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Effect of tibial insertion points for lateral suture stabilization on the
kinematics of the cranial cruciate ligament deficient-stifle during early,
middle and late stance: An in vitro study

By
Karanvir Singh Aulakh

ABSTRACT

Objective: To evaluate the effect of two tibial attachment sites for lateral suture
stabilization (LSS) on the kinematics ofthe cranial cruciate ligament-deficient
(CrCL-D) canine stifle during early, middle and late stance.

Study design: /n vitro biomechanical study: 32 hind limbs from 16 canine
cadavers.

Methods: Limbs were mounted in a testing jig and an electromagnetic tracking
system was used to determine 3-D stifle kinematics under 33% body weight load
during early, middle and late stance in the following sequence: CrCL mtact, CrCL-
D and LSS with the distal anchor through the tibial tuberosity (LSStt) or through
the cranial eminence of the extensor groove (LSSgg). The proximal anchor point
was the lateral femoro-fabellar ligament.

Results: Transection of the CrCL resulted in significant changes in stifle
kinematics during early, middle and late stance. Post-LSS stifle kinematics were
more comparable to normal than post-transection kinematics for both techniques.
Both LSS techniques restored stifle kinematics in CrCL-D stifles to varying
amounts but neither technique successfully restored normal 3-D stifle kinematics.
LSSgg improved kinematics of the CrCL-D stifle in the medial-lateral direction
and axial rotation but performed poorly in restoring stifle kinematics in the cranial-
caudal plane as compared to LSSyr.

Clinical significance: LSSt and LSSgg techniques failed to completely restore
normal stifle kinematics in CrCL-D stifles in vitro.
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INTRODUCTION

The canine cranial cruciate ligament (CrCL) is the most widely studied ligament in
veterinary medicine. Rupture of the CrCL is frequently associated with pelvic limb lameness and
is the most common condition to affect the canine stifle (1). Due to the frequency and economic
impact (over $ lbillion) ofthis disorder it is understandable that a significant amount of interest
is devoted to developing a technique that addresses the CrCL-deficient (CrCL-D) stifle (1). The
stifle is a complex structure capable of translation and rotation in three planes (1, 2). The
complex nature of the stifle has made the development of a consistently effective surgical
technique challenging. None of the developed techniques have proven superior in the re-
establishment of normal limb function or prevention of the progression of osteoarthritis (3).
Potential causes for progression of osteoarthritis include altered joint kinematics, abnormal
biological changes within the joint and altered jomt contact mechanics (4).

The CrCL is one of the primary stabilizing structures of the canine stifle and its three
main functions are: preventing cranial tibial translation (CTT), preventing hyperextension of the
stifle and Limiting tibial internal rotation (5). In the normal stifle, motion during the stance phase
is mainly limited to flexion and extension, while in the swing phase motion occurs in three (X,
Y, Z) planes (2, 6). Loss of the CrCL leads to changes m stifle motion such that motion in three
planes is present during both the swing and stance phases (2). Additionally there is a significant
internal tibial rotation and CTT that occurs throughout the stance phase in the CrCL-D stifle (2,
6). These changes in gait kinematics are thought to alter the load distribution across the articular
surfaces of the femur and tibia promoting the development of osteoarthritis (7). The ideal
surgical technique to address a CrCL-D stifle should restore normal stifle kinematics throughout
the entire gait cycle and prevent the progression of osteoarthritis.

The various surgical techniques for stabilization of the CrCL-D stifle can be classified as
mtra-articular, extra-articular and corrective osteotomies (8-10). A survey showed that board
certified veterinary surgeons preferred extra-articular techniques for repair of CrCL rupture in
both small and larger dogs (11). Extra-articular procedures attempt to stabilize the stifle either by
transposing autogenous structures or by using synthetic suture materials. (8, 10, 12). Outcomes
after lateral suture stabilization (LSS) which is a type of extra-articular technique, have been
suggested to be inferior to those seen after corrective tibial osteotomy procedures (13). However,
many head-to-head prospective studies have shown no differences in outcomes between the LSS
and the tibial osteotomies based on client- and veterinarian-based subjective assessments, force
plate gait analysis, radiographic progression of osteoarthritis, or muscle mass measures (3, 14,
15). The LSS procedure has some potential advantages including relative technical ease, the
safety profile and a low cost for surgical equipment (13). The traditional LSS procedure relies on
placement of a suture around the lateral fabella and through a hole drilled in the cranial proximal
aspect of the tibia. After passing the suture under the patellar tendon, the ends of the suture are
secured with a knot or a crimp clamp on the lateral aspect of the joint (13). The purpose of this
orientation is to prevent cranial translation and internal rotation of the tibia during weight-
bearing. The LSS procedure transiently restrains abnormal stifle motion until sufficient jont
adaptation (peri-articular fibrosis) occurs to provide functional stability and improved limb
function.



Although most owners are satisfied with the results after LSS, most dogs do not regain
normal function ofthe affected limb (8, 14, 16). LSS has also been shown to fail to mitigate the
radiographic progression of osteoarthritis, similar to other stabilization techniques (1, 3, 15). LSS
has evolved in recent years in an effort to improve the clinical outcome. Various technical
modifications of the LSS have been reported including changes in suture material, methods of
securing suture material, and the location of attachment sites (17-21). It has been suggested that
the accurate identification and use of isometric attachment sites is critical to successful outcome
for dogs treated with LSS as non-isometric positioning of suture attachment sites at the time of
repair may lead to premature suture loosening and progression of osteoarthritis (13, 18). For
example, if during joint range of motion the suture attachment sites move away from one
another, the suture will tighten which may lmit flexion and extension, or overload or break the
suture (18). If, the attachment sites move closer to one another, the suture will become loose and
may fail to fully control cranial translation of the tibia (18). For optimal tibial fixation, two
recent studies suggested attaching the suture at a pomt just cranial or caudal to the long digital
extensor groove (cranial or caudal emmnence of the extensor groove) or just caudal to the tibial
attachment of the patellar ligament (18, 19).

In theory, use of these ‘near-isometric’ fixation points in LSS procedures would allow for
better re-establishment of stifle kinematics that could result in an improved functional outcome.
There are few reports documenting the kinematic or biomechanical effects of sutures placed at
these reported isometric points for repair of CrCL-D stifles. Two in vivo experimental studies
described the three dimensional (3-D) kinematic changes that occur in the absence of the CrCL
(2, 6). While each of these studies evaluated the stifle through a range of motion, none assessed
the effect of the LSS. Two cadaveric biomechanical studies investigated CTT and axial tibial
rotation after LSS at a standing stifle angle of 135° (17, 22). The authors of these studies did not
find any significant differences in CTT between stifles stabilized with the LSS technique and
intact stifles. While 135° approximates the stifle angle at the middle of the stance phase of the
gait, the stifle angle has been reported to range from approximately 120°to 145° during stance
phase (23). Moreover, in these two studies loads were not applied to mimic weight bearing. In
one of these studies tibial rotation exceeded instrumentation limits (22), whereas in the second
study only the direction of tibial rotation was measured not the degree of rotation (17). Only one
study in the veterinary literature has evaluated CTT and axial tibial rotation during the non-
weight bearing phase (30 to 95 degrees of stifle flexion) after LSS (24). In that study, two lateral
and one medial suture were used, and CTT was normally restored. However, this finding does
not relate to the clinical situation as cranial tibial thrust is generated by weight bearing.

Stifle kinematics and biomechanics after tibial osteotomy procedures have been
previously evaluated (25-28). However, to the best of our knowledge, the effect of the LSS
technique on stifle kinematics during the stance phase of gait has not been thoroughly evaluated.



CHAPTER I: LITERATURE REVIEW

A. Canine stifle anatomy, structure and function

The canine stifle is the articulation between the femur and the tibia, and the femur and the
patella. This joint is a complex diarthroidal joint capable of translation and rotation in three
planes. While the primary movement of the stifle is flexion-extension the anatomy of the jomnt
also allows for cranial-caudal translation, medial-lateral translation, internal-external rotation,
varus-valgus angulation, and compression-distraction (2). The primary weight bearing occurs
across the femoro-tibial articulation, which comprises the articulation between the thick, roller-
like condyles of the femur and the flattened condyles of the tibia (1). The femoro-patellar
articulation communicates freely with the femoro-tibial articulation. The femoro-patellar
articulation greatly increases the mechanical efficiency of the quadriceps mechanism to maintain
stifle extension (1). The quadriceps mechanism consists of the large rectus femoris muscle and
three smaller muscles: the vastus lateralis, medialis, and intermedius.

The stifle is composed of three long bones: distal femur, proximal tibia, proximal fibula;
four sesamoid bones: patella, popliteal, and medial and lateral fabellae; four major ligaments:
cranial and caudal cruciate, medial and lateral collateral; two menisci; a jomnt capsule; and
multiple muscles [14]. Each of these components works in concert to contribute to the dynamic
stability of the stifle.

The distal end of the femur contains three articular areas, one each on the medial and
lateral femoral condyles and the third within the femoral trochlea. The trochlea is a smooth,
wide-grooved area located on the cranial surface on which the patella articulates. The medial
ridge of the trochlear groove is slightly thickened compared to the lateral (29, 30). Axially the
condyles each articulate directly with the tibial plateau, whereas abaxially the condyles articulate
with the respective menisci (29). The medial and lateral femoral condyles are convex in both
sagittal and frontal plane and are separated by the intercondyloid fossa. The medial condyle is
smaller in size and less convex in shape as compared to the lateral condyle. This asymmetry
assists in the relatively asymmetric motions of each condyle during range of motion; the lateral
condyle is able to move more caudally with respect to the articular surface of the tibia as the
stifle progresses through flexion. The lateral condyle contains a small depression cranially lateral
to the lateral trochlear ridge known as the extensor fossa (29, 30).

The patella is a sesamoid bone located cranially and proximally in the stifle. There are
three other sesamoid bones associated with the stifle, two of which are located in the tendons of
origin of the medial and lateral gastrocnemius and the third is located in the tendon of origin of
the popliteus muscle. The proximal tibia is relatively flat and is composed of medial and lateral
condyles. The articular surface is often termed as the tibial plateau. The area between the tibial
condyles is divided into a cranial intercondylar area, intercondylar eminence and caudal
mtercondylar area. The intercondylar eminence has a medial and lateral intercondylar tubercles
that are articular on their abaxial surface. Cramnial to the cranial intercondylar area is the tibial
tuberosity where the patellar ligament mserts. The medial and lateral tibial condyles are the sites
of articulation with the medial and lateral femoral condyles, respectively. Each condyle is
concave transversely, convex sagitally and sloped in a caudal direction when viewed from the

3



side. The caudo-lateral aspect of the tibial surface contains an oblique depression for articulation
with the head of the fibula. The fibula is a long thin bone that contributes little to weight bearing
and primarily functions as a site for ligamentous and muscular attachments.

The stifle joint capsule is formed by the patellar, lateral femoro-tibial, and medial
femoro-tibial pouches (1, 30). The joint capsule of the stifle which is largest in the body is made
up of two layers. The inner synovial layer contains vascular and nerve supply. This layer is a
specialized connective tissue that produces synovial fluid and phagocytic synoviocytes. The
outer fibrous layer is composed of dense, inelastic fibrous connective tissue. The normal canine
stifle contains 0.2 to 2 ml of a viscous, transparent, colorless, fluid that is primarily composed of
water and a strongly polymerized hyaluronic acid (1, 30).

In the stifle there are four femoro-tibial ligaments, the medial and lateral collaterals and
cranial and caudal cruciates that provide primary ligamentous support. The cruciate ligaments
are intra-articular but are considered extrasynovial as they are covered with synovium. These
ligaments are called cruciate ligaments because they cross each other. The CrCL originates on
the caudo-medial aspect of the lateral femoral condyle and extends cranio-distally and medially
to insert on the cranial intercondylar region of the tibia (5). Functionally each cruciate ligament
has two bands. The CrCL is composed of a smaller cranio-medial and a larger caudo-lateral
band. During extension both bands are taut; in flexion only the cranio-medial band is taut. The
CrCL prevents cranial displacement of the tibia in relation to the femur, limits internal tibial
rotation in conjunction with the caudal cruciate ligament (CdCL) and prevents hyperextension of
the stifle (31).

The canine CrCL has distinctive histologic features typical of dense collagenous
connective tissue. The predominant cell type is the fibroblast and the extracellular matrix
proteins are primarily composed of type I collagen (32). Histologically, the central region of a
normal canine CrCL is formed of highly ordered, parallel arrays of collagen fibers. The central
core regions of the cruciate ligaments are not as well vascularized as the proximal and distal
portions. The most frequent degenerative changes occur in this central core region of the CrCL.
Minor injury and stress resulting from twisting of the CrCL on the CdCL further reduces blood
supply which limits the ability of the cruciate ligaments to be repaired and results in weakening
of the ligaments. The synovial membrane covering the CrCL is more cellular than the ligament
and is made up of fibroblasts and dense connective tissue (33). There is no differentiation
between the cranio-medial and caudo-lateral bands of the CrCL based on histology (33).

The CdCL is longer and larger than the CrCL. It originates from the lateral aspect of the
medial femoral condyle and extends caudo-distally crossing medial to the CrCL to insert on the
medial aspect of the popliteal notch of the tibia (1, 31). There are two bands in the CdCL; cranial
and caudal, these bands are much less distinct than the bands of the CrCL. The cranial band is
taut in flexion and loose in extension and the caudal band is loose in flexion and taut in extension
(1, 5). The CdCL prevents caudal translation of the tibia with respect to the femur and limits
mternal rotation through a twisting sequence with the CrCL (1, 5).

Mechanoreceptors (pressure-sensitive corpuscles) and free nerve endings have been
identified in the canine CrCL (34). The presence of these mechanoreceptors indicates that the



cruciate ligaments have a role in proprioception (35). The canine CrCL seems to have more
mechanoreceptors than other species. The highest number of these receptors are present in the
proximal third and the lowest numbers in the distal third of the CrCL (34). The free nerve
endings are mainly nociceptive which react to pain stimuli and inflammation. The main
mnervation to the stifle peri-articular tissues is supplied by medial, caudal and lateral articular
nerves which are branches of the saphenous, tibial and peroneal nerves respectively (36). The
caudal articular nerve is variably present in the dog (36).

The medial collateral ligament originates from the medial epicondyle of the femur, fans
out as it extends distally forming attachments with the joint capsule and medial meniscus and
mserts on the proximal medial aspect of the tibia (37). This ligament has two parts; a cranial part
that remains taut in both flexion and extension and a caudal part that is lax in flexion and taut in
extension (37). The lateral collateral ligament originates on the lateral femoral epicondyle of the
femur, extends caudo-distally forming a loose attachment to the joint capsule, and inserts on the
head of the fibula. In flexion the ligament is loose but it is taut in extension (29, 37). Both
collateral ligaments function to mmimize varus and valgus motion of the tibia relative to the
femur. The collateral ligaments are the primary restraint against tibial rotation i stifle extension
whereas in stifle flexion the cruciate ligaments provide the primary check against rotation of the
tibia (1, 37). The thin medial and lateral femoro-patellar ligaments, which are a continuation of
the femoral fascia, run from the patella to the fabellae (29, 30).

The descending genicular artery is considered to be the predominant blood supply to the
stifle; it originates from the femoral artery and courses disto-medially to supply the vastus
medialis muscle and medial femoro-patellar and femoro-tibial joint capsule (38). The major
blood supply to the cruciate ligaments originates from branches of the genicular arteries on the
lateral and medial aspect of the stifle (38). These branches within the synovial tissues that
ensheath the cruciate ligaments penetrate the ligament transversely and freely form anastomoses
with longitudinal endoligamentous vessels (38). The nfrapatellar fat pad and tissues caudal to
the joint capsule also contribute. The lack of direct vascularization leaves the mid-section of the
ligaments without a substantial blood supply. The veins important for stifle drainage include,
descending and medial genicular veins, cranial and caudal tibial veins, popliteal vein, medial and
lateral saphenous veins, distal and middle caudal femoral veins and femoral vein (39). The
mportant lymphatic dramage of the stifle consists of the popliteal, femoral, and superficial
inguinal lymph nodes and the superficial medial and lateral systems and the deep medial system
(40).

Many muscles in the pelvic limb are important components of the stifle as they contribute
to stifle motion. These muscles can be divided into two groups; flexors and extensors of the
stifle. Some of these muscles can assist in both flexion and extension depending on the
anatomical region of the muscle that is activated. Of the rump muscles the contraction of the
tensor fasciae latae results in mild extension of the stifle. This muscle is nnervated by the cranial
gluteal nerve (29, 30). The quadriceps femoris is the primary extensor of the stifle. This muscle
is composed of 4 separate muscles: the rectus femoris and vastus medialis, ntermedius and
lateralis. The quadriceps muscle group covers the cranial, medial, and lateral aspects of the
femur. The rectus femoris originates from the iium and the remaining three muscles arise from
the proximal femur. All four muscles converge to insert on the tibial tuberosity via the patellar



ligament. Contraction of this muscle group extends the stifle by forcing the patella nto the
trochlear groove. The quadriceps muscle group also imposes a cranio-proximal force on the tibia
(41). This combination of forces acts as an antagonist to the function of the CrCL as one of the
functions of the CrCL is to limit cranial translation of the tibia relative to the femur (30, 41).

Another muscle group that works in conjunction with the quadriceps to extend the stifle
is the musculus articularis which originates on the cranial portion of the distal femur proximal to
the patellar pouch of the femoro-patellar jont (30). Another muscle that contributes to stifle
extension is the biceps femoris muscle. It has a cranial and caudal head. The cranial head
originates from the sacrotuberous ligament and ischiatic tuberosity and the caudal head
originates from the ischiatic tuberosity (29, 42). The cranial head inserts by means of an
aponeurosis with the fascia lata onto the patella, patellar ligament, and the tibial tuberosity via
the patellar ligament (42). This orientation allows the cranial head to function m both stifle
flexion and extension (29, 30). The caudal head directly inserts on the cranial aspect of the tibial
tuberosity. A portion of this insertion also continues distally to insert on the calcanean
tuberosity(42). This arrangement allows contributions to stifle flexion and hock extension (29,
30). The caudal head does not assist in stifle extension. The biceps femoris muscle also imposes
a caudal force on the tibia (41).

The sartorius muscle is located cranially and has cranial and caudal parts like the biceps
femoris (42). The cranial portion which contributes to stifle extension originates at the iliac crest
and mserts on the medial fascia of the femur proximal to the patella (42). The caudal portion
contributes to stifle flexion (30). It originates from the cranio-ventral ilium and inserts on the
medial aspect of the cranial tibia. The caudal portion imposes a caudal force on the tibia (41).

The semitendinosus muscle is present on the caudal aspect of the thigh and it contributes
to stifle flexion (30, 42). It originates on the ischiatic tuberosity and runs medially and distally to
msert on the medial aspect of the proximal tibia. The semimembranosus is another important
flexor muscle of the stifle which is present on the caudal and medial aspect of the thigh (30, 42).
This muscle has a cranial head which originates at the ischiatic tuberosity and inserts at the distal
femur. This part of the muscle does not contribute to stifle flexion. The caudal head also
originates on the ischiatic tuberosity and this part contributes to stifle flexion (30, 42). The
caudal part mnserts at the medial tibial condyle under the medial collateral ligament. The
semimembranosus muscle imposes a caudal force on the tibia (41). The gracilis muscle also
imposes a caudal force on the tibia and contributes to stifle flexion (30, 41). This muscle
originates from the pelvic symphysis and inserts on the cranial tibial border and also plays an
important role in limb adduction (42).

The anatomical position of the gastrocnemius muscle effects stifle stability but it does not
play a direct role in stifle flexion and extension (30, 42). However, when the tarsus is fixed
contraction of the gastrocnemius muscle can weakly flex the stifle (41). The muscle is located
caudally and has medial and lateral heads which originate from the medial and lateral
supracondylar tuberosities of the femur, respectively. The two heads fuse distally and insert on
the calcanean tuberosity (30, 42). Contraction of the muscle causes hock extension. In addition,
contraction imposes a caudo-distally directed force on the distal femur. This force is



counteracted by the CrCL in the normal stifle whereas in the CrCL-D stifle this force contributes
to the cranial translation of the tibia with respect to the femur (41).

The popliteus muscle plays a unique role in the stifle. It promotes internal rotation of the
tibia relative to the femur, provides lateral stability to the stifle and extends the stifle (30, 42). It
originates from the lateral condyle of the femur, spans the caudal aspect of the stifle and inserts
on the caudal surface of the proximal tibia (42). Its origin contains the popliteal sesamoid.

