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ABSTRACT

Bycontinuouslymeasuringhe kinematics of thestifle in all six degrees of freedom, the effects of
various treatmentsnay bequantitativelyinvestigated. The Oxford knee rig providesadidatedmethod
of simulating deep flexion dhe stiflein vitrowhile retainingits full range of motiorand minimizing
variability between animalsThe studies hereinsed a modified Orrd knee rig and a thredimensional
motion capture system to investiga{® the effects of tibial plateau angle and spacer thickness on
canine total knee replacement and (ii) the variability of stifle kinematics among bebilkenbreeds
with varyingsusceptibilities to leg deformities. Strain to the collateral ligaments in the canine and the
gastrochemius tendon in the broiler were also investigaiésultsrom both studiesshowed
measurable changes in stifle kinematiaadresultsmay be used timprove the welfare of canines with
stifle osteoarthritis anathickens bred for rapid growth rate
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CHAPTER 1

INTRODUCTION

Movementof the animal stifle requiresomplex interactios between the various structures of the
joint and is best assessed throughobjective technique known as thregimensional (3D)kinematic
analysisIn vivokinematic analysis typically involves walkarganimal through a known control region
and monitoring he position of key anatomical locatiow& an imaging systerithe 3D relationshipof
the joint’s bone s e gpimanmgliesanddranslationt et kinematianaysis i f y
involves cadaver stifles which are mechanically moved througgrias of positionsand the 3D
relationships of the joint segments are again quantifischagulations and translation®ne common
method of generatingthis mechanical movement of the cadaver stifle is an Oxford Knee Rig (OKR). The
OKR is proven method of simulating deep flexion in the cadaver stifle while allowing for all six degrees
of freedom of the joint. The OKR provides a way to test stifle jainiro, minimizing variability
between subjects and allowing comparison of multiple variableBiw# subject.

The objective of the two studies presented herein is to assess the stilenkitics of two animals
that havea history of biomechanical problenas the stiflejoint. The first study compares the kinematics
of the normal canine stifle to aartificial stiflewith varying tibial plateau angle¥he second study
compares the kinematics of tHaoiler stifle from birdswith various ranges dég deformities and
lameness.The results from both studies may leaditoprovements inveterinary pracices whichmay

increasethe quality of life for bothcaninesand commercial chickens.



CHAPTER 2

In Vitro Effects of Tibial Plateau Angle and Spacer Thickness on Canine Total Knee Replacement

! Baker, K.B., T.L. Foutz, K.J. Johnsen, and , S.C. Budsberg. To be submitiahévitae Journal of Veterinary
Research



2.1 Abstract

Objective To quantify then vitrothree-dimensional kinematics and collateral ligamesirainof the
canine stifle before and after cranial cruciate ligame2t@l. transection followed byotal knee
replacement (TKR) with varying tibial plateau angles and spacer thicknesses.

Sample Sixhemipelvises collected from nechondrodystrophicanines, ranging between 25 and
35 kg euthanized for reasons unrelated to this study.

Procedure Each hempelviswas mountedon a modified Oxford knegg that allowed for all six
degrees of freedom of thetile while preserving the hip and hock joints. Stiflesre flexedd r om 140°
extensiont o 90° f | exi on whtiaihtethekcollatezailigamentserd measurech n d
continuously. Datavas again collectedfter CrCliransection and TKR with combinations of three tibial
plateau angles (8, 4, 0 degrees) and gpdhicknesses (5, 7, 9 mm). Joint coordinate systems on the
femur and tibiawere constructedo calculate stifle kinematics in all six degrees of freedom.

Results Normal stifle rotations were comparable to those previously foimdiva The 8 degree 5
mm implant resulted in kinematics closest to the normal stifle. Decreasing the plateau angle caused a
reversalin kinematics to abduction, external rotation, and lateral translation. Increasing spacer
thickness caused a decrease in adductiadreversatto external rotation and lateral translation.
Strain to the medial collateral ligament was minimal in the normal stifleveasinot affectedby TKR.
Peak strain to the lateral collateral ligament was 5.7% in the normal stifle, which decreased with steeper
plateau angles but returned to normal with thed@greeimplant.

ConclusionsThe steeper 8legreeimplant paired with the 5 mm spacer used in this study restored
the kinematics most closely to the normal stifle. Both decreasing plaaegieand increasig spacer
thickness negatively affected stifle kinematiEsu r t her st udi es on the tibial
should investigate angles greater than 8 degrees to determine the possible benefits of steeper tibial

plateau angles on kinematics andllateralligament strain.



Table2.1:List of Abbreviations

CaCL | Caudal cruciate ligament

CrCL | Cranial cruciate ligament

OKR | Oxford knee rig

LCL | Lateral collateral ligament

MCL | Medial collateral ligament

TKR | Total knee replacement

TPA | Tibial plateawangle

TPLO | Tibial plateau leveling osteotomy

2.2 Introduction and Literature Review

2.2.1 Background and Importance

Cranial cruciate ligamemteficiency is the leading cause of stifle osteoarthritis in caniiés.2003,
the annualeconomic impact related tthis conditionwas estimatedo be $1.32 billion in the klted
States aloné.The reported prevalence @rCldeficiency has more than doubled over the lastyagars
due tolonger lifeexpectanciesn caninesandimproveddiagnosif the joint condition? In some
canines withCrCldisease, prgression of osteoarthritisccursevenatfter stabilizatioror reconstructive
surgery For canines with failegdrior surgical procedures or severe stifle osteoarthritis, total knee
replacement, a more invasive surgipabcedure may be required to restore the function of the joihit
TKR has been performed on canines in the research setting for many lyeaes;er,the first
commerciakanine TKR for osteoarthritigas performedn 2005 with only 50 procedures completed by
2008°%" So far, TKR in caninkas been showio improve postoperative joint function, but as of yet, full
function of the stifle after TKR has not been achieved.

2.2.2 Stifle Anatomyand CrCLDeficiency

The crugte ligaments of the caninstifle, the CrCland the caudal cruciate ligamer@4C},
originate within the distal femoral intercondylantchandattachto the intercondyhr area of the tibia
(Figure2.1). These ligaments proviggimary support forcranocaudaland axiaktability of the stifle.

TheCrClfunctions tolimit excessranial tibial displacemeninternal tibial rotation, and hyperextension



of the stifle. In contrast, th€aClpreventsexcessaudal tibial displacemerand limits excessnternal
tibial rotation. WhileCrClrupture can occur due trauma, typically cruciate disease progresses slowly
under normal loading, andiagnosids not madeuntil severerupture.® Rupture of theCrClcausesstifle
joint instabilityand abnormal joint motions that can damage surrounding cartilage and tisBuegious
studiesindicatethat both cranial tibial thrust and internal tibial rotation increase immediately after
transection of theCrCland fail toimproveover time.Tashman eal® suggess that cranial tibial thrust
continues to increase and ber@ more abnormal over time with the largest changes occurring
between 6 and 12 months after transectidhwas hypothesizethat further progressiorof
osteoarthritis afterCrClrupture may bedueto overload failure of the meniscu€rCliransectionhas
been showrto lead tomeniscafibrillation and tears in at least 85% of dogs after 48 weakhile the
relationship betweerexcess tibial thrust and osteoarthri@gse still under investigation, i assumed
that there is a direct correlation between the amountexcesgibial thrust after CrClinjury and the

progressiorof osteoarthritis within the canine stiff&'%**

patella
femur > il
CrCL “ CaCL
lateral \ / medial
meniscus T ; b _-J—"""/ meniscus

LCL MCL

fibula — ] i

tibia

Figure2.1: lllustration of canine stifle anatomy showing the femur, patella, cranial cruciate ligament
(CrCL), caudal cruciatgdiment (CaCL), lateral meniscus, medial meniscus, lateral collateral ligament
(LCL), medial collateral ligament (MCL), fibula and tibia.



The tibial plateau angle (TPA) is a measure of the angle of the articulating surface of thadibia
the femur.It istypically measured from preoperative radiographs as the angle between (a) the long axis
of the femur drawn from the midpoint of the intercondylar eminences to the center of the tarsal joint;
and (b)) the medial tibial gmnoscdtramialto calidaleradiographicom t h e
margins Figure2.2).*? Although the natural cank tibial plateau angles approximately 2% implants
are currently beig inserted at 6in an effort to minimize excess cranial tibial thrust that occurs due to
the ruptured ligamenf No studiesvere foundinvestigating the effects of tibial plateau angle on canine

TKR.

Figure2.2: Radiograph othe canine stifle(A) preoperatively with a naturally steep tibial plateau angle
and (B)postoperatively with a flattened tibial plateau angle

2.2.3 Current Solutions

Due to the high prevalence of CrCL injury in canines, there are multiple corrective procedures
currently used to treat CrCL rupture in canines in an attempt to restore joint fundtiowever, since no

procedurehas been provesuperior in termsf functional outcomeor complication rats, the course of



treatment for CrCldeficiencyis typically basedn the severity of theonditionand surgeon
preference'®*!* ExtracapsulaBtabilization is anethodthat uses a norabsorbablesuture pattern
around thelateralfabellaand the tibialcrestto mimic the function of the&CrCLThis technique isften
unsuitable for large breed dogs as the suture is more likestriichor rupture.****> Both Tibial
Tuberosity Advancement and Fibular Head Transposition involve altering the position of alternate
ligaments of the stifle to stalike the joint. Durind ibial Tuberosity Advancemerthe tibial tuberosityis
movedforward using a metal spacer and screws to realign the patellar ligamestduateractexcess
cranial tibial thrust:®*’ Fibular Head Transposition uses the lateral collateral ligament to stabilize the
joint.*81°

Plateau leveling techniques, including Cranial Wedge Osteotomy and Tibial Plateau Leveling
Osteotomy (TPLO), decrease the tibial plateau angle, effectively mitigating cranial tibial thrust and
eliminating the need for the CrCL in the casudal plané® TPLO is thought to be the most popular
treatment for CrCL deficiency in medium to large breed dogs; however, it has besn #iat further
progression of osteoarthritis is present in at least 10% of dogs after treatM@mtin vitrostudy by Kim
and PozZt suggests that TPLO restores the proper canine fdignment during weight bearinigut
does not restore normal patterns of load distribution across the articulating surfaces of theljésnt
hypothesizedhat theseabnormalloads causexcessvear on the meniscReports of complicébn

rates for these proceduregquiring further medical treatment vary widely among studies and range

from 12-59% (Table .2).

Table2.2:Complication Ra&s of Procedures Used to Treat CrCL Deficiency

Procedure Complication Rate

Extracapsular Stabilization 12.521%"
Tibial Tuberosity Advancement | 31.559%"%"/
Fibular Head Transposition 16.7-25.7%"°°
Cranial Wedge Osteotomy 28%°

Tibial Plateau Leveling Osteotom| 17.428%"*%#**




2.2.4 Total Knee Replacement

Despite themanyprocedures available ttveat CrCldeficiency, in many canines the progression of
osteoarthritis continues even after corrective procedures untiljhat is dysfuntonal. The aim of TKR
is torecoverthe naturaljoint function of the stifle by restoring mobility and stability without the
presence of the&CrClonce other surgical procedures have failélthe first canine total knee
replacement became commercially aaie in 2005 and is comprised of two components: a cebalt
chrome femoral component and an ultrahigh molecular weight polyethylene tibial compG&iiuning
the procedurethe joint capsuleis incisedoroximally, and both cruciate ligaments and menéei
excised Osteotomiesare performedon the proximal end of the tibiandthe distal end of the femur at
angles predetermined by cutting blocks used during surféry.

