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Laura L. D’Amico 

 
ABSTRACT 

 

Objective:   To evaluate the relative position of the femur and tibia in cranial cruciate 
ligament (CCL) intact stifles, CCL deficient stifles, and stifles following a novel 
extracapsular procedure (lateral extracapsular suture system or LESSa) under load at 
specific joint angles.   
 
Study Design:  In vitro biomechanical study. 
 
Methods:  Twenty pelvic limbs from 11 dogs were used to evaluate the relative position 
of the femur and tibia between 3 stifle conditions (CCL intact, CCL deficient, and LESSa 
treated) at a load of 30 % and stifle angles of 125°, 135°, and 145° using electromagnetic 
tracking sensors.   
 
Results:  Cranial cruciate ligament deficient stifles had significantly greater (p <0.0001) 
cranial displacement and internal rotation of the tibia relative to the femur than CCL 
intact stifles or LESSa treated stifles at all stifle angles.  Cranial displacement of the tibia 
relative to the femur for CCL intact and LESSa treated were not significantly different 
from one another at stifle  angles of 125°, but were significantly different at stifle angles 
of 135° (p = 0.0182) and 145° (p = 0.0012).  There was no significant difference in 
internal rotation of the tibia relative to the femur between CCL intact and LESSa treated 
stifles at any of the stifle angles.   
 
Conclusion: LESSa effectively decreases cranial tibial displacement and eliminates 
internal rotation of the tibia relative to the femur in the CCL deficient stifle at stifle 
angles (125°, 135°, and 145°).
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INTRODUCTION 
 

Cranial cruciate ligament (CCL) rupture is an important orthopedic condition affecting 
the canine stifle (1).  The precise pathophysiologic process responsible for rupture still remains 
largely unknown (2, 3) and may be the combined result of multiple predisposing factors (3, 4).  It 
is the most significant cause of lameness in canine patients (1, 2, 5-8) and leads to severe and 
potentially debilitating osteoarthritis (2, 4, 6). 
  

The CCL serves to counteract cranial tibial displacement, internal rotation of the tibia 
relative to the femur, as well as hyperextension of the stifle (9).  Despite the numerous treatment 
options available, complete restoration of normal joint mechanics is difficult to achieve and 
osteoarthritis continues to progress (8, 10-16).  The ideal procedure would restore normal joint 
function and stifle biomechanics, and thus prevent the progression of osteoarthritis (14).  To 
restore normal joint function and biomechanics, elimination of cranial tibial displacement and 
internal rotation of the tibia relative to the femur resulting from CCL rupture at all stifle angles, 
while maintaining normal range of motion of the stifle is necessary. 
 

The lateral extracapsular suture system (LESS)a is a novel technique that utilizes a 
cortical bone screw in the femur and a cannulated cortical bone screw in the tibia to connect two 
strands of suture (Dyneemab and Gortexc leader line material).  The screws are positioned at 
points in the stifle joint that are approaching isometry (17-19).  The suture is wrapped around the 
femoral screw as it exits providing additional length as the stifle moves from extension to 
flexion.  This is important, because significant increases in suture tension can occur in stifle 
angles representing flexion (19).  Potential advantages of this system are boney fixation of the 
suture, near isometric placement of suture, and improved range of motion of the stifle due to 
lengthening of the suture during stifle flexion. 
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CHAPTER I.  Literature Review 
 
A.  Canine Stifle Anatomy and Function 
 
1.  Joint 
 

The canine stifle is classified as a complex condylar synovial joint (20).  It is a complex 
joint, meaning that is has more than one functional articulation (21).   The stifle is composed of 
two functional articulations:  the femorotibial articulation and the femoropatellar articulation (20, 
21).  The femorotibial component consists of the articulation between the spherical condyles of 
the femur and the elliptical cavity of the tibial condyles (20).  The femoropatellar component 
consist of the articulation between the smooth convex caudal surface of the patella and the 
concave femoral trochlea (20, 22).  The stifle is also a condylar joint, which means that it 
contains an articulation between a bone with a spherical shape and another bone with an 
elliptical cavity (23).  The condylar component of the stifle is the femorotibial articulation (20).  
In addition, the stifle is a synovial joint which means that it is a joint that allows relatively free 
movement and it is composed of an articular cavity, articular capsule, synovial fluid, articular 
cartilage, and subchondral bone (20, 24, 25).  The stifle is a unique joint that has many different 
components that lend to its complexity (26). 

 
The predominant motion that occurs in the stifle is extension and flexion in the cranial-

caudal plane (21, 22, 26, 27).  However, due to the complex condylar articulation of the femur 
and tibia, other motions can also occur (26, 27).  In addition to extension and flexion of the stifle, 
cranial-caudal, proximal-distal (distraction-compression), and medial-lateral motion of the femur 
and tibia can occur (27).  Varus-valgus angulation (adduction-abduction) and internal-external 
rotation can occur as well (27).  The degree and situations in which these motions are seen are 
largely dependent on the complex anatomy of the stifle and how these anatomic structures 
interact (26).   

 
Joints are composed of bones which serve as sites for muscle and ligamentous attachment 

as well as act as levers for muscular actions (26, 28).  The bones that compose the stifle consist 
of long bones and sesamoid bones (20, 22, 26, 29).  There are three long bones present which 
include the femur, tibia, and fibula (20, 26, 30).  There are also four sesamoid bones in the stifle 
which are the patella, medial and lateral fabellae, and the popliteal sesamoid (20, 22, 26, 29).   

 
2.  Bones 
 

The most proximal bone of the stifle is the distal aspect of the femur and its unique 
anatomy contributes to the movement of the stifle (20).  The distal diaphysis of the femur curves 
cranially and is cylindrical in shape cranially, medially, and laterally, with the caudal aspect 
assuming a more flat shape (28).  Distally toward the metaphysis and epiphysis, the femur is 
directed more caudally and four distinct surfaces become apparent (28).  The cranial aspect of 
the distal femur contains the site of its articulation with the patella, the femoral trochlea (20, 22, 
26, 28).  The femoral trochlea is a smooth, concave surface with two trochlear ridges forming its 
medial and lateral boundaries (28, 29).  The caudal and lateral aspect of the distal femur 
comprises the lateral femoral condyle and the caudal and medial aspect of the distal femur 
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comprises the medial femoral condyle (28).  Each condyle contains a site of articulation with the 
tibia (20, 26, 28).  The lateral condyle is convex cranially and laterally, and the medial condyle is 
convex cranially and medially (28).  The lateral condyle contains a small depression cranially 
lateral to the lateral trochlear ridge known as the extensor fossa (29).  The medial condyle differs 
from the lateral condyle in that it is smaller and it is less convex in shape (28).  The caudal aspect 
of each condyle contains a depression on the proximal surface, which is the site of articulation 
with the fabellae (22, 26, 28).  Two protuberances are located proximal to these depressions one 
on the medial and one on the lateral aspect, referred to as the medial and lateral supracondylar 
tuberosities, respectively (26, 28).  Distal to these tuberosities and proximal to the areas of 
articulation with the fabella on the caudal aspect of the femur is the popliteal surface (28).  
Between the two condyles is a space known as the intercondylar fossa, which is proximolateral 
to distomedial  in orientation, causing it to be slightly oblique and the caudal outlet to be oriented 
more laterally relative to the cranial outlet (28, 31).  Medial and lateral epicondyles are located 
cranially and proximally to the medial and lateral condyles respectively (28).  Alterations in the 
unique anatomy of the femur can alter function of the stifle as well as lead to damage to other 
anatomic structures (26).   

 
The distal aspect of the stifle includes the proximal aspect of the tibia (20).  This aspect 

of the tibia is triangular in shape, with the apex oriented cranially and the base oriented caudally 
(28).  The dorsal surface of the tibia is relatively flat and is composed of a medial and lateral 
condyle and central intercondylar area caudally and the proximal aspect of the tibial tuberosity 
cranially (22, 28, 29).  The medial and lateral tibial condyles are the sites of articulation with the 
medial and lateral femoral condyles, respectively (20).  The medial tibial condyle is more 
elliptical in shape and the lateral tibial condyle is more circular in shape (26, 28).  Both condyles 
are sloped caudally in the cranial-caudal direction (32).  The area between the tibial condyles is 
divided into a cranial intercondylar area, intercondylar eminence and caudal intercondylar area 
(28).  The cranial intercondylar area is an elliptical recessed area cranial to the intercondylar 
eminence (26, 28).  The intercondylar eminence extends outward from the dorsal surface and has 
two articular projections on its medial and lateral sides that are referred to as the medial and 
lateral intercondylar tubercles (28, 29).  The caudal intercondylar area is an elliptical recessed 
area, similar to the cranial intercondylar area, although it its smaller and located caudal to the 
intercondylar eminence (22, 28).  The popliteal notch is a recessed area on the caudal aspect of 
the tibia between the tibial condyles (22, 26, 28).  The caudal and lateral surface of the lateral 
tibial condyle contains an oblique depression which articulates with the fibular head (26, 28).  
Cranial to the cranial intercondylar area is the tibial tuberosity (28).  The tibial tuberosity is a 
four-sided polygonal projection that extends from the cranial surface of the tibia proximally (22, 
28).  Lateral to the tibial tuberosity is a depression that extends caudally to the articular surface 
of the lateral tibial condyle, which is referred to as the extensor groove (22, 26, 28).  Like the 
femur, alterations in the precise anatomy of the tibia can lead to dysfunction of the stifle and 
damage to other important anatomic structures (26).  

 
The proximal aspect of the fibula is located laterally at the distal extent of the stifle (28).  

The fibula is similar in length to the tibia, however it is much smaller in width relative to the 
tibia (26, 28). The fibular head is the most proximal extent of the fibula and is flattened in the 
medial to lateral direction but is rounded in the cranial to caudal direction (28).  The fibular head 
contains a small projection medially that articulates with the depression located caudally and 
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laterally to the tibial condyle (22, 26, 28).   The fibula is not directly involved with the motion of 
the stifle, but it does serve a role for the attachment of ligaments and muscles that influence 
movements of the joint (21, 28).   

 
The patella is a sesamoid bone located cranially and proximally in the stifle (28).  The 

patella is rounded at its base proximally and tapers at its apex distally (26, 28, 33).  It also curves 
cranially along the trochlea of the femur (28).  The caudal surface of the patella that articulates 
with the trochlea of the femur is smooth and convex (22, 28).  Two fibrocartilages are present on 
the medial and lateral aspect of the patella referred to as the parapatellar fibrocartilages that 
articulate with the medial and lateral trochlear ridges of the femur respectively (22, 28).  The 
patella is the largest sesamoid bone present in the canine skeletal system and arises as an 
ossification center in the tendon of the quadriceps muscle group (28). 
 
 The medial and lateral fabellae are sesamoid bones located caudally and proximally to 
the medial and lateral femoral condyles, respectively (29).  The medial fabella is smaller than the 
lateral fabella and it is rounded distally and more pointed proximally (22, 28).  The larger lateral 
fabella is more rounded in shape, except for a relatively level articular surface and a truncation at 
its distal extent (28).    

 
The popliteal sesamoid is located caudally in the area of the stifle and articulates with the 

lateral tibial condyle (28).  It is oriented at the level of or proximal to the tibial plateau (34).  It is 
the smallest sesamoid of the four sesamoids of the stifle and can occasionally be absent (28, 29, 
34).   
 
3.  Muscles 
 

The muscles of the pelvic limb are an important component of the stifle.  The muscles 
that influence the stifle can be divided into rump muscles, thigh muscles, and muscles of the 
distal limb (26, 35).  These muscles play a role in movement and stability of the stifle (35, 36).   

 
For the most part the rump muscles, located on the lateral aspect of the pelvis, are 

muscles that influence the hip, however the tensor fasciae lata muscle does have some influence 
on the stifle (26, 35).  This muscle originates on the ventral iliac spine and inserts on the lateral 
fascia of the femur and therefore the patella (26, 35).  The tensor fasciae lata muscle, has some 
influence on extension of the stifle, because of the location of its insertion (35).   

 
Muscles of the thigh have the greatest influence on the stifle (35).  This group of muscles 

can be further divided into cranial, caudal, and medial muscles of the thigh (26, 35).  The 
muscles of the caudal thigh are the biceps femoris, caudal crural abductor, semitendinosus, and 
semimembranosus (35).  The biceps femoris is located on the caudolateral aspect of the thigh 
(26).  It has a cranial (superficial) and caudal (deep) head (35).  The origin of the cranial head is 
the sacrotuberous ligament and the ischiatic tuberosity and the origin of the caudal head is the 
ischiatic tuberosity (26, 35).  The cranial head inserts on the tibial tuberosity through an 
aponeurosis that fuses with the fascia lata and fascial covering of the quadriceps, which connect 
to the patella and patellar ligament (35).  The caudal head inserts on the cranial border of the 
tibia (26, 35).  The cranial head extends the stifle and the caudal head flexes the stifle (26).  The 
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caudal crural abductor is located beneath the caudal border of the biceps femoris muscle, it 
originates from the sacrotuberous ligament, inserts on the crural fascia, and flexes the stifle (35).  
The biceps femoris muscle also imposes a caudal force on the tibia (36).  The semitendinosus 
muscle is located on the caudal aspect of the thigh, originates on the ischiatic tuberosity, inserts 
on the medial aspect of the body of the tibia, and flexes the stifle (26, 35).  The 
semimembranosus muscle is located on the caudal and medial aspect of the thigh, it originates 
from the ischiatic tuberosity, contains a cranial belly that inserts through an aponeurosis to the 
gastrocnemius and medial femoral lip, a caudal belly that inserts under the medial collateral 
ligament at the medial tibial condyle, flexes the stifle, and imposes a caudal force on the tibia 
(35, 36).   

 
The muscles of the cranial thigh that influence the stifle include the quadriceps femoris 

and the muscularis articularis genus (26, 37).  The quadriceps femoris muscle group is further 
divided into the rectus femoris, vastus medialis, vastus lateralis, and vastus intermedius (26, 35).  
The rectus femoris is located cranially, originates on the iliopubic eminence, inserts on the 
patella and tibial tuberosity through the patellar ligament, and extends the stifle (26, 35).  The 
vastus medialis is located cranially and medially, it originates on the trochanteric crest of the 
femur cranially and the medial lip of the femur medially, inserts on the patella, and extends the 
stifle (35).  The vastus lateralis is located cranially and laterally, it originates on the transverse 
line of the femur and the lateral lip of the femur, it inserts on the patella, and extends the stifle 
(35).  The vastus intermedius is located cranially and laterally, it originates with the vastus 
lateralis at the lateral aspect of the proximal femur, it inserts on the vastus medialis and extends 
the stifle (26, 35).  The vastus intermedius is considered the weakest component of the 
quadriceps femoris muscle (35).  The quadriceps muscle group also imposes a cranioproximal 
force on the tibia (36).  The muscularis articularis genus originate on the cranial aspect of the 
distal femur proximal to the joint capsular attachment of the femoropatellar joint and insert on 
the joint capsule of the femoropatellar joint (37).  It is thought to extend the stifle and provide 
tension on the proximal portion of the joint capsule of the stifle to prevent interposition between 
the femur and patella as the stifle moves (35, 37).  It may also influence limb movement through 
receiving and transmitting proprioceptive information about the stifle (37). 

 
The medial muscles of the thigh that influence the stifle are the sartorius and the gracillis 

muscles (26).  The sartorius muscle is located cranially and is further divided into a cranial and 
caudal part (26, 35).  The cranial portion originates on the iliac crest as well as the cranial aspect 
of the ventral iliac spine, it inserts on the medial fascia of the femur proximal to the patella, and 
it extends the stifle (26, 35).  The caudal portion originates on the central portion of the tuber 
coxae between the two ventral iliac spines, it inserts on the medial aspect of the cranial tibia, 
flexes the stifle, and imposes a caudal force on the tibia (26, 35, 36).  The gracillis muscle is 
located medially, it originates from the pelvic symphysis, it inserts on the cranial tibial border, it 
flexes the stifle, and imposes a caudal force on the tibia (26, 35, 36).   

 
The muscles of the distal limb that are associated with the stifle are the long digital 

extensor, the gastrocnemius, the superficial digital flexor and the popliteus muscles (26).  The 
long digital extensor muscle is located cranially and laterally, it originates from the extensor 
fossa of the lateral femoral condyle, it passes through the extensor groove on the lateral tibial 
condyle, and inserts on the distal phalanges (35).  It spans the stifle, but does not appear to play a 
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role in movement or stability of the stifle (26, 36).  The gastrocnemius muscle is located caudally 
and divided into medial and lateral heads (35).  The medial and lateral heads originate on the 
medial and lateral supracondylar tuberosities of the femur, respectively and their origins contain 
the medial and lateral fabella, respectively (35).  The two heads fuse distally and insert on the 
calcanean tuberosity and compose one portion of the common calcanean tendon (26, 35).  The 
gastrocnemius causes slight flexion of the stifle and during contraction imposes a caudodistal 
force on the femur (26, 36).  The superficial digital flexor muscle is located caudally, originates 
on the femur at the lateral supracondylar tuberosity, it inserts on the calcanean tuberosity and the 
middle phalanges, and flexes the stifle (26, 35).  The popliteus muscle originates on the distal 
surface of the lateral femoral condyle and its origin contains the popliteal sesamoid (35).  Its 
tendon crosses under the lateral collateral ligament and causes an invagination of the joint 
capsule of the femorotibial joint (26, 35).  It spans the caudal aspect of the stifle, courses through 
the popliteal notch of the tibia, and inserts on the medial border of the tibia proximally (35).  It 
rotates the tibia medially, flexes the stifle, provides lateral stability to the stifle, and may also 
influence limb movement through receiving and transmitting proprioceptive information about 
the stifle (35).   
 
