction for all five points in the ostectomized model.  

In the osteotomized model, the distance increased for all points except for the medial 

point (i6) which decreased as positive torque was applied; in contrast, i6 along with 

lateral points (i4 and i8) increased while cranial and caudal points (i5 and i7, 

respectively) decreased in distance during negative torque application.  The 

interfragmentary motion of the osteotomized and ostectomized models was visually 

observed to be a complex combination of shear motion and normal components of 

motion which depended upon the location of the point.  Since results relative to the 3D 

components of motion can not be extracted from the scalar distance graphs, it is 

impossible to extract any additional insight into the 3D interfragmentary motion that is 
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taking place during torsional loading.   During CrCa bending (Figure 30), both of the 

unplated side points (medial: i6; caudal: i5) exhibited greater increase in distance than the 

plated side points (lateral: i4, i8; cranial: i7) for the osteotomized and ostectomized 

models, with relatively horizontal trends for all points for the intact radius.  The greater 

movement at i5 is attributable to it being unplated and on the tension side of the cross 

section, while the greater movement at i6 is attributable to it also being unplated with 

indication that the unsymmetrical plating of the radius is producing 3D relative motion in 

contrast to it being constrained to motion parallel to the sagittal plane.   During LM bend 

(Figure 31), the unplated medial side point (i6) exhibited the greatest motion attributable 

to it being in tension, while the unplated caudal side point (i5) exhibited less change in 

distance and similar to that of the other points for the ostectomized model.   Point i6 

exhibited a consistent increasing trend in the osteotomized model while all other points 

exhibited similar increase-decrease-increase with an increase in load.  The intact control 

model produced a nearly horizontal trend for all points.   

      

c. Failure Loads 

Failure loads were not statistically different (based on n < 4) for the DCS implant 

system when compared to the bDCP construct (Table 8) during torsion (power = 0.103), 

CrCa bend (power = 0.212) and LM bend (power = 0.128).  

 

d. Failure Modes 

Failure (bone fracture) did not occur in any intact radius during structural stiffness 

testing.  Construct failure configurations were consistent with theoretical failure modes 
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for brittle material (bone) and reproducible for both the torsion and bending load to 

failure tests. 

Torsion failure was consistently attributable to spiral fracture propagation that 

initiated perpendicular to the osteotomy or ostectomy at cranial screw holes (Figure 25).  

During torsion to failure, 100% of the osteotomized radii failed during negative torsion 

(clockwise), whereas only 25% of the osteotomized failed during positive torsion 

(counter-clockwise).  In contrast, 100% and 80% of ostectomized radii failed when 

subjected to negative (clockwise) and positive (counter-clockwise) torsion to failure 

loads.  Approximately1-2 mm of bone-plate interface disruption occurred in both plates 

along the distal bone segment during osteotomized and ostectomized torsion to failure.  

Gross evidence of 3D interfragmentary motion was visualized within the ostectomy 

during torsion; torsional loading resulted in closure of the ostectomy on one surface (i.e. 

compression surface) and simultaneous opening of the ostectomy on the opposite surface 

(i.e. tensile surface), and vice versa when loaded in the reverse direction.  Neither the 

DCS or bDCP themselves sustained plastic deformation based on visual examination; 

however, screw bending at the screw head-shaft interface, determined by visual and 

radiographic examination, occasionally occurred in screws placed adjacent to the 

osteotomy and in the distal bone segment.   

LM and CrCa bend failure initiated by cis-cortex fracturing through either the 

proximal or distal screw holes adjacent to the osteotomy or ostectomy, and progressed 

perpendicular to the osteotomy/ostectomy plane (Figures 26, 27); with the exception of 

one ostectomy instrumented with a double bDCP construct undergoing LM bend to 

failure experiencing substantial bone-plate interface separation along the lateral surface 
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just proximal to the ostectomy without any bone fracture.  LM and CrCa bends produced 

visible osteotomy and ostectomy gap opening on the non-plated side because it was in 

tension and visible proximal and distal screw bending adjacent to the osteotomy or 

ostectomy.  ML and CaCr bending produced visible ostectomy gap closure on the non-

plated side because it was in compression.    

No failures occurred within the potted ends or of the fixtures themselves during 

torsional and bending load to failure testing.      

 

3. Discussion 

This investigation used an unconstrained 3D loading-measurement system to 

compare the biomechanical characteristics of intact cadaveric radii with the 2 most 

commonly used methods of internal fixation for adult equine radius fracture repair.  

Specifically, the DCS implant system combined with a dorsally placed bDCP was 

compared to a double bDCP construct to determine which method of ORIF is 

biomechanically superior when instrumenting an oblique osteotomy or ostectomy 

involving the distal diaphysis of the radius.  This fracture model mimics a clinical 

fracture configuration in adult horses that is conducive to internal fixation.  Because the 

DCS can purchase a large amount in a small bone fragment and the DCS plate is thicker 

than the bDCP, the DCS implant system has been subjectively claimed to be superior to 

the bDCP construct in fractures involving the distal diaphysis of the radius.  We chose to 

use the traditional bDCP rather than the limited contact dynamic compression plates (LC-

DCP) for this study because of the relative inexperience of equine surgeons using the LC-

DCP for radius fracture repairs.   
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Results of this investigation indicate that the DCS implant system with a dorsally 

placed bDCP and the double bDCP construct have similar stiffness, but are not as stiff as 

an intact radius during axial compression, torsion, CrCa bend, and LM bend under the 

testing conditions evaluated.  However, results of the intact radius are consistently greater 

than the previous intact radius study results.50  Greater and consistent order of magnitude 

results of this study are likely attributable to direct stiffness measurements obtained from 

the loading-measurement system by eliminating displacement errors accrued through the 

PFT stiffness.          

Because of the paucity of information related to intact radius stiffness and radius 

loads to failure in the literature an a priori power calculation was not possible.  Although 

the author realizes that a post hoc power calculation is inappropriate in determining 

correct classification of statistical outcomes, it is included for future studies using a 3D 

loading-measurement system.  To achieve a minimal power of 80% using a post hoc 

power calculation, a larger number of osteotomy experimental units (n = 122, 15, 1856, 

and 163) versus ostectomy experimental units (n = 19, 20, 1, and 3) would be required for 

compression, torsion, LM bend, and CrCa bend, respectively.   

   The ability to control 3D motion within a fracture plane influences the type and 

rate of healing, thus the clinical outcome.  Stiffness values and 3D displacement between 

test segment ends within each fracture model were similar between the DCS implant 

system with a dorsally placed bDCP and the double bDCP construct during axial 

compression, torsion, CrCa bend, and LM bend (Tables 5, 6).  Osteotomy reduction re-

establishes the bone column, although not to its original condition, and minimizes gap 



 

 51

formation, producing an increase in stiffness and less 3D interfragmentary relative 

motion compared to ostectomized radii in all four modes, but not in load to failure. 