Both implant components are available in varying widths, determined by superimposing sizing
templates over preoperative radiographs of the joint. The tib@hponentis also available in varying
thicknesses from 5 to 9 mm fdl the joint gap created by the osteotomies. Problems can occur if an
inappropriate tibiacomponentthicknesss choserbecause amxcesgoint gap may cause deficient
amount of contact between the articulating surfaces leading to joint instapilityle overstuffing may
causeexcessstrainon the collateral ligaments. While tharrecttibial spacetthicknesss also
determined from preoperative radiographs, any deviation of the location of the tibial cut during surgery
may change the spacer thickrseseeded to stabilize the joint. Therefore, it is often up to the surgeon to
testand adjust the spacer thickness during firecedureand rely on the feel of the joint in passive
flexion and extension during surgeieither the reliability of the surgeoim determining tibial spacer
thickness during surgery, noritseffectkn  j oi nt stability is well docume

Theangleat which the tibial osteotomy is performed determinesthdstie’ s new .Al at eau
CrCldeficient stifle undergogexcessranial tibial thrust because the ligament can no longaunteract

the effects of thenatural 24 angleof the tibial plateau. Liska and Doyamnticipated that the optimal



TPA forcanine knee replacemestvould beapproximatelys ° . anglewas based on a study
performed byWarzeeet al”® involving TPLO procedures; therefore, canine knee replacements are
currently implanted witha 6 posterior tibial slopeDuring the less invasive TPLO procedure, a radial
osteotomy is performed on the proximal tibia, and the tibial plateau is rotated to achieve the desired
TPA of app Meexdamaged @CLys typically removed during surgery; however, the CaCL
remans intact assuming no damage to the ligam&rft The aim of the TPLO procedure islerrease
the tibialslopef rom 24° to 6°, which converts cradaClal ti bi
is still intact, it preventexcessaudal tibial thrust>®
When comparindPLO and TKR procedures, driscalto note thatthe CaClremains intact during
aTPL@uti s removed during a canine TKR. Therefore, tF
TPLyrocedures may not be optimal for TKR proceduiiéss drastically decreased angle is expected to
cause excess caudal tibial thrust following a TKR procedure because the CaCL is not intact to prevent the
excess caudal tibial movemetitis understood thaabnormaltibial thrust causes progressive damage
to the surrounding ligaments and implant componefit¥herefore, varying the plateau angle in canine
TKR should lead to varying degreesraihiocaudatibial thrust andinfluencethe kinematics of the joint
as well aghe success of therpcedure.No studies were found investigating tibial plateau angle in

canineTKR

2.2.5 Tibial Plateau Angle in HumakKR
Whilelimited datais available on the effects of TPA on the outcome of TKR in cadatass
available on the human knee to support thgdothesis that tibial plateau angle has quantifiable effects
on the kinematics of the stifle. In contrast to the canine stiffe, naturalTPA in human knees ranges
from approximately 10 to 15 degreés®In astudy byBellemanset al,” twenty-one human cadaveric
legs were implanted witknee replacements ith tibial slopesfrom& ° . Maxi mal fl exi on w

postoperatiely, and an averaggainof 1.7 of flexion for everydegreeof extratibial slope was found.
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Ostermeier et af? performed an in vitro study on sevetegsundergoing TKR to determine the amount
of quadriceps force requiredof o 0é&Resalssdydestodittet | eg wi
steeper tibial slope resulis a more physiologimovementand requires lessquadricepdorce during

flexion and extensiorfinally, Malviyat al**

investigatedrange ofkneeflexion based omultiple

factors including tibial slopd-or 101 TKR patientspeoderate correlation (R=0.58) was found between
12-month postoperative range of motion dirPA. This study alsgportedthat rangeof motion
increaselby2 . 6 ° f degreed tbialrslgpe. These studies suggest that varying the TPA during TKR
in humans causes a change in the kinematic motions of the knee joint and that increasing tibial slope

leads to greater degrees of extension and mobilitgwever, with an excessively large TPA, the

postetior lip of the tibia may not be able foreventanterior subluxation of the tibial coponent®

2.2.6 TheOxford Knee Rig

The kinematics of the human knbavebeen researched extensively boith vitroandin vivoto map
its naturalmotions in areffort to replicatethe motions of a healthy kneén vivostudies more fully
represent physiological conditionshich areimpossibleto replicatefully with cadaveric stdies
However, aradvantage tdn vitro systems ishat test conditions are more easily altered and evaluated
within specimes, minimizing variability among sgewens® Tosimulatethe natural kinematic motions
of the stifle in a cadaveric hirisnb, the joint musttravel through alkixdegrees ofreedom clinically
described ashreerotations (flexion/extension, adduction/auction, internalexterna) and three
translations (cranial/caudamedial/lateral, proximal/distal) shown in Figuge3. The Oxford knedg
(OKR) was firstesigned by Bourne et &lfor the simulation of knee kimaticsin human cadaveric
specimens and has been shownreattow all six degrees of freedom of the kne&gubsequenstudies
using canine cadaver models to investigate corrective surgical techniqueCloirguriesypically
involved removing all musculate from the specimen. Additionally, previougstypicallyhave

simulated thegaitonly at the midpoint of the stance phase, and limited kinematic data is collected with

10



a focus orcraniocaudatranslation and axial rotation. Results have vasgghifiantly and aredifficult

to compare within vivoliterature.

Internal/External
Rotation

Abduction/
Adduction O A~
/""%& : "\\

Flexion/ /"\

Translation

\
{ \n
/ Dral) -
} A LAl % | > Medial/Lateral
} 1
/

\ 1] \ // Cranial/Caudal
\ / Translation

Distal/Proximal
Translation

Figure2.3: The six degrees of freedom of the ktifire clinically described as threstations
(flexion/extension, internal/external, adduction/abductioaid threetranslations (crarl/caudal,
medial/lateral, proximal/distal)

Warzee et af® oriented canine cadaveric specimens with the tarsal joint intact on a loading frame at
the midpoint of the stance phase of a walk and simulated gastrocnemius and quadriceps muscle forces.
Kinematicdata collectedncludedcraniocaudatranslation and axial rotatioas determined fromlateral

radiographs. Results indicated th@tCL transection caused® mm cranial tbial thrust while TPLO

caused 6nm caudal tibiathrust with respect to the normastifle. GCL transection resulteid an
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internal rotation of 23, andthe subsequenTPLO significantly decreased but did entirely eliminate
internal rotation to10° compared to the normal stifle.

Reif et af® mounted specimens onto eustom rigat an angle corresponding to the ptisn of the
stifle during weight bearing with the tibial plateau mounted onto a circular frame to simulate a radial
osteotomy at varying degreeSpecimens were placed under a series of loads while cranial tibial
translation was induced byeonstantcrarial pull on the tibial crest. The distal portion of the testing
device was connected to a universal joint to simulate the tarsal j@irgniocaudatiranslationwas the
only kinematic variable reported and was measured wiglogentiometer. Results indicat that GCL
transection caused4 mmcranial tibialthrust with respect to the normal stifle, and TPLO caused 2 mm
caudal tibial thrust.

Chaillewet al** prepared specimens by transecting the proximal end of the femur and the distal
end of the tibia and potting both ends for fixation. The femur was attached to a testing apparidtus
bearingmechanism allowingxial rotation and translations teimulatethe hip while the tibiaendwas
left free. Motion was dynamically induced by a force on thmdricepgendon throughout a flexion
range @&0°.Crrfocaudali@nslationand two rotations were measured witan electromagnetic
tracking system. Unlike previous studies, results indicated tHat. @ansection had no significant
impact oncraniocaudatranslationcompared to the normal stifleand the subsequentPLO caused
approximately 11 mm caudal tibitdrust over the range of motion. AfterrCLtransection, axial rotation
andadduction showed no significant differences from the normal stifle. However, after TPLO both
external rotation and adduction significantly increased by approximately 8° and 5° reghect

Kim et af* prepared speimens by preserving the tarsal and stifle joint capsules and simulating
gastrochemius andquadricepsnuscle forces. Specimens were mounted ttuatomfemoral jig
mounted on a materials testingachineallowing for adjustment of the hip. During static |aagl with

the stifle at the midpoint of the stance phase of a walk, only axial rotation of the femoral component

12



was unconstrained. Won screws implanted in the tibend femur were landmarks fatatic positions of
the stifle joint. Results indicated th&CL transection increased cranial tilitadust by 15mm and
internal tibial rotation by 12 and the subsequent TPL&stored normakraniocaudatranslation and
axial rotation

While many of these studies uséhe OKR talrive the motion of the cadavec specimerwith little
to no muscle retainedit has been suggestdfiat such techniquemay cause distortion dhe joint s
natural motions due t@ loss of the muscle tensions and constraints placed acrogsitiieVaradarajan
et al** suggess that the inclusion of muscle provides more physiologic constraints and has important
implications with regard to the ability of OKR setups to simulate physologee motionWilson et af®
found that inhumancadaveric knees flexed passively without simulating muscle forces, internal
rotation, abduction, and all three componentstodinslationare coupled to flexion/extension angle in
the normal kree.

It has been suggested that by retaining the soft tissue around the joint as well as the adjacent tarsal
joint, cadaveric studies may more accurately simulateivojoint kinematics* Currently limitedcanine
stifle kinematic data is available from previous studies that mainly focugamocaudatranslation and
axial rotation.To fully determinghe effects of any surgical procedure onr&CC tranected stifle, all six
degrees of freedom of the joint should be investigated, as treatments may cause significant dnanges
other motions besides craniglanslationand internal rotation. The majority atudies found have
limited theirinvestigationto effects of a treatment during a static pose at the midpoint of the stance
phase. The kinematics of the stifle change during theayaite therefore, it would be ideal to
investigatethe kinematics continuously throughoutfall gait cycle. In order tobtain complete
kinematic data over the full gait,raethod of datacollectionthat is capable of continualy measuring

all six rotations andranslations of the stifle should be investigated. By preserving the surrounding
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musculature and collecting data @va full motioncycle results may be moreomparableo results

from in vivoliterature.

2.3 Purpose of Study

The primary purpose of this study was to characterize the kinematic motion of the canine cadaver
stifle before and after TKR at varying tibial pkat angles paired with varying tibial spacer thicknes&es.
secondary objective was to determine the effects of bpliteauangleand spacethicknesson strainto
the collateral ligaments as excess strain to these tissues could cause further damagelieday
vulnerable joint.The questions of interest were: was there significant variability in kinematics and
ligamentstrainbetween TKR trials implanted (1) at varying tibial plateau angles; and (2) with varying
tibial spacer thicknesses.

