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THE DEVELOPMENT OF BIODEGRADABLE METALLIC SCREWS AND SUTURE
ANCHORS FOR SOFT TISSUE FIXATION IN ORTHOPAEDIC SURGERY

Kwang Eun Kim, PhD

University of Pittsburgh, 2014

Surgical treatment for injuries to soft connective tissues are estimated at about 800,000
cases each year in the US. For these surgical procedures, interference screws or suture anchors
are needed. Currently, materials used for the devices are non-degradable metals or bioresorbable
polymers. However, these materials do lead to complications. Metallic materials suffer from
difficulties encountered during revision surgery and interference with magnetic resonance
imaging; whereas, polymeric materials lead to device fracture during implantation, inconsistent
degradation rates, and poor osteointegration.

The overall goal of this dissertation was to explore the use of Mg-based materials as an
alternative to the existing materials. Specifically, the studies focused on Mg-based interference
screws for ACL reconstruction and suture anchors for rotator cuff repair. First, a Mg-based
interference screw was designed and optimized through in-vitro testing and finite element
analysis (FEA). At time zero, ACL reconstruction with Mg-based interference screws was found
to restore initial joint stability as well as the in-situ load in the ACL close to the levels of the
intact. Also, structural properties of the femur-graft-tibia complex (FGTC) with a Mg-based
interference screw were comparable as those with a titanium control. In a follow-up study, joint
stability and graft function after 12 weeks of healing were found to be comparable to past studies

of ACL reconstruction in a goat model using the robotic/UFS testing system. The stiffness and



ultimate load of the FGTC at 12 weeks were comparable to those at time zero. These results
indicate that Mg-based interference screws allow for proper healing of the graft.

Similarly, a Mg-based suture anchor was also designed and developed. Using FEA, the
thread depth and pitch of the anchor could be optimized. It was then demonstrated that Mg-based
suture anchors could achieve superior fixation over commercially available polymer suture
anchors as it could provide a higher stiffness and ultimate load.

In summary, the potential of Mg-based alloys for fixation of soft tissues to bone has been
clearly demonstrated. We hope that the current findings would help the development of a novel
class of biodegradable metallic implants that would ultimately help patients with improved

outcomes.
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1.0 MOTIVATION

Injuries to soft connective tissues in the musculoskeletal system, such as ligaments and tendons,
are on the rise as participation in sports activities increase and the aging population grows. All
soft tissue injuries combined, the total can be estimated to be more than 800,000 cases per year
in the US (AAOQOS, 2008). To restore the stability and function of joints with soft tissue injuries,
surgical treatment of the injured tissues is often required.

In the lower extremity, anterior cruciate ligament (ACL) is a good example as it is one of
the most injured knee ligaments with more than 100,000 injuries each year in the US (Beaty,
1999). Two thirds of these cases will require either immediate or delayed surgical reconstruction
to restore joint stability. With the cost per surgery (Cole et al., 2005), it is costing the society
estimated $1 billion each year. For ACL reconstruction, soft tissue autografts or allografts are
used as a replacement of the torn ACL (Aglietti et al., 1994; Nakamura et al., 2002; Spindler et
al., 2004). These replacement grafts need to be securely fixed in bone tunnels. Among various
fixation devices, interference screws are the most popular (Brand et al., 2000; Kurosaka et al.,
1987) as they can fix the graft the closest to the joint space, reducing graft motion, which is
thought to cause tunnel widening (Hoher et al., 1999).

In the upper extremity, rotator cuff tears are quite common with 8-26% of the population
having a full-thickness tear (Cotton and Rideout, 1964) and 13-37% having a partial thickness
tear (Breazeale and Craig, 1997; Fukuda, 2000; Fukuda et al., 1994). More than 300,000

surgeries are performed each year to repair torn rotator cuffs (Colvin et al., 2012). For rotator



cuff repair, suture anchors (screws with an eyelet to hold one or multiple sutures) are used to
reattach the torn end of rotator cuff on the humeral head (Barber et al., 2008; Ozbaydar et al.,
2007). Interference screws and suture anchors are also frequently used for other soft connective
tissues including acetabular labrum (Philippon et al., 2007), patellar tendon (Capiola and Re,
2007), medial patellofemoral ligament (Kumahashi et al., 2012), and so on.

Soft-tissue fixation devices are either made of non-degradable metallic materials or
bioresorbable polymers (Laxdal et al., 2006; Ozbaydar et al., 2007; Suchenski et al., 2010b).
Metallic materials possess excellent mechanical properties (Li et al., 2010) and have
demonstrated acceptable biocompatibility and osteointegration (Brand et al., 2005). However,
their permanency complicates already challenging revision surgeries (Shen et al., 2010) and
interfere with MRI making post-operative care difficult (Bowers et al., 2008; Shellock et al.,
1992). Bioresorbable polymers have been designed to overcome these shortcomings as they are
biodegradable and do not interfere with MRI (Ernstberger et al., 2010). In reality, polymer
materials have unpredictable degradation rates ranging from less than 1 year up to 4 years
(Stahelin et al., 1997; Walton and Cotton, 2007), cause inflammatory responses (Kwak et al.,
2008; Macdonald and Arneja, 2003), leads to poor osteointegration (Moisala et al., 2008; Walton
and Cotton, 2007), and frequently break during implantation (Smith et al., 2003). Hence, an
alternative that overcomes these complications is desired.

Magnesium and its alloys (Mg-based materials) are rapidly gaining attention as a novel
degradable material for orthopaedic applications (Hort et al., 2010; Staiger et al., 2006). These
materials are bioresorbable and their degradation rates can be controlled through alloying and
surface treatment without affecting their initial mechanical properties (Liao et al., 2013; Zberg et

al., 2009). They also possess superior mechanical properties in terms of tensile strength, modulus,



and ductility compared to polymers (Gay et al., 2009). Further, Mg-based materials have been
shown to be biocompatible and even osteoinductive in in vivo studies (Witte et al., 2005; Zhang
et al., 2009). Minimal interference with MRI by Mg-based materials is also beneficial for post-
operative care (Ernstberger et al., 2010). These advantageous properties of Mg-based materials
make this an ideal alternative to the existing materials for soft-tissue fixation devices. Therefore,
the overall goal of this dissertation was to develop Mg-based interference screws for ACL
reconstruction and suture anchors for rotator cuff repair and to demonstrate feasibility of Mg-
based materials for soft-tissue fixation in terms of biocompatibility and biomechanical

performance.



2.0 BACKGROUND

2.1 BIOLOGY AND BIOMECHANICS OF LIGAMENTS AND TENDONS

Ligaments and tendons are soft connective tissues that specialize in transmitting tensile loads. A
ligament connects between two bones while a tendon connects a muscle to a bone. They are
made of parallel collagen fibers that are packed together such that they can effectively transmit

loads and provide motion and stability to joints.

2.1.1 Biochemical Composition and Histological Structure

Ligaments and tendons consist of various biochemical components that are intricately arranged
to perform their functions effectively. The most abundant biochemical component in these
tissues is water with its contribution reaching up to 70% of total weight. From dry weight,
collagen type-1, the most abundant solid component, makes up roughly 70%. This subtype of
collagen cross-links with one another to form larger structural units (Tanzer and Waite, 1982).
Cross-linking is also essential for stability of the collagen fibers. Collagen type-V plays a
important role as a regulator of this cross-linking as it was shown that high levels of this subtype
were correlated with small diameters of collagen fibrils (Linsenmayer et al., 1993). Collagen
type-XIl is essential to smooth sliding of collagen fibers to reduce unnecessary energy loss
(Niyibizi et al., 1995). Collagen type-XIV is concentrated at the soft-tissue-to-bone junction

(Niyibizi et al., 1995). There are many other subtypes of collagen that serve essential functions.



Elastin, although only in few percents of dry weight of ligaments and tendons, works to
restore the original length of the tissue after stretching. Proteoglycans are another class of
molecules that make up a small percentage. These molecules are essential to regulation of water
content within the extracellular matrix by holding positive charges to attract water and other
ionic molecules. This is important for lubrication and gliding of collagen fibers that are essential
to proper functioning.

Ligaments and tendons have a hierarchical organization from the smallest unit of fibrils
to fibers, subfascicular units, fasciculi, and the tissue in the order of complexity. The tissue is
often surrounded by a loose connective tissue, periligament and paratenon, which protects the
ligament from abrasion and supports neurovasculature (Chowdhury et al., 1991). Ligaments and
tendons are inserted to the bone through two distinct ways: direct and indirect insertions. Direct
insertions have four distinct phases in the transition from the soft tissue to the bone: soft tissue,
fibrocarticlage, mineralized fibrocartilage, and bone (Cooper and Misol, 1970; Woo et al.,
1987a). The transition zone is generally less than 1 mm in length. Direct insertions are usually
found those located before the epiphyseal plate. Indirect insertions are more complex and involve
two distinct fibers, superficial and deep (or Sharpey) fibers. The superficial fibers are attached to
the periosteum while the deep fibers are inserted in the bone (Cooper and Misol, 1970). Indirect
insertions are located past the epiphyseal plate. Either direct or indirect, ligament and tendon
insertions are constructed to minimize stress concentration and effectively transmit loads

between a soft tissue to a bone.



2.1.2 Tensile Properties of Ligaments and Tendons

As the primary purpose of ligaments and tendons is transmitting tensile loads, it is logical
to study their mechanical behavior in response to such loads. The most effective way to
characterize ligaments and tendons mechanically is performing a uniaxial tensile test where a
tissue specimen is loaded in tension in a single axis. From this we can obtain structural properties

and mechanical properties.

2.1.2.1 Structural Properties of Bone-Soft Tissue-Bone Complex

An isolated soft tissue is difficult to test by itself due to limitations in size and difficulties in
clamping; hence, ligaments and tendons are often tested with the bones attached (bone-soft
tissue-bone complex). This makes it easier to clamp the specimen to a materials testing machine
and allows for preservation of the tissue as much as possible. On a materials testing machine, the
specimen is subjected to a load-to-failure test where it is elongated at a prescribed rate until
failure occurs within the specimen. From this test, a load-elongation curve is obtained, which is
usually non-linear (see Figure A.1). The curve has a gradual slope (low stiffness) in low
elongations, which is called a toe-region. In this region, collagen fibers are recruited gradually,
and the collagen fibers are still crimped (wavy), lowering the stiffness. As the tissue gets
elongated more, more fibers are recruited and the crimp patterns disappear, which leads to a
linear region with a higher stiffness. This combination of a toe region and a linear region ensures
that the tissue can maximize efficiency in daily activities (low elongations) and resist excessive
stretching during strenuous activities (high elongations). From this curve, structural properties,

namely stiffness, ultimate load, ultimate elongation, and energy absorbed, are obtained.
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Figure A.1. A typical load-elongation curve from tensile testing of a ligament or a tendon.

Structural properties of a bone-ligament or bone-tendon complex is sensitive to the
testing conditions. Specimen orientation during tensile testing, for example, has been shown to
significantly affect the structural properties. When human femur-ACL-tibia complexes (FATC)
were tested in an anatomical orientation where the angles of insertion at the femur and tibia are
preserved, stiffness and ultimate load of FATCs were significantly higher compared those when
tested in a non-anatomical orientation where it was aligned along the tibial axis (Woo et al.,
1991). Using animal models, including the dog (Figgie et al., 1986), pig (Lyon et al., 1989), and
rabbit (Woo et al., 1987b), specimen storage method (Woo et al., 1986) and testing temperature
(Woo et al., 1987c), as well as donor age (Woo et al., 1991) and activity level (Larsen et al.,

1987; Woo et al., 1982) were also found to be significant factors affecting structural properties.

2.1.2.2 Mechanical Properties of Ligament or Tendon Substance

Mechanical properties represent the intrinsic tissue quality irrespective to the dimensions of the

tissue. As such, to obtain mechanical properties, normalization by the specimen dimensions is



needed. Load is normalized by the cross-sectional area of the specimen, resulting in stress.
Elongation is normalized by the initial length of the specimen, leaving strain. By normalizing
with the dimensions of the specimen, the values become independent of the specimen
dimensions. From the stress-strain curve (see Figure A.2), tangent modulus, tensile strength,

ultimate strain, and energy density can be obtained.
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Figure A.2. A typical stress-strain curve from tensile testing of a ligament or a tendon.

To obtain mechanical properties, it becomes essential to obtain an accurate measurement
of cross-sectional area of the ligament. Measuring cross-sectional area of a ligament or tendon is
not a trivial matter as their shape is complex and physical contact (e.g. using a mechanical
caliper) can distort its contour. It is thus important to utilize a non-contact method, such as an

optical method, e.g. a laser micrometer (Woo et al., 1990).



