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ABSTRACT 

By continuously measuring the kinematics of the stifle in all six degrees of freedom, the effects of 

various treatments may be quantitatively investigated. The Oxford knee rig provides a validated method 

of simulating deep flexion of the stifle in vitro while retaining its full range of motion and minimizing 

variability between animals. The studies herein used a modified Oxford knee rig and a three-dimensional 

motion capture system to investigate (i) the effects of tibial plateau angle and spacer thickness on 

canine total knee replacement and (ii) the variability of stifle kinematics among broiler chicken breeds 

with varying susceptibilities to leg deformities. Strain to the collateral ligaments in the canine and the 

gastrocnemius tendon in the broiler were also investigated. Results from both studies showed 

measurable changes in stifle kinematics, and results may be used to improve the welfare of canines with 

stifle osteoarthritis and chickens bred for rapid growth rate. 
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CHAPTER 1 

INTRODUCTION 

Movement of the animal stifle requires complex interactions between the various structures of the 

joint and is best assessed through an objective technique known as three-dimensional (3-D) kinematic 

analysis. In vivo kinematic analysis typically involves walking an animal through a known control region 

and monitoring the position of key anatomical locations via an imaging system. The 3-D relationship of 

the joint’s bone segments are used to quantify joint angles and translations. In vitro kinematic analysis 

involves cadaver stifles which are mechanically moved through a series of positions, and the 3-D 

relationships of the joint segments are again quantified as angulations and translations. One common 

method of generating this mechanical movement of the cadaver stifle is an Oxford Knee Rig (OKR). The 

OKR is a 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 joints in vitro, minimizing variability 

between subjects and allowing comparison of multiple variables within a subject. 

The objective of the two studies presented herein is to assess the stifle kinematics of two animals 

that have a history of biomechanical problems at the stifle joint. The first study compares the kinematics 

of the normal canine stifle to an artificial stifle with varying tibial plateau angles. The second study 

compares the kinematics of the broiler stifle from birds with various ranges of leg deformities and 

lameness.  The results from both studies may lead to improvements in veterinary practices which may 

increase the quality of life for both canines and commercial chickens. 
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CHAPTER 2 
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2.1 Abstract 

Objective- To quantify the in vitro three-dimensional kinematics and collateral ligament strain of the 

canine stifle before and after cranial cruciate ligament (CrCL) transection followed by total knee 

replacement (TKR) with varying tibial plateau angles and spacer thicknesses. 

Sample- Six hemi-pelvises collected from non-chondrodystrophic canines, ranging between 25 and 

35 kg, euthanized for reasons unrelated to this study. 

Procedure- Each hemi-pelvis was mounted on a modified Oxford knee rig that allowed for all six 

degrees of freedom of the stifle while preserving the hip and hock joints. Stifles were flexed from 140˚ 

extension to 90˚ flexion while kinematic data and strain to the collateral ligaments were measured 

continuously. Data was again collected after CrCL transection and TKR with combinations of three tibial 

plateau angles (8, 4, 0 degrees) and 3 spacer thicknesses (5, 7, 9 mm). Joint coordinate systems on the 

femur and tibia were constructed to calculate stifle kinematics in all six degrees of freedom. 

Results- Normal stifle rotations were comparable to those previously found in vivo. The 8 degree 5 

mm implant resulted in kinematics closest to the normal stifle. Decreasing the plateau angle caused a 

reversal in kinematics to abduction, external rotation, and lateral translation. Increasing spacer 

thickness caused a decrease in adduction and reversals to external rotation and lateral translation. 

Strain to the medial collateral ligament was minimal in the normal stifle and was not affected by 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 the 0 degree implant. 

Conclusions- The steeper 8 degree implant paired with the 5 mm spacer used in this study restored 

the kinematics most closely to the normal stifle. Both decreasing plateau angle and increasing spacer 

thickness negatively affected stifle kinematics. Further studies on the tibial plateau angle in canine TKR’s 

should investigate angles greater than 8 degrees to determine the possible benefits of steeper tibial 

plateau angles on kinematics and collateral ligament strain.  
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Table 2.1: 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 plateau angle 

TPLO Tibial plateau leveling osteotomy 

 

2.2 Introduction and Literature Review 

2.2.1 Background and Importance 

Cranial cruciate ligament deficiency is the leading cause of stifle osteoarthritis in canines.1-3 In 2003, 

the annual economic impact related to this condition was estimated to be $1.32 billion in the United 

States alone.4 The reported prevalence of CrCL deficiency has more than doubled over the last 30 years 

due to longer life expectancies in canines and improved diagnosis of the joint condition.5 In some 

canines with CrCL disease, progression of osteoarthritis occurs even after stabilization or reconstructive 

surgery. For canines with failed prior surgical procedures or severe stifle osteoarthritis, total knee 

replacement, a more invasive surgical procedure, may be required to restore the function of the joint.6 

TKR has been performed on canines in the research setting for many years; however, the first 

commercial canine TKR for osteoarthritis was performed in 2005 with only 50 procedures completed by 

2008.6,7 So far, TKR in canines has been shown to improve postoperative joint function, but as of yet, full 

function of the stifle after TKR has not been achieved.  

2.2.2 Stifle Anatomy and CrCL Deficiency 

The cruciate ligaments of the canine stifle, the CrCL and the caudal cruciate ligament (CaCL), 

originate within the distal femoral intercondylar notch and attach to the intercondylar area of the tibia 

(Figure 2.1). These ligaments provide primary support for craniocaudal and axial stability of the stifle. 

The CrCL functions to limit excess cranial tibial displacement, internal tibial rotation, and hyperextension 
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of the stifle. In contrast, the CaCL prevents excess caudal tibial displacement and limits excess internal 

tibial rotation. While CrCL rupture can occur due to trauma, typically cruciate disease progresses slowly 

under normal loading, and diagnosis is not made until severe rupture.3 Rupture of the CrCL causes stifle 

joint instability and abnormal joint motions that can damage surrounding cartilage and tissues. Previous 

studies indicate that both cranial tibial thrust and internal tibial rotation increase immediately after 

transection of the CrCL and fail to improve over time. Tashman et al.8 suggests that cranial tibial thrust 

continues to increase and become more abnormal over time with the largest changes occurring 

between 6 and 12 months after transection. It was hypothesized that further progression of 

osteoarthritis after CrCL rupture may be due to overload failure of the meniscus. CrCL transection has 

been shown to lead to meniscal fibrillation and tears in at least 85% of dogs after 48 weeks.9 While the 

relationship between excess tibial thrust and osteoarthritis are still under investigation, it is assumed 

that there is a direct correlation between the amount of excess tibial thrust after CrCL injury and the 

progression of osteoarthritis within the canine stifle.8,10,11 

 

Figure 2.1: Illustration of canine stifle anatomy showing the femur, patella, cranial cruciate ligament 
(CrCL), caudal cruciate ligament (CaCL), lateral meniscus, medial meniscus, lateral collateral ligament 
(LCL), medial collateral ligament (MCL), fibula and tibia.  
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The tibial plateau angle (TPA) is a measure of the angle of the articulating surface of the tibia and 

the femur. It is typically 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 plateau drawn from the proximal tibia’s most cranial to caudal radiographic 

margins (Figure 2.2).12 Although the natural canine tibial plateau angle is approximately 24°, implants 

are currently being inserted at 6° in an effort to minimize excess cranial tibial thrust that occurs due to 

the ruptured ligament.6 No studies were found investigating the effects of tibial plateau angle on canine 

TKR. 

    

Figure 2.2: Radiograph of the 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 function. However, since no 

procedure has been proven superior in terms of functional outcome or complication rates, the course of 

A B 
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treatment for CrCL deficiency is typically based on the severity of the condition and surgeon 

preference.13,14 Extracapsular Stabilization is a method that uses a non-absorbable suture pattern 

around the lateral fabella and the tibial crest to mimic the function of the CrCL. This technique is often 

unsuitable for large breed dogs as the suture is more likely to stretch or rupture.14,15 Both Tibial 

Tuberosity Advancement and Fibular Head Transposition involve altering the position of alternate 

ligaments of the stifle to stabilize the joint. During Tibial Tuberosity Advancement, the tibial tuberosity is 

moved forward using a metal spacer and screws to realign the patellar ligament to counteract excess 

cranial tibial thrust.16,17 Fibular Head Transposition uses the lateral collateral ligament to stabilize the 

joint.18,19  

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 craniocaudal plane.20 TPLO is thought to be the most popular 

treatment for CrCL deficiency in medium to large breed dogs; however, it has been shown that further 

progression of osteoarthritis is present in at least 10% of dogs after treatment.21 An in vitro study by Kim 

and Pozzi21 suggests that TPLO restores the proper canine joint alignment during weight bearing but 

does not restore normal patterns of load distribution across the articulating surfaces of the joint. It is 

hypothesized that these abnormal loads cause excess wear on the menisci. Reports of complication 

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

from 12-59% (Table 2.2). 