4.  Fascia 
 

Fascia is a form of connective tissue that serves several purposes including separating 
and connecting muscles, forming aponeurosis for origin or insertion of muscles, stabilizing 
tendons, and providing passages for vascular structures and nerves (35).  The fascia that is 
important to the stifle is broken down into superficial and deep fascia of the medial and lateral 
thigh, fascia of the stifle, and crural fascia (35).   The superficial lateral fascia of the thigh 
originates from the superficial trunk fascia of the lateral abdominal wall, courses over the thigh 
to just proximal to the patella, surrounds the distal femur and unites with the deep lateral fascia 
of the thigh (35).  The deep lateral fascia of the thigh also referred to as the fascia lata originates 
from the lumbodorsal fascia and is continuous with the gluteal fascia (35).  The fascia lata 
extends from the tensor fascia lata muscle proximally, to the cranial and caudal contours of the 
thigh to connect with the deep medial fascia of the thigh medially, and to the patella and lateral 
femoral condyle distally (35).  It also has a connection to the lateral lip of the femur, which is 
through an intermuscular septum that is located between the biceps femoris and vastus lateralis 
muscles (35).  The superficial and deep medial fascia of the thigh connect with the superficial 
and deep medial fascia of the thigh medially and extend over the medial surface from the caudal 
aspect of the quadriceps to the cranial border of the semitendinosus caudally and to the patella 
and medial femoral condyle distally (35). The deep medial fascia of the thigh has a connection to 
the to the medial lip of the femur through a septum caudal to the vastus medialis muscle (35).  
The fascia of the stifle joint extends proximally from the patellar ligament and continues distally 
over the stifle and then becomes the crural fascia, which surrounds the distal limb (35). 
 
5.  Arterial Blood Supply 
 

The arterial blood supply to the stifle largely originates from the external iliac artery, 
which is a lateral branch of the abdominal aorta (38, 39).  There are two branches of this artery 
that are important to the blood supply of the stifle, the deep femoral artery and the femoral artery 
(38).  The deep femoral artery originates from the caudomedial aspect of the external iliac artery 
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within the abdomen and after coursing caudodistally it exits the abdomen and gives off a branch 
referred to as the medial circumflex femoral artery (38).  The medial circumflex femoral artery 
exits the caudomedial aspect of the deep femoral and supplies the vastus medialis muscle, and 
the nutrient artery of the femur (38).  A caudal branch of the medial circumflex femoral artery, 
the obturator branch supplies the semimembranosus muscle (38).  The other important branch of 
the external iliac artery, the femoral artery gives off several branches that are important to the 
blood supply of the stifle, which are the superficial circumflex iliac artery, the lateral circumflex 
femoral artery, muscular branches, the proximal caudal femoral artery, the middle caudal 
femoral artery, the saphenous artery, the descending genicular artery, the distal caudal femoral 
artery, and its distal continuation, the popliteal artery (38, 39).  The superficial circumflex iliac 
artery exits from the craniodorsal aspect of the femoral artery and it supplies the tensor fascia 
lata, the rectus femoris, and the cranial sartorius muscles (38).  The lateral circumflex femoral 
artery exits from the caudolateral aspect of the femoral artery and supplies the vastus lateralis, 
and tensor fascia lata muscles before dividing into an ascending and descending branch (38, 39).  
The ascending branch supplies the tensor fascia lata muscle and the descending branch supplies 
the rectus femoris, vastus medialis, vastus lateralis, vastus intermedius, and tensor fascia lata 
muscles (38).  Muscular branches of the femoral artery may supply the biceps femoris, vastus 
lateralis, semimembranosus, semitendinosus, and caudal sartorius muscles (38).  The proximal 
caudal femoral artery exits the caudal aspect of the femoral artery and supplies the vastus 
medialis muscle (38, 39).  The middle caudal femoral artery exits the caudodistal aspect of the 
femoral artery and supplies the semimembranosus muscle (38, 39).  The saphenous artery exits 
the medial aspect of the femoral artery and supplies the caudal sartorius and gracillis muscles 
(38, 39).  A medial branch of the saphenous artery, the genicular branch supplies the medial skin 
and superficial fascia of the stifle (38).  A cranial branch of the saphenous artery exits the 
saphenous artery and courses distocranially and  supplies the cranial periosteum, fascia, and skin 
of the tibia (38, 39).  The descending genicular artery is considered to be the predominant blood 
supply to the stifle, it originates form the femoral artery and courses distomedially to supply the 
vastus medialis muscle and medial femoropatellar and femorotibial joint capsule (38).  The distal 
caudal femoral artery originates from the caudolateral aspect of the femoral artery and courses 
caudodistally to supply the biceps femoris, vastus lateralis, gastrocnemius, semimembranosus, 
and semitendinosus muscles and the lateral skin of the thigh (38, 39).  The distal continuation of 
the femoral artery is referred to as the popliteal artery (38, 39).   The popliteal artery gives off 
several branches that are important to the blood supply to the stifle, the caudal genicular arteries, 
muscular branches, the caudal tibial artery, and the cranial tibial artery (38).  The medial and 
lateral caudal genicular arteries exit the popliteal artery caudally and supply the medial and 
lateral collateral ligaments of the stifle, respectively and the medial and lateral heads of the 
gastrocnemius muscle, respectively (38).  Small genicular arteries originating from the popliteal 
artery also supply the cruciate ligaments of the stifle and the caudal aspect of the femorotibial 
joint capsule (38).  Muscular branches from the popliteal artery supply the gastrocnemius 
muscle, the popliteus muscle, the medial and lateral collateral ligaments, and the proximal aspect 
of the tibiofibular joint capsule (38).  The caudal tibial artery exits the popliteal artery caudally 
and supplies the tibia through the nutrient artery (38).  The cranial tibial artery exits the popliteal 
artery distolaterally and supplies the long digital extensor muscle and lateral aspect of the 
femorotibial joint capsule (38). 
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6.  Venous Drainage 
 

The veins that are important to the stifle mostly consist of veins that course alongside the 
arteries of the pelvic limb (40).  The cranial and caudal tibia vein are divisions of the popliteal 
vein (40).  The cranial tibial vein originates on the cranial surface of the tibia, drains the 
cranioproximal aspect of the distal limb muscles, and courses caudoproximally to join the caudal 
tibial vein and form the popliteal vein (40).  The popliteal vein continues proximally and 
proximal to the stifle it receives venous branches from the medial and lateral aspects of the stifle 
before becoming the femoral vein (40).  The lateral saphenous vein drains the gastrocnemius 
muscle then continues as the distal caudal femoral vein before it enters the femoral vein (40).  
The middle caudal femoral vein drains the gastrocnemius, quadriceps, semimembranosus, 
semitendinosus, gracillis, and biceps femoris before joining the femoral vein (40).  The 
descending genicular vein is the next vein to join the femoral vein and enters at the craniomedial 
aspect (40).  Cranial and caudal divisions of the medial saphenous vein join to form the medial 
saphenous vein (40).  The medial genicular vein then enters the medial saphenous vein 
craniomedially before it joins the femoral vein medially (40).  The proximal caudal femoral is 
the next vein to join the femoral vein, followed by the lateral circumflex femoral vein, which 
drains the lateral thigh and skin, and then the superficial branch of the deep circumflex iliac vein, 
which drains the proximal thigh (40).  The femoral vein then joins deep femoral vein before 
continuing proximally as the external iliac vein (40).  The deep femoral vein drains the caudal 
thigh, semimembranosus, semitendinosus, and biceps femoris before it joins the external iliac 
vein (40).  The external iliac then joins the common iliac proximally, which then enters the 
caudal vena cava (40).   

 
7.  Lymphatic Drainage 
 

The lymphatics that are important to the stifle consist of the superficial medial and lateral 
systems and the deep medial system and the popliteal, femoral, and superficial inguinal lymph 
nodes (41).  The superficial lateral system is closely associated with the lateral saphenous vein 
and it courses over the gastrocnemius muscle to pass into to the popliteal lymph node (41).   The 
popliteal lymph node is located caudal to the stifle and drains the limb distal to the stifle (39, 41).  
The superficial medial lymphatics are located close to the skin in the distal limb, course over the 
gracillis and vastus medialis muscles and enter the superficial inguinal lymph node (41).  The 
superficial inguinal lymph node is located between the abdominal wall and the medial aspect of 
the thigh, and drains the popliteal lymph node, stifle, distal limb, and medial thigh (39, 41).  The 
iliac lymph nodes receive drainage from the superficial inguinal lymph node (41).  The deep 
medial lymphatics course over the gastrocnemius muscle distally and the gracillis muscle 
proximally and enter into the iliac lymph nodes (41).  The femoral lymph node is inconsistent 
and when present drains the distal limb, stifle and the popliteal lymph node (41).   
 
8.  Nerves  
 

The nerves that are important to the stifle are the obturator nerve, cranial gluteal nerve, 
caudal gluteal nerve, lateral cutaneous femoral nerve, femoral nerve, and sciatic nerve (42, 43).  
The obturator nerve originates from lumbar nerves four, five and six (42).   The main 
contribution to the obturator is from lumbar nerve six and lumbar nerve four contributes the least 
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and is occasionally not present (43).  The obturator nerve arises in the ilopsoas muscle, then 
travels medially along the ilium, then through the obturator foramen and supplies the gracillis 
muscle (35, 42, 43).  The cranial gluteal nerve originates from lumbar nerves six and seven as 
well as from sacral nerve one (43).  It exits the pelvis through the greater sciatic foramen and 
enters the rump muscles, travels lateral to the ilium, continues cranially and ventrally through the 
gluteal muscles and then terminates and supplies the tensor fascia lata muscle (35, 42, 43).  The 
caudal gluteal nerve originates from either the lumbosacral trunk or from lumbar nerve seven 
(43).  It exits through the greater sciatic foramen, travels along the medial aspect of the ilium, 
continues through the gluteal muscles and supplies the cranial portion of the biceps femoris 
muscle and a small portion of the semimembranosus and semitendinosus muscles (35, 42, 43).  
The lateral cutaneous femoral nerve originates mainly from the ventral branch of lumbar nerve 
four, but also a lesser extent from lumbar nerves three and five (43).  It courses caudally and 
laterally, passing through the abdominal wall, and supplies the skin over the thigh and the lateral 
aspect of the stifle (43).  The femoral nerve originates mainly from lumbar nerve five, but also a 
lesser extent form lumbar nerves four and six (42, 43).  It  arises in the iliospoas muscle, courses 
caudally, exits the abdominal wall, gives off its large saphenous branch, and enters the 
quadriceps muscles to supply the rectus femoris muscle, vastus medialis muscle,  vastus lateralis 
muscle, vastus intermedius muscle, and the muscularis articularis genus (35, 42, 43).  The 
saphenous branch of the femoral nerve  courses medially to the tensor fascia lata muscle before 
dividing into a muscular and cutaneous branch (43).  The muscular branch of the saphenous 
nerve divides with one branch supplying the cranial belly of the sartorius and one branch 
supplying the caudal belly of the sartorius (42, 43).  The cutaneous branch of the saphenous 
nerve courses distally along the medial aspect of the quadriceps muscles and supplies the medial 
skin of the thigh, the deep structures of the medial stifle, and the medial skin of the stifle (43).  
The sciatic nerve originates from lumbar nerves six and seven as well as sacral nerve one (43).  
The sciatic nerve enters the gluteal muscles, then courses along the caudal aspect of the 
coxofemoral joint, and travels medial to the biceps femoris muscle and lateral to the 
semitendinosus muscle, and gives off a muscular branch that supplies the biceps femoris muscle, 
caudal crural abductor muscle, semitendinosus muscle and semimembranosus muscle (42, 43).  
After giving off a muscular branch the sciatic nerve divides into the peroneal and tibial nerves 
(42, 43).  The peroneal nerve arises at the distal aspect of the biceps femoris muscle, crosses the 
lateral head of the gastrocnemius muscle, courses distally along the caudal and lateral aspect of 
the stifle, supplies articular branch to the lateral collateral ligament and supplies a superficial 
branch to the long digital extensor muscle (35, 42, 43). The tibial nerve arises at the distal aspect 
of the biceps femoris muscle, supplies the biceps femoris muscle, semitendinosus muscle, 
semimembranosus muscle, courses between the medial and lateral head of the gastrocnemius 
muscle, and supplies the gastrocnemius muscle, superficial digital flexor muscle and  popliteus 
muscle (35, 42, 43).    
 
9. Joint Capsule 
 
 The stifle is a synovial joint with a joint capsule that is composed of synovial membrane 
on the inside of the joint and a fibrous membrane on the outside of the joint (20).  The synovial 
membrane is composed of connective tissue that is highly vascular and synoviocytes, which 
produce synovial fluid (20, 25).  With the exception of the articular cartilage and the meniscus, 
all structures contained in the joint are covered by the synovial membrane (20).  As the  synovial 
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membrane attaches to the bones of the stifle it integrates into the periosteum (25).  The synovial 
membrane surrounds ligaments inside the joint, tendons in close proximity to the joint, and can 
extend beyond the outer fibrous membrane and form bursa beneath tendons and ligaments (20, 
25).  The outer fibrous membrane of the joint capsule is composed of fibrous and elastic tissue, 
attaches at or close to the articular cartilage margin, and integrates into the periosteum (20).   
 
 The joint capsule of the stifle is divided into three intercommunicating sacs (20).  These 
sacs consist of the medial and lateral sacs that are formed by the articulation of the medial and 
lateral femoral and tibial condyles and the patellar sac formed by the articulation of the femur 
and the patella (20, 22, 26).  The medial and lateral sacs are divided in part into femoromeniscal 
and tibiomensical components by the menisci (20, 22).  The only communication that exists 
between the femoromeniscal and tibial components is along the axial borders of the menisci due 
to the firm attachment of the outer fibrous membrane of the joint capsule along the abaxial 
borders of the menisci (20).  The medial and lateral sacs communicate freely transversely and 
extend to the caudal and proximal extent of the femoral condyles and their respective fabellae 
(20, 22).  The medial sac has one subpouch between the medial femoral condyle and the medial 
fabella (20, 26).  The lateral sac has four subpouches one between the lateral femoral condyle 
and lateral fabella, one between the lateral tibial condyle and the fibular head, one in the extensor 
groove of the tibia where the synovial membrane surrounds the long digital extensor tendon, and 
one on the lateral femoral epicondyle where the synovial membrane partially surrounds the 
popliteus tendon (20).  The patellar sac is attached to and continues beyond both medial and 
lateral parapatellar fibrocartilages to just slightly past the trochlear ridges of the femur toward the 
medial and lateral epicondyles of the femur (20, 26).  It contains a small subpouch under the 
quadriceps tendon and is separated between its inner synovial and outer fibrous layer distal to the 
patella by the infrapatellar fat pad (20). 
 
10.  Synovial Fluid  

 
Synovial fluid is composed of a dialysate of blood and glycosaminoglycans produced by 

synoviocytes, which are fibroblasts contained in the synovial membrane of the joint capsule (20, 
25).  The main glycosaminoglycan in the synovial fluid is hyaluronic acid, which serves to 
protect the synovial fluid from entrance of high molecular weight proteins (25).   The synovial 
fluid contacts all surfaces within the joint and serves to lubricate the joint, provide nutrition to 
the articular cartilage of the joint, and provides leukocytes for phagocytosis of debris within the 
joint (20). 
 
11.  Articular cartilage 

 
The articular surfaces of the bones of the stifle are lined with articular cartilage (20).  

This cartilage is usually composed of hyaline cartilage which is avascular, contains no nerve 
endings, and receives most of its nutrients from the synovial fluid  (20, 25).  Hyaline cartilage 
consists of chondrocytes, collagen fibers, and matrix (25).  Articular cartilage is composed of a 
surface membrane, a surface or tangential layer, an intermediate or transitional layer, a  deep or 
radial layer, and a calcified layer, which are distinguished based on the shape of the 
chondrocytes and orientation of the collagen fibers (25).  The articular cartilage possesses both 
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elastic and compressible physical properties that allow it absorb shock, protecting the bones of 
the stifle from fracture (20).  
 
12.  Meniscus  
 
 The stifle contains two fibrocartilaginous structures, the medial and lateral menisci that 
are located between the medial and lateral femoral and tibial condyles, respectively (20, 44).  
The distal portion of the menisci in contact with the condyles of the tibia is flat, while the 
proximal portion in contact with the condyles of the femur is concave (22).  The menisci are 
semilunar shaped discs and are convex and thick along their abaxial border and concave and thin 
along their axial border (20).  These structures are wedge shaped in cross section, with the lateral 
meniscus being thicker, more concave, and forming a greater arc than the medial meniscus (20, 
44).  The thick abaxial border of the meniscus is attached to the to the inner surface of the joint 
capsule, while the thin axial border remains unattached or free (22).  The medial meniscus is also 
attached to the medial collateral ligament, the lateral meniscus is attached to the medial femoral 
condyle, and both menisci are attached to each other through ligaments (20, 22, 44).   
 
 The fibrocartilaginous menisci are composed of water, chondrocytes, collagen, elastin, 
proteoglycans, and matrix glycoproteins (22, 44).  Water is the primary component of the canine 
meniscus comprising 60-70% of its weight (44-46).  The water content of the central portion of 
the medial meniscus is significantly less than the water content of the central portion of the 
lateral meniscus (46).  Chondrocytes are found interposed in the network of collagen fibers in the 
menisci (22, 47).  Collagen composes 15-20% of the weight of the meniscus and 60-70% of its 
dry weight (44).  The collagen fibers in the menisci are a type I and type II collagen, with type I 
collagen making up 90% of the collagen content (44, 47).  The surface of the menisci that 
articulates with the femoral condyles has collagen fibrils that are arranged randomly, similar to a 
mesh and functions to counteract shear stresses and allow motion with minimal friction  (22, 44).  
In the outer two thirds of the menisci below the surface collagen fibrils are oriented 
circumferentially, which may function to counteract tensile forces (22, 44).  The inner third of 
the menisci has collagen fibrils oriented radially, which may function to counteract compressive 
forces (22).  Additionally radial fibers, called tie fibers, can be present throughout the menisci, 
connect circumferential fibers and may function to counteract longitudinal splitting (22, 44, 47).  
Small amounts of elastin are also present in the menisci and contribute a  portion of the 
remaining dry weight of the menisci not composed of collagen (44).  Proteoglycans also 
contribute a portion of the remaining dry weight of the menisci not composed of collagen and are 
molecules that function to control solute concentration in the menisci, counteract compressive 
forces, and maintain tissue health (22, 45).  The last component of the remaining dry weight of 
the meniscus not composed of collagen are the matrix glycoproteins (22, 44).   
 