The menisci are crescent-shaped fibrocartilaginous disks that are located between the
condyles of the femur and the tibia (43). Both medial and lateral menisci are composed of a body
and two horns, caudally and cranially. Peripherally the menisci are thick and convex but become
thinner and concave as they slope centrally (29, 44). The medial meniscus is larger than lateral
and more ovoid in shape (30, 43). Both lateral and medial menisci have attachments that
influence their mobility and function. The cranial and caudal horns of each meniscus are firmly
attached to the tibia via cranial and caudal menisco-tibial ligaments (1). The caudal horn of the
lateral meniscus is also firmly attached to the femur by the menisco-femoral ligament whereas
the medial meniscus lacks this attachment. Firm attachments are also present between the abaxial
aspect of the medial meniscus and the medial collateral ligament and the joint capsule, but the
lateral meniscus lacks these attachments (43). Additionally, the intermeniscal ligament attaches
the two menisci cranially. The lateral meniscus is less firmly attached to the tibia than is the
medial meniscus. During flexion of the stifle the caudal horns of the menisci move caudally. The
increased mobility of the lateral meniscus allows for relatively more caudal transposition of the
lateral femoral condyle during stifle flexion (1).The increased mobility of the lateral meniscus
helps to explain the low incidence of severe lateral meniscal tears secondary to CrCL rupture
when compared to the medial meniscus.

Menisci are primarily composed of water (60-70%) and also contain an interlacing
network of collagen fibers mterposed with cells and matrix of proteoglycans, and glycoproteins
(1, 45). The collagen fibers in the menisci are type I and type II collagen, with type I collagen
making up 90% of the collagen content (1). In the inner one-third of the menisci collagen fibrils
are oriented radially, which may function to counteract compressive forces. In the outer two
thirds of the menisci collagen fibrils are oriented circumferentially, which may function to
counteract tensile forces (1,45). Less frequently observed are radial fibers (or tie fibers) which
can be present throughout the menisci, connect circumferential fibers and may function to
counteract longitudinal splitting (1).

Both menisci demonstrate a common distribution and pattern of blood vessels that arise
from branches of the medial and lateral genicular arteries. These branches supply the joint
capsule which gives rise to vessels that penetrate the peripheral 15 —25% of the width of the
menisci (43, 46). This region is called the red-red zone because of the rich blood supply. The rest
of the meniscus is divided into the intermediate zone called red-white zone and the axial zone
called white-white (46). A large portion of the menisci rely to a large extent on the synovial
source of nutrition.

The menisci improve stifle joint congruity due to their crescent shape (29, 44). The
cranial and caudal poles of the menisci contain mechanoreceptors, which allow pressure to be



detected and may also allow exchange of proprioceptive information (45). They also function in
load transmission, deepen the articular surface of the tibial plateau to provide jont stability, aid
in joint lubrication and the rich supply of nerve endings provides proprioceptive information to
help coordinate muscular adaptations to joint load (1, 45). Menisci are able to absorb high loads
across the joint by converting the compressive forces nto radially directed forces. As the
meniscus is loaded the cranial and caudal attachments of the meniscus are tensioned along with
the circumferential fibers and this tension is called “hoop tension (1, 47).” Transection of the
meniscus has been shown to disrupt the primary function of the meniscus because it eliminates
the hoop tension (1, 47).

B. Cranial cruciate ligament disease

B.1. Progressive degeneration of the cranial cruciate ligament

The majority of the CrCL ruptures are due to the progressive degeneration of this
ligament (1, 48). Deterioration of the cruciate ligament has been shown to be a natural process
that occurs with age (49). The exact cause and pathogenesis of this extremely common disorder
remains elusive. The CrCL is composed of 90% Type I collagen fibrils with the remainder being
Type III collagen fibrils (32, 33). These fibrils are divided into smaller subfibrils and microfibrils
and have a crimped arrangement (32, 33). Fibroblasts are the main cell type present supporting
the collagen and consist of 3 separate types: fusiform, ovoid, and spheroid (32). With age the
overall population of fibroblasts within the ligament decreases, some fibroblasts undergo
metaplasia to form chondrocytes and the functional arrangement of the fibrils becomes disrupted
(49). As ligament degeneration is a natural biologic process in dogs, failure of the ligament is
likely attributable to other factors as not every aging dog develops cranial cruciate disease.
Several factors have been implicated to play a role in the pathogenesis of progressive
degeneration of CrCL. These factors include: abnormal conformation and gait, increased tibial
plateau angle, neutering, body weight, obesity, genetics, breed, mactivity, lack of fitness,
mflammatory factors and extracellular matrix (ECM) changes (1, 43, 49-57)

The variations in canine pelvic limb conformation such as narrow femoral intercondylar
notch, straight stifle angle (ie. prominent hyperextension of the stifle in a normal standing
position) and steep tibial plateau slope have been associated with degeneration of the CrCL (58,
59). The presence of a straight stifle and narrow intercondylar notch may cause impingement and
abnormal compression of the CrCL against the ntercondylar notch (58). The resultant strain and
micro-injury to this ligament can cause damage to the inter-ligamentous fibers even during
normal activity. This damage is unable to adequately heal due to poor vascularity of the center of
the CrCL and the ongoing strain on the ligament. The width of the mtercondylar notch and its
association with CrCL and anterior cruciate ligament (ACL) rupture in dogs and humans
respectively has been well described (60, 61). The intercondylar notch width indices were
significantly greater in the low-risk breed (Greyhounds) compared to high risk breeds (Labrador
and Golden Retrievers) in a cadaveric study (58). The authors concluded that impingement by
the intercondylar notch on the CrCL of high risk breeds may result n reduced structural integrity
of the ligament, predisposing the ligament to increased laxity and degeneration. However, a
radiographic comparison of other morphological features of the distal femur showed no
anatomical differences in the distal portion of the femur between dogs with and without CrCL
rupture (62).



Many studies have evaluated the association of the tibial plateau angle (TPA) and CrCL
rupture (56, 59, 63, 64). The relationship between the CrCL pathogenesis and the conformation
of the proximal aspect of the tibia originates from a biomechanical model developed by Slocum
(44). This model explains that the ground reaction forces generated during the stance phase are
transmitted along the longitudinal axis of the tibia and a cranially directed femoro-tibial shear
force also called cranial tibial thrust is generated by the compression of the femur against the
caudally oriented slope of the tibial plateau. Although differences in anatomic shape of the
proximal tibia have been shown in dogs with CrCL rupture, the correlation between the
steepness of the tibial plateau and the development of CrCL degeneration remains controversial
(63, 64). A wide range of TPA has been reported in the dog with a mean of approximately 24°
(65). Greater TPAs were present in diseased stifles in a mixed population of dogs with CrCL
deficiency compared with a normal group (57). This was further strengthened by similar findings
in contralateral stifles of the affected dogs (66). However, other studies have shown that the TPA
is not significantly different in Labrador Retrievers with and without CrCL degeneration (63,
64). TPA measured on dogs in a standing position was similar between Greyhounds and normal
Labradors, eliminating differences in standing angles as a confounding factor (64). Recently, a
study describing the morphometric characteristics of the pelvic limbs of Labrador retrievers with
and without CrCL deficiency suggested that excessive TPA, cranial angulation of the proximal
tibia, and distal femoral torsion appeared more likely to be associated with CrCL degeneration
than tibial torsion, femoral angulation, and intercondylar notch stenosis (67). The true effect of
TPA on CrCL stresses in vivo is currently unknown, because other factors discussed in this
section of the chapter (see above and below) can influence the amount of stress sustained by the
CrCL, in addition to the TPA.

Neutering also increases the risk for cruciate disease, although the cause of this effect is
not understood (48, 50). Female dogs have an increased prevalence of CrCL disease compared
with male dogs (48, 50). Age at the time of ovariohysterectomy was not associated with the
prevalence of cruciate disease (50). Elevated estrogen levels are associated with increased
incidence of ACL in women (68). However, as ovariohysterectomy in dogs is associated with
persistent hypoestrogenemia, estrogen may reduce the incidence of CrCL degeneration in the
dog (69). To date, there are no conclusive studies, in dogs as well as humans, determining the
effect of hormonal status on CrCL degeneration.

Larger dogs weighing >22 kg are at greater risk of cruciate disease and tend to develop
CrCL rupture at younger ages as opposed to smaller dogs (< 22kg) who tend to be affected later
m life (48, 50). This epidemiological finding is consistent with histologic analysis showing that
the CrCL of dogs weighing >15kg generally showed more severe degeneration of the ligament
than those of smaller dogs, and the onset of degenerative processes started several years earlier in
larger dogs. It remains unclear whether obesity is also a risk factor for the disease independent of
the dog’s size. Repetitive loading has been suggested to result in overuse and fatigue failure of
the CrCL (32, 43). Obesity could increase the magnitude of forces applied to the CrCL and could
contribute to the incidence of CrCL deficiency.

A breed predisposition has been reported in certain breeds including the Newfoundland,
Labrador retriever, Chesapeake Bay retriever, Rottweiler, Akita, Boxers, Neapolitan mastiff,
Saint Bernard and Staffordshire bull terrier(48, 50). This breed-specific variation in incidence of



CrCL rupture has been considered strong evidence for a genetic component to the condition (48,
50). It has been shown that Rottweiler breed requires half the load per unit body weight for CrCL
rupture to occur as compared to the greyhound suggesting that different breeds have different
biomechanical properties of the CrCL (70). Heritability indices for CrCL disease have been
reported in different breeds (1, 71). In the Newfoundland breed a prevalence for CrCL deficiency
of 22% has been reported (71). The authors proposed a recessive mode of inheritance with 51%
penetrance. In another study, 4 microsatellite markers associated with CrCL rupture were found
in chromosomes 3, 5, 13 and 24 in the Newfoundland breed (51). Even though there was high
prevalence and odds ratio in that breed, 73% of the phenotypic expression of CrCL disease was
attributable to environmental factors and only 27% was linked to genetics (71). It still remains
unclear whether genetics exert a direct influence on the structural properties of the CrCL. Future
research is warranted to identify gene markers for CrCL disease which may contribute to the
control of CrCL deficiency i the dog.

There is a paucity of studies determining the effect of exercise on the properties of the
canine CrCL. Smultaneous contraction of the caudal thigh muscles and relaxation of the
quadriceps muscles has been noted with any joint load that causes increased strain in the CrCL
(72). This is suggested to be mediated by mechanoreceptors and proprioceptors in the CrCL and
this mechanism is protective of the CrCL (34, 35). Therefore it is possible that poor physical
condition and/or mactivity may mitigate this protective mechanism leading to repetitive stress to
the CrCL and eventually rupture. The results of an experimental study showed that a lifetime of
regular weight-bearing exercise in dogs did not cause alterations in the stifle jomts, its associated
ligaments and cartilage structures (73). There was also no evidence of erosions or osteophytes in
the jomnt. It has also been suggested that inactivity may predispose ligaments and tendons to
altered and detrimental homeostasis. Controlled and regular exercise should be recommended as
it does not appear to cause any articular and peri-articular tissue damage of canine stifle joints.

Both humoral and cellular immune mechanisms may result in CrCL disease but their
exact role remains unclear (74). Type I and II anticollagen antibodies have been detected in dogs
with CrCL disease (75, 76). Antibodies are present in both the synovial fluid aspirates from the
affected jomnt and the serum, with a higher incidence in the synovial fluid indicating local
antibody production (75). The specificity of these antibodies to CrCL disease however has not
been documented. Antibodies to collagen type-I in the synovial fluid were quantified in dogs
with diseased stifles, contralateral stifle and left shoulder over 12—18 months (77). The study
showed that the antibody titers were higher in dogs with partial compared with complete CrCL
tears (77). This finding may reflect continued antigenic stimulation and release of collagen type I
from the damaged ligament into the articular space. In general titers were higher in contralateral
stifles that eventually sustained a CrCL rupture (77). However, not all dogs with high antibodies
developed a contralateral CrCL rupture. The Type I and Type II anticollagen antibodies are not
specific to the type of joint disease process as these antibodies were also detected in the synovial
fluid of stifles with arthritis secondary to arthropathies other than CrCL disease (75, 76).

Lymphocytic—plasmacytic synovitis in the CrCL-D stifle has been identified in about
67% of cases (78). The significance of the inflammatory cells is still poorly understood. It has
been suggested that they are indicative of a cell-mediated mmmune response. Variable amounts of
synovitis and inflammatory cells including B and T-lymphocytes, IgG+, IgM+ and IgA+ plasma
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cells, , CD1c” MHC class 11" dendritic cells and tartrate-resistant acid phosphatase-positive or
TRAP" (activated) macrophages are present in CrCL-D stifles (78, 79). Antigen stimulated
dendritic cells are believed to activate T-lymphocytes which engage other inflammatory cells and
activate an inflammatory cascade leading to synovitis and ligament degeneration. Recently
sequestration of bacteria has been proposed as a causative factor for the inflammatory

component of CrCL deficiency. Bacterial DNA was isolated from synovial biopsies in 7% of 16
stifles with experimental transection of the CrCL, 37% of 43 dogs with naturally occurring CrCL
deficiency, and none of 12 normal dogs (80).

Recent studies have mvestigated the ECM metabolic changes in ruptured CrCL (32, 79).
Compared with the mntact CrCL, ruptured CrCL has significantly higher levels of water content,
glycosaminoglycans (GAG) and immature cross links (81). The levels of pro-matrix
metalloproteinase-2 (inactive MMP-2) were also significantly higher mn ruptured CrCL. The
authors suggested that the ECM of ruptured CrCL had an increased matrix turnover indicated by
higher GAG and collagen synthesis. It still remains undetermined if these changes occur before
ligament rupture or if these observed changes are part of a reparative process after rupture.
Another study comparing the ECM properties of grossly normal CrCL between high risk breeds
(Labrador Retrievers) and low risk breeds (Greyhounds) showed that there were increased
concentrations of pro-MMP-2 and decreased integrity of the collagen triple helices in the CrCL
from high risk breeds (82). This altered collagen matrix metabolism may be responsible for
decreased ligament strength and eventual rupture of CrCL. Ruptured CrCL also contains higher
concentrations of tartrate-resistant acid phosphatase (TRAP), interleukin-1p, cathepsin S and
cathepsin K, MMP-2, MMP-9, MMP-6 (54, 55). The author suggested that the collagenolytic
activity of these proteinases contributes to the remodeling within the CrCL. A follow up study
documented a higher concentration of cathepsin K and TRAP in the synovium as well as in the
CrCL i stifles with ruptured CrCL (79).

The pathologic changes present in the ruptured CrCL have been described. The changes
were characterized by loss of ligamentocytes, failure to maintain collagen fiber bundles and
metaplasia of surviving ligamentocytes to chondrocytes (49, 83). The population of fibroblast
subtypes was also altered with increased numbers of spheroid cells in the core region, and
decreased fusiform and ovoid cells (83). The study also reported loss of normal crimping
arrangement and loss of birefringence, important biomechanical features of the CrCL
microstructure. These observations suggest that micro-injury to the ligament from mechanical
loading may cause CrCL remodeling and eventual rupture.

The CrCL has poor healing capacity (84, 85). It has been shown that canine CrCL
wounds had lower filling of the wound site and decreased presence of fibrinogen, fibronectin,
TGFp1 (transforming growth factor), FGF-2 (fibroblast growth factor), PDGF-A (platelet-
derived growth factor) and von Willebrand’s factor when compared to extra-articular ligament
wounds (patellar and medial collateral ligament) (86). The same study showed that treatment
with a collagen-platelet-rich-plasma hydrogel resulted i increased filling of the CrCL wound
site and increased amount of growth factors. This study suggested that lack of provisional
scaffold (fibrin-platelet plug) formation may play a key role in failure of the CrCL to heal after
mjury. High levels ofnitric oxide (NO) n CrCL has been proposed to be one of the reasons for
the msufficient healing capacities of ruptured CrCL, however, its role in CrCL physiology
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largely remains unknown (87). In summary, as evidenced by the multitude of studies
mvestigating the predisposing, primary and perpetuating factors of CrCL disease, the
aetiopathogenesis of this disease is unknown, but it certainly appears to be a multifactorial
condition.

B.2. Acute or traumatic rupture of the CrCL

Acute or traumatic rupture of the CrCL is a rare injury. However, acute CrCL rupture is
usually extremely painful, causes joint effusion and instability of the stifle, resulting in severe
lameness. Traumatic injury to the CrCL is usually associated with multiple ligamentous mjury of
the stifle and leads to jont luxation (1, 88). Such mjuries are usuvally unilateral n contrast to
most pathological CrCL disease in mature dogs where bilateral disease is often seen. Acute or
traumatic CrCL is caused by a twisting injury to the stifle. This occurs most often when the dog
is running and suddenly changes direction. This leads to stifle hyperextension, excessive lLimb
loading and excessive iternal tibial rotation which places the majority of the body weight on the
stife and may overload the CrCL, resulting in acute rupture. Stifle radiographs of dogs with
acute CrCL rupture show cranial displacement of the infrapatellar fat pad, consistent with joint
effusion, without any evidence of arthritis. Treatment options for isolated CrCL traumatic
rupture are similar to treatment options for progressive degeneration of the CrCL.

B.3. Avulsion of the cranial cruciate ligament

Mineralized opacities in the stife most commonly result from trauma, and are usually
avulsed fragments or ligamentous calcifications. Avulsion of'the CrCL is considered to occur
rarely (1, 89). It has been suggested that avulsion, rather than tearing, ofthe CrCL is a disease
primarily of skeletally immature patients (1). However, partial avulsion injury of the origin of the
CrCL has been reported in a mature dog (90). In immature patients the ligamentous attachments
to bone via Sharpey’s fibers may be materially stronger than the bone itself (1, 91). Therefore an
acute overload of the ligament allows avulsion to occur under a force insufficient to cause actual
rupture of the ligament. The avulsion of the ligament with a small piece of bone occurs most
commonly at its insertion site on the tibia but occasionally femoral avulsions have also been
reported (1, 89, 90, 92). Treatment for acute avulsion cases may mvolve reattaching the bone
fragment with internal fixation (1). In chronic cases the contracture of ligament fibers makes it
impossible to anatomically reduce and stabilize the bone fragment. Several osteotomy
procedures (see below) have been described for CrCL-D stifle repair, however, these procedures
in immature dogs due to open growth plates are not appropriate. A proximal tibial epiphysiodesis
technique has been described to treat CrCL avulsion fractures or to augment primary repair of
CrCL avulsion fractures in young dogs (92).

C. Kinetic and Kinematics of the stifle

Kinetic and kinematic gait analyses are considered parts of kinesiology which is the
science of motion (93, 94). Gait analysis can identify characteristic features of specific gait
abnormalities. The main motion i the stifle occurs in the sagittal plane and it primarily consists
of flexion and extension. Due to the stifle anatomy some motion occurs in other planes also (1, 2,
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6). Canine joint and limb motion have been studied by various gait analysis studies (2, 6, 23, 93-
96).

Kinetics is the study of the relationship of movement to the forces that generate it.
Kinetic gait analysis can be performed using force plate to obtain objective measurements.
Various studies have used force plate to measure ground reaction forces in normal healthy dogs.
A study by Budsberg et al that measured ground reaction forces in healthy dogs at a walk is
considered a founding study in the field of force plate analysis n dogs (97). For the hind limbs at
a walk, the graph between vertical force and time has two characteristic peaks. The first peak
corresponds to a rapid rise in vertical force at foot contact, then the force decreases as the stifle
flexes during mid-stance. The second peak corresponds to increase in vertical force at push-off.
After the second peak the vertical force finally drops down to zero as the opposite limb takes up
the body weight. The first peak corresponds to early stance during which dogs bore about 45% of
their body weight on the limb which decreased to about 33% during mid-stance and then
increased to about 35% at late stance phase. As opposed to walking, during trotting the vertical
ground reaction force of dogs were graphed as single, sharper peaks for both hind limbs and fore
limbs (93). During early stance there is a braking phase due to friction between the foot and the
floor. The cranio-caudal force during this phase becomes negative. During the mid-phase the
foot pushes back on the floor and the cranio-caudal force becomes positive and this corresponds
to the propulsive phase.

Kinematics is the study of motion of a body or a system of bodies without reference to its
mass or the forces acting on it. It describes the geometric and temporal characteristics of motion
(94). The combination of force plate and computer-assisted kinematic data can be used to
correlate 3 dimensional limb motion with ground-reaction force measurement (93). Three-
dimensional gait analysis in veterinary medicine has been performed by using stereoradiographic
methods, invasive external fixators, or cadaveric models (1, 2, 6). Use of retro-reflective markers
and infrared cameras has also been described for kinematic measurements of the sagittal
(flexion-extension), transverse (internal and external rotation), and frontal (abduction-adduction)
plane during a walk and a trot for the stifle, hip and tarsal jomts in six healthy dogs (98).
Kinematic gait analysis has been used to describe dynamic extension and flexion movement
patterns for Labrador Retrievers, Greyhounds and mixed large-breed dogs during walk and trot
(23, 53, 99-101). In the stifle of healthy greyhounds during trot there were two peaks of
extension, one at the end of swing phase and one of decreased magnitude at nearing the end of
stance (101). Motion ranged from 95°to 150° during the swing phase and was limited between
130° and 140° during the stance phase. They also described flexion and extension movements in
hip and tarsal joints. Similar gait patterns were identified in the hind limb i a follow up study by
Allen et al using mixed breed dogs (95).