Table 2.2: Complication Rates of Procedures Used to Treat CrCL Deficiency. 

Procedure Complication Rate 

Extracapsular Stabilization 12.5-21% 14 

Tibial Tuberosity Advancement 31.5-59% 16,17 

Fibular Head Transposition 16.7-25.7% 18,19 

Cranial Wedge Osteotomy 28% 20 

Tibial Plateau Leveling Osteotomy 17.4-28% 14,22-24 
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2.2.4 Total Knee Replacement 

Despite the many procedures available to treat CrCL deficiency, in many canines the progression of 

osteoarthritis continues even after corrective procedures until the joint is dysfunctional. The aim of TKR 

is to recover the natural joint function of the stifle by restoring mobility and stability without the 

presence of the CrCL once other surgical procedures have failed.  The first canine total knee 

replacement became commercially available in 2005 and is comprised of two components: a cobalt-

chrome femoral component and an ultrahigh molecular weight polyethylene tibial component.6 During 

the procedure, the joint capsule is incised proximally, and both cruciate ligaments and menisci are 

excised. Osteotomies are performed on the proximal end of the tibia and the distal end of the femur at 

angles predetermined by cutting blocks used during surgery.6,7   

Both implant components are available in varying widths, determined by superimposing sizing 

templates over preoperative radiographs of the joint. The tibial component is also available in varying 

thicknesses from 5 to 9 mm to fill the joint gap created by the osteotomies. Problems can occur if an 

inappropriate tibial component thickness is chosen because an excess joint gap may cause a deficient 

amount of contact between the articulating surfaces leading to joint instability, while over stuffing may 

cause excess strain on the collateral ligaments. While the correct tibial spacer thickness is also 

determined from preoperative radiographs, any deviation of the location of the tibial cut during surgery 

may change the spacer thickness needed to stabilize the joint. Therefore, it is often up to the surgeon to 

test and adjust the spacer thickness during the procedure and rely on the feel of the joint in passive 

flexion and extension during surgery. Neither the reliability of the surgeon in determining tibial spacer 

thickness during surgery, nor its effects on joint stability is well documented in canine TKR’s.  

The angle at which the tibial osteotomy is performed determines the stifle’s new plateau angle. A 

CrCL-deficient stifle undergoes excess cranial tibial thrust because the ligament can no longer counteract 

the effects of the natural 24° angle of the tibial plateau. Liska and Doyle6 anticipated that the optimal 
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TPA for canine knee replacements would be approximately 6˚. This angle was based on a study 

performed by Warzee et al.25 involving TPLO procedures; therefore, canine knee replacements are 

currently implanted with a 6° posterior tibial slope. During 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 approximately 6˚. The damaged CrCL is typically removed during surgery; however, the CaCL 

remains intact assuming no damage to the ligament.21,26 The aim of the TPLO procedure is to decrease 

the tibial slope from 24˚ to 6˚, which converts cranial tibial thrust to caudal tibial thrust. Since the CaCL 

is still intact, it prevents excess caudal tibial thrust.25,26  

When comparing TPLO and TKR procedures, it is critical to note that the CaCL remains intact during 

a TPLO but is removed during a canine TKR. Therefore, the 6˚ TPA that has been shown to be optimal in 

TPLO procedures may not be optimal for TKR procedures. This 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 movement. It is understood that abnormal tibial thrust causes progressive damage 

to the surrounding ligaments and implant components.21 Therefore, varying the plateau angle in canine 

TKR should lead to varying degrees of craniocaudal tibial thrust and influence the kinematics of the joint 

as well as the success of the procedure. No studies were found investigating tibial plateau angle in 

canine TKR. 

2.2.5 Tibial Plateau Angle in Human TKR 

While limited data is available on the effects of TPA on the outcome of TKR in canines, data is 

available on the human knee to support the hypothesis that tibial plateau angle has quantifiable effects 

on the kinematics of the stifle. In contrast to the canine stifle, the natural TPA in human knees ranges 

from approximately 10 to 15 degrees.27,28 In a study by Bellemans et al.,29 twenty-one human cadaveric 

legs were implanted with knee replacements with tibial slopes from 0-7˚. Maximal flexion was tested 

postoperatively, and an average gain of 1.7° of flexion for every degree of extra tibial slope was found. 
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Ostermeier et al.30 performed an in vitro study on seven legs undergoing TKR to determine the amount 

of quadriceps force required to extend the leg with surgical TPA’s of 0˚ and 10˚. Results suggested that 

steeper tibial slope results in a more physiologic movement and requires less quadriceps force during 

flexion and extension. Finally, Malviya et al.31 investigated range of knee flexion based on multiple 

factors including tibial slope. For 101 TKR patients, a moderate correlation (R=0.58) was found between 

12-month postoperative range of motion and TPA. This study also reported that range of motion 

increased by 2.6˚ for every degree of tibial slope.  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 mobility. However, with an excessively large TPA, the 

posterior lip of the tibia may not be able to prevent anterior subluxation of the tibial component.29  

2.2.6 The Oxford Knee Rig 

The kinematics of the human knee have been researched extensively both in vitro and in vivo to map 

its natural motions in an effort to replicate the motions of a healthy knee. In vivo studies more fully 

represent physiological conditions, which are impossible to replicate fully with cadaveric studies. 

However, an advantage to in vitro systems is that test conditions are more easily altered and evaluated 

within specimens, minimizing variability among specimens.32 To simulate the natural kinematic motions 

of the stifle in a cadaveric hind limb, the joint must travel through all six degrees of freedom clinically 

described as three rotations (flexion/extension, adduction/abduction, internal/external) and three 

translations (cranial/caudal, medial/lateral, proximal/distal) shown in Figure 2.3. The Oxford knee rig 

(OKR) was first designed by Bourne et al.33 for the simulation of knee kinematics in human cadaveric 

specimens and has been shown to allow all six degrees of freedom of the knee. Subsequent studies 

using canine cadaver models to investigate corrective surgical techniques for CrCL injuries typically 

involved removing all musculature from the specimen. Additionally, previous rigs typically have 

simulated the gait only at the midpoint of the stance phase, and limited kinematic data is collected with 
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a focus on craniocaudal translation and axial rotation. Results have varied significantly and are difficult 

to compare with in vivo literature. 

 

 

 
 

 

 

 

 

Figure 2.3: The six degrees of freedom of the stifle are clinically described as three rotations 
(flexion/extension, internal/external, adduction/abduction) and three translations (cranial/caudal, 
medial/lateral, proximal/distal). 

 

Warzee et al.25 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. 

Kinematic data collected included craniocaudal translation and axial rotation as determined from lateral 

radiographs. Results indicated that CrCL transection caused 19 mm cranial tibial thrust while TPLO 

caused 6 mm caudal tibial thrust with respect to the normal stifle. CrCL transection resulted in an 
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internal rotation of 23°, and the subsequent TPLO significantly decreased but did not entirely eliminate 

internal rotation to 10° compared to the normal stifle.  

Reif et al.26 mounted specimens onto a custom rig at an angle corresponding to the position of the 

stifle during weight bearing with the tibial plateau mounted onto a circular frame to simulate a radial 

osteotomy at varying degrees. Specimens were placed under a series of loads while cranial tibial 

translation was induced by a constant cranial pull on the tibial crest. The distal portion of the testing 

device was connected to a universal joint to simulate the tarsal joint. Craniocaudal translation was the 

only kinematic variable reported and was measured with a potentiometer. Results indicated that CrCL 

transection caused 14 mm cranial tibial thrust with respect to the normal stifle, and TPLO caused 2 mm 

caudal tibial thrust.  

Chailleux et al.34 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 apparatus with a 

bearing mechanism allowing axial rotation and translations to simulate the hip while the tibial end was 

left free. Motion was dynamically induced by a force on the quadriceps tendon throughout a flexion 

range of 90˚ to 30°. Craniocaudal translation and two rotations were measured with an electromagnetic 

tracking system. Unlike previous studies, results indicated that CrCL transection had no significant 

impact on craniocaudal translation compared to the normal stifle, and the subsequent TPLO caused 

approximately 11 mm caudal tibial thrust over the range of motion. After CrCL transection, axial rotation 

and adduction showed no significant differences from the normal stifle. However, after TPLO both 

external rotation and adduction significantly increased by approximately 8° and 5° respectively.  

Kim et al.21 prepared specimens by preserving the tarsal and stifle joint capsules and simulating 

gastrocnemius and quadriceps muscle forces. Specimens were mounted to a custom femoral jig 

mounted on a materials testing machine allowing for adjustment of the hip. During static loading with 

the stifle at the midpoint of the stance phase of a walk, only axial rotation of the femoral component 
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was unconstrained. Nylon screws implanted in the tibia and femur were landmarks for static positions of 

the stifle joint. Results indicated that CrCL transection increased cranial tibial thrust by 15 mm and 

internal tibial rotation by 14̊, and the subsequent TPLO restored normal craniocaudal translation and 

axial rotation.  