2.1.3 Role of Ligaments and Tendons in Joint Function

It is also important to understand the function of ligaments and tendons in the context of the
whole joint in addition to their behavior under uniaxial tension in isolation. In the past, linkage
systems were used to study the contribution of ligaments and tendons on knee joint junction.
However, these systems could not accurately record and replay kinematics in 6 degrees of
freedom (Hollis et al., 1991). The robotic/UFS testing system was an improvement over the
linkage systems as it can operate in full 6 degrees of freedom and has high precision in both
kinematics and forces. This allowed direct comparison between multiple states (e.g. intact, ACL-
deficient, and ACL-reconstructed) in a single joint, yielding high statistical power. With this
system, functions of many ligaments and tendons have been studied, including ACL (Gabriel et
al., 2004; Livesay et al., 1995) and PCL (Fox et al., 1998).

Using the robotic/UFS testing system, data on kinematics and forces in diarthrodial joints
can be accurately measured in 6 degrees of freedom, i.e. forces and moments along three
Cartesian axes as well as translations and rotations, in response to an externally applied load. The
recorded kinematics data can then be accurately replayed to the same joint in different states. For
example, the knee joint with an intact ACL can be subjected to an anterior tibial load, and the
resulting kinematics and forces are recorded. The ACL is then resected, and the recorded
kinematics is replayed. The difference in forces between the intact state and the ACL-deficient
state is the force carried by the ACL or the in situ force. Then, an anterior tibial force can be
applied again to the ACL-deficient joint to obtain the kinematics of an ACL-deficient joint. After
ACL reconstruction, the same load is applied to obtain the kinematics of the ACL-reconstructed

joint. The in situ forces in the ACL graft can be obtained in a similar manner as done for the



intact ACL. All procedures can be performed on a single joint, allowing direct comparison

between different states.

2.2 LIGAMENT AND TENDON INJURIES AND CLINICAL MANAGEMENT

Ligament and tendon injuries are common with the estimated 800,000 surgeries performed each
year (AAQS, 2008). Among these injuries, rotator cuff tears are the most significant problem in
the upper extremity (Breazeale and Craig, 1997; Cotton and Rideout, 1964; Fukuda, 2000;
Fukuda et al., 1994). Estimated 300,000 surgeries were performed to repair rotator cuff tears
(Colvin et al., 2012). In the lower extremity, the ACL is one of the most frequently injured
ligament with more than 100,000 cases per year. Two thirds of these cases would eventually

require ACL reconstruction.

2.2.1 Anterior Cruciate Ligament

2.2.1.1 Anatomy and Function of Anterior Cruciate Ligament

The anterior cruciate ligament is an important knee stabilizer that provides restraint against
anterior translation of the tibia respect to the femur and resistance against excessive internal-
external rotation (Rudy et al., 1996; Woo et al., 1999b). The femoral insertion of the ACL is
located at posterior side of the medial surface of the lateral condyle inside the intercondylar
notch. The femoral insertion is observed as an oblong shape with the major axis aligned in the
superoinferior axis. The ligament crosses (hence the name "cruciate™) the midline of the femur
and inserts to the tibia on anterior portion of the tibial plateau. The tibial insertion is longer in the

anteroposterior direction than the mediolateral direction.
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Figure A.3. Anatomy of the knee joint (shown as the right knee): Anterior cruciate ligament is
showing in the middle as a white fibrous tissue between the femur and tibia.

(http://www.femaleathletesfirst.com)

The main role of the ACL in providing stability to the knee joint is to resist against
anterior translation (Fujie et al., 1995) and valgus rotation (Inoue et al., 1987) of the tibia respect
to the femur. It was found that with an increasing anterior drawer force (anterior force applied to
the tibia), the load carried by the ACL increased (Fujie et al., 1995). This load is carried by two
distinct bundles of the ACL, namely anteromedial (AM) and posterolateral (PL) bundles. In high
extension (> 15°), the PL bundle takes up significantly larger loads than the AM bundle in
response to an anterior tibial load (Sakane et al., 1997). With increasing flexion angle,
contribution of the PL bundle significantly decreases while contribution of the AM bundle is

relatively constant across all flexion angles, switching their roles in deep flexion. The two
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bundles also differ in their role in resisting rotatory loads in near full extension. Under a
combined rotatory load of valgus and internal torques, the AM bundle was loaded more than the

PL bundle (Gabriel et al., 2004).

2.2.1.2 Epidemiology and Clinical Management of ACL Injury

Well over 100,000 cases of ACL injury occur each year in the US (Beaty, 1999; Miyasaka et al.,
1991), making it the most injured knee ligament. It is estimated that $1 billion is spent each year
to treat these injuries (Cole et al., 2005). ACL injuries are more prevalent in women. It has been
shown that female athletes are three times more likely to injure their ACL during both contact
and non-contact sports (Agel et al., 2007). This observation has been attributed to female
athelete's tendency to stiff landing (Schmitz et al., 2007), but careful biomechanical analysis of
in vivo drop landing using a biplane fluoroscope has not been able to substantiate this (Myers et
al., 2011).

In the past, ACL injuries were managed with conservative treatment (Noyes et al., 1983;
Walla et al., 1985). However, after a slew of follow-up studies showing unsatisfactory results
(Kannus and Jarvinen, 1987; Pattee et al., 1989; Satku et al., 1986), failure has been attributed to
the inability of a mid-substance tear of ACL to heal spontaneously (Hefti et al., 1991; Murray et
al., 2000). Suture repair techniques have been attempted to help the healing by reapproximating
the torn ends; however, no significant improvements were achieved over conservative treatments
(Andersson et al., 1989; Kaplan et al., 1990). Finally, ACL reconstruction by replacing the torn
ACL with a replacement autograft or allograft has become the treatment of choice to restore the

knee stability.
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Figure A.4. ACL reconstruction using a hamstrings tendon. Polymer screws are used to fix the

graft in both the femoral and tibial tunnels. (Source: http://www.londonkneeclinic.com)

The two most popular grafts to replace an injured ACL are the bone-patellar tendon-bone
(BPTB) or hamstrings tendon (HT) grafts (Aglietti et al., 2004). Recently, there has also been
renewed interest in the use of quadriceps tendon (QT) as an alternative graft choice besides the
most popular two (Chen et al., 2006; DeAngelis and Fulkerson, 2007; Geib et al., 2009; Sasaki et
al., 2014). The BPTB graft has been preferred by many because it has a high strength (Noyes et
al., 1984). Also, it has bone blocks on both ends that could facilitate initial fixation in the bone
tunnels and good osteointegration. Follow-up studies have shown good short- to mid-term
outcomes after ACL reconstruction with a BPTB graft (Beynnon et al., 2002; Feller and Webster,
2003; Spindler et al., 2004). However, post-operative complications, such as patellar tendon
ruptures, arthrofibrosis, loss of quadriceps function, anterior knee pain, and extension deficits,
are still remaining problematic (Jarvela et al., 2000; Kartus et al., 2001). Hamstrings tendon
grafts have been used as an alternative as it can address some of the complications associated

with the BPTB graft, such as anterior knee pain and donor site morbidity. Further the graft
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harvest is easier and requires smaller incisions. However, ACL reconstruction with HT grafts
have shortcomings, such as increased knee laxity (Barrett et al., 2002; Beynnon et al., 2002),
weakened knee flexors (Beynnon et al., 2002; Nakamura et al., 2002), and poor osteointegration
(Segawa et al., 2001). Regardless of which graft is used, the most significant issue is long-term
prevalence of osteoarthritis (Daniel et al., 1994; Drogset et al., 2006; Jomha et al., 1999; Selmi et
al., 2006).

Animal experiments in dogs, pigs, and goats lend some insight to the causes of the poor
outcomes of ACL reconstruction in longer terms. In general, there was a significant increase in
anterior laxity within only few weeks (healing phase) after ACL reconstruction (Abramowitch et
al., 2003; Fleming et al., 2009; Ng et al., 1995; Papageorgiou et al., 2001; Tomita et al., 2001,
Weiler et al., 2002; Yoshiya et al., 1987), although initial joint stability could be restored
(Abramowitch et al., 2003). Also, by 6 weeks, the stiffness of the healing BPTB graft was only
13 ~ 30% of the normal ACL (Abramowitch et al., 2003). These results indicated that although
initial fixation may be adequate, healing of the graft reduces its function significantly. Thus,
improving the healing of the graft would yield better overall outcomes for current ACL
reconstruction techniques.

Healing of the ACL replacement graft depends on many factors, including fixation of the
graft, biocompatibility of the implant material, and so on. Much effort has been given to optimize
techniques and devices to fix the graft. Among many fixation devices developed and used,
interference screws have been the longest used (Kurosaka et al., 1987; Lambert, 1983) and the
most effective, as it provides sufficient pull-out strength and allows for fixation close to the joint
space, reducing graft motion in the tunnel compared to suspensory mechanisms (Hoher et al.,

1999). In an effort to improve biocompatibility of fixation devices and enhance bone healing,
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recently, polymer-based interference screws have been introduced as it can degrade and let the
native tissue to take over the function. Unfortunately, polymer-based interference screws had
many complications, including fracturing during implantation, unpredictable degradation rates,

and poor osteointegration (Smith et al., 2003; Stahelin et al., 1997; Walton and Cotton, 2007).

2.2.2 Rotator Cuff

2.2.2.1 Anatomy and Function of Rotator Cuff

The rotator cuff is a group of tendons that surrounds the glenohumeral joint to keep the humeral
head on the glenoid. The four tendons are those of supraspinatus, infraspinatus, teres minor, and
subscapularis muscles (see Figure A.5). Supraspinatus tendon attaches to the superior medial
facet of the greater tuberosity. Infraspinatus tendon attaches to the posterior surface of the greater
tuberosity. Teres minor attaches to the inferior face of the greater tuberosity. Subscapularis

attaches at the lesser tuberosity.

Rotator cuff muscles

Supraspinatous muscle

Teres minor

Infraspinatous <7
muscle

muscle

Subscapularis 4
muscle

Anterior shoulder Posterior shoulder

Figure A.5. Rotator cuff muscles. (Source: http:321gomd.com)
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The rotator cuff provides stability to the glenohumeral joint mainly through active
contraction of the muscles, thereby increasing the "concavity compression” on the glenoid
(Lippitt et al., 1993). This compression provides resistance to excessive motion of the joint. It
was also found that without active participation of the muscles, the passive properties of the
rotator cuff also provide significant contribution to the joint stability. Using the robotic/UFS
testing system, it was found that the contribution of the passive properties of the rotator cuff was
more than the joint capsule (Debski et al., 1999) in the posterior direction. Overall, the

contribution of the rotator cuff was greater in the posterior direction than in the anterior direction.

2.2.2.2 Epidemiology and Clinical Management of Rotator Cuff Tear

Rotator cuff tear is one of the most frequently damaged soft tissues in the musculoskeletal
system with 8-26% of the population having a full-thickness tear (Cotton and Rideout, 1964) and
13-37% having a partial thickness tear (Breazeale and Craig, 1997; Fukuda, 2000; Fukuda et al.,
1994). As many as 300,000 surgeries are performed in the US to repair rotator cuff tears, and this
number is rapidly increasing with the growing population of the elderly (Colvin et al., 2012).
Many factors have been identified as potential factors leading to rotator cuff tears, including
acromial impingement (Longo et al., 2008), overuse (Soslowsky et al., 2002), smoking
(Baumgarten et al., 2010), aging, and so on.

Although conservative treatment may be appropriate for the patients with well preserved
motion and function (Tanaka et al., 2010), surgical repair is required to reduce pain and regain
shoulder function, especially for full-thickness tears (Neri et al., 2009). With the advent of
arthroscopic rotator cuff repair in the 90s, suture anchors have become indispensible for fixation
of the torn tendon on the humeral head (Gleyze et al., 2000; Snyder, 1997). A single row

technique utilizes a single row of usually 2 suture anchors to attach the very end of the torn
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tendon on the humerus. This technique was thought to fail to cover the anatomic footprint of the
tendon attachment, potentially leading to poor healing (Apreleva et al., 2002; Meier and Meier,
2006b). This led to popularization of double row techniques where two rows of 2 suture anchors
per row are used (Meier and Meier, 2006a). Some positive results were found in laboratory
studies in terms of initial fixation strength with double row techniques (Ma et al., 2006; Meier
and Meier, 2006a).

