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ABSTRACT
Osteoarthritis, which affects over 21 million people and costs the US $61 billion/yr, is
devastating the US population and taxing the health care system. These numbers will increase
exponentially as the population ages. It is reported that previous trauma to cartilage resulting in
focal chondral defects progresses to osteoarthritis if treatment is delayed or unsuccessful.
Current treatment modalities for focal chondral defects have had variable success rates. As such
scaffold based therapies in combination with tissue engineering are being developed as an
alternative therapy for focal chondral defects. One important area of research to be addressed for
these therapies to be successful is rapid integration of native tissue with the implant. An
advantage of using scaffold based therapies is that scaffolds provide a stable surface for tissue to
grow on and integrate with the existing tissue. In addition, there is the opportunity to use
scaffolds for measuring joint loading. These measurements are crucial for a better understanding
of the loading environment leading to osteoarthritis as well as for development of rehabilitation
regimens when tissue engineering is used to treat defects. It is the goal of this research to
determine if mimicking the native trabecular bone structure can be utilized to promote rapid bone
ingrowth into implants and to determine whether these implants can be used to directly measure
in vivo joint loads.
To address the goals of this study, polybutylene terephthalate scaffolds were designed
and then built using a fused deposition modeling system. Two different scaffold designs were
utilized to determine if mimicking bone structure results in improved bone ingrowth. One
scaffold was a biomimetic scaffold that replicated the trabecular bone structure and the other
utilized a simple porous structure. These scaffolds were also equipped with strain gauges so that
they could be used to monitor joint loading within the knee joint. The strain gauges were used in

10
combination with implantable miniature radio transmitters to allow a fully internal measurement
system to be used to determine joint loads during gait as well as other weight bearing activities.
Using histology and µCT it was observed that the biomimetic scaffolds increased bone
ingrowth into the scaffold over 500% compared to the simple porous scaffolds.

These

biomimetic scaffolds also increased bone growth in the areas adjacent to the scaffold.
Additionally, it was demonstrated that these scaffolds when outfitted with strain gauges could
measure axial joint loads occurring within the knee joint during various activities. It was noted
that the temporal measurements were highly correlated with video analysis and that peak loads
increased as a function of time post implantation.
The ability of biomimetic scaffolds to increase bone ingrowth is important for anchoring
the scaffold in place and allowing successful integration of tissue engineered cartilage with the
native tissue. This will improve success rates of scaffold based tissue engineering therapies.
The ability of implants to measure joint loads is crucial to developing a better understanding of
osteoarthritis as well as improving rehabilitation protocols. Additionally, by monitoring the
change in peak loads with time it will be possible to monitor the healing response at the implant
site.

Overall, this research demonstrates that polybutylene terephthalate scaffolds have the

ability to be used in combination with tissue engineering constructs to treat focal chondral
defects and are capable or providing direct in vivo loading measurements.
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CHAPTER 1: INTRODUCTION
1.1 Project overview and significance
Osteoarthritis (OA) affects over 21 million people in the USA and is one of the most
commonly diagnosed conditions.

OA increases with age and with a large cohort of baby

boomers the number of patients with OA is likely to grow even larger. In addition to the direct
cost of treating OA, OA also results in lost time at work, early retirement, and increased risk of
comorbidities such as diabetes and cardiovascular disease due to decreases in physical activity
levels (Felson et al 2000). The current gold standard treatment for OA is total joint arthroplasty,
which results in a limited return to prior activity levels. It was well documented that previous
traumatic injuries to the cartilage, which result in focal chondral defects, progress to OA in the
absence of delayed or unsuccessful treatments (Curl et al 1997, Fritz et al 2008). Current
treatments for these focal chondral defects have had variable success rates and none have been
shown to be superior to the others. As such scaffold based therapies in conjunction with tissue
engineering have emerged as an alternative therapy. In addition to the ability to treat focal
chondral defects, the techniques utilized can be scaled up to resurface the entire condylar surface
which will provide an alternative treatment for osteoarthritis.
Scaffold based therapies require that they be biocompatible, have adequate porosity and
mechanical properties, as well as successful integration into the native tissue. Rapid integration
into the host tissue is crucial for anchoring the implant in place as well as for improving implant
success rates. Several different techniques have been utilized in the past to promote rapid
integration including application of osteoconductive coatings, alteration of pore size, and
microscopic biomimetic surface treatments. One technique that has not been studied is the effect
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of mimicking the macroscopic trabecular bone structure in order to encourage bone ingrowth.
This will be addressed in specific aim 1.
An advantage to using scaffold based therapies is the ability to modify the scaffold
following manufacturing in order to gain additional functionality of the implant. One such
modification is the addition of strain gauges to the implant which will allow measurement of
direct in vivo joint loads. Joint loading information is crucial for better understanding the onset
and progression of OA as well as for improving rehabilitation protocols. Load information can
also be used for tissue engineering applications in order to improve tissue engineered constructs.
However, current techniques to measure the loading environment of the joint (gait analysis and
strain gauged tibial prosthesis) are limited and insufficient in this regard. As such an alternative
method to measuring these in vivo joint loads is needed and is addressed in specific aim 2 of this
dissertation work.

1.2 Specific aims
This study includes 2 specific aims:
1. Determine if biomimetic scaffolds that mimic the trabecular bone structure facilitate bone
ingrowth into and around the implant compared to scaffolds with a simple porous structure.
2. Determine if scaffolds equipped with strain gauges and calibrated can be utilized to directly
measure in vivo joint loads during gait and other load bearing activities.
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CHAPTER 2: LITERATURE REVIEW AND BACKGROUND
2.1 Overview
This section begins with a brief overview of joint structure and function and is
followed by joint pathophysiology with a particular emphasis placed on the knee joint.
Following this, there will be a discussion on the current treatment modalities for joint
pathology along with the limitations of these treatments. This portion will also include
the use of scaffold based therapies for tissue engineering treatments along with the
advantages to using scaffolds. Finally, the section will conclude with a discussion of the
animal model chosen for this work and the crucial need for collecting direct in vivo joint
load measurements.

2.2 Joint structure and function
A. Cartilage
Articular cartilage is a load bearing tissue, which lines the surface of diarthrodial
joints of long bones. It provides a lubricated, low friction surface for the continual
gliding motion characteristic of joints.

Additionally, it absorbs and distributes

mechanical load to the bone under the cartilage, the subchondral bone.
Articular cartilage is composed primarily of extracellular matrix with a small
population of chondrocytes dispersed throughout the tissue. The extracellular matrix is
made up of proteoglycans, collagen, and water.

The structure and composition of

articular cartilage varies as a function of depth within the cartilage. There are four main
regions of articular cartilage and they are the superficial zone, middle or transition zone,
deep zone, and the zone of calcified cartilage (Figure 2.1).
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Figure 2.1: Schematic illustration of the zones observed within articular cartilage. On the
left is a drawing depicting the organization of chondrocytes while the right illustration
demonstrates the organization of collagen. STZ = superficial tangential zone, the tide
mark demarcates the transition from the deep zone to the calcified cartilage zone.
[http://ajs.sagepub.com/content/26/2/309/F2.large.jpg]
The superficial zone is the outermost layer and the layer that provides the gliding
surface. Within this zone the collagen fibrils are thin and arranged parallel to the surface,
the chondrocytes are elongated and their long axis is parallel to the surface. Additionally,
the water content in the superficial zone is the highest and the proteoglycan content is the
lowest in relationship to the other zones. The middle zone is characterized by a less
organized collagen arrangement and round chondrocytes. The deep zone had the highest
concentration of proteoglycans and the lowest water content. The collagen fibrils in this
zone are arranged perpendicular to the surface, and the chondrocytes are organized in a
columnar fashion. The calcified cartilage zone is the deepest zone and connects the
hyaline cartilage to the subchondral bone. The tide mark is seen histologically, when
slides are stained with hematoxylin and eosin, as a blue wavy line and marks the
transition from the deep zone to the calcified cartilage zone.
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Within normal cartilage, water makes up 65% to 80% of the total weight. The
rest of the weight is composed primarily of collagens and proteoglycans (10-20% and 47% respectively). The major collagen type making up articular cartilage is collagen type
II and this provides articular cartilage with tensile and shear strength. Additionally, the
collagens immobilize the proteoglycans within the cartilage. Proteoglycans are made up
of a protein core with glycosaminoglycans such as chondroitin sulfate and keratan sulfate
covalently bound to the protein core. These glycosaminoglycans are negatively charged
and cause the cartilage to be hydrophilic and to readily absorb fluid. Swelling of the
articular cartilage creates hydrostatic pressure which allows it to support load as well as
returns the tissue to its original shape after deformation. The movement of fluid into and
out of cartilage also ensures removal of metabolic waste and transfer of nutrients into the
chondrocytes (Buckwalter and H.J. 1998, Buckwalter et al 2000).
As cartilage is mechanically loaded during compression, there is an increase in
interstitial pressure forcing water out into the joint space (Figure 2.2).

Figure 2.2: Schematic illustrating the movement of fluid out of the cartilage tissue during
compression.
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The fluid pressure that is developed during compression is responsible for most of the
total load support. This minimizes the stress on the matrix molecules of the cartilage
(collagen and proteoglycans).

B. Bone
The bone directly beneath the articular cartilage within diarthrodial joints is called
subchondral bone.

The subchondral bone separates the articular cartilage from the

underlying trabecular bone and marrow space. The role of the subchondral bone is to
provide mechanical support to the overlying articular cartilage. Early mechanical loading
studies looking at the initiation and progression of osteoarthritis in the knee joint, have
implicated a strong association between changes in the subchondral bone and articular
cartilage damage (Simon et al 1972, Radin et al 1984). In a study looking at the effect of
repetitive impact loading on the knee joint of guinea pigs, subchondral bone stiffness
increased prior to cartilage degradation (Simon et al 1972). It was hypothesized that
increased subchondral bone stiffness, results in increased stresses on the overlying
articular cartilage, which results in cartilage damage (Radin et al 1984). Additionally,
subchondral bone thickens in osteoarthritis and there is an increase in bone turnover and
bone mineral density that correlates with an increase in incidence and severity of
osteoarthritis (Hayami et al 2006).

C. Menisci
The menisci are C-shaped disks of fibrocartilage which are found between the
femoral condyles and the tibial plateau. The purpose of these C-shaped disks is to
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increase the surface area of the knee joint such that the load passing from the femur is
distributed over a larger area on the tibia which decreases the peak stress experienced by
the cartilage (stress = force/area).

The menisci are a fibrocartilage tissue with an

interlacing network of collagen fibrils. The collagen fibrils observed at the superficial
surface are randomly orientated into a mesh-like matrix and deep within the menisci the
fibrils are orientated in a circumferential fashion. Additionally, there are radial orientated
fibrils seen throughout the menisci hypothesized to provide radial structural rigidity
(Figure 2.3)

Figure 2.3: Schematic of a meniscus with the mesh like matrix seen in the superficial
layer and the circumferential orientated fibrils deeper within the meniscus. Also
observed in the cut out labeled ‘Deep orientation’ are the radial fibrils.
The menisci play a crucial role in the load bearing function of the knee joint.
Approximately 50% of the compressive loads in the knee are transmitted through the
menisci when the knee is in extension and this increases to 85% when the knee is in 90°
of flexion (Buckwalter et al 2000).

When the menisci are removed during a

meniscectomy, the surface area for load transfer decreases by 50% which significantly
increases the stresses experienced by the cartilage (Figure 2.4). This increase in stress
results in articular cartilage damage and deterioration.
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Figure 2.4: Schematic illustrating the change in contact area between the femur and tibial
plateau in a knee with intact menisci (top) and following removal of the menisci
(bottom). Note the drastic reduction in contact area which corresponds to an increase in
peak stress and results in cartilage damage. M = medial, L = lateral. (Buckwalter et al
2000)
2.3 Joint pathology
Arthritis is an inflammation of the joint which results in pain, swelling, decreased
range of motion, and stiffness. It involves the breakdown of cartilage which leads to
bone-on-bone contact and subsequent joint pain. While there are many different types of
arthritis, the major types include rheumatoid arthritis, psoriatic arthritis, and
osteoarthritis. Arthritis affects over 46 million people and the prevalence is expected to
increase to 67 million by 2030.
Rheumatoid arthritis is an autoimmune disease that affects over 1.3 million people
in the USA. CD4+ T cell activation leads to chronic synovial tissue inflammation which
is mediated via the release of cytokines. Tumor necrosis factor (TNF) and interlukin-1
(IL-1) are the major cytokines involved in this process. Psoriatic arthritis is characterized
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by inflammation of the skin and joints. The skin will demonstrate patchy, raised, red and
white areas of skin inflammation as well as scaling. The finger and toe joints which are
affected can demonstrate sausage-like swelling with pitting or discoloration of the
associated finger or toe nail. This disease often strikes between the ages of 30 and 50 and
is hereditary.
Osteoarthritis (OA) is the most common type of arthritis and affects over 20
million Americans.