Understandindhow joint motions change after manipulation of these two tibial component
variables will providealuableinformation on how varying TKR components alters the mechanical
properties of the stifle joint postoperativelirhis will provide an essentibasisfor improvements to and
optimization of thecurrentcanine TKR implant design, leading to greater postoperative success rates

and a quality of life for canines impacted by stifle osteoarthritis.

2.4 Materials & Methods

2.4.1 SpecimerPreparation

Sixhemi-pelviseswere collected from norchondrodystrophicanines ranging between 25 and 35
kg, euthanized for reasons unrelated to this stuggch hempelvis was radiographed, and TKR
templates were superimposed on the radiographs to determine implant Hiemipelvies were stored
at -40°C and taken out to thaw at room temperature 24 hours in advance of testing. For specimen
preparation, tissue above thip jointwas removedUsing holes drilled through the ischial tuberosity

and sacroiliac joint of the ilium, a dosn made bar of angle iron was bolted to the specimEine

14



collateral ligaments were exposed; however, the specimasleft intact with no muscles or ligaments

severed.

2.4.2 Simulated Motion Cycle

Each specimen was mounted to a modified OKR by attaching tiie ion to the crosshead of an
Instron testingmachine(Figure2.4). The Instron travelled at a rate of 50 cm/min to provide controlled
vertical motion to simulate flexioand extension.Thepawwas attached to a platform with a dog boot
that tightened bdow the hock without impeding range of motion of the hock joint. Sliders were
adjusted to align the tibial creslirectlyover the paw at full extension. The modified Oi&s used to
simulate flexiorby holding the paw rigid and displacing the angle irbtha proximal attachment of the
specimen. The angle iron was free to rotate in the craniocaudal plane, simuatjdarspinal
movement. Thespecimenwas alsdreeto translatein the mediolateral and craniocaudal planes through
the use of sliders, allwing thefull six degrees of freedom of the stifle. Each specimen was cycled from
full extension to full flexion (14600°) for five cycles while data was collected. Because the specimen

started from a static position, the first cycle was not used in daizlysis.

" "

=

Figure2.4: A canine specimen mounted dhe modified OKRwith the paw attached rigidly to a platform
andthe angle ironbolted through theischial tuberosity and sacroiliac joint of the ilium. Reflective
markers are visible as white doDisplacement sensoege attached to the collateral ligaments.
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2.4.3 Motion Tracking

After the specimen wasiountedto the rig, Kirschner wire (1.6 mm diameter) was drilled into the
bone at six anatomical locationsigure2.5), and reflective markers werdtached to the end of each
wire at the skin.Prior to testing, the stifle and hock joints underwent full range of motion to ensure no
impingement from the wires. During the motion cycle, thidimensional marker positions were
collected with asetof fiveinfrared cameras\(iconT-series) at 200 Hz witlliconMotus software.

Using the raw marker location data, the angular and translational motions of the stifle joint were
calculated in Matlab with the joint coordinate systeéathnique described by Fu et Rotations about
the three anatomical axes were calculated and reportechation of the tibia relative to the femur.
Translations were calculated from the tibial crest to the midpoint of the femepadondylesalong the
long femoral axis. Exceptrfiexion/extension, kinematic&ere calculated in reference to the initial
postion at full extension witran angle of Oor atranslationof 0 mmindicating thejoint was in the same

orientation as the initial frame.

Figure2.5: Caninehind limbs with marker locations shown in red and the constructed Joint Coordinate
Systems lodad on the greater trochanter and tibial credarkers locations: -preater trochanter, 2
lateral epicondyle, 3nedial epicondyle, 4ibial crest, 5lateral malleolus, 8nedial malleolus. Joint
coordinate system axes: x +cranial; y +lateral left leg/+aledjht leg; z +proximal.
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2.4.4 Collateral Ligamerfstrain Measurement

Displacement sensors (MicroStrain;DV/R¥3) are comprised of a main body and freely moving
coreanddetectrelativepositonby measur i ng t hetuctaneceusihgsa'sinedvgef f er ent i al
excitation and synchronous demodulator (Figaré )>"* Sensors were connected directly to a signal
conditioner (MicroStrainDEMOBDVRT) calibrated at the factonjtivthe sensors. A VernidabPro
Data Logger and computer with software (Logger Pro 3.6.0) were usmileatthe conditioned output

voltage from the displacement sensors.

10 mm

Figure2.6: MicroStrain 3 mndisplacement sensqiM-DVRT3) with barbs () and attached to the
patellar tendon (right).

The displacement sensors were attached to fderal collateral ligamenfClLand medial collateral
ligament(MCL) using barbs on the sensor at locations marked with a fine tip marker to allow
reattachmert if removed The long axis dfachsensor was alignedith the long axis of the ligament
with the specimenat full extension. The sensor wire was loosely sutured to the overigsigeto
prevent sensor displacement. For strain calculations, the oridistdnce between the sensor barbs
with the legat full extensionwas measured with caliper&@.01 mn). The sensors were left on the
ligaments for the duration of the experiment. Extreme care was taken not to disturb sensor attachments
during TKR; howeveif sensors were inadvertently removed, they were replaced on the previously
marked locations, and the distance between the barbs wameasured. Displacement data was
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collected at200 HzDisplacement for each sensor was calculated from output voltagesy the fatory
calibration polynomial fiequations.Strain was calculated as the ratio of sensor displacemeatigpnal
length between the barbs. Strain data was coordinated with the kinematic data using a custom Matlab
program that determined théength of a motion cycle from the flexion/extension kinematic data and

the point at which displacement values deviated from the baseline as a starting point.

2.4.5 TKR Components

In order to determine the effects of tibial plateau angle and sp#uieknesson the kinematics of
the stifle andstrainto the surrounding ligaments, tibiblaseplatesimulating three plateau angles were
manufactured byBioMedtrix Thr ee t i bi al pl ateau angles (8, 4,
7, 9mm) were investigatedTibial baseplatesere designed to be implanted on a 10° tilmat
performed by arextramedullarytibial alignment guide (ETAG). The tibial implant was comprised of two
components: aetof three tibialbaseplateghat determined tibial plateaangleand three
interchangeable spacers of varying thicknesses that-$ihéuto the baseplategFigure2.7). Thecustom
tibial baseplatesvere manufactured with three identical screw holes that allowed them to be screwed
into the tibial osteotomy without alterig the position of thébaseplate between components. Femoral

implant components and tibial spacers used duringpghecedurewere stockcomponents.

Tibial Spacers
7 mm

0 degree 4 degrees 8 degrees
Tibial Base Plates

Figure2.7: Stock tibial spacers from®mm commercially available from BioMedtrix (top) and custom
tibial baseplates simulating 8, 4, and 0 degree tibial osteotomies.

18



2.4.6 Experimental Procedure

During the first set of experiments, a baseline of the normal stifle was established fosgaaimen
by mounting it to theOKR Markers and sensors were placed at previously listed anatomical
locations by the same surgeon for each procedure, andsfgireeimenwvasrun fromfull extension to
flexion for five cycles. While mounted on the rig, the surgeon opened the joint capsutmarmletely
severed the CrCL. Tepedmenwasagain run through five cycles while collecting datiad then the
reflective markers were removed while the displacement sensors amitlds were left in place.

The specimemvasthen transported to the UGA veterinary school for a TKR procedurited by
Liska and Doyl&The same surgeon performed the TKR pracedor all test cases. An incision was
made over the joint, and the patellar tendon was moved to the lateral side for access to the joint
capsule. The menisci and cruciate ligaments were excised, taking care not to damage the collateral
ligaments. The ETAwas drilled into place at the proximal and distal tibia with intramedullary pins, and
a tibial osteotomy was performed at 10°. The ETAG was then removed taaltigial implant
componentwas inserted to check thié with the joint. Holes were drille to markthe locations of the
tibial baseplatescrews. The tibialomponentwas removed, and the femoral alignmegiidewas drilled
into place at the distal femur, taking care to avoidike locations. A femoral osteotomy was
performed, and the alignmdrguideremoved so the femoratomponentcould be press fit into place.
T he 8 basdplatdvasahien screwed into place, and the Bnecustom tibial spacer was sndip
onto the baseplate With the joint reduced, the patellar tendon was replaced imasural position, and
the fit of the imdant was tested by extending and flexing the joiflhe surgeon then closed the joint
capsule and overlying tissue with bowtie sutures to facilitatepening of the joint to switch out
implant components.

The specimen was transported back to the testadgand remounted on theig with its positionat

full extension replicated. The reflective tracking markers were replaadithe specimenwas run for
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five cycles while markdocationand ligament displacement were recorded. Hpecimerremaired on
the rig with markers and sensors in place while thestomtibial spacer implants were changed out in
order of increasing thickness. Trderchangethe spacers, the bowtie sutures were released, the joint
flexed and the tibia cranially luxated for accesshie implant (Figur®.8). The previous spacer was
shapped out of place and replaced with the next largest spacer with the joint flekeded@ was

reduced with pressure applied on the spacer to move the femoral component into the spacer tracks.

Figure2.8: Cranial views of (A) the stifle joint closed with sutures; (B) the stifle joint exposed; (C) the
proximal tibia cranially luxated for access to the tibial components; (D) the tibial spacer removed
exposing the tibial baseplate.
Once althree spacet hi cknesses wer e basepatéwastemaved, a®dd het e t i bi
baseplatd mp | ant e d .basdflate the 5 mmeand47 ‘mm spacers were tested in order of
i ncreasi ng tbaseptatenaess st.h eTnh er edp |basepatdandieased hvithtorilyethe 0 °
5 mm spacerBaseplates wit decreasing angles were testedth only the thinner spacers to avoid over
stuffing the joint and damaging the surrounding ligaments during teskiaghspecimenwas run

through fivemotion cycles with each s@f implants.A final radiograph was taken to determine any

differences between target and actual tibial plateau angle.
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2.4.7 Statistical Analysis

Mean peak values werealculated for each triakithin specimen and used for a pairedeist. The
guestions of iterest were: was there significant variability within specimen in kinematics or strain
between TKR trials implanted (1) with varying tibial plateau angles and (2) with varying tibial spacer
thicknesses. All statistical analyses were calculated in Minieddase 13 for Windows). Comparison
with a paired ttest were performed to determine if there were significant differences in kinematic and
strain data due to plateau angle and spacer thickness. A significance level @5 pre® used for all

analyses.

2.5 Results
2.5.1 Normal versus CrCL Deficient Stifle
A summary of all kinematic arstraindata is shown in Tab23. CrCL transection caused a decrease
in lateral translation by an average of 1.3 £ 1.0 mm. CrCL transection did not significantly alter any other

kinematics or strain to the collateral ligaments.

Table2.3:MeanPeak Kinematics arldgamentStrain of the Normal and CrCL Transected Stifles
Kinematics are reported as motion of the tibia relatio the femur during flexion.
* indicates significant dfierence (p<0.05) within a column using a pairedsdt.