 The blood supply to the menisci is derived mainly from the medial and lateral genicular 
arteries (48).  These arteries give off branches that form a capillary plexus within the synovial 
and fibrous membranes of the joint capsule around the meniscus (44, 48).  This capillary plexus 
supplies the peripheral 15-25 % of the menisci where they are attached to the joint capsule and 
this is referred to as the red zone of the menisci (22, 44, 48).  The portion of the lateral meniscus 
with no capsular attachment, located caudally and laterally near the popliteal tendon is not 
supplied by these vessels (48).  Cranially and caudally a vascular synovial tissue which is 
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continuous with the synovial tissue around the cruciate ligaments supplies the meniscal 
ligamentous attachments and these vessels also penetrate the menisci for a short distance (44, 
48).  The remaining relatively avascular areas of the meniscus are divided into an intermediate 
zone and axial zone, referred to as the red-white zone and the white zone respectively (22, 44).   
The names of the different zones of the menisci indicate the healing potential of that area and the 
healing potential decreasing from the red to the white zone (22, 44, 48).   
 
 The innervation of the mensici occurs around the peripheral margin and provides 
sensation (44).  Mechanoreceptors are also present in the cranial and caudal poles of the menisci, 
which allow pressure to be detected and may also allow exchange of proprioceptive information 
(44).  The menisci also communicate with myotactic receptors, which allow a muscular response 
to be generated when certain stresses are generated within the joint (44).   
 
 The menisci have several proposed functions, which include distributing load, stabilizing 
the joint, absorbing shock, providing lubrication, and providing sensory information (22, 44).  
When a load is placed across the stifle, the menisci and femoral condyles come into contact with 
one another and the load is distributed across the menisci, which decreases the stress transmitted 
to the femoral and tibial condyles and reduces mechanical damage to those structures (22).  As 
the menisci are loaded they also elongate, which allows them to absorb energy (22, 44).  The 
menisci act to fill in the incongruencies between the femoral and tibial condyles, making the 
stifle more congruent and increasing its stability (22, 44).  The sensory information provided by 
the menisci can help elicit an appropriate response to prevent injury (44).  The menisci are 
thought also to provide lubrication to the stifle and this decreases the amount of friction that 
occurs during stifle motion (44).   

 
13.  Ligaments 
 
 The ligaments of the stifle consist of the meniscal ligaments, patellar ligament, 
femoropatellar ligaments, fabellar ligaments, ligaments of the fibular head, collateral ligaments 
and cruciate ligaments (20).  The meniscal ligaments can be further divided into the coronary 
ligament, cranial and caudal meniscotibial ligaments, the meniscofemoral ligament and the 
intermeniscal ligament (20, 22, 44).  The medial meniscus is attached through the coronary 
ligament to the medial collateral ligament and the medial aspect of the joint capsule (22).  The 
medial meniscus is attached to the tibia cranially through the cranial tibial ligament of the medial 
meniscus, which connects the axial portion of the cranial medial meniscus to the cranial tibial 
intercondyloid area (20).  The medial meniscus is also attached to the tibia caudally through the 
caudal tibial ligament of the medial meniscus, which is thin and fan-shaped and extends from the 
axial portion of the caudal medial meniscus to the caudal intercondyloid area (20, 22).  The 
lateral meniscus is attached to the tibia through the cranial tibial ligament of the lateral meniscus, 
which connects the axial portion of the cranial lateral meniscus to the cranial tibial 
intercondyloid area caudal to where the cranial tibial ligament of the medial meniscus is located 
(20).  The lateral meniscus is also attached to the tibial caudally through the caudal tibial 
ligament of the lateral meniscus, which can be small and multiple or even absent and extends 
from the axial portion of the caudal lateral meniscus to the tibial popliteal notch, caudal to the 
attachment of the caudal tibial ligament of the medial meniscus (20, 22).  The meniscofemoral 
ligament connects the axial portion of the caudal lateral meniscus to the medial condyle of the 
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femur near the intercondyloid fossa and represents the only connection of the menisci to the 
femur (20).  The intermeniscal ligament also referred to as the transverse ligament connects the 
cranial tibial ligament of the medial meniscus caudally to the cranial tibial ligament of the lateral 
meniscus cranially and is located just cranial to the insertion of the cranial cruciate ligament on 
the tibia (20, 44).   

  
The patella is as previously discussed a sesamoid bone located in the tendon of the 

quadriceps muscle group (28).  In addition to it its tendinous attachment proximally it has 
ligamentous attachments to the stifle both medially and laterally and also distally (20).  These are 
the medial femoropatellar ligament, the lateral femoropatellar ligament, and patellar ligament, 
respectively (20, 26).  The medial femoropatellar ligament extends from the medial aspect of the 
patella to the medial femoral epicondyle and is weaker than the lateral femoropatellar ligament 
(20).  The lateral femoropatellar ligament extends from the lateral aspect of the patella  to the 
lateral fabella (20).  Both of these ligaments are composed of collagen fibers that form slender 
bands that converge with the fascia of the femur and serve to hold the patella in the trochlea of 
the femur (20, 26).  The patellar ligament originates from the distal aspect of the patella to insert 
on the tibial tuberosity (20).   

 
The medial and lateral fabellofemoral ligaments are not true ligaments, but are actually 

portions of tendons (22).  The structure referred to as the medial fabellofemoral ligament is the 
tendon of the origin of the medial head of the gastrocnemius muscle (35).  The structure referred 
to as the lateral fabellofemoral ligament is the tendon of the origin of the lateral head of the 
gastrocnemius muscle (22, 35).  Both of these tendons provide an attachment for their respective 
fabellae to the respective supracondylar tuberosities of the femur (35). 

 
Two ligaments, the cranial and caudal ligaments of the head of the fibula are present in 

the tibiofibular joint (26).  The cranial ligament of the head of the fibula originates from the 
lateral tibial condyle to the head of the fibula (20).  The caudal ligament of the head of the fibula 
originates from the caudal aspect of the tibia to the head of the fibula (20). 

 
Ligaments that serve the function of providing stability to the stifle are the medial 

collateral ligament, the lateral collateral ligament, the cranial cruciate ligament and the caudal 
cruciate ligament (26).  The medial collateral ligament originates proximally from an oval area 
on the medial femoral epicondyle, attaches firmly to the medial aspect of the joint capsule as 
well as the  medial meniscus, then inserts on a long rectangular area distal to the medial condyle 
of the tibia (20, 26, 49).  A bursa is located between the medial collateral ligament and the tibia 
and is fluid filled (49).  The lateral collateral ligament originates just proximal to the origin of the 
popliteus muscle on an oval area of the lateral femoral epicondyle, connects to the joint capsule 
through loose connective tissue, and then inserts on the head of the fibula (26, 49).  A few fibers 
of the distal aspect of the lateral collateral ligament also insert on the lateral tibial condyle (20).  
A superficial portion of the lateral collateral ligament also exists (49).  This portion originates in 
the area of the lateral fabellofemoral ligament, extends along the caudal border of the main 
portion of the ligament and then inserts diffusely on the peroneus longus fascia (26, 49).  The 
collateral ligaments are the primary stabilizers of the stifle against varus or valgus forces (49, 
50).  The medial collateral ligament is the primary stabilizer against valgus forces and the lateral 
collateral ligament is the primary stabilizer against varus forces (50).  In flexion the lateral 
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collateral ligament becomes less taut due to the origin and insertion of the ligament moving 
closer together (26, 49).  This causes the lateral femoral condyle to be displaced caudally and the 
tibia to internally rotate (49).  The medial collateral ligament counteracts a moderate amount of 
internal rotation during extension, slight amount of external rotation in extension, moderate 
amount of external rotation in flexion, and slight amount of valgus angulation in both extension 
and flexion (49).   The lateral collateral ligament counteracts a moderate amount of internal 
rotation during extension, moderate amount of external rotation in extension, slight amount of 
external rotation in flexion,  and slight amount of varus in both extension and flexion (49).   

 
The cranial and caudal cruciate ligaments are intraarticular and covered by synovial 

membrane of the joint capsule and cross one another (20).  The cranial cruciate ligament 
originates in a fossa present caudally on the medial aspect of the lateral condyle of the femur (9, 
20).   Some of the fibers of the cranial and proximal portion of the ligament also originate in the 
caudal lateral aspect of the intercondylar fossa of the femur (9).  As the cranial cruciate ligament 
continues distally through the intercondylar fossa of the femur it courses cranially and medially 
(51).  The cranial cruciate ligament then inserts on the cranial intercondylar area of the tibia and 
its insertion is broad and fan-shaped (9, 26, 51).  Some of the fibers of the insertion of the cranial 
cruciate ligament also attach to the cranial and lateral aspect of the medial tubercle of the 
intercondylar eminence of the tibia (9).   The caudal cruciate ligament originates from a fossa on 
the ventral and lateral aspect of the medial condyle of the femur in the most cranial aspect of the 
intercondylar notch of the femur (20, 26, 52).  The caudal cruciate ligament continues distally 
through the intercondylar notch and courses caudally (9, 26).  The insertion of the caudal 
cruciate ligament is medial to the popliteal notch of the tibia (9).   

 
The cranial cruciate ligament is morphologically made up of two components (51).  One 

portion is the craniomedial band which is spiral, originates more proximally in the intercondylar 
notch and is taut in both extension and flexion (9, 51).  The other portion is the caudolateral band 
which is straight and is taut in extension, but not in flexion (9, 51).    

 
The cruciate ligaments are mostly composed of multiple fascicles of collagen that are in 

large part oriented parallel to one another (51, 52).  The individual collagen fibers have a 
crimped appearance and the predominant type of collagen is type I, although some type III 
collagen is also present (44).   Interposed between the collagen fascicles in loose connective 
tissue are fibroblasts that run parallel to these fascicles and are usually spindle or oval in shape 
(51).  The synovial membrane component of the joint capsule that covers the cruciate ligaments 
is composed of thick connective tissue and fibroblasts (51, 52).    

  
The vascular supply to the cruciate ligaments is derived mainly from periligamentous soft 

tissues, in particular the synovial membrane portion of the joint capsule that surrounds the 
ligaments (9, 53).   The blood supply to this synovial membrane comes mainly from the middle 
genicular artery, but also from the lateral genicular artery and the descending genicular artery 
(26, 38, 52, 53).  The vessels in the synovial membrane that surround the cruciate ligaments, 
enter the ligaments transversely, and join to vessels within the ligamentous tissue (52, 53).   The 
density of vessels seems to be decreased in the midportion of the ligament when compared to the 
proximal and distal aspects of the ligament (53).  The vessels that supply the bones of the femur 
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and tibia have a few connections to the vessels in the cruciate ligaments, however these vessels 
are not thought to contribute to the blood supply of the ligaments (52, 53).   

 
Innervation of the cruciate ligaments has been evidenced by the presence of 

mechanoreceptors in the ligaments (54, 55).  These receptors are most prevalent in the proximal 
aspect of the  cruciate ligaments (55).  The presence of these mechanoreceptors indicates that the 
cruciate ligaments have a role in proprioception (54).   

 
The cranial cruciate ligament serves to limit cranial motion of the tibia relative to the 

femur (9, 51, 56).  The craniomedial portion of the ligament limits this motion in both extension 
and flexion and functions as the primary restraint (9, 51).  The caudolateral portion of the 
ligament limits cranial motion of the tibia relative to the femur in extension only and therefore 
functions as the secondary restraint (9).  Another function of the cranial cruciate ligament is to 
limit internal rotation of the tibia relative to the femur (9, 56).  The cranial cruciate ligament also 
functions to limit hyperextension of the stifle and is the primary restraint against this motion. (9).  
The caudal cruciate ligament serves to limit caudal motion of the tibia relative to the femur (9, 
56).  Along with the cranial cruciate ligament, the caudal cruciate ligament functions in the same 
capacity to limit internal rotation of the tibia relative to the femur (9, 56).  The caudal cruciate 
ligament also functions to limit hyperextension of the stifle, but is the secondary restraint against 
this motion (9).   
 
B. Kinematics of the Normal and Cranial Cruciate Ligament Deficient Stifle 
 

The term kinematics refers to the study of movement and is used to describe motion of 
individual joints as well as motion of the entire animal (57, 58).   Kinematics is often used to 
assess joint function and gait patterns (57).  In addition to the stability provided by the ligaments 
of the stifle, bone congruity and muscular contractions also aid in stability and together all of 
these things influence the resultant function of the joint and the gait pattern of the hindlimb (27).   

 
 The motion of the stifle consists mainly of extension and flexion of the joint along the 
axis of the body (22).  Motion of the stifle, however can occur to a lesser degree in other planes, 
resulting in 6 degrees of freedom of the stifle (27, 59-61).  The six degrees of freedom consist of 
three translations and three rotations of the tibia relative to the femur (59-61).  The translations 
consist of cranial-caudal, proximal-distal (compression-distraction), and medial-lateral 
movement of the tibia relative to the femur (27, 59, 60).  The rotations consist of extension-
flexion of the stifle, internal-external rotation of the tibia relative to femur, and varus-valgus 
(adduction-abduction) movement of the stifle (27, 59, 61).  Evaluation of all of the six degrees of 
freedom together provides three-dimensional information regarding the motion of the stifle (59). 
 

Assessments of these different movements can be measured in the passive state, which 
means that influences of muscular contractions, bone congruity during weight bearing are not 
present (27).  Measurements of the primary movements that the cranial cruciate ligament 
counteracts, such as cranial displacement of the tibia relative to the femur, internal rotation of the 
tibia relative to the femur, and hyperextension of the stifle can be made in the passive state (9).  
These measurements scan be compared to reference values in animals free of evidence of 
orthopedic disease of the hindlimb for evaluation of cranial cruciate ligament abnormalities (9, 
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27).  In one study, Arnoczky found that both cranial and caudal movement of the tibia relative to 
the femur was 0 mm when measured directly in cadaveric specimens free of orthopedic disease 
of the stifle (9).  Cranial movement of the tibia relative to the femur in the passive state at all 
stifle angles examined was less than 1 mm in another study conducted by Korvick using 
instrumented spatial linkage and radiophotogrammetry in anesthetized dogs free of orthopedic 
disease of the stifle (27).   In Arnoczky’s study, internal rotation was 6° in extension and 19° in 
90° of flexion and external rotation was 5° in extension and 8° in 90° of flexion (9).  Passive 
maximum extension and flexion of the stifle, as obtained by Jaegger using goniometry from a 
reference population of sedated dogs free of orthopedic disease of the stifle, was estimated to be 
162° and 42°, respectively, resulting in 121° of motion (62).  After transection of the cranial 
cruciate ligament, cranial  movement of the tibia relative to the femur was 2 mm in extension and 
9.5 mm at 90° of flexion when measured directly in Arnoczky’s study (9).  Cranial movement of 
the tibia relative to the femur after transection of the cranial cruciate ligament in the passive state 
at all stifle angles examined was 10 mm as demonstrated by Korvick’s study (27).   After 
transection of the cranial cruciate ligament in Arnoczky’s study internal rotation was 15° in 
extension and 45° in 90° of flexion and external rotation was unchanged (9).  In this same study, 
extension of the stifle increased by 8 %  after transection of the cranial cruciate ligament (9).  
Although this information may be helpful in identifying and underlying ligamentous abnormality 
in the stifle (9, 49), it is not useful in determining the ultimate function of the joint in an animal 
with a ligamentous injury such as a cranial cruciate ligament rupture (27).   

 
Muscular contractions and bone congruity during weightbearing may allow an animal to 

compensate for or may cause exacerbation of an abnormality in the stifle (27, 32, 36).  Muscular 
contractions from the quadriceps group of muscles exerts a cranial and proximal force on the 
tibia and contractions of the gastrocnemius muscle exert a caudal and distal force on the femur 
(36).  The resultant forces of the quadriceps and gastrocnemius muscles act to antagonize the 
forces of the cranial cruciate ligament (36, 63).  The biceps femoris, gracillis, semimembranosus, 
and semitendinosus muscles, as well as the caudal belly of the sartorius exert a caudal force on 
the tibia, therefore these muscle act as agonists to the forces of the cranial cruciate ligament (36, 
63).  Weight bearing causes compression of the tibia between the femur and the bones of the 
tarsus (36).  The tibial plateau is the articular surface of the proximal tibia and has an angle of 
inclination that is directed from cranial and proximal to caudal and distal (28, 32). When weight 
bearing occurs, a force is generated in the direction of the long axis of the tibia causing a shear 
force across the tibial plateau and cranial displacement of the tibia (32).  Measurements made 
during movement are more likely to be clinically relevant and provide important information 
about the effects of cranial cruciate rupture (27).   
 
 Movement can be assessed during ambulation by the use of computer assisted kinematic 
evaluation, which involves the use of reference markers placed on specific landmarks of the limb 
being assessed and a video camera that records the movement of the limb (7, 57, 58, 64).  This 
information is collected and analyzed through a computer, which provides information about 
joint movement (58).  This information can also be integrated with force-plate data (7, 57, 58, 
64), which adds information about weight distribution, speed of movement, and force applied on 
that limb (7, 65).   
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 The characteristics of the hindlimb gait at both a walk and a trot were studied in a 
reference population of animals free of evidence of orthopedic disease (57, 58).  The stride of 
each limb is divided into two phases:  a stance phase in which the foot contacts the ground and a 
swing phase in which the limb is elevated off the ground (66).  At a walk the hip and tarsus are 
extended and the stifle is flexed during the stance phase and all of the joints flex then extend 
during the swing phase (58).  At a trot the hip and tarsus have a significant peak of extension and 
the stifle has a lesser peak of extension during stance and the stifle and tarsus have a significant 
peak of extension and the hip has a slowed extension in the swing phase preceding the stance 
phase (57).  The range of motion at a walk was 100°-140° in the hip, 150°-110° in the stifle, and 
125°-170° in the tarsus during stance phase and 130° to 95° in the hip, 100°-150° in the stifle, 
and 120°-160° in the tarsus during swing phase (58).  At a trot the mean joint angle was 123° for 
the hip, 135° for the stifle, and 144° for the tarsus during stance and 104° for the hip, 129° for 
the stifle, and 137°in the swing phase preceding the stance phase (57).  The walk involves more 
complex movement, more consistency, and longer stance phase than the trot (58). 
 