It is well accepted that comminution or incomplete bone reduction is not tolerated 

in equine radius fracture repair.34  Testing of a 7 mm gap ostectomized radius was 

intended to mimic the worst case scenario in fracture repair, offer direct comparison to 

complete reduction (osteotomy), and provide a mechanical comparison of the 2 internal 

fixation devices without the amount of reduction being an outcome variable.  It is 

obvious from these results (Table 5) that the lack of direct bone reduction significantly 

reduces the stiffness of the bone-implant construct, thus increases the interfragmentary 

motion by 10-fold in the radius using an oblique distal diaphyseal fracture model.  

Graphs illustrating relative scalar distance between initially adjacent pair of points 

(i4, i5, i6, i7, and i8) across the fracture model as defined in Figure 16 are shown in 

Figures 28-31 as a function of applied load: axial compression, torsion, CrCa bend, and 

LM bend, respectively.  To compare the effect of an instrumented osteotomy to that of an 

instrumented ostectomy to that of an intact radii, each figure contains three graphs one 

each for an intact, osteotomized, and ostectomized radius.  The following is an aid in how 

to interpret these graphs: 1) the graphs contain the scalar distance, which is always a 

positive number > zero, between the pair of points giving no indication as to the relative 

3D position vector components (parallel to and normal to the fracture model plane) 

between the points; 2) at zero applied load, the distance between each pair of points is not 

zero nor are they equal to each other since the construct, thus points did not return exactly 

to their initial position after each load cycle; 3) if there is no relative motion across a 

fracture model at a pair of points, the scalar distance will remain constant as load 



 

 52

changes; therefore, the trend in data will be horizontal; 4) if the distance increases as load 

is applied, motion, represented by a change in the normal component of distance and 

point separation, is occurring as a result of the fracture model site opening and/or slip 

parallel to the fracture model plane; and 5) if the distance decreases as load is applied, 

motion, represented by point unification, is occurring as a result of fracture model site 

closing and/or slip parallel to the fracture model plane.  As an example of data 

interpretation see the ostectomized graph for CrCa bending in Figure 30, in which the i8 

data trend is nearly horizontal indicating no relative motion across the fracture model at 

this point that is adjacent to the lateral DCS plate, compared to the i6 continuously 

increasing data trend from approximately 0.35 to 0.79 mm indicating significant 

opening/shear motion at this point that is on the caudal unplated side that is being 

subjected to tension.  To be able to tell whether the motion was attributable to 

opening/closing, parallel slip (shear motion), or to a combination of the two would 

require breaking the distance between pairs of points into their components normal to and 

parallel to the fracture model plane, which is being done by Nicole Waters as an 

extension of the results presented in this thesis. 

Theoretically for an intact specimen, the pair of points across the location of the 

proposed fracture model would not separate, and thus the distance between them should 

remain constant as each mode of loading is increased.  As can be observed in the intact 

control specimen, the data trend was nearly horizontal for axial compression (max change 

in distance < 0.05 mm in Figure 28) with greater variation from horizontal trend (max 

change < 0.2 mm) for torsion (Figure 29), CrCa bend (Figure 30), and LM bend (Figure 

31).  The reason for this discrepancy is that the 50 mm long test segment deformed as an 
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elastic body as evident by the relative 3D motion of the proximal cross section (LED 

rigid body) relative to the distal cross section (LED rigid body) of the test section.  In 

calculating the 3D motion of the proximal points of the pair i4, i5, i6, i7 and i8, they were 

mathematically treated as attached rigidly to the proximal LED rigid body, and likewise 

the distal points being attached rigidly to the distal LED rigid body.   Elastic or plastic 

body deformation of the segments on each side of the proposed fracture model thus will 

produce an error in "absolute" determination of the relative distance, thus motion between 

a pair of points across a proposed or actual fracture model.  However, in the presence of 

an osteotomy or ostectomy, motion between points due to instability of the 

instrumentation plus elastic-plastic deformation of the adjacent segments will be 

measured.  Thus, motion across a fracture model for instrumented-

osteotomized/ostectomized scenarios must be compared to an intact control to get a 

"relative" evaluation of fracture model stabilization by the instrumentation and/or bone 

reduction.                   

Since bone is viscoelastic, its mechanical behavior varies with the rate at which it 

is loaded.  At lower loading rates, bone is less stiff, fails at a lower load, and stores less 

energy prior to failure.72  In contrast, bone remains stiffer and sustains higher loads 

before failure when loads are applied at higher rates.  Importantly, bone also stores higher 

energy before failure at faster loading rates, with trauma energy dependent on the second 

power of the loading rate.72  This factor explains why horses who are training at slower 

speeds may experience simple fractures with little comminution compared with horses 

who suffer fractures during races.  At slower speeds, bone and soft tissues remain 

relatively intact, and there is little or no displacement of bone fragments.  However, at 
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higher speeds, bone absorbs and stores more energy.  When the bone does fracture, this 

stored energy is released, causing more severe comminution and trauma to the 

surrounding soft tissues.   

Rate dependency is an extremely important property of bone and loading rates 

vary for different in vivo activities.  The loading rates used in this investigation are 

within, but at the low end loading rate ranges experienced in vivo.  Therefore, the 

stiffness and load to failure values presented in this report accurately represent the 

biomechanical differences between the DCS implant system with a dorsally placed bDCP 

and a double bDCP construct for repair of distal diaphyseal radial osteotomies in adult 

horses.  It is likely that the reported stiffness and load to failure results of this 

investigation may have been different if different loading rates were used during 

biomechanical testing.  Load rates and ranges for non-destructive testing were determined 

through preliminary testing sequences that would prevent damage to the Instron testing 

machine, avoid loss of resolution associated with the 3D measuring system, and stay 

below the yield point for intact bone and metal bone implants.  Because applied loads in 

structural stiffness testing did not exceed the elastic region of the load-deformation curve, 

non-destructive testing permitted multiple tests to be performed on individual specimens 

to maximize sample numbers and allow comparison with previously published data.  For 

the 50 mm test segment, no subjective differences in the load displacement curves were 

present between the second and third loading cycles.  Therefore, all measured values 

were obtained from the third loading cycle.  Subjective differences in stiffness between 

the first loading cycle and subsequent loading cycles are assumed to be attributable to 

settling of the load fixtures and potting material.   
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Bone geometry also influences its mechanical behavior.42  It has been documented 

that the greatest geometrical variation between left and right bones occurs in the 

metaphyseal regions, areas with bony protuberances, and regions with prominent bone 

superimposition.73  Two important factors when considering bone geometrical influences 

are the size of the cross-sectional area and the distribution of the area around the centroid.  