Rotations (degrees) Translations (mm) Strain (%)
+Adduct@onl +External | +Cranial +Late_ra,1 +Prqxima[| MCL LCL
-Abduction -Internal -Caudal | -Medial -Distal
Normal Peak 43 -8.9 -20.0 6.2* -140 0.11 | 5.72
+SD 2.8 55 55 5.9 4.3 0.03 | 1.08
CrCL Peak 1.2 -7.8 -20.4 4,9*% -15.5 0.25 | 7.02
Transected| +SD 5.2 45 55 4.3 4.0 0.23 | 4.90

2.5.2 Tibial Plateau Angle
The postoperative plateau angl e &Amonmgrysdgleci mens
kinematic andstraindata is shownn Table2.4 and Figure2.10-2.16. All baseplates paired with the 5

mm spacer caused a significant decrease in distal traoslay an average of 5.9 mm that did not vary
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significantly between baseplates. All baseplates also caused a significant increase in caudal tibial thrust

by an average of 3.2 mm. Compared to the normal stifle, TKR with an 8 degeglatealso caused a
decrease in both internal rotation by 5° and | ate
baseplate did not significantly alter adduction. Both théegreeand Odegreeimplants caused a

significantreversaf r om adducti on t3. 72°. 8ahtd W4c. t6i°0o na,n df r4o N ixnt er

6.9° and 6.5

I+

8 . 0 ° laterattamsiatiorstd 7.3 8limm aand 8. h+4.7anmd f r o m
medial translation respectively.
Compared to the normal stifle, thedegreeand 4 degredaseplatesignficantly decreased LCL
strainto 0.49 + 0.53 % and 0.21 + 0.09% respectividigO degreebaseplatereturned LClstrainto 7.63
*+ 1.65%which was not significantly different from normdlhere were no significant differences in

strainto the MCL betweetthe normalstifle and any of the treatments.

Figure 2.9Postoperativeradiographwi t h 'a 10° ti bi al pl ateau angle sh
wire pins.
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Table2.4:MeanPeak Kinematics arldgamentStrain among Tibial Plateau Angles

Kinematics are reported as motion of the tibia relative to the femur during flexion.
Rotations/translations within a column with different superscripts are significantly different (p<0.05)
using a paired-test.

Rotations (degrees) Translations (mm) Strain (%)
+Adductiod | +External | +Cranial | +Lateral | +Proxim# MCL LCL

-Abduction | -Internal -Caudal -Medial -Distal
Normal Peak 43% -8.9% -20.0% 6.22 -14.0% 0.11 | 5.722
+SD 2.8 55 55 5.9 4.3 0.03 1.08
CrCL | Peak 1.2% -7.8% -20.4% 4.9° -15.5° 0.25 | 7.0
Transected| +SD 5.2 4.5 55 43 4.0 0.23 | 4.90
Peak 4.3% -3.9° -22.0% 2.1° -8.4° 0.02 | 0.49°

8deg 5mm
+SD 2.5 4.3 53 7.3 3.6 0.03 0.53
adeg 5mm Peak -2.8™ 5.1° -24.4° -7.3° -8.0° 0.67 | 0.21°
+SD 4.6 6.9 3.6 31 4.3 0.99 0.09
odeg 5mm Peak -4.0° 6.5° -23.3° -8.7° -7.9° 0.50 | 7.63
+SD 3.7 8.0 40 4.7 3.9 0.40 1.65
+Adduction/-Abduction

6 T T T T T T T T T

Rotation (degrees)

B i
_8 1 1 I 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Extension Flexion Extension
% Motion Cycle

Figue 210: Mean adduction amonglateauangles for a specimen witbtandard deviations
Red Normal,Greers CrCL transected®lue- 8deg SmmpBlack 4deg 5mm); :0deg 5mm
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+External/-hternal Rotation
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Figure 2.1: Mean external rotation amonglateauangles for aspecimen withstandard deviations
Red Normal,Greerr CrCL transecte®lue- 8deg 5mmpBlack 4deg 5mm| 3 0deg 5mm

+Cranial/~-Caudal Translation
5 T T T T T T

Translation (mm)

_35 1 1 I 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Extension Flexion Extension
% Motion Cycle

Figure2.12: Mean cranial translation amongateauangles for a specimn with standard deviations
Red Normal,Greers CrCL transeed, Blue- 8deg 5SmmBlack 4deg 5mm); :0deg 5mm
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+Lateral/-Medial Translation

Translation (rmm)

1 I 1 I 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100

Extension Flexion Extension
% Motion Cycle
Figure2.13: Mean lateral translation amonglateauangles for a specimen withtandard deviations
Red Normal,Greerr CrCL transecte@®lue- 8deg 5mmBlack 4deg 5mm| 3 0deg 5mm
+Proximal/-Distal Translation
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Figure2.14: Mean proximal translation amongateauangles for a specimen witstandard deviations
Red Normal,Greerr CrCL transecte®lue- 8deg 5mmBlack 4deg 5mm| 3 0deg 5mm
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LCL Strain

1 0 T T T

% Strain
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% Motion Cycle

Figure2.15: Meanlateral ®llateralligamentstrain amongplateauangles for a spcimen withstandard

deviations
Red Normal,Greerr CrCL transectedlue- 8deg SmmpBlack 4deg 5mm); :0deg 5mm

MCL Strain

1 L 1

2.5 L
0 10 20 30 40 50 60 70 a0 90 100
Extension Flexion Extension
% Motion Cycle

Figure2.16: Mean nredial ollateralligament $rain amongplateauangles for a specimen witetandard

deviations
Red Normal,Greerr CICL transectedlue- 8deg 5mmpBlack 4deg 5mm| 3 0deg 5mm
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2.5.3 Tibial Spacer Thickness

A summary of all kinematic arsfraindata is shown in TabR5 and Figure2.17-2.23. As previously
reported, the 8 degree 5 mm spacer causesignificant decrease internal rotation lateral
translation, and proximal translatioms well as a significant increase in caudal translation. The 7 mm and

9 mm spacers caused a significdatreasen adduction to1.6+5.8" and 1.6 #1.6 respectively The 7

I+

mm and 9 mm spacers caused a significant reversaxternal rotations of 1.9+1°0 and 0. 5
respectively. Both the 7 mm and 9 mm spacers caused signifigaas® caudal tibial translatidry an
average of 4. Tnam that did vary significantly between spacers. The 7 mm spacer caused a reversal from
lateraltranslationto 4.7 + 4.9 mm medial translation, while the 9 mm spacer caused a significant
decreasan lateraltranslationby 5.1 mm. TKR with all three spaceasised a decrease in proximal
translationby 5.3 mm that did novarysignificantly between implants.

Compared to the normal stifle, TKR with all three spacer thicknesses significantly decreased LCL
strainfrom 5.72% to an average of 0.61% which didvaoy significantly between spacers. There were
no significant differences istrainto the MCL between theormaland CrCL transected stifle and any of

the spacer thicknesses.
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Table2.5:MeanPeak Kinematics arldgamentStrain Anong Tibial Spacer Thiclsge

Kinematics are reported as motion of the tibia relative to the femur during flexion.
Rotations/translations within a column with different superscripts are significantly different (p<0.05)
using a paired-test.

Rotations (degrees) Translations (mm) Strain(%)
+Adductiort | +External | +Cranial | +Lateraf +Proximal MCL LCL

-Abduction -Internal -Caudal -Medial -Distal
Normal Peak 43? -8.9% -20.0° 6.2° -14.0° 0.11 | 5.72°
+SD 2.8 5.5 55 5.9 4.3 0.03 | 1.08
CrCL Peak 1.2%° -7.8% -20.4% 4.9° -15.5° 0.25 | 7.02°
Transected| +SD 52 4.5 55 43 4.0 0.23 4.90
8ded 5mm Peak 4.3% 3.9° 22.0° 2.1 -8.4° 0.02 | 0.49°
9 +SD 25 4.3 53 7.3 3.6 0.03 | 053
8ded 7mm Peak 16° 1.9¢ 24.4° -4.7° 7.5° 0.07 | 0.09°
9 +SD 5.8 1.0 4.4 4.9 5.3 0.09 | 0.12
8ded omm Peak 1.6° 0.5¢ 24.9° 1.1 -8.9° 0.62 | 1.25°
9 +SD 1.6 4.4 55 3.1 6.8 0.88 | 1.23

+Adduction/-Abduction

Rotation (degrees)
= M

[®)

4

_6 1 1 I 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Extension Flexion Extension
% Motion Cycle

Figure2.17: Mean adduction amongbial spacerthicknesdor a specimen witlstandard deviations
Red Normal,Greerr CrCL transecte®lue- 8deg 5mmpBlack 8deg 7mm| 3 8deg 9mm
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+External/-internal Rotation
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Figure 2.8: Mean external rotation amontjbial spacerthicknesdor a specimen wittstandard
deviations

Red Normal,Greerr CrCL transecte@®lue- 8deg 5mmBlack 8deg 7mm| 3 8deg 9mm

+Cranial/~Caudal Translation
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Figure2.19: Mean cranial translation amorigbial spacerthicknesdor a specimen witlstandard
deviations.

Red Normal,Greerr CrCL transecte®lue- 8deg 5mmpBlack 8deg 7mm| 3 8deg 9mm
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+Lateral/-Medial Translation
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Figure 220: Mean lateral translation amonbial spacerthicknesdor a ecimen withstandard
deviations

Red Normal,Greerr CrCL transecte®lue- 8deg 5mmpBlack 8deg 7mm| 3 8deg 9mm

+Proximal/-Distal Translation
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Figure2.21: Mean proximal translation amortipial spacerthicknesgor a specimen wittstandard
deviations

Red Normal,Green CrCliransected Blue- 8deg 5mmpBlack 8deg 7mm| 3 8deg 9mm
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LCL Sfrain

% Strain
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Figure 2.2: Mean hteralcollateral ligament strain amortipial spacer thickness for a spe@mwith

3

standard deviations
Red Normal,Greerr CrCL transecte@®lue- 8deg 5mmBlack 8deg 7mm| 3 8deg 9mm

MCL Strain

'2'50 10 20 30 40 5 60 70 80 9% 100
Extension Flexion Extension
% Motion Cycle
Figure2.23: Mean nedialcollateral ligament strain amortgpial spacer thickness for a spe@mwith
standard deviations
3 8deg 9mm

Red Normal,Greerr CrCL transecte®lue- 8deg 5mmpBlack 8deg 7mm|
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2.6 Discussion

Joint rotations othe normal stifle in this study were comparableitovivoresults published by Fu et

a.®*which reported average stifle rotations of six

extensi on tSiifle joibt&n vivosHowerapprorimatelyl 0 ° i nt er nal rotation

relative to the femur during flexion, similartoh e 8. 9° of i nternal rimt ati on

vivoal so showed 10° adduction compared to the 4.2°
No previous studies have been found quantitatively investigating the effects of total knee

replacement on caninetifle kinematics eithein vitroor in vivg, however multiple studies have looked

at the effects of CrCL transection and other reconstruction technigoestro canine studies that

simulated thepull of the gastrocnemius and quadriceps muscles reposigdificant increases in cranial

tibial translation and internal rotation after transection of the CrCL which were not seen in this

study?®® However Korvicket al*° reported from anin vivostudy of five canines thaxcessranial

tibial thrust in the CrCL deficient stitaly occurs during the stance phase with the joint returning to

normal craniocaudal alignment during the naightbearingswing phase. It has also been shown that

guadricepull generates a force in the CrCL at certain flexion angles indicating thgutdriceps is a

contributor cranial tibial thrust**® Since the present study used passive flexion ofjdir without

simulating weight bearing activequadiceps forces, it is not surprising that cranial tiltkalust was

not observed after CrCL transection.
Kinematics after CrCL transection in this study were similar to results from thieo caninestudy

by Chaillewet al,** which pulled on the quadriceps tendon but did not simulate weight beaigr

CrCL transection, no significant changes were seen in ttdniéd thrust, adduction, or internal rotation.