A nonnvasive kinematic analysis was described by Hottinger et al in healthy large breed
dogs at a walk (23). During a complete gait cycle, approximately 50% of the cycle was spent in
2-limb support and 50% in 3-limb support. There was gradual stifle flexion throughout the stance
phase with two periods of slowed flexion during the early and late stages. During the late stance
rapid flexion was then noted followed by rapid extension during the latter two-thirds of the
swing phase. Stifle range of motion ranged from approximately 110°to 150° during the swing
phase and 120°to 145° during the stance phase. There tends to be more points of inflection
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during the stance phase of the walk indicating a more complete gait pattern during a walk as
compared to the trot (23, 95, 101). However, this difference was not noted by Korvick et al (2).
Trotting and walking gaits display similar joint excursions, with a greater range of motion for all
joints while trotting (23, 95, 101). Kinematic patterns of movements are similar between dogs of
similar morphology (23).

Stifle range of motion has been reported to be 120° measured by goniometry in healthy
adult Labrador Retrievers (102). The mean flexion angle was 42° and mean extension angle was
162°. In the frontal plane the stifle is capable of slight varus and valgus angulation (1). At 90° of
flexion, valgus angulation is limited by all four femoro-tibial ligaments whereas varus angulation
is limited by lateral collateral and both cruciate ligaments (1). In extension, lateral collateral and
CrCL limit varus angulation and medial collateral limits valgus angulation (1). The asymmetry in
size between the femoral condyles in combination with the shorter, tighter medial collateral
ligament, the more caudal articulation of the lateral condyle, the increased mobility of the lateral
meniscus, and the longer, looser lateral collateral ligament results in the passive iternal rotation
of the tibia during flexion (29, 30, 37, 44). The contraction of the popliteus muscle also plays an
active role in this internal rotation (29, 30). Conversely during extension there is passive external
rotation of the tibia and relaxation of the popliteus which is commonly referred to as the “screw
home' mechanism in human (31, 37).

Multiple studies have described alterations in gait after CrCL rupture by measuring
ground reaction forces and kinematic data n dogs (2, 96, 103-108). The kinematic analysis of
dogs with ruptured CrCL has revealed decrease in peak vertical forces and impulses as well as
braking and propulsion impulses. In one experimental study in adult dogs, the peak vertical force
on the normal hind limb was 70% of the static body weight of the dog (109). Following
transection of CrCL, the peak vertical force was 25% of body weight at 2 weeks, 32% at 6
weeks, and 37% at 12 weeks. The authors stated that these observations indicate that the
osteoarthritic changes seen in the unstable limb are associated with decreased loading of that
limb. In addition to these kinetic changes, kinematic analysis has revealed that CrCL-D stifle
remains more flexed throughout the stance phase and early swing phase (96). The coxofemoral
and tarsal jomnts remained more extended during the stance phase than in the normal gait cycle
likely as compensation for the increased stifle flexion (96). This stifle flexion led to reduced
contribution of the stifle to propulsion. A study by Korvick et al also noted this compensatory
change m stifle flexion in which a 5-14° increase i flexion was noted at a walk 7 weeks after
CrCL transection (2). However, the magnitude of this change was less pronounced during
trotting. A third study evaluating kinematics of the canine stifle at a walk up to 24 months post
CrCL-transection also noted a similar increase m stifle flexion in CrCL-D stifles (6).

In dogs with CrCL-D stifles, a cyclical pattern of cranial tibial subluxation during the
stance phase and cranial tibial reduction during the swing phase occurs (2, 6). This type of
dynamic imbalance in CrCL-D dogs is similar to that described in humans (2, 6). A study by
Korvick et al utilized an instrumented spatial linkage directly attached to bones via modified
bone plates to measure stifle jont motion in five large dogs (2). Kinematic data was obtained
both during walking and trotting the dogs on a leash. This study demonstrated approximately 8 to
12mm of cranial tibial subluxation after CrCL transection during the stance phase of the gait. In
most dogs in the study, cranial tibial subluxation was unchanged during the swing phase. These

14



finding suggest that the swing phase is CrCL-independent, while the stance phase is CrCL-
dependent. In this study tibial nternal rotation increased after CrCL transection and this was
most pronounced during the mid-stance. All dogs also demonstrated medial displacement of the
stifle through swing and stance following CrCL transection. The distance between the femur and
tibia (compression) decreased after CrCL transection i all dogs at the beginning of the stance
phase which shifted back towards the baseline at the end of stance. Stifle valgus was also noted
after transection of the CrCL.

Canine stifle joint kinematics were serially assessed by using dynamic radiostereometric
analysis utilizing dual digital video radiographic capture, during treadmill gait before and serially
for two years after CrCL transection in a cohort of 18 dogs, with a cohort of 5 dogs acting as
sham controls (6). CrCL loss in the dog led to a consistent pattern of CTT during the stance
phase of gait. Peak CTT displacement increased on average by 10 mm compared with the CrCL-
mtact condition. Two years following transection, an average of 5 mm of CTT was present at the
terminal swing phase (pre-paw strike). This reduction in CTT was an indication of more
persistent tibial subluxation throughout the gait cycle, rather than a return towards normal stifle
kinematics. This persistent CTT throughout the gait cycle was speculated to be due to subsequent
meniscal damage which may have prevented the stifle from springing back to the normal
position during the swing phase. In this study significant changes i internal tibial rotation were
not noted. The range of abduction and adduction of the stifle was nearly doubled by two months
after CrCL transection and remained high for the duration of the study. A medial translation of
the tibia relative to the femur in the CrCL-D was noted. This persisted until final follow up 2
years after surgery. As the medial/lateral motion range was significantly greater only during the
first year, authors suggested that some degree of stabilization occurred over time most likely due
to capsular thickening and/or osteophyte development in the joint. In addition, stifle jomt flexion
increased significantly until 6 months following CrCL-transection.

Kinematics have been evaluated after repair techniques for CrCL-D stifles. Kinematic
gait differences were compared at a trot preoperatively and at 8 and 12 weeks after surgery
between dogs treated with a TPLO or a cranial closing wedge osteotomy (CCWO) (110). In the
TPLO group there was significant reduction in stifle angle (ie. greater stifle flexion) at the end
of stance and beginning of swing phase. This change was only significant at 8 weeks after
transection. After CCWO dogs were found to carry their stifle n 10 to 20° more extension as
compared to the preoperative values during the swing phase. While this study compared pre and
post-operative changes, no sham control group was included so conclusions with respect to the
specific procedural effects on gait were not determined. The results of this study showed that
dogs that received CCWO procedure were more likely to have significantly hyperextended gait
patterns of the swing phase postoperatively than the dogs that had a TPLO procedure for repair
of a ruptured CrCL.

In vitro stifle kinematics were evaluated after TPLO with stifle angle adjusted at 135+5°,
corresponding to the mid-point of stance phase of gait during walking (27). TPLO completely
eliminated the marked CTT (15.2 mm) in CrCL-D stifles. These findings were in agreement with
the results of previous studies (111, 112). Significant medial and proximal translation of the tibia
relative to the femur was noted after TPLO. The study also measured rotations of the tibia
relative to the femur after TPLO. The TPLO procedure resulted in significant stifle valgus. The
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excessive mternal tibial rotation n CrCL-D stifles was eliminated by TPLO. The same group of
researchers evaluated in vitro stifle kinematics after TTA under similar experimental conditions
(28). The TTA procedure also completely eliminated CTT in CrCL-D stifles. As opposed to
TPLO, significant medial and proximal translation of the tibia relative to the femur was not
present. TTA also eliminated excessive internal tibial rotation in CrCL-D stifles. Significant
stifle varus or valgus angulation were not present after TTA.

Whereas in these studies the stifle angle was fixed at mid stance, other studies have
evaluated stifle biomechanics and kinematics at different stifle angles. An in vitro biomechanical
study evaluated CTT in TPLO-repaired stifles through a weight-bearing range of motion from
120° stifle angle to maximal extension (26). CTT values in the TPLO group trended towards the
mntact CrCL condition. The values in the TPLO group tended to increase with increasing stifle
extension. No significant difference was noted between the intact and TPLO repaired stifle from
120° to 130°. However the difference was significant from 131° to 145°. Despite the continued
presence of detectable CTT in the TPLO group throughout the entire range of motion, TPLO
values were significantly lower than CrCL-D values at all angles excluding 145°. The authors
concluded that the TPLO is more effective at normalizing CTT at angles of greater flexion than
extension in vitro. Another in vitro kinematic study investigated the effects of TTA, specifically
on CTT and axial tibial rotation during early, middle and late stance phases of canine gait (25).
To simulate in vivo conditions, a load of 30% of the dog’s body weight was applied to the pelvic
limb during testing. The results indicate that treatment with TTA was effective in eliminating
CTT during all phases of stance tested; however, the TTA was unsuccessful in normalizing axial
tibial rotation in mid stance. The authors also evaluated the effect of meniscal release on stifle
stability and concluded that it had no effect on cranial-caudal or rotational displacement when
performed in conjunction with the TTA.

Stifle kinematics have also been documented after the modified retinacular imbrication
technique (MRIT) (24), however this study was performed on cadaveric imbs in an unloaded
state. The authors also compared effects of MRIT and tibial plateau leveling osteotomy —
Montavon (TPLO-M) on stifle kinematics. Post-procedural TPA ranging from 8 to 15° were
achieved using the TPLO-M. The range of motion was analyzed between 95° and 30° of flexion.
After CrCL transection no significant difference was noted in stifle range of motion, CTT, tibial
rotation and tibial adduction and abduction. No difference m CTT was noted after repair using
the MRIT. Significant caudal tibial translation was noted after repair using the TPLO-M. This
finding is interesting in that the limbs were not loaded and tibial translation is a load generated
phenomenon. After MRIT range of motion of stifle was significantly decreased whereas it was
unchanged after TPLO-M. Relative external rotation and tibial abduction was noted after MRIT.
External rotation was also noted after TPLO-M with significant increase in tibial adduction. With
respect to the TPLO-M the authors suggest external rotation may have been created during
fragment fixation.

Two cadaveric studies investigated effects of LSS on CTT and axial tibial rotation at a
standing stifle angle with imbs in a loaded state (17, 22). In one study these parameters were
evaluated using a mechanical testing system (17). The study also investigated if changing
placement of the tibial anchor point for the LSS from the tibial crest to either the cranmial or
caudal eminence of the extensor groove would result in improved stiffness or enhanced
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stabilization of the CrCL-D stifle. The proximal suture anchor point was around the lateral
fabella. Cranio-caudal displacement was defined as the femoral displacement between —25 and
25 N relative to a stable tibia. Femoral displacement in stifles stabilized with the suture placed in
the standard position through the tibial crest was not significantly different from intact stifles.
The standard tibial crest position resulted in less displacement than anchor points at the cranial or
caudal eminence of the extensor groove. External tibial rotation was noted in all legs tested after
standard LSS repair. Only the direction of tibial rotation was measured not the degree of rotation.
The second study mvestigated cranio-caudal tibial translation and axial tibial rotation in CrCL-D
stifle after LSS procedure using a custom designed device to apply a set force to the tibia while
the femur was held immobilized. Radiographs taken before and after application of force were
used to measure cranial-caudal tibial translation. For tibial rotation quantification, a torque of 2
Nm was applied first in the lateral direction and then in the medial direction. Axial rotation was
defined as the rotation of the tibia in the x—z plane relative to the femur that occurred between
the limits of the 2 Nm medial and lateral loads. The CTT in the LSS was not significantly
different after stabilization when compared with intact CrCL group. During rotational testing, the
limits of the instrument were met, in 20% LSS limbs precluding quantification of tibial rotation.
The rotation in limbs that did not reach the instrumentation limits was 12.4° in the LSS group.

D. Treatment Options for stifle with cranial cruciate ligament rupture

D.1 Conservative management

Conservative management of CrCL disease consists of exercise restriction/modification,
weight management, anti-inflammatory medications and pain medications as necessary (1, 113).
The success rate with conservative management in large dogs is significantly less than small
dogs (113). In one study only 6 of 20 large dogs with CrCL rupture became sound with
conservative management (114). Conservative management by splint application has also been
advocated (113). In majority of small dogs (< 20 kg), close confinement for 4 to 8 weeks was
reported to yield satisfactory function (113). Vasseur et al found similar results for small dogs in
their study, in which 86 - 90% of dogs weighing < 15 kg had improved at four months after
conservative management, while 81% of large breed dogs treated conservatively were still lame
after 10 months (115). In some of these cases the lameness progressed with time. All animals had
evidence of osteoarthritis, and one must speculate how well they would function several years
later. In another conservative management study, 10 dogs (11 stifles with CrCL rupture) with
mean body weight of about 45kg were evaluated (116). The median follow up time was three
months. Conservative treatment was defined as strict rest for a mnimum of 4 to 6 weeks with
NSAIDs. Conservative treatment was chosen by clients due to financial factors. Based on owner
evaluation 73% stifles were graded as good to excellent whereas based on investigator evaluation
of lameness about 58% of stifles were graded as good to excellent. Only two dogs were
evaluated with force plate analysis and both were reported to have had peak vertical force values
below normal range. Based on results of these studies, surgical mtervention is typically
recommended for large dogs as well as small dogs that fail to respond to conservative
management. The intent of surgical intervention is to provide stability to the stifle, address
concurrent meniscal injury and slow down the progression of osteoarthritis. The main aim of
mtra-articular and extra-articular surgical techniques is to eliminate CTT and stabilize the stifle
for long enough to allow for peri-articular fibrosis which then becomes the primary restramnt
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against CTT (1). Newer tibial osteotomy techniques do not rely on peri-articular fibrosis, mnstead
they aim to dynamically stabilize the stifle during weight bearing (9).

D.2 Surgical management

D.2a. Intra-articular stabilization

Intra-articular techniques can be divided into three categories, intra-articular primary
ligament repair, intra-articular ligament replacement and intra-articular augmentation and repair.

The biological environment of the CrCL is a major factor that complicates healing. The
synovial sheath and its vessels are also ijured during any CrCL injury and result in hemorrhage.
The blood does not stay at the site of injury to form an organized hematoma but instead it
dissipates throughout the joint (117). The presence of circulating inflammatory mediators and
proteins and constant flow of the synovial fluid flow prevent the formation of a hematoma
necessary for normal ligament repair (118). Surgically apposing the ends of the CrCL after acute
transection followed by stifle immobilization demonstrated some ability to heal m dogs (119).
But the repaired ligaments were mechanically significantly weaker than control ligaments even
after 10 weeks of immobilization. As constant mechanical load applied to the ligament is an
additional complicating factor in CrCL healing. Spindler et al evaluated healing of the ligament
by creating a central defect (with a 3.5mm beaver blade) in the ligament which did not
destabilize the stifle (120). The defect resulted n maximum tolerated load of about 57% of
control. After 6-weeks of in vivo healing periods, the maximum load was 65% compared to
control with no significant gains in biomechanical parameters from defects tested immediately
after the creation of mjury. This study showed that the centrally placed CrCL defect in dogs
failed to mechanically heal in 6 weeks. Collagen-platelet-rich plasma scaffold placed nto CrCL
defect has been shown to allow formation and organization of a fibrin clot with histologic
evidence of ligament healing at 6 weeks (121).

The ligament may be reconstructed with other biologic tissues (autograft, allograft,
xenograft), synthetic materials, or a combination of synthetic and biologic materials (composite
grafts) (1).In 1917, in a human patient an iliotibial band was utilized to replace a torn anterior
cruciate ligament by Hey Groves (117). In dogs the first technique reported for repair of the
CrCL was the mtra-articular procedure described by Saki Paatsama (122). This technique was a
modification of Grove’s technique in which a strip of lateral fascia lata is harvested but the most
distal aspect of graft remains attached. The graft is passed through tunnels drilled in the femur
and tibia to replicate the position of the original CrCL. The graft is tightened with enough
tension to eliminate CTT and then either sutured to the patellar insertion on the tibial tuberosity
or passed through a hole in the tibial tuberosity to the lateral side of the tibia and sutured to the
fascia. This procedure is technically demanding, as it is very difficult to position the drill holes
such that they exit exactly at the origin and insertion of the CrCL. Additional disadvantages of
this procedure are insufficient strength of the graft and possible abrasion at the graft-tunnel
mterface. In a study comparing this technique with an extra-articular procedure, rupture of the
graft was noted in 10 of 26 stifles (123). However, only 4 of the 10 dogs were lame, peri-
articular fibrosis may have been the primary source of stabilization in those dogs where an
appreciable lameness was not detected. A modification of this technique was described by
Dickinson and Nunamaker (124). Dueland described a similar technique using the middle third
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of the patella and patellar tendon (125). The classic Paatsama procedure and its modification
techniques rarely are used because of the above mentioned weaknesses and the relative ease of
other types of procedures i.e. extra-articular procedures.

Arnoczky et al described the over-the-top technique which uses the medial third of the
patella, patellar ligament and quadriceps tendon (126). In this procedure the graft is placed over
the proximal and caudal aspect of the lateral femoral condyle which results in consistent graft
placement and is technically easier than creating bone tunnels. The same technique was also
described by Hulse who used fascia lata, lateral retinacular fascia and lateral one third of the
patellar ligament (127). Patellar ligament provides a graft of better strength as compared to the
fascia lata however strength still does not approach that of the intact CrCL. Medial, lateral and
central patellar tendon graft only tolerated 10%, 29% and 29% of the load tolerated by the intact
cruciate, respectively (128). Similar results were reported in an experimental canmne study in
which grafts only achieved 31% of the stiffness of a normal CrCL 26 weeks after surgery (129).
Using an instant center of motion analysis a study showed that over the top technique places the
graft n an anatomically correct orientation (130). However, despite a decrease in the severity of
lameness, all 21 dogs evaluated clinically and radiographically, continued to have crepitus, joint
swelling, palpable instability, as well as progressive osteoarthritis at a mean of ~15 months after
this procedure (131). Other tissue grafts have been reported in dogs including tendon of the
peroneus longus, the flexor digitalis pedis longus, the long digital extensor, skin, and a
semitendinosus-gracilis combination (117). A modification of Arnoczky’s procedure is four-in-
one over-the-top procedure that combines both intra-articular and extra-articular repair
techniques (132). In this procedure a fascia lata graft is used in place of the patellar tendon in
order to avoid the difficulties associated with harvesting the small wedge of the patella. Shires et
al described under-and-over technique in which a fascia lata graft along with the lateral one third
of the patellar ligament are passed under the intermeniscal ligament, through the joint and up and
over the top of the lateral femoral condyle (133). A screw and spiked washer are used to secure
the graft to the lateral femoral condyle. In the same study Shires et al reported that by 3 months
post-op 93% of 35 dogs showed significant improvement in lameness scores with no more than a
slight limp noticed after exercise in some dogs. At final follow-up which varied from 3 to 27
months, about 96% of dogs had less than 1-3 mm of cranial caudal laxity, a significant
improvement over pre-op values. However, progression of varying degree of osteoarthritis was
seen on radiographs m all but 2 stifles. Despite owner satisfaction in about 82% cases (134),
force plate analysis showed significant decrease in limb function in dogs with experimentally
transected CrCL treated with under-and-over technique (106).

A recent experimental report by Lopez et al proposed the use of a hamstring graft
(combined tendinous insertion of the semitendinosus and gracilis muscles and the associated
fascia) with encouraging results (135). Arthroscopy was performed to evaluate graft integrity at
12 weeks and gait analysis and stifle radiographs were performed preoperatively and up to 52
weeks after graft placement. Two dogs were euthanized at 12 weeks and further two at 52 weeks.
The grafts were highly vascular and undergoing active remodeling by 12 weeks. By 52 weeks the
grafts were well vascularized and encapsulated by synovium and there was only mild
osteoarthritis based on radiographs and lameness had completely resolved. Based on these results
the authors suggested that hamstring grafts may be an alternative technique for canine CrCL
reconstruction but further studies are needed before clinical application.
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Experimental use of allografts (patellar ligament and fascia lata) in the dog has shown
good success (136, 137). However, allografts have not gained popularity due to potential for
disease transmission, practicality of fresh graft collection, issues related to graft procurement and
storage, their tendency to incite an immune response even when preserved by deep freezing or
freeze drying before implantation (1, 117). In dogs, bovine xenograft was investigated as a
possible CrCL graft with a follow up of 1 year with subsequent histological examination (138).
The result of the study revealed that the grafts revascularized and were replaced by collagen, thus
acting as a temporary scaffold while a new ligament was formed. But similar histologic studies
in rabbits and humans failed to demonstrate that graft survived and furthermore the mechanical
testing showed that these grafts were non-functional (139).

Synthetic grafts have been described as either primary replacement for CrCL or as
augmentation devices for biologic grafts (117). Various synthetic materials have been used as
prosthesis to replace the CrCL, including braided nylon, Dacron (polyethylene terephthalate, a
polyester fiber), carbon fiber and Gore-Tex (1, 117). Failure of Gore-Tex and Dacron led to their
withdrawal from the market in 1993 and 1994 respectively(1). Although there are theoretical
advantages of intra-articular techniques, because of their failure these techniques have fallen out
of favor, having been replaced by extra-articular repair and tibial osteotomy procedures.