Simply put: a larger cross-sectional area (A) results in greater compression resistance and 

a greater distribution of area relative to the center, that is greater K for torsion and Ixx and 

Iyy for bending, results in a stiffer and stronger skeletal component to torsion and 

bending, respectively  (Figure 24).   

Rybicki et al determined the maximum axial compressive force and maximum 

bending moment present in the radius during anesthesia recovery, standing, walking, and 

trotting by combing in vivo strain gauge readings and mathematical calculations that were 

based on isotropic mechanics of bone.49  Maximum torque and maximum LM bending 

moment were not analyzed.  During anesthesia recovery, standing, walking and trotting, 

the maximum axial force calculated was 8,807 N, 7,562 N, 9,385 N, and 13,166 N, 

respectively; whereas the maximum CrCa bending moment was 172 Nm, 130 Nm, 167 

Nm, and 219 Nm, respectively.  Rybicki et al49 defined their bending moment (My) as 

one that resulted in tension on the cranial side and compression on the caudal side of the 

bone.  Therefore, based on the limited data available in this thesis, the CrCa bending 

moment to first failure of the DCS implant system (mean: 298 Nm, range: 238-357 Nm) 

and the bDCP construct (mean: 585 Nm; range: 211-973 Nm) were compared to the 

maximum CrCa bending moment provided by Rybicki et al49.  A safety factor was 

determined by dividing Rybicki et al’s49 maximum CrCa bending moment values by the 
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smallest CrCa bending moment (211 Nm) to first failure in this investigation; the higher 

the safety factor ratio, the more likely that an implant device could resist CrCa bending 

moments.  The safety factor for anesthesia recovery (1.23), standing (1.62), and walking 

(1.26) suggests that the DCS implant system and the bDCP construct may potentially 

have adequate strength to resist CrCa bending moments, whereas these two implant 

systems may potentially only have marginal strength to resist CrCa bending moments 

during trotting (0.96).   

Bone healing involves a series of overlapping processes that return injured bone 

to its original form and function.  The inflammatory phase of bone healing occurs during 

the first 2 to 3 weeks after injury and is typified by activation of several reparative and 

protective cellular mechanisms.74,75,76  The reparative phase of bone healing follows and 

overlaps with the inflammatory phase, lasting between 2 and 12 months.77  During this 

phase of healing, bone is highly susceptible to interfragmentary motion between fracture 

fragments.  Because of this, secondary bone healing by both periosteal and endosteal 

callus formation prevails in adult equine long bone healing even if rigid fixation is 

implemented.43  The remodeling phase of bone healing occurs during and after the 

reparative phase via osteonal and haversian remodeling.78  This phase of healing is 

characterized by conversion of a disorganized callus of woven bone that bridges fracture 

ends into organized lamellar bone of normal strength.79  Osteonal remodeling occurs 

early in the remodeling phase causing vascular and necrotic bone resorption.78  During 

the later phase of bone remodeling (second to third month of fracture healing), haversian 

remodeling restores the osteonal architecture of the cortex, resorbs unnecessary callus, 

and reestablishes the medullary canal.78  Throughout haversian remodeling, convex 
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surfaces carry a positive charge and attract osteoclasts, whereas concave surfaces carry a 

negative charge and attract osteoblasts.80,81  As a result, haversian remodeling aligns 

healed bone fragments to a certain degree, and restores the original bone integrity and 

strength between the fragments.  In order for haversian remodeling to occur across a 

fracture site, adequate reduction, rigid fixation, and sufficient blood supply are 

necessary.43 

The daily rate of osteoid formation and mineralization is 1 to 2 μm; therefore it 

takes approximately 6 to 8 weeks for a secondary osteon to form and traverse lamellar or 

woven bone present within an interfragmentary gap.82  Subjectively, equine long bone 

fractures heal within approximately 4-6 months in adult horses and 3-4 months in foals.43  

Although the exact mechanisms are not known, it is hypothesized that dietary differences 

and the weight of horses may account for the prolonged periods of fracture healing when 

compared to dogs and humans.43    

Long bone plate removal following fracture healing is optional; however, plate 

removal is essential in horses destined to pursue athletic performance because plates 

impede the viscoelastic nature of bone.  Implant or surgery site infections are another 

reason for plate removal; however, the plates should not be removed until the fracture has 

healed.  No objective evidence is available for time of plate removal following fracture 

repair; however, bone plates are usually removed 6-12 months following the initial 

fracture repair.   

One-cycle failure loads were not statistically different for the DCS implant system 

with a dorsally placed bDCP when compared to the double bDCP construct based on a 

small sample size (n ≤ 4) (Table 8).  3D motion is the most common unconstrained 
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motion that occurs in vivo between and within 2 bone segments.  As a result, bone is 

continuously subjected to a combination of compression, tension, torsion, bending, and 

shear forces during normal daily activity.  Specifically, the distal radius is under small 

axial compressive load while the greatest load in the distal radius is torsion.3  During 

weightbearing, the cranial and lateral radius cortices are in tension, whereas the caudal 

and medial radius cortices are under compression as a result of bending moments in the 

frontal and sagittal planes.3  Based on clinical experience and review of previous clinical 

cases and publications, torsional loading is thought to be the primary reason for radius-

implant construct failure, and thus it was decided to test more specimens to failure using 

torsion than in bending to failure.               

In vivo, the principal axis of strain is along the cranial and lateral aspects the 

intact equine radius.3   In this study, LM, ML, CrCa, and CaCr 4-point bending tests were 

performed (Table 5).  LM and CrCa 4-point bending moments result in the plated 

surfaces (lateral, cranial) being in compression and the unplated surfaces (medial, caudal) 

being in tension, and vice versa for ML and CaCr 4-point bending.  Although bending 

moments in the LM or CrCa direction do not reproduce the normal in vivo axis of strain 

in a standing horse, they mechanically represent the weakest resistance to a bending 

moment in osteotomized or ostectomized radii that have undergone internal fixation.  

When repairing fractures, one must assume worst case scenarios, thus test worst case 

scenarios and assess the weakest component of an implant construct.  Just because a 

fracture is reduced and stabilized along the tensile surfaces of a bone, one should not 

assume that normal physiological resistance to bending will be re-established as well.  

Until a fracture is completely healed, the fracture plane should be considered the weakest 
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component of a repaired fracture and an excessive load from any direction could result in 

fracture repair failure.  Testing constructs such that plates are in tension results in more 

favorable biomechanical values; therefore, the weakest values of internal fixation are 

often not reported in the literature.  