These results were attributed to the fact that only the reright bearing phase of gait was simulated.

It was concluded that quadricefierceis not themainproponentof cranial tibial translation and tha

weightbearing simulation coupled with quadricepsll would have likely caused significant cranial tibial
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thrust. This conclusion farther supported by a study by Reif et®in which an axial load was applied
to canine cadaver stifles without simulating muscle forces. Significant cranial tibial translation was
observed after CrCL transection, indicating twaight bearing without simulatiorof a quadriceps force
places a significant load on ti@&CLResultsrom these previoun vitro studiessupportthe results
from the present study in which no significant changeiint rotationswere seen after CrCL
transection in the canine stifle flexed passively.

All implant combinations caused a significdatreasdn distal tibialtranslationthat was not
significant between implants as well as an increase in caudalfttibigdt. Thedecreasen distal
translationindicates that the TKR components did fibtas mucthof the joint spaceas was removed
with the osteotomies. Even though the 9 mm spacer showed the largest distal translation, an increase in
spacerthicknesswas not enougho increasedistal translation significantly. As expected, there was an
increase in caudal tibisdanslationafter TKR with all imMpnts. This may be attributed to the significant
decreasdn tibial platecavangleas compared to the natur al 24° plat e;
the caudal cruciate ligament no longer intact, the shalloglepepreventsexcessranial tibial thrust
but causeexcessaudal tibial thrust. Therefore, even steeper tibial platethan 8 degrees should be
investigated to determine if the stifle kinematics are restored more closely to normal.

Theinitial 8 degree 5 mm implant restored adductionnormal While thisimplantalso significantly
decreased internalort at i o n dihe orly’baseplatthat maintained the internal rotation of the
stifle instead of reversing to external rotation. Tibial plateau angle significantly affected joint kinematics;
decreasing the plateaangleto 4 and O degrees causedeversalin kinematis t o 2. 8° and 4. 0°
abduction, 5.1° and 6.5° external rotation, and 7
These resultindicatethat shallower plateau angles incrementally caugeeersalfrom normal

kinematics in adduction, internal rotatioand lateral translation. Tibial spacer thickness significantly
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affected joint kinematicas well Increasing spacéhicknesgo 7 mm and 9 mm caused significant
decreases in adduction,raversalto external rotation, and @ecreasen lateral translain.

Strain to the MCL was minimal in the normal stifle and was not significantly differentioomal
after TKRThe 8degreeand 4degreeimplantssignificantly decreased L&lrain, while0 degreeimplant
returned LClstrainto normal These resultgdicatethat strainto the LCL is minimal with steeper
plateau angles, and the LCL may benefit from steeper tibial osteotomies. All three spacer thicknesses
showed a significardecreasean LCL strain with an average of 0.61% that was not affected by giicgea
spacer thickness. The decreased strain on the collaterals may be attributed to the decreased distal tibial
translations seen after TKR as fb@t is more compact, causing lestsainon the ligaments. Results

from this studyindicatethat strainto the collateral ligaments isat negatively affected by TKR.

2.7 Conclusion

Thestudyherein described the thredimensional kinematics of the canine stifle before and after
CrCL transection followed bgtal knee replacement with varying tibial plateau angiesl spacer
thicknesses. Transection of the CrCL did not significantly alter kinematics in this study except lateral
translation, but is expected tcauseexces<ranial tibial translation during weight bearing conditions.
Results from this study suggestdt both tibial plateau angle and spactticknessaffect the kinematics
of the canine stifleDecreasing the plateau angle causa@ersalin adduction, internal rotation, and
lateral translation. Increasing tibial spacer thickness caused a decreadduntion, aeversalto
external rotation, and @ecreasen lateral translation. Abnormal knee kinematics in humans have been
shown to cause a change in the contact mechanics of the implant, leading to premature impant
and looseningis well as ex@s strain on the surrounding ligamerif4® Abnormal kinematics due to
these tibial implant variables may becantributor to the implant complications and fares that have

been observed clinicalljaurgeons should take care notdot the tibial plateautoo shallow during
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surgery or ovestuff the joint with larger tibial spacers, as postoperative stifle kinematics and success
rates are likely to be negatiwehffected.

Further studies should investigate plateau angles steeper than 8 degrees to determine if there is an
angle where kinematics are more closely restored to norfalure studies would also benefit from
using a kneeig that includes aveightbeatingforceto more accurately simulati vivoconditions that
affectstrainto the CrCL and joint kinematics. The results herein may serve as a foundation for the
investigation of the optimal tibial plateau angle in caniaotal knee replacement and lead tincreased

success rates and quality of life for canines with stifle osteoarthritis.
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CHAPTER 3

In Vitro Kinematics of the Stifle and Gastrocnemius Tendon Strain in Three Chicker?Breeds

®Baker, K.BT.L. Foutz, K.J. Johnsen, and S.C. Budsberg. To be subniftedity Science
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3.1 Abstract

Objective The primary objective of this study was to quantify thevitro three-dimensional
kinematics of the stifle of three breeds of broiler chickens with varying prevalences of leg deformities. A
secondary objective was to measure the straf the gastrocnemius (gastroc) tendon and compare stifle
kinematics before and after transection of the gastroc tendon.

Sample Six pelvises collected from each of three breeds of chicken that represented varying
susceptibilities to leg problems: Athe@anadian, 1996 Broiler, Commercial Broiler.

Procedure Each pelvis was mounted on a modified Oxford knee rig that allowed for six degrees of
freedom of the stifle while preserving the hip and hock joints. Flexion/extension was simulated while
kinematic daa and gastroc tendon strain were measured continuously. Kinematic data was again
collected after gastroc tendon transection. Joint coordinate systems on the femur and tibia were
constructed to calculate stifle kinematics in all six degrees of freedom.

Resliis- Stifle kinematics and gastroc tendon strain varied significantly among breeds. The-Athens
Canadian with the lowest prevalence of leg deformities exhibited stifle kinematics similar to the human
knee. The 1996 Broiler stifle showed a reversal from atidn to adduction and a decrease in internal
rotation when compared to the AtherSanadian. Gastroc tendon strain was positively correlated with
the prevalence of leg deformities in a breed. As expected, transection of the gastroc tendon caused
decreasedlexion in all three breeds as well as a reversal in abduction/adduction in both the Athens
Canadian and Commercial Broiler.

ConclusionsResults from this study suggest that the kinematics of the broiler stifle are indicative of
the prevalence of leg ptems within a breedin the healthy broiler stifle, the gastrocnemius tendon
may serve to resist excess abduction caused by the collateral ligaments. The reversal from normal
abduction to adduction in the 1996 Broiler may occur to counterbalance thedsetkcranially oriented

bodyweight of the faster growing breed.
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3.2 Introduction and Literature Review

3.2.1 Background and Importance

Musculoskeletal abnormalities in commercial broiler chickens are prevalent among various breeds
and under a variety of conditionsith reports of up to 90% of broilers affecté&@tudiessuggest that
these abnormalities are due to the birds’ rapid
placed on relatively immature joinfs While many breeds are affected, the presate and degree of
lameness among breeds varies significantly and is attributed mainly to growth capacity determined by
breedingtechniques. Multiple studies have shown that leg deformities are heritable, and should
therefore be preventable with careful eding technique$?® Previous studies have established clinical
gait scores to compare the walking abilities of broilers; however, there is no data quantifying the
kinematics of the broiler gaftBefore leg problems in commercial broilers can be addste source
of the abnormalities must be ascertained. Comparing gait kinematics among breeds with varying
degrees of leg problems will supply another quantifiable parameter of efficiency when performing
selective breeding. With the incidence of broileg labnormalities increasing due to selective breeding
for rapid growth rate, determining the causes of leg weakness in broilers will have great impact on the

welfare of commercial broilers and has the potential to save the industry millions of dollaralgnnu

3.2.2 Skeletal Abnormalities in Modern Broilers
In 2011, approximately 90 billion broiler chickens were produced in the United States. the
past 60 years, there has been a continuous increase in market weight of domestic broilers, mainly due to
geneic selection for increased breast weight for efficieR¢y Growth rate more than doubled from
1960 to 2000significantly reducing the number of days to achieve market weiht:However,
increased body size and breast muscle introduce increaseds&s on the immature skeletal system of
the modern commercial broiletAs a result, leg weakness has been investigated as a serious problem in

fastgrowing broilers.
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Kestin et af.detected gait abnormalities in 90% of broiler chickens and showed 6%t & broilers
suffered an abnormality that affected their welfar@orensen et df: assessed gait score and liveweight
in 4,640 broilers with varying photoperiod manipulations. Results showed strongjatons between
gait score and liveweight. Sanotra et‘3herformed a similar study in Denmark of 2800 chicks from 28
different broiler flocks qualitatively assessing walking ability and the prevalence of leg disorders. The
study revealed high incideas of impaired walking ability (75%), tibial dyschondroplasia (57%),
varus/valgus deformation (37%), and crooked toes (32%).

Hocking et at? examined over 900 commercial broilers, layers, and traditional chickens at 6, 8, and

10 weeks of age. Resultsshmwd t hat t he commerci al broilers’ tibi
compared to the 15° and 16° plateaus of the | ayer
breeds saw an increase in pl at e aaaaaglkegaseonsistenthh age,

steeper than the other br e¥pdfermédya stadpgmparng randdme | y 10
bred and geneticalkgelected chickens fed bot-libitum and with restricted diets. Results showed

that chickens bred for rapigrowth, fedadHibitumh ad t he st eepest tibial pl at ¢
also showed that the randorred, feedrestricted birds had wider tarsometatarsal diameters than

birds fedad-libitum. This is thought to be due to the fact that bone developmierglower during

periods of rapid growth, catching up after maturity when muscle strength and bodyweight have

peaked®® Since bone development is slower than muscle development, selective breeding for rapid

growth tends to place abnormally high strainstmimes in the leg, causing deformities and problems

walking. These studies show a correlation between tibial plateau angle and the prevalence of leg

deformities in the modern commercial broiler that affects the welfare of the birds.

3.2.3 Genetic Selection fordpid Growth Rate
The time for a chick to reach market weight has been steadily decreasing, reduced from 120 days in

1925 to only 30 days in 2005It has been suggested that younger birds may be more sensitive to
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liveweight than older birds due to weakekeletal systems and that a large proportion of leg weakness is
related to rapid juvenile growth rat&!® Juliarf suggests that shorter growth periods provide an
insufficient amount of time for proper alignment and remodeling of bones in the leg. Tibsueme
stronger and more resilient with age, especially bones, tendons and ligaments, which are then better
able to support naturally increased weights. Kestin étimlestigated age differences associated with
lameness in a study involving thirteen géyyes of poultry with a wide range of growth profiles and two
different feeding programs. Degree of lameness was assessed qualitatively after 54 and 81 days. Results
suggested that younger birds may be more sensitive to differences in weight than oldeahi
therefore become lamer for each unit of weight gain than older birds.