While many of these studies used the OKR to drive the motion of the cadaveric specimen with little 

to no muscle retained, it has been suggested that such techniques may cause distortion of the joint’s 

natural motions due to a loss of the muscle tensions and constraints placed across the joint. Varadarajan 

et al.32 suggests that the inclusion of muscle provides more physiologic constraints and has important 

implications with regard to the ability of OKR setups to simulate physiologic knee motion. Wilson et al.35 

found that in human cadaveric knees flexed passively without simulating muscle forces, internal 

rotation, abduction, and all three components of translation are coupled to flexion/extension angle in 

the normal knee.  

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 simulate in vivo joint kinematics.32 Currently limited canine 

stifle kinematic data is available from previous studies that mainly focus on craniocaudal translation and 

axial rotation. To fully determine the effects of any surgical procedure on a CrCL transected stifle, all six 

degrees of freedom of the joint should be investigated, as treatments may cause significant changes in 

other motions besides cranial translation and internal rotation. The majority of studies found have 

limited their investigation to effects of a treatment during a static pose at the midpoint of the stance 

phase. The kinematics of the stifle change during the gait cycle; therefore, it would be ideal to 

investigate the kinematics continuously throughout a full gait cycle. In order to obtain complete 

kinematic data over the full gait, a method of data collection that is capable of continuously measuring 

all six rotations and translations of the stifle should be investigated. By preserving the surrounding 
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musculature and collecting data over a full motion cycle, results may be more comparable to results 

from in vivo literature.  

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 plateau angles paired with varying tibial spacer thicknesses. A 

secondary objective was to determine the effects of both plateau angle and spacer thickness on strain to 

the collateral ligaments as excess strain to these tissues could cause further damage to the already 

vulnerable joint. The questions of interest were: was there significant variability in kinematics and 

ligament strain between TKR trials implanted (1) at varying tibial plateau angles; and (2) with varying 

tibial spacer thicknesses. 

Understanding how joint motions change after manipulation of these two tibial component 

variables will provide valuable information on how varying TKR components alters the mechanical 

properties of the stifle joint postoperatively. This will provide an essential basis for improvements to and 

optimization of the current canine 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 Specimen Preparation 

Six hemi-pelvises were collected from non-chondrodystrophic canines ranging between 25 and 35 

kg, euthanized for reasons unrelated to this study. Each hemi-pelvis was radiographed, and TKR 

templates were superimposed on the radiographs to determine implant size. Hemi-pelvises were stored 

at -40°C and taken out to thaw at room temperature 24 hours in advance of testing.  For specimen 

preparation, tissue above the hip joint was removed. Using holes drilled through the ischial tuberosity 

and sacroiliac joint of the ilium, a custom made bar of angle iron was bolted to the specimen. The 
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collateral ligaments were exposed; however, the specimen was left intact with no muscles or ligaments 

severed. 

2.4.2 Simulated Motion Cycle 

Each specimen was mounted to a modified OKR by attaching the angle iron to the crosshead of an 

Instron testing machine (Figure 2.4). The Instron travelled at a rate of 50 cm/min to provide controlled 

vertical motion to simulate flexion and extension. The paw was attached to a platform with a dog boot 

that tightened below the hock without impeding range of motion of the hock joint. Sliders were 

adjusted to align the tibial crest directly over the paw at full extension. The modified OKR was used to 

simulate flexion by holding the paw rigid and displacing the angle iron at the proximal attachment of the 

specimen. The angle iron was free to rotate in the craniocaudal plane, simulating angular spinal 

movement. The specimen was also free to translate in the mediolateral and craniocaudal planes through 

the use of sliders, allowing the full six degrees of freedom of the stifle. Each specimen was cycled from 

full extension to full flexion (140°-90°) for five cycles while data was collected. Because the specimen 

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

     

Figure 2.4: A canine specimen mounted on the modified OKR with the paw attached rigidly to a platform 
and the angle iron bolted through the ischial tuberosity and sacroiliac joint of the ilium. Reflective 
markers are visible as white dots. Displacement sensors are attached to the collateral ligaments.  
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2.4.3 Motion Tracking 

After the specimen was mounted to the rig, Kirschner wire (1.6 mm diameter) was drilled into the 

bone at six anatomical locations (Figure 2.5), and reflective markers were attached 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, three-dimensional marker positions were 

collected with a set of five infrared cameras (Vicon T-series) at 200 Hz with Vicon Motus software.  

Using the raw marker location data, the angular and translational motions of the stifle joint were 

calculated in Matlab with the joint coordinate system technique described by Fu et al.36 Rotations about 

the three anatomical axes were calculated and reported as motion of the tibia relative to the femur. 

Translations were calculated from the tibial crest to the midpoint of the femoral epicondyles along the 

long femoral axis. Except for flexion/extension, kinematics were calculated in reference to the initial 

position at full extension with an angle of 0° or a translation of 0 mm indicating the joint was in the same 

orientation as the initial frame.  

 
Figure 2.5: Canine hind limbs with marker locations shown in red and the constructed Joint Coordinate 
Systems located on the greater trochanter and tibial crest. Markers locations: 1-greater trochanter, 2-
lateral epicondyle, 3-medial epicondyle, 4-tibial crest, 5-lateral malleolus, 6-medial malleolus. Joint 
coordinate system axes: x +cranial; y +lateral left leg/+medial right leg; z +proximal.  
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2.4.4 Collateral Ligament Strain Measurement 

Displacement sensors (MicroStrain, M-DVRT-3) are comprised of a main body and freely moving 

core and detect relative position by measuring the coils’ differential reluctance using a sine wave 

excitation and synchronous demodulator (Figure 2.6 ).37-39 Sensors were connected directly to a signal 

conditioner (MicroStrain, DEMOD-DVRT) calibrated at the factory with the sensors. A Vernier LabPro 

Data Logger and computer with software (Logger Pro 3.6.0) were used to collect the conditioned output 

voltage from the displacement sensors.  

  

Figure 2.6: MicroStrain 3 mm displacement sensor (M-DVRT-3) with barbs (left) and attached to the 
patellar tendon (right).  

 

The displacement sensors were attached to the lateral collateral ligament (LCL) and medial collateral 

ligament (MCL) using barbs on the sensor at locations marked with a fine tip marker to allow 

reattachment if removed. The long axis of each sensor was aligned with the long axis of the ligament 

with the specimen at full extension. The sensor wire was loosely sutured to the overlying tissue to 

prevent sensor displacement. For strain calculations, the original distance between the sensor barbs 

with the leg at full extension was measured with calipers (±0.01 mm). The sensors were left on the 

ligaments for the duration of the experiment. Extreme care was taken not to disturb sensor attachments 

during TKR; however, if sensors were inadvertently removed, they were replaced on the previously 

marked locations, and the distance between the barbs was re-measured. Displacement data was 

1
0
 m

m
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collected at 200 Hz. Displacement for each sensor was calculated from output voltages using the factory 

calibration polynomial fit equations. Strain was calculated as the ratio of sensor displacement to original 

length between the barbs. Strain data was coordinated with the kinematic data using a custom Matlab 

program that determined the length 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 spacer thickness on the kinematics of 

the stifle and strain to the surrounding ligaments, tibial baseplates simulating three plateau angles were 

manufactured by BioMedtrix. Three tibial plateau angles (8, 4, 0˚) and three tibial spacer thicknesses (5, 

7, 9 mm) were investigated. Tibial baseplates were designed to be implanted on a 10° tibial cut 

performed by an extramedullary tibial alignment guide (ETAG). The tibial implant was comprised of two 

components: a set of three tibial baseplates that determined tibial plateau angle and three 

interchangeable spacers of varying thicknesses that snap-fit into the baseplates (Figure 2.7). The custom 

tibial baseplates were manufactured with three identical screw holes that allowed them to be screwed 

into the tibial osteotomy without altering the position of the baseplates between components. Femoral 

implant components and tibial spacers used during the procedure were stock components.  

 

Figure 2.7: Stock tibial spacers from 5-9 mm commercially available from BioMedtrix (top) and custom 
tibial baseplates simulating 8, 4, and 0 degree tibial osteotomies. 
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2.4.6 Experimental Procedure 

During the first set of experiments, a baseline of the normal stifle was established for each specimen 

by mounting it to the OKR. Markers and sensors were placed at the previously listed anatomical 

locations by the same surgeon for each procedure, and the specimen was run from full extension to 

flexion for five cycles. While mounted on the rig, the surgeon opened the joint capsule and completely 

severed the CrCL. The specimen was again run through five cycles while collecting data, and then the 

reflective markers were removed while the displacement sensors and k-wires were left in place. 