This study did not evaluate cyclic fatigue of the DCS implant system or the bDCP 

construct fixation of osteotomized or ostectomized radii, which is a limitation.  

Continuous cyclic loading of an implant within the elastic region is an important factor to 

consider when characterizing the long term stability provided by an implant.  Future 

biomechanical studies involving the radius need to provide cyclic fatigue data.  The 

monotonic results provided in this study indicate no difference between the 2 internal 

fixation devices; however, I speculate that the DCS implant system will provide superior 

resistance to cyclic fatigue when compared to the bDCP construct.  The increased amount 

of bone purchase with the condylar screw may reinforce the overall construct strength 

during cyclic fatigue.    

Plate luting by means of PMMA interposed between the plate and the bone, as 

well as between the screw heads and the plate, can be used to improve the stability of 

internal fixation without affecting bone porosity.39  It has been shown during in vitro 

biomechanical testing, that no differences occur in static overload tests between luted and 

nonluted plates; however, a 3 to 12-fold increase in the number of cycles to fatigue 

failure occurred in the luted specimens.39   

Plate luting seems to have greatly improved the results of fracture fixation when 

used with plates and screws; however, the desire to improve osteosynthesis techniques in 

human and veterinary medicine has resulted in modifications of the DCP.  These 
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modifications have resulted in enhanced biological and biomechanical internal fixation.  

Two implants that need to be further investigated in the equine radius include the LC-

DCP and the locking compression plate (LCP). 

Because plate holes provide the least resistance to failure in conventional DCP’s, 

the LC-DCP was designed with evenly distributed undercuts which result in an enlarged 

cross-section at the plate holes and a reduced cross-section between holes.  As a result, 

this design offers a constant degree of stiffness along the longitudinal axis of the plate, 

minimizes stress concentration at plate holes when exposed to bending, and reduces local 

stress concentrations near fracture gaps.83  The evenly distributed undercuts of the LC-

DCP reduce contact between the bone and plate resulting in improved cortical 

perfusion.83  In human patients, these undercuts allow for development of a small callus 

bridge at the fracture line, which increases the strength of the bone at a very critical 

location.84  In addition, the bone lamella that form along the edges of the plate tend to be 

thicker and flatter.84  The LC-DCP contains a dynamic compression unit hole, which 

enables compression in either direction along its longitudinal axis.  This addendum 

permits compression at several sites along the plate length and interfragmentary 

compression of multifragmentary fractures.83  Thickness and width of the 4.5 bLC-DCP 

are 5.2 mm and 17.5 mm, respectively.  Thickness and width of the 5.5 LC-DCP are 5.7 

mm and 16 mm, respectively.85  In comparison to the DCP, the relative bending strength 

of the 4.5 bLC-DCP and the 5.5 LC-DCP are 112% and 122%, respectively.85  The LC-

DCP accepts 4.5 and 5.5 mm cortical bone screws and 6.5 mm cancellous bone screws.  

No biomechanical characteristics are available for LC-DCP constructs when applied to 

the equine radius.        
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The LCP is an implant system that uses a combination-hole design, which allows 

placement of cortical and cancellous bone screws on one side or threaded, self-tapping 

conical locking screws on the opposite side of each hole.  In contrast to traditional ASIF 

bone plate systems, locking screws do not rely on screw head-plate interface and plate-

bone interface frictional forces to maintain stability.  Locking the screw into the plate 

provides a fixed-angle system ensuring angular as well as axial stability, eliminating the 

possibility for screw toggle, slide, or dislodgement.86  The locking screw used in equine 

surgery has an outside diameter of 5.0 mm and a core diameter of 4.3 mm.85  As a result, 

locking screws have better resistance to bending and torsional loads with less pull out of 

the screw when compared to the 5.5 mm cortical bone screw.85  Because the locked 

screws do not compress the plate to the bone, the bone-plate interface is not loaded along 

the screw axis, which reduces the tendency to strip the thread in the bone.86  Thickness 

and width of the LCP used in equine surgery are 5.4 mm and 17.5 mm, respectively.85  

The LCP construct is significantly stiffer in bending when tested in a bone substitute than 

the 4.5 bDCP and the 5.5 LC-DCP.70  No biomechanical characteristics are available for 

LCP constructs when applied to the equine radius.        

Currently, minimally invasive percutaneous osteosynthesis (MIPO) is 

successfully replacing ORIF in human medicine.  Using MIPO, locked internal fixators 

(less invasive simple stabilization, locking condylar plate) have replaced the DCS for 

fractures involving the femoral condyle, as well as other long bone fractures involving 

the metaphysis, epiphysis, or articular surfaces.87,88  Depending upon cost and fracture 

configuration, it may be feasible to utilize these implants in equine radius fracture repair 

in the future.  Although MIPO is less likely to be applied to the equine radius, it is 
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currently applicable in equine surgery with fractures involving the third  

metacarpus/metatarsus, and arthrodesis of the metacarpophalangeal, metatarsophalangeal, 

and proximal interphalangeal joints.89  

The media has allowed clients to become increasingly knowledgeable regarding 

equine fractures and their surgical outcome expectations.  As horses become increasingly 

more valuable, the demand will increase for improved long bone fracture repair.  As 

described earlier in this report, an adult horse sustaining a radius fracture has a poor 

chance for surviving.  Repairing a radius fracture in an adult horse is an enormous task 

requiring a working knowledge of fracture biomechanics, stabilization techniques, and 

bone healing biology.  The two methods of internal fixation described in this report are 

the most commonly utilized methods for equine radius fracture ORIF, and the 

expectation is that they will continue to be the working basis for future radius fracture 

repairs.  Although a significant difference between stiffness and loads to failure was not 

found between the two internal fixation methods, I would continue to recommend 

application of the DCS implant system for radius fracture stabilization in adult horses.  

My primary reason for recommending the DCS implant system is because insertion of the 

condylar screw permits a large bone-screw interface in a small section of bone.  

Secondly, although not tested, I hypothesize that the large bone-screw interface provided 

by the condylar screw would offer superior resistance to cyclic fatigue.   

The 3D loading-measurement system designed for this investigation is unique in 

that it provides externally unconstrained relative movements between ends of the bone 

during testing, which closely mimics in vivo conditions of loading.  I anticipate or hope 

that this system becomes the gold standard for in vitro biomechanics and becomes 
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utilized more frequently not only in the University of Missouri Comparative Orthopaedic 

Laboratory, but in other human and veterinary laboratory settings.   