Genetic factors influencing liveweight and growth rate are important determinants of lameness in a
diverse range of genotypés.Skeletal causes of lameness are thought to tefsoin the intensive
genetic selectiorfor liveweight and breast meat yiefdKestin et af.investigated leg weakness among
different commercial broiler crosses with 2,687 chicks from four genetic lines. The gait of each bird was
scored individually by aexperienced assessor on a 0 to 5 scale when the birds moved spontaneously in
the rearing environment. Results indicated that gait scores differ significantly among genetic lines
independent of bodyweight, suggesting that improved genetic selection cadokdse the high
prevalence of leg deformities seen in modern broiler lines independently of live bodyweight. Havenstein
et al? investigated bodyweight, feed consumption, and mortality in a 1957 control strain and a 2001
modern strain of broilers when fediets representative of their years. The modern strain reached
market weight at 32 days while the control strain would not have reached the equivalent weight until
101 days. With the mortality rate of the control strain at half the rate of the moderrirstrasults
showed that mortality rates and skeletal defects in broilers are rare or absent in slower growing strains.

The most significant and common developmental disorder of the broiler skeleton is varus/valgus

deformation, with varus deformities redirlg in more serious walking difficulty*® Angular bone
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deformity appears to be specifically related to rapid growth, indicating that it could be reduced by
slowing the growth rate during the first 121 days of lifé.A study by Juligralso suggestsat rapid
growth rate leads to severe lameness, bone defects, and deformities. The risk of leg problems could be

reduced by decreasing the rapid growth rate that has been shown to cause skeletal defotiities.

3.2.4 Gastrocnemius Tendon Rupture

The gastroc tendois a key contributor to the knee flexion mechanism. The medial and lateral heads
of the gastrocnemius muscle originate on the posterior surface of the medial and lateral femoral
condyles, merging at the gastroc tendon which inserts onto the posteriéaciof the calcaneu.
Rupture of the gastroc tendon is widely recognized as a cause of lameness in broilers. It was previously
thought that rupture was caused by reovirus or staphylococcus infeétidnhowever, it has been
hypothesized that genetiselection for increased growth rate and bodyweight contribute to the
condition as welt?*?%In a case study by Crespo efalthe mortality rate due to gastroc tendon
rupture was 0.5% to 1% in a flock, equivalent to a loss of 60 birds per daym&xdsin evaluation
showed that infectious agents were not the cause of rupture. All tendon ruptures were observed in hens
only, and were thought to be due to excess movement and jumping to avoid aggressive males after an
increase in the mako-female ratia In a study by DinéYof 8 broiler breeder flocks from two farms
with over 10,000 broiler hens, the incidence of lameness in female birds was 4% and 8%. Rupture of the
gastroc tendon accounted for the cause of lameness in 78 birds. Because of theté&agsghovitis or
arthritis in the affected birds, this study provides evidence for spontaneous rupture of the tendon
unrelated to infection. While it is clear that

flex the stifle and therefre inhibit walking, its full effects on stifle biomechanics are unknown.
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3.2.5 Broiler Welfare and Economic Losses

Skeletal deformities and leg problems in broiler chickens compromise the welfare of théBirds.
There is increasing evidence that birds witbderate leg weakness suffer from pain as they walk.
Danbury et af® investigated 32 broilers with healthy legs and 32 lame broilers. Birds were conditioned
to recognize the difference in color betweemo feeds: analgesitreated and normal. The birds were
then individually housed and allowed to fead-libitum with a choice of feed. At the end of the self
selection period, blood samples were taken and walking ability of each bird was reassessdd. Resul
showed that both lame and healthy broilers consumed the same amount of feed, but the lame birds
included significantly more of the drugged feed in their diet, which increased with degree of lameness.
These finding support the hypothesis that broilershwameness experience pain, which causes distress
from which they seek relief. Similarly, Weeks et’ ahvestigated the number of visits to the feeder as
related to leg weakness. Following 4 hours of food withdrawal, 40 broilers each with good and poor
walking ability were given access to a feeder. Results indicated that lame birds visit the feeder
significantly less frequently than healthy birds. Assuming that all birds had the same high motivation to
feed, the results indicated that birds experienclagheness had a conflicting need to remain lying,
which sometimes took preference over feeding.

Leg weakness was estimated to cause a mortality rate of 3.2% of the total US broiler population in
1993, which cost the broiler industry an estimated 8D mllion.'**®With the growth rate currently
greater than that of 1993, increased incidence of leg weakness and greater economic loss is expected in

today’'s broiler industry.

3.2.6 Gait Score and Stifle Kinematics
The stifle joint moves through complex kinematiotions during the gait cycle with six degrees of
freedom clinically described by three rotations (flexion/extension, adduction/abduction,

internal/external) and three translations (cranial/caudal, medial/lateral, proximal/distal) shown in Figure
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3.1. Curently, experienced researchers commonly assess walking ability in commercial broilers visually

with a method developed by Kestin et'ahvolving a 0 to 5 scale. This method is effective at evaluating

a bird’'s ability t o ypeafchuse oblanmenessafythe birtl. iThistmeteod @dmo ut t
requires an experienced researcher to perform the assessment and is subject to variations between
examiners. The method does not attempt to describe the motions of the stifle, but only evaluates a

birdd s ability to walk. Measuring the kinematics of
objective and quantifiable way of identifying and categorizing leg problems that could standardize the
diagnosis of various types of leg problems seen imtlbedern broiler. Comparing the stifle kinematics of

a lame versus a healthy broiler may also help determine the causes behind leg weakness.

Internal/External
Rotation

Abduction/ .

Adduction 7 i~
/ \ |}
/ \ \

Medial/Lateral
Translation

Flexion/
Extension

| “ /" Cranial/Caudal
( | Translation
\ /

Distal/Proximal
Translation

Figure3.1: The six degrees of freedom of thigfle, clinically described abree rotations

(flexion/extension, internalexternal, abduction/adductiongndthree translations (cranial/caudal,
medial/lateral, proximal/distal)
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3.2.7 The Oxford Knee Rig

The kinematics of the human kndavebeen researched extensively bathvitroandin vivoto map
its natural motons.In vivostudies more fully represent physiological conditions, which are impossible to
replicate fully with cadaveric studies. Howevan,advantage tdn vitro systemss thattest conditions
aremore easily altered and evaluated within specimena)imizing variability among specimefisTo
simulate the natural kinematic motions of the stifle in a cadaveric hind limb, the knee must travel
through all sixdegrees of freedomExperimental testing with knee simulators is often used to
guantitatively ealuate the performance of specific treatmenta the kinematics of the human knee
joint.** The most commonly used simulator for kinematic testing is the Oxford Knee Rig (OKRyaghich
first designed by Bourne et #ito test postmortem human knee jointby allowingfor six degrees of
freedom of the stifle joint during a deep flexion stance

There have been multiple studies published using similar knee kinematic testing devices to
investigate the effects of different surgical treatments on the kinemaifdbe human knee. Bellemans

et al®

simulated deep flexion in 21 human cadaver legs before and after a standard TKR with tibial
pl ateau angles ranging from 0° to 7°. Results sho
degree of tibial slopeSimilarly, Ostermeiéf measured implant displacement and the quadriceps force
required to extend the knee in seven cadaveric specimens after total knee replacement with tibial
pl ateau angles of 0° and 10°. Retlsedwotreatmentswithed a s i
the posterior slope causing more physiologic insert movement and reduced quadriceps force.

In a review of OKR studies involving human cadaver legs, Varadaraj&heralluded that the
OKR can replicate femoral rollback andthe r ew home mechani sm between O0°
reduced femoral rollback and an absence of the screw home mechanism in TKR patients. It was

suggested that the OKR’'s ability to replicate int

among studies, and that results should be carefully interpreted. Yildirim ¥tsahulated deep flexion
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with a rig that pulled the quadriceps tendon utilizing springs to simulate the hamstrings. Seven cadaver
knees were run intact, after ACL transection,dd af t er i mpl antation with foui
The path of the articulating surfaces was mapped for each treatment, and significant differences were
shown between treatments in axial rotation and mediolateral displacement. Kondo*atisgd an
optical tracking system to track eight cadaver legs mounted on an OKR to test the difference between
knees before and after ACL transection and simybel doublebundle ACL reconstructions. Significant
differences in kinematics were found between theatments for internal rotation and craniocaudal
translation.

While manyof these studiesaveused the OKR to drive the motion aefcadaveric specimewith
only the quadriceps retained, litas beershown that such techniques can cause a distortion in the
joint’s naturalkinematicsbecause the removal of muscle groups resinta loss of the muscle tensions
and constraints placed across the joifivaradarajan et & suggest that the inclusion of muscle
provides more physiologatconstraints which prode important implications with regarde the ability
of the OKR to simulate naturahee motiors. Wilson et af¥’ found that in cadaveric knees flexed
passively without simulating muscle forces, internal/external rotation, abduction/adduction, and all
three components of translation are coupled to flexion/extension angle in the normal Khése.
suggests that passive knee motion is guided by articular contact in the medial and lateral compartments
and the passive constraints of the surrounding ligameftese studies have shown that simulating
deep flexion in human cadaver legs with an Oxford knee rig can detect significant differences in
kinematics between various treatments. Therefore, similar techniques should be able to detect

differences in the kineattics of broilers with varying leg deformities.

3.3 Purpose of Study
The primary purpose of this study was to characterize the kinematic motion of the stifle in three

breeds of broiler chickens by simulating deep flexion in cadaver limbs. A secondary elyexito
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determine the function and strain of the gastroc tendon of each broiler breed during deep fl&kien.
guestions of interest were: (1yasthere significanvariability in kinematics between the three breeds
(2) wasthere significant variabilityn strain to the gastroc tendon between the three breedsd (3)
were there significant differences in kinematics within breeds after gastroc tendon transection
Understanding how joint motions differ between breeds will provide important information athow
breeding for rapid growth rate affects stifle kinematics. This will provide an important basis for

improvements to breeding techniques, leading to greater quality of life for commercial broilers.

3.4 Materials & Methods

3.4.1 Samplesand Preparation

Three beeds of birds were chosen to represent varying prevalences of leg deformities. Athens
Canadians were used to represent a slower growing bird with relatively minimal leg problems compared
to commercial broilers. 1996 Broilers were used to represent a hittd avhistory of moderate leg
problems. Commercial Broilers, which have a history of a high prevalence of leg deformities, were
chosen to represent a condition common to indus®yx birds each from the 1996 Broiler line and a
Commercial Broiler line wersacrificed at six weeks of age. Six Ath€asiadians were sacrificed after
reaching sexual maturity (approximately 21 weeks old). Specimens were prepared by detaching the legs
and spine from the main body and removing all skin above the tarsal joint preigerving all

musculature. Specimens were stored-4®°C and taken out to thaw four hours in advance of testing.