 There are several studies that have used computer assisted kinematic and force plate data 
to compare the gait of animals with no evidence of orthopedic disease to those with cranial 
cruciate ligament rupture (7, 64, 65).  In one study Bustinduy found with both computer assisted 
kinematic and force plate data that at a walk the length of a dog’s stride as well as a dog’s paw 
velocity were significantly less in dogs with cranial cruciate ligament rupture (7). In another 
study using computer assisted kinematic and force plate, DeCamp found that during the stance 
phase of a trot gait dogs had increased flexion of the stifle and increased extension of the hip and 
tarsus (64).   In a study using force plate data, Budsberg found that at a walk the measured values 
peak force, impulse, weight distribution were significantly less in dogs with cranial cruciate 
rupture limb (65).  All of these finding were indications that the dogs were avoiding loading on 
the limb with the cranial cruciate ligament rupture, but do not give information about how the 
dynamics between the tibia and femur are changing (7, 64, 65). 
 

Assessment of six degrees of freedom can be performed during ambulation (22, 27, 60).  
In a reference population of animals free of evidence of orthopedic disease 6 degrees of freedom 
were measured using radiophotogrammetry in previous studies (22, 27, 60).  This involves 
implantation of radiographically detectable markers in the femur and tibia, detection by a 
radiographic unit and transfer of information to a computer which creates a coordinate system for 
three-dimensional analysis of motion between the femur and tibia (27, 60).  In one of the studies 
Korvick studied and approximated the 6 degrees of freedom in the stance and swing phase of a 
trot gait (22, 27).  In the stance phase cranial displacement of the tibia relative to the femur was 2 
mm, proximal displacement of the tibia relative to the femur (compression) was 2 mm, medial-
lateral displacement of the tibia relative to the femur was not present, the stifle was flexed to 
125°, external rotation was less than 1°, and abduction (valgus) of the stifle was less than 1° (27).  
In this same study in the swing phase cranial-caudal displacement of the tibia relative to the 
femur was 2 mm cranially and 5 mm caudally, proximal-distal displacement of the tibia relative 
to the femur (compression-distraction) was 4 mm proximally and 2 mm distally, medial-lateral 
displacement of the tibia relative to the femur was 2 mm medially, the stifle was flexed to 80°, 
internal-external rotation of the stifle was 10° of internal rotation and 5° of external rotation, and 
abduction (valgus) was 8 mm (27).  In the other study Tashman studied and approximated the 6 
degrees of freedom during the stance phase of trot gait (22, 60).  Over the course of stance phase 
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caudal displacement of the tibia relative to the femur was less than 1 mm, distal displacement 
relative to the femur was 2 mm, medial displacement was less than 1mm, flexion of the stifle 
was 120°, external rotation was 2°, and abduction (valgus) was 5° (60).  Results from these two 
studies are similar and provide information about dogs without evidence of orthopedic disease, 
which is useful as a reference for dogs with as suspected cranial cruciate ligament rupture (27, 
60).  
 

Assessment of six degrees of freedom in a population of animals that had the cranial 
cruciate ligament surgically transected was also performed using radiophotogrammetry in 
previous studies (22, 27, 60).  In the Korvick’s study 6 degrees of freedom was approximated in 
the stance and swing phase of gait (22, 27).  In the stance phase cranial displacement of the tibia 
relative to the femur was 14 mm, proximal displacement of the tibia relative to the femur 
(compression) was 10 mm, medial displacement of the tibia relative to the femur was 5mm, the 
stifle was flexed to 120°, internal rotation was 8°, and abduction (valgus) of the stifle was 5° 
(27).  In this same study in the swing phase cranial-caudal displacement of the tibia relative to 
the femur was 6 mm cranially and 2 mm caudally, proximal displacement of the tibia relative to 
the femur (compression) was 4 mm, medial displacement of the tibia relative to the femur was 5 
mm medially, the stifle was flexed to 75°, internal-external rotation of the stifle was 8° of 
internal rotation and 5° of external rotation, and abduction (valgus) was 8 mm (27).  In the 
Tashman’s study the 6 degrees of freedom were approximated during the stance phase of gait 
two months and two years after surgical transection (22, 60).  Over the course of stance phase 
caudal displacement of the tibia relative to the femur was 2 mm at 2 months and 5 mm at 2 years, 
proximal displacement relative to the femur was 5 mm at 2 months and 4 mm at 2 years, medial 
displacement was 1 mm at 2 months and 2 mm at 2 years, flexion of the stifle was 115° at 2 
months and 120° at 2 years , internal rotation was 3° at 2 months and 5° at 2 years, and abduction 
(valgus) was 7°at 2 months 5°at 2 years (60).  Cranial, proximal, and medial displacement of the 
tibia relative to the femur as well as flexion, internal rotation, and abduction of the stifle 
increased after transection of the cranial cruciate ligament, but the changes in the swing phase 
were minimal due to the lack of  muscular forces and influence of bone congruity (27, 60).  
Cranial displacement of the tibia relative to the femur occurred because these are the forces this 
ligament antagonizes (9).  Proximal displacement of the tibia relative to the femur (compression) 
is due to collapse of the joint, because as the tibia moves cranially it also moves proximally (27).  
The reason for the increase in medial displacement of the tibia relative to the femur is poorly 
understood as is the increase in abduction (valgus) (60).  The increase in flexion was likely a 
result of the animal decreasing weight-bearing on the limb (27).  These assessments are useful 
for learning more about the progression of the disease and directing treatment (61). 
 
C. Pathophysiology of Cranial Cruciate Ligament Disease  
 
1.  General 
 

The pathophysiology behind cranial cruciate ligament rupture is not well understood and 
is the topic of intense investigation (2).  It is not believed to result from a single abnormality, but 
is thought to the be the result of several potential factors (3, 4, 6).  Some of these proposed 
factors include trauma, genetics, conformation, blood supply, and degenerative changes (2, 3, 6, 
67). 
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a.  Trauma 
 

Traumatic injury to the cranial cruciate ligament does occur, but is thought to be an 
uncommon cause of rupture (22, 44, 56, 68).  The mechanism behind traumatic injury is thought 
to be excessive internal rotation of the tibia relative to the femur when the stifle is in flexion 
(56).  During the period of excessive internal rotation the cranial cruciate ligament rotates tightly 
around its own axis and is subjected to compression by the lateral condyle of the femur, both 
potentially predisposing it to injury during trauma (9, 56, 68).  Extreme hyperextension of the 
stifle can also cause injury to the cranial cruciate ligament (56).  When traumatic injuries do 
occur they are usually associated with other ligamentous injuries, tears in the joint capsule, and 
damage to the menisci, resulting in subluxation or even luxation of the stifle (22, 44, 68).  Less 
commonly single ligament injuries occur, but are usually avulsion injuries in young animals 
occurring at the level of the tibial attachment and is more likely to result from a hyperextension 
force (22, 44, 56).  Avulsion injuries occur because the bone in these young dogs is not as strong 
as the attachment of the ligament to the bone (22).  Most cranial cruciate ligament ruptures are 
not associate with trauma, however, which has led to numerous proposed causes for rupture (6, 
68).  
 
b.  Genetics 
 

A genetic basis for cranial cruciate ligament rupture is suspected, because this disease 
tends to occur more commonly in specific breeds of dogs (6).  An increased frequency of larger 
breed dogs was noted in several studies (69-71).  In one study Whitehair found that cranial 
cruciate ligament rupture was more prevalent in Rottweilers (7.85%), Newfoundlands (6.58%), 
and Staffordshire Terriers (5.39%) and less prevalent in Dachshunds (0.14%), Basset Hounds 
(0.18%), and Old English Sheepdogs (0.23%) (69).  In another study Duval found an increased 
odds ratio for the Neapolitan Mastiff (15.33), Akita (11.69), Saint Bernard (9,84), Rottweiler 
(6.92), Mastiff (6.72), Newfoundland (6.56), Chesapeake Bay Retriever (5.11), Labrador 
Retriever (5.05), and American Staffordshire Terrier (3.46) and decreased odds ratio for the 
German Shepherd (0.11) and mixed breed dog (0.25) (70).  Evaluation of one of the predisposed 
breeds the Newfoundlands, was subsequently performed to determine if a genetic basis exists 
(72, 73).  In Newfoundlands, the prevalence of cranial cruciate ligament rupture was found to be 
22%, the heritability was moderate (0.27), and a recessive mode of inheritance with a 51% 
penetrance was predicted (72).  In addition, three microsatellite markers on three canine 
chromosomes (3, 5, and 13) identified by genotyping were found to be significantly associated 
with cranial cruciate ligament rupture in Newfoundlands (73).  It is uncertain, however based on 
the current body of literature regarding genetics and cranial cruciate ligament rupture, whether 
genetics influence the actual composition of the cranial cruciate ligament or if they influence an 
animal’s conformation, which subsequently predisposes the animal to cranial cruciate rupture 
(6). 
 
c.  Conformation  
  

Conformational abnormalities are a suggested cause of cranial cruciate rupture, because 
they may lead to abnormal stress on the cranial cruciate ligament (68, 70, 74-86).  The stance of 
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an animal is one conformational abnormality that is suggested to be associated with cranial 
cruciate rupture (68, 70, 74).  An animal that stands with its hindlimbs straight or hyperextended 
is thought to place more stress on the ligament (68, 74).   In addition, in hyperextension the 
midportion of the cranial cruciate ligament, which is the most common site for rupture, contacts 
the narrowest portion of the intercondylar notch, which is the cranial aspect, potentially causing 
impingement (31, 68, 87).  Hyperextension of the hindlimbs is not consistently present in dogs 
with cranial cruciate rupture, however (6).   

 
Deviations in alignment of the femur are another potential conformational abnormality 

associated with cranial cruciate rupture (6, 75).  It was noted that in dogs with cranial cruciate 
ligament rupture and those predisposed to cranial cruciate ligament rupture, distal internal 
torsion of the femur was present (75).  Internal torsion of the femur could result in increased 
torsional stress on the cranial cruciate ligament and could increase the contact between the 
cranial cruciate ligament and femur leading to impingement of the cranial cruciate ligament. (6, 
75).  The true relationship between internal torsion of the femur and cranial cruciate rupture and 
the true prevalence of internal torsion of the femur is unknown (75).   

 
A decreased size of the femoral intercondylar notch is another conformational 

abnormality suggested to cause impingement of the cranial cruciate ligament, resulting in 
remodeling and potentially weakening of the ligament (76).  In dogs with no evidence of 
orthopedic disease of the stifle, the cranial cruciate ligament contacts the intercondlyar notch 
starting at 115° and the contact increases with increasing extension (31).  Studies have verified 
the presence of a narrowed femoral intercondylar notch in both dogs with cranial cruciate 
ligament rupture and dogs predisposed to cranial cruciate ligament rupture (76, 77).  Remodeling 
of the collagen of the cranial cruciate ligament in the narrowed area of the femoral intercondlyar 
notch was also demonstrated (76).  However, the area of the cranial cruciate ligament remodeling 
is also the area predisposed to rupture and therefore it is unknown if the narrowing of the femoral 
intercondlyar notch is a secondary change caused by degenerative joint disease (75-77).   
 
 The angle of the articular surface of the tibia is yet another suggested conformational 
abnormality speculated to be associated with cranial cruciate ligament rupture (74, 75, 78, 82, 
83).   The angle of the articular surface can be influence by angulation of the proximal aspect of 
the tibial shaft (75, 78) or by the angulation of the articular surface itself, the tibial plateau (32).  
A compressive force is generated between the femur and the tibia during weight bearing and 
sloping of the articular surface causes this force to be converted to a shear force, allowing the 
tibia to move cranially relative to the femur (32, 36).  Increased angulation of the proximal tibia 
was seen in a study by Osmond and a study by Mostafa in dogs with cranial cruciate rupture 
when compared to dogs with no evidence of orthopedic disease of the stifle (75, 78).  The reason 
for this abnormality is thought to be due to failure of normal growth of the caudal portion of the 
tibia due to premature closure of that portion of the tibial physis (75).  Increased angulation of 
the tibial plateau was also demonstrated in two previous studies as well as in a study by Morris in 
dogs with cranial cruciate ligament rupture when compared to dogs with no evidence of 
orthopedic disease of the stifle (75, 78, 82).  Wilke found, however that the tibial plateau angle 
was higher in animals predisposed to cranial cruciate ligament rupture, than those where a 
rupture was present (84).  Also, in another study Buote found no association between tibial 
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plateau angle and cranial cruciate ligament rupture and a study by Inauen had similar findings 
(86, 88).   
 
 The orientation of the patellar ligament has also been implicated as a potential 
conformational abnormality associated with the development of cranial cruciate disease (79, 85, 
86).  The patellar ligament pulls the tibia cranially or caudally depending on what its angle is 
relative to the joint surface (89, 90).  A patellar ligament that is greater than 90° to the joint 
surface will cause a cranial pull on the tibia and a shear force on the cranial cruciate ligament, 
which may allow damage to and eventually rupture of the cranial cruciate ligament (85, 90).  It 
was demonstrated by Schwandt in one study and by Inauen in another study that dogs with 
cranial cruciate ligament rupture had a larger angle between the patellar ligament and joint 
surface than dogs with no evidence of orthopedic disease of the stifle (85, 86).  The increase in 
this angle was thought to be the result of a significant decrease in tibial tuberosity width in the 
dogs with cranial cruciate ligament rupture in Inauen’s study (86).  In another study, Guerrero 
found significantly decreased development of the tibial tuberosity in dogs with cranial cruciate 
ligament rupture when compared to dogs with no evidence of orthopedic disease of the stifle 
(79).  In another study by Mostafa, however did not find a significant difference in patellar 
ligament angles between dogs with cranial cruciate ligament rupture and dogs with no evidence 
of orthopedic disease of the stifle (75). 
 

Cranial cruciate ligament rupture is also seen in dogs with patella luxation (80, 81).  In 
the study by Gibbons of large breed dogs with patella luxation 20% of the dogs had a cranial 
cruciate ligament rupture (80).  In another study by Campbell of small breed dogs 41% had a 
cranial cruciate ligament rupture and dogs with the most severe grade of patella luxation had a 
significantly greater chance of having a cranial cruciate ligament rupture (81).  It was theorized 
in the last study that absence of the patella in the femoral trochlear groove may decrease the 
caudal force generated by the patellar ligament on the tibia, which may place additional strain on 
the cranial cruciate ligament and predispose it to rupture (81).   
 
d.  Blood Supply  
 
 Ischemia of the cranial cruciate ligament is another proposed mechanism for cranial 
cruciate ligament rupture (67, 68, 91).  The midportion of the cruciate ligament is the most 
common site for rupture (68, 91).  The cranial cruciate ligament has a decreased vascular supply 
when compared to the caudal cruciate ligament and the midportion of the cranial cruciate 
ligament is the least vascular portion of the ligament (53).  It is also suggested that compression 
of the vessels present in the mid portion could occur as well, due to the cranial cruciate ligament 
twisting around the caudal cruciate ligament (92)  Primary ischemia with secondary damage to 
the ligament was suggested in ligaments with cranial cruciate ligament rupture, because 
ligamentocytes (ligament cells) are replaced with chondrocytes (cartilage cells), which can 
survive in a hypoxic environment (91, 93).  Alternatively, chronic overload of the cranial 
cruciate ligament was also suggested to result in microtrauma that cannot be adequately repaired, 
because of inadequate blood supply (67, 68).  It is undetermined whether ischemia is the primary 
cause for rupture or is secondary to damage of the ligament (92). 
 
e.  Degeneration 
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Many different mechanisms of degeneration have been proposed as causes of cranial 

cruciate ligament rupture (3, 6, 87).  Chronic overload of the cranial cruciate ligament is one 
proposed mechanism (3, 67, 71, 91).  Histologic changes seen in ruptured cranial cruciate 
ligaments, such as loss of the crimped microstructure of collagen are suggestive of chronic 
mechanical overload resulting in microinjury to the ligament (67).  Disuse of the limb in older, 
obese, and sedentary dogs or exercise restriction in puppies is proposed to decrease the strength 
of surrounding muscles of the stifle (3, 71).  This may decrease support and place more strain on 
the cranial cruciate ligament leading to rupture (3).  Weight of the animal is also implicated in 
increasing strain on the cranial cruciate ligament, potentially leading to its rupture (91).  This is 
supported by a decrease in severity of degenerative changes in the cranial cruciate ligament as 
well as a later age of onset in dogs less than 15 kg when compared to dogs weighing greater than 
15 kg in a study by Vasseur (91). 