Results under the conditions investigated in this study do not support the 

hypothesis that the DCS implant system with a dorsally placed bDCP is superior to the 

double bDCP construct.  These two methods of internal fixation resulted in similar results 

when tested in 3-cycle non-destructive axial compression, torsion, and CrCa, LM, CaCr, 

and ML 4-point bending, as well as testing to failure in torsion, and CrCa and LM 

bending.  Although in this model, these methods of internal fixation are capable of 

withstanding loads immediately after surgery, future studies are required to assess cyclic 

fatigue and alternative internal fixation devices or methodologies that may be 

biomechanically advantageous.  Because so many factors are involved in a successful 

outcome, it is hoped that the results from this investigation serve as a foundation for 

future attempts at radius fracture ORIF and stimulates future biomechanical studies 

aimed at improving long bone fracture repair in adult horses.   
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TABLES 

 

Table 1.  Metanalysis of equine radius fractures over a 36 year time period.  *Horses <2- 
years-old. 
 
 Juveniles* Mature Overall 
# Treated 36 30 66 
# Survivors 22 9 31 
% Survivors 62 30 47 
 

 
 
 
 
 
 
 
 
 
 
Table 2.  Comparative compressive stiffness and strength results of 
polymethylmethacrylate (PMMA) mixture combinations.  *Technovit (Jorgenson 
Laboratories, Loveland, CO). †Durafloor (Durabond Incorporated, St. Louis, MO).   
 

Axial compression stiffness (N/mm) for load ranges 
given and maximum axial compression loads 

resisted (N) 
Technovit* Durafloor† 

Mixture (% dry volume) 

100-300 N 500-5,000 N 100-300 N 500-5,000 N 
2,012 15,678 297 - 

100% PMMA 19,572  462  

2,940 14,605 30% PMMA 
70% sand 21,243  

Not tested 

2,146  13,419  993 - 30% PMMA 
70% 0.32-0.64 cm limestone 21,463  2,218  

3,987  10,817  30% PMMA 
40% 0.32-0.64 cm limestone 
30% sand 16,176  

Not tested 
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Table 3.  3D loading-measurement system verification.  Measured intact equine radius 
stiffness values for selected load ranges of the third loading cycle were observed to be the 
same order of magnitude as theoretically predicted values for axial compression, torsion, 
and 4-point bending. 
 

Mean (± SD) stiffness of a 50 mm long intact test segment  
Axial 

Compression 
(N/mm) 

+ 
Torsion 

(Nm/deg) 

-  
Torsion 

(Nm/deg) 

CrCa 
Bend 

(Nm/deg) 

CaCr 
Bend 

(Nm/deg) 

LM 
Bend 

(Nm/deg) 

ML 
Bend 

(Nm/deg) 
Load 
Ranges 200 to 4,000 N 10 to 50 

Nm 
-10 to -50 

Nm 10 to 150 Nm 

Measured using: 3D loading-measurement system 
Intact 
Control 

295,000 
(±130,977) 

430  
(±49) 

405  
(±57) 

1,007 
(±258) 

885  
(±117) 

1,680 
(±395) 

1,452 
(±368) 

Theoretical using: classical mechanics equations, cross-section measured dimensions, & two shapes 
Ellipse 
(hollow) 

278,000 
(±15,261) 250 (±26) 400 (±49) 879 (±94) 

Rectangle 
(hollow) 

354,000 
(±35,277) 556 (±57) 679 (±83) 1,490 (±159) 

Bone properties assumed: Modulus of Elasticity (E) = 18,000 N/mm2 Range in literature: (8,900 ≤ E ≤ 42,000) 
 Shear Modulus (G) = 4,615 N/mm2        Range in literature: (3,500 ≤ G ≤ 6,164) 

 

 

Table 4.  Loading-measurement system comparison.  Comparison of 3D loading-
measurement system mean stiffness K3D results to published conventional test machine 
load-measurement system stiffness KH results of intact equine radii.  Differences in 
testing protocols are listed in the table.  To perform a direct comparison, our 50 mm test 
segment K3D stiffness results were normalized to comparable values for test segment 
lengths used by Hanson et al by multiplying K3D by the ratio of test segment lengths: for 
axial compression and torsion (50 / 150), and for bending (50 / 11.5) and (50 / 101) to 
produce a range within which KH should lie.   
 

Mean stiffness (K) of intact equine radius  
Axial  

Compression 
(N/mm) 

+/-Torsion 
(Nm/deg) 

CrCa Bend 
(Nm/deg) 

LM Bend 
(Nm/deg) 

Measured using: 3D unconstrained fixtures 
(3D optical)         34 cm test section 4-point bend, force applied on steel extensions to potted radius ends 
                             3D optical tracking of the 50 mm test segment ends 
K3D  (50 mm test segment) 294,677 430 / 405 1,007 1,680 
K3D  (150 mm axial & torsion segment) 
          (11.5 to 101 mm uniform bend segment) 98,000 143 / 135 4,378 to 504 7,305 to 840 

Measured using: Constrained axial compression and torsion fixtures  
(Hanson et al.)     1.15 cm test section 4-point bend (10.1 cm between outer force applicators), force       
                               applied directly on bone.  
                              Test machine ram displacement 
KHanson  (150 mm axial & torsion segment) 
                  (11.5 mm between inner, 101 mm 
                     between outer 4-point bend force 
                     application points)  

5,000 18 61 79 
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Table 5.  Measured stiffness results comparing intact and osteotomized/ostectomized-
instrumented radii.  Mean (± standard deviation) 3D stiffness. 
  

Stiffness components  
Method 

of 
Fixation 

Axial 
Compression 

(N/mm) 

+ 
Torsion 

(Nm/deg) 

-  
Torsion 

(Nm/deg) 

CrCa 
Bend 

(Nm/deg) 

CaCr 
Bend 

(Nm/deg) 

LM 
Bend 

(Nm/deg) 

ML 
Bend 

(Nm/deg) 
Load 
Ranges 200 to 4,000 N 10 to 50 

Nm 
-10 to -50 

Nm 10 to 150 Nm 

Intact 294,677 
(±130,977) 

430 
(±48.8) 

405 
(±56.9) 

1,007 
(±258) 

885 
(±117) 

1,680 
(±395) 

1,453 
(±368) 

Osteotomy 

bDCP 233,172 
(±94,012) 

199  
(±49) 

-405  
(±57) 

1,007 
(±258) 

899 
(±159) 

1,064 
(±854) 

1,949 
(±997) 

DCS 235,972 
(±149,215) 

182 
(±71.2) 

177 
(±55.7) 

774 
(±464) 

1,061 
(±551) 

1,045 
(±556) 

1,338 
(±774) 

p-value 0.82 0.55 0.49 0.91 0.65 0.35 0.40 
Ostectomy 

bDCP 19,116 
(±3,428) 

35.7 
(±9.8) 

35.6 
(±8.5) 

211 
(±10.8) 

228 
(±7.4) 

210 
(±34.4) 

241 
(±17.8) 

DCS 22,947 
(±8,596) 

37.6 
(±6.0) 

38.0 
(±8.7) 

192 
(±40.2) 

234 
(±38.5) 

259 
(±36.5) 

279 
(±21.3) 

p-value 0.44 0.75 0.71 0.38 0.82 0.10 0.56 
 

 
 
 
 
Table 6.  Component of relative displacement between test segment ends corresponding 
to stiffness and load range results in table 5.  
  