Additionally, the direct cost of OA is estimated to be over

$100billion/year. Symptomatic knee lesions are estimated to be present in 6% of the US
population over the age of 30 and 12% of adults older than 60. Since the prevalence of
osteoarthritis increases as a function of age and obesity, its prevalence is expected to
increase dramatically in the future as the cohort of baby boomers ages and there is a
general increase in obesity rates (Felson et al 2000, Losina et al 2009). The disability
associated with OA is primary cause of difficulty in walking or climbing stairs.
Additionally, the decrease in physical mobility will also have secondary effects on comorbidities such as diabetes or cardiovascular disease where exercise is commonly
recommended as a preventive therapy.
Osteoarthritis has historically been classified as either primary or secondary.
Primary osteoarthritis is an idiopathic disease where there is no known initiating factor.
It is related to the aging process and often presents in older adults. Secondary OA is a
degenerative disease of the cartilage that results from a predisposing condition such as a
traumatic injury that caused damage to the articular cartilage or underlying subchondral
bone.

Secondary arthritis often presents in a younger patient population than that

associated with primary osteoarthritis.
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2.4 Pathophysiology of osteoarthritis
Exposure of cartilage to abnormal biochemical or biomechanical environments
will lead to altered chondrocyte metabolism, cartilage degradation, and eventually the
development of OA. The biochemical mediators of cartilage destruction are primarily
attributed to the interleukin-1 (IL-1) family of cytokines. In response to tissue injury, the
resident chondrocytes and inflammatory cells secrete IL-1. IL-1 promotes the induction
of proteases (stromelysin and collagenases) and the inhibition of extracellular matrix
synthesis. IL-1 also inhibits the chondrocyte proliferation which will further hinder the
repair process. The catabolic effect that IL-1 has on cartilage has been demonstrated
following injection of this cytokine into the joints of animal models (rabbit, rat, and
mouse) (Lotz 2001). In addition to the direct destruction of the cartilage via these
cytokines, the changes in cartilage proteoglycan and collagen content also make the
cartilage less capable of resisting compressive loads and more susceptible to damage
caused by stress. The decreased number of collagen fibrils resulting from cartilage
degradation place increased stress on the surviving collagen fibrils and this leads to
mechanical failure of the surviving fibrils over time.
Excessive or abnormal mechanical loading of cartilage has also been shown to
contribute to the onset and progression of OA. This has been demonstrated in animal
models of OA which have used repetitive impact loading (Simon et al 1972, Radin et al
1973) and blunt force trauma to induce OA (Ewers et al 2002). Repetitive impact loading
has been shown to induce changes in the subchondral bone with subsequent deterioration
of the articular cartilage. While the initial theory centered on increased stiffness of the
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subchondral bone leading to the overlying cartilage being more susceptible to stress
(Radin et al 1984), current evidence implies that reactivation of the secondary
ossification center, advancement of the tidemark and thinning of the cartilage are the
initiating events in OA (Radin et al 1991, Burr and Radin 2003). Transection of the
anterior cruciate ligament, has also been used as a method for inducing OA in animal
models. This model has been utilized in a variety of animal models ranging from dogs to
mice (Pond and Nuki 1973, Kamekura et al 2005). Transection of the anterior cruciate
ligament leads to joint instability and abnormal loading of the articular cartilage which
results in cartilage degradation and development of OA.

These findings were

independent of the inflammatory response and support the evidence that antiinflammatory medication is not sufficient to prevent osteoarthritis in this model (Brandt
2002).

2.5 Focal chondral defects
In most vascularized tissue, injury or damage results in hemorrhage, fibrin clot
formation, migration of inflammatory cells, and recruitment of undifferentiated cells
which go onto synthesize new matrix. Eventually, this process results in repair tissue that
resembles the original tissue and restores normal or near normal function compared to the
original tissue. However, cartilage responds to focal injuries (such as those induced with
mechanical loading) differently due to its avascular nature and due to the absence of
reparative cells within the tissue that can migrate to the location of damage. The only
cell type observed within healthy cartilage is the chondrocyte, which is highly
differentiated and has a limited capacity to proliferate or migrate.

Additionally,
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chondrocytes have a limited ability to increase their rate of matrix synthesis in the
presence of injury. The end result of this environment is the inability of cartilage to
repair itself following damage. As a result, seemingly minor lesions and injuries (focal
chondral defects) can progress to cartilage damage and joint deterioration over time
which results in osteoarthritis (Guilak et al 2001).
Superficial injuries to the cartilage, which are limited to the cartilage and do not
cross the tide mark, do not heal because cartilage is an avascular tissue and lacks
reparative cells within the matrix. While chondrocytes in the vicinity of the injury can
produce more matrix (proteoglycans and collagen), the newly synthesized matrix is
localized to the immediate area around the chondrocytes and is unable to repair the defect
due to minimal migration of the chondrocytes. The cartilage tissue will continue to
degenerate and fragments of the tissue will tear loose and be released into the joint space.
This will continue until the subchondral bone is exposed and bony eburnation occurs.
Focal damage to the articular cartilage which crosses the tide mark and damages
the subchondral bone within the knee joint, causes a vascularized healing response due to
the introduction of blood into the defect site from the bone. This results in a fibrin clot
and migration of inflammatory cells to the defect site. The repair tissue observed at the
defect site has a composition and structure between that of hyaline cartilage and
fibrocartilage. This tissue does not restore normal function to the repair site because it
has inferior mechanical properties compared to the native articular cartilage.
Additionally, this tissue often begins to fibrillate and deteriorate with time.
In a retrospective study looking at knee arthroscopies between 1991 and 1995, it
was noted that 63% of those undergoing knee arthroscopy had cartilage lesions (19,827
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arthroscopies out of 31,516).

The prevalence of full chondral defects resulting in

exposed bone was 20%. In addition, 74% of the patients under the age of 40 with full
chondral defects had a single lesion with the medial condyle being the most common
location followed by the patella and lateral condyle. These focal lesions, including those
that were not full thickness, did not repair themselves and often require surgical
intervention. Without surgical treatment or with delayed surgical treatment, there is an
increase in osteoarthritis.

It is therefore important that symptomatic focal chondral

defects be surgically treated early to avoid the poor outcomes (i.e. the development of
early onset osteoarthritis) (Curl et al 1997, Fritz et al 2008).

2.6 Current clinical treatments for focal chondral defects and osteoarthritis
The initial treatment for focal chondral defects is bone marrow stimulation, an
example of which is micro fracture. This technique is designed to induce bleeding into
the defect site by penetrating the subchondral bone. This results in fibrin clot formation
which remodels to form fibrocartilage. This technique has shown a short-term success
rate of 70-90% but with variable long term outcomes (Williams and Harnly 2007).
Additionally, the repair tissue is mechanically inferior to natural cartilage which results in
early deterioration and failure of the treatment (Fritz et al 2008). Another treatment
option for chondral defects is osteochondral autologous transplantation. This procedure
involves harvesting cartilage with the underlying bone from non-weight bearing regions
of the knee joint and implanting them into the chondral defect. After two years there is a
reported 78% satisfactory clinical result (Marcacci et al 2005). However, this technique
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also has a high rate of chondrocyte death at the periphery of the plug which leads to poor
graft integration and an incongruous articular surface (Huntley et al 2005).
Another treatment which has shown promise in the treatment of chondral defects
is autologous chondrocyte implantation (ACI). ACI involves an initial surgery where
cartilage tissue is harvested and then chondrocytes are isolated and expanded in cell
culture. During a second surgical procedure, the expanded cells are injected under a
periosteal flap which is used to cover the defect site and contain the injected cells. There
is a 77% success rate at five years follow up and in 80% of the lesions the tissue visually
appears to be hyaline-like, although the quality and integrity of the tissue is questionable
(Peterson et al 2002, Knutsen et al 2007). This technique can not be utilized in highly
loaded areas and has limited effectiveness in elderly patients (Brittberg et al 2001). One
complication associated with ACI is poor cell attachment resulting in incomplete healing
and scar tissue formation (Ocelus 2000, Peterson et al 2000). Furthermore, ACI is an
expensive procedure and involves two separate procedures which is less than ideal for
patients.
If these treatments for focal chondral defects are unsuccessful or their utilization
is delayed then there is an increased probability of developing osteoarthritis. The gold
standard for treatment of OA is total knee arthroplasty (TKA) and it is a frequently
performed procedure. Over 500,000 TKAs were done in the US during 2005 and costs
exceeded the $11 billion mark. These numbers are projected to increase significantly
over the next two decades (Losina et al 2009). While TKAs are an effective procedure
for reducing pain and improving functional status in patients with end-stage knee
osteoarthritis, a full return to physical activities is not possible.

Additionally, it is
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estimated that without the use of anticoagulants 80% of the patients undergoing knee
surgery will show deep vein thrombosis by radiographic criteria and 1% will have a fatal
pulmonary embolism.
In total, the current treatments designed for focal chondral defects and the
prevention of continued cartilage degeneration have had variable success rates.
Additionally, total knee arthroplasty leads to limitations in physical activity compared to
normal range of motion and can cause surgical complications.

For these reasons,

biodegradable scaffolds used in combination with tissue engineering strategies has
emerged as a potential alternative therapy for focal chondral defects. These therapies
center on regenerating articular cartilage for the resurfacing of the defect. Successful
treatment of the focal chondral defects will result in a lower prevalence of OA.
Furthermore, the strategies and techniques used for treating focal chondral defects could
be scaled up to treat larger defects or even the entire condylar surface. This will provide
an alternative treatment for osteoarthritis.

2.7 Scaffold based therapies
In order to successfully utilize scaffolds for delivery of tissue engineered
constructs within the knee joint, the scaffolds have to meet a variety of criteria. First,
they have to be biocompatible so that there are no adverse reactions to the implant by the
immune system. This not only includes the intact implant itself but also any degradation
products that results from biodegradable implants. The scaffolds also require sufficient
porosity to allow easy infiltration of cells preloaded on these scaffolds as well as
integration with the host tissue. The need for porosity has to be carefully balanced with

26
the maintenance of mechanical integrity so that the implant does not fail when loaded. A
final consideration for appropriate scaffold design is the ability of the scaffold to remain
securely anchored in the implantation site following surgical placement. It serves no
purpose to use a scaffold to deliver cells or tissue engineered constructs to a defect site if
the scaffold moves from the defect site (Frenkel and Di Cesare 2004).
Rapid integration of the scaffold into the implant site is crucial to keeping the
scaffold anchored at the defect site. Anchoring the scaffold firmly in place with rapid
bone ingrowth has also been shown to improve implant success rates. Rapid and robust
bone ingrowth allows faster patient recuperation. A stable implant allows earlier loading
of the implant which decreases patient morbidity, increases quality of life for the patient,
and reduces health care costs (Puleo and Nanci 1999). Inadequate bone ingrowth leads to
poor fixation of the implant to the bone and will result in failure of the implant.
Anchoring the implant in place quickly will provide a stable surface for engineered
cartilage tissue encouraging it to integrate with the surrounding native tissue. Integration
with native tissue is important because if there is poor integration of the tissue engineered
cartilage then there is an increased probability of the engineered cartilage delaminating
from the scaffold, resulting in failure. Furthermore, a poorly fixed implant will result in
micromotion which disrupts successful healing and causes a fibrous scar tissue to form.
Several techniques have been utilized to encourage bone ingrowth into implants.
One approach that has been utilized is alteration of the porous structure to directly effect
bone ingrowth. Previous work has reported that the optimal pore size for bone ingrowth
ranges from 100 – 400 µm (Bobyn et al 1980, Robinson et al 1995, Flautre et al 2001, Oh
et al 2007). Pore shape has also been investigated as a way to increase bone ingrowth
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and it was determined that square pores support more bone ingrowth than round pores but
this difference was attributed to the cross-sectional areas of the pores (Goodman et al
1993). Previous studies have also looked at the effect of microscopic biomimetic surface
treatments on bone ingrowth (Tuzlakoglu et al 2005, Fan et al 2007). However, the effect
of biomimetic macroscopic structures on bone ingrowth has not been studied.
Replicating the macroscopic structure of bone in order to increase bone ingrowth is
another potential approach that can be utilized to promote rapid integration of the implant
with the surrounding tissue.

Specific aim 1 of this study is designed to test this

hypothesis by replicating the native trabecular structure of bone to facilitate bone
ingrowth into an implant.
There are multiple advantages to using scaffolds for delivering and anchoring
tissue engineered constructs into defect sites. These include the availability of a variety
of materials to choose from, different manufacturing techniques allowing highly
controlled structures, and the ability to modify the scaffolds after manufacturing to
provide additional surface features that accelerate ingrowth and stability.
Some of the more widely used synthetic scaffold materials are polymers
including: polylactic acid (PLA), polyglycolic acid (PGA), polycaprolactone,
polyethylene oxide, polybutylene terephthalate (PBT) and copolymers of these. Previous
work utilizing PLA scaffolds for osteochondral defect repair demonstrated that the
scaffolds had excellent retention at the site of implantation and there was also good
integration with the host tissue when the scaffold was implanted with bone
morphogenetic protein-2 (BMP-2).