D.2b. Tibial osteotomy procedures

The tibial osteotomy procedures that have been reported for surgical management of
CrCL disease include cranial closing wedge ostectomy (CCWO), tibial plateau leveling
osteotomy (TPLO), combined TPLO/CCWO, triple tibial ostectomy (TTO), chevron wedge
ostectomy (CVWO), proximal tibial intra-articular ostectomy (PTIO), and tibial tuberosity
advancement (TTA) (1, 9). These procedures are based on the concept of creating dynamic
stability in the CrCL-D stifle by altering bone geometry. As CrCL-transection in vivo causes
predominant cranio-caudal instability, it is reasonable to conclude that the most likely important
function of the CrCL is to neutralize CTT (1, 9). Accordingly, the osteotomy procedures aim to
address the sagittal plane instability that occurs as a result of weight-bearing. By establishing
dynamic stability of the CrCL-D stifle, passive restraint against laxity is not required (1, 9).
Although, long-term functional outcomes have been evaluated i only few studies after these
osteotomy procedures, most have been associated with favorable clinical results (1, 9).

This approach of tibial osteotomy to CrCL disease to eliminate cranial subluxation during
weight bearing was first proposed by Slocum in 1984 who described the cranial CCWO (140).
Slocum’s theoretical model states that the magnitude of CTT that occurs during weight-bearing
in the CrCL-D stifle is dependent on the degree of the caudo-distally directed slope of the tibial
plateau (44). CCWO reduces the tibial plateau angle and therefore mitigates the cranially
directed femoro-tibial shear force responsible for CTT. The CCWO was initially recommended
as an adjunct to procedures that provide passive stabilization (e.g fascial imbrication) (140). The
procedure involves removing a cranially based wedge of bone from the proximal tibia to level
the tibial plateau angle. The osteotomy is made as proximally as feasible to still allow for
placement of at least 3 screws in the proximal segment. The wedge angle to be excised would
mtuitively be equal to the angle of the tibial plateau minus the desired post-operative angle of 5°.
However after this procedure, the functional axis of the tibia shifts cranially leading to
madequate leveling of the tibial plateau. To compensate for this change in position, ‘‘over-
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rotation”” of the tibial plateau is necessary to achieve the expected TPA of about 5° (9). If
calculations do not account for the shift of the longitudinal axis of the tibia the postoperative
TPA will be larger than anticipated. A study by Macias et al demonstrated this variability in
achieving the appropriate post-operative angle with post-operative angle range from 7° to 21°
(56). The variability in size and position of the ostectomy and tibial long axis shit may be
associated with this difficulty in attaining the target TPA. Based on the results of a study, an
ostectomy positioned at the distal extent of the tibial crest with an ostectomy wedge angle equal
to tibial plateau angle + 5 degrees results in approximate TPA of approximately 6 degrees with a
stable stifle joint; however cranial cortices were not aligned instead caudal cortices were aligned
in this study (85). Clinical outcome reports after CCWO are rare. An 86% good to excellent limb
function have been reported based on client survey and physical examination analysis (141).
Advantages of this procedure include: no need for specialized equipment, ability to concurrently
correct tibial angular limb deformity, ability to correct concurrent patella alta, can be performed
in dogs with open tibial growth plates (1). Complications reported after CCWO primarily
include; tibial fracture and nonunion, implant failure with reported re-operation rate of about
12% (1). Disadvantages of this procedure include; potential to create patella baja, imb
shortening, variability in postoperative TPA and induction of longitudinal tibial axis shift which
may result in aesthetically undesirable cranio-caudal angulation of the tibia (1).

In 1993 Slocum proposed TPLO which is essentially a modifying osteotomy of the
proximal tibia that aims to provide neutralization of CTT by reducing the slope of the tibial
plateau (142). TPLO is currently the most common tibial osteotomy performed for surgical
management of CrCL-D stifles. The biomechanical analysis and clinical outcome of this
procedure have been extensively described in the literature (1). To decrease complications and
maximize outcome, the procedure should be performed accurately and the basic concepts of
osteotomy, including preoperative planning, accurate execution of the procedure, rigid fixation
and early return to function must be strictly followed (1). In the TPLO a crescent-shaped
osteotomy centered over the ntercondylar tubercles is created in the proximal tibia using a
biradial saw. The proximal tibial segment is rotated, based on the preoperative TPA and the
radius of the osteotomy, to achieve a postoperative TPA of 5° (1). The recommended
postoperative TPA was defined as 0° when the procedure was first described (140), then in the
TPLO licensing course the recommended TPA was defined as 5° (1), however, in vitro studies
have demonstrated that CTT is effectively neutralized at a mean angle of 6.5°(111). Ina
retrospective longitudinal clinical study in Labrador Retrievers, the postoperative TPA varied
from 0 to 14° and there was no statistically significant relationship between TPA and ground
reaction forces after TPLO (143). The results were satisfactory even in cases with under-rotated
tibial plateaus and these results were indistinguishable from the outcome of dogs that had
optimal postoperative TPAs. This finding may indicate that in vivo complete elimination of the
CTT occurs over a wide range of angles or alternatively, the presence of residual CTT may not
result in lameness (142). Studies have shown encouraging results in dogs after TPLO with earlier
return to weight-bearing based on subjective evaluation when compared with the intra- and
extra-articular methods of CrCL-D stifle management (9). However, currently there is no
convincing evidence that the TPLO results in superior limb function. Several studies have
documented progression of stifle OA after TPLO. A prospective radiographic study reported a
significant overall increase in OA score 6 months after TPLO (144). Forty percent of 40 dogs
showed progressive OA changes, about 57% dogs did not show any progression of OA and 2.5%
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showed decrease in radiographic OA. In an evaluation of 373 stifles in 295 dogs a small but
significant increase in radiographic progression of OA was reported at 8 weeks after TPLO
(145). Thus progression of osteoarthritis occurs in the majority of stifles after TPLO despite this
being initially proposed as a benefit of this technique over other techniques. Numerous intra- and
postoperative complications have been reported in dogs undergoing TPLO (1). The overall
complication rate is reportedly 26—34%, including tibial tuberosity fracture, implant failure,
intra-articular screw placement, significant hemorrhage (often related to laceration of the cranial
tibial artery), fibular fracture, mtra-articular jig pin placement, placement of bone screws into the
osteotomy, patellar tendonitis, subsequent meniscal tear after TPLO, infection (septic arthritis,
osteomyelitis, or superficial wound infection) and luxation of the tendon of the long digital
extensor muscle (1). Development of neoplasia at the proximal tibia has been reported following
TPLO; however, a direct causal relationship has not been proven (1). Disadvantages of TPLO
mnclude the requirement of specialized mstruments, technical difficulty, iatrogenic angular and
torsional deformities, complications of the procedure and the potential adverse effects on stifle
biomechanics (9).

CrCL-D stifles with excessive TPAs (>34°) can be treated with a combination of TPLO
and CCWO (1). Concurrent use of both techniques is intended to reduce the risk of
complications encountered when either technique is performed alone e.g. tibial tuberosity
fracture and patella baja (9). Precise preoperative planning is important for accurate execution of
this procedure. Typically, the CCWO is standardized to 10° or 15° and the remainder of the
angle is addressed with the TPLO (1). The crescent shaped osteotomy for TPLO is positioned in
the standard location, and the ostectomy for CCWO is placed such that the apex is at the caudal
cortical margin of the TPLO (1). This combination was first described by Talaat et al in a case
series of 15 dogs with excessive TPAs (range 35° to 53°) (146). No lameness was noted in 73%
and only a mild lameness was noted in 27% of cases at a mean follow-up of 23 weeks. All
owners were satisfied with the outcome; however, a high complication rate of ~78% was
reported. Complications included implant failure, patellar tendon thickening, seroma formation
and local writation. One third of the cases required a second surgical procedure to address the
complication.

In 2002, Montavon and Tepic introduced TTA that neutralizes the cranial tibial thrust
force by advancing the tibial tuberosity so that the patellar ligament becomes perpendicular to
the tibial plateau (147). This is based on the theoretical model of the stifle that predicts that the
total joint forces are approximately parallel to the patellar ligament (1). Thus, if a 90° angle is
achieved between the tibial plateau and the patellar ligament, there is no cranial or caudal tibio-
femoral shear force component of the total joint force (1). In TTA, titanium implants are placed
to secure the advanced tibial crest to the remaming tibial shaft. It has been proposed that dogs
with TPA >30° probably are not good candidates for TTA but there is no published proof
regarding the range of TPA in dogs with successful TTA (148). Good clinical results were
reported by Montavon in 200 cases with only 0.04% failure rate which was secondary to poor
surgical procedure (149). A prospective clinical study reported doubling of mean peak vertical
force to 64% at final examination between 4 and 12 months after TTA i 40 CrCL-D stifles
(150). This was still significantly lower than clinically normal dogs, although the results were
comparable with the findings in a similar study evaluating function of hind limb before and after
TPLO (9, 150). Three main studies reported outcome and complications after TTA (151-153).
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These studies reported 249 cases with an overall complication rate of 20% to 59% with this
technique. After eliminating minor complications like swelling and bruising the resultant major
complication rate was ~12% to 38%, with a reoperation rate of 11% to 14%. Additionally, most
of the cases showed progression of osteoarthritis during follow up. Long-term follow up was
limited to an average of 8 to 9 months after surgery. However, despite these complications and
limitations, a good to excellent outcome was reported by owners in about 90% of the cases. In a
review article Kim et al described two purely speculative advantages of TTA over TPLO from a
biomechanical perspective (9). First as the TTA preserves the natural tibio-femoral articulation,
the natural load transmission across the stifle (and menisci) is less likely to be altered as opposed
to TPLO. Second, the TTA reduces the forces acting along the patellar tendon by increasing the
extensor moment arm of the stifle and subsequently increasing the mechanical advantage of the
patellar tendon. On the other hand, TPLO appears to increase the strain on the extensor
mechanism of the stifle, resulting in clinically relevant complications. The disadvantages of TTA
include need for specialized instruments, the potential to cause iatrogenic patellar luxation, and
potentially high rate of late meniscal injuries (9).

Several other tibial osteotomy techniques have been described for surgical management
of CrCL-D stifles; however the available information regarding these procedures is limited (9).
PTIO is an another tibial plateau leveling technique, which was described by Damur et al from
University of Zurich in 2003 as an alternative to the TPLO (154). The technique requires a
biaxial approach and a wedge ostectomy is made with the base of the wedge located between the
bursa of the patellar ligament and the cranial aspect of the menisci. The pivot point of the wedge
was defined as the caudo-distal end of the medial collateral ligament. At present, PTIO cannot be
advocated as a valid alternative to conventional tibial osteotomies because of its disadvantages,
complications and limited available literature (9, 154). CVWO was described by Hildreth et al in
2006 with the rationale that opposed V-shaped osteotomy surfaces resist the torsional and cranio-
caudal shear forces better than conventional linear osteotomies (155). The planning for CVWO is
similar to CCWO. At this time there are no clinical reports in dogs using CVWO for
management of CrCL-D stifles. In 2006 Bruce reported TTO procedure, which similar to TTA
aims to reduce the patellar ligament angle to 90° when the stifle is at a weight-bearing angle
(156). In this technique, a partial frontal plane osteotomy of the tibial tuberosity is made, leaving
the distal cortex intact. Then a partial wedge ostectomy is performed caudal to the tibial
tuberosity osteotomy, which is started at the tibial tuberosity osteotomy and the caudal cortex is
left intact. Angle of the wedge is equal to two-thirds of angle between the patellar tendon and a
line perpendicular to the tibial plateau slope. Reduction of the wedge ostectomy site
simultaneously reduces the tibial plateau slope and shifts the tibial tuberosity n a cranial
direction. Complications after TTO were encountered in 36% of cases with most common (23%)
intra-operative complication being tibial tuberosity fracture requiring tension-band wire fixation
(156). Potential disadvantages include variability of the postoperative tibial plateau to patellar
tendon angle when using the recommended calculations, additional fixation with intraoperative
fractures of partial osteotomies and questionable protective effects against medial meniscal
mjury (1, 9). The osteotomy procedures do not provide a passive restraint against internal tibial
rotation and this rotational instability may potentially contribute to the subsequent development
of OA and meniscal mjury (1, 9).
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D.2c. Extra-articular stabilization
D.2c.l. History

The extra-articular suture (EAS) techniques have been used for CrCL-D stifle
stabilization since the 1960s (13). The basic technique involves the stabilization of the joint by
transposition of peri-articular structures or placement of suture materials with femoral and tibial
fixation points. The main concept of the procedure is to transiently restrain abnormal stifle
motion until sufficient peri-articular fibrosis can be produced for long term functional stability
and mproved limb function (10). The EAS is a commonly performed surgery for CrCL-D stifles,
both in referral vetermary practices and general veterinary practices (11, 157). EAS procedure
has some potential advantages including relative technical ease, the safety profile, alow cost for
surgical equipment and low cost to the owner. Outcomes after EAS have been suggested to be
mferior to those seen after corrective osteotomy procedures (13). However, many head-to-head
prospective studies have shown no differences in outcomes between the EAS and the
osteotomies based on client- and vetermarian-based subjective assessments, force plate gait
analysis, radiographic progression of osteoarthritis, or muscle mass measures (3, 14, 15).

Childers described the original extra-articular suture technique i which a longitudinal
fold in the para-patellar fascia with several catgut sutures was made to achieve lateral
retinaculum imbrication (158). Pearson strengthened the repair by overlapping the caudal and
cranial edges of the fascia with a second layer of non-absorbable suture material on the lateral
aspect (159). In this technique two layers of sutures are placed on the lateral aspect and one on
the medial aspect of the stifle. The first layer is placed at the junction of the fascia lata and the
biceps femoris beginning approximately 2cm above the patella and extending to the level of the
tibial tuberosity. A second layer is superficial to these sutures and consists of 2-4 sutures in the
region between the patella and tibial tuberosity. A third set of sutures is placed i the peri-
articular tissues between the patella and tibial tuberosity on the medial aspect of the stifle.
DeAngelis and Lau described a method of imbrication by placing one or two Dacron sutures or
stainless steel wires in the lateral retinaculum (8). After lateral arthrotomy heavy, non-absorbable
suture is passed around the lateral fabella and then through the lateral aspect of the distal patellar
ligament forming a mattress pattern. In the report first describing this procedure, 42 stifles in 37
dogs were evaluated with a follow up time between 2 and 14 months after surgery. In about 88%
of the stifles the results were considered satisfactory, defined as no more than a slight lameness.
This technique was termed lateral retinacular imbrication and became the basis for many of the
subsequent techniques. Hohn and Newton described a unique technique also involving medial
and lateral support, termed a postero-lateral capsulorrhaphy (160). In this technique the caudal
Sartorius muscle is transposed cranially by suturing it to the cranio-medial aspect of the patellar
ligament. Two mattress sutures are placed laterally in the caudo-lateral jont capsule. A third
suture is placed superficially around the lateral fabella and through the distal aspect of the lateral
collateral ligament. Then the fascia lata and biceps tendon are plicated over the patellar tendon.
This provides mmbrication of the caudo-lateral aspect of the joint and also effectively advances
the active constraints of the stifle.

In 1975, Flo described a modification that mvolved taking a non-absorbable suture
around both fabellae and securing it to the tibial crest (12). A third suture which was used as an
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imbrication suture was passed around the lateral fabella and tied to the tissue just lateral to the
patella. This was the first true lateral suture stabilization (LSS) technique and was called
modified retinacular imbrication technique (MRIT) by Flo. Securing the suture in the tibial crest
was a new concept, as all previous techniques described using the patellar ligament as the cranial
suture anchorage point. The reparr was augmented by an imbrication suture. A 95% success rate
was reported for the MRIT. Another modification of the technique described the placement of
three lateral sutures. Two sutures placed through the lateral collateral ligament along with one
lateral circumfabellar suture with all sutures passing through the patellar ligament. About 94%
stifles repaired with this technique had no lameness at a mean follow up of 20 months. In
addition about 80% had no palpable drawer on physical exam. However, the majority of stifles
had progressive osteoarthritis. Brinker et al described a modification of Flo’s technique, the
three-in-one technique, that is similar to Flo’s technique except that it included medial and lateral
fascial imbrication istead of placing the third suture around the lateral fabella and just lateral to
patella (113). A very similar technique to the one described by Flo is still being used four
decades later (1, 157) and new studies have shown it compares favorably with the newly
mtroduced extra-articular tibial osteotomy procedures (1, 3, 14, 15).

D.2c.11. Isometric fixation points or Suture anchorage sites

It has been suggested that the accurate identification and use of attachment sites or
isometric points is very critical to successful outcome for dogs treated with LSS (13, 18). It has
also been suggested that progression of osteoarthritis after LSS and premature suture loosening
may occur due to non-isometric positioning of suture attachment at the time of repair (13, 18).
For example, if during motion the suture attachment sites move away from one another, the
suture will tighten which may limit the joint range of motion, or overload the suture. If, the
attachment sites move closer to one another, the suture will become lax, and cranial translation
of the tibia may not be controlled. Ideally, the suture attachment sites on the femur and tibia
would be isometric. However, as the stifle is flexed the axis of rotation of the femur relative to
the tibia does not remain constant (31). This is because of the geometry (cam shape) of the
femoral condyle, and the structure of the ligamentous and muscular constraints (1, 31). However,
at any one instant in time in any position of the stifle flexion, there is an instantaneous center of
motion defined as one point on the femur with zero velocity with respect to the tibia (31).
Because of the lack of a true center of rotation and complex sliding, rolling, and rotational
motion of the femur with respect to the tibia, a combination of femoral and tibial points that is
truly isometric does not exist (1, 10). The term isometry should be used cautiously as the origin
and msertion of the CrCL are not isometric, explaining why some of the fibers become lax at
certain angles of stifle flexion and extension (1, 10, 13). However, certain pairs of points are
closer to isometric than others. Therefore, it has been suggested that the anchorage points used
for extra-articular stabilization may be better defined as ‘near-isometric’ because these points
aim to be as close as possible to isometric (1, 10, 13).

In a radiographic study of the isometric pomts, Roe et al defined sagittal plane isometric
lateral suture placement pomnts for the distal femur and proximal tibia by measuring the change
in distance between radio-opaque markers (19). The distance from a femur marker to tibial
markers was determined in each of seven cadaveric stifles, as it progressed from 150° to 130°,
105°, 90°, 65° and 45° of flexion. The most ideal femoral location was on the very caudal edge
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of the lateral femoral condyle, immediately adjacent to the distal pole of the fabella. This
location is present directly over the origin of the CrCL. The tibial anchorage points adjacent to
the extensor groove and the tibial attachment of the patellar ligament were found to be
reasonably isomertic when combined with this femoral point. Authors reported few issues that
were not accounted for in their study model. The isometric sites were examined in a two-
dimensional model with the limb on the table such that varus-valgus and axial rotation was semi-
constrained. A 2-dimensional study does not take into account the fact that the suture does not
take a direct path from the fabella to the tibial crest. As it curves over the femoral condyle and
joint capsule, during range of motion suture must slide over these structures and may change
isometry. This study also did not take into consideration tibial rotation as internal rotation of tibia
occurs in stifles with CrCL deficiency and external tibial rotation occurs in stifles with LSS.

Hulse et al also showed various isometric points by measuring the change in strain of a
suture attached to different femoral and tibial anchorage sites (19). In this study, a suture
anchored as caudal as possible on the femoral condyle at the level of the distal pole of the fabella
paired with tibial anchorage at the caudal eminence of the extensor groove was found to be the
most favorable. However, the suture anchorage atthe caudal eminence of extensor groove
resulted in extreme flexion of the joint and restricted stifle extension and was therefore not
considered to be a functional suture placement position in a previous in vitro study (17).
Attachment of suture at non-isometric sites was shown to result in change in radio-graphically
measured distance in the study by Roe et al and suture loosening and tightening during range of
motion of stifle in the cadaveric study by Hulse et al (18, 19). Clnically, this may result in suture
failure by suture breakage, knot or crimp slippage, suture elongation, or loss of anchorage in
joint positions in which the suture tightens or lead to stifle instability at joint positions in which
the suture loosens. Clinically, femoral locations recommended by Roe et al and Hulse et al could
only be achieved using bone anchors or possibly by bone tunnels. In a retrospective study of
extra-articular sutures in 48 stifles where a bone anchor was used in the lateral aspect of the
femoral condyle, even though the functional outcome was good, a high percentage of bone
anchors pulled out from the bone on follow-up radiographs when the anchor was not positioned
in an isometric location (161). The anisometric placement could result in over-tensioning of the
implant during range of motion with resultant suture breakage or bone anchor loosening. None of
anchorage pair sites in these isometric site studies achieved perfect isometery (18, 19). A study
analyzing the effects of attachment site and jomt angles atthe time of lateral suture fixation
revealed that neither the circumfabellar suture nor the anchor techniques provided a constant
suture tension while moving the stabilized stifle through a full range-of-motion confirming that
none of the tested sites is truly isometric (162).