Component of relative displacement = K3D / load range  
Method 

of 
fixation 

Axial 
Compression 

(mm) 

+  
Torsion 

(deg) 

-  
Torsion 

(deg) 

CrCa 
Bend 
(deg) 

CaCr  
Bend 
(deg) 

LM 
Bend 
(deg) 

ML 
Bend 
(deg) 

Load 
Ranges 200 to 4,000 N 10 to 50 

Nm 
-10 to -50 

Nm 10 to 150 Nm 

Intact 0.013 0.09 0.10 0.14 0.16 0.08 0.10 
Osteotomy 
  bDCP 0.017 0.20 0.21 0.17 0.16 0.13 0.07 
  DCS 0.016 0.22 0.23 0.18 0.13 0.13 0.10 
Ostectomy 
  bDCP 0.200 1.12 1.12 0.66 0.61 0.67 0.58 
  DCS 0.166 1.06 1.05 0.73 0.60 0.54 0.50 
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Table 7.  An example (15R) comparison of the approximate max change in distance 
between adjacent points across ostectomized, osteotomized and intact radii during range 
of applied loading. 
 

Max change in distance between adjacent pair of 
points i4, i5, i6, i7, and i8 (millimeters) 

 
Load 

 
Load Range 

Figure Control Osteotomized Ostectomized 
Compression 200 to 4000 N 28 <0.02 <0.02 <0.30 

Torsion 10 to ± 50 Nm 29 <0.15 <0.15 <0.40 

CrCa Bend 10 to 150 Nm 30 <0.10 <0.20 <0.45 

LM Bend 10 to 150 Nm 31 <0.05 <0.20 <0.45 

 
 
 
 
 
 
 
 
 
 
 
 
 
Table 8.  Mean load to “first failure” (first relative maximum load).  Failures were 
typically attributable to bone fracture.  For torsion loads, machine maximum was ± 225 
Nm.   
  

Mean load to “first failure” Method of 
fixation + Torsion 

(Nm) 
- Torsion 

(Nm) 
CrCa Bend 

(Nm) 
LM Bend 

(Nm) 
Osteotomy  
   bDCP 225n=2 -187n=2 585n=3 290n=2 

   DCS 225n=1 
209n=1 

-189n=2 298n=2 363n=2 

   P-value 1.00 1.00 0.33 0.15 
Ostectomy     
   bDCP 160n=1 -106n=1 453n=1 302n=1 

   DCS 225n=1 
157n=3 

-141n=4 - - 

   P-value 1.00 0.80 - - 
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FIGURES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

Figure 1. Illustration of the equine antebrachium.  Proximally, the radius articulates 
with the humerus and ulna (cubital joint).  Distally, the radius articulates with the 
proximal row of carpal bones (antebrachiocarpal joint).  A) Cranial-to-caudal view.  
B) Lateral-to-medial view. 
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A B 

Figure 2.  Clinical example of an adult equine radius fracture.  A closed, complete, 
long oblique, distal diaphyseal radius fracture has occurred.  A) Cranial-to-caudal 
radiographic view. B) Lateral-to-medial radiographic view. 
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Figure 3.  First-aid splinting of a radius fracture in an adult horse.  A caudal splint 
extending from the ground to the elbow and a lateral splint extending from the ground 
to above the shoulder has been applied to counteract the abducting musculature. 
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A 

B 

C 

A 

B 

C 

Figure 4.  4.5 mm broad dynamic compression plate.  Inset: plate mid-point.  A) Side 
view.  B) Cranial view.  C) Caudal view.  Because of the plate hole shapes, plate 
compression can only be achieved in one direction on each side of a fracture and only 
towards the plate’s mid-point. 

Figure 5.  5.5 mm limited contact-dynamic compression plate.  Inset: plate end-point.  
A) Side view.  B) Cranial view.  C) Caudal view.  Because of the plate hole shapes 
(dynamic compression unit hole), plate compression can be achieved in either 
direction along its longitudinal axis.  Therefore, compression can be attained at several 
sites along the plate length and interfragmentary compression of multifragmentary 
fractures can be performed.   
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A B 

Figure 6.  Dynamic condylar screw plate.  A) Lateral view illustrating the 95˚ angle to 
the longitudinal axis of the plate.  B) Cranial view.  The 2 holes adjacent to the barrel 
are round and require insertion of the screws at a right angle to the longitudinal axis of 
the plate; the remaining screw holes are manufactured to allow dynamic compression.   
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Figure 7.  Dynamic condylar screw implant system.  A 12.7 mm dynamic condylar 
screw interlocks with the barrel of the dynamic condylar screw plate and is locked into 
position with a compression screw.  Inset: final configuration of the dynamic condylar 
screw implant system.   
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B 

C 

Figure 8.  Bending moment (M) diagrams at cross-section along a beam.  Resultant 
components of force acting at center of beam cross section: M = bending moment; Fs 
= shear force; F = force; L = length; Lo = length to outside load applicator; Li = length 
to inside load applicator; L’ = length between inside and outside load applicators.  A)  
Cantilever beam loading results in a bending moment at the base which linearly 
increases from zero at the applied load end to a maximum at the support end  B) 
Three-point bend loading results in bending moments that linearly increase from zero 
at the support ends to a maximum at the central load application cross section, thus the 
structure will fail through the sight of central load application, rather than at its 
weakest point  C)  Four-point bend loading provides a uniform bending moment 
between the two central application points, thus the bone fractures through the weakest 
point within this region.   
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C D

Figure 9.  Steel box-type loading fixtures placed within ends of a potting jig as shown 
in figure 10.  A) Cranial-to-caudal view of a proximal fixture.  Inside dimensions 
(length, width, depth) of the proximal loading fixture are 14, 10, and 9 cm, 
respectively.  B) Cranial-to-caudal view of a distal fixture.  Inside dimensions (length, 
width, depth) of the distal loading fixture are 14, 10, and 7.5 cm, respectively, on the 
medial side, tapering to 2.5 cm on the lateral side.  C) Bottom view of a loading 
fixture base plate.  Each base plate contains a spherical slot allowing hardened steel 
spheres to move freely in a cranial-to-caudal direction while keeping the fixtures 
centered medial-to-lateral during torsion testing.  Inset: for axial compression testing, 
a steel cylinder with a spherical recess is inserted into the base plate allowing 
hardened steel spheres to be centrally located in the end of each fixture base.  D) 
Lateral-to-medial view of a loading fixture.  The base plate contains threaded lateral 
and medial holes for 1.25 cm diameter bolts for attachment of a potting jig (Figure 9C) 
and also for attachment of hardened steel shoulder bolts for torsion loading (Figure 
13). 
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A B 

Figure 10.  Bone alignment and potting.  Proximal and distal loading fixtures are 
incorporated into a potting jig allowing A) sagittal plane and B) frontal plane radius 
alignment during potting.  C) A fixed-angle potting stand designed to permit potting of 
the distal end with the exposed surface of PMMA parallel to the tapered end of the 
fixture by orienting it parallel to the ground.    