Despite technical improvements made with arthroscopy and double-row techniques,
management of rotator cuff tears have proven difficult. Although partial tears could be repaired
with good outcomes, re-tear rates after repair of massive rotator cuff tears have been significant
(Bishop et al., 2006; Boileau et al., 2005). Double-row techniques, despite their advantages in
initial fixation, have been shown to make minimal improvements in patient outcomes
(Franceschi et al., 2007).

In the recent years, augmentation using overlaying patches has been tried to reduce re-
tear. Xenogeneic extracellular matrix scaffolds have been the popular material for this
application (Badylak et al., 2009). These scaffolds could be derived from various types of animal
tissues, e.g. small intestine submucosa, urinary baldder, and so on (Badylak et al., 2009).
Although some success has been achieved, their use as a mechanical augmentation has led to
complications due to acute inflammatory responses (Malcarney et al., 2005; Zheng et al., 2005).
In laboratory studies, potential causes have been identified as incomplete decellularization
(Zheng et al., 2005) and cross-linking of the collagen matrix (Badylak et al., 2008). Recent
efforts have focused on development of improved decellularization methods (Keane et al., 2012)
as well as using these scaffolds as a biological augmentation rather than a mechanical

augmentation (Badylak et al., 2008).
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Recently, other means of biological augmentation have been utilized to improve the
healing of a torn rotator cuff, including stem cells (Chen et al., 2011; Gulotta et al., 2009),
platelet-rich plasma (Castricini et al., 2011), and growth factors (Chen et al., 2011). Chen et al.
(Chen et al., 2011) combined periosteum progenitor cells with an injectable hydrogel laden with
BMP-2. The hydrogel was then injected at the tendon-bone interface after rotator cuff repair in
rabbits. They observed increased fibrocartilage and bone formation by 4 weeks and 8 weeks.
Biomechanically, the hydrogel also improved the ultimate load of the tendon-bone interface
compared to control. On the other hand, the use of platelet-rich plasma has been found to be
ineffective in improving the surgical outcome of rotator cuff repair in humans (Castricini et al.,

2011).
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3.0 RATIONALE

Soft tissue fixation in orthopaedic surgery as in the cases of graft fixation in ACL reconstruction
and repair of a torn rotator cuff is done using screw-like fixation devices, such as an interference
screw or a suture anchor. These devices are currently made of either a non-degradable metal or a
bioresorable polymer. These materials have some unique strengths: excellent mechanical
properties and acceptable biocompatibility for metals; biodegradability and suitability with MRI
for polymers. However, many complications have been reported in the literature with the current
fixation devices made of these materials. Hence, an alternative to overcome these issues would

be highly desirable.

3.1 COMPLICATIONS ASSOCIATED WITH CURRENT FIXATION DEVICES

3.1.1 Metallic Devices

A major advantage of metallic materials is their high mechanical properties (Gay et al., 2009; Li
et al., 2010; Li et al., 2003), with the elastic moduli in the order of 100 GPa (Ho et al., 2010; Li
et al., 2010), to provide good initial fixation strength. They have also been shown to have
acceptable biocompatibility for osteointegration (Beevers, 2003; Brand et al., 2000; Suchenski et
al., 2010a). Nevertheless, there are several issues associated with metallic materials. Because of

their ferromagnetic nature, they can distort post-operative MRI images (Bowers et al., 2008;
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Shellock et al., 1992) (see Figure B.1). Clinical studies have shown that the presence of these
metallic interference screws can interfere and confound the interpretation of surgical results
(Bowers et al., 2008; Venter et al., 2001). Also, due to their permanency, if subsequent surgeries
are needed, e.g. revision ACL reconstruction surgery, these devices need to be removed, further
complicating these already difficult operations (Brand et al., 2005; Shen et al., 2010; Weiler et al.,
1999; Zantop et al., 2006). In pediatric patients, the extensive implantation of non-degradable
metal devices is problematic, potentially causing growth restriction and skeletal morphological

alteration (Yaremchuk and Posnick, 1995).

Figure B.1. MRI interference cause by a titanium interference screw used for ACL

reconstruction. (Source: Bowers et al., 2008)

3.1.2 Polymer-Based Bioresorbable Devices

The disadvantages of non-degradable metallic devices have led to the development and increased
use of bioresorbable polymer-based devices. They are advantageous since they would not distort
MRI images. Further, since they are biodegradable, their removal is not required for a secondary

surgery (Safran and Harner, 1996). In laboratory studies, polymer-based interference screws
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have been shown to provide comparable initial fixation as titanium-based interference screws
(Beevers, 2003). However, the rate of their degradation has been highly variable, ranging from
almost complete resorption within one year to a significant presence at 4 years post-operatively
(Ahmad et al., 1998; Bostman et al., 1992; Stahelin et al., 1997; Tay et al., 1999; Walton and
Cotton, 2007). For these screws to degrade more quickly (<1 year), their initial mechanical
properties have to be lower as a trade-off in material design. Their elastic moduli are generally
10 times lower than those for titanium alloys (Gay et al., 2009; Ho et al., 2010; Li et al., 2010)
and leads to complications, like screw breakage during implantation (Barber et al., 1995;

Lembeck and Wulker, 2005; Smith et al., 2003).

Figure B.2. Polymer interference screw is intact after 24 months as shown in MRI (arrow).

(Source: Barber et al., 1995)

Many have reported other complications, including migration of these bioresorbable
screws into the intra-articular space following post-implantation breakage (Baums et al., 2006;
Bottoni et al., 2000; Macdonald and Arneja, 2003; Shafer and Simonian, 2002) as well as
inflammation (Boffa et al., 2009; Bostman et al., 1990; Kwak et al., 2008) that could contribute

to poor osteointegration. Even with successful short-term results, bone tunnel widening and
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incomplete filling of the tunnel could still occur in a significant portion of patients (Barber and
Boothby, 2007; Fink et al., 2000; Laxdal et al., 2006; Moisala et al., 2008; Weiler et al., 2002).
One study done at 10 year follow-up found that all patients had an osseous cyst in place of the
degraded polymer screws (Ahmad et al., 1998).

Recently, biocomposite materials that are composed of polyester combined with ceramic
particles (e.g., hydroxyapatite (HA) or B-tricalcium phosphate (B-TCP)), have been introduced to
address the poor osteointegration of the bioresorbable polymeric screws (Garbern et al., 2011;
Hunt and Callaghan, 2008; LeGeros, 2002; Lu et al., 2009; Macarini et al., 2008; Tecklenburg et
al., 2006). However, their effectiveness has not yet been well demonstrated (Ahmad et al., 1998;
Barber and Dockery, 2008). In a study using B-TCP-PLLA screws, only 10% of patients had
complete filling of the bone tunnel following degradation of the screw (Myer et al., 2011).
Furthermore, like polymeric materials, ceramics are extremely brittle, and thus, breakage during

implantation remains a significant problem (Cojocaru et al., 2003).

3.2 ANEW CLASS OF MATERIALS — THE USE OF MAGNESIUM-BASED
MATERIALS FOR ORTHOPAEDIC IMPLANTABLE DEVICES

3.2.1 History of Magnesium-Based Materials

The use of Mg-based materials for orthopaedic applications started in the early 20th century
(Witte, 2010). The first successful application was for fixation of a humeral fracture using Mg
nails. It was shown that although gas cavities formed around the implant, the fractured bone
could heal. After this initial success, other applications followed, including pins for fracture
fixation and pegs as intramedullary (Witte, 2010). In most cases, hydrogen evolution was

significant but did cause inflammation or other adverse effects on the surrounding tissues. From
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these initial studies, researchers learned that magnesium should not be used with other metals as
they would lead to galvanic corrosion.

In the mid 20th century, larger scale clinical trials with Mg-based implants ensued,
encouraged by the success in the earlier period. For example, Troitskii and Tsitrin successfully
treated pseudarthrosis in 34 patients with screws and plates made of a Mg-Cd alloy (Witte, 2010).
However, concerns of uncontrolled degradation and resulting gas cavities deterred most surgeons
from adopting magnesium and its alloys for orthopaedic applications. Hence, more corrosion-
resistant metals, such as stainless steel and titanium-based alloys have been introduced and

dominated orthopaedics.

3.2.2 Advantages of Magnesium-Based Materials

3.2.2.1 Mechanical Properties

Mg alloys have appropriate mechanical properties over both polymeric materials and other non-
degradable metallic materials, such as Ti-based alloys (Hort et al., 2010; Mantovani et al., 2003;
Padua et al., 2009; Paramsothy et al., 2010; Staiger et al., 2006; Witte; Witte et al., 2005). Mg
alloys have a modulus and tensile strength (41-45 GPa and 230-250 MPa, respectively) that is
about 4-20 and 3-16 fold higher than PLLA polymers (2.2-9.5 GPa and 16-69 MPa, respectively).
Plus, Mg alloys are much more ductile than polymeric materials, reducing the risk of brittle
fracture. Thus, screws made from Mg alloys would yield better fixation strength and less risk of
breakage during implantation. Meanwhile, the modulus and tensile strength of Mg alloys are 2-4
times lower than those of Ti alloys (110-117 GPA and 830-950 MPa, respectively) and more

closely match those of cortical bone (3-20 GPa and 100-200 MPa, respectively). As such, this
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novel material would reduce stress-shielding of the surrounding bone while still providing the

needed fixation strength.

3.2.2.2 Controlled Degradation

Mg alloys can be designed to degrade at a desired rate (Mesfar and Shirazi-Adl, 2006; Padua et
al., 2009). Animal studies reported that several Mg alloys implanted into the femur of guinea
pigs have been degraded while a PLLA polymer showed very little degradation at 6 and 18
weeks post-surgery. On the other hand, the Mg alloy AZ31 had degraded about 30% and 70% at
6- and 18-weeks post-surgery, respectively. Recent work has also shown that the rate of
degradation of Mg alloys can be controlled by including biocompatible alloying elements or
through surface coating techniques (Liao et al., 2013) without compromising their initial

mechanical properties.

3.2.2.3 Biocompatibility and Osteoinductivity

Mg alloys have been shown to be an biocompatible biomaterial (Padua et al., 2009; Waselau et
al., 2007; Witte et al., 2006; Witte et al., 2005). When Mg alloy based substrates (AZ21) were
placed within in-vitro culture conditions, they could support stromal cell adhesion and growth as
well as differentiation toward an osteoblast-like phenotype. Further, Mg-based alloy shave been
shown to be osteoinductive. When placed in-vivo in a rabbit model, Mg scaffolds (alloy AZ91D)
was found to degrade together with enhanced formation of extracellular matrix and an increased
rate of mineral apposition adjacent to it (Witte et al., 2007). In addition, an increased bone cell
function that resulted in higher bone mass and a tendency to a more mature trabecular bone
structure was found. When compared to a degradable polymer (SR-PLA96) in the femur of the

guinea pig, Mg alloys (e.g. AZ31) showed higher mineralized bone formation at 6 and 18 weeks
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post-operation (see Figure B.3) (Witte et al., 2005). In all cases, no adverse inflammatory

response (e.g. fibrous tissue formation) has been observed.

Figure B.3. In-vivo fluoroscopic staining of cross-sections of a degradable polymer (a) and a
magnesium rod (b) in a guinea pig femur at 18 weeks. Bar=1.5mm; I=implant residual;

P=periosteal bone formation; E=endosteal bone formation. (Source: Witte et al., 2005)

3.2.2.4 Suitability with Imaging Modalities

Mg-based alloys do not interfere with magnetic resonance imaging unlike other metallic
materials, such as titanium or stainless steel alloys. Ernstberger et al. evaluated artefacts caused
by Mg-based intervertebral discs and observed minimal interference by Mg-based discs
(Ernstberger et al., 2010). In fact, the amount of artefact caused by Mg-based discs was
comparable to that for polymer control. At the same time, Mg-based alloys can be imaged in vivo
using computed tomography (Willbold et al., 2011) allowing accurate assessment of device

degradation and bone formation.
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3.2.1 Recent Developments in Magnesium-Based Materials

Recent developments in alloying, surface treatment/coating, and manufacturing have made it
possible to modulate corrosion rates as well as mechanical and physical properties of Mg-based
materials to tailor them for orthopaedic applications. Alloying elements for Mg-based materials
can be those naturally occurring in the body, such as calcium (Ca), zinc (Zn), manganese (Mn),
Fluorine (F), and so on. Zberg and co-workers demonstrated and the corrosion rate of
magnesium can be modulated by changing contents of alloying components in a MgZnCa alloy
without affecting its mechanical properties. This could make it possible to modulate the
degradation rate of an implant to match the healing time of the injured tissue. Surface treatments
can further fine-tune degradation of Mg-based materials. One of the most promising methods is
calcium phosphate (Ca-P) coating (Ishizaki et al., 2009). With a simple immersion method, a
Mg-based alloy AZ31 could be coated with Ca-P, and it could lower the degradation rate by 2
orders of magnitude.