D.2c. I1l. Stabhilization Methods

Extra-articular stabilization can be divided in to two broad categories based on the type of
prosthetic material used: techniques using transposed autogenous structures (biologic materials)
or suture (synthetic) materials (1, 13).
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Biological stabilization:

Biologic stabilization techniques for stabilization of CrCL-D stifle mnvolve the transfer or
transposition of local tissues. Currently the most commonly used techniques for biologic extra-
articular stabilization are fibular head transposition (FHT) and fascial’biceps tendon imbrication
procedures, however the sartorius muscle, the popliteal tendon and fascial strips, have also been
used (13, 123, 158, 163, 164). Fascialbiceps tendon imbrication procedures were the first
reported means for extra-articular stabilization and currently, these techniques are typically
combined with other extra-articular procedure/s with the intent of augmenting the mitial
stabilization and encouraging more optimal fibrosis around the stifle. Some anecdotal reports and
subjective assessments in small number of cases have shown successful improvement in function
when fascial/biceps tendon imbrication was used alone (123, 158, 164, 165). These techniques
have not been directly compared with others for treatment of CrCL rupture i clinical cases.

FHT helps to stabilize the CrCL-D stifle by reorienting the lateral collateral ligament
such that it helps to counteract CTT and internal rotation (163). In an experimental study in dogs,
elongation and remodeling of the lateral collateral ligament occurred after FHT such that stifle
mnstability recurs, secondary meniscal pathology is seen, and osteoarthritis progresses (166, 167).
However, in 64%-90% of patients, clinical efficacy has been shown with some reporting FHT
being superior (163) and others reporting FHT being inferior (116) in direct comparison with
other CrCL stabilization procedures. Complication rate range from 17% to 50% and reported
complications include iatrogenic fracture of the fibular head, post-operative seroma formation,
nfection, continued instability and progressive osteoarthritis (13, 163, 168). Patternson et al
compared FHT with three other techniques: the over-the-top as described by Arnoczky, the
under-and-over as described by Shires, Flo’s lateral retinacular technique with the exclusion of
the medial fabellar-tibial suture, by measuring immediate post-operative cranial laxity and
stiffness (169). FHT resulted in a significantly stiffer repair with less laxity and this technique
was concluded to be biomechanically superior to the other techniques. In the first report
describing this technique four cadaver limbs were evaluated which demonstrated that the FHT
normalizes cranio-caudal instability, stifle range of motion and inhibits normal tibial internal
rotation (163). In the same study 4 research dogs were also evaluated 6 months after surgery. In
two of these dogs, mild cranio-caudal instability recurred and the 3 dogs evaluated at 6 months
also had increased tibial internal rotation as compared to the assessment after surgery. The final
group of dogs evaluated i this study included clinical cases. FHT was performed in seventy-one
stifles while 25 were treated with the intra-articular fascia lata technique as previously described
(124). Good to excellent outcome was reported in 90% after FHT whereas 88% had a good to
excellent outcome with the fascial repair as assessed by the owners. Interestingly this difference
was statistically significant with better outcome in dogs treated with FHT. Concurrent meniscal
mjury and higher body weights were found to adversely affect outcome. Another study reported
good to excellent long term results in 90% of dogs as evaluated by the owners (168). However, a
study evaluating outcome of FHT in 30 dogs reported recurrence of cranial drawer motion and
tibial rotation by 3 weeks after surgery (166). Full function of the limb was not recovered in any
dog as assessed by force plate analysis. Twenty five percent had meniscal damage by 4 months
and 50% had evidence of meniscal injury by 10 months. Histological degenerative changes
within the articular cartilage were noted m all dogs. Thus, although biomechanically this
technique may be superior, outcome does not consistently appear to be significantly improved as
compared to other techniques.
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Another biological stabilization technique called the lateral graft technique was evaluated
in two separate in vitro studies (17, 22). This technique is modified from the original MacIntosh
procedure used in human orthopedics for anterior cruciate ligament reconstruction which
mnvolves the use of a combined patellar ligament and fascia lata graft placed in an extra-articular
fashion from the tibial crest to the femoro-fabellar ligament (17). Results of the study by Harper
et al showed no significant differences in cranial tibial displacement between the lateral graft
technique and the intact CrCL (17). The authors suggested that this technique could be used for
the treatment of CrCL ruptures in the dog. The technique was modified in another study by using
a referencing mstrument to find the relative isometric location for the fascia lata translocation
technique (22). This study also showed that cranio-caudal tibial displacement was not
significantly different between CrCL intact group and lateral fascia lata group. In both studies
the static stability was evaluated immediately after the procedure. Future in vitro and in vivo
studies are needed to evaluate this technique for cyclic stability of stifle and stifle biomechanics
and kinematics.

Stabilization using synthetic implants:

Typically synthetic implants are placed on the lateral side of the stifle while some
procedures also include a medially placed implant (1, 13). Currently most common procedures
performed from this category include LSS, modified retinacular imbrication technique (MRIT),
lateral suture anchor technique, TightRope CCL procedure (1, 13). Many studies have evaluated
use of various types of suture materials for these procedures. It is assumed that all of these suture
materials break or significantly elongate over time, but if suture mamntains stifle stability for
about 8 weeks then adequate fibrosis occurs around the joint to maintain long-term functional
stability (1, 10, 13).

The biomechanical properties and clinical outcome of the LSS have been extensively
described in the literature. These studies will be discussed in detail in the following section. The
MRIT was evaluated using objective data measurements in an experimental study with force
plate analysis (106). The results showed that normal healthy dogs which had a unilateral
transection of the CrCL followed by MRIT did not have any significant difference in vertical
impulses and peak vertical force at 20 weeks post-op as compared to preoperative values in the
same limb. In this study, the preoperative CrCL-mtact stifle was used to define normal lmb
function. MRIT was also used in a non-controlled prospective clinical study in 12 dogs with
unilateral CrCL mjuries (170). Force plate data was used as an objective measure of limb
function. Peak vertical force, associated impulses, and weight distribution were significantly less
in the affected hind limb before surgery than in the contralateral normal hind limb. At the time of
follow-up evaluation at 7 to 10 months post-op, peak vertical force, vertical impulse and weight
distribution had increased significantly in the operated limb i all dogs with no significant
differences between the affected and normal hind limbs. Clinically no lameness was detected in
any of the dogs at re-evaluation.

The lateral suture anchor technique uses a bone anchor in the femur and a bone tunnel or
another anchor in the tibia (161). This technique uses new-generation synthetic material
(multifilament polyester suture) as prosthesis. The technique was used in an attempt to use a
femoral fixation point that may be more isometric and a fixation method that may prove stronger
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and less susceptible to creep. The use of lateral suture anchor technique has only been published
mn one study (161). This retrospective clinical and radiographic study evaluated use of this
technique in 42 large and giant breed dogs with CrCL rupture. A bone anchor was placed in the
lateral femoral condyle to secure the suture and other end of the suture was passed through two
bone tunnels in the proximal tibia located just cranial to the groove of the long digital extensor
tendon. The free ends of the suture were tightened using a self-locking knot with four additional
square throws. A success rate of 91% was reported despite the fact that 21% of the anchors had
pulled out of the femoral condyle at mean follow-up of 1.5 years. The likely reasons for this
relatively high anchor failure rate were non-isometric anchorage of suture as well as fixation
strength of the anchor. Anchor pullout was less frequent when it was placed in the caudo-lateral
aspect of the lateral femoral condyle, just cranial to the fabella. None of the cases developed any
draining tracts despite the use of braided suture material. A revision surgery was required in two
dogs after the suture broke adjacent to the femoral anchor. Mild radiographic progression of
osteoarthritis was noted during the study period.

Recently a new EAS technique termed TightRope CCL technique was developed by
Cook et al (171). The technique utilizes one bone tunnel drilled in the femur starting 2 mm
cranial and distal to the lateral fabella—femoral condyle junction and within the caudal portion of
the lateral femoral condyle directed proximally to exit at the distal diaphysis of the femur on the
medial side immediately caudal to the vastus medialis muscle at the level of the proximal pole of
the patella with the stifle at a weight bearing angle (~140°). The tibial tunnel is drilled starting
caudal and slightly distal to the tubercle of Gerdy directed cranio-distally to exit the proximal
metaphysis of the tibia on the medial side midway between the caudal border and tibial crest.
The suture is passed through the tunnels and anchored to the medial aspect of the femur and tibia
using toggle buttons. The lateral fascia was imbricated using 2—3 modified Mayo mattress
sutures. This technique also uses multifilament polyblend suture material (FiberTape) as
prosthesis (171). The technique was recently reported in 24 canine stifles. In first part of the
study the mechanical properties of FiberTape, were compared in vitro with 4 different
commercially available extra-articular systems: a suture system using #5 fiber wire suture with
knot fixation, 80# test monofilament NLL with crimp clamp fixation, XGEN CCR System with
#5 OrthoFiber and the LigaFiba Iso Toggle System with braided polyethylene fiber. TR had
superior mechanical properties for creep, stiffness, yield load, and load-at-failure when compared
to other materials tested. In the second part of the study, TR was clinically compared with TPLO.
The results of the study showed that the 6-month outcomes in terms of client-evaluated level of
function and radiographic progression of osteoarthritis were not different between TR and
TPLO. Total surgery time and duration of anesthesia were significantly shorter for the TR
procedure. Major complication rates were not significantly different between TR (12.5%) and
TPLO (17.4%). There was no significant difference between groups for cranial tibial thrust at all
postoperative time points. Complications of TR included mnfection, implant failure, meniscal tear
and seroma. The authors concluded that TR is an effective and safe technique and can be
considered an appropriate surgical option for medium, large, and giant breed dogs with CrCL
deficiency. A study reporting three months and three years follow up results mnvolving 1,215
cases treated with TR at 31 centers has been recently presented (172). Overall success rate was
about 94% with good to excellent outcomes. The major complication rate, defined as requiring
further treatment, was 9.2%. The follow-up rechecks and outcomes were variable among dogs
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and generally based on the evaluation by the attending clinician, therefore the results should be
mterpreted with caution.

Kunkel et al described another similar transcondylar toggle system in small dogs and cats
(173). A femoral transcondylar bone tunnel is drilled from lateral to medial. Then a bone tunnel
is drilled i the tibial crest slightly caudal and distal to the proximal insertion of the straight
patellar tendon. A toggle is threaded through nylon leader line (NLL) which is passed through
the tunnels with the toggle seated on the medial aspect of femoral tunnel. The two ends of the
NLL are hand-tied using either a surgeon's knot followed by 4 additional throws or a slip knot
and 3 additional throws. The lateral fascia is imbricated using a modified Mayo mattress pattern.

A novel EAS technique called lateral extra-articular suture system (LESS) was recently
evaluated in an in vitro study using 20 canmne pelvic limbs (174). The technique utilizes a
cortical bone screw in the femur and a cannulated cortical bone screw in the tibia to connect two
strands of suture. The femoral screw is 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. The tibial screw is placed starting proximal and medial to the cranial aspect of the
cranial eminence of the long digital extensor groove and directed 60° to the long axis of the tibia
from lateral to medial. The suture is wrapped around the femoral screw as it exits providing
additional length as the stifle moves from extension to flexion. The potential advantages of the
system include bony 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. Although
limited results for these new techniques are positive, long-term in vivo studies evaluating these
techniques still need to be investigated.

E. Lateral suture stabilization

E.1 Surgical technique

Most commonly, currently used LSS technique (1) is a modification of the extra-articular
technique reported by Flo (12). Surgical approach can be performed by medial or lateral
incisions and medial or lateral parapatellar arthrotomies (13). Because of the mobility of the skin
over the stifle, access to relevant structures can be readily achieved via either approach for LSS.
After parapatellar approach to the stifle the intra-articular structures are examined. The CrCL is
mspected visually and by palpation with a small probe, and rupture and laxity are confirmed.
Other structures in the joint including caudal cruciate, lateral and medial menisci are also
evaluated. Generally, the remnants of the damaged CrCL are removed because they may act as
source of continued inflammation (175), however, removal has not been definitively proven to
reduce mnflammation, and even careful excision mvariably results in remamning remnants. The
necessity of medial meniscal release is a topic of debate (1). The jomt is thoroughly lavaged with
sterile physiologic saline, and the joint capsule is closed with monofilament absorbable suture in
a horizontal mattress pattern or a similar imbricating pattern. This closure leads to fibrosis of
peri-articular tissue that ultimately helps to stabilize the jont. The lateral fabella (sesamoid of the
gastrocnemius muscle tendon of origin) is identified, and a mattress suture of heavy, non-
absorbable suture material is placed around it. Because the cranio-distal, aspect of the lateral
fabella articulates with the femur, the suture is best placed slightly proximal to the fabella, in the
strong fibrous origin of the lateral head of the gastrocnemius muscle (often referred to as the
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fabello-femoral ligament), rather than around the fabella itself, as placement around the fabella
or distal to it, may result in suture slippage and failure due to pull-out through the gastrocnemius
muscle. Typically a curved Securos J-needle loaded with monofilament NLL is used to pass the
suture through the lateral tendon of origin of the gastrocnemius muscle in a proximal to distal
direction (17). The suture placement is checked for security.

The lateral aspect of the proximal tibia is exposed by incising the fascia overlying the
cranial tibial muscle. A hole is drilled in the tibial crest, several millimeters caudal to the tibial
attachment of the patellar ligament. Typically a 3/32” Steinmann pin is used to drill a hole
through the tibial tuberosity. The distal end of the suture is passed caudal to the patellar ligament
along the proximal aspect of the tibial plateau from lateral to medial and external to the joint
capsule. The suture is then passed through the hole in the proximal tibia in a medial to lateral
direction and then secured to the proximal strand m a figure-of-eight configuration. The suture is
tensioned and secured either using the Securos crimp clamp system according to manufacturer
recommendations or with knots (1, 176). With the stifle held at 135° of flexion the suture is
tensioned until cranial drawer motion could no longer be elicited. The crimp clamp is then
crimped with a crimper and the excess suture is removed. Suture is not over-tightened as this
may result in decreased range of motion in the stifle and increased contact pressure in the joint
(1). The stifle stability is confirmed by a negative cranial drawer test and a tibial compression
test throughout stifle range of motion. If stifle instability persists or if range of motion is
diminished once stability is achieved, it is likely that the suture anchor points are not positioned
accurately; this may necessitate repositioning of the suture by drilling new tibial anchor holes
(1). The biceps femoris fascia is closed in a modified Mayo mattress pattern (vest over pants) or
with another imbrication technique, and the subcutaneous tissue and skin are closed routinely.

E.2 Prosthetic material and method of securing

Suggested ideal properties for a prosthetic material include: biocompatibility, excellent
knot security, aseptic, easily handled, mexpensive, knot compactness and the ability to withstand
cyclic and tensile loading (13, 177). Most commonly used synthetic suture for LSS are large
diameter monofilament materials such as monofilament nylon fishing line (NFL) and
monofilament nylon leader line (NLL) (1). Nylon leader line is composed of nylon 612, while
the fishing lines are commonly copolymers of nylon 6 and nylon 66 (178). NFL has a higher
melting pomt than the NLL, but is more hygroscopic and possesses inferior dimensional
stability. A study evaluating mechanical comparison between NFL and NLL demonstrated
higher tensile strength and stiffness of NLL (179). These materials are available m different
sizes, for example 18 kg, 36 kg, and 45 kg test nylon (180). For monofilament nylon the strength
of the lne (pound test) is generally chosen to be at least equivalent to the body weight of the
patient (1). The estimated load applied to the suture is 120 to 600N (179). Various brands of
NFL and NLL are available in market, five brands of NFL including Ande, Sufix, Berkley, Hi-
Seas and Maxima and three of NLL including Ande, Mason and Jinkai have been tested in
veterinary studies (21, 181). One experimental study evaluating above mentioned first two
brands of NFL and all three brands of NLL concluded that Mason NLL and Sufix NFL had the
best mechanical properties for LSS of the canine stifle (21). A number of other materials have
been proposed to use for extra-articular techniques including braided polyblend materials (e.g.
braided ultrahigh-molecular weight polyethylene +/- polyester ie. FiberWire, FiberTape,
OrthoFiber, LigFiba), nylon band, orthopedic wire, ethylene tetrafluoroethylene tie,
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polyvinylidene fluoride, fluorocarbon leader line, silicone braided polyester suture, polybutilate-
coated multifilament polyester; however, most of these materials are not routinely used (1, 21,
161, 171, 173, 176, 182-186).

Because of the availability of relatively smaller size monofilament suture material (USP
#2 polypropylene and nylon are the largest diameter readily available) as compared to
multifilament material (e.g. polyester, up to USP #5), multifilament polyesters were mitially
advocated for LSS for their perceived higher strength. However, multifilament material,
specifically coated caprolactam, has been shown to be associated with post-operative infection
and sinus tract formation in as many as 21% cases in one study (187). Removal of suture resulted
i resolution of draining tracts in all cases; however, lameness was still present in 35% of the
dogs after suture removal. On the other hand, monofilament suture materials are infrequently
associated with the development of draining tracts (188). For these reasons, as mentioned above
large diameter monofilament materials such as monofilament NFL and NLL are more commonly
used for LSS (1, 21, 186). An in vitro mechanical study compared two routinely used suture
material for LSS at that time (i.e. USP#2 polypropylene, USP #5 multifilament polyester) to
monofilament NLL (186). The monofilament NLL was able to maintain a significantly greater
percentage of static tensile loads than the other materials tested.

A new technique, using nylon band (nylon cable tie) with a locking mechanism, with the
proposed advantages of being quickly and easily performed by an unassisted surgeon was
described by Beckman et al (184). The authors reported that only one owner out of thirteen
expressed dissatisfaction with the dog’s lack of improvement. However, these nylon bands
resulted in drainage and necrosis of the overlying soft tissues necessitating their removal within 1
to 3 years after surgery (189). In 1993, Olmstead first reported use of an orthopedic wire as
prosthesis for LSS of the CrCL-D stifle (185). He recommended using 18 gauge, 20 gauge and
22 gauge wire for dogs weighing >40kg, 18 to 40kg and < 18 kg respectively. A retrospective
radiographic study evaluating dogs that underwent LSS with orthopedic wire found that 92% of
dogs had one or more breaks in the wire six month following surgery (190). In some cases wire
had slipped off the fabella and was displaced distally along the gastrocnemius muscle. About
16% of wire implants were removed owing to complications, such as wire migration or seroma
formation.

Various methods have been reported for securing the synthetic material used for LSS (12,
17,20, 113, 161, 171, 178, 191-196). The two commonly used methods to secure LSS prosthesis
are knotting the material or using a metallic crimp clamp. Knotting the material is the traditional
method of securing the LSS prosthesis and several types of knots have been described or
advocated for this use including square knots, a slip knot followed by a series of square knots,
clamped square knots, sliding half-hitch knots, surgeon’s knots, and a self-locking knot followed
by a series of square knots (12, 17, 20, 113, 161, 171, 178, 191-195). The structural properties of
some suture material loops can be influenced by the type of knot. This was demonstrated in a
study comparing the mechanical performance of NLL and NFL with two different knot types
(square knot and slip knot) (179). NLL secured with a slip knot recovered resting tension
following cycling better than NLL with a square knot, whereas opposite was true for NFL.
Therefore the authors suggested that NLL be secured with a slip knot, and NFL be secured with a
square knot to optimize the mechanical performance of the loop. This study also showed that
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NLL tolerated higher failure loads and deformed less than NFL for both knot types. In 1999,
Huber et al also showed that knotting method does mnfluence the structural properties of suture
material and should be considered when tying knots under tension (193). In the study, a
conventional square knot was compared with the surgeon’s knot, sliding half-hitch, and clamped
square knot for USP#2 nylon, #2 polybutester, #2 polypropylene, 27 kg test NFL, and 27 kg test
NLL. For NLL surgeon’s knot decreased stiffness by 27% and when the same material was
knotted with a sliding half-hitch the suture’s load-to-yield was reduced by 20%. For NFL also
surgeon’s knot decreased stiffness and sliding half-hitch decreased load to failure. Knot type,
however, did not affect the stiffness or load-to-yield of nylon or polybutester. A clamped square
knot did not have any detrimental effects to the structural properties of NFL, nylon and
polybutester. Conversely, clamped square knot for NLL has been shown to increase failure load
by 2% and stiffness by 7% to 16%, and to decrease elongation by 12% (178, 193). Thus
according to the authors of the study, clamped square knot is preferable for NLL than sliding
half-hitch to maximize the suture’s structural properties. Unlike the results from Huber et al,
there was no significant difference in failure load between clamped square and slip knot for NLL
in a study by Burgess et al (176). The authors suggested that this may be because of difference in
suture size, material manufacturer or use of an extra throw in the later study.