The specimen was then transported to the UGA veterinary school for a TKR procedure described by 

Liska and Doyle.6 The same surgeon performed the TKR procedure for 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 ETAG was 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, and a trial tibial implant 

component was inserted to check the fit  with the joint. Holes were drilled to mark the locations of the 

tibial baseplate screws. The tibial component was removed, and the femoral alignment guide was drilled 

into place at the distal femur, taking care to avoid k-wire locations. A femoral osteotomy was 

performed, and the alignment guide removed so the femoral component could be press fit into place. 

The 8˚ tibial baseplate was then screwed into place, and the 5 mm custom tibial spacer was snap-fit 

onto the baseplate. With the joint reduced, the patellar tendon was replaced in its natural position, and 

the fit  of the implant was tested by extending and flexing the joint. The surgeon then closed the joint 

capsule and overlying tissue with bowtie sutures to facilitate re-opening of the joint to switch out 

implant components.  

The specimen was transported back to the testing lab and remounted on the rig with its position at 

full extension replicated. The reflective tracking markers were replaced, and the specimen was run for 
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five cycles while marker location and ligament displacement were recorded. The specimen remained on 

the rig with markers and sensors in place while the custom tibial spacer implants were changed out in 

order of increasing thickness. To interchange the spacers, the bowtie sutures were released, the joint 

flexed and the tibia cranially luxated for access to the implant (Figure 2.8). The previous spacer was 

snapped out of place and replaced with the next largest spacer with the joint flexed. The leg was 

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

    

Figure 2.8: 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 all three spacer thicknesses were tested at 8˚, the tibial baseplate was removed, and the 4˚ 

baseplate implanted. With the 4˚ baseplate, the 5 mm and 7 mm spacers were tested in order of 

increasing thickness. The 4˚ baseplate was then replaced with the 0˚ baseplate and tested with only the 

5 mm spacer. Baseplates with decreasing angles were tested with only the thinner spacers to avoid over 

stuffing the joint and damaging the surrounding ligaments during testing. Each specimen was run 

through five motion cycles with each set of implants. A final radiograph was taken to determine any 

differences between target and actual tibial plateau angle. 

 

A B C D 
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2.4.7 Statistical Analysis 

Mean peak values were calculated for each trial within specimen and used for a paired t-test. The 

questions of interest 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 Minitab (release 13 for Windows). Comparisons 

with a paired t-test were performed to determine if there were significant differences in kinematic and 

strain data due to plateau angle and spacer thickness. A significance level of p<0.05 was used for all 

analyses.  

 
2.5 Results 

2.5.1 Normal versus CrCL Deficient Stifle 

A summary of all kinematic and strain data is shown in Table 2.3. 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.  

Table 2.3: Mean Peak Kinematics and Ligament Strain of the Normal and CrCL Transected Stifles. 
Kinematics are reported as motion of the tibia relative to the femur during flexion.  
* indicates significant difference (p<0.05) within a column using a paired t-test. 

 

Rotations (degrees) Translations (mm) Strain (%) 

+Adduction/  
-Abduction 

+External/  
-Internal 

+Cranial/  
-Caudal 

+Lateral/  
-Medial 

+Proximal/  
-Distal 

MCL LCL 

Normal 
Peak 4.3

 
-8.9 

 
-20.0

  
6.2*

  
-14.0

  
0.11

  
5.72

  

±SD 2.8 5.5 5.5 5.9 4.3 0.03 1.08 

CrCL 
Transected 

Peak 1.2
 

-7.8
  

-20.4
  

4.9*
  

-15.5
  

0.25
   

7.02
  

±SD 5.2 4.5 5.5 4.3 4.0 0.23 4.90 

 

2.5.2 Tibial Plateau Angle 

The postoperative plateau angle among specimens was 10.2 ± 1.8˚ (Figure 2.9). A summary of all 

kinematic and strain data is shown in Table 2.4 and Figures 2.10-2.16. All baseplates paired with the 5 

mm spacer caused a significant decrease in distal translation by 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 degree baseplate also caused a 

decrease in both internal rotation by 5˚ and lateral translation by 4.1 mm. TKR with the 8 degree 

baseplate did not significantly alter adduction. Both the 4 degree and 0 degree implants caused a 

significant reversal from adduction to 2.8 ± 4.6˚ and 4.0 ± 3.7˚ abduction, from internal rotation to 5.1 ± 

6.9˚ and 6.5 ± 8.0˚ external rotation, and from lateral translation to 7.3 ± 3.1 mm and 8.7 ± 4.7 mm 

medial translation respectively.  

Compared to the normal stifle, the 8 degree and 4 degree baseplates significantly decreased LCL 

strain to 0.49 ± 0.53 % and 0.21 ± 0.09% respectively. The 0 degree baseplate returned LCL strain to 7.63 

± 1.65%, which was not significantly different from normal. There were no significant differences in 

strain to the MCL between the normal stifle and any of the treatments. 

 

Figure 2.9: Postoperative radiograph with a 10˚ tibial plateau angle showing implant components and k-
wire pins. 
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Table 2.4: Mean Peak Kinematics and Ligament Strain 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 t-test.  

 

Rotations (degrees) Translations (mm) Strain (%) 

+Adduction/  
-Abduction 

+External/  
-Internal 

+Cranial/  
-Caudal 

+Lateral/  
-Medial 

+Proximal/  
-Distal 

MCL LCL 

Normal 
Peak 4.3

 a 
-8.9

 a 
-20.0

 a 
6.2

 a 
-14.0

 a 
0.11

  
5.72

 a 

±SD 2.8 5.5 5.5 5.9 4.3 0.03 1.08 

CrCL 
Transected 

Peak 1.2
 ab 

-7.8
 ab 

-20.4
 ab 

4.9
 b 

-15.5
 a 

0.25
  

7.02
 a 

±SD 5.2 4.5 5.5 4.3 4.0 0.23 4.90 

8deg 5mm 
Peak 4.3

 a 
-3.9

 b 
-22.0

 bc 
2.1

 b 
-8.4

 b 
0.02

  
0.49

 b 

±SD 2.5 4.3 5.3 7.3 3.6 0.03 0.53 

4deg 5mm 
Peak -2.8

 bc 
5.1

 c 
-24.4

 b 
-7.3

 c 
-8.0

 b 
0.67

  
0.21

 b 

±SD 4.6 6.9 3.6 3.1 4.3 0.99 0.09 

0deg 5mm 
Peak -4.0

 c 
6.5

 c 
-23.3

 c 
-8.7

 c 
-7.9

 b 
0.50

  
7.63

 a 

±SD 3.7 8.0 4.0 4.7 3.9 0.40 1.65 

 
 
 
 
 

 

Figure 2.10: Mean adduction among plateau angles for a specimen with standard deviations. 
Red- Normal, Green- CrCL transected, Blue- 8deg 5mm, Black- 4deg 5mm, Cyan- 0deg 5mm 
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Figure 2.11: Mean external rotation among plateau angles for a specimen with standard deviations. 
Red- Normal, Green- CrCL transected, Blue- 8deg 5mm, Black- 4deg 5mm, Cyan- 0deg 5mm 

 
Figure 2.12: Mean cranial translation among plateau angles for a specimen with standard deviations. 
Red- Normal, Green- CrCL transected, Blue- 8deg 5mm, Black- 4deg 5mm, Cyan- 0deg 5mm 
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Figure 2.13: Mean lateral translation among plateau angles for a specimen with standard deviations. 
Red- Normal, Green- CrCL transected, Blue- 8deg 5mm, Black- 4deg 5mm, Cyan- 0deg 5mm 

 
Figure 2.14: Mean proximal translation among plateau angles for a specimen with standard deviations. 
Red- Normal, Green- CrCL transected, Blue- 8deg 5mm, Black- 4deg 5mm, Cyan- 0deg 5mm 
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Figure 2.15: Mean lateral collateral ligament strain among plateau angles for a specimen with standard 
deviations. 
Red- Normal, Green- CrCL transected, Blue- 8deg 5mm, Black- 4deg 5mm, Cyan- 0deg 5mm 

 
Figure 2.16: Mean medial collateral ligament strain among plateau angles for a specimen with standard 
deviations. 
Red- Normal, Green- CrCL transected, Blue- 8deg 5mm, Black- 4deg 5mm, Cyan- 0deg 5mm 
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2.5.3 Tibial Spacer Thickness 

A summary of all kinematic and strain data is shown in Table 2.5 and Figures 2.17-2.23. As previously 

reported, the 8 degree 5 mm spacer caused a significant decrease in internal rotation, lateral 

translation, and proximal translation as well as a significant increase in caudal translation. The 7 mm and 

9 mm spacers caused a significant decrease in adduction to 1.6 ± 5.8  ̊and 1.6 ± 1.6̊  respectively. The 7 

mm and 9 mm spacers caused a significant reversal to external rotations of 1.9 ± 1.0̊ and 0.5 ± 4.4˚ 

respectively. Both the 7 mm and 9 mm spacers caused significant excess caudal tibial translation by an 

average of 4.7 mm that did vary significantly between spacers. The 7 mm spacer caused a reversal from 

lateral translation to 4.7 ± 4.9 mm medial translation, while the 9 mm spacer caused a significant 

decrease in lateral translation by 5.1 mm. TKR with all three spacers caused a decrease in proximal 

translation by 5.3 mm that did not vary significantly between implants.  