However, the PLA scaffold had biochemical

properties which were inferior to the native host tissue and there was inconsistent bone
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regeneration (Frenkel and Di Cesare 2004). Previous work with PGA scaffolds, have
shown that they begin to degrade within one day of being submerged in an aqueous
environment with an acceleration of degradation resulting in rapidly compromised
mechanical integrity of the scaffold. Additionally, this degradation of the scaffold results
in a release of acidic byproducts which adversely affect the surrounding host tissue
(Hutmacher 2000). The quick degradation of the PGA scaffolds leading to loss of
mechanical integrity makes these scaffolds unsuitable for load bearing applications in
joints. Polybutylene terephthalate (PBT) has previously been used as a copolymer with
polyethylene oxide (PEO) where it encouraged bone ingrowth during animal studies
(Radder et al 1994, Radder et al 1996, Liu et al 1998, Sakkers et al 1998, Sakkers et al
2000, Woodfield et al 2002, Claase et al 2003). While animal studies have demonstrated
the ability of PBT/PEO copolymer implants to encourage bone ingrowth, clinical studies
did not (Roessler et al 2000). The ratio of PBT to PEO can be altered to change the
osteoconductive properties as well as the resorption rate of these scaffolds (Radder et al
1994, Radder et al 1996, Sakkers et al 1998, Sakkers et al 2000). By increasing the ratio
of PBT to PEO, the scaffolds degrade slower and become stiffer. This was the rational
behind using pure PBT scaffolds in these studies. It was considered desirable to have a
scaffold that would be able to maintain its mechanical integrity for a long period of time
following surgical implantation. This would allow continuous support of the tissue
engineered construct which the scaffold supports, and it allows collection of load
measurements over extended periods of time (specific aim 2).
In addition to the variety of materials which scaffolds can be made from there is
also a large repertoire of manufacturing techniques that can be utilized to create these
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scaffolds. Two early approaches to making three dimensional porous scaffolds are fiber
bonding and solvent casting/ particulate leaching. However, both rely on solvents which
can be toxic to cells if they are not completely removed prior to implantation. These
processes also preclude the addition of pharmacological agents during the fabrication
process (Mikos and Temenoff 2005). Free form fabrication is an alternative scaffold
manufacturing technique which avoids the use of organic solvents in the scaffold
fabrication process. Examples of free form fabrication are stereolithography, selective
laser sintering, 3D printing, and fused deposition modeling (FDM).
Stereolithography uses a UV laser beam to polymerize a liquid polymer in order
to build a 3D model. Following this, the parts have to be cured in an ultraviolet light
chamber, which leads to the possibility of cavities forming which will trap the liquid
polymer. Additionally, there is sometimes the need to use solvents to clean residual
liquid polymer from the surface (Venuvinod and Ma 2004, Winder and Bibb 2005).
Selective laser sintering utilizes a CO2 laser to raise the temperature of powder particles
to just below their glass transition temperature. This fuses the particles into a solid
object. The disadvantage of this process is that the parts may have an absorbent powdery
surface which makes sterilization more complicated, and the pore structure may vary
throughout the structure because particle size differs (Venuvinod and Ma 2004). 3D
printing utilizes an inkjet printer head to spray a binding agent over a layer of powder
following which another layer of powder is applied and this continues to create a 3D
object layer by layer. The drawbacks to this technique include long processing times and
difficulty in removing loose powder from within the 3D object (Sherwood et al 2002).
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Fused deposition modeling (FDM) heats a thermoplastic polymer (e.g. PBT) to a
semi-liquid state and extrudes the polymer through a fine extrusion tip that is a few
micrometers in diameter. This process is driven by software that moves the extruder tip
in the x-y plane and then moves the stage (where the object is being built) along the zaxis such that each additional layer is built upon the preceding layer (see section 3.1B)
(Hutmacher 2001). This software is driven by data sets produced using computer-aided
design (CAD) programs. This allows a wide range of complex shapes to be created. In
addition to the ability to create highly reproducible porous scaffolds, FDM also has the
ability to use imaging data sets, such as those collected from micro computed
tomography (µCT) to build scaffolds (Sun et al 2004, Tellis et al 2008). By using CAD
programs, these imaging data sets can be combined with geometrical shapes in order to
create complex scaffolds that provide highly controlled porous structures with sufficient
mechanical integrity to withstand joint loading (Szivek et al 2006, Bliss et al 2007, Geffre
et al 2008). It is for these reasons that FDM was chosen as the scaffold manufacturing
technique for developing biomimetic scaffolds in order to test the hypothesis that
replicating the native bone structure will encourage bone ingrowth (specific aim 1).
Another advantage of using scaffolds for anchoring tissue engineered constructs
in defect sites is the ability to modify them following manufacturing to provide additional
functionality of the implant. One such modification has been the surface application of
calcium phosphate ceramic (CPC) particles, which is an osteoconductive coating and
encourages bone attachment. CPC coatings have demonstrated the ability to encourage
bone growth in both animal models and patients (Szivek et al 1997, Szivek et al 2002).
The addition of CPC particles is another method that can be utilized to achieve rapid and
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robust bone attachment and improve implant success rates. Another modification that
can be made is the addition of osteoinductive proteins to encourage bone formation,
which has been noted adjacent to other implants (Lind 1998, Cordaro et al 2001).
Recently, transforming growth factor beta-1 has demonstrated increased bone growth
when applied to PBT scaffolds (Szivek et al 2005).
A benefit of making scaffolds with a geometric surface, is the ability to attach
strain gauges to the scaffolds. This will allow in vivo monitoring of strain, which can be
correlated to joint loads (Szivek et al 2006, Bliss et al 2007, Geffre et al 2008). To be
completely implantable (no transcutaneous leads), these strain gauges can be attached to
subminiature radio transmitters. This technique was utilized to address specific aim 2,
which addressed the hypothesis that implanted scaffolds can be utilized to directly
measure in vivo joint loads. In vivo joint loads will be utilized to monitor the healing
response of the implant, prevent overloading of the tissue engineered construct, and
optimize rehabilitation protocols.

2.8 In vivo animal model
The experiments designed to test the two hypotheses in this research; namely
biomimetic pore structure will facilitate bone growth and polymer implants can be used
to measure joint loading, utilized the canine stifle (knee) joint.

One of the many

advantages to using this model is that the size and shape of the knee provided adequate
space for implantation of a patient sized scaffold. Using smaller animal models such as
rabbits precludes the use of a scaffold with adequate porosity or mechanical strength to
accurately model scaffolds that would be used in patients. Another advantage of the
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canine animal model is that dogs are easily trained to perform a variety of activities
during which joint loading can be measured. An advantage to using the stifle joint is that
a well studied and documented model of osteoarthritis has been developed in this model.
This technique developed for inducing osteoarthritis is transection of the anterior cruciate
ligament (ACL), and this has been extensively studied in the dog (Pond and Nuki 1973,
O'Connor et al 1989, Vilensky et al 1994, Visco et al 1996, Budsberg 2001, Tashman et
al 2004). This model allows monitoring of loading conditions present within the knee
joint before and after ACL transection so that a better understanding of the loading
environment responsible for OA can be elucidated.

2.9 Load measurements
While abnormal or excessive mechanical loading can lead to articular cartilage
damage and development of osteoarthritis (Kerin et al 2003, Milentijevic et al 2005,
Milentijevic and Torzilli 2005) the exact loads necessary to induce osteoarthritis have not
been well defined. Measurement of the pathological loading conditions which result in
osteoarthritis is a crucial step towards developing a better understanding of the onset as
well as the progression of osteoarthritis. This information can be utilized to develop
exercise regimens focused on maintaining healthy cartilage and preventing tissue
damage.
In addition to joint loads having a profound impact on the development and
progression of osteoarthritis, mechanical loading has also been demonstrated to be
important for rehabilitation protocols. For example, following autologous chondrocyte
implantation (ACI) it is crucial to avoid excessive axial loading and shear loading during
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the initial few post-op months and then to gradually require patients to impose these
loading conditions on their joint following this time period (Riegger-Krugh et al 2008).
The ability to control loading to this extent requires knowing the exact location of the
defect site and significant expertise on the part of the rehabilitation specialist to ensure
that these protocols are followed. Monitoring joint loading at the site of the defect would
be instrumental in improving rehabilitation because the exact loading conditions would
be known. As such excessive loading could be avoided, and then appropriate loading
conditions could be added in a controlled fashion that was specific to that patient.
In addition to the clinical relevance of monitoring joint loading, understanding the
loading environment on the cartilage layer is important for improving tissue engineering
research. Previous work has looked at the effects of magnitude, duration, frequency and
loading history on cartilage biosynthesis as well as the effect these variables have on the
mechanical properties of the engineered tissues (Buschmann et al 1995, Saini and Wick
2003, Shieh and Athanasiou 2003, Waldman et al 2003b, Chen et al 2004, Huang et al
2004, Hung et al 2004, Lima et al 2004, Elder et al 2005, Tognana et al 2005, Connelly et
al 2007). It has also been noted that mimicking in vivo conditions during in vitro
experiments has led to better tissue engineering success rates (Lee and Bader 1997, Smith
et al 2000, Neidlinger-Wilke et al 2002, Waldman et al 2003a, Waldman et al 2003b,
Waldman et al 2006). This highlights the value of collecting direct in vivo joint loads at
the site of implantation. Currently, there is a lack of knowledge due to the difficulty
associated with collecting in vivo load information from the articular cartilage (Guilak et
al 2001).

34
Gait analysis is a useful modality for estimating joint mechanics during physical
activity. This analysis often uses skin markers to track movement of body parts in
combination with loads such as ground reaction forces. This information can then be
used to calculate the actual forces and moments at joints such as the knee. To determine
the contact stresses (pressures) at the articular cartilage, further analysis must be
performed using joint models (Hunter and Wilson 2009). The primary limitations to this
type of analysis is that the skin markers move relative to the bones. This produces
significant errors, although they can be reduced by using large groups of skin markers.
Another significant limitation is that determining contact forces at the knee joint requires
the use of joint models, which require many simplifying assumptions about the knee joint
thereby limiting the accuracy of the results (Hunter and Wilson 2009).

These

simplifications include neglecting the rolling of the femoral condyles on the tibial plateau
during extension, assuming that the femoral condyle rotates relative to the tibia about a
fixed center line, and neglecting the effects of friction in the anterior-posterior direction
(Morrison 1970).
Recently, tibial prosthesis (component of total knee implants) have been equipped
with strain gauges which can measure joint loading when coupled to telemetry (Figure
2.5) (D'Lima et al 2005, D'Lima et al 2006, D'Lima et al 2007, D'Lima et al 2008,
Mundermann et al 2008, Varadarajan et al 2008, Heinlein et al 2009).
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Figure 2.5: Image depicting the tibial prosthesis that has been equipped with strain
gauges and a telemetry unit in order to measure the loads passing through the knee during
in vivo loading (Heinlein et al 2009).
While the strain gauged tibial prosthesis has collected important joint loading information
that can be used to design better musculo-skeletal models, the limitation to this data is
that the biomechanics of the joint are altered following the implantation of the device.
Due to this alteration of biomechanics, direct measurements of the in vivo loading
environment of a knee under physiological conditions without altered biomechanics is
still required. Specific aim two is designed to address this critical need for collecting
direct in vivo measurements of joint loading during physiological activities.
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CHAPTER 3: METHODS
3.1 Scaffold design and preparation
A. Scaffold design
Scaffolds were designed using a CAD program (SolidWorks Concord, MA) to create the
geometrical patterns which included the outer jackets and windows. These geometrical patterns
were then imported into Quickslice as “.stl” files where they could be merged with bone
architecture files collected using a µCT scanner. Additionally, Quickslice would convert the
final version of the scaffold design into an “.sml” file, which was the input file type for a
Stratasys FDM 1650 rapid prototyping machine (Stratasys, Eden Prairie, MN).
The general design of the scaffolds used throughout all the studies was a cylinder
measuring 8.9 mm in diameter and 11.3 mm in length. There is an outer jacket (skin) around all
the scaffolds that provides mechanical strength and a surface for strain gauge attachment.
Windows in the outer jacket facilitate bone ingrowth from the outer perimeter of the scaffold,
while a solid horizontal layer of polybutylene terephthalate (PBT) simulates subchondral bone
between the bone interfacing porous structure and a cartilage tissue interfacing domed surface
approximately equal to the radius of curvature of the femoral condyles (Figure 3.1).
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Figure 3.1: Schematic of the general scaffold design for the implants used in the study.
The bone interfacing porous structure of the simple porous scaffolds used in the study
was designed using a grid pattern which was rotated 45° in each layer in order to create a
tortuous porous construct intended to enhance bone ingrowth (Figure 3.2). Additionally, the
outer scaffold skin was designed with three sets of openings (three holes measuring 1 mm in
diameter) spaced equidistant along the longitudinal axis to allow bone ingrowth into the interior
of the scaffold from the edges.
The internal porous structure for the biomimetic scaffolds were created by first taking a
17 mm diameter bone core from a cadaveric canine femur similar in size to the joints of the test
animals selected for the in vivo portion of the studies. The core was scanned using a µCT
scanner (Scanco, Bassersdorf, Switzerland) at 18 µm resolution and a region of interest in the
trabecular bone was selected. The data set was modified to create an inverse trabecular pattern
where marrow spaces were filled in with polymer and trabecular spaces were left as pores to
allow bone ingrowth (Figure 3.2). Similar to the construction of the simple porous scaffold, a
cylindrical outer skin was added and a solid layer of PBT was placed between the dome and the
cylindrical porous section. Three equidistantly spaced windows (each measure 2.95 by 6.77
mm) were placed in the outer skin to allow bone ingrowth.
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Figure 3.2: µCT image of the internal porous structures. (A) Depicts the simple porous scaffold
with the grid like pattern rotated 45° in each layer to create a tortuous structure. (B) Depicts the
inverse trabecular pattern used in the biomimetic scaffolds. Not depicted in these images are the
domes.
B. Scaffold Fabrication
A Haake screw extruder was used to create PBT filament measuring 1.7 mm in diameter
from Valox 312 PBT pellets (GE Polymers, Pittsfield, MA). This PBT filament was spooled and
used in the Stratasys 1650 to manufacture the scaffolds. This filament was fed into the FDM and
extruded through a 0.304 mm tip which was heated to 255° C. The FDM would lay down each
layer of PBT on top of the previous layer of PBT creating a three dimensional structure (Figure
3.3). The PBT was extruded on top of a support layer that could subsequently be removed
manually or dissolved using toluene (which dissolves the support material but not PBT).