C 
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Cylindrical insert 
in base plate 

Hardened steel 
sphere 

Figure 11.  Axial compression testing design.  Axial compression (F) applied through 
hardened steel spheres.  This allows unconstrained 3D relative movement of the test 
specimen ends, and produces uniform axial compressive load (F) over the entire length 
of the specimen.  Inset: cylindrical insert place in a loading fixture base.  The centers 
of the spheres are on the longitudinal axis of the radius and remain on the global 
vertical Z axis of the test machine, the line along which compressive force F acts.   
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Figure 12.  Cranial-to-caudal view illustrating unconstrained 3D relative motion of 
proximal relative to distal ends of a specimen during axial compression testing.  The 
proximal end of the specimen is free to laterally displace δx (as illustrated) and δy, 
and rotate about all 3 axes (xyzp) relative to the distal end when both the distal and 
proximal ends are free to rotate about their respective load application sphere joints.  
xyzd axes are attached to the distal fixture, and the xyzp axes are attached to the 
proximal fixture.  XYZ global axes are attached to the test machine. 
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Hardened steel 
sphere 

CrCa spherical 
slot 

Figure 13.  Torsion testing design.  Torque (T) applied by transmitting equal but 
opposite components of force to hardened steel shoulder bolts (torsion post) on the 
lateral and medial side of each fixture, with the option to apply an axial compression 
bias load (F).  This allows unconstrained 3D (lateral δx, δy and bending rotation about 
xp and yp) relative movement of the test specimen ends, and produced uniform load (F 
and T) over the entire length of the specimen.  Inset: loading fixture base with 
hardened sphere in a CrCa slot.  The sphere was free to move in a CrCa spherical slot; 
this slot arrangement kept the fixture centered LM while allowing all CrCa 
components of force to be transmitted through the pair of shoulder bolts.  The centers 
of the spheres are on the longitudinal axis of the radius and remain on the global 
vertical Z axis of the test machine, the line along which compressive force (F) acts and 
about which measured component of torque (T) acts.   
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Figure 14.  Four-point bend testing design.  Four-point bending fixtures with sections 
of 15.2 cm diameter steel pipe bolted to each fixture base.  Four-point bending loads 
(F) were applied 10 cm apart, leaving the length of the exposed radius (34 cm) subject 
to a uniform bending moment (M).  A) Lateral-to-medial bend.  B) Testing fixture 
rotated 90 degrees about its axis in the 4-point loading apparatus to produce cranial-to-
caudal bend. 
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Rigid 
Bodies 

50 mm  
Test 

Segment 

Figure 15.  3D infrared optical tracking system; NDI close focus Optotrak Certus 
(0.01 mm resolution).  A) Rigid bodies, each containing 3 infrared light emitting 
diodes (LEDs), were attached at the ends of the 50 mm test segment.  B)  A 3 camera 
infrared optical tracking system was used to continuously measure the 3D relative 
motion between ends of the 50 mm long test segment, which was stored 
synchronously with the applied load and test machine ram position.  
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Figure 16.  Schematic drawing of digitized points and location of coordinate axes.  An 
NDI portable digitizing probe with a 0.1 mm diameter tip, shown in the inset, was 
used to identify the location of 3 points (i1, i2, i3) on a reference block attached to the 
test machine table and 5 points (i4, i5, i6, i7, i8) around the periphery of the 
osteotomy.  These points were then used to locate the origin of the distal rigid body 
coordinates axes at the intersection of the osteotomy plane and global Z axis, which 
coincides with the longitudinal axis of the radius.  The proximal rigid body coordinate 
axes were located 50 mm proximally. 
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A B C

Figure 17.  Relative 3D eulerian rotation.  Example of the 3D components of 
rotational displacement between ends of a 50 mm test segment versus applied torque (-
50 to +50 Nm) for the same radius.  A) Intact.  B) Osteotomy instrumented with the 
DCS implant system.  C) Ostectomy instrumented with the DCS implant system.  
Note, system resolution was capable of distinguishing total axial rotation (Rz; green) 
of only 0.25, 0.45, and 2.0 degrees, respectively for these three models, with notably 
less cranial-to-caudal (Rx; blue) and lateral-to-medial bending (Ry; red) rotation.   
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Axial compressive force Fz (N) 

K = 1/0.00000563 = 177,619 N/mm 

K = 1/0.0085 = 117 Nm/deg 

K = 1/0.0086 = 116 Nm/deg 

Axial torque (T) Nm 

Figure 18.  Example of (osteotomy, 14R DCS) axial compression stiffness 
determination.  Third loading cycle relative axial displacement (δz) between ends of a 
50 mm test segment across a fracture model versus axial compression force (Fz) was 
used to determine axial compressive structural stiffness (K) when subjected to loads 
ranging from -200 to -4000 N. 

Figure 19.  Example of (osteotomy, 14R DCS) torsion stiffness determination.  Third 
loading cycle relative axial rotation (Rz) between ends of a 50 mm test segment across 
a fracture model versus axial torque (T) was used to determine torsional structural 
stiffness (K) when subjected to positive and negative loads ranging from 10 to 50 Nm 
and -10 to -50 Nm, respectively.   
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K = 1/0.001920 = 521 Nm/deg 

Figure 20.  Example of (osteotomy, 14R DCS) cranial-to-caudal bending stiffness 
determination.  Third loading cycle relative cranial-to-caudal rotation (Rx) between 
ends of a 50 mm test segment across a fracture model versus cranial-to-caudal bending 
moment (Mx) was used to determine bending structural stiffness (K) when subjected 
to loads ranging in magnitude from -50 to -150 Nm.   

K = 1/0.001042 = 960 Nm/deg 

Figure 21.  Example of (osteotomy, 14R DCS) lateral-to-medial stiffness 
determination.  Third loading cycle relative lateral-to-medial rotation (Ry) between 
ends of a 50 mm test segment across a fracture model versus lateral-to-medial bending 
moment (My) was used to determine structural stiffness (K) when subjected to loads 
ranging in magnitude from -50 to -150 Nm.   
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Figure 22.  Identification of periosteal and endosteal cross-section major and minor 
diameters measured with digital calipers. 