Compared to the normal stifle, TKR with all three spacer thicknesses significantly decreased LCL 

strain from 5.72% to an average of 0.61% which did not vary significantly between spacers. There were 

no significant differences in strain to the MCL between the normal and CrCL transected stifle and any of 

the spacer thicknesses. 
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Table 2.5: Mean Peak Kinematics and Ligament Strain Among Tibial Spacer Thickness. 
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 t-test.  

 

Rotations (degrees) Translations (mm) Strain (%) 

+Adduction/  
-Abduction 

+External/  
-Internal 

+Cranial/  
-Caudal 

+Lateral/  
-Medial 

+Proximal/  
-Distal 

MCL LCL 

Normal 
Peak 4.3

 a 
-8.9

 a 
-20.0

 a 
6.2

 a 
-14.0

 a 
0.11

  
5.72

 a 

±SD 2.8 5.5 5.5 5.9 4.3 0.03 1.08 

CrCL 
Transected 

Peak 1.2
 ab 

-7.8
 ab 

-20.4
 ab 

4.9
 b 

-15.5
 a 

0.25
   

7.02
 a 

±SD 5.2 4.5 5.5 4.3 4.0 0.23 4.90 

8deg 5mm 
Peak 4.3

 ab 
-3.9

 b 
-22.0

 b 
2.1

 bc 
-8.4

 b 
0.02

  
0.49

 b 

±SD 2.5 4.3 5.3 7.3 3.6 0.03 0.53 

8deg 7mm 
Peak 1.6

 b 
1.9

 c 
-24.4

 b 
-4.7

 c 
-7.5

 b 
0.07

  
0.09

 b 

±SD 5.8 1.0 4.4 4.9 5.3 0.09 0.12 

8deg 9mm 
Peak 1.6

 b 
0.5

 c 
-24.9

 b 
1.1

 bc 
-8.9

 b 
0.62

  
1.25

 b 

±SD 1.6 4.4 5.5 3.1 6.8 0.88 1.23 

 

 

 

Figure 2.17: Mean adduction among tibial spacer thickness for a specimen with standard deviations. 
Red- Normal, Green- CrCL transected, Blue- 8deg 5mm, Black- 8deg 7mm, Cyan- 8deg 9mm 
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Figure 2.18: Mean external rotation among tibial spacer thickness for a specimen with standard 
deviations. 
Red- Normal, Green- CrCL transected, Blue- 8deg 5mm, Black- 8deg 7mm, Cyan- 8deg 9mm 

 
Figure 2.19: Mean cranial translation among tibial spacer thickness for a specimen with standard 
deviations. 
Red- Normal, Green- CrCL transected, Blue- 8deg 5mm, Black- 8deg 7mm, Cyan- 8deg 9mm 
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Figure 2.20: Mean lateral translation among tibial spacer thickness for a specimen with standard 
deviations. 
Red- Normal, Green- CrCL transected, Blue- 8deg 5mm, Black- 8deg 7mm, Cyan- 8deg 9mm 

 
Figure 2.21: Mean proximal translation among tibial spacer thickness for a specimen with standard 
deviations. 
Red- Normal, Green- CrCL transected, Blue- 8deg 5mm, Black- 8deg 7mm, Cyan- 8deg 9mm 
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Figure 2.22: Mean lateral collateral ligament strain among tibial spacer thickness for a specimen with 
standard deviations. 
Red- Normal, Green- CrCL transected, Blue- 8deg 5mm, Black- 8deg 7mm, Cyan- 8deg 9mm 

 
Figure 2.23: Mean medial collateral ligament strain among tibial spacer thickness for a specimen with 
standard deviations. 
Red- Normal, Green- CrCL transected, Blue- 8deg 5mm, Black- 8deg 7mm, Cyan- 8deg 9mm 
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2.6 Discussion 

Joint rotations of the normal stifle in this study were comparable to in vivo results published by Fu et 

al.,36 which reported average stifle rotations of six canines during a walking gait from approximately 140˚ 

extension to 115˚ flexion. Stifle joints in vivo showed approximately 10˚ internal rotation of the tibia 

relative to the femur during flexion, similar to the 8.9˚ of internal rotation in this study. Stifle joints in 

vivo also showed 10˚ adduction compared to the 4.2˚ of adduction in this study. 

No previous studies have been found quantitatively investigating the effects of total knee 

replacement on canine stifle kinematics either in vitro or in vivo; however, multiple studies have looked 

at the effects of CrCL transection and other reconstruction techniques. In vitro canine studies that 

simulated the pull of the gastrocnemius and quadriceps muscles reported significant increases in cranial 

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

study.20,25 However, Korvick et al.40 reported from an in vivo study of five canines that excess cranial 

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

normal craniocaudal alignment during the non-weight bearing swing phase. It has also been shown that 

quadriceps pull generates a force in the CrCL at certain flexion angles indicating that the quadriceps is a 

contributor cranial tibial thrust.41-43 Since the present study used passive flexion of the joint without 

simulating weight bearing or active quadriceps forces, it is not surprising that cranial tibial thrust was 

not observed after CrCL transection. 

Kinematics after CrCL transection in this study were similar to results from the in vitro canine study 

by Chailleux et al.,34 which pulled on the quadriceps tendon but did not simulate weight bearing. After 

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

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

It was concluded that quadriceps force is not the main proponent of cranial tibial translation and that a 

weight bearing simulation coupled with quadriceps pull would have likely caused significant cranial tibial 



33 
 

thrust. This conclusion is further supported by a study by Reif et al.26 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 that weight bearing without simulation of a quadriceps force 

places a significant load on the CrCL. Results from these previous in vitro studies support the results 

from the present study in which no significant changes in joint rotations were seen after CrCL 

transection in the canine stifle flexed passively. 

All implant combinations caused a significant decrease in distal tibial translation that was not 

significant between implants as well as an increase in caudal tibial thrust. The decrease in distal 

translation indicates that the TKR components did not fill as much of the joint space as was removed 

with the osteotomies. Even though the 9 mm spacer showed the largest distal translation, an increase in 

spacer thickness was not enough to increase distal translation significantly. As expected, there was an 

increase in caudal tibial translation after TKR with all implants. This may be attributed to the significant 

decrease in tibial plateau angle as compared to the natural 24˚ plateau seen in the canine stifle. With 

the caudal cruciate ligament no longer intact, the shallower slope prevents excess cranial tibial thrust 

but causes excess caudal tibial thrust. Therefore, even steeper tibial plateaus than 8 degrees should be 

investigated to determine if the stifle kinematics are restored more closely to normal. 

The initial 8 degree 5 mm implant restored adduction to normal. While this implant also significantly 

decreased internal rotation by 5˚, it was the only baseplate that maintained the internal rotation of the 

stifle instead of reversing to external rotation. Tibial plateau angle significantly affected joint kinematics; 

decreasing the plateau angle to 4 and 0 degrees caused a reversal in kinematics to 2.8˚ and 4.0˚ 

abduction, 5.1˚ and 6.5˚ external rotation, and 7.3 mm and 8.7 mm medial translation respectively. 

These results indicate that shallower plateau angles incrementally cause a reversal from normal 

kinematics in adduction, internal rotation, and lateral translation. Tibial spacer thickness significantly 
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affected joint kinematics as well. Increasing spacer thickness to 7 mm and 9 mm caused significant 

decreases in adduction, a reversal to external rotation, and a decrease in lateral translation.  

Strain to the MCL was minimal in the normal stifle and was not significantly different from normal 

after TKR. The 8 degree and 4 degree implants significantly decreased LCL strain, while 0 degree implant 

returned LCL strain to normal. These results indicate that strain to the LCL is minimal with steeper 

plateau angles, and the LCL may benefit from steeper tibial osteotomies. All three spacer thicknesses 

showed a significant decrease in LCL strain with an average of 0.61% that was not affected by increasing 

spacer thickness. The decreased strain on the collaterals may be attributed to the decreased distal tibial 

translations seen after TKR as the joint is more compact, causing less strain on the ligaments. Results 

from this study indicate that strain to the collateral ligaments is not negatively affected by TKR.  

2.7 Conclusion 

The study herein described the three-dimensional kinematics of the canine stifle before and after 

CrCL transection followed by total knee replacement with varying tibial plateau angles and spacer 

thicknesses. Transection of the CrCL did not significantly alter kinematics in this study except lateral 

translation, but is expected to cause excess cranial tibial translation during weight bearing conditions. 