Figure 3.3: On the left is a schematic of the FDM modeler with the filament being fed into the
liquefier and then extruded through the tip that moves along the x-y axes. Once the layer of PBT
has been extruded, the z-axis is moved down such that the next layer of PBT can be extruded on
top of the previous layer. On the right is an image depicting the extruder tip (Tellis et al 2008).
3.2 Scaffold post-fabrication modifications
A. Strain gauge preparation and wiring
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1000-ohm FAE-12-100-S6ET strain gauges (Micro-Measurements, Raleigh, NC) were
used on all scaffolds in these studies. These strain gauges were trimmed on all sides to reduce
their size and facilitate attachment to the outer surface of the scaffolds (Figure 3.4).

Figure 3.4: Image depicting the dimensions of the strain gauges utilized in the study both prior to
and following them being trimmed. The upper left of the figure depicts a metric scale with mm
increments.
Once these strain gauges were trimmed the solder tabs opposite the strain sensing element were
tinned with solder. These strain gauges had a strain relief tab on them that made them much
longer than they would be in the absence of the strain relief tab (Figure 3.5).
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Figure 3.5: Image of a strain gauge and the dimension with and without the strain relief tab. The
two different types of gauges are identical otherwise.
This led to difficulty attaching the strain gauges to the scaffold because the gauge was nearly as
long as the scaffold itself (11.3 mm). Recently, this was addressed by using gauges that did not
have strain relief tabs. These newer gauges were exactly the same but had no strain relief tab.
Six-conductor cable with individually insulated 30-gauge wire (NMUF6/30-4046SJ,
Cooner wire, Chatsworth, CA) was used to connect gauges to the sensing system. This wire is
flexible, bioinert and coated with PVC to ensure there is no fluid infiltration. To prepare the
wire, 20 mm of the grey outer PVC coating and ground shielding were removed with a scalpel
and scissors. This resulted in exposure of the 6 individually insulated wires (Figure 3.6). Once
exposed, each wire was stripped with wire strippers to expose 3-4 mm of wire. Wires were then
tinned with solder and trimmed down to 1 mm. It was noted that waterproofing the strain gauge
wire junction (Figure 3.8) increased in difficulty as a function of how much wire was exposed.
This led to a method of shortening the amount of exposed wire that was going to be soldered to
the strain gauge such that wires were as short as possible to aid in the waterproofing of the strain
gauge. While this made it more difficult to solder to the strain gauge it enhanced waterproofing.

Figure 3.6: Image depicting the Cooner wire used in the study with the left image illustrating the
grey sheathing and ground shielding that was removed to expose the 6 individual wires (middle).
The image on the right shows each wire individually stripped (white circle).
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Once the wires and strain gauges were prepared, the wires were soldered to the strain
gauge. Wires were paired for each gauge so that there were three sets (red-green, blue-yellow,
and black-white). These wires were twisted together to reduce their diameter and soldered to the
strain gauge (Figure 3.7).

Figure 3.7: On the left is the red-green pair of wires that were twisted together and placed on top
of a metric ruler and on the right are the wires soldered to the strain gauge.
Once a strain gauge was attached to the appropriate wires the resistance was checked with a
Fluke 87 digital multimeter (Fluke Corp, Everett, WA) to ensure proper connection between the
wires and gauge. Once the wires were attached a small amount of Master Bond EP42HT
(Master Bond Inc., Hackensack, NJ) was placed onto the wire-gauge junction to strengthen the
connection and prevent the wires from detaching from the strain gauge (Figure 3.8).
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Figure 3.8: On the left is a birds-eye view of the Master Bond epoxy used to strengthen the wire
to strain gauge junction and on the right is a profile view of the same location.
Master Bond EP42HT was chosen for this step because it is an epoxy that can be sterilized and
was developed for surgical applications. To accelerate curing, the strain gauge and wire was
placed into a 60° C oven for 1 hour (the epoxy cures in 24 hours at room temperature). In
addition to strengthening the junction, this step was used to waterproof the exposed wire so that
it would not short out following in vivo placement. Once all the strain gauges were wired to the
appropriate wire pairs, the gauges were placed into a container of saline to test for waterproofing.
The strain gauges were left in saline for 3-4 days to ensure that they were waterproofed prior to
attaching them to the scaffold. If there was fluid infiltration during this time, the strain gauges
were dried and additional Master Bond was applied to any visually inspected area that might
have allowed fluid infiltration and then placed back into saline for another 3-4 days.
Once all the strain gauges were determined to be waterproofed, each gauge was attached
to the exterior of the scaffold one gauge at a time. To accomplish this the strain gauge was
coated in Master Bond and then placed on the outer jacket of the scaffold. Gauges were aligned
parallel to the long axis of the scaffold and positioned 120° apart from each other. Once a strain
gauge was fitted into position, a 5-6 cm long piece of silicone was wrapped around the scaffold
and strain gauge and then clamped into place (Figure 3.9 left). The scaffold was then placed
onto its dome and left to cure overnight at room temperature, prior to attaching the next strain
gauge. Once all the strain gauges were attached the grey cable sheathing was extended to the
base of the scaffold (Figure 3.9 right). The entire scaffold was then placed into a container full
of saline for 3-4 days to ensure that the strain gauges and wires were waterproofed. If there was
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fluid infiltration then the scaffold was taken out of the saline, dried, and Master Bond was
applied to any exposed strain gauge/wire surface that might allow fluid infiltration.

Figure 3.9: Image depicting the piece of silicone used to hold the strain gauge in place along the
exterior of the scaffold on the left and the image on the right depicts the grey sheathing extended
to the base of the scaffold to cover any exposed wire. One strain gauge is visible in the right
image and the other two stain gauges are on the posterior of the PBT scaffold and not visible.
It was noted during the study that placement of the strain gauges on the outer surface of
the scaffold, might pose a problem because press fitting the scaffold during surgery could
damage the strain gauge itself or the waterproof coating that was applied to the wire-gauge
interface. Since waterproofing has been and remains one of the most difficult challenges in these
studies, the gauge location for axial measurements was subsequently modified (all scaffolds
utilized for the published axial measurements were of the original design where the strain gauges
were on the outer perimeter of the scaffold). Currently, the strain gauges are placed directly in
the center of the scaffold and aligned parallel to the long axis of the scaffold. This was
accomplished by creating a solid rectangular cut out in the center of the scaffold using
Quickslice (Figure 3.10).
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Figure 3.10: On the left is a horizontal slice through the scaffold depicting the outer shell,
internal porous structure, and the rectangular cutout where the strain gauges will be inserted.
This image was taken from the Quickslice software program. On the right is a representative
scaffold with the rectanglular slot visible in the center. Note that the dome of the scaffold is on
the opposite end.
Once built the strain gauges were wired using the same procedure but instead of attaching the
strain gauge to the outer surface they were inserted directly into the rectangular cut out with a
sufficient amount of Master Bond to ensure attachment and increase waterproofing (Figure 3.11).
This newly designed scaffold which was tested during axial compression still produced a linear
calibration curve (N/strain).

Figure 3.11: This image shows the strain gauges inserted into the rectangle and coated in Master
Bond for waterproofing. Note that there is also a shear gauge in this image (strain gauge
attached to the red-green wires running along the longitudinal axis).

B. Application of osteoconductive coatings
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After it was determined that the strain gauges attached to the scaffolds were
waterproofed, a polycaprolactone-tricalcium phosphate coating was applied. This was done by
making a slurry of 30% solids by volume and then dunking the scaffold in the slurry while the
slurry was held in an ultrasonicator. An ice bath was utilized in the ultrasonicator to prevent the
polycaprolactone particles from melting. Following this step the scaffolds remained in the slurry
and were placed under vacuum for 30 min and then left to dry 8-10 hours and heat-treated in a
75° C oven for 12-16 hours.
Following the application of the polycaprolactone-tricalcium phosphate coating, a
blended mixture of calcium phosphate ceramic particles (CPC) previously published under the
designation 6 and 7 was applied to the outer surface of the scaffold (Szivek et al 1996). This
blended mixture was composed of 15% CPC 6 and 85% CPC 7 and chosen based on previous
studies, which demonstrated that the blend had good bond strength and osteoconductive
characteristics (Battraw et al 1999). To attach the blend to the outer surface of the scaffold, the
exposed surfaces on the scaffold were lightly sanded with 600 grit sand paper and then a layer of
15 wt % solution of polysulfone (Amoco, Huntington Beach, CA) dissolved in 1,1,2,2
tetrachloroethane was applied to the surfaces and baked for 1 hour at 50° C. This thin layer was
then sanded with 1200 grit sand paper and a second layer of polysulfone was applied. The CPC
blend was then sprinkled onto this polysulfone layer and baked for 5 hours at 50° C (Figure
3.12).
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Figure 3.12: Schematic showing the application of CPC to the exposed surfaces of the strain
gauges which are on the surface of each scaffold (Szivek et al 2002).
In addition to applying the CPC blend to the outer surface of the scaffold, the CPC blend was
also applied to the wire adjacent to the base of the scaffold. This facilitated bone attachment to
the wire and limited the cable motion following in vivo placement (Figure 3.13).

Figure 3.13: Image depicting the final scaffold with CPC coating along the outer surface of the
scaffold as well as along the 2.5 cm of wire adjacent to the base of the scaffold.
3.3 Scaffold calibration
Scaffolds were loaded in confined axial compression to generate a unique strain-load
calibration curve for each strain gauge that was attached to the scaffold. This calibration curve
was used to convert strain measurements recorded during gait into load. Scaffolds were press fit
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into Darofoam (Daro, Butler, WI), which is a polyurethane foam that has been reported to have
compressive stiffness characteristics similar to that of human trabecular bone (Szivek et al 1995).
Once press fit into the Darofoam (Figure 3.14 left and middle), the strain gauges attached to the
scaffold were connected to Vishay signal conditioners (Model #2120, Vishay Instruments,
Malvern, PA) via a nine-pin connector. Scaffolds were compressed by a servo hydraulic ram
(MTS, Minneapolis, MN) at a load rate of 100 N/sec (Figure 3.14 right) while load (kg), stroke
(mm), and strains were monitored by a Macintosh G4 computer (Apple, Cupertino, CA) running
LabView 7.1 (National Instruments, Austin, TX).