 
Degeneration of the cranial cruciate ligament  with  disruption of its structure is also 

proposed to be a result of inflammation (94) .  The ligament appears to lose its tightly organized 
arrangement of collagen, ligamentocytes are replaced with chondrocytes, dissolution of cell 
nuclei occurs, and cell death are seen in ruptured cranial cruciate ligaments (68).  These changes, 
however are often noted before cranial cruciate ligament rupture, suggesting a progressive 
degeneration (91).   Lymphoplasmacytic inflammation was present in 67 % of synovial 
membranes from dogs with cranial cruciate ligament rupture in one study (95).  Increased 
numbers of macrophages as well as the proinflammatory cytokines tumor necrosis factor α, 
interleukin 1β, and interleukin 6 are found in synovial membranes and joint capsules of dogs 
with cranial cruciate ligament rupture (96, 97).  Inflammation may induce programmed cell 
death, or apoptosis in ligamentocytes and chondrocytes (98).  Apoptosis is increased in dogs with 
partial and complete tears of the cranial cruciate ligament and may lead to loss of structural 
integrity of the cranial cruciate ligament and contribute to rupture (98).  In addition to increased 
numbers of proinflammatory cytokines, degradative enzymes such as matrix metalloproteases, 
capthesin K, and capthesin S are increased in canine stifles  with cranial cruciate ligament 
rupture (94, 97, 99-101).  These increases are thought to be the result of production by  
macrophages that express tartrate-resistant acid phosphate, which are also increased in stifles of 
dogs with cranial cruciate ligament rupture (99-101).  Increases in destructive enzymes are 
thought to occur early in the course of cranial cruciate ligament disease and precede rupture 
(100).  These enzymes may destroy collagen in the cranial cruciate ligament and ultimately lead 
to rupture (99, 101).  However it is still uncertain whether inflammation is the true initiating 
force that leads to damage of the cranial cruciate ligament or if it is a consequence of some other 
etiology, such as chronic mechanical overload or an immune mediated process (67, 94, 97). 

 
An immune mediated process is another proposed mechanism thought to lead to cranial 

cruciate ligament rupture in dogs (94, 95, 102).  Lymphocytes and plasma cells have been noted 
to aggregate and form nodules in the cranial cruciate ligaments of dogs with rupture (95).  The 
nodules are representative of an immune response and the presence of plasma cells indicate 
production of antibodies (95).  Cathepsin S, a proinflammatory mediator associated with antigen 
presentation in the immune response, is increased in dogs with cranial cruciate ligament rupture 
compared to dogs with other causes of arthritis, which is suggestive of an immune mediated 
arthropathy (103, 104).  Increased levels of antibodies, such as immunoglobulin G and M in 
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synovial membranes of canine stifles with cranial cruciate ligament rupture compared to 
unaffected canine stifles is also suggestive of an immune mediated process (102).  It is still 
unknown, however, if this immune response is primary or a consequence of mechanical damage 
to the ligament, which may expose portions of the ligament that may act as antigens and initiate 
an immune response, or another immunologic trigger (102, 105).   
 One proposed immunologic trigger is the presence of bacteria in canine stifles (103, 106).  
There is a significant association between the presence of bacterial DNA in canine stifle 
synovium and cranial cruciate ligament rupture (106).  The most common bacteria present are 
Borrelia burgdorferi and Stenotrophomonas maltophila, with environmental pathogens seen only 
in canine cranial cruciate deficient stifles (106).  In experimentally induced canine cranial 
cruciate ligament rupture, the same patterns of bacterial DNA detection are not present, 
indicating that the presence of bacteria is unlikely a result of instability of the stifle (106).  These 
bacteria may act as antigens which trigger an immune response in the canine stifle and ultimately 
lead to cranial cruciate ligament rupture (103, 106).  
 
2.  Meniscus  
 
 Meniscal injury is thought to occur frequently in canine stifles with cranial cruciate 
ligament rupture and is thought to be a consequence of the instability created in the joint (107).  
The most significant injury occurs to the caudal pole of the medial meniscus, although minor 
tears of the lateral meniscus can occur as well (107, 108).  The prevalence of medial meniscal 
tears is reported in one study by Ralphs in 2002 to be 58% and the prevalence of lateral meniscal 
tears are reported to be 77% in canine stifles with cranial cruciate ligament rupture (107).  The 
mechanism of injury of the medial meniscus is thought to be due to the cranial displacement of 
the tibia that also causes cranial displacement of the firmly attached medial meniscus, which 
results in crushing of the caudal pole between the medial femoral condyle and the tibial plateau 
(74).  For this reason medial meniscal tears are more commonly identified with complete cranial 
cruciate ligament ruptures (107).  The most common type of tear of the medial meniscus is a 
longitudinal tear, also known as a bucket handle tear, which in some cases can be multiple or 
displaced (68).  Less commonly tears of the medial meniscus can occur transversely, also known 
as a radial tear (68, 109).  When tears of the lateral meniscus occur, they are most commonly 
radial and on the cranial aspect (107).  The significance and exact mechanism behind lateral 
meniscal tears is unknown, although compression of the meniscus between the intercondylar 
eminence of the tibia and the lateral femoral condyle is suggested (107, 110). 
 
3.  Osteoarthritis 
  

Osteoarthritis, whether the result of inflammation, mechanical damage or a combination 
of the two mechanisms, is recognized in canine stifles with cranial cruciate ligament rupture (10, 
68, 94, 111).  The key features of osteoarthritis are damage to articular cartilage and osteophyte 
(bony outgrowth) production (25, 112).  Articular cartilage damage may be a result of 
degradative products of inflammation or abnormal wear due to instability of the stifle (68, 94, 
100, 111).  Increased vascularity in the synovium due to primary inflammation or inflammation 
secondary to mechanical damage, leads to proliferative changes such as osteophyte formation (3, 
68, 100, 111).  Osteophytes are detected on the abaxial portion of both femoral and tibial 
condyles, trochlear ridges of the femur, distal aspect of the patella, and both fabellar sesmoids 
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(68).  The increase in vascularity of the synovium also leads to other changes in the joint, such as 
generalized bone remodeling and increased production of synovial fluid (111). 
 
D.  Diagnosis 
 
1.  Signalment 
 

Cranial cruciate ligament rupture is typically diagnosed at 7-10 years of age, although 
dogs can present with this injury at any age (69, 71).  Dogs can even present before skeletal 
maturity is reached (71).  Prevalence of cranial cruciate ligament rupture was increased in 
females in a study by Whitehair, but was not in another study by Duval (69, 70).  Neutered 
females as well as neutered males had an increased prevalence in both studies (69, 70).   Also, 
increased body weight is consistently associated with an increased prevalence of cranial cruciate 
ligament rupture (69-71).  Rottweilers, Newfoundlands, Staffordshire Terriers, Mastiffs, Akitas, 
Saint Bernard, Chesapeake Bay Retriever, and Labrador Retriever are some breeds reported to 
have a higher prevalence of cranial cruciate ligament rupture  (69, 70, 72, 73). 
 
2.  History 
 

Most cases of cranial cruciate ligament rupture in dogs present several weeks after onset 
of lameness (3, 10, 68).  The history of dogs with cranial cruciate ligament rupture reported by 
owners seldom includes a traumatic event other than normal exercise (68, 71).  When a history of 
trauma is noted, it is usually associated with other ligamentous injuries of the stifle (68).  
Activities that are sometimes reported by the owners to be associated with the injury are running, 
playing, jumping, twisting of the limb, or short falls (36, 68).  Lameness may have an acute or 
gradual onset (71).  Owners may also report the lameness got better then worsened or that it is 
worse after rest or exercise (3, 68, 71).   
 
3.  Physical Exam 
 
a. Lameness 
 
 Lameness associated with cranial cruciate ligament rupture can be variable (68, 71).  In 
acute injuries the dog may be completely nonweight bearing on the limb due to pain associated 
with traumatic synovitis and hemarthrosis (3, 68).  Lameness may improve to a low grade 
lameness with resolution of traumatic synovitis and hemarthrosis, but may acutely become worse 
if a partial tear progresses to a complete tear or a meniscal tear occurs (3, 68, 71).  A stiff gait in 
the affected limb and lameness after rest or exercise are consistent with progression of 
osteoarthritis in the cranial cruciate deficient stifle (71). 
 
b. General Palpation 
 

Muscle atrophy of the affected hindlimb especially of the quadriceps muscle group may 
be noted (3, 68).  If traumatic synovitis and hemarthrosis are present, most often noted in acute 
injuries, the stifle may be significantly painful (68).  Palpation on either side of the patellar 
ligament while the dog is standing may reveal distention of the joint with depression of the joint 
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on deep palpation, which is consistent with joint effusion (3).  An appreciable thickening of the 
joint capsule may be palpated, especially on the medial aspect of the joint (3, 68, 71).   Joint 
effusion is usually more prominent with acute injuries and joint capsule thickening is usually 
more prominent with chronic injuries (3, 68).  A clicking sound may be heard when the joint is 
put through a range of motion and represents sliding of the medial femoral condyle over the 
caudal pole of the medial meniscus (68).  Crepitation may also be heard during range of motion 
of the stifle in chronic cases due to the presence of osteoarthritis (3, 68). 
 
c. Cranial Drawer 
 

To perform the cranial drawer test the dog is placed in lateral recumbency with the 
affected limb up (36).  One hand is positioned with the index finger on the patella and the thumb 
on the lateral fabella while the other hand is positioned with the index finger on the tibial 
tuberosity and the thumb on the head of the fibula (3, 36). The hand positioned distally is 
advanced cranially while the hand positioned proximally is held stationary (36, 68).  Cranial 
movement of the tibia relative to the femur is consistent with a positive cranial drawer sign (36).  
In cases of partial cranial cruciate ligament ruptures or ruptures of the craniomedial band, cranial 
drawer should be elicited in flexion due to the intact caudolateral band that remains taut in 
extension (3, 9).  Pain and subsequent muscle contractions of the dog may inhibit detection of 
cranial drawer and in these cases sedation or general anesthesia are necessary (3, 36, 68, 71).  
Thickening of the joint capsule in chronic cases may also make eliciting a positive cranial drawer 
difficult (3, 68).  Detecting subtle cranial drawer in these cases may necessitate sedation or 
general anesthesia as well (68). 
  
d. Tibial Compression Test 
 

The tibial compression test is performed with the dog in lateral recumbency with the 
affected leg up using one hand to grasp the femoral condyles with the index finger extended to 
rest along the tibial tuberosity and the other hand placed on the metatarsus (36).  This test is 
performed by flexing the hock and feeling for cranial displacement of the tibial tuberosity, which 
indicates a positive tibial compression test (3, 36).   This test simulates compression of the stifle 
between the femur and the tarsus that occurs with weight bearing and contraction of the 
gastrocnemius muscle that applies caudal distal force on the femur, both allowing cranial 
displacement of the tibia relative to the femur in absence of the cranial cruciate ligament (36).  
The advantage of this test is that it is not affected by muscular contractions of the dog, so does 
not require sedation or general anesthesia to accurately perform (3, 36). 
 
4. Arthrocentesis 
 

Arthrocentesis is performed by sterilely collecting a sample of synovial fluid from the 
stifle and can be used to rule out other disease processes such as septic arthritis and immune 
mediated arthritis (3).  Most commonly synovial fluid in stifles with cranial cruciate ligament 
rupture is consistent with osteoarthritis (71).  Synovial fluid is generally increased in volume, has 
a clear yellow color, normal viscosity, good mucin clot, absent fibrin clot, and increased white 
blood cells consisting mainly of mononuclear cells (3, 71).   
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5. Imaging 
 
a. Radiographs 
 

Radiographs are often used in cases of cranial cruciate ligament rupture to rule out other 
abnormalities that may be present in the bone or soft tissue of the stifle and to support the 
diagnosis of cranial cruciate ligament rupture (3).  Cranial-caudal and medial-lateral radiographic 
projections are used most commonly (3, 68).  The cruciate ligaments are not directly visible with 
plain radiographs, therefore the chief benefit with cranial cruciate ligament rupture is to 
document soft tissue changes consistent with joint effusion and the degree of osteoarthritis 
present (29, 68).  The presence of joint effusion is noted by cranial displacement of the 
infrapatellar fat pad and a rounded soft tissue opacity at the caudal aspect of the stifle on the 
medial-lateral view as well as a rounded soft tissue opacity at the medial and lateral aspect of the 
stifle in the cranial-caudal view (29, 113).  The presence of osteophytes surrounding the stifle are 
a common and reliable parameter for assessing osteoarthritis (29, 114).  Osteophytes are most 
often present on the medial and lateral trochlear ridges of the femur, distal aspect of the patella, 
and abaxial aspects of the femoral and tibial condyles (29, 68).  Alignment is usually not a 
reliable radiographic parameter for diagnosis of cranial cruciate ligament rupture when 
traditional radiographic views are utilized, however the presence of cranial malalignment of the 
tibia may be supportive in diagnosis (29).  The use of medial-lateral stress radiographs, which 
are positioned as for the tibial compression test, can however, be useful in detecting cranial 
malalignment when compared to neutral medial-lateral radiographs (115).  Also, evaluating the 
popliteal sesamoid for distal displacement, which is indicative of cranial displacement of the 
tibia relative to the femur, has an accuracy and specificity that approaches 100% for identifying 
cranial cruciate ligament rupture (34). 
 
b. Computed Tomography 
 

Computed tomography can be used to visualize cranial and caudal cruciate ligaments and 
medial and lateral mensici (116).  Addition of positive contrast arthrography, which involves 
injection of contrast medium into the joint, is however, necessary for improved visualization of 
the continuity of these structures (116-118).  General anesthesia is generally required for this 
type of imaging and its utility for diagnosis of meniscal tears is uncertain (117).   
 
c. Ultrasound 
 

Ultrasound can be used to visualize the cranial cruciate ligament and certain areas of the 
medial and lateral menisci in dogs weighing over 20 kg (119-121).  The cranial cruciate ligament 
can be seen ultrasonographically in normal stifles and in cranial cruciate ligament deficient 
stifles, its absence is noted (120, 121).  In chronic cases the proximal and distal ends of the torn 
cranial cruciate ligament can be identified with ultrasound (120).  All areas of the menisci, 
especially the caudal aspects can be difficult to visualize with ultrasound (121).  However, 
identification of bucket handle tears of the caudal pole of the medial meniscus with ultrasound is 
over 90% sensitive and specific when verified by arthroscopy (119).    
 
d. Magnetic Resonance Imaging 
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Magnetic resonance imaging can be useful for identifying cranial cruciate and meniscal 

tears noninvasively (122-124).  In dogs over 25 kg, the incidence of detection of clinically 
significant meniscal tears is 88 % (122).  General anesthesia is required for magnetic resonance 
imaging, and it can be expensive and time consuming (3, 122-124). 
 
6. Arthrotomy/Arthroscopy 
 
 Direct inspection of the inside of the joint to view the cranial cruciate ligament and the 
mensici can be accomplished by opening the joint surgically (arthrotomy) or viewing it through a 
small hole in the joint with the aid of an arthroscope (arthroscopy) (3, 125).  Arthroscopic 
evaluation along with mechanical probing is the most accurate method for diagnosing meniscal 
tears, due to magnification and better lighting provided by the arthroscope (125).  Arthroscopy is 
more technically demanding and requires special equipment, but is less minimally invasive than 
arthrotomy (3).   
 
E.  Treatment  
 

Many treatment options exist for management of cranial cruciate ligament rupture (10, 
68, 74, 126).  These treatment options include conservative management (10), intracapsular 
techniques (68, 127, 128), extracapsular techniques (126, 129, 130), and osteotomy procedures 
(74, 131).  These techniques are used in an effort to negate the effects of and/or correct the 
abnormal joint biomechanics that occur secondary to cranial cruciate ligament rupture (7, 60, 
132-134).   
 
1.  Conservative Management 

 
Conservative management consists of reducing pressure on the unstable stifle through 

weight management and controlled exercise and minimizing pain through anti-inflammatory 
medications (10, 25, 135).  Conservative management is usually reserved for dogs under 15 kg, 
is not recommended for dogs with high activity levels, requires an extended recovery period, and 
in many cases the joint remains largely unstable (10).  For this reason, some form of surgical 
stabilization is usually recommend over conservative management (135). 
 
2.  Surgical Options 
 
a.  Intracapsular Techniques 

 
Intracapsular techniques involve utilizing a graft inside the joint in an attempt to 

reconstruct the cranial cruciate ligament (136, 137).  Intracapsular techniques may be technically 
demanding, can be associated with residual cranial displacement of the tibia and decreased limb 
function (14, 127, 137).  Also, grafts are exposed to similar physical and biological hazards 
present in the intracapsular environment as the cranial cruciate ligament (14). 
 
i.  Paatsama 
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 In 1952 Saki Paatsama described one of the first intracapsular techniques for cranial 
cruciate ligament reconstruction in dogs (68, 135).  The procedure involved harvesting a strip of 
fascia lata approximately 1 cm wide that extends from the tibial tuberosity to the patella and an 
equal distance proximal to the patella (68).  The fascia lata is left attached distally and threaded 
through a tibial tunnel (from the medial aspect of the tibial tuberosity to the distal insertion of the 
cranial cruciate ligament), through the joint, then through a femoral tunnel (from the proximal 
origin of the cranial cruciate ligament to the lateral femoral condyle just above the lateral 
collateral ligament), and then secured with suture to the patellar ligament at the tibial tuberosity 
insertion (68, 135).  The results in 5 clinical cases showed resolution of lameness in 80% with an 
approximately 3 to 5 month follow up time (68). 
 
ii.  Over the Top 
 
 The over the top procedure is an intracapsular technique developed by Arnoczky in the 
1970s (128, 135).  The procedure is performed by harvesting the medial third of the patellar 
ligament, patella, and fascia lata proximal to the patella for a distance twice that from the tibial 
tuberosity to the patella (128).  The distal patellar ligament is left intact and the graft is passed 
through the joint, caudally around the lateral femoral condyle and sutured to the fascial tissues 
(128).  Performing this procedure can result in significant patellar fractures and so can be 
technically difficult (135).  In 28 clinical cases the results were excellent in 61 %, good in 37%, 
and fair in 7% with a follow up time of 3 to 19 months (128).  
 
iii.  Under and Over 
 
 In the 1980s Shires described the under and over intracapsular technique for cranial 
cruciate ligament reconstruction (127).  The procedure involves harvesting a 1 to 2 cm strip of 
fascia lata extending similar to the Paatsama technique, except the lateral one third of the patellar 
ligament is included (68, 127, 135).  This graft is passed underneath the meniscal ligament, 
through the joint, over the top of the lateral femoral condyle and attached with a screw and a 
spiked washer (127, 135).  This procedure was evaluated clinically in 27 dogs with 93% having 
resolution of lameness at follow up which ranged from 3 to 27 months (127). 
 