Results from this study suggest that both tibial plateau angle and spacer thickness affect the kinematics 

of the canine stifle. Decreasing the plateau angle caused a reversal in adduction, internal rotation, and 

lateral translation. Increasing tibial spacer thickness caused a decrease in adduction, a reversal to 

external rotation, and a decrease in lateral translation. Abnormal knee kinematics in humans have been 

shown to cause a change in the contact mechanics of the implant, leading to premature implant wear 

and loosening as well as excess strain on the surrounding ligaments.44-46 Abnormal kinematics due to 

these tibial implant variables may be a contributor to the implant complications and failures that have 

been observed clinically. Surgeons should take care not to cut the tibial plateau too shallow during 
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surgery or over stuff the joint with larger tibial spacers, as postoperative stifle kinematics and success 

rates are likely to be negatively affected. 

Further studies should investigate plateau angles steeper than 8 degrees to determine if there is an 

angle where kinematics are more closely restored to normal. Future studies would also benefit from 

using a knee rig that includes a weight bearing force to more accurately simulate in vivo conditions that 

affect strain to the CrCL and joint kinematics. The results herein may serve as a foundation for the 

investigation of the optimal tibial plateau angle in canine total knee replacement and lead to increased 

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 Chicken Breeds 2 

                                                           
2
 Baker, K.B., T.L. Foutz, K.J. Johnsen, and S.C. Budsberg. To be submitted to Poultry Science. 
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3.1 Abstract 

Objective- The primary objective of this study was to quantify the in vitro 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 strain of 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: Athens-Canadian, 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 data 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. 

Results- 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 abduction to adduction and a decrease in internal 

rotation when compared to the Athens-Canadian. Gastroc tendon strain was positively correlated with 

the prevalence of leg deformities in a breed. As expected, transection of the gastroc tendon caused 

decreased flexion in all three breeds as well as a reversal in abduction/adduction in both the Athens-

Canadian and Commercial Broiler.  

Conclusions- Results from this study suggest that the kinematics of the broiler stifle are indicative of 

the prevalence of leg problems within a breed. In 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 the increased cranially 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 conditions with reports of up to 90% of broilers affected.1 Studies suggest that 

these abnormalities are due to the birds’ rapid growth rate, which causes abnormally high loads to be 

placed on relatively immature joints.2,3 While many breeds are affected, the prevalence and degree of 

lameness among breeds varies significantly and is attributed mainly to growth capacity determined by 

breeding techniques. Multiple studies have shown that leg deformities are heritable, and should 

therefore be preventable with careful breeding techniques.1-5 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 gait.1 Before leg problems in commercial broilers can be addressed, the 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 broiler leg abnormalities 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 dollars annually.  

3.2.2 Skeletal Abnormalities in Modern Broilers 

In 2011, approximately 90 billion broiler chickens were produced in the United States.6 Over the 

past 60 years, there has been a continuous increase in market weight of domestic broilers, mainly due to 

genetic selection for increased breast weight for efficiency.2,7-9 Growth rate more than doubled from 

1960 to 2000, significantly reducing the number of days to achieve market weight.2,10,11 However, 

increased body size and breast muscle introduce increased stresses on the immature skeletal system of 

the modern commercial broiler.7 As a result, leg weakness has been investigated as a serious problem in 

fast-growing broilers.  
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Kestin et al.1 detected gait abnormalities in 90% of broiler chickens and showed that 26% of broilers 

suffered an abnormality that affected their welfare. Sorensen et al.12 assessed gait score and liveweight 

in 4,640 broilers with varying photoperiod manipulations. Results showed strong correlations between 

gait score and liveweight. Sanotra et al.13 performed 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 incidences of impaired walking ability (75%), tibial dyschondroplasia (57%), 

varus/valgus deformation (37%), and crooked toes (32%). 

Hocking et al.14 examined over 900 commercial broilers, layers, and traditional chickens at 6, 8, and 

10 weeks of age. Results showed that the commercial broilers’ tibial plateau angle was 24˚ at 6 weeks 

compared to the 15˚ and 16˚ plateaus of the layer and traditional chicken respectively. While all three 

breeds saw an increase in plateau angle with age, the commercial broiler’s platea angle was consistently 

steeper than the other breeds by approximately 10˚. Corr et al.15 performed a study comparing random-

bred and genetically-selected chickens fed both ad-libitum and with restricted diets. Results showed 

that chickens bred for rapid growth, fed ad-libitum had the steepest tibial plateau angle of 23˚. Results 

also showed that the random-bred, feed-restricted birds had wider tarsometatarsal diameters than 

birds fed ad-libitum. This is thought to be due to the fact that bone development is slower during 

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

peaked.16 Since bone development is slower than muscle development, selective breeding for rapid 

growth tends to place abnormally high strains on bones 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 for Rapid 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 2005.17 It has been suggested that younger birds may be more sensitive to 
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liveweight than older birds due to weaker skeletal systems and that a large proportion of leg weakness is 

related to rapid juvenile growth rate.3,18 Julian2 suggests that shorter growth periods provide an 

insufficient amount of time for proper alignment and remodeling of bones in the leg. Tissues become 

stronger and more resilient with age, especially bones, tendons and ligaments, which are then better 

able to support naturally increased weights. Kestin et al.3 investigated age differences associated with 

lameness in a study involving thirteen genotypes 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 older birds and 

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 genotypes.1,3 Skeletal causes of lameness are thought to result from the intensive 

genetic selection for liveweight and breast meat yield.5 Kestin et al.4 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 an experienced 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 could decrease the high 

prevalence of leg deformities seen in modern broiler lines independently of live bodyweight. Havenstein 

et al.9 investigated bodyweight, feed consumption, and mortality in a 1957 control strain and a 2001 

modern strain of broilers when fed diets 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 modern strain, results 

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 resulting in more serious walking difficulty.13,19 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 10-21 days of life.2 A study by Julian2 also suggests that 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 deformities.13 

3.2.4 Gastrocnemius Tendon Rupture 

The gastroc tendon is 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 posterior surface of the calcaneus.20 

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 infection 21,22; however, it has been 

hypothesized that genetic selection for increased growth rate and bodyweight contribute to the 

condition as well.19,23,24 In a case study by Crespo et al.23, the mortality rate due to gastroc tendon 

rupture was 0.5% to 1% in a flock, equivalent to a loss of 60 birds per day. Post-mortem 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 male-to-female ratio. In a study by Dinev24 of 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 the lack of tenosynovitis or 

arthritis in the affected birds, this study provides evidence for spontaneous rupture of the tendon 

unrelated to infection. While it is clear that rupture of the gastroc tendon will affect the bird’s ability to 

flex the stifle and therefore 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 the birds.4,25 

There is increasing evidence that birds with moderate leg weakness suffer from pain as they walk. 

Danbury et al.26 investigated 32 broilers with healthy legs and 32 lame broilers. Birds were conditioned 

to recognize the difference in color between two feeds: analgesic-treated and normal. The birds were 

then individually housed and allowed to feed ad-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 reassessed. Results 

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 broilers with lameness experience pain, which causes distress 

from which they seek relief. Similarly, Weeks et al.27 investigated 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 experiencing lameness 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 $80-120 million.19,28 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 kinematic motions 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. Currently, experienced researchers commonly assess walking ability in commercial broilers visually 

with a method developed by Kestin et al.1 involving a 0 to 5 scale. This method is effective at evaluating 

a bird’s ability to walk, but says little about the type or cause of lameness of the bird. This method also 

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 

bird’s ability to walk. Measuring the kinematics of the stifle in all six degrees of freedom is a more 

objective and quantifiable way of identifying and categorizing leg problems that could standardize the 

diagnosis of various types of leg problems seen in the modern broiler. Comparing the stifle kinematics of 

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

 

 

 

 

 

Figure 3.1:  The six degrees of freedom of the stifle, clinically described as three rotations 
(flexion/extension, internal/external, abduction/adduction) and three translations (cranial/caudal, 
medial/lateral, proximal/distal). 
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3.2.7 The Oxford Knee Rig 

The kinematics of the human knee have been researched extensively both in vitro and in vivo to map 

its natural motions. In vivo studies more fully represent physiological conditions, which are impossible to 

replicate fully with cadaveric studies. However, an advantage to in vitro systems is that test conditions 

are more easily altered and evaluated within specimens, minimizing variability among specimens.29 To 

simulate the natural kinematic motions of the stifle in a cadaveric hind limb, the knee must travel 

through all six degrees of freedom. Experimental testing with knee simulators is often used to 

quantitatively evaluate the performance of specific treatments on the kinematics of the human knee 

joint.30 The most commonly used simulator for kinematic testing is the Oxford Knee Rig (OKR) which was 

first designed by Bourne et al.31 to test post-mortem human knee joints by allowing for 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 kinematics of the human knee. Bellemans 

et al.32 simulated deep flexion in 21 human cadaver legs before and after a standard TKR with tibial 

plateau angles ranging from 0˚ to 7˚. Results showed an average gain of 1.7 degrees flexion for every 

degree of tibial slope. Similarly, Ostermeier33 measured implant displacement and the quadriceps force 

required to extend the knee in seven cadaveric specimens after total knee replacement with tibial 

plateau angles of 0˚ and 10˚. Results showed a significant difference between the two treatments with 

the posterior slope causing more physiologic insert movement and reduced quadriceps force.  