Figure 3.14: On the left and the middle is the Darofoam block used to simulate trabecular bone.
The Darofoam was split in half through the hole that was drilled for holding the scaffold in place
(left), once the scaffold was placed the second half of the block was put in place (middle) and
then clamped into a vise (right). The vise was positioned on the MTS actuator such that the
scaffold was loaded in axial compression for the calibration process.
Scaffolds were loaded with both a ramp and a sine loading pattern with a piece of silicone sitting
atop the dome to facilitate uniform loading of the scaffold. Load was subsequently converted
into Newton’s by multiplying the load (kg) by the gravitational acceleration constant 9.8 m/s2.
Load (N) was then plotted along the Y-axis against strain along the X-axis. Once plotted, a
linear trend line with the general equation y = mx + b was fitted to the data and slope (m) was
recorded and used to convert in vivo strain measurements into load (Figure 3.15).
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Figure 3.15: Representative calibration curve with load (N) on the y-axis and strain on the x-axis.
The slope of the curve is reported in the white insert at the right bottom of the graph and is
0.0516 N/strain in this case.
Following osteoconductive coating and calibration, the scaffolds were sterilized in
ethylene oxide and aerated. Prior to surgery, the scaffolds were soaked in transforming growth
factor-beta 1 (TGF-β1). In order to prepare the growth factor, 1 µg of TGF-β1 was reconstituted
in 12 µL of 4 µM HCL solution that had been filtered through a 0.2 µm Acrodisk syringe filter.
Sterilized scaffolds were opened in a laminar flow hood and supported by sterile hemostats. The
scaffolds were soaked in the reconstituted TGF-β1 solution overnight in a controlled humidity
chamber at 20°C.

3.4 Transmitter and scaffold-transmitter junction preparation
A. Transmitter wiring and waterproofing
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Four-channel digital radio transmitters (Microstrain Inc., Williston, VT) were used for
transmitting the strain measurements from the gauges on the scaffolds to an external radio
receiver. Channel 1 of the transmitters was wired directly to a 1000 ohm strain gauge that was
used to establish a baseline for monitoring radio noise and ensured that the recordings collected
from the transmitter were strain values. Channels 2, 3, and 4 were wired to a single-row 6-pin
connector such that it could be connected to scaffolds during in vivo placement (Figure 3.16).
Additionally, a magnetic reed switch was soldered to pins 3 and 4 on the transmitter (Figure
3.17). This allowed the transmitter channels be zeroed by powering the transmitter while
simultaneously holding a magnet near that transmitter following in vivo placement. Following
connection to the single row connector, the transmitter was coated in Master Bond epoxy to
create a waterproofed system. Transmitters were tested to see if they were waterproofed by
placing them in a zip-lock bag full of saline and then powering them up and recording from
them. If they were adequately waterproofed they provided continuous data, if not they powered
on and off when the power coil designed to power the system was activated.

Figure 3.16: A waterproofed transmitter in the center of the image with the 6-pin single row
connector shown in the upper left corner of the image.
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Figure 3.17: A high magnification image of the transmitter with a 1000-ohm gauge soldered to
Channel 1. Connector wires are shown soldered to the remaining channels and a magnetic reed
switch is soldered to pins 3 and 4.
Once the transmitter was attached to the multipin connector and waterproofed, the transmitter
was sterilized with ethylene oxide and aerated prior to surgery.

B. Transmitter-scaffold junction
To prepare the scaffold for connection to the transmitter during the in vivo implantation,
the end of the wire opposite that of the scaffold had to have pins connected to it such that it could
pass through a 2.4 mm diameter hole. To do this, a 8 cm long piece of heat shrink tubing (EPS –
200, 3M, St. Paul, MN) was slid over the grey sheathing until it was in the middle of the cable.
This needed to be done prior to connecting any of the pins otherwise it was impossible to get the
heat shrink over the connection site. Following placement of the heat shrink the grey sheathing
and ground shielding were removed. A string, which ran the length of the cable down its center,
was tied to a piece of suture using an overhand knot. The knot was secured with cyanoacrylate
glue. Each wire was cut 2.5 mm shorter than the previous wire making the wires progressively
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shorter and staggering the connectors. Once cut the wires were tinned and soldered to copper
pins that would fit into the 6-pin single row connector that had been wired to the transmitter
(Figure 3.18).

Figure 3.18: Image depicting the pins connected to the individual wires which are progressively
shorter.
Once the pins were connected the heat shrink was pushed up over the pins and the knot.
The heat shrink was activated and shrunk with an Ungar 1095 heat gun (Cooper Tools, Houston,
TX). Following this, the junction between the heat shrink and the string was covered with epoxy
to prevent any fluid infiltration when the wire was pulled through the bone during the surgery.
This heat shrink would be cut off and the string trimmed back to the grey sheathing during
surgical implantation (see section 3.5B).

C. Updated transmitter-scaffold junction
A prewired subminiature connector became available during the course of the study. The
6-pin single row connector used in conjunction with the transmitter was replaced by this
cylindrical 6-pin mini-connector system (Nano-circular connector NCP/NCS, Omnetics,
Minneapolis, MN). This connector came pre-wired to six individually insulated wires so it was
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wired up directly to the transmitter with a piece of heat shrink covering the individual wires. The
heat shrink was then activated and then the transmitter was waterproofed using Master Bond
(Figure 3.19).

Figure 3.19: Waterproofed transmitter with new mini-circular 6-pin connector shown on the left.
The male portion of the cylindrical 6-pin mini-connector system was connected to the
scaffold wire. This was done by cutting the individual wires of the 6-pin connector in a
progressively shorter fashion (Figure 3.20).

Figure 3.20: Male portion of the cylindrical 6-pin mini-connector system with the individual
wires cut progressively shorter.
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Once cut, the corresponding wires of the scaffold wire were cut in a progressively shorter fashion
such that the shortest wire on the connector was connected to the longest wire on the scaffold
and progressively longer connector wires were connected to progressively shorter wires on the
scaffold. All wires were tinned such that there was 2-3 mm of exposed wire and then bent into a
fish hook fashion and linked with their corresponding wires (red-red, green-green, etc…). This
link was then heated with a soldering iron and a small amount of solder was applied to the
linkage and any extra wire was trimmed (Figure 3.21).

Figure 3.21: Image depicting the connection between the cylindrical 6-pin connector and the
scaffold wire.
Following connection of the wires, each link was coated with a small amount of Master Bond
that had been heated 1 min 40 sec in a 90° C oven to give it a more workable consistency. Care
was taken to ensure that only a small amount of Master Bond was used for each connection
because of the increase in cable diameter that was associated with this step. The connections
were left to set overnight. An air drying acrylic (M-Coat D, Micro-Measurements, Raleigh, NC)
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was utilized to individually waterproof the individual connections between the mini-connector
and the scaffold, but it was observed that the xylenes component of the polyurethane dissolved
the acrylic so Master Bond was used instead. A piece of heat shrink, which had been slipped
over the cable previously, was then pushed over the connection site. Polyurethane was liberally
applied to the connection area while the heat shrink was being placed over the connection site
and left to dry 20 min prior to activating the heat shrink. Additionally, the ends of the heat shrink
(Figure 3.22) were coated in Master Bond to increase adhesion between the heat shrink and the
grey outer coating on the scaffold cable and to help prevent fluid infiltration at the connector end
(Figure 3.22 black arrows). This resulted in a connection area that was solidly filled with
polyurethane to minimize the chance of fluid infiltration with Master Bond at the ends (Figure
3.22).

Figure 3.22: Image depicting the connection between the 6-pin mini-circular connector and the
cable from the scaffold (grey cable). The black arrows indicate the areas that are coated in
Master Bond to prevent fluid infiltration. Between the black arrows the individual wires can be
observed and this area is filled with polyurethane and covered in a clear heat shrink.
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Once the heat shrink was activated one last 2 cm long piece of heat shrink was placed directly
over the connector to prevent any fluid or biological tissue from getting into the connector when
it was pulled through the bone during implantation (Figure 3.23).

Figure 3.23: The black heat shrink depicted is covering the connector itself to prevent fluid
infiltration during the surgery. Once pulled through the bone the black heat shrink is cut off.
3.5 Scaffold implantation
A. In vivo experimental design
Tall Hound/Labrador mixed breed dogs were used for all the in vivo studies. The test
animals varied in weight from 21 kg to 35 kg. As such gait analysis was normalized for body
weight. Three test animals were utilized for the gait analysis and two groups of four animals
were used for the histological analysis. One group of four test animals was implanted with
biomimetic scaffolds while the other group of four was implanted with simple porous scaffolds.
Two of the test animals used for the gait analysis were also used in the histological analysis
(biomimetic scaffolds). The other test animal used in the gait analysis had a simple porous
scaffold but was not used in the histological analysis. Not all the test animals were used in the
gait analysis due to failure of some of the strain gauges and/or transmitters.
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B. Scaffold location and surgical procedure
Scaffolds were orientated in line with the femoral axis so that at 30° of stifle flexion the
longitudinal axis of the scaffold was perpendicular to the ground (Figure 3.24).

Figure 3.24: Schematic of the scaffold location with the dot representing the location where the
scaffold would be placed in the medial condyle.
All scaffolds were implanted by the same orthopaedic surgeon (Dr. John T Ruth) to ensure there
was no variation in the implantation. First, an incision was made in the skin and the medial
condyle of the right stifle was exposed using blunt dissection. A guide drill was used to create a
4 mm hole through the medial condyle. The guide was drilled through the lateral mid-diaphysis
of the femur to allow wires from the strain gauges to pass out through the lateral aspect of the
femur. A 9 mm reamer was placed over the guide and used to create a hole in which the scaffold
was press fit such that the dome of the scaffold was flush or slightly recessed compared to the
surrounding surface (Figure 3.25). Previous studies have shown that scaffolds left proud or
above the surface resulted in cartilage damage on the tibial plateau (Szivek et al 2006).
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Figure 3.25: Images depicting (a) the exposure of the femoral condyles, (b) the 9 mm reamer
used to created the surgical site in which the scaffold will be press fit, and (c) the scaffold being
inserted into the reamed site.
Once the scaffold was inserted into the stifle joint, the lateral condyle was prepared following the
same procedure. The wires were routed subcutaneously to the flank region where a separate
incision had been made to insert the transmitter unit. The transmitter was attached to the cable
from the scaffold (see section 3.5B) and then placed subcutaneously (Figure 3.26). All incisions
were closed using a layered approach with resorbable sutures in the deep layer and nonresorbable layers in the superficial layer. The superficial sutures were placed below the skin so
that the test animals would not be able to pull them out. Following surgery, the test animals were
placed into an Elizabethan collar to prevent them from irritating their incisions.

Figure 3.26: Radiograph depicting the location of the scaffold in the stifle joint and the
transmitter in the flank.
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C. Transmitter-scaffold junction
In the original connector configuration the six copper pins from the scaffold cable were
inserted into the single row 6-pin connector that had been connected to the transmitter (Figure
3.24 left). These individual pins had to be individually connected during surgery, taking specific
care to ensure that the copper pins did not touch each other causing the strain gauges to short out.
This connection site was then placed into a silicone mold that had been prepared and sterilized
prior to surgery.

Once the connection was placed into the mold, medium viscosity

methylmethacrylate bone cement (DePuy, Smart Set, Warsaw, IN) was used to fill the mold and
waterproof the connection site.

Methacrylate was chosen for this purpose because it is

implantable and it hardens within minutes so that the surgery can proceed in a timely fashion.
After the methacrylate hardened (5-10 minutes) the silicone mold was removed (Figure 3.27
middle and right).

Figure 3.27: On the left is a schematic of the transmitter-scaffold junction, in the middle is a
silicone mold that is used to waterproof the transmitter-scaffold junction with methacrylate, and
on the right is the final product depicting the transmitter and its connection to the scaffold
encased in hardened methylmethacrylate.
The connection was placed away from the transmitter so that it would not interfere with placing
the power coil over the transmitter. Additionally, this waterproofed connection was large in size
and produced a noticeable lump at the flank of the test animal. This increased tension on the
skin near the insertion site. The increased tension has led to a poor healing response in some test
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animals, which required a revision surgery to reclose the wound. The new cylindrical 6-pin
mini-connector was waterproofed in the same fashion but the mold and waterproofed connection
site was much smaller (Figure 3.28).

Figure 3.28: On the left is the silicone mold, which is used to waterproof the mini circular 6-pin
connector. On the right is the waterproofed connection (white MMA block) at the site of
surgery.
Additionally, the new mini-connector reduced surgical time because instead of inserting 6
individual copper pins into the 6-pin single row connector, the new connector required only that
the male and female portions of the connector system be connected.