Surface coatings not only improved degradation rates but also improved biocompatibility
of Mg-based materials. Coating a MgMnZn alloy with Ca-P could significantly improve cell
proliferation of mouse fibrosarcoma when used in vitro as a culture substrate (Xu et al., 2009).
Functionalization of the surface of Mg-based materials has become also possible to improve
biocompatibility. Kunjukunju et al. have demonstrated that a Mg-based alloy can be coated with
PLLA-alginate (Kunjukunju et al., 2013). This surface could be conjugated chemically with
fibronectic to vastly improve cell attachment.

To further enhance biocompatibility of Mg-based materials, methods have become
available to modify their physical properties, such as porosity. For example, a porous Mg-CaP

scaffold was created and implanted in femoral defects in rabbits (Wei et al., 2010). In 6 months,
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the majority of the Mg-CaP scaffold had degraded and 81% of the defect was filled with re-
grown bone, whereas with bone cement, only 47% of the defect was filled.

These improvements have clearly made Mg-based materials to have a greater potential to
be used as a biodegradable material for orthopaedic applications. In fact, a human clinical trial is
currently ongoing to test the use of a Mg-based screw for fixation of Hallux (Windhagen et al.,
2013). It was demonstrated that Mg-based screws could achieve comparable fixation as a
titanium control and achieve good bone healing. In the near future, more clinical applications of

Mg-based materials are expected.

27



4.0 OBJECTIVES

4.1 BROAD GOALS

The overall objective of this dissertation is to develop screw-like devices made of a novel class
of biodegradable metallic materials, namely using magnesium as an alternative because its
desirable properties can effectively address shortfalls of the existing metallic and polymeric
materials currently used to make these devices. First, since the Mg-based devices can be
engineered to match their degradation profile to the healing process, the healing tissue can take
over the function. Secondly, even though it is biodegradable, Mg-based devices would have good
mechanical properties, reducing the risk of breakage. Lastly, the Mg-based devices will greatly
enhance the treatment of pediatric orthopaedic population as it will not get in the way with the
patient’s growth. Mg-based interference screws for ACL reconstruction and Mg-based suture
anchors for rotator cuff repair will be developed as examples. The development process and
methods of evluation can then be used for other similar applications. Thus, at the completion of
this dissertation, we hope to improve the clinical management of soft tissue injuries for both

adult and pediatric patients significantly.
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4.2 SPECIFIC AIMS AND HYPOTHESES

Specific Aim 1: Develop a Mg-based interference screw and test its feasibility for soft-tissue
(bone-patellar tendon-bone graft) fixation in the bone tunnel for ACL reconstruction and
evaluate its biomechanical function and biocompatibility at time zero and 12 weeks. Mg-
based interference screws will be designed using finite element analysis (FEA) and preliminary
in vitro testing. Mg-based interference screws will then be manufactured, and time-zero fixation
of a bone-patellar tendon-bone graft for ACL reconstruction will be evaluated in goat stifle joints
in terms of resistance to graft slippage upon cyclic loading and structural properties of the femur-
graft-tibia complex. In vivo biomechanical performance for ACL reconstruction will be
evaluated in a goat model at 12 weeks of healing period. The structural properties of the bone-

graft-bone complex and restoration of joint function will be evaluated.

Hypothesis 1.1: A Mg-based interference screws of similar physical dimensions
(diameter, length, and thread depth and pitch) as titanium screws would provide
comparable initial fixation strength and stiffness as these dimensions have been shown to

dictate fixation of a screw (Chapman et al., 1996).

Hypothesis 1.2: With good initial fixation of the graft confirmed in Hypothesis 1.1, the

ACL reconstruction with a Mg-based interference screw will be able to restore joint

stability as the in situ forces in the graft will be at the levels of the intact joint at time zero.

Hypothesis 1.3: After 12 weeks of healing, good biocompatibility is expected in terms of

bone formation around the Mg-based interference screws. Osteogenic potential of the
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Mg-based interference screws will accelerate osteointegration, leading to earlier and
increased loading of the BPTB graft, thus helping with the graft incorporation that would

ultimately lead to good graft function and joint stability.

Specific Aim 2: Design and manufacture a Mg-based biodegradable suture anchor for soft-
tissue fixation, i.e. re-approximation of the torn rotator cuff on the humeral head in a
rotator cuff surgery, and evaluate its biomechanical function at time zero. Using a similar
design process as Specific Aim 1, Mg-based suture anchors will be designed and optimized
using finite element analysis (FEA) and in vitro testing. Mg-based suture anchors will then be

manufactured, and time-zero fixation will be evaluated in terms of pull-out strength and stiffness.

Hypothesis 2.1: By optimizing thread pitch and depth, the pull-out strength of Mg-based
suture anchors can be improved as these parameters have been shown to dictate the pull-

out strength of screw-like devices (Chapman et al., 1996).

Hypothesis 2.2: Mg-based suture anchors of similar physical design as polymer suture

anchors would provide superior initial fixation strength compared to polymer-based

suture anchors thanks to improved mechanical properties.
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5.0 SPECIFIC AIM 1: MAGNESIUM-BASED INTERFERENCE SCREW

The goal of the Aim 1 is to demonstrate feasibility of Mg-based materials for soft-tissue-to-bone
fixation in orthopaedic surgery by developing a Mg-based interference screw for ACL
reconstruction and evaluating its biocompatiblity and biomechanical performance both in vitro
and in vivo. The design of a Mg-based interference screw will be optimized by using finite
element analysis to ensure secure fixation of the ACL replacement graft at time zero. Then, using
the robotic/UFS testing system, joint stability and graft function after ACL reconstruction using
Mg-based interference screws will be evaluated at time zero to test whether they can be restored
close to the normal levels at time zero. Also, the femur-graft-tibia complex will be subjected to a
uniaxial tensile test to ensure a Mg-based interference screw could provide good fixation of the
replacement graft. At 12 weeks of healing, joint stability and graft function will be evaluated to
test whether they are maintained compared to those at time zero. Uniaxial tensile testing will also

be performed at 12 weeks to see if fixation is maintained and good graft integration has occurred.

5.1 GENERAL APPROACH

5.1.1 Design Optimization through Finite Element Analysis

Based on preliminary testing with prototypes based, issues with Mg-based interference screws
were identified, namely screw stripping. A 3D model of Mg-based interference screw was built,

and stress concentrations that led to those issues were identified in finite element analysis. To
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alleviate this issue, drive depth and shape were varied in the finite element software and their
effects on stress concentration in a Mg-base interference screw were investigated. Based on the
findings of this analysis, optimal shape and depth for the screw drive were determined and Mg-

based interference screws were manufactured.

5.1.2 In Vitro Evaluation of Mg-Based Interference Screw

In the second study, it was tested whether ACL reconstruction using Mg-based interference
screws could restore joint stability and graft function at time zero. ACL reconstruction was
performed on adult female Spanish goats in vitro using Mg-based interference screws to fix a
bone-patellar tendon-bone autograft. (Abramowitch et al., 2003). Using the robotic/UFS testing
system, anterior-posterior tibial translation (APTT) was measured in response to an anterior
tibial load as a measure of joint stability. Also, in-situ force in the ACL and the replacement graft
were obtained as a measure of graft function. To ensure that fixation of the replacement graft is
secure, the femur-graft-tibia complex (FGTC) was subjected to a cyclic creep test to measure

residual elongation and a load-to-failure test to obtain structural properties.

5.1.3 In Vivo Evaluation of Mg-Based Interference Screw

The third study was designed to test in vivo biocompatibility and biomechanical performance of
Mg-based interference screws in a goat model. In vivo ACL reconstruction was performed on
adult female Spanish goats with 12 weeks of healing period. 12 weeks was chosen as this is
when the graft is going through remodeling and its mechanical properties are recovering from
early inflammation and healing (Ng et al., 1995). Stifle joints were harvested and tested on the

robotic/UFS testing system. The APTT (joint stability) and in situ forces in the graft (graft
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function) at 12 weeks were obtained. The structural properties of the FGTCs were also obtained

through uniaxial tensile testing.

5.2 METHODS

5.2.1 Initial Design of Mg-Based Interference Screw

The initial design of a Mg-based interference screw was based on the animal model used for in
vitro and in vivo evaluation. The goat model was chosen based on its large joint size for ease of
surgery and successful previous results with in vivo ACL reconstruction without complications
(Abramowitch et al., 2003). Female Spanish breed goats between ages of 4 and 5 years were
used because this strain of goats are less prone to disease and relatively easy to handle.
Hindlimbs of goats of the same breed and age range were used for both time zero and in vivo
evaluation. This allowed for comparison between time zero and later time points.

The optimal dimensions of a Mg-based interference screw for the goat model were
determined as 5 mm by 15 mm (see Figure C.1). This size was optimal to match a 6 mm-wide
bone-patellar tendon-bone (BPTB) graft, an optimal graft size to minimize the risk of patellar
tendon failure and, at the same time, achieve good fixation. Previously, in vitro goat ACL
reconstruction using a BPTB graft fixed with a titanium interference screw of the same
dimensions achieved good fixation (Musahl et al., 2003). The screw drive was 3 mm deep and

had a hexagonal shape.
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Figure C.1. Initial design of Mg-based interference screw. A: Dimensions (length, diameter, and

drive depth). B: Hexagonal drive.

Prototype Mg-based interference screws were first made with pure magnesium, and
preliminary testing was performed by fixing a bone-patellar tendon-bone graft in a femoral bone
tunnel in 10 goat femora. From this, it was found that a Mg-based interference screw made of
pure magnesium was not strong enough to withstand the torque required to insert the screw
properly in the tunnel to provide good interference fit. The issue was attributed to the failure of
screw drive leading to screw stripping (8 out of 10 trials). Thus, a switch to alloy AZ31
(@aluminum 3 wt-% and zinc 1 wt-%) was made as it provided improved mechanical properties.
AZ31 was also shown to be more corrosion resistant compared to pure Mg (Inoue et al., 2002).

Mg-based interference screws manufactured with AZ31 alleviated the screw stripping problem.
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5.2.2 Uniaxial Tensile Testing of Initial Mg-Based Interference Screw

Mg-based interference screws with the above dimensions were manufactured with AZ31. In
order to ensure that they can be used for ACL reconstruction, preliminary in vitro testing was
performed. Stifle joints of adult Spanish goats were obtained from an approved animal vendor.
The specimens were stored in -20°C and thawed overnight before testing. All soft tissues on the
tibial and femoral shafts were removed with only the soft tissue in and around the joint intact.
The tibia and femur were then embedded in an epoxy material. A 5-mm wide bone-patellar
tendon-bone graft was harvested. 6-mm wide bone tunnels were created on the femoral and tibial
footprints of the ACL. The graft was placed in the tunnels and fixed with Mg-based interferences
on both sides. All surrounding soft tissues were removed around the joint leaving just the femur-
graft-tibia complex (FGTC). The FGTC was mounted on a materials testing machine and

subjected to a uniaxial tensile testing as described in section 5.3.2.

5.2.3 Finite Element Analysis of Mg-Based Interference Screw

To address screw stripping of the Mg-based interference screw, finite element analysis was
performed with the initial design of Mg-based interference screw using ANSYS 14.5 (ANSYS,
Canonsburg, PA). First, 3D model of a Mg-based interference screw was constructed. The 3D
model was embedded in a bone block (polyurethane foam, E = 57.0 MPa, v = 0.240) to simulate
a tensile test in the finite element analysis software (see Figure C.2). The model including the
Mg-based interference screw and the bone block was meshed with tetrahedral elements and

convergence was confirmed through convergence tests.
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Figure C.2. 3D model of Mg-based interference screw embedded in a bone substitute material
for finite element analysis. B: Outside view of meshed model. C: Cross-sectional view of meshed

model. (Source: Flowers, 2013)

For model validation, the pull-out force of the Mg-based interference screw was
determined with the following boundary and loading conditions. First, the bottom surface of the
bone block was rigidly fixed. Displacements were applied to the top surface of the Mg-based
interference screws embedded in the bone block as a loading condition to mimic a tensile test.

The maximum displacement was determined as a displacement value at which von Mises
stress in either the mg-based interference screw or the bone block exceeds its shear strength. At
the maximum displacement, pull-out strength of the Mg-based interference screw was calculated
by summing reactions forces on the screw body. This value was compared to the value
determined by a previously published equation that predicts the pull-out strength of a cancellous
bone screw based on screw dimensions and thread design (Chapman, 1995) for validation.