In a review of OKR studies involving human cadaver legs, Varadarajan et al.29 concluded that the 

OKR can replicate femoral rollback and the screw home mechanism between 0˚ and 30˚ flexion, and also 

reduced femoral rollback and an absence of the screw home mechanism in TKR patients. It was 

suggested that the OKR’s ability to replicate internal rotation of the knee beyond 30˚ was inconsistent 

among studies, and that results should be carefully interpreted. Yildirim et al.34 simulated 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, and after implantation with four different types of TKR’s. 

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 et al.35 used 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 single- and double-bundle ACL reconstructions. Significant 

differences in kinematics were found between the treatments for internal rotation and craniocaudal 

translation.  

While many of these studies have used the OKR to drive the motion of a cadaveric specimen with 

only the quadriceps retained, it has been shown that such techniques can cause a distortion in the 

joint’s natural kinematics because the removal of muscle groups results in a loss of the muscle tensions 

and constraints placed across the joint.36 Varadarajan et al.29 suggest that the inclusion of muscle 

provides more physiological constraints which provide important implications with regards to the ability 

of the OKR to simulate natural knee motions. Wilson et al.37 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 knee. This 

suggests that passive knee motion is guided by articular contact in the medial and lateral compartments 

and the passive constraints of the surrounding ligaments. These 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 kinematics 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 objective was to 
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determine the function and strain of the gastroc tendon of each broiler breed during deep flexion. The 

questions of interest were: (1) was there significant variability in kinematics between the three breeds; 

(2) was there significant variability in strain to the gastroc tendon between the three breeds; and (3) 

were there significant differences in kinematics within breeds after gastroc tendon transection. 

Understanding how joint motions differ between breeds will provide important information about how 

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 Samples and Preparation 

Three breeds 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 bird with a history 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 industry. Six birds each from the 1996 Broiler line and a 

Commercial Broiler line were sacrificed at six weeks of age. Six Athens-Canadians 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 while preserving all 

musculature. Specimens were stored at -40°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 horizontal platform (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 craniocaudal and 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) was drilled into the bone at 6 anatomical locations, and reflective markers were attached to 

the end of each wire at the surface of the skin. Prior to testing, the stifle and hock joints were moved 

through a full range of motion to ensure no impingement from the wires. Each specimen underwent five 

motion cycles from full extension to full flexion (130-85°) while kinematic and strain data were collected.  

 

Figure 3.2: The modified Oxford knee rig simulates flexion/extension by holding the feet rigid while 
moving the spine vertically, allowing for six degrees of freedom of the stifle. 
 

3.4.3 Motion Tracking 

During the motion cycle, three-dimensional marker positions were collected with a set of five Vicon 

T-series infrared cameras at 200 Hz with Vicon Motus software. The 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 described by Fu et al.38 (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 at full extension with an angle of 0° 

or a translation of 0 mm indicating 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 femoral axis. 

    

Figure 3.3: Cranial view of the hind limbs of a chicken with reflective marker k-wire locations shown in 
red (left) and the constructed Joint Coordinate Systems located on the greater trochanter and tibial 
crest for the femur and tibia respectively (right). Markers locations: 1-greater trochanter, 2-lateral 
epicondyle, 3-medial epicondyle, 4-tibial crest, 5-lateral malleolus, 6-medial malleolus. Joint coordinate 
system axes: x +cranial; y +lateral left leg/+medial right leg; z +proximal. 
 

3.4.4 Gastrocnemius Tendon Strain 

The displacement of the gastroc tendon was measured during the motion cycle. A displacement 

sensor (MicroStrain, M-DVRT-3) was attached to the gastroc tendon using barbs on the sensor. The long 

axis of the sensor was aligned to the long axis of the tendon with the specimen was at full extension. 

Displacement was calculated from the output voltages using the factory calibrated polynomial fit 
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equations. Strain on the tendon was calculated as the ratio of sensor displacement to original length 

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 3.4).39-41 The sensor was connected directly to a signal conditioner 

(MicroStrain, DEMOD-DVRT) 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 from the 

displacement sensor at 200 Hz. 

  

Figure 3.4: MicroStrain 3 mm displacement sensor (M-DVRT-3) 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 described 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 collected during both 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 same range 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 of the collateral and cruciate ligaments were measured from origin to insertion, and width was 

measured at the mid-length point. Length and mid-diaphyseal width of the tibiae and femurs were 

10 mm 
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measured in the mediolateral plane. The joint was disarticulated and the menisci 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 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 plateau drawn from the proximal tibia’s most cranial to caudal 

margins. 

3.4.6 Statistical Analysis 

For all kinematics and gastroc tendon strain, peak range of motion and strain for each cycle was 

calculated and compiled for each treatment. The questions of interest were: was there significant 

variability in kinematics and gastroc strain (a) between the three breeds of broilers, and (b) within each 

breed after each subsequent treatment. All statistical analyses were calculated in Minitab (release 13 for 

Windows). Using the compiled peak range of motion and peak strain data, a one-way ANOVA was used 

to compare significant differences in kinematic and strain data between breeds. Where significant 

differences were indicated, paired comparisons were made using a post hoc Tukey’s test. The same 

procedure was repeated to determine if there were differences within breeds between the normal stifle 

and the following three treatments: (1) periosteum severed, (2) displacement sensor attached, and (3) 

gastroc tendon severed. A significance level of p<0.05 was used for all analyses. 

3.5 Results 

3.5.1 Normal Stifle Kinematics and Gastroc Tendon Strain 

A summary of mean peak kinematics of the tibia relative to the femur and strain values is shown in 

Table 3.1 and Figures 3.5-3.6. Adduction varied significantly between all breeds. Internal rotation varied 

significantly between the Athens-Canadian and the 1996 Broiler. There were no significant differences 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 Athens-Canadian and 1996 Broiler. There was 

no significant difference in medial translation between the Athens-Canadian and the 1996 Broiler. There 

were no significant differences between breeds in caudal or distal translation. Peak values of strain were 

significantly different between all breeds.  

Table 3.1: Mean Peak Kinematics and Gastroc Tendon Strain by 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) Translations (mm) 

Strain (%) +Adduction/  
-Abduction 

+External/  
-Internal 

+Cranial/  
-Caudal 

+Lateral/  
-Medial 

+Proximal/  
-Distal 

Athens-
Canadian 

Mean -3.6 
a 

-16.0
 a 

-11.4
  

-7.4
 a 

-11.9
  

0.55
 a 

±SD 0.1 6.3 4.9 0.4 0.8 0.14 

1996 Broiler  
Mean +9.2

 b 
-11.5

 b 
-12.1

  
-7.0

 a 
-10.7

  
2.42

 b 

±SD 5.2 3.2 4.6 3.2 3.3 0.79 

Commercial 
Broiler 

Mean +2.8
 c 

-10.2
 ab 

-13.0
  

-2.3
 b 

-10.4
  

7.00
 c 

±SD 4.3 7.4 3.9 3.5 3.2 2.68 
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Figure 3.5: Comparison of Mean Kinematics of Intact Broiler Stifles. 
Percent motion cycle 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- Athens-Canadian, Green- 1996 Broiler, Blue- Commercial Broiler 
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Figure 3.6: Mean Gastroc Tendon Strain by Breed.  
Percent motion cycle starts and ends at full extension (130°) with full flexion (85°) at 50% motion cycle. 
95% confidence intervals are shown as dashed lines.   
Red- Athens-Canadian, Green- 1996 Broiler, Blue- Commercial Broiler 
 

3.5.2 Stifle Kinematics After Gastroc Tendon 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 standard deviations before and after gastroc 

tendon transection is shown in Table 3.2 and Figures 3.7-3.9. After transection of the gastroc tendon, 

the Athens-Canadian stifle showed significant differences in extension, adduction, and distal translation. 

Loss of the gastroc tendon resulted in 7.3˚ less flexion and 1.5 mm less distal tibial translation. 

Abduction reversed after gastroc transection from 3.6 ± 0.1˚ abduction initially to 2.6 ± 1.4˚ adduction. 

The only significant difference in the kinematics of the 1996 Broiler 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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differences in extension and adduction after transection. Loss of the gastroc tendon caused 8.7˚ less 

flexion and caused a reversal from 2.8 ± 4.3˚ adduction to 1.2 ± 1.0˚ abduction. 