b.  Extracapsular Techniques 
 

Extracapsular techniques rely on positioning structures or materials extraarticularly to 
decrease cranial tibial displacement and internal rotation of the tibia relative to the femur (126, 
129, 130).  Of the extracapsular suture techniques, the lateral suture technique is the most 
commonly utilized for treatment of cranial cruciate ligament rupture (138).  Extracapsular 
techniques can result in external rotation of the tibia relative to the femur, decreased range of 
motion of the stifle, abduction of the tibia, and increased pressure in the lateral compartment of 
the stifle (61, 139).   
 
i.  Imbrication 
 

One of the first extracapsular techniques described for cranial cruciate ligament rupture 
was by Childers in 1966 (140).  This technique involved placing Lembert sutures in the lateral 
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retinaculum of the stifle to tighten it and subsequently reduce instability of the stifle (21, 135, 
140).  This technique can, however, result in recurrence of instability due to stretching of the 
repair (135). 

 
ii.  Lateral Retinacular Imbrication  
  

DeAngelis and Lau described an extracapsular technique, called the lateral retinacular 
imbrication technique in 1970 that is the basis for the lateral suture technique, which is now the 
most commonly utilized extracapsular procedure (126, 138).  The technique originally involved a 
mattress suture originating behind the lateral fabella and inserting on the lateral and distal aspect 
of the patellar tendon (126).  This technique mimics the orientation of the cranial cruciate 
ligament externally or outside of the joint to counteract cranial tibial displacement relative to the 
femur (126, 135).  This procedure was tested clinically in 37 dogs and the success rate of the 
procedure was 85.7% with a follow up time of 2 to 13 months (126). 
   
iii.  Modified Retinacular Imbrication  
 

A modification of the lateral retinacular imbrication technique was proposed by Flo in 
1975 (130).  The modified retinacular imbrication technique consists of three mattress sutures:  
one  suture from the lateral fabella to the tibial tuberosity, one suture from the medial fabella to 
the tibial tuberosity, and one suture from the lateral fabella to the lateral aspect of the patellar 
tendon (130).  In dogs greater than 20 kg the suture from the lateral fabella to the lateral aspect of 
the patellar tendon is omitted and replaced by a second suture from the lateral fabella to the tibial 
tuberosity (135).  This technique was evaluated in 27 clinical cases with a 92% satisfactory 
outcome 6 to 10 weeks postoperatively (130). 
 
iv.  Three-in-one 
 

The three-in-one technique is a modification of the modified retinacular imbrication 
technique (21, 130, 135).  In addition to the sutures placed in the modified retinacular 
imbrication technique, the caudal belly of the sartorius muscle and the biceps femoris are 
advanced on the medial and lateral aspect of the stifle respectively and sutured to either side of 
the patellar ligament (130, 135).  The objective of advancing these of muscles in the three-in-one 
technique is to  add support to the sutures in the postoperative period  (135).   
 
v.  Four-in-one Over the Top 
 

The four-in-one over the top technique was describes by Piermattei in 1981 and is a 
combination of intracapsular and extracapsular techniques (135, 141).  The procedure combines 
the three-in-one procedure and the over the top procedure (128, 135, 141).  This procedure was 
tested in 20 clinical cases and had good or excellent outcome at a 12 months postoperatively 
(141). 
 
vi.  Lateral Suture 
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The lateral suture procedure is currently the most commonly used extracapsular 
procedure for cranial cruciate ligament rupture (138).  The procedure evolved from the lateral 
retinacular imbrication and modified retinacular imbrication technique (126, 130).  This 
technique utilizes only the mattress suture from the lateral fabella to the tibial tuberosity (130). 
  
vii.  Fibular Head Transposition  

 
The fibular head transposition is an extracapsular technique developed by Smith in 1985 

(129).  The procedure involves freeing the fibular head along with the distal aspect of the lateral 
collateral, advancing it cranially and securing it to the tibial tuberosity with a Steinmann pin 
through the fibular head and tibial crest and orthopedic wire passed through the tibia crest and 
secured around the Steinmann pin (129, 135, 142).  The procedure was performed in 71 clinical 
cases with function being excellent in 61%, good in 21%, fair in 7%, and poor in 3% with a 
follow up time of 2 to 36 months (129).  Potential complications of this procedure are infection, 
implant migration, damage to the lateral collateral ligament, damage to the peroneal nerve, 
hemorrhage from the caudal geniculate artery, and fracture of the fibula (142).   

 
c.  Extracapsular Osteotomy Techniques 

 
Osteotomy procedures involve changing the biomechanics of the joint to eliminate 

cranial tibial displacement relative to the femur (74, 131).  Osteotomy procedures require 
training and specialized surgical instrumentation, do not eliminate internal rotation associated 
with CCL rupture (143, 144), and may be associated with meniscal injuries postoperatively (145, 
146).    
 
i.  Cranial Tibial Wedge Osteotomy (CTWO)  
 

The cranial tibial wedge osteotomy was developed by Slocum in 1984 to reduce cranial 
tibial displacement relative to the femur that occurs with cranial cruciate ligament rupture (147-
149).  A compressive force is generated between the femur and the tibia during weight bearing 
and sloping of the articular surface or tibial plateau causes this force to be converted to a shear 
force, allowing the tibia to move cranially relative to the femur (32, 36).  The cranial tibial 
wedge osteotomy is a procedure that removes a cranial wedge or triangle of bone with the point 
of the triangle caudally oriented using a bone saw and compresses the two tibial fragments with a 
bone plate to eliminate this angulation (147).  The goal of this procedure is therefore to eliminate 
the shear force with cranial cruciate ligament rupture (147, 148).  Evaluation of the procedure in 
14  clinical cases 6 months postoperatively revealed that 78% had complete return to function 
(147).  In one study by Apelt the ideal tibial plateau angle for neutralizing cranial tibial 
displacement relative to the femur was between 5° and 7° (148).  Some reported complications 
with this procedure are implant failure, varus angulation of the tibia, and inadequate reduction of 
the tibial plateau angle (83, 149, 150). 
 
 
ii.  Tibial Plateau Leveling Osteotomy (TPLO)  
 



31 
 

 In 1993 Slocum introduced the tibial plateau leveling osteotomy to correct cranial 
displacement of the tibia relative to the femur that is seen in cranial cruciate ligament rupture, 
similar to the cranial tibial wedge ostectomy (36, 74, 147).  The procedure involves making a 
circular cut with a bone saw in the proximal aspect of the tibial, rotating the tibial plateau to 5° 
and 7°, and securing it with a customized bone plate (74).  The angle of the tibial plateau before 
surgery as well as the radius of the cut in the bone are used to calculate the amount of caudal 
rotation required to achieve the appropriate tibial plateau angle (74, 149).  This is one of the most 
common procedures currently utilized for cranial cruciate ligament rupture (138).  The procedure 
has been demonstrated to effectively eliminate cranial tibial displacement relative to the femur, 
but does not allow for normal contact mechanics between the tibia and femur (132, 144).  The 
most common complications associated with the procedure are infection, implant failure, and 
tibial or fibular fracture (151, 152). 
 
iii.  Combined CTWO and TPLO  
 
 Talaat described a combination of the cranial tibial wedge osteotomy and tibial plateau 
leveling osteotomy in 2006 to correct larger tibial plateau angles (74, 147, 153).  This procedure 
is designed to reduce the risk of tibial tuberosity fracture that could occur due to reduced 
buttressing of the tibial tuberosity with large rotations of the tibial plateau (153).  Performing 
these combined procedures is technically difficult and the complication rate is high at 77.8% and 
33% of cases required an additional surgical procedure (149, 153). 
 
iv.  Tibial Tuberosity Advancement (TTA) 

 
Patellofemoral osteoarthritis is a problem in humans and in order to address this problem 

Maquet introduced a surgical technique that involves advancing the tibial tuberosity (154, 155).  
The procedure was performed by osteotomizing the tibial tuberosity, with its distal portion left 
attached to the tibia and proximal portion left attached to the patellar ligament, and advancing the 
tibial tuberosity by placing an iliac graft between the tibial tuberosity and the shaft of the tibia 
(154).  The idea behind this procedure is that by increasing the lever arm of the patellar ligament, 
the force of the quadriceps transmitted through the patella tendon would be decreased and thus 
would decrease the force at the patellofemoral joint (154, 156).  In human biomechanical studies 
it has been demonstrated that the patellar ligament pulls the tibia anteriorly when the knee is 
extended greater than100 degrees and it pulls the tibia posteriorly when the knee is flexed to less 
than 100 degree (89).  It has been noted that with the Maquet procedure the anterior cruciate 
ligament had decreased force acting on it in full extension and with less flexion the posterior 
cruciate ligament had greater force acting on it (157).  An overall decrease in tension of the 
anterior cruciate ligament was also noted  and this concept is the initiating factor behind a 
procedure performed in dogs for cranial cruciate ligament repair (131, 157).   Montavon 
described a modification of the advancement of the tibial tuberosity procedure used in humans 
described by Maquet (131).  This procedure is referred to as the tibial tuberosity advancement 
procedure (158).  This procedure is very similar to the procedure describe by Maquet, except that 
implants are used to secure and advance the fragment (12, 159)  The procedure involves making 
a complete osteotomy of the tibial tuberosity and advancing until the patellar tendon is 
perpendicular to the tibial plateau slope (158).  The space between the tibial tuberosity and the 
shaft of the tibia is maintained by inserting a spacing device and the tibial tuberosity is secured 
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distally with a tension band or custom tension band plate (12, 131, 158-160).  The proposed 
benefits of the tibial tuberosity advancement procedure are to eliminate cranial tibial 
displacement relative to the femur (160-162) and decrease retropatellar pressures (161), as 
described above.  These claims have also been substantiated in dogs (163-165).  However, tibial 
tuberosity advancement does not appear to eliminate internal rotation of the tibia (143, 164). 
 
v.  Proximal Tibial Intraarticular Osteotomy (PTIO)  
 

The proximal tibial intraarticular osteotomy was described by Damur in 2003 to decrease 
the tibial plateau angle (166).  The procedure is performed by removing a wedge or triangle of 
bone between the patellar ligament bursa cranially and the cranial aspect of the meniscus 
caudally with the point of the triangle directed distally (166).  An osteotomy is made  caudal 
from the point of the wedge to create a caudal fragment, the caudal fracture fragment is advanced 
cranially and the two fracture fragments are secured with two bone screws (87, 166).  The 
complication rate in initial testing of this procedure was high with 12% valgus malalignment, 2% 
intraarticular screw placement,1% popliteal artery injury, 1% cranial tibial artery injury, 1% 
peroneal artery injury, 2% long digital extensor injury, and 2% proximal tibial fracture (166).  
The procedure was modified by Jerram in 2005 to include an osteotomy of the fibula and was 
instead secured with a cranial to caudally directed screw and medially applied bone plate and 
screws (87).  The complication rate with the modified procedure was still 20% and the procedure 
requires a considerable arthrotomy, which is why this procedure is not currently advocated (87, 
149).  
 
vi.  Triple Tibial Osteotomy (TTO)  
  

The triple tibial osteotomy is a technique described by Bruce in 2007 that involves both 
advancing the tibial tuberosity and reducing the tibial plateau angle (149, 167, 168).  The 
procedure involves a partial osteotomy of the tibial tuberosity with the distal aspect left intact 
and a transverse wedge osteotomy caudal to the first in the proximal tibia (167).  The size of the 
wedge osteotomy is approximately two-thirds of the angle between the patellar tendon and the 
tibial plateau or 0.6 times this angle plus 7 degrees (167, 168).  The wedge is reduced and 
secured with a bone plate and this reduction reduces the tibial plateau angle and allows a cranial 
shift of the tibial tuberosity (149, 167).  The combined procedures with this technique are 
proposed to result in less drastic angular alterations of the tibia than singular osteotomies (167, 
168).  Initial testing in 64 dogs revealed resolution of lameness in most dogs and a complication 
rate of 36%, with the most common complications being tibial tuberosity fractures and meniscal 
injuries (167).  Subsequent studies of the triple tibial osteotomy had complication rates similar to 
other osteotomy procedures for cranial cruciate ligament rupture and suggested that the 
procedure is an effective treatment for cranial cruciate ligament rupture (168, 169). 
 
vii.  Chevron Wedge Osteotomy (CVWO)  
 
 The chevron wedge osteotomy for treatment of cranial cruciate ligament rupture was 
proposed by Hildreth in 2006 (150).  This procedure is similar to the cranial tibial wedge 
osteotomy, except both the proximal and distal osteotomies have a “V” shape and fit together 
when the fragments are reduced (149, 150).  The concept for this osteotomy was derived from 
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human osteotomy procedures and this type of osteotomy is thought to have increased stability 
due to resistance of cranial to caudally directed shear forces (150).   There are no reports of 
clinical  cases using this procedure (149).  A study using bone models revealed that it is 
successful in reducing the tibial plateau angle, but does induce varus angulation (150). 
 
F.  Lateral Suture 
 
1.  Surgical Technique 
 

As previously discussed the lateral suture procedure utilizes only the mattress suture from 
the lateral fabella to the tibial tuberosity described in the modified retinacular imbrication 
technique by Flo (130, 170).  The technique is performed by first incising the biceps fascia and 
identifying the lateral fabella (130).  A curved needle is used to pass strong nonabsorbable suture 
material around the lateral fabella from proximal to distal (130, 171).  A hole is drilled 
horizontally in the proximal aspect of the tibial tuberosity and the suture is passed from lateral to 
medial through the hole, the back laterally over the patellar ligament, and tied to the tag of suture 
at the proximal aspect of the lateral fabella (130).   
 
2.  Modifications 
 
a.  Suture Configurations 
 

The configuration of the loop of suture used for the lateral suture procedure has been 
modified from a single strand single loop to include other configurations (130, 172).  Utilizing 
two strands of suture instead of one strand may allow less displacement of the tibia relative to the 
femur due to increased stiffness of the two strand suture construct (173).  These configurations 
include single strand double loop, single strand locking loop, single strand interlocking loop, 
double strand double loop with or without one strand in a figure of eight pattern and a double 
strand double loop with uneven strands (172).  The configuration of the loop of suture may affect 
the biomechanical performance of the suture (170, 172).  In a study by Wallace in 2008 the 
single strand double loop configurations performed better than the double strand double loop 
configurations, the single strand interlocking loop configuration had the best performance and 
double strand double loop configuration with uneven strands had the poorest performance (172).   
 
b.  Suture Types  
 

One of the most commonly utilized  suture materials  for the lateral suture procedures is 
nylon monofilament material (174).  Multifilament polyethylene based sutures are however, 
other materials that can be used for the procedure (175, 176).  When the two categories of suture 
material are compared the multifilament polyethylene sutures appear to have less elongation and 
are stronger and stiffer than monofilament nylon sutures (175).  Suture reactions and increased 
infection rates are associated with multifilament sutures when compared to monofilament suture 
(135, 177).   

 
c.  Suture Securing Methods  
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Another modification involves utilizing different techniques for securing suture (173).  Securing 
suture in lateral suture constructs is accomplished by means of knots or crimp clamping methods 
(173, 178, 179).  Several types of knots can be used to secure the suture and include square 
knots, clamped square knots, surgeons knots, sliding half hitch knots, and self-locking knots 
(180, 181).   The preferred method used to knot suture used for the lateral suture technique can 
vary depending on the suture material and can affect the structural properties of some suture 
materials (181, 182).  In a study by Nwadike in 1998 it was determined that using a slip knot was 
preferred over a square knot to secure 27 kg nylon leader line and a square knot was preferred 
over a slip knot to secure 27 kg nylon fishing line (182).  A study by Huber in 1999 
demonstrated that knotting method did not affect # 2 nylon or #2 polybuster, but a surgeons knot 
decreased the mechanical properties of #2 polypropylene and 27 kg nylon fishing/leader line and 
a sliding half hitch knot decreased the mechanical properties of 27 kg nylon leader line (181).  
Elongation of the suture loop can occur due to tightening at the knot as a result of tension on the 
suture after loading (173).  The areas of the suture in the knot where bends occur can lead to 
deformation and stress concentration in these area can lead to breaking of the suture at these 
points (179).  The crimp clamping method  of securing suture involves the use of stainless steel 
tubing through which suture ends are placed and the tubing is flattened over the suture to fasten 
it (179).  The crimp clamped suture appears to have fewer areas deformation and stress 
concentration to have superior mechanical strength when compared to knotted suture when used 
with nylon leader line material (173, 178, 179).  Some multifilament sutures however, are 
stronger when secured with a knot than with a crimp clamp (175).  The mode of failure with 
knots is breaking near the knot and with crimp clamps it is breaking near the clamp or slipping of 
the suture material through the clamp (179).   
 
d.  Suture Anchors 
 

The use of bone anchors to attach the proximal aspect of the suture to the femur is 
another modification (183).   Suture anchors are metal devices that are secured in the bone and 
allow attachment of suture material (30, 183).  Advantages of this type of fixation include the 
ability to alter the attachment site of the suture and avoidance of complications with securing the 
suture around the lateral fabella, such as suture slippage, damage to the lateral femorofabellar 
ligament, avulsion of the lateral fabella, and entrapment of tissues surrounding the fabella (170, 
183).  In a study by Guenego in 2007 suture anchors were used for the femoral attachment point 
of the lateral suture and all dogs had acceptable function of the operated limb despite pull out of 
the suture anchor in 21% (183).  Another complication with suture anchors other than pull out of 
the suture anchor is weakening of suture, which occurs due to increased stress placed on the 
suture where it contacts the eyelet of the suture anchor (30, 175, 184). 
 
e.  Isometry 
 

In order to obtain normal joint function, consequences of cranial cruciate ligament 
rupture such as cranial displacement of the tibia relative to the femur, internal rotation of the 
tibia relative to the femur (9), and altered joint biomechanics (132) would need to be corrected.  
Utilizing isometric points for lateral suture techniques is advocated as a means to achieve this 
(18).  Isometric points are points that remain the same distance apart throughout stifle motion 
(17).  The points of attachment of the cranial cruciate ligament are not truly isometric and the 
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tension on the  individual components the ligament changes throughout a range of motion (9).  
Evaluation of potential isometric points revealed that only near isometry is achievable (17-19).  
In a study by Hulse in 2010, the most isometric points were from the caudal aspect of the lateral 
femoral condyle 3mm distal to the femorofabellar articulation to the bony protuberance located 
at the caudal aspect of the long digital extensor sulcus on the tibia (17).  This was similar to the 
findings of Roe in 2008, which found that the same femoral point along with the same tibial 
point as well as tibial points at the bony protuberance cranial to the long digital extensor sulcus 
of the tibia and at the cranioproximal aspect of the tibial crest to have the least change in length 
between points through a range of motion of the stifle (18). However, Fischer in 2010 found that 
suture attachment points around the lateral fabella of the femur and through two holes in the 
cranioproximal aspect of the tibial crest, resulted in the least change in tension of the suture (19).  
Because only near isometry is achieved, tension on the suture during a normal range of motion is 
not consistent and increases with flexion of the stifle (19).  If the suture is tensioned to prevent 
the cranial tibial displacement seen with cranial cruciate ligament rupture at the stifle angles 
representing extension, the normal range of motion of the joint may be impeded and normal joint 
biomechanics may not be obtained (61, 139).   
 
f.  Tightrope 
 

Recently, a new extracapsular technique TightRope CCL® (Arthrex Vet Systems, 
Naples, FL) was introduced.  This procedure utilizes suture anchors (buttons) and optimal suture 
placement (185).  The goals of this new procedure were to correct all abnormalities seen in 
cranial cruciate ligament deficient stifles and introduce a procedure with lower rate of 
complications and better postoperative outcome than currently available procedures (185).  
Unfortunately, with TightRope CCL® no kinematic data has been obtained to confirm sufficient 
correction of abnormalities seen in cranial cruciate ligament deficient stifles and when 
comparing this procedure to a commonly used osteotomy procedure, tibial plateau leveling 
osteotomy this procedure did not result in significantly less complications, significantly lower 
postoperative radiographic osteoarthritis or a significant difference in function (185).  In addition 
the potential increase in lateral compartmental pressure with increasing suture tension, 
potentially the result of abduction and external rotation of the tibia, was also seen with the 
TightRope CCL®  as seen with lateral suture technique (139).   
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CHAPTER II.  The effects of a novel extracapsular suture technique (lateral extracapsular 
suture system or LESSa) on the kinematics of the cranial cruciate deficient stifle. 
 