3.6 Load monitoring activities
Prior to surgery, animals were trained to run on a Trotter treadmill (United Medical
Company, Millis, MA) at four different speeds (2.6, 4.2, 6.0, and 9.1 km/hr). This treadmill
allowed four legged gait on a level surface. The surface could also be adjusted so that the test
animals were running uphill or downhill depending on which end of the treadmill was elevated
(Figure 3.29).
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Figure 3.29: Image of the treadmill used in the study. Gait at an incline can be achieved by
elevating the front of the treadmill (right side of the image) and gait at a decline can be
accomplished by elevating the rear of the treadmill (left side of the image). Also depicted is a
custom-built speed box that was used to maintain the speed lever at 4 specific speeds.
Test animals were trained to run on the treadmill using positive reinforcement. To begin,
animals were rewarded with food and praise for approaching the treadmill while it was off and
then while it was running to condition the animals to the noise of the treadmill. Animals were
then rewarded for standing on the treadmill while it was off, taking a couple initial steps when
the treadmill was first turned on, and then for continuous gait at the slowest speed working up to
the highest speed. Once trained for level incline walking the test animal was trained to run at
inclines and declines over the 2 lowest speeds because it was found that animals had a difficult
time running up an incline at the highest two speeds. Most test animals were successfully trained
to run on the treadmill, although if transmitters or strain gauges were malfunctioning then less
intensive training was performed. Test animals which were food motivated were much easier to
train while other non-food motivated test animals took more time and effort to train successfully.
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Test animals were trained for hind limb walking by encouraging the animals to jump up
and rest their front paws on the trainer standing in front of them such that the majority of their
weight was supported by their hind limbs. This was done initially on the floor with the trainer
walking backwards to condition the test animals to this type of gait and then it was performed on
the treadmill at the slowest speed.
Test animals were also trained to hurdle while running on the treadmill, by starting the
test animal running on the treadmill at one of the two slowest speeds and then placing a
cardboard box on the moving treadmill to result in the test animal jumping over the box to
remain on the treadmill. Another method of collecting the data was placing a small step stool
(12 inches tall) at the entrance of a room and then the test animal had to jump over the step stool
in order to get out of the room.
Loading data was also collected for climbing up and down stairs. This was accomplished
by training the dog to walk up the stairs and then back down the stairs. Training animals to run
up stairs was much more difficult to accomplish than treadmill running, particularly down stairs.
Another complication involved in training test animals to walk up and down stairs is controlling
the rate at which they would climb the stairs. Some test animals would take two or three steps at
a time while others would walk up one stair at a time. One solution to this was to minimize the
amount of free leash the test animal had to work with and to encourage the test animal to match
the pace of the trainer climbing up the stairs.
Due to availability issues of the stair well, a custom-made staircase was built that could
be placed into a room and allowed the test animal to climb up three steps to a platform (Figure
3.30). A ramp was also attached to the opposite side of the platform so that test animal could
easily get off of the staircase. To collect measurements of the test animal walking down stairs,
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the test animal was led up the incline ramp and then down the stairs. The custom built staircase
(Figure 3.30) had similar issues but to acclimate the test animal it was physically placed on the
top platform to get used to being up at that location prior to being led down the ramp or down the
stairs.

Figure 3.30: Image showing the custom made staircase with a ramp. The test animal could be
walked up or down the stairs to collect load measurements during a variety of activities.
3.7 Video analysis
Digital video was taken with a Hitachi Ultravision Digital Camera (Tokyo, Japan) to
correlate the test animals gait pattern with stride and stance time calculated from strain
measurements collected with the implanted transmitter. The video camera was setup to provide
a side profile of the test animal. Care was taken to ensure that the experimental limb was always
in clear sight (Figure 3.31). The video analysis was also used for correlating the characteristic
peaks observed in the strain measurements during joint loading with pawstrike, mid-stance, and
toe off. To synchronize the video to joint loading patterns, the data collection unit was included
in the video. When the data collection unit was turned on a green light was concurrently turned
on and this point in the video was correlated with the beginning of the joint loading
measurements.
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Figure 3.31: Screen shot of a representative gait video. The image depicts the muscle belt
holding the power coil to the transmitter, experimental limb (right hind limb), and the data
collection receiver with a green light illuminated indicating data transmission. Note that in this
image the old power coil, which had to be tethered to the wall, is shown rather than the portable
power coil (see section 3.8A).
Joint angles were also analyzed from the digital video of the test animals using Image J
(Image J 1.36, NIH, Bethesda, MD). This analysis was affected by the slow frame rate of the
camera (30 frames per second) and the lack of adequate markers for anatomical landmarks. To
measure joint angles, several landmarks were taken into account (greater trochanter of the hip,
center of the stifle joint, and the lateral malleolus of the ankle). These landmarks were hard to
pick out in the video even with the aid of rudimentary skin makers.

3.8 In vivo data collection
A. Power coil design and evolution
The initial power coil used to power the transmitter was held directly on the skin
superficial to the implanted subcutaneous transmitter. This power coil had to be connected to a
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120 V source resulting in an effective tether to the wall power outlet. Additionally, this power
coil had to be held in place by hand by the trainer reducing its portability. The first modification
made was to attach the power coil to a styrofoam or silicone mold (Figure 3.32) that was slightly
larger than the transmitter and could be placed on top of the transmitter and held in place with a
large muscle belt.

Figure 3.32: Image depicting a power coil encapsulated in a silicone mold which allowed it to be
placed over the transmitter and held in place with a belt. Also note that the grey duct tape in this
image was used to hold the black wire to the back of the silicone mold and prevent it from
becoming detached.
This meant that while the test animal was still tethered to the wall outlet it was able to perform
joint loading activities without the trainer having to physically hold the power coil in place by
hand. The next modification was to make the power coil completely portable by re-engineering
the power supply such that it could be powered with three AA batteries.

This included

modifying the power coil such that it was a loop of wire, which was subsequently wrapped in
electrical tape for padding and could be looped around the implanted transmitter and held in
place with a muscle belt. This also allowed the portable power source to be attached directly to
the muscle belt with velcro. Additionally, an on/off switch, which was controlled by remote
control, was designed so that the power coil could be turned on and off without having to
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manually flip a switch (Figure 3.33). This was done so that battery life on the portable power
supply could be preserved. All of these modifications resulted in a completely portable power
coil unit that could be worn by the test animal at all times and most importantly eliminated the
previous tether to the wall power outlet.

Figure 3.33: Image depicting the newest generation of power coil (bottom left), completely
portable power supply (middle image) with 3 AA batteries attached in series to it, the on/off
switch on the right, and the remote which allowed wireless control of the on/off switch on the
power supply (bottom right).
B. Data collection unit
The initial data collection software was custom written and ran on a Macintosh G3 laptop
computer. This software was limited by memory and buffer space. It could only collect 10
seconds of data prior to the data buffer being erased and a new block of 10 seconds of data being
collected. Additionally, the laptop had to be plugged into the wall and as such had limited
portability (Figure 3.34).
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Figure 3.34: On the left is the power coil and receiver unit that had to be plugged into a 120 V
socket. On the right is the Macintosh G3 laptop computer used with this setup. Directly in front
of the computer is the older version of the power coil along with a representative transmitter
sitting directly on top of the power coil.
Software was developed that would run on a handheld computer (PDA sized) so that portability
would not be an issue in data collection. The final version of this software was coded in
LabView 8.2 and compiled to run on a Dell handheld in a Microsoft Windows Mobile Version
5.0 environment. Additionally, this new software was coded to eliminate the buffer problem so
that data could be continuously collected up to 20 minutes.
3.9 GaitRite pressure monitoring pad
A force pad embedded into a 12’ x 4’ carpet was used to study the effects of scaffold
implantation on gait for three of the test animals utilized in this study (Figure 3.35). This system
was obtained from GaitRite (GaitRite, CIR Systems Inc., Clifton, NJ) and allowed quantification
of paw pressure distribution throughout the gait cycle. One limitation of this system was that the
software was designed for human (biped) gait so analysis had to be performed by hand in order
to evaluate quadruped gait. Additionally, this system measured pressure in arbitrary units so
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pressure measured with the GaitRite system on each paw could only be evaluated relative to
other paws and could not be compared directly to the loads and pressure measured with the
implanted scaffold system.

Figure 3.35: Representation of the GaitRite pressure carpet system and software output for gait
analysis. (Image obtained from www.gaitrite.com)
3.10 Tetracycline administration and euthanasia
At 18 days and 4 days prior to euthanasia, test animals were labeled every eight hours
(7am, 3pm, and 11pm) for 3 straight days (Figure 3.36) with tetracycline (Butler, Dublin, OH) at
a dose of 15mg/kg.

The tetracycline was administered orally in pill form.

calculation of dynamic bone formation rates.

This allowed
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Figure 3.36: A schematic, illustrating a representative tetracycline labeling schedule with the
green blocks representing the 3 days of labeling every 8 hours and white regions indicating the
timing between them.
Test animals were given a sedative (Telazol 10mg/kg) immediately prior to euthanasia
and then a bolus of barbiturates (Beuthanasia 1ml/4.5kg) was administered intravenously to
euthanize the test animal. Immediately following euthanasia the experimental and contralateral
control joints were harvested, cleaned of musculature leaving the joint capsule intact and stored
in a -20° C freezer.

3.11 Radiographic analysis
Prior to histology, experimental and control stifle joints were radiographed using a high
resolution Faxitron cabinet X-ray unit (Hewlett Packard, Palo Alto, CA). An anterior-posterior
and medial-lateral radiograph (Figure 3.37) were obtained for each limb to accurately determine
the location of the scaffold within the stifle joint. The films were digitized with a Nikon Coolpix
990 camera (Nikon, Tokyo, Japan).
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Figure 3.37: Representative radiographs of an experimental limb. On the left is an anteriorposterior view and on the right is a medial-lateral view of the stifle joint. Also depicted is the
location of a scaffold within the medial condyle. Note there is no lateral scaffold implanted into
this joint.
3.12 Gross visual inspection of the stifle joint
Prior to embedding specimens in polymethylmethacrylate (PMMA) for histological
analysis, the stifle joint was separated by removing the joint capsule and transecting the
ligaments holding the stifle joint together with a scalpel taking care to ensure that no damage was
done to the articular cartilage with the scalpel blade. Once the dissection was complete, a series
of pictures were taken of the tibial plateau noting any locations of cartilage degradation.
Degradation was noted only when the scaffold was left proud to the native tissue in a few rare
cases (Figure 3.38). Pictures were also taken of the femoral condyles where the scaffolds had
been implanted. A digital Nikon Coolpix 990 camera was used to take all images.

Figure 3.38: Image depicting cartilage scoring on the tibial plateau where the scaffold was left
proud relative to the surrounding cartilage tissue (Szivek et al 2006).
3.13 µCT analysis of bone ingrowth
Prior to histology and histomorphometry, a µCT machine (Scanco, Bassersdorf,
Switzerland), set to an 18 µm resolution was used to scan 17 mm diameter bone cores, which
contained either the biomimetic or the simple porous scaffolds from the lateral condyles.
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Scaffolds implanted in the medial condyles contained strain gauges that caused artifacts and
prevented µCT measurement collection. A region of interest corresponding to the scaffold
region analyzed using histomorphometry (Figure 3.43) was analyzed using a threshold value of
200. The Scanco software was used to measure bone volume (BV/TV, %), trabecular number
(mm-1), trabecular spacing (mm), and trabecular thickness (mm).

3.14 Histology and histomorphometry
A. Sample preparation
Following gross visual inspection, the condyles were separated from each other and cut
into large specimens ensuring that any tissue growing above the dome was not damaged nor any
tissue within 3 mm of the implanted scaffold (Figure 3.39).

Figure 3.39: Gross image of a cut specimen that was prepared for embedding in
methylmethacrylate. The notch was used to orientate the specimen and is on the posterior edge.
All initial sectioning was performed with a hacksaw fitted with a wood cutting blade with the
sample held into place with a bone clamp and vise. The experimental joint was sectioned first
and then the contralateral control joint was sectioned after that to ensure that the same area on
the control limb was analyzed as was done with the experimental limb. Specimens were placed
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in increasing concentrations of ethanol (70,70, 95, 95, 95, 100, 100, and 100%) to dehydrate the
specimen using a published procedure (Emmanual et al 1987). While the specimen was being
processed through the ethanol series, methacrylate monomer was washed to remove the inhibitor
(hydroquinone).
Washing the methylmethacrylate (MMA) required mixing the inhibited monomer with
NaOH in a separator funnel and discarding the bottom (more dense) aqueous layer. Following
this step the washed methacrylate was poured over anhydrous CaCl and allowed to sit for 20
minutes. The MMA was filtered through filter paper which contained CaCl, and stored in a glass
bottle in a 4° C refrigerator.
Following dehydration, the specimens were placed into the first of three infiltration
solutions consisting of a 6:1 ratio of MMA to N-butyl phthalate, which was used as a plasticizer.
Originally a 5 to 1 ratio was used but this was markedly less stiff than the PBT implant and
caused the PBT implant to crumble off of the slide during sectioning. A 6 to 1 ratio was used
following this and resulted in a stiffness that was closer to that of the PBT implant and resulted
in better sectioning results. Increasing the stiffness above a 6 to 1 ratio did result in issues with
keeping the cartilage intact during the sectioning (cartilage was significantly less stiff than all the
other tissues in the sample).
The infiltration solution was placed in a vacuum chamber for 3-4 hours and then covered,
wrapped in paraffin to reduce evaporation and left to sit overnight. The second infiltration
solution consisted of the same solution with the addition of 10 mg/ml benzoyl peroxide, which
was used as a catalyst. This was also placed under vacuum for 3-4 days and then sat overnight.
The last embedding solution was the same but with 30 mg/ml of benzoyl peroxide added as a
catalyst. This was again placed under vacuum and left until there were no more air bubbles
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released from the specimen. This solution was placed into a water bath at room temperature to
dissipate heat once the reaction began. This limited bubble formation in the final embedded
specimen (Emmanual et al 1987, Martini et al 2001).
Initially, the second infiltrate used 1.85 mg/ml and the third and final infiltrate used 4.63
mg/ml of benzoyl peroxide. This small amount of benzoyl peroxide resulted in long embedding
times (2-4 weeks) and often incomplete embedding where the methacrylate never hardened and
remained a syrupy consistency which resulted in having to reembed the sample. Increasing the
amount of benzoyl peroxide (10 mg/ml and 30 mg/ml respectively) decreased the embedding
times (1-2 weeks) and resulted in a high success rate in terms of hardening. One limitation to
increasing the rate of embedding was the formation of air bubbles in the sample if the sample
embedded too quickly, but this was addressed using a water bath to dissipate the heat formed
during the exothermic reaction.
Following embedding of the specimen, it was cut such that the lateral edge of the scaffold
was visible. It was cut square to the surface so that slides cut through the scaffold were not cut at
an oblique angle. This resulted in sagittal sections (Figure 3.40).