Large diameter nylon is a stiff prosthetic material that results in large, bulky knots with
poor security (178, 179, 181, 187). Increased amount of foreign material resulting from large
knots is a potential source for chronic irritation, infection and seroma formation (21, 195).
Monofilament nylon deforms during knot formation and a bending moment is induced near the
knot which leads to stress concentration points and breaking of knotted loops near their fixation
(195). A crimp clamp system for securing prosthetic material for LSS reported by Anderson et al
n 1998, offers an alternative to knot fixation (195). This system replaces the need for knots by
securing the suture within a metallic tube (crimp). Their function is based on the friction
developed between the crimp and the suture when it is compressed. Crimping has become a
popular alternative to knot tying because of elimination of bulky knots, decreased retained
foreign material, high initial stiffness, ease of maintaining loop tension during suture securing,
decreased elongation of the construct, little permanent deformation after application of expected
physiologic loads and increased strength of the repair (21, 178, 195). Crimp clamp system was
biomechanically compared to sliding half-hitch knot using 27 kg test NLL in single load-to-
failure and cyclic tests (195). During both type of testing, crimp-clamped loops were superior to
knotted loops in all parameters including less elongation, greater load to failure and greater
mitial tension. In this study loop failure generally occurred by breaking within 3mm of the
fixation in both clamped and knotted groups. A study by Peycke et al comparing crimp system to
knot fixation found that the crimp system was as strong or stronger than square knot, half-hitch
and Harris knotter fixation techniques using both 27 and 36 kg NLL, with less elongation as
compared to the Harris knotter and self-locking loop and comparable elongation compared to the
traditional knotting techniques (197). The peak force was lower for crimp clamp group when
compared with the self-locking knot, but this is expected, as there are two strands of material
resisting the applied load in self-locking knot group. Similarly another mechanical study
comparing NLL crimped loops with clamped square knot loops showed that the crimped loops
had less elongation and more stiffness in both static and cyclic loading (194). Initial tension was
also greater in crimped loops but the clamped square knot resisted a greater peak load. Although
square knots resist a greater load before failure, but it is important to realize that the elongation
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required before these loops failed after application of load exceeds the distance that a tibia would
be able to move away from a femur because of secondary restraint tissues (177, 194).

Several newer sutures especially polyethylene-based non-absorbable, multifilament
orthopedic sutures e.g. FiberWire, FiberTape, and OrthoFiber have been biomechanically
compared with monofilament NLL in vitro using both knotting and crimping techniques (176,
198). Crimped polyethylene sutures were stiffer than crimped NLL and in general knotted
polyethylene sutures were also stiffer than knotted NLL (176). Crimped polyethylene sutures
were stiffer than knotted polyethylene sutures. Knotted polyethylene sutures had less elongation
than knotted NLL under monotoic tensile and cyclical loading. Knotted FiberWire and
OrthoFiber loops were weaker than knotted NLL and crimped FiberTape was stronger than
crimped NLL. FiberTape was the strongest and stiffest material tested in the study. In general
loops produced by square knots were stiffer, stronger and had less elongation compared with slip
knots for polyethylene sutures. Failure mode for all crimped multifilament loops was slippage
through the crimp. For crimped NLL failure mode contradictory information is available as some
studies showed that NLL loops generally failed by slipping through the crimp (176, 196, 199)
whereas other studies reported that crimped NLL failed commonly by means other than slipping
through the crimp (e.g. breakage at the knot or away from the knot) (180, 197). Another
mechanical testing study also showed that multifilament polyethylene sutures are stronger and
elongate less than monofilament NLL in pure tension (198). This study also tested LigaFiba in
addition to above mentioned polyblend sutures and showed that this suture had the greatest
ultimate tensile strength. LigaFiba was also stiffest of all tested materials at 3mm of elongation.
All of the materials tested exceeded the lowest estimated physiologic load (~120N) of the CrCL
(estimated for dogs between 30 and 60 kg), but none exceeded the highest estimated minimum
physiologic load (~600N). One of the limitations of this study was that only single strands of the
suture material were tested in pure tension with no loops or knots as typically used in a clinical
situation.

The suture can be tensioned by hand with a square knot, a sliding (slip) knot (179), a self-
locking knot (192), clamping the first throw of a square knot (178), or a tensioning device (20).
Clamped square knot loops are less tight because the 2™ throw of the knot must be tightened
while simultaneously removing the clamp from the first throw (194). A slip knot decreased the
yield of NLL (193) and a self-locking knot elongated more than other knots (197). An in vitro
mechanical study compared monofilament NLL loops tightened by a hand tightening method
with loops tightened in a standard manner with a tensioning device (196). In the hand tightening
technique the crimp clamp was pinched once, with the jaws of the Securos crimping tool fully
closed, in the middle of the tube and then each end of the suture was pulled tight, as tight as
possible. The ends were released and the final 2 pinches were applied to the crimp clamp on
either side of the 1% pinch. There was no significant difference noted in the mean ultimate load
and mean stiffness of loops between the two techniques. The authors concluded that hand
tightening method does not influence the mechanical properties of the loop. However, the hand
tightening method described does require some strength to pull the loop tight after the crimp has
been partially pinched. There could be two potential problems with this method. One if the first
pinch is too tight then surgeon may not achieve required tightening and if the pinch is too loose
then surgeon will have difficulty maintaining tension after complete tightening, whereas the
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tensioning devices allow incremental tightening of the loop and also maintain loop tension while
the crimp clamp is secured.

Crimping systems are available from different manufacturers including Securos
Universal crimping system designed around Mason Hard type monofilament NLL and
Veterinary Instrumentation (Sheffield, UK) crimping system designed around Ande
monofilament NLL (180, 194, 199). Third type of crimping system used in veterinary studies is
called JorgVet crimping system from Jorgensen Laboratories (194). A new system designed by
Securos is called PowerX crimping system (or wave pattern crimp device) (180). Different
systems use different sized crimp clamps and there are differences in the tools used to pinch the
crimp clamps. The tips of the jaws of the Securos Universal crimping tool are recessed and as
long as the jaws are fully closed, this design feature should allow for a consistent pinch to be
achieved (199). In contrast, the JorgVet and Veterinary Instrumentation crimping tools have no
clearly defined end-pomt and therefore crimping is more likely to be operator dependent (199).
The Securos tools provide mechanical advantage for the operator because of their double-action
mechanism which makes it easier to fully pinch the crimp (180, 199). The jaws of the Vetermary
Instrumentation crimper are thicker than those of the Securos crimper, so that the force applied to
the crimp is applied over a larger area, or at a lesser pressure for identical forces (199). The jaws
of the Securos universal crimper are narrow and create a single point of compression on the
crimp (180). This requires three successive, equally-spaced pinches of the device to complete the
crimp deformation. Whereas with the Power X (wave pattern) crimper only one pinch is required
to completer the crimp deformation because it’s jaws are designed with a continuous interlocking
wave pattern, which is equal to the length of the crimp (180). When Securos universal crimping
system was compared with JorgVet crimping system using 27 kg NLL loops, no significant
difference was noted in mitial tension and stifiness of loops, however peak elongation was
significantly higher in Securos group when single loads were applied to failure (194). The loops
secured with Securos system tended to resist higher repeated loads before failure. In the study,
crimping methodology was different between the two systems and final crimp compression may
vary between surgeons which may lead to differences in crimp/suture friction.

In another study mean stiffness and mean ultimate load were significantly higher for the
Securos Universal system (36 kg NLL loops) than for the Veterinary Instrumentation system (45
kg NLL loops) (199). For both systems, there were significant differences between operators for
ultimate load. A recent in vitro study compared two crimping devices from Securos using loops
of monofilament NLL of 18 kg, 36 kg and 45 kg and multifilament polyethylene suture (180).
The loops were tested to failure in quasistatic tensile loading. Results of the study showed that
the loops secured with the PowerX crimper (waver pattern) were significantly stronger with a
higher load yield, displacement yield, failure displacement, maximum load, and maximum
displacement than the loops secured with three successive pinches on the crimp created by
Universal single crimp device. The authors suggested that the increased strength of PowerX
crimp construct is attributable to its improved holding power, because of the ‘wave style’ crimp
pattern which produces more surface contact and friction between the suture material and the
mner wall of the crimp (180). The PowerX device produces five contact pomts instead of the
three separate crimp contact points produced with the Universal single compression device.
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The loop configuration of the prosthetic material is also one of the many variables
affecting its performance. Several configurations of double loops using 36 kg NLL secured with
Securos crimping system have been mechanically tested in vitro including three configurations
of double loop-single strand e.g. simple double loop, locking loop, interlocking loop and three
configurations of double loop-double strand e.g. simple single loop, figure of eight loop, uneven
loop (20). The uneven group had the same configuration as the simple single group except one of
the loops was 2mm shorter than the other. The mterlocking loop had the greatest load at yield but
also the greatest elongation atyield. This elongation could lead to undesirable instability in the
stifle. The simple double loop had an intermediate load at yield and the lowest elongation.
Another significant finding of the study was the poor biomechanical performance of the double
loop-double strand uneven group, with significantly lower mean stiffness and ultimate load than
all of the single strand groups. A recent study by Choate et al evaluated mechanical properties of
NLL, polyethylene cord, polyethylene tape secured to cadaveric canine femurs via various
methods including knotting, crimping, bone anchors and toggle fixation (200). Some of the
prostheses were also tested in single and double loop configuration. Single and double loop
circumfabellar polyethylene tape constructs had the highest stifiness. Double loop BTPT (two
strands of polyethylene tape secured to the femur via a toggle placed through a bone tunnel),
double loop CPT (two strands of polyethylene tap secured around the lateral fabella and secured
with knots) and BAPT (two strands of polyethylene tap secured to the femur via a bone anchor)
constructs were mechanically superior to other constructs. Double NLL and single
circumfabellar polyethylene cord constructs had the lowest loads at 3mm of displacement.
Authors concluded that mechanical properties of constructs were dependent on mechanical
properties and methods of anchorage and securing the suture materials. This is the first study that
compared results of monotonic load to failure for isolated prosthetic loops to femoral constructs
mn which prostheses were secured around the lateral fabella. Authors suggested that based on the
results of the study, the strength of femoro-fabellar ligaments seemed to exceed that of suture
materials tested. The high incidence of prosthesis breakage or knot or crimp slippage in the
circumfabellar femoral constructs supported this finding. Only 3 out of 20 polyethylene cord or
polyethylene tape femoral constructs failed via pulling through peri-fabellar soft tissues and none
of the NLL constructs failed by this manner. All NLL constructs failed via breakage or slippage
at the crimp. Few studies have attributed early construct elongation and failure to properties of
femoro-fabellar ligaments (185, 190) but based on above findings and the finding that
circumfabellar polyethylene tape constructs had high stiffness Choate et al suggested that early
construct elongation and failure in previous studies were more likely attributable to mechanical
properties of prostheses or failure to properly secure prostheses around fabellae.

The effects of commonly used sterilization methods on mechanical properties of suture
material used for LSS have been evaluated in several studies (21, 178, 186). Ethylene oxide
sterilization and steam-sterilization (including one cycle and five cycles in autoclave) have been
the major methods studied (21, 186). Steam sterilization causes significant increase in elongation
of NFL whereas ethylene oxide sterilization causes minimal effect on elongation of this material
(21). There was no significant difference in effect on the strength of the fishing material between
these two sterilization methods. NLL showed no significant change in strength or elongation
regardless of sterilization method (21). Another study comparing ethylene oxide and steam
sterilization methods on NLL showed that ethylene oxide had the least detrimental effects on the
handling and material characteristics (186). Ethylene oxide did not significantly alter load at
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failure whereas one cycle of steam sterilization resulted in small, but significant decrease in the
load at failure (186). Both ethylene oxide and one cycle of sterilization resulted in significant
decrease in stiffness but the difference was not significant between the two techniques. The
stiffness was significantly decreased further after five cycles of steam sterilization. A ~ 12%
mncrease in elongation and ~10% decrease in stiffness of NLL after steam sterilization was also
reported in a previous study (178). Although ethylene oxide has the least detrimental effects on
monofilament nylon material characteristics, but some animal and human literature suggests that
ethylene oxide could be carcinogenic and associated with breast and other cancers in those
exposed (201, 202). In Canada regulations regarding ethylene oxide use has been modified
which requires use of an appropriate aerator with an operating emission control system, which
should be tested every year and this may be prohibitively expensive for some mstitutions (203).
Above mentioned reason led to replacement of ethylene oxide by hydrogen peroxide gas plasma
(HPGP) sterilization in a veterinary teaching hospital n Canada (203). Recently, HPGP
sterilization of NLL and NFL was compared with ethylene oxide sterilization method (203).
There was no significant difference for elongation and ultimate load of NLL between two
sterilization techniques, however for NFL, HPGP sterilization led to slightly greater elongation
than ethylene oxide technique. Authors concluded that effects of HPGP on NLL compared
positively to EO, making HPGP an attractive alternative. Another study by the same author
evaluated effects of sterilization method on bio-adhesive properties of NFL, NLL and
polyethylene suture (204). The authors concluded that for most of the samples, bacterial
adherence was lower or similar when HPGP sterilization was used, compared with results for
sterilization via steam and EO respectively.

E.3 Clinical outcomes

LSS techniques have generally reported positive clinical results (1, 13-16, 205).
Evaluation of the therapeutic efficacy of the technique has been determined based on both
subjective (i.e. owner interviews, clinical assessment of gait, physical examination and
radiography) and objective (i.e. force plate, thigh circumference measurement, goniometric
measurement of stifle range of motion) data analysis (1, 13-16,205). A retrospective study with
a follow up time of about 20 months evaluated outcome after LSS technique in 40 dogs with
CrCL deficiency (16). Prosthetic material used ncluded No. 5 metric polypropylene or 36 kg test
monofilament NLL. Ninety percent of the owners were satisfied with the treatment result based
on telephone questionnaire. Follow up physical examination findings were available in only 11
dogs. Lameness improved in majority of the dogs following surgery with eighteen percent still
lame at walk. There was about 12 degree loss of range of motion in the surgical stifle when
compared with the contralateral un-operated stifle.

Limb function outcome and its relationship to tibial plateau slope were evaluated in 34
dogs with unilateral CrCL injury in a prospective clinical study (205). Survey stifle radiographs,
lameness examination, and force plate analysis was performed in all dogs before and at 6, 12, 24
and 48 weeks after surgery. There was no significant correlation between tibial plateau angle and
postoperative vertical impulse, peak vertical force, lameness score or radiographic osteoarthritis
score. There was no change i tibial plateau angles after LSS procedure. All dogs had increased
radiographic scores (more DJD) during the study period. The study also showed that lameness
scores, peak vertical force and associated vertical impulse values improved from preoperative
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baseline level at serial postoperative measurements, however these data were not compared with
data from clinically normal dogs.

Although most owners are satisfied with the results after LSS, progression of stifle
osteoarthritis has been shown to occur similar to other stabilization techniques, which might be
the likely reason that most dogs do not regain normal function of the affected stifle (3, 15, 134,
205). A retrospective radiographic study evaluated 58 dogs after LSS with a mean follow up of
23 months (range 6 — 132 months) (134). There were 18 dogs that weighted less than 15 kg and
40 weighted more than 15 kg. LSS did not mitigate progression of radiographic signs of
osteoarthritis in either group. Dogs weighing < 15 kg had a lesser degree of DJD and returned to
weight-bearing quicker than dogs weighing > 15 kg. Based on owner questionnaire there were 8
dogs that were consistently lame, 8 were lame only following exercise, 10 were lame only after
resting and 32 were seldom to never lame.

Another long term retrospective study also showed radiographic progression of
osteoarthritis after LSS in 27 stifles (3). Radiographs were taken immediately before surgery and
> 12 months later. The study also compared radiographic changes between LSS and TPLO (52
stifles) groups and showed that no significant difference in osteoarthritis was noted between the
groups at the preoperative and final examination times. Based on their logistic regression
analysis they were able to show that dogs with > 6 pont change in osteoarthritis score were
about 6 times more likely to have had LSS than TPLO; however because of limitations of the
study, authors suggested further studies using a prospective, controlled, randomized clinical trial
using these two techniques would be needed to confirm or refute their preliminary results.
Around the same time Conzemius et al published a prospective clinical study using force plate to
compare the effects of LSS and TPLO on limb function in Labrador retrievers with unilateral
CrCL msufficiency and medial meniscal injuries (14). A control group composed of 17 healthy
Labrador retrievers was also included in the study. The damaged meniscus was either partially or
completely excised during surgery. The force plate evaluations performed two and six months
following surgery showed no significant difference between the two surgical techniques. The
only difference between the two groups was that dogs in LSS group underwent aggressive
postoperative physical therapy whereas dogs in TPLO group did not. Although, the postoperative
rehabilitation has been shown to affect clinical outcome (206) but in clinical case scenario, in
general, rehabilitation is recommended soon after LSS procedure whereas exercise restriction is
recommended for at least 6 weeks after TPLO (14). The results of the study by Conzemius et al
showed that Peak vertical force and vertical impulse were both 96% of normal after TPLO and
93% and 96% respectively after LSS at six months after surgery. Authors defined a clnically
important improvement as an improvement such that a dog in the treatment group was more
clinically normal than abnormal at the time of re-evaluation (14, 207). Based on their definition,
only 40% dogs in the LSS group and 34% dogs in the TPLO group were considered to have
improved six months following surgery and only ~15% dogs in LSS and ~11% dogs in TPLO
group considered to have had normal limb function. Thus the study showed that clinical limb
function in dogs following LSS was not significantly different from clinical Lmb function in
dogs which underwent a TPLO.

The argument that arose from Conzemius’ study was that TPLO dogs may have had
better outcome with physical rehabilitation or conversely LSS dogs may have had poorer
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outcome without post-operative physical rehabilitation. To address the above mentioned
limitation a recent study used identical physical rehabilitation regimens in CrCL-D dogs treated
with LSS or TPLO and compared short- and long-term functional and radiographic outcome (15).
Radiographic DJD scores before surgery and at 24 months post-surgery were not significantly
different between two groups, however in both groups these scores increased significantly during
the study period. Force plate data was obtained at three, five and seven weeks, and at six and
twenty four months after surgery to compare the functional outcome. Peak vertical force values
were not significantly different between two treatment groups at any time point; however in both
groups, these values increased significantly from 3 weeks to 24 months post-operatively.
Comparison of stifle range of motion and thigh muscle mass circumference between two groups
also showed no significant difference at any time pomnt. The findings of this study were

consistent with Conzemius et al. where similar limb function was observed in dogs after TPLO
or LSS (14, 15). The results of this study should be interpreted with caution as the body weight
of dogs in LSS group (mean 29kg) was significantly lower than dogs in the TPLO group (mean
35kg). So, it is possible that dogs of larger size treated with LSS would have had poorer outcome,
however, regression analysis in the study showed that weight contributed no temporal variation

in peak vertical force.

E.4 Complications

A retrospective study reported a 17.4% (63/363) complication rate for LSS procedure
(208). In the study one complication occurred in 61 dogs and 2 complications occurred in 2 dogs
(208). Complications rate in dogs that underwent simultaneous bilateral LSS was not different
than the complication rate in dogs that had unilateral surgery. Twenty six of 363 patients (7.2%)
required a second surgery to manage the complications. The factors that did not influence the
complication rate included: mmplant material, breed of the dog, side on which surgery was
performed, meniscal condition and treatment, percentage ligament tear, bandage use,
perioperative antimicrobial use, and experience of the surgeon. Factors significantly associated
with a higher rate of complications were high body weight and young age of the dog at the time
of surgery. Intraoperative complication was reported in one dog (0.3%). In this case the suture
tore through the attachment of the gastrocnemius muscle at the lateral fabella when the suture
was tightened. Neurological deficits attributed to peroneal nerve damage were evident in one dog
(0.3%) immediately after surgery. Significant improvement was noted at 1 week i this case so
no additional treatment was performed. Neurological deficit resolved by 4 weeks after surgery.
In the study the number of castrated and mtact male dogs that developed complications was
higher as compare to spayed and intact females. Surgical site infection, confirmed by use of
positive bacteriologic cultures was reported in 14 of 363 cases (3.9%). Additional surgery was
performed i all 14 dogs. Seven of 363 (1.9%) cases developed post-liminary meniscal tears
resulting in lameness and requiring a second surgery. The post-liminary meniscal tear rate was
0% in cases in which a meniscal release was performed and 15.2% in cases in which a meniscal
release was not performed. Other complications included, incisional complications (swelling and
discharge, self-trauma and bandage-related complications) in 32 of 363 cases (8.8%), and
implant-related complications (swelling and/or lameness) in 10 of 363 cases (2.8%). A
retrospective study assessing risk factors for infection-inflammation in dogs undergoing surgery
for rupture of the CrCL, the infection rate for the LSS procedure was 4.2% of 496 cases (209).
Factors associated with a lower rate of infection-inflammation consisted of use of suture material
other than skin staples for skin closure and postoperative oral administration of antimicrobials.
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Following factors were found not to significantly affect the incidence of postoperative infection-
mflammation; concurrent infection, experience of the primary surgeon, use of metal crimps,
partial versus complete rupture of the CrCL, concurrent use of NSAIDs, and type and size of
nylon or metal implants. Another study reported the incidence of infection and premature crimp
failure in 110 cases of stifle stabilization using Veterinary Instrumentation crimp clamp system
(210). There were 35 first-opinion and 75 second-opmion cases, of which 15 had had surgery
already. Nine (8%) cases had slippage of NLL through the crimp, and in four cases there was a
persistent infection. All these cases required exploratory surgery 2 to 6 weeks postoperatively. A
further six cases developed minor postoperative infection and were successfully treated with
antibiotic. Six out of 10 postoperative infection cases were the ones that were referred because of
the failure of first lateral stabilization procedure. These results show that the infection rates were
higher in such cases with overall infection rate at 9%. Crimp slippage was judged to have
occurred by the presence of significant cranial drawer sign and an abnormal radiographic
location of the crimp.