Using the validated model, parametric optimization was performed. The purpose was to
modify the screw drive design to reduce stress in the screw while a torque was applied to the

drive for insertion. For this, shape and depth of the screw drive were varied parametrically to
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determine the optimal values to minimize stress. The threads of the Mg-based interference screw
were rigidly fixed to simulate friction with the surrounding bone during insertion. A 2 N-m
torque was applied to the inner surface of the screw drive, and von Mises stress in the screw was
determined. Optimal shape and depth of the drive that could reduce screw stripping were chosen

for the finalized design to manufacture Mg-based interference screws.

5.2.4 In Vitro Evaluation of Improved Mg-Based Interference Screws

5.2.4.1 Surgical Procedure

ACL reconstruction using a bone-patellar tendon-bone autograft was performed through
open surgery as described previously (Abramowitch et al., 2003). An anterior incision is made
on the skin in the middle of the patella down to the tibial tuberosity. A 5-mm-wide BPTB graft
was harvested with a 5 mm by 15 mm piece of bone taken from the patella and the tibia. The
patellar end of the graft was armed with 2 Ethibond #2 sutures, and the tibial end was armed with
a single Vicryl #2 suture. The ACL was completely resected, and a bone tunnel was drilled
through its insertion site at the posterior portion of the femoral origin between 10 or 11 o'clock
directions. On the tibial side, a bone tunnel was drilled at the anterior portion of the ACL
footprint, with the opposite end exiting through the bony surface of the medial face of the tibia.
The tibial end of the BPTB graft was pulled through the bone tunnels from the tibial opening.
After placing the tibial end of the graft inside the femoral tunnel with the bone piece completely
in the bone tunnel, a guide wire for screw placement was inserted next to the tibial bone piece of
the graft. The graft was then fixed in the femoral tunnel by screwing in a Mg-based interference
screw on top of its bony end, achieving interference fit. With 35 N tension on the graft, the joint

was extended and flexed ten times. Fixation of the graft on the tibia was done with a double-
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spiked plate and a staple with 35 N tension. Fixation of the graft was examined by performing a
drawer test manually at various flexion angles. The patellar tendon was then sutured together to

help healing, and the skin was sutured back together.

5.2.4.2 Methods of Evaluation

Robotic/UFS Testing System

The robotic/UFS testing system is an innovation developed and used in our research center for
over two decades (Fox et al., 1998; Woo et al., 1999a). The robotic manipulator is capable of
recording and reproducing the relative positions between the femur and tibia in the 3-
dimensional space with an accuracy of less than 0.2 mm and 0.2° with full 6-DOF of motion. The
UFS can measure three forces and three moments along and about a Cartesian coordinate system
with an accuracy of less than 0.2 N and 0.2 N-m. In combination, the testing system can operate
in force-control, position-control, and hybrid-control modes to gain information on joint

kinematics as well as the forces carried by the ligaments.
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Figure C.3. 6 degree-of-freedom robotic/UFS testing system for joint kinematics and in situ

force measurement. (Source: Farraro et al., 2014)

Goat stifle joint specimens were wrapped in saline soaked gauze and kept in - 20° C until
the day prior to testing (Woo et al., 1986). After thawing at room temperature overnight, the
tibial and femoral shafts were cleaned of any soft tissue with only the soft tissue in and around
the joint intact and embedded in an epoxy material. The prepared specimen was then mounted on
the robotic/UFS testing system.

The passive path was determined by flexing the joint at one degree interval from full
extension to full flexion while minimizing forces and moments in the joint at each angle. This
served as a reference position at each flexion angle. The intact joint was then subjected to a 67 N
anterior-posterior (AP) tibial load. Resulting kinematics (K;) and forces (F;) were recorded at 30,
60, and 90 degrees of flexion. After dissecting the ACL (ACL-deficient state), the kinematics of

the intact state (K,) were replayed and the resulting forces (Fp) were recorded. In situ forces in

39



the intact ACL were obtained by subtracting Fp from F,. In the ACL-deficient joint, a 67 N AP
tibial load was applied, and the resulting kinematics (Kp) was also recorded.

ACL reconstruction was performed on the stifle joints as described in Section 5.2.2. The
ACL-reconstructed joint (ACLR) was then subjected to a 67 N AP tibial load, and the resulting
kinematics (Kg) and forces (Fr) were recorded. Afterwards, the replacement graft was removed,
and Kg was replayed. The resulting force (Fr-) was subtracted from Fg to obtain in situ forces in
the replacement graft. Anterior-posterior translations from K,, Kp, and Kgr were obtained as a

measure of anterior-posterior stability of the joint.

Uniaxial Tensile Testing
With a femur-graft-tibia complex, uniaxial tensile testing was performed using a materials
testing machine. After mounting the FGTC on a MTS, 3 N preload was applied; then, the
specimen was preconditioned with 10 cycles between 0 and 1.5 mm of elongation at 50 mm/min.
After an hour long recovery period, three cyclic loading tests were performed. In the first cyclic
loading test, the femur-graft-tibia complex was loaded between 20 N and 70 N at 50 mm/min for
100 cycles. After another hour-long recovery period, the FGTC was loaded between 20 N and
105 N at the same extension rate with the same number of cycles. A higher load was chosen to
simulate high intensity activities, such as running, as goats tend to be highly active even during
the healing period. The third test was between 20 N and 70 N to see if the higher load in the
second test had any lasting effect. At the end of the hour-long recovery period after each test,
residual elongation, permanent non-recoverable elongation of the FGTC, was recorded.

After the cyclic loading tests, the FGTC was subjected to a load-to-failure test at 10

mm/min, and a load-elongation curve was recorded. From the load-elongation curves, stiffness
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was calculated as the slope of the linear region of the curve and ultimate load and elongation

were obtained.

I Tensile load

Tibia

Femur Graft

Figure C.4. Tensile testing of a femur-graft-tibia complex (FGTC). Femur is fixed in the bottom

clamp, and the tibia is translated uniaxially to apply a tensile load to the FGTC.

5.2.5 In Vivo Evaluation of Improved Mg-Based Interference Screw

5.2.5.1 Surgical Procedure and Post-Operative Care

All surgeries were performed in compliance with the University of Pittsburgh IACUC policies
using an approved protocol. All surgical procedures were performed using sterile techniques.
The goats were pre-anesthetized with ketamine and intubated. Isoflurane gas anesthesia was used
for the duration of the surgery. The right hindlimb served as the experimental group, while the
left hindlimb served as a sham-operated control. On the left stifle joint, a medial incision was

made to access the joint space and remove the fat pad. Then the incision was sutured close. This
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was to isolate the experimental effects of the ACL reconstruction alone and reduce the potential
effects of the surrounding tissues such as skin or fat pad. In the right hindlimb, an anterior
midline skin incision was made to harvest a 6 mm wide central third patellar tendon graft
complete with a small portion of the bone from the patella and tibia. Then the joint space was
approached through medial incision.

The ACL was completely resected, and a 6-mm wide osseous tunnel was drilled through
the posterior portion of the femoral insertion site of the ACL. The tibial tunnel was created on
the tibial insertion of the ACL. The bone blocks of the bone-patellar tendon-bone (BPTB) graft
to be passed through the femoral and tibial tunnels will be trimmed to snugly pass through a 6
mm sizer, respectively. The tibial bone block of the BPTB graft was placed in the femoral tunnel.
A Mg-based interference screw was inserted in the bone tunnel next to the bone piece of the graft
to provide a interference fit. Two size 2 sutures (Ethibond, Ethicon, Cincinnati, OH) were
placed on the other end of the graft on the tendon substance. A double-spiked plate and screw
(Smith and Nephews, Andover, MA) was attached to the graft using the sutures. With 35 N
tension applied to the graft, the double-spiked plate and screw was fixed on the medial surface of
the tibia. A bone staple was placed on the graft next to the spiked plate for additional fixation.
The patellar tendon and skin were closed sequentially using resorbable sutures of size 2-0 (Vicryl
2-0, Ethicon, Cincinnati, OH).

Post-operatively, the goats were monitored daily for signs of pain and infection, as well
as joint function (weight bearing and ambulation). X-rays were taken at 4 week intervals to
ensure there is no serious complication, such as patellar tendon failure or bone fracture. At 12
weeks, they were euthanized humanely following an approved procedure, and the hindlimbs

were harvested for testing.
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Figure C.5. Bone-patellar tendon-bone graft prepared with suture arms. B: A Mg-based
interference screw is about to be placed in the femoral tunnel to fix the BPTB graft. C: A Mg-
based interference screw (arrow) is driven all the way in the femoral tunnel. A white band of

shiny tissue next to the Mg-based interference screw is the BPTB graft.

5.2.2 Methods of Evaluation

Robotic/UFS Testing System

The stifle joints harvested from the in vivo study animals were stored and prepared in a similar
manner as the in vitro evaluation. The stifle joint was mounted on the robotic/UFS testing system
and the passive path was determined. A 67 N AP tibial load was then applied to the joint, and the
resulting kinematics (Ky) and forces (Fy) were recorded at 30, 60, and 90 degrees of flexion.
Anterior-posterior translation from Ky was used as a measure of anterior-posterior stability of the

joint. All soft tissues in and around the joint as well as bony contacts were removed, and Ky was
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replayed. The resulting forces (Fg) were in situ forces in the replacement graft. The remaining

femur-graft-tibia complex was subjected to uniaxial tensile testing immediately after.

Uniaxial Tensile Testing

With the femur-graft-tibia complex, uniaxial tensile testing was performed using a materials
testing machine. A 3 N preload was first applied. The FGTC was then subjected to a load-to-
failure test at 10 mm/min, and a load-elongation curve was recorded. From the load-elongation
curves, stiffness was calculated as the slope of the linear region of the curve, and ultimate load

and elongation were obtained.

5.3 RESULTS

In this section, results for Specific Aim 1 are presented. First, results from uniaxial tensile testing
of the initial Mg-based interference screws will be discussed to show the need to improve the
design. Then, results of the finite element analysis show how the issues with the initial design
could be improved by modifying the drive design. The following in vitro evaluation of the
improved Mg-based interference screw show whether they can be used for ACL reconstruction
to restore initial joint stability and graft function. Also, results of tensile testing of the FGTC are
presented to confirm good graft fixation. Finally, results of the in vivo evaluation at 12 weeks are

presented and compared to those at time zero.
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5.3.1 Uniaxial Tensile Testing of Initial Mg-based Interference Screw

2 out 4 Mg-based interference screws with the initial design made of AZ31 stripped during
insertion to fix the graft. When stripped, the stripped screw was removed and another Mg-based
interference screw was inserted as done during actual surgery. Total residual elongation of the
Mg-based interference screws was significantly higher than that of a titanium interference screw
after 3 cyclic tests (1.4 + 0.4 mm vs. 4.0 + 1.1 mm; p < 0.05; see Table 1). Interestingly, the
stiffness was higher for Mg-based interference screws (p < 0.05), while the ultimate load was
comparable. This indicated that the stripping problem with Mg-based interference screw may
have prevented complete insertion in the tunnel. This presented a need to improve the screw
design to eliminate screw stripping to ensure that the Mg-based interference screw could be fully

inserted to provide good fixation.

Table 1. Residual elongation and structural properties of the FGTC with initial Mg-based

interference screws and titanium screws.

Mg-Based Screw Ti Screw

(N=4) (N=4)

Residual Elongation (mm) 40+1.1* 1.4+£04
Stiffness (N/mm) 446 +7.3* 30.8+11.3

Ultimate Load (N) 203 £ 18 211 £ 52

5.3.2 Finite Element Analysis of Mg-Based Interference Screw

With the model, convergence was achieved around 100,000 elements where the element size was

0.1 mm (see Figure C.6). With the initial design of Mg-based interference screw, upon applying

45



a 2 N-m torque to the hexagonal drive, it was found that stress concentrations arise at the six
edges of the drive (see Figure C.7). Maximum von Mises stress was at these edges and it was
195 MPa. This was well above tensile strength of pure magnesium. Thus, this result corroborate
the finding from preliminary testing that the initial Mg-based interference screws stripped during
insertion. The change of material from pure magnesium to AZ31 alleviated this problem

somewhat because tensile strength of AZ31 (250 MPa) was above the predicted maximum von

Mises stress.
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Figure C.6. Convergence curve of the finite element model based on maximum von Mises stress

in the Mg-based interference screw. (Flowers, 2012)
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Figure C.7. Stress concentrations (at white arrows) at six edges of the hexagonal screw drive.