3.4.2 Simulated Motion Cycle

The spine of each bird was attached to a modified OKR with two bolts while the feet were held rigid
on a horizontaplatform (Figure 3.2). The modified OKR simulates passive flexion and extension in a
cadaveric leg by controlling vertical motion of the spine. The rig allows for all six degrees of freedom of

the stifle through horizontal sliders mounted in the craniocaluand mediolateral planes. The spinal
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attachment was mounted on a clevis hanger to allow the spine to freely rotate in the craniocaudal plane
to simulate the natural motion of the spine during squatting in a live bird. Kirschner wire (1.6 mm
diameter) wadlrilled into the bone at 6 anatomical locatigrasd reflective markers were attached to

the end of each wire at the surface of the skmior to testing, the stifle and hock joints were moved
through a full range of motion to ensure no impingement frima wires. Each specimen underwent five

motion cycles from full extension to full flexion (388°) while kinematic and strain data were collected.

Figure3.2: The modified Oxford knee rgimulates flexion/extension by holdinke feet rigid while
moving the spine verticaljyallowing for sixdegrees of freedom of the stifle.

3.4.3 Motion Tracking

During the motion cycle, thredimensional marker positions were collected with a set of five Vicon
T-series infrared cameras at 200 Hz with Vicon Motus softwEne.reflective markers and wires
remained in place throughout the duration of the experiment. Using the raw marker locations, the
angular and translational motions of the stifle joint were calculated in Matlab using the joint coordinate

system technique deeribed by Fu et &f (Figure 3.3). Rotations about the three clinical axes were
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calculated and reported as motion of the tibia relative to the femur. Kinematic motions except
flexion/extension were calculated in reference to the initial position atdxlension with an angle of’0
or a translation of 0 mnndicating the joint was in the same orientation as the initial frame at full
extension. Translations were calculated from tibial crest to the midpoint of the femoral epicondyles

along the long femoradxis.

S

SE
‘/l—'t

Figure3.3: Cranial view of the hind limbs of a chicken with reflective markeirk locations shown in
red (left) and the constructed Joint Coordinate Systems located on the greater trochanter and tibial
crest for the femur and tibia respdetly (right). Markers locations:dreater trochanter, dateral
epicondyle, 3medial epicondyle, dibial crest, 5lateral malleolus, nedial malleolus. Joint coordinate
system axes: x +cranial; y +lateral left leg/+medial right leg; z +proximal.

3.4.4 Gastpocnemius Tendon Strain

The displacement of the gastroc tendon was measured during the motion cycle. A displacement
sensor (MicroStrain, NDVRT3) was attached to the gastroc tendon using barbs on the sensor. The long

axis of the sensor was aligned to tloedj axis of the tendon with the specimen was at éuliension.

Displacement was calculated from the output voltagusing the factory calibratgablynomial fit
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equations. Strain on thieendonwas calculated as the ratio of sensor displacement toimaidength

between the barbs. The displacement sensor is comprised of a main body and freely moving core that
detects core position by measuring the coils differential reluctance using a sine wave excitation and
synchronous demodulator (Figure 3*§' The £nsor was connected directly to a signal conditioner
(MicroStrain, DEMOIDVRT) calibrated at the factory with the sensor. A Vernier LabPro Data Logger and
computer with software (Logger Pro 3.6.0) were used to collect the conditioned output voltage feom th

displacement sensor at 200 Hz.

10 mm

Figure3.4:MicroStrain 3 mm displacement sengM-DVRT3) with barbs

3.4.5 Experimental Procedure

Each specimen was mounted to the modified OKR with the gastroc tendon intact and run for five
cycles as previously deflmed while collecting kinematic data. Two subsequent trials were run first with
the periosteum over the gastroc tendon severed, then with the displacement sensor attached to the
gastroc tendon to collect displacement data. Kinematic data was collecteaigdonih trials to
determine if severing the periosteum and attaching the sensor altered the kinematics of the stifle. The
displacement sensor was subsequently removed and the gastroc tendon severed. Each specimen was
run through five cycles through the samange of motion as the initial trial (i.e. range of motion of was
not adjusted to reach identical flexion/extension angles after each treatment).

Tibiae and femurs from each specimen were dissected out with the stifle joint ligaments intact.
Lengths oflhe collateral and cruciate ligaments were measured from origin to insertion, and width was

measured at the midength point. Length and midiaphyseal width of the tibiae and femurs were
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measured in the mediolateral plane. The joint was disarticulatedth@adnenisci and ligaments

removed from the tibia. Medial view images were taken of the proximal end of the tibia, and tibial

plateau angles were drawn and measured. Plateau angle was measured as theetvwglen (a) the

long axis of the femur drawn froni¢ midpoint of the intercondylar eminences to the center of the

tarsal joint; and (b) the medial tibial pl ateau d

margins.

3.4.6 Statistical Analysis
For all kinematics and gastroc tendon strain, peak rangmation and strain for each cycle was
calculated and compiled for each treatmeifihe questions of interest wergvas there significant
variability in kinematicand gastroc strain (a) between the three breeds of broilers, and (b) within each
breed after ech subsequent treatmen#ll statistical analyses were calculated in Minitab (release 13 for
Windows).Using the compiled peak range of motion and peak strain dedag-way ANOVA wassed
to comparesignificant differences in kinematic and strain dataween breedsWhere significant
di fferences were indicated, paired colhepsamei sons we
procedure was repeated to determine if there were differences within breeds between the normal stifle
and the following thredreatments: (1) periosteum severed, (2) displacement sensor attached, and (3)

gastroc tendon severed. A significance level<dd.@5 was used for all analyses.

3.5 Results

3.5.1 Normal Stifle Kinematics and Gastroc Tendon Strain

A summary of mean peak kinematicgloé tibia relative to the femur and strain values is shawn
Table 3.1 and Figures 33%6. Adduction varied significantly between all breeds. Internal rotation varied
significantly between the AtherSanadian and the 1996 Broiler. There were no signifidéferences in

internal rotation between the Commercial Broiler and either other breed. Medial translation varied
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significantly between the Commercial Broiler and both the Ath€asadian and 1996 Broiler. There was
no significant difference in mediaknslation between the Ather€anadian and the 1996 Broiler. There

were no significant differences between breeds in caudal or distal transl&®ak values of strain were

significantly different between all breeds.

Table3.1:MeanPeakKinematics and &troc Tendon Strain Breed
Kinematics are reported as motion of the tibia relative to the femur during flexion.
Rotations/translations within a column with different superscripts are significantly different (p<0.05).

Rotations (degrees) Translationgmm)
+Adductiodt | +External | +Cranial | +Lateral | +Proximal | Strain (%)
-Abduction -Internal -Caudal | -Medial -Distal
Athens Mean -36° -16.0% -11.4 -7.42 -11.9 0.55%
Canadian +SD 0.1 6.3 4.9 0.4 0.8 0.14
. Mean +92° -11.5° -12.1 -7.0° -10.7 2.42°
1996 Broiler o 52 3.2 4.6 3.2 33 0.79
Commerial | Mean +28° -10.2% -13.0 2.3° -10.4 7.00°
Broiler +SD 4.3 7.4 3.9 3.5 3.2 2.68
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Figure3.5: Comparison oMean Kinematics dhtact Broiler Stifles

Percent motiorcycle starts and ends at full extension (130°) with full flexion (85°) at 50% motion cycle.
All kinematics are reported as motion of the tibia relative to the femur.

Red AthensCanadianGreerr 1996 BroilerBlue Commercial Broiler
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Gastrocnemius Tendon Strain

% Strain

I 1
0 10 20 30 40 50 60 70 80 90 100
% Motion Cycle
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Figure3.6:MeanGastroc Tendon Strain by Breed
Percent motion cycle starts and ends at full extension (130°) with full flexion (85°) at 50% motion cycle.

95% confidence intervalre shown as dashed lines.
Red AthensCanadian(Greers 1996 BroilerBlue Commercial Brder

3.5.2 StifleKinematics AfteGastrocTendon Transection

There were no significant changes in kinematics after severing the periosteum over the gastroc
tendon or attaching the displacement sensor.

A summary of all mean peak kinematic values with standaxdations before and after gastroc
tendon transection is showim Table 3.2 and Figures 3379. After transection of the gastroc tendon,
the AthensCanadian stifle showed significant differences in extension, adduction, and distal translation.
Lossofthgast roc tendon resulted in 7.3° less flexion
Abduction reversed after gastroc transection from
The only significant difference in the kinematics of the 1B&6iler before and after transection of the

gastroc tendon was a decrease in flexion of 6.4°. The Commercial Broiler stifle showed significant
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Table3.2: MeanPeakKinematicBefore and After Severing the Gastroc Tendon

Kinematics are reported as motion of the tibia relative to the femur during flexion.
* indicates significat differences betweekinematicsbefore and after transection of the gastrocnemius
tendon within a breed.

after

adductii

Rotations (degrees)

Translations (mm)

tran

on

+Extensioh | +Adductiod | +External | +Cranial | +Lateral | +Proximal/

-Flexion -Abduction -Internal -Caudal | -Medial -Distal

AthensCanadian | Peak -86.1* -3.6* -16.0 -11.4 -7.4 -11.9*
Normal +SD 1.0 0.1 6.3 4.9 0.4 0.8

AthensCanadian | Peak -93.4* +2.6* -15.3 -10.4 1.7 -10.4*
Gastroc Severed | +SD 0.2 1.4 5.1 6.4 0.5 1.3
1996 Broiler Peak -86.3* +9.2 -11.5 -12.1 -7.0 -10.7
Normal +SD 2.5 5.2 3.2 4.6 3.2 3.3
1996 Broiler Peak -92.7* +10.6 -118 -12.1 -7.4 9.4
Gastroc Severed | +SD 3.6 5.0 3.4 45 3.9 2.9
Commecial Broiler | Peak -76.2* +28* -10.2 -13.0 -2.3 -10.4
Normal +SD 1.7 4.3 7.4 3.9 35 3.2
Commerail Broiler | Peak -84.9* -1.2* -11.1 -14.7 -1.4 9.0
Gastroc Severed | +SD 1.9 1.0 6.3 4.2 2.7 2.8
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Figure3.7: Comparison oMean Kinematics dflormal vs Gastroc Severed Stifleshe Athens

Canadian.

Percent motion cycle starts and ends atl Btension (130°) with full flexion (85°) at 50% motion cycle.
All kinematics are reported as motion of the tibia relative to the femur.

Blue normal,Red gastroc tendon severed
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All kinematics are reported as motion of the tibia relative to the femur.
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Commercial Broiler.
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All kinematics are repted as motion of the tibia relative to the femur.