  

Table 3.2: Mean Peak Kinematics Before and After Severing the Gastroc Tendon. 
Kinematics are reported as motion of the tibia relative to the femur during flexion. 
* indicates significant differences between kinematics before and after transection of the gastrocnemius 
tendon within a breed. 

 

Rotations (degrees) Translations (mm) 

+Extension/  
-Flexion 

+Adduction/  
-Abduction 

+External/  
-Internal 

+Cranial/  
-Caudal 

+Lateral/  
-Medial 

+Proximal/  
-Distal 

Athens-Canadian 
Normal 

Peak -86.1*
 

-3.6*  -16.0 -11.4 -7.4 -11.9* 

±SD 1.0 0.1 6.3 4.9 0.4 0.8 

Athens-Canadian 
Gastroc Severed 

Peak -93.4*
 

+2.6* -15.3 -10.4 -7.7 -10.4* 

±SD 0.2 1.4 5.1 6.4 0.5 1.3 

1996 Broiler 
Normal 

Peak -86.3*
 

+9.2 -11.5 -12.1 -7.0 -10.7 

±SD 2.5 5.2 3.2 4.6 3.2 3.3 

1996 Broiler 
Gastroc Severed 

Peak -92.7*
 

+10.6 -11.8 -12.1 -7.4 -9.4 

±SD 3.6 5.0 3.4 4.5 3.9 2.9 

Commercial Broiler 
Normal 

Peak -76.2* +2.8*  -10.2 -13.0 -2.3 -10.4 

±SD 1.7 4.3 7.4 3.9 3.5 3.2 

Commercial Broiler 
Gastroc Severed 

Peak -84.9* -1.2* -11.1 -14.7 -1.4 -9.0 

±SD 1.9 1.0 6.3 4.2 2.7 2.8 
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Figure 3.7: Comparison of Mean Kinematics of Normal vs Gastroc Severed Stifles in the Athens-
Canadian. 
Percent motion cycle 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. 
Blue- normal, Red- gastroc tendon severed 
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Figure 3.8: Comparison of Mean Kinematics of Normal vs Gastroc Tendon Severed Stifles in the 1996 
Broiler. 
Percent motion cycle 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. 
Blue- normal, Red- gastroc tendon severed 
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Figure 3.9: Comparison of Mean Kinematics of Normal vs Gastroc Tendon Severed Stifle in the 
Commercial Broiler.  
Percent motion cycle 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. 
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 significant differences among breeds in MCL length, LCL length, CrCL width, or 

tibia width. The Athens-Canadian 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 the other breeds 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 Commercial Broiler CaCL width was significantly larger than that of the 1996 

Broiler by 0.80 mm.  

The lengths of the femur and tibia of the Athens-Canadian were significantly larger than in the other 

breeds by an average of 14.34 mm and 22.63 mm respectively. The width of the 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 by an average of 

7.7˚. 

Table 3.3: Morphometric Measurements of the Stifle Joint by Breed. 
Length (L) and width (W) reported in mm. Tibial plateau angle (TPA) reported in degrees. MCL- medial 
collateral ligament; LCL- lateral collateral ligament; CrCL- cranial cruciate ligament; CaCL- caudal cruciate 
ligament. Mean values within a row with different superscripts are significantly different (p<0.05).  

 
Athens-Canadian 1996 Broiler Commercial Broiler 

Mean ±SD Mean ±SD Mean ±SD 

MCL 
L 30.92

  
2.96 26.16

  
4.58 26.46

  
3.23 

W 9.33
 a 

0.74 6.20
 b 

0.21 5.50
 b 

1.04 

LCL 
L 20.68

  
1.81 21.22 2.53 17.87 3.91 

W 3.31
 a 

0.17 7.22
 b 

1.87 3.36 
a 

0.48 

CrCL 
L 9.27

 a 
0.40 10.67

 ab 
0.88 12.51

 b 
1.24 

W 3.30 0.07 3.44 0.20 3.34 0.80 

CaCL 
L 11.18

 ab 
0.38 12.41

 a 
0.65 10.35

 b 
1.12 

W 3.15
 ab 

0.33 3.09
 a 

0.31 3.89 
b 

0.42 

Femur 
L 88.02

 a 
1.74 73.34

 b 
1.91 74.01

 b 
4.72 

W 9.56
 ab 

0.82 8.26 
a 

0.40 9.22 
b 

0.47 

Tibia 
L 122.33

 a 
0.68 98.57

 b 
0.99 100.82

 b 
6.70 

W 8.48 0.44 8.75 0.50 9.46 0.69 

TPA 20.7
 a 

1.25 18.8
 a 

1.30 27.4
 b 

3.6 
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3.6 Discussion 

No previously published data on broiler stifle kinematics were found; therefore, results from human 

studies were used to compare with the results herein. Results from an in vitro study by Wilson et al.37 

with 15 human cadaveric limbs showed that human knees undergoing passive flexion exhibit -9 to +9° 

abduction, 14-36° internal rotation, 20-34 mm caudal tibial translation, 2-9 mm medial tibial translation, 

and 6-24 mm proximal tibial translation. The Athens-Canadian stifle herein was flexed passively and 

exhibited kinematic rotations and translations similar to results from in vitro human studies with the 

exception of proximal translation. The similarities between the kinematics of the human knee and the 

Athens-Canadian stifle suggest that the stifle of a healthy broiler appears similar to the human knee. 

The kinematics of the 1996 Broiler significantly varied from the Athens-Canadian in both adduction 

and internal rotation. During flexion, the Athens-Canadian 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 Athens-Canadian. A change from abduction to adduction is expected in faster growing 

birds because of increased bodyweight. A bird with larger 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 stifle joint in 

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 movement may compensate for the larger degree of internal 

rotation seen in the Athens-Canadian. 

Overall, the kinematic results from the Commercial Broiler stifle were less consistent between birds 

than results from the other two breeds. The larger standard deviations within the Commercial Broiler 

only allowed for significant difference in kinematics from the Athens-Canadian 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 inconsistency 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 Athens-Canadian and significantly 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 Athens-Canadian. It 

is probable that the abnormal 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 range of motion 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 Athens-Canadian stifle also showed significantly less distal tibial translation after gastroc 

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 motion after 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 Athens-Canadian, abduction reversed to adduction. These 

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 at the stifle.20 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 in the Athens-Canadian. 

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 instead of adduction.  
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Results from the study herein showed that the femur and tibia of the Athens-Canadian were 

significantly longer than the other breeds. Since bone development is inhibited during periods of rapid 

muscle growth, it follows that chickens genetically selected for rapid growth rates like the 1996 Broiler 

and the Commercial Broiler would have less bone development compared to more traditional breeds.20 

The Commercial Broiler also had a significantly steeper tibial plateau angle, 7.7˚ steeper than the other 

two breeds. These results are similar to results from the previously mentioned studies by Hocking et al.14 

and Corr et al.15 in which birds selectively bred for rapid growth had significantly higher tibial plateau 

angles than their random-bred 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 the broiler stifle are indicative of the 

prevalence of leg 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 medial translation. 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 kinematics 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 and prevalence 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 & CONCLUSION 

4.1 Summary  

The previous two chapters described the 3-D kinematics 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 or among 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 showed that the modified Oxford knee rig paired with a  

3-D motion capture system may be used to investigate variables in the stifle in vitro. The large standard 

deviations in both studies indicate that a larger sample size is needed to accurately describe the 

kinematics of the stifle in 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 over stuffed. The system used herein was not able to detect 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 kinematics between 

breeds with varying susceptibilities to leg deformities caused by genetic selection for rapid growth rate. 

The Athens-Canadian represents a traditional, random-bred chicken and showed stifle kinematics similar 

to results from in vitro human knees flexed passively. 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 random-bred chicken in abduction, internal rotation, and medial 

translation 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 length and plateau 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 kinematics. Overall, results support the conclusion that genetic 

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 stifle 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 future studies, the following approaches 

may be helpful. 

Canine Total Knee Replacement 

¶ A characterization of stifle kinematics before and after TKR throughout a natural gait cycle, both 

in vitro and in vivo with greater sample sizes. 
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¶ A modified Oxford knee rig that simulates weight bearing as well as muscle pulls to more 

accurately mimic in vivo conditions. 

¶ An investigation of steeper tibial plateau angles to determine at what angle kinematics no 

longer replicate those of the normal stifle. 

¶ A characterization of contact pressure between the articulating surfaces of the TKR implant. 

Broiler Chicken Stifle Kinematics 

¶ A characterization of stifle kinematics among breeds throughout a natural gait cycle, both in 

vitro and in vivo with greater sample sizes. 

¶ A modified Oxford knee rig that simulates weight bearing as well as muscle pulls to more 

accurately mimic in vivo conditions. 

 

 

 