Comparison of various drive shapes revealed that a quadrangle (see Figure C.8) could
make the edge of the drive substantially sharper without significantly increasing maximum von
Mises stress compared to a hexagon (209 MPa vs. 195 MPa). This increased the amount of
material that needed to be deformed before the drive would strip, i.e. to become circular. Other
drive shapes, triangular, trilobe, torx, and turbine, could not be considered as with these shapes,
it was difficult, if not impossible, to have a large enough cannulation in the driver to pass a guide
wire through with the given dimensions of the Mg-based interference screw, which was an

essential feature to perform ACL reconstruction.
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Hex Square

Figure C.8. Hex drive vs. square drive: With square drive, there is more material to resist

stripping (i.e. drive becoming circular).

Increasing the depth of the screw drive had an inverse relationship with the maximum
von Mises stress in the screw with a significant correlation (R* = 0.90). Up to 80% reduction in
maximum von Mises stress was achieved by increasing the drive depth to 12.5 mm. Beyond this
point, reduction was insignificant (< 5%). Based on these observations, the screw drive was
made square and to span 12.5 mm of the entire length of 15 mm as this value was the maximum
value where a significant benefit in reduced stress could be obtained. The final design is

illustrated in Figure C.9.
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Figure C.9. A: Schematic of the improved design of Mg-based interference screw. 12.5 mm long
drive (out of 15 mm total length) is indicated. B: Photograph of Mg-based interference screws

manufactured with AZ31.

5.3.3 In Vitro Time Zero Biomechanical Evaluation

5.3.3.1 Joint Stability and Graft Function

The APTT in the intact joint was between 4.8 mm and 5.5 mm at 30, 60, and 90 degrees of
flexion (see Table 2). This value increased by as much as 12 mm for the ACL-deficient joint,
which was up to three times that for the intact joint (see Figure C.10). After reconstruction with
a Mg-based interference screw, the APTT was reduced to within 1 mm of that of the intact joint,
and these values were not significantly different (see Table 2; p > 0.05). The in-situ force in the
replacement graft was between 51 N and 67 N (see Table 2). They were found to be within 5 N
of that of the intact ACL at all tested angles (See Table 2), and they were not significantly

different (p > 0.05; see Table 1).
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Table 2. Anterior-posterior tibial translation (APTT) of intact, ACL-deficient, and reconstructed

stifle joints and in situ forces in the ACL and replacement graft in response to a 67 N anterior-

posterior tibial load at time zero.

APTT (mm) In-Situ Force (N)
Flexion ACL-
angle Intact deficient Reconstructed ACL Graft
(degree) (N =6) (N = 6) (N=6) (N=6) (N=6)
30 55+0.9 17.9+4.9" 6.1+2.1 63 +13 67 +9
60 55+0.9 175+3.9" 6.2+23 57+6 60+9
90 48+0.8 156 +2.6" 55+ 1.7 51+6 51+9

* Significantly different from all the other states at a given flexion angle (p < 0.05).
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Figure C.10. (A) APTT and (B) in-situ force in response to a 67 N A-P tibial load at 30 degrees

of flexion.
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5.3.3.2 Uniaxial Tensile Testing of Femur-Graft-Tibia Complex

Residual elongation of the FGTC continued to increase up to 0.6 mm after two cyclic loading

tests for the Mg-based screw group (see Table 3). For the titanium screw group, it increased to

0.8 mm after the first two cyclic tests. Between the second and third cyclic loading tests, residual

elongation did not increase significantly for either group (p > 0.05), with the values at 7 mm and

8 mm, respectively. This indicated that residual elongation was converging to a stable value.

When residual elongations of the two groups were compared, they were not significantly

different after any of the three cyclic tests (see Figure C.11; p > 0.05).

The stiffness of the FGTC was 52 = 6 N/mm for the Mg screw group and 50 £ 10 N/mm

for the Ti screw group (See Table 3), and the difference was not statistically significant (p >

0.05). The ultimate load was 400 + 135 N and 440 £ 109 N/mm, respectively, and they were not

significantly different (p > 0.05). The ultimate elongation was 11.3 £ 2.6 mm and 13.1 £ 2.8 mm,

respectively, and these values were not significantly different (p > 0.05).

Table 3. Residual elongation after the 1st, 2nd, and 3rd cyclic loading test and structural

properties of the FGTCs from the load-to-failure test.

Residual Elongation (mm)

Structural Properties

. . Ultimate
1st test 2nd test 3rd test Stiffness Ultimate Elongation
(N/mm) Load (N)
(mm)

Mg-Based
Screw 0.3+0.3 06+0.6 0.7+05 52+6 400 + 135 11.3+26
(N=6)
Ti-Based
Screw 0.3+0.1 0.8 +0.3* 0.8+0.3 50+ 10 440 + 109 13.1+2.8
(N=6)

* Significant increase from the previous cyclic test
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Figure C.11. Residual elongation after 1st, 2nd, and 3rd cyclic tests: Mg-based interference

screw vs. titanium interference screws.

5.3.4 In Vivo Evaluation of Mg-based Interference Screws at 12 Weeks

5.3.4.1 Joint Stability and Graft Function

At 12 weeks, the goats could ambulate freely and run without any signs of limping, indicating
that the joint function was recovered. Using the robotic/UFS testing system, the anterior-
posterior tibial translations (APTT) in response to a 67 N APTL were found to be between 13.9
mm and 9.4 mm in the healing stifle joint (see Table 4). The APTT stayed constant between 30
and 60 degrees of flexion and decreased at 90 degrees of flexion. In situ forces in the healing
graft were between 40 N and 20 N. It also stayed constant between 30 and 60 degrees of flexion

and decreased at 90 degrees of flexion.
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Table 4. Anterior-posterior tibial translation and in-situ force in the replacement graft

immediately after ACL reconstruction (time zero) and after 12 weeks of healing.

APTT (mm) In-Situ Force (N)
Time Zero 12 Weeks Time Zero 12 Weeks
Flexion Angle (°) (N =6) (N =6) (N =6) (N =6)
30 6.1+2.1 11.5+3.1* 67+9 38 + 13*
60 6.2+23 12.6 +2.2* 60+9 35+ 8*
90 55+1.7 9.8 +2.9* 51+9 22 +13*

*Significantly different from time zero (p < 0.05).

In comparison to the results at time zero, the APTTs at 12 weeks were significantly
higher at all three angles (p < 0.05; see Figure C.12). The increased amounts were 5.4 mm, 6.4
mm, and 4.4 mm at 30, 60, and 90 degrees of flexion, respectively. The in-situ forces in the graft

also decreased significantly at 12 weeks compared to those at time zero (p < 0.05; see Figure

C.13). The decreased amounts were 29 N, 25 N, and 29 N at 30, 60, and 90 degrees of flexion,

respectively.
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Figure C.12. Anterior posterior tibial translation (APTT) at 12 weeks (N = 6) vs. time zero (N =

6). *significant difference between the two time points (p < 0.05).
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Figure C.13. In-situ forces in the ACL replacement at time zero (N = 6) vs. 12 weeks (N = 6).

*significant difference between the two time points (p < 0.05).
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5.3.4.2 Structural Properties of Femur-Graft-Tibia Complex

The load-elongation curve of the healing FGTC at 12 weeks was nonlinear similar to the shape
of the load-elongation curve obtained with the normal ACL (see Figure C.14). The stiffness of
the healing FGTC were 43 + 11 N/mm, and this value was comparable to that at time zero (p >
0.05, see Figure C.15). The ultimate load was 261 + 88 N, and there was no statistical difference
from that at time zero (p < 0.05, see Figure C.15). The ultimate elongation was 7.0 = 2.0 mm,

and this was a 38 percent decrease from that at time zero (11.3 + 2.6 mm) (p < 0.05).
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Figure C.14. Typical load-elongation curve of the femur-graft-tibia complex at 12 weeks.
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Figure C.15. Structural properties of the femur-graft-tibia complex at time zero (N = 6) vs. 12

weeks (N = 6). *significant difference between the two time points (p < 0.05).
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6.0 SPECIFIC AIM 2: MAGNESIUM-BASED SUTURE ANCHOR

In Specific Aim1, in vivo biocompatibility and biomechanical performance of a Mg-based alloy
for soft-tissue fixation was evaluated. Guided by the results of Specific Aim 1, Specific Aim 2
followed a similar process to design a Mg-based suture anchor for rotator cuff repair. First, using
finite element analysis, the design of a Mg-based suture anchor will be optimized in a similar
manner as done with the Mg-based interference screw. Mg-based suture anchors were then
manufactured and in vitro biomechanical evaluation was performed at time zero through uniaxial

tensile testing.

6.1 GENERAL APPROACH

6.1.1 Finite Element Analysis and Design Optimization

A Mg-based suture anchor was designed with dimensions determined from the literature for a
surgical procedure of rotator cuff repair (Fealy et al., 2006). A preliminary tensile test was
performed in vitro. With a 3D model of the Mg-based suture anchor, finite element analysis was
performed to simulate the tensile test of the Mg-based suture anchor. The model was validated
by matching the experimental data from the pull-out test. The validated model was then used to
perform parametric optimization where the key factors that affect fixation, namely thread pitch

and depth (Chapman et al., 1996), were varied, and their effect on von Mises stress in the screw
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and the surrounding bone substitute material was investigated. Based on the results of the
optimization, optimal values for the thread depth and pitch were chosen, and Mg-based suture

anchors were manufactured accordingly.

6.1.2 In Vitro Evaluation of Mg-Based Suture Anchor

With the manufactured Mg-based suture anchors, a tensile test was performed to ensure that Mg-
based suture anchors indeed achieve superior fixation strength compared to a polymer control.
Mg-based suture anchors were inserted in a pre-drilled hole in a sheep humerus. A steel wire was
placed as a replacement for a suture to ensure that there is no elongation other than displacement
of the Mg-based suture anchor. This was also to eliminate suture failure as a failure mode, which
could complicate comparison between different suture anchors. They were then subjected to a
pull-out test in porcine femora to obtain pull-out force (ultimate load) and stiffness (Barber et al.,

2008).

6.2 METHODS

6.2.1 Initial Design of Magnesium-Based Suture Anchor

The dimensions were based on the literature for the surgical model frequently used for rotator
cuff repair so that the manufactured Mg-based suture anchors could be eventually used for in
vivo studies (Fealy et al., 2006). The outer diameter and length were 6.5 mm and 16.5 mm,
respectively (see Figure D.1). Thread pitch was chosen to be 3 mm to allow for quick insertion
as with this will require only 5 turns. Thread depth was 1 mm. The suture eyelet was placed

distally (toward the leading end) and the diameter was 1.5 mm to fit two size 2 sutures. The

58



suture tracks ran along the opposite sides with 0.8 mm depth and 1.5 mm width to fit two size 2

sutures (see Figure D.1B).

A. Cross Section B. Top View C. 3D View

0.8 mm

Figure D.1. Schematic of design of Mg-based suture anchor. A: Cross sectional view showing
length and diameter, as well as thread pitch. B: Top view showing dimensions of the suture track.

C: 3-dimensional view of suture anchor showing the thread and suture track.

6.2.2 Finite Element Analysis

3D model of a Mg-based suture anchor was built using SolidWorks (Dassault, Waltham, MA)
(see Figure D.2) based on its dimensions described in Section 5.3.1.1. This 3D model was then
embedded in a polyurethane foam to simulate the tensile test described in the previous section.
This was done to validate the model by matching the experimental data from the pull-out test.
The material properties for magnesium (E = 9.60 x 10* MPa, v = 0.360) and polyurethane foam
(E =57.0 MPa, v = 0.240) were assigned respectively.

Finite element analysis was performed in ANSYS Workbench 14.5 (ANSYS,
Canonsburg, PA). As a loading condition, displacements (0.05 mm, 0.1 mm, 0.2 mm, and 0.3

mm) below the failure point (determined from the pull-out test in section 5.3.1.3.) were applied
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on the top surface of the suture eyelet to simulate the tensile testing conditions (i.e. a steel wire
pulling on the suture anchor). For the boundary conditions, the bottom surface of the
polyurethane foam block was rigidly fixed as in the tensile test. The contact surface between the
Mg-based suture anchor and the polyurethane foam block was set to be a linearly frictional
surface with a coefficient of friction of X.

For a convergence test, a displacement of 3 mm (ultimate elongation from the pull-out
test in section 5.2.1.3.) was applied to the upper surface of the suture eyelet, and the reaction

force was recorded with an increasing number of elements.