A.  Objectives 
 

The objective of this study was to evaluate cranial-caudal (x), proximal-distal (y), medial-
lateral (z), extension-flexion (azimuth), internal-external rotation (elevation), and varus-valgus 
(role) displacement of the tibia relative to the femur between 3 stifle conditions (CCL intact, 
CCL deficient, and CCL deficient treated with LESSa ( LESSa treated)) at a load of 30 %  of 
body weight and stifle angles of 125°, 135°, and 145° using electromagnetic tracking sensors.  
Hypotheses were that cranial displacement and internal rotation of the tibia relative to the femur 
would occur in CCL deficient stifles and the LESSa procedure would inhibit cranial displacement 
and internal rotation.  Also, the LESSa procedure would additionally cause external rotation of 
the tibia relative to the femur.  No significant differences between treatment groups were 
expected for proximal-distal (y), medial-lateral (z), extension-flexion (azimuth), and varus-
valgus (role) displacement of the tibia relative to the femur. 
 
B.  Materials and Methods 
 
1.  Specimen Preparation 
 

Twenty cadaveric pelvic limbs were harvested from 11 skeletally mature dogs 
(euthanatized for reasons unrelated to this study) via disarticulation of the coxofemoral joint.  
Body weights were obtained for each dog before harvesting limbs.  Various breeds of dogs were 
utilized for this study.  The limbs were wrapped in towels soaked in 0.9% saline solution to 
provide moisture and were stored at -20° Celsius until testing.  Prior to testing, the limbs were 
thawed to room temperature and stripped of their skin and soft tissues to the level of the 
metatarsus.  The patella, patellar ligament, medial and lateral collateral ligaments, the joint 
capsule, cranial and caudal cruciate ligaments, and medial and lateral menisci were preserved.  
The specimens were kept moist during testing with 0.9% saline solution.   
 
2.  Radiographic Analysis 

Lateral radiographs were taken of all limbs to ensure that the specimens reflected 
adequate skeletal maturity and were free from radiographic evidence of orthopedic disease of the 
stifle.   
 
3. Cranial Cruciate Ligament Rupture Simulation and Lateral Extracapsular Suture System 
Procedurea 
 
 In order to simulate rupture of the CCL a craniomedial arthrotomy was created to allow 
access to the CCL.  This ligament was transected at its insertion on the craniomedial 
intercondlyar area of tibia.  Tibial thrust and cranial drawer were tested to confirm CCL 
transection.  After transection the joint capsule was closed in a simple interrupted pattern using 
2-0 polydioxanone (PDS)d. 
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For the LESSa procedure a right (threads oriented counterclockwise) or left (threads 
oriented clockwise) femoral screw was utilized (Figure 1).  This was based upon which limb the 
procedure was being performed.  The femoral screw was a 4.5 mm cortical bone screw (inner 
diameter = 3.8 mm, outer diameter = 4.5 mm; thread pitch = 1 mm, length = 17 mm; head height 
= 3 mm), produced from titanium-aluminum-niobium alloy (TiAl6Nb7).  Two strands of suture, 
each 0.5 mm diameter and composed of 6 strands of medical grade highly-oriented-ultra-high-
molecular-weight-polyethylene (Dyneemab) and 1 strand of Gortexc leader line, were attached to 
the screw head (hole for the suture = 1.2 mm, accommodating a suture bundle of 1 mm).  The 
femoral screw was placed in the caudal aspect of the lateral femoral condyle 3 mm distal to the 
femoral-fabellar ligament and just cranial to the line of the caudal articular cartilage (Figure 2, 3-
6) (17).  The hole was predrilled with a 3.8 mm drill bit.  The suture was wrapped around the 
caudal aspect of the screw head once (counterclockwise in right legs and clockwise in left legs) 
to provide 0.5 mm of additional suture length for 20° of flexion.  A 4.5 mm cannulated cortical 
bone screw (internal diameter = 3.8 mm, outer diameter = 4.5 mm, thread pitch = 1.0 mm, length 
= 22 mm, hole for suture = 1.2 mm) produced from TiAl6Nb7 with a ruby eyelet (Figure 7) was 
placed in the tibia starting proximal and medial to the cranial aspect of the bony protuberance 
located cranial to the long digital extensor sulcus and directed 60 degrees to the long axis of the 
tibia from lateral to medial (Figure 2, 3-6).  The hole was predrilled with a 3.8 mm drill bit.  The 
suture from the femoral screw was threaded through the tibial screw from lateral to medial 
(Figure 2).  The ends of the suture were pulled apart as they exited the tibial screw (Figure 8).  A 
2.5 mm in diameter conical pin made of Polyetheretherketone (PEEK) with two grooves on its 
outer surface to accommodate the suture (Figure 9) was placed in the distal lumen of the tibial 
screw (Figure 10).  Once the conical pin was in place the stifle was positioned at 135° and 5 
square knots were used to secure the suture into the distal groove of the conical pin under manual 
tension until cranial tibial displacement relative to the femur was no longer detected by palpation 
(Figure 11). 
 
4.  Testing Protocol 
 

The proximal 5 cm of the femur, measured from the center of the femoral head, was 
osteotomized.  The osteotomized portion of the femur was potted within a 3.8 cm polyvinyl 
chloride (PVC) pipe using polymethylmethacrylate (PMMA)e.  A previously designed custom-
built mounting bracket was used for biomechanical testing (143).   The bracket secured the limb 
to the loading frame and allowed adjustment of joint angles during testing (Figure 12).    

 
Once the limb was loaded in the mounting bracket the total length of the altered limb, 

PCV pipe and PMMA, and the mounting bracket approximated the length of the limb prior to 
performing the femoral ostectomy.  A strand of 45.5 kg monofilament nylon leader line was 
passed into a 2.0 mm diameter hole that was drilled in the center of the patella and the two free 
strands of nylon were tied together in order to form a loop with its distal portion containing the 
patella.  The proximal portion of the nylon loop was attached to a turnbuckle link that was 
connected to an eyelet that attaches on the mounting bracket at its most cranial and proximal 
aspect to simulate the quadriceps mechanism.  A strand of 45.5 kg  monofilament nylon leader 
line was placed through a 2.0 mm diameter hole drilled through the proximal one third of the 
calcaneus and the two free strands were tied together in order to form a loop with its distal 
portion containing the calcaneus.  The proximal portion of the nylon loop was attached a 
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turnbuckle link.  At the approximate level of the origin of the gastrocnemius muscle one 8 mm 
eyelet was placed in the caudal femur.   This eyelet was attached to the end of the turnbuckle link 
that was attached to the loop of nylon placed through the calcaneus.  Together the loop of nylon 
through the calcaneus, the turnbuckle link, and the eyelet attached at the origin of the 
gastrocnemius muscle simulated the Achilles mechanism.   

  

5.  Biomechanical Testing Protocol 
 
 During a testing cycle the limb being tested was mounted in the loading frame as 
previously described (Figure 12).  Unconstrained axial rotation of the femur was permitted by 
the use of custom hinges, which allowed adjustment of the coxofemoral joint’s angle of 
abduction or adduction (132).  The stifle angles were adjusted to 125°, 135°, and 145° using a 
goniometer with arms placed along the long axis of the femur and tibia.  The angle of the 
coxofemoral joint and the tibiotarsal joint were manipulated during testing to correspond with 
the desired stifle angle (58).  At 125°, 135°, and 145° the hip angles used were 133°, 115°, and 
103° respectively, while the tarsus angles were 155°, 145°, and 140° as previously described 
(58).  The phalanges of the paw contacted the base of the loading frame, but were not directly 
attached to the loading frame.  For this reason the base of the loading frame was equipped with a 
textured surface (220 grit sandpaper) to keep the paw in place during testing.   

A 4.5 mm in length 2.78 mm smooth Steinman pin was used to attach one 
electromagnetic tracking sensorf to the lateral aspect of the distal femur and a 4.0 mm in length 
3.18 mm threaded Steinman pin was used to attach the other sensor to the lateral aspect of the 
proximal tibia.  A threaded Steinman pin was used in the tibia due to loosening seen with the 
smooth Steinman pin.  Nylon spacers were placed between the sensors from the Steinman pins.  

A load of 30% of the body weight, calculated from each animals recorded body weight, 
was applied to the limb to simulate normal weight bearing.  The weight of the top portion of the 
loading frame suspending the limb was subtracted from 30% of the body weight to obtain the 
load applied.  Joint angles were adjusted prior to loading the limb.  Joint angles were readjusted 
after the load was applied to ensure appropriate hip, stifle and tarsal angles.  The load was 
removed between each stifle angle tested to allow adjustment of joint angles, then reapplied.  
Stifle angles of 125°, 135°, and 145° were used during testing to simulate angles formed during 
weight bearing through a complete range of motion.  Testing groups were assigned as follows 1. 
CCL intact stifle, 2. CCL deficient stifle, and 3. LESS treated stifle.  Groups were tested 
sequentially.   
 
6.  Data Analysis  
 

The electromagnetic tracking systemf is designed to detect position and orientation of the 
sensors relative to the electromagnetic source transmitter (Figure 13) (186).  It measures six 
degrees of freedom:  x, y, z, azimuth, elevation,  and roll (Figure 14, 15) (186).  Cranial-caudal 
(x), proximal-distal (y), medial-lateral (z), extension-flexion (azimuth),  internal-external rotation 
(elevation), and varus-valgus (roll displacement (Figure 14, 15) of the tibia relative to the femur 
between the 3 stifle conditions (CCL intact, CCL deficient, and LESSa treated) at each stifle 
angle (125°, 135°, and 145° ) were obtained using electromagnetic sensorsf.   

 
7.  Statistical Analysis 
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Differences in x, y, z, azimuth, elevation, and roll between the 3 stifle conditions (CCL 
intact, CCL deficient, and LESSa treated) at each stifle angle were evaluated.  Normal probability 
plots showed that all measurements (x, y, z, azimuth, elevation, and roll) followed an 
approximately normal distribution. Subsequently, data were analyzed using mixed-model 
repeated-measures analysis of covariance. The linear model included treatment (3 stifle 
conditions that included CCL intact, CCL deficient, and LESSa treated), stifle angle (125°, 135°, 
and 145°), treatment and stifle angle interaction, and dog weight (the covariate) as fixed effects 
with Kenward-Roger as the denominator degrees of freedom. Dog number, and leg number (dog 
number) were specified as random effects. The AR(1) correlation structure was specified for 
measurements within each leg. To explicitly compare treatment least squares means at each of 
the stifle angles for each of the outcomes, the slice option of the glimmix procedure was applied 
to the treatment and stifle interaction followed by Tukey’s procedure for multiple comparisons. 
Statistical analyses were considered significant at p<0.05.  All analyses were performed using 
SAS version 9.2 (Cary, NC, USA).  

 
C.  Results  
 
1.  General 
 

The mean body weight of the dogs was 23.4 + 4.6 kg (mean + standard deviation).  All 
dogs were skeletally mature and free from radiographic evidence of orthopedic disease of the 
stifle according to lateral radiographs.  Two limbs were not acceptable for testing (one limb from 
2 dogs) resulting in 20 limbs from 11 dogs being used for testing rather than 22 limbs.  This was 
due to iatrogenic patellar fracture and overdrilling of the hole in the tibial crest (required for 
tibial screw placement) during specimen preparation prior to biomechanical testing.  
Complications experienced with the procedure included breakage of the suture in one leg during 
knot tying, which was subsequently replaced and penetration of the femoral screw into the joint 
at the level of the intercondylar notch in two limbs.  The means +/- standard deviations and least 
squares means +/- standard errors for cranial-caudal tibial displacement relative to the femur (x), 
proximal-distal tibial displacement relative to the femur (y), medial-lateral tibial displacement 
relative to the femur (z), extension-flexion of the stifle (azimuth) , internal-external rotation of 
the tibia relative to the femur (elevation), and varus-valgus of the stifle (roll) for the 3 testing 
groups and the 3 testing stifle angles are presented in table 1, 2,3, and 4 respectively.  Simple 
effect comparisons of treatment on least squares mean difference by stifle angle and stifle angle 
on least squares mean difference by treatment between cranial-caudal position of the tibia 
relative to the femur (x), proximal-distal position of the tibia relative to the femur (y), medial-
lateral position of the tibia relative to the femur (z), extension-flexion of the stifle (azimuth), 
internal-external rotation of the tibia relative to the femur (elevation), and  varus-valgus of the 
stifle (roll) are presented in table 5, 6, 7, and 8 respectively.   

  

2.  Cranial-Caudal Tibial Displacement 
 
The mean and least squares mean for cranial-caudal tibial displacement relative to the 

femur (x) decreased (was more caudally positioned)  in order from CCL deficient, to the LESSa 
treated, to the CCL intact stifle at each stifle angle and increased (was more cranially positioned)  
in order from stifle angles 125°, 135°, and 145° for each treatment.   Cranial cruciate ligament 



40 
 

deficient stifles had significantly greater (p <0.0001) cranial tibial displacement relative to the 
femur than CCL intact stifle or LESSa treated stifles at all stifle angles.  Cranial tibial 
displacement relative to the femur for cranial cruciate ligament intact and LESSa treated stifles 
was not significantly different from one another at stifle angles of 125°, but was significantly 
greater for LESSa treated stifles at stifle angles of 135° (p = 0.0182) and 145° (p = 0.0012).  
Cranial displacement of the tibia relative to the femur was significantly greater (p <0.0001) at 
increasing stifle angles for each testing group. 
 
3.  Proximal-Distal Tibial Displacement 
 

The mean and least squares mean for proximal-distal tibial displacement relative to the 
femur (y) increased (was more distally positioned) in order from CCL deficient, to LESSa 
treated, to CCL intact stifle at stifle angles of 125° and 135°, decreased (was more proximally 
positioned) from CCL deficient to LESSa treated at 145°, and increased (was more distally 
positioned) from LESSa treated to CCL intact at 145°.   The mean and least squares mean for 
proximal-distal tibial displacement relative to the femur (y) decreased (was more proximally 
positioned) from 125° to 135° for all testing groups as well as for 135° to 145° for CCL intact 
stifles and was increased (more distally positioned) from 135° to 145° for CCL deficient and 
LESSa treated stifles.  Cranial cruciate deficient stifles had significantly greater (p = 0.0177) 
proximal displacement than CCL intact stifles at a stifle angle of 125°.   Proximal-distal 
displacement was not significantly different between any stifle angles for each testing group. 

 
4.  Medial-Lateral Tibial Displacement 
 

The mean and least squares mean for medial-lateral tibial displacement relative to the 
femur (z) decreased (was more laterally positioned) in order from CCL deficient, to LESSa 
treated, to CCL intact stifle at each stifle angle.   The mean and least squares mean for medial-
lateral tibial displacement relative to the femur (z) decreased (was more laterally positioned) 
from 125° to 135° in CCL deficient and CCL intact stifles and from 135° to 145° in CCL intact 
stifles.   The mean and least squares mean for medial-lateral tibial displacement relative to the 
femur (z) increased (was more medially positioned) from 125° to 135° in LESSa treated stifles 
and from 135° to 145° in CCL deficient and LESSa treated stifles.   Cranial cruciate deficient 
stifles had significantly greater (p= 0.0031, 0.0022) medial tibial displacement relative to the 
femur than LESSa treated or CCL intact stifles at 125°.  There was not a significant difference 
for medial-lateral displacement between LESSa treated or CCL intact stifles at 125° and there 
were not any significant differences between testing groups at 135° or 145°.   Medial-lateral 
displacement was not significantly different between any stifle angles for each testing group. 