The overall reported complication rate of 17.4% for LSS procedure (208) is lower than
the reported complication rate for other surgical techniques used for management of CrCL-D
stifles. The complication rate following FHT is 17% to 50% (13, 163, 168). The complication
rate associated with TPLO is between 19% and 28%, and that associated with TTA is 31% (152,
209, 211, 212).
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CHAPTER II: Effect of tibial insertion points for lateral suture stabilization on the
kinematics of the cranial cruciate ligament deficient-stifle during early, middle and late
stance: An in vitro study

A. Objective

The purpose of our study was to evaluate and compare the effect of LSSt (distal anchor
through the tibial tuberosity) and LSSgg (distal anchor through the cranial emmence of the
extensor groove) on kinematics of the canine CrCL-D stifle during early, middle and late stance.
The proximal anchor pomnt for both techniques was the lateral femoro-fabellar ligament.

B. Null Hypothesis

Our null hypothesis was that there would be no difference m stifle kinematics between
the LSS techniques and the CrCL-mtact stifle during early, middle and late stance phases of gait.

C. Materials and methods

C.1 Specimen preparation

Thirty two canine cadaver hind limbs were harvested from 16 skeletally mature medium
size (weight range 22 — 36.4kg) dogs via disarticulation of the coxofemoral joint. The dogs were
euthanized for reasons unrelated to this study. Various breeds of dogs were utilized for this
study. Skin and soft tissues were removed from hind Limbs to the level of the metatarsus. The
patella, patellar ligament, medial and lateral collateral ligaments, jomnt capsule, cranial and
caudal cruciate ligaments, fabellae, femoro-fabellar ligaments, proximal ~4cm of gastrocnemius
muscle and medial and lateral menisci were preserved. Lateral radiographs were taken of all
stifles to ensure skeletal maturity and that there was no radiographic evidence of orthopedic
disease. The limbs were then wrapped m saline (0.9% NaCl) soaked towels and stored at -80°C
until biomechanical testing. Immediately before testing the limbs were thawed at 4°C in a
refrigerator for approximately 14-16 hours.

The proximal part of the femur was osteotomized transversely 5 cm distal to the most
proximal aspect of the femoral head, and the femoral diaphysis was then potted using
polymethylmethacrylate (PMMA; Technovit: Jorgensen Laboratories Inc, Loveland, CO, USA)
within 3.8cm diameter polyvinyl chloride pipe. The potted limb was loaded mnto a custom-built
mounting bracket that was designed to allow attachment to the loading frame and adjustment of
the hip angle during testing (Figure 1) (25). Once the limb was loaded in the mounting bracket
the total length of the altered limb, PVC 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 (100Ibs) monofilament nylon leader line (Eagle Claw Fishing Tackle, Denver, CO, USA) was
passed through a 2.0 mm diameter hole that was drilled in the center of the patella from medial
to lateral. The two free strands of nylon were tied together to form a loop with its distal portion
containing the patella. To simulate the quadriceps mechanism, the proximal portion of the nylon
loop was attached to a turnbuckle link that was connected to an eyelet attached to the mounting
bracket at its most cranial and proximal aspect (Figure 1). Another strand of 45.5 kg (100Ib)
monofilament nylon leader line was placed through a 2.0 mm diameter hole drilled through the
proximal one third of the calcaneus. The two free strands were tied together to form a loop with
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its distal portion containing the calcaneus. The proximal portion of the nylon loop was attached
to a turnbuckle lnk. At the approximate level of the origin of the gastrocnemius muscle one 6
mm eyelet was placed in the center of the caudal part of the femur. This eyelet was attached to
the end of the turnbuckle link attached to the calcaneus. Together, the loop of nylon through the
calcaneus, the turnbuckle link and the eyelet attached at the level of origin of the gastrocnemius
muscle simulated the gastrocnemius muscle. Throughout testing isotonic saline was sprayed on
the limbs intermittently to keep the tissues moist.

C.2 Cranial cruciate ligament rupture simulation

CrCL rupture simulation was performed as described previously (213). In order to
simulate rupture of the CrCL a mini cranio-medial arthrotomy was performed to gain access mto
the stifle jont. The joint was inspected and both cranial and caudal cruciate ligaments were
found to be intact in all specimens. The CrCL was isolated and transected using a nerve-hook
(Miltex Instruments, York, PA, USA) and a beaver blade (376400 beaver blade: BD and
Company, Franklin Lakes, NJ, USA). Transection was confirmed by visual inspection and
presence of palpable CTT. The menisci were also inspected and were grossly normal m all
specimens. The jomnt capsule was then closed with 0 (metric 3.5) polydioxanone (PDS; Ethicon,
Inc., a Johnson & Johnson company, Somerville, NJ, USA) sutures in an interrupted cruciate
pattern.

C.3 Lateral suture stabilization techniques

Lateral suture stabilization with distal anchor through tibial tuberosity (LSS rr; Figure
2A): LSSt was performed as described previously (12, 17, 22). A curved Securos J-needle
(Securos J-needle, Securos Veterinary Orthopedics, Sturbridge, MA, USA) loaded with 36.4 kg
(80Db) test monofilament nylon leader line was passed through the lateral femoro-fabellar
ligament in a proximal to distal direction. A 3/32"” Steinmann pin (IMEX Veterinary, Inc.,
Longview, Texas, USA) was used to drill a hole through the tibial tuberosity, from medial to
lateral, 1 cm caudal to the attachment of the patellar ligament. The distal end of nylon was
passed caudal to the patellar ligament along the proximal aspect of the tibial plateau from lateral
to medial and external to the joint capsule. The suture was then passed through the hole in the
proximal tibia in a medial to lateral direction and then secured to the proximal strand in a figure-
of-eight configuration. The suture was tensioned and secured using the Securos crimp clamp
system (Figure 3; PowerX Basic Cruciate Repair 80# Kit: Securos Inc., Fiskdale, MA, USA)
according to manufacturer recommendations. With the stifle held at 135° of flexion the nylon
leader line was tensioned until cranial drawer motion could no longer be elicited. The crimp
clamp was then crimped with a crimper and the excess suture was removed.

Lateral suture stabilization with distal anchor through cranial eminence of extensor
groove (LSSkqg; Figure2B): A curved Securos J-needle loaded with 36.4 kg (80Db) test
monofilament nylon leader line was passed through the lateral femoro-fabellar ligament in a
proximal to distal direction. A 3/32" Steinmann pin was used to drill a hole in a distal to
proximal direction in the cranial prominence of the extensor groove (EG). The hole was centered
on the cranial prominence of the extensor groove and exited just cranial to the tibial attachment
of the mtermeniscal ligament at the level of the caudal edge of the fat pad (17). The distal end of
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nylon was passed through this hole in a proximal to distal direction and secured to the proximal
end n a figure of eight configuration in the same manner as for LSStr.

C.4 Biomechanical testing

Each limb was mounted in a custom-designed loading frame similar to the frame used in
a study performed by Butler et al (Figure 1) (25). Custom hinges as described by Kim et al. and
Butler et al were used to facilitate adjustment of the abduction-adduction angle and allow for
unconstrained femoral axial rotation during testing (Figure 1) (25, 27). The stifle angle was
adjusted using the previously placed turnbuckles to either 145°, 135° or 125°, approximating
early, middle, and late stance phase during walking (23). The hip and tarsal angles were
simultaneously adjusted during testing to correspond with the phase of gait being tested (23). In
the early, middle and late stance phases the hip angles used were 148°, 160° and 178°
respectively, while the tarsal angles were 140°, 145° and 155°, as previously described (23, 214).
The values of hip angles were obtained from measurements described by Hottinger et al (23)
taking into consideration the angle of inclination (approximately 45°) of the pelvis (214). In our
study hip angles were measured relative to the floor (ie. relative to a vertical line drawn through
the hip and perpendicular to the ground) since the pelvis was not mtact. The abduction/adduction
angle was set by visual inspection prior to testing to approximate even distribution of forces
across the femoral condyles. The joint angles were measured with a plastic goniometer with each
arm aligned along the central axis of the bone diaphysis proximal and distal to the joint (25, 27,
28, 215). The paw was allowed to rest on but was not fixed to the base of the loading frame as
described previously (25). A textured surface (220 grit sandpaper) was fixed to the steel-loading
frame to prevent cranio-caudal paw slippage during testing. One electromagnetic tracking sensor
(FASTRAK, Polhemus; Colchester, VT, USA) was attached to the medial aspect of the distal
femur and another to the proximal tibia using 3.18 mm end threaded pms (INTERFACE®
Fixation Half-pins - Standard Threads, IMEX™ Veterinary, Inc., Longview, TX, USA) and
nylon spacers to prevent direct contact with the stainless steel pin (Figure 1). We used positive
threaded pins to mount sensors on the tibia and femur to prevent sliding or rotation of pins at the
pin-bone interface as this was noticed in our test samples (not included in the study) where
smooth Stemman pins were used. It is important to prevent any movement of pins or any
external movement of sensors once they are mounted as this obviously will interfere with
measurements.

C.5 Testing protocol

One hind limb from each canine cadaver was allotted to LSSt group and the other limb
was allotted to LSSgg group randomly. This resulted i total of 16 limbs (eight right and eight
left) for each treatment. The limbs were tested m the following sequence: (1) Normal (CrCL
mtact, tibial hole drilled for LSStt or LSSgg and lateral suture pre-placed just through lateral
femoro-fabellar ligament); (2) CrCL-D (transected CrCL) with lateral suture pre-placed just
through lateral femoro-fabellar ligament; (3) LSStt or LSSk (the suture was tensioned for these
groups as described under LSS stabilization techniques). The limbs were evaluated for all
conditions at all three stifle angles with corresponding hip and tarsal angles.

C.6 Data collection and analysis
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The electromagnetic tracking system is designed to detect position and orientation of the
sensors relative to the electromagnetic source transmitter (Figure 1) (216). It measures six
degrees of freedom: X, Y, Z, Azimuth, Elevation and Roll (216) in a Cartesian coordinate
system (Figure 4). In this study, cranial-caudal (X), proximal-distal (Y) and medial-lateral (Z)
translations and internal-external (elevation) and varus-valgus (roll) rotations of the tibia relative
to the femur between the 3 stifle conditions (CrCL intact, CrCL-D, and LSSgg or LSStt1) ateach
stifle angle (145°, 135° and 125°) were obtained using electromagnetic sensors. Stifle flexion-
extension (azimuth) was a controlled variable, purposely kept consistent during early (145°), mid
(135°) and late stance (125°) for all groups. To simulate in vivo conditions, a load equivalent to
33% of the dog’s body weight (27) was applied to the limb using the limb-press platform and
appropriately sized weights for the limb being tested (Figure 1). The turnbuckles were adjusted
throughout testing to maintain the appropriate hip, stifle and tarsal angles. During testing, the
axial rotational hinge was left unconstrained. The cranial-caudal, medial-lateral and proximal-
distal distance and internal-external and varus-valgus rotation difference between tibial and
femoral sensor placement for intact CrCL group was considered base line (equal to zero) at each
stifle angle to facilitate data interpretation. The values for all kinematic variables were
determined as the relative difference between the coordinate position of the femoral and tibial
tracking sensors between CrCL-D group or treatment group (LSStt or LSSgg) and intact CrCL
group (baseline) at that specific stifle angle. As demonstrated mn Figure 5, corrections were made
to tibial translation measurements [‘XM’ (measured X), ‘ZM’ (measured Z) and ‘YM’
(measured Y)] to account for translations occurring due to tibial rotations in different planes.
Correction for ‘XM’ was determined as follows: X correction factor (‘XCF’) = sin (absolute
value of elevation) x length of lever arm for internal-external rotation (lever arm = distance from
center of sensor to center of bone). As demonstrated in Figure 5A, internal rotation of the tibia
leads to less displacement of sensor in cranial-caudal plane (‘XM’) as compared to amount of
displacement of tibia itself (‘X’) falsely decreasing the values for CTT. The magnitude of ‘XCF’
depends on the amount of elevation and the length of the lever arm. The correction factor was
added to or subtracted from ‘XM’ depending on the direction of elevation (internal or external
rotation). Correction for ‘ZM’ was determined as follows: Z correction factor (‘ZCF’) = length
of lever arm - cos (absolute value of elevation) x length of lever arm. As demonstrated in Figure
5B, internal and external rotation of tibia falsely decreases the tibial translation measurements in
Z plane. The correction factor was added to ‘ZM’ for internal and external rotation to obtain
actual tibial translation value (‘Z’) in medial-lateral plane. Correction for ‘YM’ was determined
as follows: Y correction factor (‘YCF’) =sin (absolute value of roll) x length of lever arm. As
demonstrated in Figure 5C, valgus rotation of tibia falsely decreases the tibial translation
measurements in Y plane. To obtamn actual tibial translation value (Y’) in proximal-distal plane,
the correction factor was added to or subtracted from “YM’ for valgus and varus rotation,
respectively.

C.7 Statistical Analysis

Differences in X, Y, Z, Elevation and Roll between the 3 stifle conditions (CrCL intact,
CrCL-D and LSSt1 or LSSgg) at each stifle angle were evaluated. Normal probability plots
showed that all measurements (X, Y, Z, Elevation and Roll) followed an approximately normal
distribution. Subsequently, data were summarized as mean + standard deviation (SD) for each
combination of method (LSSt vs LSSkq), stifle angle, (145°, 135 and 125%) and condition
(CrCL-D vs LSS repaired). Each of these means was compared to 0 (CrCL-mtact group baseline)
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using a one-sample t-test followed by Bonferroni’s procedure for multiple comparisons.
Comparisons between means (least squares means) were performed using mixed-model
repeated-measures analysis of covariance.

To compare CrCL-D vs LSS repaired conditions for each of the treatment methods
(LSSt vs LSSg(), the linear model included condition (CrCL-D vs LSS repaired), stifle angle,
condition*stifle angle, and dog weight (the covariate) as fixed effects. Limb ID within dog ID
was specified as the random effect. To explicitly compare condition least squares means at each
of the stile angles for each of the outcomes, the slicediff option of the glimmix procedure was
applied to the Condition*Stifle iteraction followed by Bonferroni’s procedure for multiple
comparisons.

To compare LSSt vs LSSgg for each of the conditions (CrCL-D vs LSS repaired) the
linear model included treatment method (ie., LSStt vs LSSkg), stifle angle (1450, 135% and
125°), treatment*stifle angle, and dog weight (the covariate) as fixed effects. Dog ID and limb ID
within dog ID were specified as the random effects. To explicitly compare treatment least
squares means at each of the stile angles for each of the outcomes, the slicediff option of the
glimmix procedure was applied to the treatment *Stifle interaction followed by Bonferroni’s
procedure for multiple comparisons.

Common options across all models included Kenward-Roger for denommator degrees of
freedom and the autoregressive order one (AR 1) covariance structure for measurements within
each limb. Additionally, residual plots were inspected to verify model adequacy (i.e., the errors
followed a normal distribution with constant variance). Statistical analyses were considered
significant at p<0.05. All analyses were performed using SAS version 9.2 (SAS Institute Inc.,
Cary, NC, USA).

D. Results

The mean = SD body weight of the dogs was 26.8 + 4.6 kg. All dogs were skeletally
mature and free from orthopedic disease of the stifle as determined by lateral radiographs. The
results for translation of the tibia relative to the femur ie. X, Y and Z for the 3 testing groups and
the 3 testing stifle angles are presented in table 1. The results for rotation of the tibia relative to
the femur ie. elevation and roll are presented in table 2.

D.1 Cranial-caudal tibial translation

Transection of the CrCL resulted i significant CTT (increased X) relative to the femur at
all stifle angles tested when compared to intact CrCL group (baseline). After LSSk repair
statistically significant CTT was no longer present at 125° stifle angle but it failed to restore CTT
at 135%and 145°. Significant CTT was no longer present at any of the stifle angles evaluated
after LSSyt repair. The LSStt and LSSgg CTT values were significantly lower than CrCL-D
values at all stifle angles evaluated. There was no significant difference m CTT between LSS
groups at 125° and 145° but it was significantly lower for LSSt at 135°.
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D.2 Proximal-distal tibial translation

Significant proximal translation (increased Y) of the tibia relative to the femur was
present in CrCL-D group at stifle angles 135° and 145° when compared to intact CrCL group.
This was no longer present after both LSS repairs. The values for proximal-distal tibial
translation were significantly smaller (more distally located) for both LSS groups at all measured
stifle angles when compared to values for CrCL-D stifle. There was no significant difference in
proximal-distal tibial translation values between LSSttand LSSgg at all stifle angles tested.

D.3 Medial-lateral tibial translation

Transection of the CrCL resulted n significant medial translation (decreased Z) of the
tibia relative to the femur at all stifle angles tested. Significant lateral translation (increased Z) of
the tibia occurred at stifle angle of 125° after LSSgg and at all measured stifle angles after LSStr
when compared to CrCL-I stifle. The values for medial-lateral tibial translation were
significantly higher (more laterally located) for both LSS groups at all measured stifle angles
when compared to values for CrCL-D stifle. There was no significant difference for medial-
lateral tibial translation between LSSyt and LSSgg groups at all stifle angles tested.

D.4 Elevation (Axial tibial rotation)

Significant internal rotation (decreased elevation) of the tibia relative to the femur was
present in CrCL-D group at all stifle angles evaluated when compared to intact CrCL group.
Treatment with LSSgg resulted in significant external rotation at all stifle angles when compared
to CrCL-D stifles. When compared to CrCL intact stifles treatment with LSSgg resulted in
significant external tibial rotation at 125° and 135° stifle angles. Treatment with LSSt resulted
in significant external rotation at all stifle angles when compared to CrCL-D limbs and CrCL
intact limbs. The values for elevation were significantly higher (external rotation) for LSSt as

compared to values for LSSgg at 135° and 145° of stifle angles with no significant difference at
stifle angle of 125°.

D.5 Roll (Stifle varus-valgus)

Transection of the CrCL resulted in slight stifle valgus (increased roll) which was
significant at stifle angles of 125° and 135°. Performance of both LSSggand LSSt resulted in
significant stifle varus (decreased roll) at all stifle angles measured when compared to CrCL-
mtact and CrCL-D groups. There was no significant difference i values for roll (varus-valgus
angulations) between LSStt and LSSk groups at all stifle angles measured.

E. Discussion

The LSSt is reportedly one of the most common extra-articular methods used to
stabilize the CrCL-D stifle in the dog (17). Typically a single lateral (and occasionally a medial)
suture is used. Studies by Roe et al and Hulse et al, showed various isometric points on distal
femur and proximal tibia for lateral suture attachment sites in the un-loaded stifle (18, 19). In
our study, we aimed to evaluate two suggested isometric points on the tibia (18, 19) during early,
middle and late stance phase of canine gait. We achieved this by using an electromagnetic
tracking system that tracked the position of the tibia relative to the femur in a Cartesian
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coordinate system. This and similar tracking systems have been successfully used in previous
studies and have been reported to have a positional resolution of 0.1 mm and a rotational
resolution of 0.1° (25, 217, 218). Positional and rotational errors have been reported to be 1.8%
and 1.6 % respectively (217).

The significant increase in CTT after CrCL loss noted in this study during early, middle
and late stance has also been reported in other studies at a single standing angle (17,27, 111,
112). The results of the present study showed that treatment with LSSt as described was
effective in eliminating CTT during early, mid and late stance suggesting that the LSSt is
capable of restoring this aspect of stifle kinematics comparable to normal. This is consistent with
previous reports which demonstrated the effectiveness of LSSt at eliminating CTT at mid
stance (135° of'stifle flexion) (17, 22). Failure of LSSgg to consistently eliminate CTT during
early and mid-stance is consistent with a previous report that demonstrated the failure of LSSgg
to eliminate CTT at mid stance (this was the only stance tested in that study) (17). Our results
showed no significant difference in CTT between LSSgg and LSSt during early and late stance
whereas CTT values during mid-stance were significantly lower after LSStt as compared to
LSSgg. Overall better performance of LSSt in controlling CTT as compared to LSSgg may be
explained by a more centralized and cranial tibial anchor point for LSSt likely providing
mproved restrant of the tibia in the cranmial-caudal plane.