A B

000 5000 19999 )
250 z 7500

Figure D.2. 3D model of Mg-based suture anchor. B: Mg-based suture anchor embedded in
polyurethane foam to simulate the pull-out test. Orange arrow shows tensile loading applied to

the suture eyelet to simulate the loading condition.

Predicted von Mises stress in the model and the reaction force were recorded and

compared to the experimental values obtained at these displacement values. By modifying the
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parameters of contact between magnesium and polyurethane (as these were unknown), predicted

values and experimental data were matched for validation.

6.2.3 Parametric Analysis of the Design of Mg-Based Suture Anchor

Using the validated model of Mg-based suture anchor, thread pitch and depth were varied
parametrically to investigate their effects on maximum von Mises stress in the anchor or in the
surrounding bone. Chosen values for thread pitch were 2, 2.5, and 3 mm, and the values for
thread depth were 0.4, 0.7, and 1 mm. These values resulted in 9 different thread designs (see
Figure D.3). The 9 modified models were analyzed using identical boundary and loading
conditions as Section 5.3.1.3., and the resulting maximum von Mises stress was obtained at the

prescribed displacement values.
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Figure D.3. 3D models of suture anchors of different dimensions used for parametric

optimization.
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6.2.4 Tensile Testing: Mg-Based Suture Anchor vs. Polymer Suture Anchors

A tensile test of prototype Mg-based suture anchors was performed to compare initial fixation of
Mg-based suture anchors to that of commercially available polymer suture anchors. A hole with
diameter 4.75 mm was pre-drilled on a precut block (13 cm x 4.5 cm x 4 cm) of a uniformly rigid
polyurethane foam (15 pcf, SAWBONES, Vashon, WA). A polyurethane foam was used as this
material is often used as a substitute for human bone in mechanical testing of orthopaedic
implants . A braided steel wire, serving in place of a suture was passed through the distal eyelet
of anchor to eliminate suture breakage as a possible failure mode, thus comparison can be made
between different materials.

The anchor was inserted in the pre-drilled polyurethane foam. The two ends of steel wire
were clamped to form a loop. The polyurethane foam with the Mg-based suture anchor was then
mounted on a materials testing machine (Instron 5565, Instron, Norwood, MA), and the steel
wire was clamped on the load cell. The Mg-based suture anchor was then pre-loaded to 50 N to
straighten the steel wire. A load-to-failure was performed at an elongation rate of 50 mm/minute.
A load-elongation curve was obtained. A total of 6 Mg-based suture anchors were tested. 6
polymer suture anchors of similar dimensions (Healio 6.5 mm, Depuy Mitek, Warsaw, IN) were

used as a control.

6.3 RESULTS

In this section, results for Specific Aim 2 are presented. Based on the testing conditions of the
tensile test, a finite element analysis was performed, and the computational data were matched to

the experimental data for validation. Using the validated model, effects of the thread pitch and

62



depth on fixation of the Mg-based suture anchor were explored and the results are presented.
Finally, in vitro biomechanical evaluation was performed at time zero by performing a tensile
test in polyurethane bone block and compare the results to those of commercially available

polymer suture anchors.

6.3.1 Finite Element Model of Mg-Based Suture Anchor and Validation

3D models were meshed using a quadratic tetrahedral element (see Figure X). With an increasing
number of elements (i.e. decreasing element size), the predicted reaction force with 0.3 mm of
displacement increased gradually (see Table 5). Convergence was achieved at 100,000 elements

as variation was within 1% in three consecutive numbers of elements (see Figure D.4).

Table 5. Predicted reaction force (N) in response to 0.3 mm displacement applied to the Mg-

based suture anchor with an increasing number of elements.

Predicted
Number of .
Elements Reaction Force
(N)
19971 155.25
28725 151.82
38809 148.29
58592 143.01
98406 139.44
122528 137.02
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Figure D.4. Convergence curve of the Mg-based suture anchor model embedded in a

polyurethane foam block with a displacement of 3 mm applied to the suture eyelet.

From the finite element analysis, the predicted reaction force from 22 N at 0.05 mm to 143 N at
0.3 mm (see Table 6), and it increased linearly with the displacement. Both the experimental
load-elongation curve and the predicted load-elongation curve had a linear shape (see Figure
D.5). The percentage difference between the predicted reaction force and the actual load was

more than 200% (see Table 6).

Table 6. Predicted reaction force, average experimental data, and percentage difference at each

displacement before subtracting the contribution of the steel wire.

Displacement Predicted Average Percentage
p(mm) Reaction Force Experimental Difference
(N) Data (N) (%)
0.05 22 7 214
0.1 46 14 209
0.2 95 32 197
03 143 53 170
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Figure D.5. A typical load-elongation curve of a Mg-based suture anchor from tensile test vs. the

predicted load-elongation curve from the finite element model.

We then tested the steel wire itself as its presence lowers the stiffness of the entire
construct of the wire and suture anchor. This was the case because the wire was in series with the
suture anchor. The stiffness of the suture anchor itself embedded in the polyurethane foam block

was then calculated using the following formula,

1 1 1
+ =

Kanchor Kwire Kcombined

where Kancnor IS the stiffness of the anchor alone, Ky is the stiffness of the steel wire alone, and
Kcombined 1S the stiffness measured in the experiment. Kyire Was determined by performing a
tensile test with only the steel wire. This value was 290 N/mm. From this, Kanchor Was determined
to be 510 N/mm. The predicted stiffness was 476 N/mm. The difference was less than 10%,

validating the results of the finite element analysis.
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6.3.2 Parametric Analysis of the Design of Mg-Based Suture Anchor

Upon applying the loading condition, Maximum von Mises stress in the suture anchor was
located at the point where the first thread meets the suture eyelet (see Figure D.6). We then
looked at von Mises stress in the polyurethane foam where its engaging the suture anchor as that

was where failure occurred during tensile testing.

Figure D.6. Stress distribution in the PU foam in contact with the Mg-based suture anchor (3
mm pitch and 1 mm depth of thread) upon 0.3 mm displacement. Arrow points at the location of

maximum von Mises stress.

Table 7. Maximum von Mises stress in the polyurethane block in contact with the Mg-based
suture anchor with varying thread depth and pitch when 0.3 mm of displacement applied to the

eyelet.

Thread Depth  Pitch=2.0 mm Pitch=2.5mm Pitch=3.0 mm

(mm) (MPa) (MPa) (MPa)
04 14.1 15.8 14.1
0.7 10.8 12.9 12.8
1.0 10.5 12.6 16.6
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Figure D.7. Maximum von Mises stress in the finite element model vs. thread pitch with thread

depth of 1.0 mm.

With increasing thread pitch, maximum von Mises stress in the polyurethane block increased by
up to 50% (see Figure D.7), indicating a smaller thread pitch is better. Increasing the thread
depth to 1 mm from 0.4 mm could reduce maximum von Mises stress by 30% (see Figure D.8).
Although we found that these parameters could significantly affect the performance of the Mg-
based suture anchor, our preliminary tensile test of the prototypes of Mg-based suture anchors
indicated that its initial fixation was significantly better compared to that of polymer suture
anchors. Thus, we continued with the initial design of the Mg-based suture anchors to perform

further tensile testing to compare with polymer suture anchors.
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Figure D.8. Maximum von Mises stress in the finite element model vs. thread depth with thread

pitch of 3.0 mm.

6.3.3 Tensile Testing of Mg-Based Suture Anchors

The load-elongation curves obtained with the Mg-based suture anchors were mostly
linear up to the ultimate load (~ 400 N) (see Figure D.9). With the polymer suture anchors, the
linear region was up to around 100 N, at which point yielding was observed. Stiffness was 185 +
13 N/mm for Mg-based suture anchor group, and it was significantly higher compared to the
polymer suture anchor group (107 + 13 N/mm, p > 0.05). Ultimate load and elongation were also
significantly different between the two groups (p > 0.05). For the Mg-based suture anchor group,
failure occurred 100% through pull-out of the anchor from the foam block. For the polymer
suture anchor group, failure only occurred through eyelet failure, i.e. the wire pulling out of the

anchor.
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Figure D.9. Typical load-elongation curves from tensile testing of a Mg-based suture anchor and

a polymer suture anchor.

Table 8. Structural properties of the suture-anchor-bone complex for Mg-based suture anchors

and polymer suture anchors.

Mg-Based Polymer
Suture Anchor Suture Anchor
(N =6) (N =6)

Stiffness (N/mm) 185+ 13* 107 £ 13*
Ultimate Load (N) 379 + 34* 210 + 13*
Ultimate Elongation 94+ 0.2 19+ 0.2*
(mm)
Failure Mode 100% pull-out 100% eyelet failure

*Significant difference between the two groups
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7.0 DISCUSSION

In this dissertation, we have demonstrated that Mg-based materials can indeed offer a new
platform for fixation of a soft tissue to a bone in orthopaedic surgery. The two examples studied,
namely a Mg-based interference screw for ACL reconstruction (lower extremity) and a Mg-
based suture anchor for rotator cuff repair (upper extremity) clearly illustrated the potential of
these devices. To recapitulate, through the use of finite element analysis, the design of a Mg-
based interference screw could be optimized to make it perform at the same level of a titanium-
based interference screw (Weiler et al., 1998; Zhang et al., 2007). With good fixation of the graft,
ACL reconstruction with a Mg-based interference screw could restore initial knee joint stability
and load the graft to the level of an intact ACL. In the follow-up in vivo study, it was
demonstrated that a Mg-based alloy is biocompatible as it does not elicit adverse immune
responses or toxic effects to hinder the healing of the replacement graft. These observations are
in agreement with the literature on in vivo studies of Mg-based alloys (Windhagen et al., 2013;
Witte et al., 2005). In terms of biomechanical performance after 12 weeks of healing, joint
stability and graft function were lower compared to those at time zero. However, the values were
comparable to the previous results of ACL reconstruction using goats (Abramowitch et al., 2003).
On the other hand, the stiffness of the femur-graft-tibia complex at 12 weeks was comparable to
that at time zero, indicating fixation remained intact and the graft healed properly. We did not

observe statistically significant difference in the ultimate load between the two time point either,
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while there was a significant reduction in the ultimate elongation. These values were comparable
to those from past studies of ACL reconstruction in a goat model (Ng et al., 1995). Using a
similar design process and methods of evaluation, Mg-based suture anchors were also
successfully developed. Finite element analysis had identified the optimal design parameters for
Mg-based suture anchors so that they could provide superior initial fixation over those by

polymer-based suture anchors.

7.1 SPECIFIC AIM 1: DEVELOPMENT OF MG-BASED INTERFERENCE SCREW
FOR ACL RECONSTRUCTION

In Specific Aim 1, a Mg-based interference screw for ACL reconstruction was developed. Along
the way, we tested three hypotheses. First, we showed that the design of a Mg-based interference
screw can be optimized and it can achieve comparable initial fixation compared to a titanium-
based control (hypothesis 1.1). Second, ACL reconstruction using the Mg-based interference
screws could restore initial knee joint stability to the same level of the intact joint and load the
graft to the same level as the intact ACL (hypothesis 1.2). Finally, at 12 weeks of healing, good
graft healing was confirmed as joint stability and graft function as well as the structural
properties of the femur-graft-tibia complex were comparable to those from past studies of ACL
reconstruction in a goat model (hypothesis 1.3).

7.1.1 Hypothesis 1.1: Initial Fixation of the ACL Replacement Graft Using a Mg-Based
Interference Screw

The first hypothesis in Specific Aim 1 was that a Mg-based interference screw of similar
dimensions as a titanium interference screw would achieve comparable initial fixation. Through

preliminary in vitro testing, we identified that the design of the screw drive of a Mg-based
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interference screw needed to be optimized as screw stripping was occurring during insertion.
Using finite element analysis, it was identified that stress concentrations arose at the edges of the
hexagonal drive used in the initial design, and the maximum stress in the screw was above
tensile strength of pure magnesium. This guided the decision to use an alloy AZ31. Also, it was
shown that the maximum von Mises stress in the screw could be reduced significantly by
increasing the drive depth. Also, a square drive was chosen instead of a hexagonal drive because
finite element analysis showed this change would not increase stress at the edges of the drive
while it has a sharper angle at each edge to resist stripping.

The results of the cyclic loading test confirmed our hypothesis that Mg-based interference
screws of similar dimensions can provide comparable initial fixation as commercially available
titanium-based interference screws. After the three cyclic loading tests, the FGTCs with Mg-
based interference screws had a comparable value of residual elongation as that with titanium-
based interference screws. Structural properties (stiffness, ultimate load, and ultimate elongation)
of the FGTCs were also comparable between the two groups, corroborating the results of the
cyclic loading tests. These values were comparable to previous results obtained with ACL
reconstruction in a goat model using a similar surgical procedure, where fixation was done with a
titanium interference screw (Musahl et al., 2003).