Figure 23.  Comparison of assumed cross-section shapes to radius cross-section.  Two 
cross-section shapes: A) hollow ellipse and B) hollow rectangle were assumed to 
calculate a range of theoretically predicted stiffness values that account for the non-
uniform shape of the equine radius. 
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Axial compression stiffness: KC = AE/L (N/mm) eq 1 

Torsional stiffness: KT =  (1.745 * 10-5)*GK/L (Nm/deg) eq. 2 

LM & ML bending stiffness: KLM = (1.745 * 10-5)*EIyy/L (Nm/deg) eq. 3 

CrCa & CaCr bending stiffness: KCC =  (1.745 * 10-5)*EIxx/L (Nm/deg) eq. 4 

Where: 

Dp, De = Major diameter periosteal, endosteal respectively (mm) 

dp, de = Minor diameter periosteal, endosteal respectively (mm) 

A = Cross section area    (mm2)  
    =  (π/4) * (Dpdp - Dede)    for hollow ellipse   eq 5a 
    = (Dpdp - Dede)                 for hollow rectangle  eq 5b 
   
Iyy = Area moment about y axis   (mm4)  
      = (π/64) * (Dp

3dp - De
3de)     for hollow ellipse  eq 6a 

      = (1/12) * (Dp
3dp - De

3de)     for hollow rectangle  eq 6b 
  
Ixx = Area moment about x axis   (mm4) 
      = (π/64) * (Dpdp

3 - Dede
3)     for hollow ellipse  eq 7a 

      = (1/12) * (Dpdp
3 - Dede

3)     for hollow rectangle  eq 7b 
 
K = Polar moment type term   (mm4) 
     = (π/16)* [(Dp

3dp)(1-q4)]/[Dp
2 + dp

2]  for hollow ellipse   eq 8a 
     = (1/12)*[(Dpdp*(Dp

2+dp
2)) - (Dede*(De

2+de
2))] for hollow rectangle  eq 8b 

 
q = ratio of major endosteal/periosteal diameters = (De/Dp) 
 
L = Length of the test segment  =  50 mm 
 
E = Cortical bone modulus of elasticity  =  18,000   (N/mm2) 
           Range in literature (8,900 < E < 42,000) 
G = Cortical bone shear modulus = 4.615*103   (N/mm2) 
          Range in literature (3,500 < G < 6,164) 

Figure 24.  Structural mechanics equations used to determine theoretical stiffness. 
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B C

A

T= -160 Nm 

Beginning of load 

Axial torque T (Nm) 

Figure 25.  Example (15R DCS) of axial rotation during torque application to failure.  
Red arrows indicate a spiral bone fracture that occurred during the first cycle.  A) 
Relative axial (Rz) rotation between ends a 50 mm test segment across a fracture 
model (ostectomy shown) versus axial torque (T) was used in an attempt to determine 
ultimate failure when subjected to 3 cycles of +/- 210 Nm torque, followed by loading 
to machine maximum capability of ±225 Nm torque.  B) Gross specimen of 25A.  C) 
Radiographic view of 25B. 
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A 

C B 

My = -366 Nm 

Beginning of load 

Maximum load resistance 

Figure 26.  Example of (08R bDCP) bending rotation during lateral-to-medial 4-point 
bending load to failure.  Red arrows indicate the line of failure.  A) Relative lateral-to-
medial (Ry) rotation between the ends of a 50 mm test segment across a fracture 
model (osteotomy shown) versus a single cycle lateral-to-medial bending moment 
(My) was used in an attempt to determine ultimate failure.  During lateral-to-medial 4-
point bending to failure, the lateral surface (plated) was placed in compression and the 
medial surface (unplated) was placed in tension.  B) Gross specimen of 26A.  C) 
Radiographic view of 26B. 
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A 

C B 

Mx = -238 Nm 

Beginning of load 

Maximum load resistance 

Figure 27.  Example of (06R DCS) bending rotation during cranial-to-caudal 4-point 
bending load to failure.  Red arrows indicate the line of failure.  A) Relative cranial-to-
caudal (Rx) rotation between the ends of a 50 mm test segment across a fracture model 
(osteotomy shown) versus a single cycle cranial-to-caudal bending moment (Mx) was 
used in an attempt to determine ultimate failure.  During cranial-to-caudal 4-point 
bending to failure, the cranial surface (plated) was placed in compression and the 
caudal surface (unplated) was placed in tension.  B) Gross specimen of 27A.  C) 
Radiographic view of 27B. 
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A 

B 

C 

Figure 28.  Example of (15R) axial compression change in interfragmentary distance 
for A) intact, B) osteotomized, and C) ostectomized radii.  Third loading cycle relative 
distance between initially adjacent (prior to first loading) points located across a 
fracture model (at i4, i5, i6, i7, i8 in figure 16) versus axial compressive force (Fz) 
was used to evaluate localized interfragmentary movement.   
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C 

A 

Figure 29.  Example of (15R) change in interfragmentary distance for A) intact, B) 
osteotomized, and C) ostectomized radii.  Third loading cycle relative distance 
between 5 initially adjacent points (prior to first loading) located across a fracture 
model (at i4, i5, i6, i7, i8 in figure 16) versus axial torque (T) was used to evaluate 
localized interfragmentary movement.   
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Figure 30.  Example of (15R) cranial-to-caudal bending change in interfragmentary 
distance for A) intact, B) osteotomized, and C) ostectomized radii.  Third loading 
cycle relative distance between 5 initially adjacent points (prior to first loading) 
located across a fracture model (at i4, i5, i6, i7, i8 in figure 16) versus cranial-to-
caudal bending moment (Mx) was used to evaluate localized interfragmentary 
movement.   
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A 

B 

C 

Figure 31.  Example of (15R) lateral-to-medial bending change in interfragmentary 
distance for A) intact, B) osteotomized, and C) ostectomized radii.  Third loading 
cycle relative distance between 5 initially adjacent points (prior to first loading) 
located across a fracture model (at i4, i5, i6, i7, i8 in figure 16) versus lateral-to-
medial bending moment (My) was used to evaluate localized interfragmentary 

t
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Figure 32.  Dynamic condylar screw implant system instrumented on an equine radius 
bone.  A) Gross specimen.  B) Radiograph of gross specimen in 32A. 
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Figure 33.  Double broad dynamic compression plate construct instrumented on an 
equine radius bone.  A) Gross specimen.  B) Radiograph of gross specimen in 33A. 
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