Figure 3.40: This is an example of a specimen cut in the sagittal plane. Depicted is the PBT
implant cut midway through the sample and surrounding tissue.
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Excess material from the embedded specimen was removed with a wood saw if large amounts of
the sample needed to be removed and with a 120 grit carbide paper if only smaller amounts
needed to be removed. Once the specimen was trimmed, it was ground using sequently finer
grits to a 600 grit paper to remove large surface defects. At this surface roughness it remained
rough enough to enhance adhesion to the microscope slide. This did result in an increased
number of scratch marks on the histology slides but the increased adhesion made this a valuable
step because the scratch marks did not significantly hinder the analysis.
Once prepared, the section was glued to a glass microscope slide (Precleaned, frosted 25
x 75 mm, 1mm thick, VWR, ) using 5 minute epoxy (Devcon, Germantown, WI) and clamped in
place for 30 minutes to cure (Figure 3.41).

Figure 3.41: Images depicting the clamping techniques utilized for attaching the sample to the
microscope slides. While both techniques have been used in the past, the clamp technique on the
right resulted in better adhesion.
A variety of epoxies were tried in order to attach the samples to the slides. These
included Devcon 5-minute epoxy, Scotch-Weld 1838 two part epoxy, and Master Bond. All of
these epoxies resulted in equally effective attachment of the sample to the slide. The Devcon 5minute epoxy was chosen because it set up the fastest and it was the most translucent of the
epoxies with the Scotch Weld and Master Bond having a slight yellow/brown hue to them. The
hue did not significantly affect any of the histology on the practice slides, but both these epoxies
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had significantly longer set-up times (24 hours compared to 30 minutes with the 5-minute
epoxy).
Prior to cutting any of the specimens, a vacuum stage was clamped into a Bronwell
diamond waffering saw (Bronwell, Rochester, NY) and used to hold the slide in place while the
slide was cut (Figure 3.42). Practice specimens were used to position the saw blade to ensure
that it cut parallel to the surface of the slide and cut the specimen as close to the slide as possible
without removing it from the slide (150-200 µm roughly).

Figure 3.42: Image illustrating the positioning of the vacuum stage that was used to hold the
sample in place while the diamond waffering saw cut the sample.
Once cut, the slides were ground down on a Leco surface grinder (St. Joseph, MI) to
approximately 100 µm and then finally polished to a 0.05 µm finish using a polishing cloth and
alumina slurry. It was determined through trial and error that a thickness significantly less than
100 µm resulted in the specimens coming off of the slide. If specimens started to peel off the
slide, they were carefully glued back into place with 5 minute epoxy using pieces of silicone to
distribute pressure and prevent the clamp from sticking to the slide. Specimens were sectioned
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to get as many sagittal slides as possible through each (8-9 slides) taking care to ensure 4-5
quality slides through the middle of the implant.
Once all slides were cut, ground, and polished, they were stained with Mineralized Bone
Stain (MIBS, Harrington Arthritis Research Center, Phoenix, AZ) which was made fresh using a
published procedure (Villanueva and Lundin 1989). If possible, control and experimental slides
were stained at the same time to ensure consistent stain intensity. The slides were stained for 30
minutes in MIBS and then rinse sequentially through the following solutions:
1) 4 dips 0.25% HCl
2) 12 dips 95% EtOH
3) 15 dips 100% EtOH
4) 15 dips 100% EtOH
5) 15 dips 50% EtOH / 50% Xylenes
6) 15 dips 100% Xylenes (if sample appeared to be peeling away from the slide then this was
reduced to 2-3 dips to ensure sample-slide adhesion remained intact)
Once the staining was complete, the slides were dried with a stream of lab air or left to air dry if
the sample appeared to be coming off of the slide. Care was taken to limit light exposure to the
slides because light decreases the fluorescence of the tetracycline label.

B. Histology and histomorphometry protocol
An Olympus MagnaFire SP digital camera (Olympus, Tokyo, Japan) coupled to a Nikon
Optiphot microscope (Nikon, Tokyo, Japan) was used to collect images of all the slides. All
pictures were taken with a 2x objective and then a collage was pieced together using Adobe
Photoshop (Adobe Systems Inc., San Jose, CA). This was performed under transmitted light as
well as with fluorescent light so that the tetracycline labeling could be visualized. In addition to
taking images of the specimen slide, an image was taken of a slide micrometer at the same
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magnification to allow accurate measurements from the slides. Three experimental slides from
each implant and two control slides from the contralateral condyle were analyzed.
Once the collage was assembled, the experimental slides were separated into regions
(scaffold, periscaffold, deep-periscaffold, and superficial) and each region was measured and
tabulated individually (Figure 3.43). This was done because native bone architecture varies
significantly as a function of location.

Figure 3.43: Schematic illustration of the regions analyzed. Depicted is the scaffold region in
grey, the periscaffold region (Peri), Deep-periscaffold region (Deep), and the Superficial region.
Also depicted are the anatomical locations and tissues observed in the space outside these
locations (bone, cartilage, and joint space).
The first step in separating the slide into regions was to mark the outer perimeter of the PBT
scaffold implant using Image J making sure to use a line width of 2. This was done so that the
lines could be automatically traced using the wand tracing tool of Image J. Using a line width of
1 resulted in the wand tool being unable to automatically trace the line. The scaffold implant
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region was designated as any PBT material or any other type of synthetic material (epoxy,
polysulfone, CPC) that was visually in contact with the PBT implant. In cases where the slide
encompassed a bone ingrowth window, a line was drawn from the point superficial and deep to
the window and this line demarcated the scaffold region. Anything within this initial outlined
area was designated the scaffold region. Once the scaffold region was outlined, the collage was
calibrated using the image of the slide micrometer, and an outer perimeter was marked by
measuring points 1 - 1.1 mm away from the scaffold region in all directions. Once the outer
perimeter was marked, the deep-periscaffold region was outlined by drawing lines parallel to the
lateral edges of the scaffold directly deep to the scaffold. The superficial region was outlined by
again drawing two lines parallel to the lateral edges of the scaffold but in this case superficial to
the scaffold. Completion of these lines resulted in the four separate regions analyzed for the
experimental slides (Figure 3.43). To break the control slide into these same regions, one of the
templates from the experimental slides (a total of three were analyzed) was copied to the control
slide collage. Care was taken to mark the superficial edges of the subchondral bone on the
experimental regions template and this was used to align the regions template on the control
slides. This ensured that the regions measured in the control slides were the same depth from the
subchondral bone as was measured in the experimental slides. This was important because bone
becomes more porous with increasing depth from the subchondral bone. The end result of this
process was a set of measurements from the control slide that were from identical regions
compared to those on the experimental slide (i.e. at the same depth as the experimental slide but
with no synthetic material present).
Once the regions had been marked on the slides, they were analyzed for tissue
composition. This was done with the microscope using the 10x objective and then marked on
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the collage image. The tissues were categorized as either synthetic, soft tissue, bone, or open
space (Figure 3.44). If there were any questions about the appearance of a specific tissue, a
second or third opinion was sought. Additionally, if there had been a significant lapse of time
since previous histological analysis (more than a 2-3 months), the observer would reacquaint
themselves by reviewing previously analyzed slides to ensure that they were consistent in
categorizing tissue types.

Substances to
measure

Description

Bone

Stains green, double label will fluoresce, osteocytes also present

Epoxy/polysulfone

Either Master Bond which appears clear or there it is a light brown/yellow color and large
CPC particles that may be present

CPC

Soft tissue

Open area
PBT
Wire
Strain gauge
Unknown-synthetic
Unknown

Either small dark granules or large clear like pieces, will be a bluish hue under fluorescence

Stains pink, may look fibrous but not necessarily, and cells are present. Within bone tissue
(control slides) soft tissue will appear as many cells clustered together otherwise open
area
Nothing in that plane of vision
Grayish/brown hue, very solid like in appearance, no cells
Wire directly or insulation that surrounds wire
Orange/yellow in color, usually thin and long
Unknown material that appears synthetic (e.g. PBT or epoxy)
Unknown material that does not appear synthetic

Figure 3.44: Table describing the appearance and criteria for categorizing the histological tissues
observed. Note that epoxy, CPC, PBT, wire, strain gauge, and unknown-synthetic each had a
unique appearance but were combined into a synthetic category for analysis
Initial histological analysis used Image J to demarcate each tissue and a letter was drawn to
designate each material.

Following this, each region was automatically selected with the

automatic wand tool and measured for area and perimeter and then recorded. Once measured a
number was typed into the region to ensure that it would only be measured once.

All
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measurements were reported as a percentage of total area within that region (e.g. bone area / total
area). When analyzing the experimental slides, total area was defined by the area not including
synthetic material (i.e. bone + open + soft tissue = total area) and this allowed comparison to
control slides which didn’t include any synthetic material. This was a time consuming process
and has been updated. In the updated approach, Adobe Photoshop is used to demarcate the
regions using the brush tool with a line width of 2. Once demarcated each region was color
coded according to a swatch color template (Figure 3.45) based on its location (scaffold,
periscaffold, deep-periscaffold, and superficial) as well as its type (synthetic, bone, soft tissue,
open area). This was done using the paint bucket function of Photoshop. Everything outside of
the outer perimeter was painted black so that it would not influence the analysis. Once all the
regions and tissues were color coded, the image was opened in Image J and a histogram was
taken of the image. This histogram was composed of at most 18 distinct peaks (one per color
swatch equaling 16, plus black marking the outer perimeter and white which was the line color).
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Figure 3.45: Color swatches used to color code the histological slides. Scaf = scaffold region,
DPS = deep-periscaffold, PS = periscaffold, SUP = superficial, R = synthetic material, P = open
space, S = soft tissue, and B = bone.
Each peak in the histogram was correlated to its corresponding tissue type and location and
presented as a percentage of the total area within a given region. This significantly reduced the
amount of time needed to analyze each slide. When first developed this approach was tested on
previously analyzed slides in order to ensure that the same results were achieved compared to
measuring individual areas with Image J. Once the tissue types were analyzed, the perimeter of
the bone tissue (needed for calculation of bone formation rate) had to be measured using the
automatic wand tool in Image J because the histogram could not be used to determine perimeters.
Fluorescent images were pieced together into a collage using the same procedure as the
transmitted light images. When analyzing the fluorescent images, the length of single labels was
measured using Image J and then marked with a number to ensure that they were only measured
once. Double labels were measured as outer and inner labels and recorded separately from the
single label measurements. One representative double label was chosen for each region and
photographed at 100x. This image was used to measure the interlabel distance that was used to
calculate dynamic measurements such as mineral apposition rate and bone formation rate. To
measure the interlabel distance, four measurements were taken from the center of the inner and
outer labels and then averaged.
Histological and histomorphometric calculations were performed for each region and
slide according to the guidelines set forth by the American Society for Bone and Mineral
Research (Parfitt 1988). Bone, Osteoid, and Marrow volume (bone, soft tissue, and open space
respectively) were calculated as a percent of total pore volume to normalize for any differences
in porosity between scaffolds. Total labeled distance was calculated as the single label length
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plus the average of the inner and outer double label lengths. The percent labeled surface was
calculated as half of the single label + the average of the inner and outer double labels divided by
total bone perimeter. Mineral apposition rate (MAR, µm/day) was calculated as the interlabel
distance divided by the number of days between tetracycline labeling periods. Bone formation
rate (BFR, µm2/µm3/day) was calculated as MAR multiplied by total labeled distance divided
by the bone perimeter.
Data was characterized for skewness and kurtosis and a Krustkal-Wallis test was used to
determine statistical significance. The scaffold, periscaffold, deep-periscaffold, and superficial
regions were compared between control and experimental limbs.