 
5.  Azimuth 
 

The mean and least squares mean for extension-flexion of the stifle (azimuth) decreased 
(was more flexed) in order from CCL intact stifle, to LESSa treated, to CCL deficient at a stifle 
angles of 135° and 145° and in order from CCL deficient, to CCL intact, to LESSa treated stifles 
at stifle angles of 125°.  The mean and least squares mean for extension-flexion of the stifle 
(azimuth) increased (was more extended) in order from stifle angles 125°, 135°, and 145° for 
each testing group.  Extension-flexion of the stifle was not significantly different between each 
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testing group for any stifle angles.  Cranial cruciate intact stifles had significantly greater (p = 
0.0111) extension at 145° than 125°.     
 
6.  Elevation 
 

The mean and least squares mean for internal-external rotation of the tibia relative to the 
femur (elevation) decreased (was more externally rotated) from CCL deficient to LESSa treated, 
increased (was more internally rotated) from LESSa treated to CCL intact stifle and from CCL 
intact to CCL deficient stifles at all stifle angles.  The mean and least squares mean for internal-
external rotation of the tibia relative to the femur (elevation) decreased (was more externally 
rotated) from 125° to 135° in CCL deficient and LESSa treated stifles and from angles 135° to 
145° in CCL deficient stifles and increased (was more internally rotated) from angles 135° to 
145° in LESSa treated and CCL intact stifles and from 125° to 135° in CCL intact stifles.  
Cranial cruciate ligament deficient stifles had significantly greater (p <0.0001) internal rotation 
than CCL intact or LESSa treated stifles at all stifle angles.   Cranial cruciate ligament intact and 
LESSa treated stifle were not significantly different from one another at any of the stifle angles.  
Internal-external rotation was not significantly different between any stifle angles for each 
testing group. 
 
7.  Roll 
 

The mean and least squares mean for varus-valgus of the stifle (roll) decreased (was more 
valgus) in order from CCL deficient, to LESSa treated, to CCL intact stifle at 125°, decreased 
(was more valgus) from CCL deficient to LESSa treated stifles at 135°, and increase (was more 
varus) from LESSa treated to CCL intact stifles at 135°, and increased (was more varus)  in order 
from CCL deficient, to LESSa treated, to CCL intact stifle at 145°.  The mean and least squares 
mean for varus-valgus of the stifle (roll) decreased (was more valgus) from 125° to 145° in CCL 
deficient and LESSa treated stifles and from angles 125° to 135° in  CCL intact stifles CCL and 
increased (was more varus) from angles 135° to 145° in CCL intact stifles.  Varus-valgus of the 
stifle was not significantly different between each testing group for any stifle angles.  Cranial 
cruciate deficient stifles had significantly greater (p <0.0192) valgus at from at o 145° compared 
to at 135°. 
 
D.  Discussion 
 
1.  Hypotheses 
 

Cranial displacement and internal rotation of the tibia relative to the femur were 
significant in CCL deficient stifles at all stifle angles and the LESSa procedure effectively 
inhibited cranial displacement at stifle angles of 125° and internal rotation at all stifle angles, in 
agreement with the first hypothesis.  The LESSa procedure effectively decreased, but did not 
inhibit cranial displacement at stifle angles of 135°, and 145°, which is contrary to the first 
hypothesis.  However, the LESSa procedure did not result in significant external rotation of the 
tibia relative to the femur at any stifle angle, rejecting the second hypothesis.  Cranial cruciate 
deficient stifles had significantly greater proximal displacement than CCL intact stifles at a stifle 
angle of 125° and cranial cruciate deficient stifles had significantly greater medial tibial 
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displacement relative to the femur than LESSa treated or CCL intact stifles at 125°, rejecting the 
third hypothesis.   
 
2.  Design 
 

LESSa was designed to provide several potential advantages over currently available 
treatment options available for the CCL deficient stifle.  It is an extracapsular technique designed 
to achieve axial and rotational alignment similar to what is seen in the CCL intact stifle. The 
suture material attachment points are located in points of the stifle that are demonstrated to be 
approaching isometry (17-19) and the suture material wraps around the head of the femoral 
screw, providing additional length during flexion, both which may help ensure that the suture 
material maintains enough tension to correct axial and rotational displacement seen in the CCL 
deficient stifle without limiting normal range of motion.  The ability to restore normal axial and 
rotational alignment and joint range of motion may help restore normal joint biomechanics and 
slow the progression of osteoarthritis that occurs with CCL disease (2, 4, 6). 

 
3.  Materials 
 

The materials used for LESSa were chosen for strength and longevity.  Bone screws are 
used for fixation of the suture material as opposed to incorporating soft tissues (126, 130) or 
suture anchors/buttons (183, 185).  This may have an advantage in regards to pull out strength, 
although no studies have compared this.  The femoral screws are also oriented differently for 
right and left limbs:  right (threads oriented counterclockwise); left (threads oriented clockwise).  
The purpose of this difference in thread orientation is to decrease the risk of screw loosening 
with motion of the stifle.  The suture would have a tendency to pull (unscrew the screw) if the 
threads were oriented in the same direction as the motion of the tibia (clockwise in the right leg; 
counterclockwise in the left leg).  The suture used is composed of 6 strands of Dyneemab and one 
of Gortexc leader line making it a multifilament suture with a theoretical strength of 900 N (Data 
on file with KYON AG), which has a greater strength than most traditionally used orthopedic 
suture material (176, 178).  Dyneemab is an ultra-high-molecular-weight-polyethylene fiber that 
based on weight is 15 times stronger than steel and based on volume is 4 times stronger than 
polyester, is soft and highly pliable, resistant to fatigue and abrasion (compared to nylon, 
polyester, and amids) and based on histopathology induces only a mild inflammatory reaction 
similar to polyester (Data on file with DSM).  Additionally the suture material wraps around the 
femoral screw and the lumen of the tibial screw is lined with ruby, both which may potentially 
protect the suture from abrasion due to rubbing against the eyelet, which is an advantage over 
traditional bone anchor techniques as the mode of failure most common with suture anchors is 
breakage of the suture at the eyelet (30, 184).  A system that is composed of strong and durable 
materials may decrease the risk of complications due to implant failure.  
 
4.  Complications 
 

The LESSa procedure was technically easy to perform, required minimal time to implant, 
and was associated with few technical complications.  Technical complications that occurred 
during testing included suture breakage during knot tying and femoral screw penetration of the 
joint in the area of the intercondylar notch.  In the limb that suture breakage was noted, the suture 



43 
 

broke away from the knot likely a result of manual tension combined with strain around a bend 
and possibly abrasion from rubbing as the suture was tensioned.  The femoral screw with 
attached suture was replaced and no other problems with suture breakage were noted.  The 
complications seen with screw penetration into the joint should be avoided with increased 
experience with the technique.   
 
5.  Cranial-Caudal Tibial Displacement 
 

This study evaluated cranial-caudal (x), proximal-distal (y), medial-lateral (z), extension-
flexion (azimuth), internal-external rotation (elevation), and varus-valgus (role) displacement of 
the tibia relative to the femur between 3 stifle conditions (CCL intact, CCL deficient, and LESSa 
treated) at a load of 30 %  of body weight and stifle joint angles of 125°, 135°, and 145° using 
electromagnetic tracking sensors.  These stifle angles simulate the angles formed during weight 
bearing through a complete range of motion (58).  Similar tracking systems have been reported 
to have a positional resolution of 0.25 mm and a rotational resolution of 0.1° (187).  Positional 
and rotational errors have been reported to be 1.8% and 1.6 % respectively (187).  The results of 
the present study are in agreement with the findings of previous studies (61, 136, 188) of cranial 
tibial displacement relative to the femur with extracapsular techniques.  LESSa effectively 
decreased cranial displacement of the tibia relative to the femur induced in CCL deficient stifles 
at each tested stifle angle.  Significant cranial displacement of the tibia relative to the femur at 
135° and 145°in LESSa  treated compared  to CCL intact stifles, not seen at stifle  angles of 125°, 
may be a result of suture loosening.  Loosening could be a result of elongation of the suture 
material (175) or elongation of the suture loop due to tightening at the knot as a result of tension 
on the suture after loading (173).  Since square knots were tied under manual pressure, a feature 
that is shown to negatively affect a suture’s mechanical properties, this is a likely explanation 
(174, 181).  Cyclic loading can cause tied suture knots to elongate, due to tightening at the knot,  
which may be the reason for the increase in cranial tibial displacement relative to the femur  as 
the stifle angles were increased from 125° to 145° (173).  It is unlikely that the elongation is due 
to excessive tension, such as from less isometric positioning or failure of the unwrapping of the 
suture to relieve tension in flexion, because other features of excessive tension in extracapsular 
procedures such as valgus deformation or external rotation were not seen at any of the stifle 
angles treated with LESSa  (17, 61, 139).  Regardless, preservation of normal range of motion, by 
eliminating excessive suture tension in stifle angles that represent flexion, may be more clinically 
important than complete elimination of cranial drawer motion (139) as demonstrated by 
satisfactory function in dogs with increased cranial drawer, but increase stifle range of motion 
(189).  The concerns associated with the security of a manually tied knot, necessitate methods to 
secure the suture without the need for a knot and will need to be evaluated in the future 
  
6.  Proximal-Distal Tibial Displacement 
 

Proximal displacement of the tibia occurred in CCL deficient stifles compared to LESSa 

treated stifles and CCL intact stifles.  This was only significant between CCL deficient and CCL 
intact stifles at 125° stifle angles.  The reason for the proximal displacement of the tibia was 
likely due to a decrease in the joint space that occurred as a result of combined cranial 
displacement of the tibia relative to the femur and compression of the stifle.  In a previous study 
looking at the kinematics of the intact and CCL deficient stifles in dogs, compression of the stifle 
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joint occurred during the start of the stance phase of gait (27).  This was attributed to the cranial 
displacement of the tibia causing the femur to be displaced both caudally and distally and thus 
the tibia became proximally oriented relative to the femur (27).   

 
7.  Medial-Lateral Tibial Displacement 
 

Medial displacement of the tibia occurred in CCL deficient stifles compared to LESSa  

treated stifles and CCL intact stifles.  This was only significant between CCL deficient and 
LESSa  treated stifles and CCL deficient and CCL intact stifles at 125° stifle angles.  Medial 
displacement of the tibia was previously documented in one study during weight bearing in CCL 
deficient stifles (27).  The CCL ligament may have a small influence on preventing medial 
translation of the tibia and this effect may be greater at stifle angles representing flexion.   

 
8.  Azimuth 
 

Extension of the stifle was demonstrated by measuring extension-flexion of the stifle 
(azimuth) as the stifle angles increased from 125° to 135° to 145° for each testing group.   This 
result was expected due to the stifle angles being manually manipulated from 125° to 135° to 
145° for each testing group.  Extension-flexion of the stifle was not significantly different 
between each testing group for any stifle angles.  Significant differences seen between azimuth 
in CCL intact stifles between 125° and 145°, not seen in CCL deficient or  treated LESSa  stifles 
is likely due to minor variations in angles that can be seen using goniometry (62).   

 
9.  Elevation 
 

Internal rotation of the tibia relative to the femur was seen when CCL deficient stifles 
were compared to both LESSa treated stifles and CCL intact stifles.   External rotation was seen 
when comparing LESSa treated stifles to CCL intact stifles.  Internal rotation demonstrated in the 
CCL deficient stifles was significantly greater than CCL intact or LESSa treated stifles at all 
stifle angles.   However, the external rotation demonstrated in LESSa treated stifles was not 
significantly different from CCL intact stifles.  Internal rotation of the tibia relative to the femur 
is expected to occur in CCL deficient stifles, because the CCL plays a role in limiting internal 
rotation (9).  Internal rotation of the tibia in CCL deficient stifles was previously demonstrated 
(132, 143).  Significant external rotation of the tibia can be demonstrated after extracapsular 
procedures (61).  The LESSa procedure does not appear to induce significant external rotation as 
seen with other extracapsular techniques, (61, 139), which may indicate that use of the procedure 
may help restore more normal stifle alignment and perhaps more normal stifle biomechanics.  
With other extracapsular techniques tension on the suture during a normal range of motion is not 
consistent and increases with flexion of the stifle (19).  If the suture is tensioned to prevent the 
cranial tibial displacement seen with CCL rupture at the stifle angles representing extension, the 
normal range of motion of the joint may be impeded and normal joint biomechanics may not be 
obtained (61, 139).  Attachment points that are approaching isometry may help ensure that the 
suture material maintains enough tension to correct axial and rotational displacement seen in the 
CCL deficient stifle without limiting normal range of motion (18). Also, in the LESSa the suture 
material wraps around the head of the femoral screw, which provides additional length during 
flexion and may decrease tension.  The percentage of lengthening and strain reduction cannot be 
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calculated because the cadaver legs were different sizes and the suture was cut to different 
lengths for each leg.  Also, the length of the suture in each cadaver was not measured.  The ideal 
amount of suture length increase as well as its direct benefit will require further investigation in 
future studies. 
 
10.  Roll 
 

Varus-valgus deformation was not significant between any treatment groups.  This is 
important, because extracapsular procedures may be associated with resultant abduction or 
valgus of the stifle (61, 139).  The valgus deformation created in the stifle may lead to increased 
pressure in the lateral compartment of the stifle (139).  Abnormalities in contact mechanics in the 
joint created by this increased pressure could play a role in the progression of osteoarthritis in the 
stifle.  Significantly greater valgus in CCL deficient stifles at 135° compared to 145° is likely 
due to the loss of the CCL’s contribution in opposing valgus, which is greater with internal 
rotation of the tibia relative to the femur and with increasing stifle flexion (50). 

 
 
11.  Limitations 
 

This is an in vitro/cadaveric study.  In an evidence-based hierarchy scheme in vitro 
studies are the least clinically relevant (190).  The model is limited for several reasons.  The 
individual components of the quadriceps and Achilles mechanisms were not loaded, rather each 
was loaded as one mechanism.  Other muscle groups were not included in the model.  The 
motion of the stifle was not produced through active forces, but instead by manual manipulation 
(191).  The study was performed on normal canine stifles and the parameters obtained from 
normal dogs may not be the same as those obtained from dogs with cranial cruciate disease 
(191). 
 
E.  Conclusion 
 

The LESSa procedure appears to effectively decrease cranial displacement and eliminates 
internal rotation of the tibia relative to the femur induced in CCL deficient stifles.  This 
information indicates that it may be useful in the treatment of CCL disease.  Further testing 
including prospective in vivo studies are necessary to validate this procedure as well as identify 
potential associated complications and assess clinical outcome and progression of osteoarthritis.  
This procedure may not result in altered alignment of the stifle as has been demonstrated with 
other extracapsular procedures (61, 139) and may establish more normal joint biomechanics.  
Studies evaluating the contact mechanics of the stifle with the LESSa procedure as well as 
biomechanical and clinical studies comparing the LESSa procedure to other currently used 
extracapsular procedures are necessary.  The materials used in this procedure were designed for 
superior strength, durability, and low incidence of failure.  Because some of the loosening 
identified may be due to tightening of the knot, further evaluation of this system using a non-
slipping method of securing the suture may be warranted.  Studies testing the strength of the 
suture material, pull out strength of the screws, and mode to failure of the system are necessary 
to determine if these materials offer an advantage over other available materials. 
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APPENDIX:  Figures 

 

 
 
Figure 1:  Femoral screws.  Left and right femoral screws (left and right respectively) and 
custom screw driver (center) for the LESSa procedure. 
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Figure 2:  Lateral view of LESSa.  Lateral view of a stifle with LESSa femoral screw (upper 
arrow), cannulated tibial screw (lower arrow), and suture strands in place. 
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Figure 3:  Left cranial-caudal radiograph.  Stifle with LESSa in place. 
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Figure 4:  Left lateral radiograph.  Stifle with LESSa in place (white arrow illustrate radiolucent 
holes made by femoral and tibial sensor pins). 
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Figure 5:  Right cranial-caudal radiograph.  Stifle with LESSa in place. 
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Figure 6:  Right lateral radiograph.  Stifle with LESSa in place (white arrow illustrates 
radiolucent holes made by femoral and tibial sensor pins). 
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Figure 7:  Cannulated tibial screw.  Cannulated tibial screw (right) and custom screw driver (left) 
for the LESSa procedure. 
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Figure 8:  Medial view of LESSa.  A stifle with LESSa in place demonstrating suture strands 
exiting from the cannulated tibial screw. 
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Figure 9:  Plastic stopper.  Plastic stopper used to secure suture strands distally in the cannulated 
tibial screw for the LESSa procedure. 
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Figure 10:  Placement of the plastic stopper.  Medial view of a stifle with LESSa in place 
demonstrating placement of the plastic stopper in the distal aspect of cannulated tibial screw. 
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Figure 11:  Placement of suture knots.  Medial view of a stifle with LESSa in place 
demonstrating placement of suture knots over the plastic stopper in the distal aspect of 
cannulated tibial screw. 
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Figure 12:   Loading frame.  Biomechanical testing setup with the limb secured into the loading 
frame and femoral and tibial sensors in place. 
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Figure 13:  Biomechanical testing setup.  Loading frame with limb positioned at 135° and 
electromagnetic tracking systemf connected to the femoral and tibial sensors. 
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Figure 14:  Six degrees of freedom.  Six degrees of freedom measured by the electromagnetic 
tracking system: (A) y = proximal distal displacement, z = medial-lateral displacement; (B) x = 
cranial-caudal displacement; (C) roll = varus-valgus displacement;. (D) azimuth = extension-
flexion, elevation = internal-external rotation.  Higher values represent cranial displacement, 
lower values represent caudal displacement; higher values represent distal displacement, lower 
values represent proximal displacement; higher values represent medial displacement, lower 
values represent lateral displacement; higher values represent extension, lower values represent 
flexion; higher values represent internal rotation, lower values represent external rotation; higher 
values represent varus, lower values represent valgus. 
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Figure 15:  Six degrees of freedom.  Six degrees of freedom measured by the electromagnetic 
tracking system: (A) y = proximal distal displacement, z = medial-lateral displacement; (B) x = 
cranial-caudal displacement; (C) roll = varus-valgus displacement;. (D) azimuth = extension-
flexion, elevation = internal-external rotation. 
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