Blue normal,Red gastroc tendon severed
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3.5.3 Morphometric Measurements

A summary of all mean stifle ligament and bone measurements with standard deviations is shown in
Table 3.3. There were no significanfeliences among breeds in MCL length, LCL length, CrCL width, or
tibia width. The Athen€anadian MCL width was significantly larger than that of the other breeds by an
average of 3.48 mm. The 1996 Broiler LCL width was significantly larger than in thbretds by an
average of 3.89 mm. The Commercial Broiler CrCL length was significantly larger than that of the Athens
Canadian by 3.24 mm. The 1996 Broiler CaCL length was significantly larger than that of the Commercial
Broiler by 2.06 mm. The Commerdsabiler CaCL width was significantly larger than that of the 1996
Broiler by 0.80 mm.

The lengths of the femur and tibia of the Athe@anadian were significantly larger than in the other
breeds by an average of 14.34 mm and 22.63 mm respectively. Tkeafithe femur of the
Commercial Broiler was significantly larger than that of the 1996 Broiler by 0.96 mm. The tibial plateau
angle of the Commercial Broiler was significantly larger than that of the other breeds bgragaof
7.7° .
Table3.3:Morphometric Measurements of the Stifle Joint by Breed.
Length (L) and width (W) reported in mm. Tibial plateaglaiTPA) reported in degreddCL- medial

collateral ligament; LClateral collateral ligament; Cr&tranial cru@te ligament; CaCGlkaudal cruciate
ligament.Mean valuesvithin a row with different superscripts are significantlyfelient (p<0.05)

AthensCanadian 1996 Broiler Commercial Broiler

Mean +SD Mean +SD Mean +SD

MeL -t 3092 | 296 | 26.16 | 458 | 26.46 3.23
w | 933 074 | 6.20° 021 | 5.50° 1.04

Lol It 2068 | 181 | 2122 | 253 | 17.87 3.91
w | 331° 0.17 7.22° 187 | 3.36% 0.48
crel Lk 9.27% 040 | 1067 | 088 | 12.571° 1.24
w 3.30 0.07 3.44 0.20 3.34 0.80
caclL L 11.1211" 0.38 12'41: 0.65 10.3&1‘” 1.12
w | 315 033 | 3.09 031 ]| 3.89 0.42
Femur L 88.032 1.74 73'34: 1.91 74.015’ 4.72
w | 9.56 082 | 8.26 040 | 922 0.47
Tibia Lt 12233 | 068 | 9857° | 0.99 | 100.82 6.70
W 8.48 0.44 8.75 0.50 9.46 0.69

TPA 20.7% 125 | 188 | 130 27.4° 3.6
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3.6 Diussion

No previously published data on broiler stifle kinematics were found; therefore, results from human
studies were used to compare with the results herein. Results froin witro study by Wilson et &f.
with 15 human cadaveric limbs showed thainan knees undergoing passive flexion exhibito +9°
abduction,14-36° internal rotation20-34 mmcaudatltibial translation, 29 mm medial tibial translation,
and 624 mm proximal tibial translation. The Athe@sanadian stifle herein was flexed passivaatd
exhibited kinematic rotations and translations similar to results finmitro human studies with the
exception of proximal translation. The similarities between the kinematics of the human knee and the
AthensCanadian stifle suggest that the stifilea healthy broiler appears similar to the human knee.

The kinematics of the 1996 Broiler significantly varied from the Atl@arsadian in both adduction
and internal rotation. During flexion, the Athe@anadian stifle showed abduction, while the 1996
Broiler stifle showed a reversal to adduction. The 1996 Broiler stifle also exhibited less internal rotation
than that of the AthengCanadian. A change from abduction to adduction is expected in faster growing
birds because of increased bodyweight. A biithdarger pectoralis major muscles would be expected
to have a center of mass more cranially and medially oriented than in a normal bird. This increased
weight might need to be counterbalanced for stable standing and walking. By rotating the stifli joint
adduction versus abduction during flexion, the joint may act to balance the increased weight. This shift
in adduction may also explain the decrease in internal rotation needed to stabilize the joint motion.
With the stifle shifting to adduction, this mement may compensate for the larger degree of internal
rotation seen in the Athen€anadian.

Overall, the kinematic results from the Commercial Broiler stifle were less consistent between birds
than results from the other two breeds. The larger standagglidtions within the Commercial Broiler
only allowed for significant difference in kinematics from the Ath€asiadian to be shown in medial

translation with the Commercial Broiler exhibiting 4.8 mm less medial translation than the Athens
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Canadian. The ioosistency between kinematics and the large variations in rotations and translations
within the breed may be a result of the high prevalence of leg abnormalities in Commercial Broilers.

Strain on the gastroc tendon was lowest in the Ath€@aadian and sngficantly larger in the 1996
Broiler and Commercial Broiler. The gastroc tendon of the Commercial Broiler exhibited the highest
strain during passive flexion with a mean peak value more than ten times that of the Aftaralian. It
is probable that the bnormal kinematics at the stifle cause the tendon to pull abnormally and
contribute to the higher strains observed. After transection of the gastroc tendon, the stifle of all three
breeds exhibited less flexion as the spine moved through the same ramgetioh as the initial trial. A
smaller range of motion after gastroc transection is expected because the gastroc is a key contributor to
the extensor mechanism.

The AthengCanadian stifle also showed significantly less distal tibial translation aftepngastr
transection. Both the 1996 Broiler and the Commercial Broiler also showed less distal tibial translation
after gastroc transection, but neither were significant. Changes in peak distal tibial translation may be
attributed to the decreased range of moti@fter transection. Once normalized with flexion angle, there
were no significant differences in distal translation before and after gastroc removal in any breed.

After severing the gastroc tendon in the Athe@anadian, abduction reversed to adductidinese
results indicate that the gastrocnemius resists adduction in a normal bird. The medial collateral ligament
is less flexible than its lateral counterpart due to its attachment to the medial meniscus, inhibiting
abduction and facilitating adduction #ie stifle® In the normal Athens<Canadian, the gastrocnemius
counteracts the effects of the collateral ligaments, stabilizing the kinematics of the stifle joint. Severing
the gastroc tendon in the Commercial Broiler caused the opposite effect seen AthtbasCanadian.

After transection, adduction in the intact stifle reversed to abduction. These results suggest that in the
Commercial Broiler, with a high prevalence of leg deformities, the gastrocnemius serves to resist the

abnormal excess abduction tead of adduction.
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Results from the study herein showed that the femur and tibia of the Ati@8ansadian were
significantly longer than the other breeds. Since bone development is inhibited during periods of rapid
muscle growth, it follows that chickensrmysically selected for rapid growth rates like the 1996 Broiler
and the Commercial Broiler would have less bone development compared to more traditional Bteeds.
The Commerci al Broiler also had a si gamthédtherant |l y s
two breeds. These results are similar to results from the previously mentioned studies by Hockitg et al.
and Corr et al”in which birds selectively bred for rapid growth had significantly higher tibial plateau
angles than their randorbred counterparts. Results suggest that steeper plateau angles are correlated
to abnormal stifle kinematics and have been linked to less stable biomechanics at the knee in many

animals.

3.7 Conclusion

Results from this study suggest that the kinematics of théldarstifle are indicative of the
prevalence bleg problems within a breed. The breed with the lowest prevalence of leg deformities
exhibited motions at the stifle similar to the human knee, with faster growing breeds deviating from the
normal kinematics in abduction, internal rotation, and mediahslation. It is likely that the deviation
from normal stifle kinematics is due to the genetic selection for faster growth rates, leading to immature
tendons, ligaments, and bone compensating for increased bodyweights. Results also suggest that
abnormal kihematics significantly affect function and strain of the gastroc tendon, possibly leading to
the higher occurrence of gastroc tendon rupture in faster growing breeds. In addition, results support
the correlation between steeper tibial plateau angle andvalence of leg deformities that has been
seen in previous studies. These results may be used as a basis for future studies when examining the
kinematics of various breeds of broilers to determine the genetic and environmental causes of leg

deformities.
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CHAPTER 4

SUMMARY &@NCLUSION

4.1 Summary

The previous two chapters described th®Xinematics of a normal canine and chicken stifle. The
purpose of both studies was to characterize the normal stifle kinematics to use a basis of comparison
after treatments were applied camong breeds. Both studies used a modified Oxford knee rig that
preserved the hip and hock joints as well as the surrounding musculature to simulate flexion and
extension. Kinematics were continuously measured and compared between treatments. Strain to the
collateral ligaments in the canine as well as the gastrocnemius tendon in the broiler chicken were
measured as well. Significant differences were detectable between kinematics and ligament strain in
both the canine and broiler stifle, and results showvtiedt the modified Oxford knee rig paired with a
3-D motion capture system may be used to investigate variables in theistiflgo. The large standard
deviations in both studies indicate that a larger sample size is needed to accurately describe the
kinematics of the stiflen vitro.

Results from the canine study suggest that the steepest tibial plateau angle restored the kinematics
closest to those of the normal stifle. TKR with decreased plateau angles negatively affected adduction,
internal rotation and lateral translation. TKR at all plateau angles significantly decreased strain to the
collateral ligaments, therefore TKR is not likely to cause damage to the collaterals unless the joint is
severely ovestuffed. The system used herein was not alo@étect significant differences between a
normal and CrCL deficient stifle as it did not simulate weight bearing, when the cruciate ligaments are

strained.
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Results from the broiler study suggest that there are quantifiable differences in kinematicsdretwe
breeds with varying susceptibilities to leg deformities caused by genetic selection for rapid growth rate.
The AthengCanadian represents a traditional, randdired chicken and showed stifle kinematics similar
to results fromin vitro human knees flexedassively. The 1996 Broiler and Commercial Broiler were
both selected to represent breeds that have been bred for rapid growth to varying degrees. These
breeds showed deviation from the randebned chicken in abduction, internal rotation, and medial
trandation and also showed significantly greater strain to the gastroc tendon. The shorter tibiae and
femurs of the faster growing breeds along with along with the significantly steeper tibial plateau angle
of the Commercial Broiler suggest that bone lengtld ptateau angle are also correlated with incidence
of leg problems.Further investigation is needed to determine if there is a direct correlation between
tibial plateau angle and abnormal stifle kinemati©sierall, results support the conclusion that gén
selection for rapid growth rate inhibits bone development and negatively affects broiler stifle

kinematics.

4.2 Future Recommendations

The results from these studies provide a basis for the characterization of abnormal kinematics within
the canine sfile after TKR at varying plateau angles and the broiler stifle among breeds. The results
herein may lead future research to optimize TKR and decrease the prevalence of leg problems in the
broiler industry. To properly address the issues at hand with fustudies, the following approaches

may be helpful.

Canine Total Knee Replacement
9 A characterization of stifle kinematics before and after TKR throughout a natural gait cycle, both

in vitroandin vivowith greater sample sizes.
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1 A modified Oxford knee ridnat simulates weight bearing as well as muscle pulls to more
accurately mimidén vivoconditions.

1 An investigation of steeper tibial plateau angles to determine at what angle kinematics no
longer replicate those of the normal stifle.

1 A characterization afontact pressure between the articulating surfaces of the TKR implant.

Broiler Chicken Stifle Kinematics
1 A characterization of stifle kinematics among breeds throughout a natural gait cycleinboth
vitro andin vivowith greater sample sizes.
1 A modified Qford knee rig that simulates weight bearing as well as muscle pulls to more

accurately mimidén vivoconditions.
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