Loss of CrCL resulted i significant proximal translation of the tibia during early and
mid-stance. This finding is consistent with a previous study by Kim et al which reported
significant proximal displacement oftibia after transection of CrCL when the limb was loaded at
standing stifle angle (mid stance) (27). Two previous in vivo stifle kinematics studies have also
reported the proximal translation of tibia relative to femur after CrCL transection (2, 6). 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 and compression of the
stifle. Compression of the stifle occurs during the start of the stance phase of gait (2). The cranial
displacement of the tibia causes the femur to be displaced both caudally and distally and thus the
tibia became proximally oriented relative to the femur (2). Our study showed that both LSS
techniques effectively eliminated proximal translation of the tibia. The proximal-distal tibial
translation was not significantly different between LSSttand LSSgg during all phases of stance
tested.

Significant medial translation of the tibia in CrCL-D stifles was consistent with previous
studies indicating that the CrCL may have an influence on preventing medial translation of the
tibia (2, 6). No significant difference was present for medial-lateral tibial translation between two
LSS techniques tested during all phases of stance tested. LSSggresulted in significant lateral
translation of the tibia during only late phase of stance but LSStt resulted in significant lateral
translation of the tibia during all phases of stance tested when compared to intact CrCL stifles.
Therefore, LSSgg was better than LSSt atrestoring stifle kinematics n medial-lateral plane
comparable to normal during early and mid-phases of stance.

Internal rotation demonstrated in the CrCL-D stifles was significantly greater than CrCL
mtact or LSS treated stifles during all phases of stance tested. Internal rotation of the tibia has
been demonstrated in other studies (17, 25, 27) and is expected to occur in CrCL-D stifles
because of the role the CrCL plays in limiting internal rotation (10). External tibial rotation noted
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after LSS repair during all phases of stance was consistent with previous reports that
demonstrated this at mid-stance (17, 22). However, LSSgg was better at normalizing tibial axial
rotation when compared to LSStt and did not cause significant external tibial rotation during
early stance. LSSt caused significantly higher external rotation as compared to LSSgg during
early and mid-stance but no significant difference was present during late stance. The increased
lateral translation and external rotation of tibia relative to the femur after LSSt as compared to
LSSgg may be due to the longer lever arm and more cranial tibial anchor point for LSSyt which
may result in increased caudal pull and lateral tibial rotation. In our study maximum mean
external tibial rotation after LSS (8.16+3.44 with LSStt and 5.95+2.51 with LSSgg) was less
than previously reported after extra-articular repair (22). In the previous study, 20% of the limbs
in the extra-articular repair group exceeded the mstrumentation Lmit for external rotation
(>12.4°) (22).

Slight but significant stifle valgus after transection of the CrCL when compared to CrCL-
mtact stifle was consistent with previous studies (2, 6, 27, 28). In our study both LSS procedures
caused slight stifle varus which was significant when compared to CrCL-I stifle during all phases
of stance with no significant difference in between both procedures. The slight stifle varus
created in the stifle after LSS is likely secondary to joint mal-alignment and in-congruency of the
articular surface occurring due to simultaneous tibial rotations and translations. This joint mal-
alignment may play a role in altering joint contact mechanics and lead to the progression of
osteoarthritis.

Despite excellent clinical outcome (~94% dogs were sound at walk and trot) in a study
evaluating 60 stifles after extra-articular stabilization, 65% of the stifles developed radiographic
evidence of DJID (191). Recent studies in people have suggested that the progression of DJD is
not only associated with the magnitude of tibial translation but also to alterations in the normal
load-bearing regions of the knee due to changes in joint kinematics (219). It was suggested that
this may be true in the dog as well due to progression of DJD that occur in dogs after CrCL
stabilization (22). For example the present study showed that LSSt technique mmimized CTT
comparable to normal but caused significant external tibial rotation, lateral tibial translation and
stifle varus. These changes may be responsible for abnormal stifle kinematics and hence
progression of DJD. However, to our knowledge, the amount of these changes that are
acceptable for an extra-articular repair is still unknown. Future studies for development of new
techniques or improvement of the current extra-articular stabilization techniques are necessary to
restore normal joint kinematics to reduce the propensity for DJD and improve clinical outcome.

This is an in vitro study that does not recreate all forces acting on the stifle during weight
bearing. Stifle kinematics are complex i nature and therefore difficult to replicate in an in vitro
testing environment. We evaluated the stifle at the angles145°, 135°, and 125°, instead ofa
continuum of stance phase as each of these angles previously have been reported to represent the
early, middle, and late stance phases of the gait (23). Future in vitro models should consider
evaluating stifle biomechanics through continuum of stance phase to more closely represent the
in vivo stance phase. 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 CrCL disease
(6). Clinically, rupture of the CrCL leads to significant degenerative changes within the stifle and
peri-articular fibrosis which can affect the kinematics of the stifle. This was demonstrated in the
above referenced study (6) that evaluated the long-term effect of the transection of the CrCL.
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With time it was found that CTT became progressively more abnormal as degenerative changes
progressed i the stifle. This variable was not accounted for in our in vitro study. Cyclic loading
of the LSS was not replicated in this model, only straight-line loading of the limb was taken into
consideration (10) as the ex vivo cycling test would not accurately mimic the biological cycling
the prosthesis undergoes because of many variables such as weight bearing, stifle conformation,
degree of joint pathology, and activity level etc. The use of goniometry for angle measurements
may have led to slight variation of joint positioning throughout testing which could potentially
affect the results. However, a strong agreement has been shown between goniometric and
radiographic angle measurements in a previous study (213), therefore the use of goniometric
measurements in the current study is justified. The joint angle measurements have been
described based on anatomic landmarks (23, 102, 220) and based on long bone axes (25, 27, 28,
215). A slight discrepancy exists between these two types of measurement methods for
determining jomnt angles because the points of reference do not exactly coincide. For both
treatment groups (LSStt and LSSgg) n our study, we used long bone axes for measurement of
joint angles as described by Dennler etal (215) and previous kinematic studies (25, 27, 28). For
the hind limbs at walk, the vertical force has a very characteristic “M shape”, with a rapid rise
during early stance (at foot contact), followed by a drop as the stifle flexes during mid-stance,
partially unloading the force plate (97). During late stance (at push-off), a second peak is
recorded. During mid-stance vertical ground reaction force (axial load) of 33% body weight on
hind limb has been reported, whereas during early and late stance these forces are ~43% and
~35% body weight respectively (93, 97). The difference in vertical reaction force during early,
mid and late stance is due to the braking and propulsive phases of the stance n the hind limb (93,
97). For simplification of our model we used same loads (33% of body weight) during early, mid
and late stance, which represents a limitation of our model. Taking this fact into consideration,
there is a chance that the differences reported in kinematic values for two techniques (LSSt and
LSSgG) during early and late stance might have been slightly different. Similarly, other studies
have used same loads during early, mid and late phases of stance for in vitro testing for model
simplification (25, 26). Future studies are warranted to determine the effect of ~43% and ~35%
body weight axial loads during early and late stance respectively on stifle 3D kinematics. A
limitation of the method of correction to tibial translational measurements to account for
translations occurring due to tibial rotations in different planes is that we performed a series of
three corrections, each in a 2-dimensional Euclidean space and yet, the rotations and translations
occur simultaneously in a 3-dimensional Euclidean space. We chose the 2-dimensional approach
because it was easy to implement, and readily understandable. However, an appropriate
alternative is to express all kinematic data in matrix form and perform the analysis using linear
algebra (221-223).

Long-term stability of LSS relies on fibrosis of the peri-articular structures because the
sutures eventually fail (10). Excessive suture tension may predispose to early failure of the
suture, decrease range-of-motion and abnormal mtra-articular pressure. After performing a
modified retinacular imbrication technique a study showed a 30° decrease in stifle flexion and
mncreased external rotation raising concerns of increased lateral compartmental pressures (24).
Recently, Tonks et al determined the effect of suture tension on contact pressures in the lateral
compartment of the stifle for LSStt technique (224). This ex vivo biomechanical study found
that excessive extra-articular prosthesis tension caused increased lateral compartmental
pressures. The study also showed that axial compression eliminated any significant alteration of
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lateral compartment pressures and redistributed the abnormal pressure distribution to both
compartments when the stifles were held at mid stance (135° angle). Even though LSSt
minimizes CTT comparable to ntact CrCL stifles, osteoarthritis still progresses which could be
explained by alterations i joint kinematics, for example, change in intra-articular pressures due
to external tibial rotation at other phases of weight bearing e.g. early and late phase, which were
not tested in Tonks et al study. It would be interesting to measure intra-articular pressures and
also to determine if axial loading will redistribute any abnormal pressures during early and late
phases of stance. In our study significantly less external tibial rotation was noted in LSSgg group
as compared to LSStt group during early and mid-stance, which may indicate that the pressure
generated in lateral compartment would be less after LSSgg repair. Further studies would be
needed to determine this and the significance of change i stifle intra-articular pressures after
LSS in canine patients.

The most likely reason that both LSS techniques failed to completely restore normal stifle
kinematics in CrCL-D stifles is failure of suture to maintain a constant tension at different joint
angles with consequent joint instability and change mn joint kinematics (162). Because of the
caudal roll of the femoral condyles and internal rotation of the tibia during flexion of the stifle,
the relative position between the femur and tibia does not stay constant throughout a range of
motion (1). Moreover, the orign and msertion of the CrCL are not isometric, explaining why
some of the fibers become lax at certain angles of stifle flexion and extension (1). Therefore, the
term isometry should be used cautiously, and the anchor points used for extra-articular
stabilization may be better defined as ‘near-isometric’ because a truly isometric suture is not
achievable (1, 10). Because of the presence of variables such as mechanical properties of
different suture materials and the options for fixation (ie. soft tissue vs. bony anchorage), the
guidelines regarding suture tension are not clear. Persistent stifle instability in different planes in
the current study after repair may be a reflection of the type of prosthesis material or use of a soft
tissue proximal anchor point. Better results may be seen using different types of prosthetic
material or a bony proximal anchor point.

F. Conclusion

Our null hypothesis was rejected as both LSS techniques restored stifle kinematics in
CrCL-D stifles to varying amounts with both techniques failing to restore normal 3-D stifle
kinematics in vitro. From the current study we conclude that using the cranial eminence of the
extensor groove as a tibial anchor site for LSS enhances stifle kinematics of CrCL-D stifle i the
medial-lateral plane and also in axial rotation but performs poorly in normalizing stifle
kinematics in the cranial-caudal plane as compared to standard LSS (LSStt) during the stance
phase of gait in canine cadaveric hind limbs. To our knowledge, the clinical significance of tibial
translational and rotational changes caused by two tested LSS techniques is unknown. Further in
vitro and in vivo studies comparing extra-articular procedures as well as studies on the contact
mechanics of the stifle are necessary to help determine the ideal extra-articular technique for
CrCL repair in the dog.
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APPENDIX I: Figures

Figure 1: Custom designed loading jig (lateral and cranio-caudal view) with
electromagnetic tracking system. The tracking sensors can be seen mounted to the distal femur
and proximal tibia. The electromagnetic transmitter can be seen caudal and medial to the stifle.
Adjustable turnbuckles from the proximal femur to the patella and from the distal femur to
calcaneus mimic the quadriceps and gastrocnemius muscles, respectively. The platform proximal
to the limb allowed application of a load equivalent to 33% of the dog’s body weight.
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Figure 2: Location of suture anchor points for the LSS techniques. Lateral views (A): LSStr,
(B): LSSgg. The arrow is pointing at the cranial eminence of the extensor groove in this
proximodistal view of the tibia.
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Figure 3: Instrumentation for LSS techniques
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yElevation (Axial rotation)

Figure 4: Cranial-caudal (X), proximal-distal (Y) and medial-lateral (2) translations and
internal-external (elevation) and varus-valgus (roll) rotations of the tibia relative to the
femur. Stifle flexion-extension (azimuth) was a controlled variable, purposely kept consistent
during early (145°), mid (135%) and late stance (125°) for all groups.
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Figure 5: Effect of tibial rotation on tibial translations (The images are not drawn to scale).

Figure 5A: Effect of tibial rotation on cranial-caudal tibial translation.

Dorso-ventral view of tbia and sensors showing the effect of internal-external rotation
(elevation) due to lever arm between the bone and the sensor on measurement of cranial-caudal
displacement of sensor (ie. cranial-caudal tibial translation = ‘X’). Corrections were made to
‘XM’ to account for cranial-caudal displacement occurring due to internal-external rotation. A
perpendicular was dropped from point C to line AB, making ABC a right angled triangle.
Distance BC is equal to ‘Xcr’. Key: EM sensor = electromagnetic sensor, Elevation = internal-
external rotation, ‘Xy;’ = measured cranial-caudal translation of sensor during testing, ‘Xcr’ = X
correction factor, ‘X’ (cranial-caudal displacement) = ‘X’ + “‘Xcr'.
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Figure 5B: Effect of tibial rotation on medial-lateral tibial translation.

Dorso-ventral view of tibia and sensors showing the effect of nternal-external rotation
(elevation) due to lever arm between the bone and the sensor on measurement of medial-lateral
displacement of sensor (ie. medial-lateral tibial translation = ‘Z’). Corrections were made to
‘Zm’ to account for medial-lateral displacement occurring due to internal-external rotation.
Distance BC is equal to ‘Zcr’. Key: ‘Zym’ = measured medial-lateral translation of sensor during
testing, ‘Zcr’ = Z correction factor; ‘Z’ (medial- lateral displacement) = ‘Zy’ + “Zcr'.
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Figure 5C: Effect of tibial rotation on proximal-distal tibial translation.

Cranio-caudal view of tibia and sensors showing the effect of valgus-varus (roll) due to lever
arm between the bone and the sensor on measurement of proximal-distal displacement of sensor
(Le. proximal-distal tibial translation = ‘Y’). Corrections were made to “Yy’ to account for
proximal-distal displacement occurring due to valgus-varus rotation. Distance BC is equal to
“Yor'. Key: “Ym' = measured proximal-distal translation of sensor during testing, ‘Ycr' =Y
correction factor; Y’ (proximal-distal displacement) = “Ym' + “Ycr'.

Note: the threaded pin was inserted through both cortices in actual specimens.
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APPENDIX II: Tables

Table 1: Cranial-caudal, proximal-distal and medial-lateral tibial translations for all

groups
Translations Stifle angle | CrCL CrCL-Dgg|2] LSSk 3] CrCL-Dyr[4] | LSStr[5]
(mm) (degrees) Intact [1]
Cranial-caudal* 125 0 1.71£ 0.55 0.30+£ 0.57 1.58+0.36 -0.02+0.56
(X; cm; mean (P12 = 0.0000) (p1-3 = 0.6842) | (p1-4 =0.0000) | (p1-5 = 1.000)
+SD) (p2-3 = <0003) | (p2-4 = 0.6471) | (p4-5 = <.0003)
(p3-5 = 0.0960)
135 0 1.41+ 0.25 0.70+0.41 1.45+0.46 0.334+0.51
(p1-2 = 0.0000) (p1-3 = 0.0001) | (p1-4 = 0.0000) | (p1-5 = 0.2419)
(p2-3 = <.0003) | (p2-4 = 1.0000) | (p4-5 = <.0003)
(p3-5 = 0.0432)
145 0 1.22+0.26 0.51+0.42 1.33+0.20 0.36+ 0.44
(P12 = 0.0000) (p1-3 = 0.0022) | (p1-4 =0.0000) | (p1-5= 0.0624)
(p2-3 = <.0003) | (p2-4 =0.9237) (p4-5 =<.0003)
(p3-5 = 0.8346)
Proximal-dis tal* 125 0 0.20+ 0.39 -0.14+ 0.24 0.11+0.27 -0.18+0.29
(Y; cm; mean (p1-2 = 0.6737) (p1-3 =04637) | (p1-4 =1.0000) | (p1-5 = 0.3255)
+SD) (p2-3 =<0.0001) | (p2-4 = 0.8562) | (p4-5 = <.0002)
(p3-5 = 0.6531 )
135 0 0.40+0.31 -0.005+ 0.25 0.31+0.25 -0.13+0.25
(p1-2 = 0.0014) (p1-3 = 1.0000) | (p1-4 =0.0023) | (p1-5 = 0.7217)
(p2-3 =<.0003) | (p2-4 =0.9228) | (p4-5 =<.0003)
(p3-5 = 0.4239)
145 0 0.44+0.34 0.14+ 0.26 0.49+0.21 0.13+0.22
(p1-2 = 0.0015) (p1-3 =0.6030) | (p1-4 = 0.0000) | (p1-5 = 0.3754)
(p2-3 = 0.0033) | (p2-4 =1.0000) | (p4-5 =<.0003)
(p3-5 = 1.0000)
Medial-late ral* 125 0 -0.86+ 0.40 0.30+0.19 -0.75+0.28 0.39+0.21
(Z; cm; mean (p1-2 = 0.0000) (p1-3=0.0002) | (pl-4 =0.0000) | (p1-5=10.0000)
+SD) (p2-3 =<.0003) | (p2-4 =0.4647) (p4-5 =<.0003)
(p3-5 =0.7167)
135 0 -0.92+ 0.25 0.14+ 0.26 -0.91+0.28 0.30+0.20
(p1-2 = 0.0000) (p1-3 =0.6372) (p1-4 =0.0000) | (p1-5=10.0003)
(p2-3 =<.0003) | (p2-4 = 1.0000) | (p4-5 =<.0003)
(p3-5 = 0.0978)
145 0 -0.84+0.24 0.01+£ 0.25 -0.76+£0.22 0.19+0.20
(p1-2 =0.0000) (p1-3 = 1.0000) (p1-4 =0.0000) | (p1-5=10.0222)
(p2-3 =<.0003) | (p2-4 =0.9633) (p4-5 =<.0003)
(p3-5 = 0.0630)

Key: * Positive values indicate cranial, proximal and lateral tibial translation and negative values

mndicate caudal, distal and medial tibial translation relative to the femur. Values for Normal
(CrCL intact) group were normalized to zero. CrCL-Dgg= Cranial cruciate ligament deficient

(transected CrCL) group that received LSSgg later. CrCL-Drt=Cranial cruciate ligament
deficient group that received LSSt later. The numbers associated with the p means that

statistical comparisons are being made between respective groups. For example pl-2 means

statistical comparison is being made between group #1 and group #2.
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Table 2: Internal-external and varus-valgus rotations for all groups.

Rotations (0) Stifle angle | CrCL CrCL-Dgg[2] LSSkc[3] CrCL-Dy[4] LSSt1[5]
(degrees) Intact [1]
Internal-external* | 125 0 -12.57+4.86 5.95+2.51 -14.02+3.43 6.85+1.80
(Elevation; mean + (p1-2 = 0.0000) (p1-3 = 0.0000) (p1-4 = 0.0000) | (p1-5 = 0.0000)
SD) (p2-3 = <.0003) (p2-4 = 0.3930) | (p4-5 = <.0003)
(p3-5 = 1.0000)
135 0 -11.4+4.31 4.48+3.58 -12.31+£3.52 8.16+£3.44
(p1-2 = 0.0000) (13 = 0.0019) | (pl-4 = 0.0000) | (p1-5 = 0.0000)
(p2-3 = <.0003) (p2-4 = 1.0000) | (p4-5 = <.0003)
(p3-5 = 0.0009)
145 0 -11.20+4.82 0.89+4.18 -11.53+3.31 5.314£3.35
(p1-2 = 0.0000) (p1-3 = 1.0000) (p1-4 =0.0000) | (p1-5= 0.0002)
(p2-3 = <.0003) (p2-4 = 1.0000) | (p4-5 = <.0003)
(p3-5 = <.0003)
Varus-valgus* 125 0 6.10+4.3 -6.61+2.9 6.69+3.1 -6.15+3.02
(Roll; mean = SD) (p1-2 = 0.0005) (p1-3 =0.0000) (p1-4 =0.0000) | (p1-5 =0.0000)
(p2-3 = <.0003) (p2-4 =1.0000) (p4-5 =<.0003)
(p3-5 =1.0000)
135 0 3.6+£2.90 -5.20+£2.94 4.64+3.17 -4.924+1.62
(p1-2 =0.0021) (p1-3 =0.0000) (p1-4 =0.0004) (p1-5=10.0000)
(p2-3 =<.0003) (p2-4 = 1.0000) | (p4-5 =<.0003)
(p3-5 = 1.0000)
145 0 -0.19+3.40 -4.542.8 0.75+2.98 -4.33+1.82
(p1-2 = 1.0000) (p1-3 =0.0001) (p1-4 =1.0000) (p1-5 =0.0000)
(p2-3 =<.0003) (p2-4 =1.0000) (p4-5 =<.0003)
(p3-5 = 1.0000)

Key:* Positive values indicate external tibial rotation and valgus of the stifle and negative values

indicate internal tibial rotation and varus of the stifle.

See Tablel for rest of the key.
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APPENDIX I1l1: ABBREVIATIONS

CrCL - cranial cruciate ligament

LSSt — lateral suture stabilization with distal anchor through tibial tuberosity

LSSgg — lateral suture stabilization with distal anchor through cranial eminence of extensor
groove

CTT - cranial tibial translation

NLL - nylon leader line
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