These findings demonstrated feasibility of Mg-based interference screws for ACL
reconstruction in terms of initial fixation. The important caveat is that the design of future Mg-
based fixation devices will need to be optimized through finite element analysis and in vitro

testing in order to achieve comparable fixation as a titanium counterpart.
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7.1.2 Hypothesis 1.2: Joint Stability and Graft Function at Time Zero after ACL
Reconstruction Using Mg-Based Interference Screws

We were able to confirm that ACL reconstruction with Mg-based interference screws could
restore knee joint stability to the level of the intact joint and load the graft to the same level as
the intact ACL. The APTT of the reconstructed joint was within 1 mm of that of the intact joint
at all flexion angles, and it was a significant reduction (up to 60%) from that in the ACL-
deficient joint. The in-situ force in the graft after ACL reconstruction with Mg-based interference
screws was within 5 N of that in the intact ACL at all flexion angles, indicating that the fixed
graft was contributing to the joint stability and the ACL function was restored. A previous study
from our research center (Abramowitch et al., 2003) showed similar results at time zero in terms
of the APTT and the in situ load in the graft.

These findings clearly showed that Mg-based interference screws could be used for ACL
reconstruction as an alternative to the existing devices. This lend confidence to the use of Mg-
based interference screws for future use in human applications. With this positive finding, the
next step was to see if a Mg-based interference screw is biocompatible and could provide
continued fixation to allow the graft to heal properly in vivo.

7.1.3 Hypothesis 1.3: In Vivo Biocompatibility and Biomechanical Performance of Mg-
Based Interference Screws

From post-operative monitoring, absence of adverse effects, both local and systemic, indicate
good biocompatibility of Mg-based interference screws. In terms of joint function, the APTT of
the healing joint at 12 weeks was significantly higher than that of the reconstructed joint at time
zero at all three angles. However, these values were comparable to previous studies using a

similar animal model for ACL reconstruction (Abramowitch et al., 2003; Papageorgiou et al.,

73



2001). This increase in the laxity of the joint was expected as the ACL graft was undergoing a
remodeling process. The in-situ force in the replacement graft at 12 weeks was also reduced
compared to that at time zero at all three flexion angles. These values were also comparable to
previous studies (Abramowitch et al., 2003; Papageorgiou et al., 2001).

In terms of the structural properties of the femur-graft-tibia complex at 12 weeks, we did
not detect significant differences compared to those at time zero, except for the ultimate
elongation. The values were also comparable to those from a past study on ACL reconstruction
in a goat model (Ng et al., 1995).

Although we were not able to have a positive control where ACL reconstruction was
performed with titanium-based interference screws, comparison to the results from past studies
in the literature on ACL reconstruction in a goat model showed that ACL reconstruction with
Mg-based interference screws performed comparably in terms of biomechanical performance.
This was the case in other animal models with quantitative measures of joint function and
structural properties (Ballock et al., 1989; Weiler et al., 2002), This trend found in animal models,
however, does not agree with the good clinical outcomes from human patients. This discrepancy
may be due to the lack of quantitative methods to evaluate the graft function and structural
properties in the clinical arena. There currently does not exist conclusive evidence that the ACL

replacement graft can fully replace the intact ACL even at a long term.

7.2 SPECIFIC AIM 2: DEVELOPMENT OF MG-BASED SUTURE ANCHOR FOR
ROTATOR CUFF REPAIR

In Specific Aim 2, Mg-based suture anchors were developed. For this, two hypotheses were

tested. First, we confirmed that the thread design of a Mg-based suture anchor can be optimized
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to improve its fixation through finite element analysis (hypothesis 2.2). Second, we showed that
Mg-based suture anchors can provide superior fixation over that by polymer suture anchors
through tensile testing.

7.2.1 Hypothesis 2.1: Finite Element Analysis and Parametric Analysis of the Design of a
Mg-Based Suture Anchor

The results of the finite element analysis and parametric analysis showed that the design of a
Mg-based suture anchor could be optimized by modifying the key design parameters, thread
depth and pitch, confirming our hypothesis. Increasing the thread depth and decreasing the
thread pitch both could reduce von Mises stress in the Mg-based suture anchor. These findings
were in agreement with previous studies looking at design of screw devices and its effect on pull-
out strength (Chapman et al., 1996).

The current findings showed that a Mg-based suture anchor has a definite advantage over
a polymer suture anchor as its thread can be deeper thanks to superior mechanical properties. It is
often not possible to design the thread of a polymer suture anchor deep. Instead, they tend to
have a small thread pitch (more threads) to increase its fixation strength (see Figure E.1). Hence,
a Mg-based suture anchor is a superior alternative as it is biodegradable while the design can
follow that of a traditional metallic suture anchor. It would make implantation easier and faster,

while providing secure fixation.
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Figure E.1. A: A polymer suture anchor with shallow threads with a higher number of turns. B:
A titanium-based suture anchor with deeper threads and a lower number of turns. (Source:

Barber et al, 2008)

7.2.2 Hypothesis 2.2: Tensile Test of Mg-Based Suture Anchors at Time Zero

With the optimized design, Mg-based suture anchors could achieve superior fixation compared
to polymer suture anchors of similar dimensions as both the stiffness and ultimate load were
higher for Mg-based suture anchors over polymer suture anchors. Further, the fact that Mg-based
suture anchors only failed through pull-out rather than failure at the anchor itself indicates that
they could resist much higher loads. In fact, we performed preliminary tensile testing of a Mg-
based suture anchor in a cortical bone, and the ultimate load could reach up to more than 1000 N.
These results were superior to those of commercially-available polymer suture anchors of
similar dimensions in the literature (Barber and Herbert, 2013).

These positive findings indicate that Mg-based suture anchors are a superior alternative to
polymer suture anchors. The superior fixation provided by Mg-based suture anchors are
particularly advantageous as new and improved sutures and suturing techniques are becoming
available. In the past, the common failure mechanism of rotator cuff repairs using suture anchors
was the suture pulling out of the tendon substance (Cummins and Murrell, 2003). New suturing

techniques with stronger sutures (Park et al., 2014) allow for a stronger tendon-suture connection,
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putting higher mechanical demand on suture anchors. Hence, suture anchors that provide

superior fixation would become indispensible.

7.3 LIMITATIONS AND FUTURE STUDIES

There are a few limitations to research presented in the current dissertation. First, the time point
used for in vivo evaluation of the Mg-based interference screw was only for the remodeling
period (12 weeks) in the goat model. Hence, the shorter and longer results of Mg-based materials
on the healing process and biomechanical performance still need to be studied. Still, we
performed 2 preliminary in vivo studies before coming to the final study to achieve successful
results. As we have developed the Mg-based interference screw from scratch, the findings
represent a significant milestone in proof of concept.

Second, in vivo evaluation was mostly limited to biomechanical performance, i.e. there
was no detailed analysis of degradation and biocompatibility. As we have proved good fixation
of the graft and restoration of joint function. Once these were confirmed, the future studies could
use this model to address questions related to biocompatibility and device degradation. For this,
more detailed evaluations of biocompatibility and degradation using histology and computed
tomography need to be performed. Systemic biocompatibility should also be assessed using
blood sampling and histology of kidney, liver, and so on.

Third, in terms of methods of evaluation, the loading conditions used with the
robotic/UFS testing system were to simulate a clinical examination to test the ACL function. It
was not to test the graft function in respect to the higher loading experienced in vivo. Hence, the
current results only show the response of the joint and the graft in an ideal condition. Applying in

vivo loading conditions could better test the joint kinematics and graft function after ACL
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reconstruction with Mg-based interference screws. This will entail obtaining in vivo kinematics
from live animals or human subjects using a biplane fluoroscope and replaying on cadaver joints
to find out how the joint and its components are loaded under in vivo conditions (Woo et al.,
2006). This information could be used to assess the outcome of ACL reconstruction with Mg-
based interference screws under realistic loading conditions.

Fourth, the results may not translate directly to human applications although it was done
with a large animal study. Particularly, the human immune system is quite different from that of
a goat. The goat model was the best model that was available to perform a proof-of-concept in
vivo study as we have extensive experience studying ACL reconstruction in this model with good
results. Eventually, clinical trials with human subjects are required to study biocompatibility of
Mg-based materials and human inflammatory responses. This will require more thorough
evaluation in the animal model as outlined above. Also, novel alloys produced with medical
grade materials and manufacturing processes will be needed. Hence, further developments in
these areas are absolutely required.

Another limitation associated with the animal model was that rehabilitation could not be
controlled. This may have had some influence on the results, as rehabilitation protocols have
shown to affect the healing of the graft after ACL reconstruction (Shelbourne et al., 1991). Most
past animal studies of ACL reconstruction with quantitative assessment showed poor outcome in
terms of joint stability and structural properties, while the subjective clinical outcomes of ACL
reconstruction have been overall good. Hence, novel methods to lessen the excessive loading on
the graft and allow careful rehabilitation of animals immediately after surgery could lead to

improved results (Gelberman et al., 1982; Woo et al., 1981).
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Fifth, the computational model was limited to simplified geometry, loading conditions,
and boundary conditions. It was based on an ideal testing condition of a load-to-failure test in a
polyurethane foam. Also, we limited our analysis to mechanical analysis although one of the key
aspect of Mg-based interference screws is that they will degrade. Degradation and mechanical
behavior will affect each other significantly. Building on the current finite element model, one
could use more realistic geometries and material properties to simulate an actual bone to see how
the design of a Mg-based fixation device could be optimized further. Further, degradation of the
Mg-based alloy can be incorporated to see how mechanical loads impact degradation and how
degradation impacts mechanical performance over time.

Finally, the material (AZ31) used for the current study was a commercially available
alloy for industrial use, which makes it unsuitable for medical devices for both regulatory and
business-related reasons. The rationale to choose a commercially available alloy AZ31 was that
it has good corrosion resistance with consistent mechanical properties. With this alloy,
degradation would be minimal at 12 weeks so that fixation is not lost. Also, good mechanical
properties allowed for proper implantation without mechanical failure. However, further
developments with different alloys and surface treatments should be explored to even further
improve biocompatibility and fine-tune degradation rates. New alloys will have to be developed
to make it more desirable for clinical application in terms of regulatory and commercialization

purposes.
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8.0 CONCLUSIONS

8.1 ENGINEERING SIGNIFICANCE

The current dissertation established a complete set of tools to design and evaluate Mg-based
fixation devices for orthopaedic surgery. Using the computational approaches, it was possible to
evaluate and optimize the design of the devices before extensive in vivo tests in a costly animal
model. This approach will be very effective for development of other devices by saving time and
money to perform unnecessary animal studies. Quantitative biomechanical tests using the
robotic/UFS testing system and a material testing machine allowed for objective and accurate
assessment of biomechanical performance of these devices at multiple time points in a realistic
surgical model. The methods established here could be used for further development of Mg-

based interference screws or suture anchors, as well as other devices.

8.2 SCIENTIFIC SIGNIFICANCE

The current dissertation established an appropriate and realistic large animal model to evaluate
biodegradable metallic implants for soft tissue fixation in orthopaedics. Current study was
performed under a realistic loading condition where micromotion of the tissue around the

implant could have affected healing, adding relevant data to the existing literature where only
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simple implantation without mechanical loading was studied. Thus, using this model, further

studies on magnesium degradation and its impact on bone/ligament healing can be performed.

8.3 CLINICAL SIGNIFICANCE

As current biodegradable screws and suture anchors made with polymer materials have led to
complications, magnesium-based devices present a compelling alternative as they can reduce
complications while enhancing the tissue healing. This would lead to improved surgical outcome
as well as better patient satisfaction. In fact, currently, there are multiple groups in Europe and
Asia that are performing clinical trials of Mg-based fixation devices with excellent outcomes
(Windhagen, 2013).

Through the development of Mg-based interference screws for ACL reconstruction,
biocompatibility of Mg-based alloys as well as in vivo outcomes in terms of joint stability and
graft function have been verified. These results can be served as the basis for future studies to
facilitate and accelerate translation of the technology to clinical application. The process using
computational analysis and experimental verification proved to be an effective way to optimize
the performance of new devices. As such, this approach can be applied to tailor design of other
devices to repair Achilles tendon, lateral collateral ligament (LCL), medial patellofemoral
ligament (MPFL), and so on, where similar screws or suture anchors are required for surgical

reconstruction.
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