Additionally, differences

between regions within each limb were compared. Differences between the simple porous
scaffolds and biomimetic scaffolds were analyzed with ANOVA using SPSS. The threshold for
statistical significance in all tests was set at p ≤ 0.05.

3.15 Gait analysis
A. Criteria and measurements
Measurements collected from the “sensate” scaffolds were selected for analysis based on
pre-established criteria that included: 1) the identification of three repeatable and distinct peaks
during the pawstrike, mid-stance, and toe-off phases of gait; 2) two clearly observable valleys
(between pawstrike and mid-stance and between mid-stance and toe-off); 3) a clear baseline
before and after each step, and 4) at least four steps meeting the above established criteria in a
single recording session (up to 10 seconds of gait loading data). The measurements collected
from the analysis performed on each step were averaged for the four steps per recording session,
and the average was used for statistical analysis (Figure 3.46).
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Figure 3.46: Representative graph showing loading during treadmill gait depicting the
measurements collected from each step.
PS=pawstrike, MS=mid-stance, T=toe-off,
M1=minimum between pawstrike and mid-stance, M2=minimum between mid-stance and toeoff, B=baseline during swing phase. Additionally, the measurements for stance time and stride
time are depicted.
Each step meeting the above criteria was analyzed and the temporal locations of the
pawstrike and toe-off peaks, the two valleys, initiation of pawstrike loading, and completion of
toe-off unloading were identified (Figure 3.46). Strain measurements were converted to load
(Newton) using the calibration curves established for each gauge. Impulse was calculated (the
area underneath the force-time curve) and the distribution of impulse through pawstrike, midstance, and toe-off through each step was also calculated (Figure 3.47).
Measurement

Stance Time

Description

Time between beginning of pawstrike loading and end of toe-off unloading (time in
contact with the ground)
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Stride Time

Time between pawstrike maximums for consecutive steps

Total Impulse

Area beneath load-time graph and above baseline between beginning of pawstrike and
end of toe-off unloading

Pawstrike Impulse

Portion of total impulse between beginning of pawstrike loading and pawstrike to
midstance minimum

Toe-off Impulse

Portion of total impulse between midstance to toe-off minimum and end of toe-off
unloading

Mid-stance Impulse

Portion of total impulse between two defined minimums

Peak Loading Rate

Maximum slope between any two points on the load-time graph making up the defined
peak

Duty Factor

Ratio of stance time to stride time indicating the percentage of stride time that the paw
was in contact with the ground

Figure 3.47: Table describing the measurements, which were calculated from the joint loading
data.
Additionally, maximum loading rates were measured for pawstrike and toe-off.

All

measurements and calculations were recorded as a change in load relative to the baseline value,
which was established as the load measured during the swing phase of gait. For statistical
analysis all the load and impulse data were normalized to percent body weight to account for the
differences in the weights of the test animals.
Prior to performing the statistical analysis, time post-implantation was categorized into
three groups: early (2-5 weeks), middle (6-9 weeks), and late (10-14 weeks). Stride time was
categorized as either long or short (long > .716 seconds, short ≤ .716 seconds). A multivariate
ANOVA using time post-op and stride time as independent variables was used to determine
statistical significance, and a Tukey post-hoc test was used to determine which time points were
significantly different. The dependant variables analyzed included total impulse, pawstrike
impulse, toe-off impulse, % pawstrike impulse, % toe-off impulse, % mid-stance impulse,
pawstrike load rate, toe-off load rate, and maximum load. A p value ≤ 0.05 was considered
statistically significant. All data were reported as an average ± standard deviation.
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B. Updated criteria and measurements
The initially developed criteria was designed based on four legged treadmill gait which
met the 3 peak/ 2 valley criteria (Figure 3.46). However, this precluded the analysis of other
activities that did not have these characteristic peaks such as incline data, hind limb data and
staircase data (Figure 3.48). These activities had a gait pattern that could not meet the 3 peak/ 2
valley criteria. Additionally, there was some four legged treadmill data that also did not meet the
established criteria.

Figure 3.48: Example of gait patterns that would not meet the 3 peak/ 2 valley criteria. Note that
these examples are scaled to fit and do not accurately represent the differences in the magnitude
of loading between these activities.
With this in mind a new criteria was developed, that would allow analysis of more of the data
without relying on the initial 3 peak/ 2 valley criteria. The new criteria was based on reported
literature, which evaluated quadruped gait by segmenting it into a braking and acceleration phase
(Lee et al 1999, Griffin et al 2004, Lee et al 2004, Lopez et al 2006). The new criteria, parced
each step into an initial braking phase which was on average the first 40% of stance time and the
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acceleration phase which was the remaining 60% of stance time. This resulted in the braking
phase now encompassing the joint loads occurring during pawstrike while the acceleration phase
encompassed the data occurring during most of stance and toe-off (Figure 3.49).

Figure 3.49: Representative gait pattern during four legged treadmill gait. Each step is broken up
into the braking phase (grey shaded area) and the acceleration phase (unshaded area). Also note
that this data would meet the initial 3 peak/ 2 valley criteria and demonstrates how the braking
phase includes pawstrike while the acceleration phase includes toe-off.
C. Determining subjectivity of gait analysis
The axial measurements were all analyzed by the same observer to eliminate interobserver variance. Inter-observer variance was quantified by having three observers analyze a
subset of data (n=40) with each set containing at least 4 steps. This was used to calculate the
inter-observer variance from the intra class correlation coefficient (ICC). An ICC of 1 is perfect
agreement whereas a value of 0 is no agreement at all. Each person was given the same protocol
to follow when analyzing the data. The protocol was to independently locate each step and
record the pawstrike and toe-off minimums (Figure 3.53) for each step. All statistics were
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performed using SPSS for Windows.

This analysis was done to determine how much

subjectivity there was in analyzing gait data given a set criteria and protocol for analysis.

D. Measurement collection software
To facilitate the measurements of the gait data, an Excel macro was coded to
automatically convert the strain measurements to load as a percentage of body weight and then
graph them. One time consuming limitation of this process was the fact that Excel was unable to
record measurements from the graphs by clicking on a point with the on-screen cursor using a
mouse. This meant that individual times had to be recorded by hand for all the pawstrike and
toe-off minimums and then manually reentered into the Excel spreadsheet to calculate the gait
load parameters. Recently, a new program has been developed utilizing LabView 7.1 running in
a Macintosh operating environment. Like the Excel program this new code will automatically
graph and convert strain measurements to load but with the significant advantage of being able to
select minimums based on a mouse click instead of having to manually record and reenter the
time points (Figure 3.50). The program allows the user to input the strain calibration factors
(N/strain) that were generated from the calibration curves, the test animal’s weight so that axial
loads can be normalized to a percent body weight, and which strain gauge the user would like the
program to analyze (three strain gauges available for each data set that was analyzed).
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Figure 3.50: Screen shot of the LabView program which allows the user to pick the selected
minimums. In this image the red cursor is the minimum that is selected by the user. The
program also allows the user to define baseline values and mark when there is noise which
disrupts the gait pattern (not depicted).
To use the program, the user selects the appropriate minimum and clicks on the “save
cursor position” button and that minimum will automatically be recorded. The user then moves
on to the next minimum making sure to select a toe-off minimum for every pawstrike minimum
selected. The user is also able to select baseline values which will automatically be averaged
together and used to calculate gait parameters such as impulse and peak loads. Often the data
that is collected from the test animal during gait contains artifacts that are due to the motion of
the power coil relative to the position of the transmitter (Figure 3.51 red cursor).
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Figure 3.51: Screen shot depicting noise or artifact that is a result of the power coil slipping off
of the transmitter. Denoted in this image is a bottomed out gait pattern to the right of the red
cursor.
When there is an artifact present the LabView program recognizes it because the check
sum values outputted by the transmitter are not equal. Once this occurs LabView will graph the
area as a flat line that is 100 strain below the baseline so that it is easy for the user to identify it.
This is done because steps can be analyzed up to this point and after this point but can not be
analyzed in this range. If the pawstrike minimum fell before and the toe-off minimum came
after this point, then it can’t be analyzed because the stance and stride time will be inaccurate.
To account for this, the user has the option of clicking on a “click to locate missed step” button,
which will mark this location and ensure that the gait parameters such as stride time are not
calculated incorrectly. Following completion of the gait analysis, LabView will automatically
save the results in an Excel spreadsheet in the same folder as the original data and will name the
sheet with the channel number that was evaluated. Additionally, the spreadsheet will include the
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date and time that the data was analyzed, the calibration constant, body weight and baseline that
were used in the calculations, and will report the average and standard deviation at the bottom of
the spread sheet (Figure 3.52).

Figure 3.52: This representative spreadsheet shows the output of the LabView analysis. Note
that each row represents one step and that the first step was an artifact due to noise and as such
was reported as all zeros.
In addition, a LabView program is being coded that will automatically select minimums
(pawstrike and toe-off) without the need for manually selecting any of the points (Figure 3.53).

Figure 3.53: A representative graph of the minimums (red areas) which the automated software
was designed to detect.
This program has been tested using gait data that had been independently analyzed by three
separate observers. The program performed well when the baseline established during the swing
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phase did not deviate significantly (Figure 3.46). However, when the baseline did deviate
significantly the program was less accurate and current work is focused on developing a warning
pop-up to alert the user that the data is not analyzable with the automated program. Additionally,
the program is being designed to open a separate sub-program that will let the user manually pick
the appropriate pawstrike and toe-off minimums. In addition a version is being prepared that
will run on a handheld computer to facilitate real time usability.
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CHAPTER 4: RESULTS
4.1 Simple porous and biomimetic scaffold characterization
Prior to implantation, µCT analysis of scaffold porosity demonstrated that simple porous
scaffolds had an average porosity of 48.7 ± 2.3% while biomimetic scaffolds had an average
porosity of 48.6 ± 0.8%.

This analysis demonstrated that both scaffold design types had

essentially the same porosity.

4.2 Scaffold calibration
Previous work (Bliss et al 2007), demonstrated that load rate and scaffold rotation (Figure
4.1) did not affect the calibration curve generated from any strain gauge attached to the scaffold.

Figure 4.1: Illustration showing scaffold rotation in studies examining the effect of scaffold
rotation on calibration curve.
This indicated that the scaffold did not have to be rotated in any specific direction during surgery
in order to obtain strain measurements, which could be converted to load (N) with a particular
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calibration curve. Additionally, it meant that the strain gauged scaffold was able to accurately
measure joint loads at a variety of gait speeds and loading rates.

4.3 Scaffold implantation
All test animals used in the studies were weight bearing within a day of surgery and
returned to a full running regimen (treadmill running once a week) within two weeks of surgery.
During the initial phase of these studies, scaffolds were implanted into the medial and
lateral condyles during two separate surgeries with the medial scaffold being implanted during
the first surgery and the lateral scaffold being implanted 1-2 months later in a separate surgery.
This was true of all the test animals that were implanted with simple porous scaffolds. All test
animals implanted with biomimetic scaffolds had both the medial and lateral scaffold implanted
during the same surgery. The result of the two separate surgeries for the test animals with simple
porous scaffolds was that the lateral scaffold of one test animal was only implanted 1.5 months
and as such was not included in the histological analysis. Therefore there were seven simple
porous scaffolds analyzed and eight biomimetic scaffolds used in the histological analysis that
had been implanted on average five months (ranging from 3.3 to 7.3 months).

4.4 Video analysis
Correlation of stride time using video analysis with stride time from the strain gauged
scaffolds resulted in an R2 value of 0.978 and all stride times measured with the video were
within 0.03 seconds of those measured with the strain gauged sensors. Correlation of video with
the repeating joint loading pattern seen during gait allowed the labeling of the pawstrike and toeoff peaks (Figure 3.46).
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Joint angle analysis had poor and variable results due to the difficulty in picking out the
appropriate anatomical landmarks.

When skin markers were utilized they suffered from

movement of skin relative to the bony landmarks they were intended to identify. Additionally,
the slow frame rate led to difficulty in accurately identifying pawstrike and toe-off. These issues
precluded successful analysis and correlation of joint angles during gait to joint loads.

4.5 GaitRite analysis
GaitRite analysis demonstrated that test animals (1 experimental and 2 control) were
walking at 8 km/hr on the force pad. Ratios of front to hind limb loading and left to right hind
limb loading were noted to be similar for control and experimental limbs (Figure 4.2). A ratio of
one indicates that there is symmetrical loading between the front and hind limbs or left and right
hind limbs respectively. There was no significant difference in loading between the test animal
with an implanted scaffold compared to the test animals without implanted scaffolds.
Table
GAITRite pressure symmetry ratios
Control Limb 1
Control Limb 2
Experimental Limb

Left Hind / Right Hind
.938±.308
1.158±.208
1.178±.179

Front / Hind
1.687±.305
1.616±.727
1.517±.160

Figure 4.2: Table depicting the ratios of left and right hind limbs as well as the ratio of front to
hind limb loading.
4.6 µCT analysis
µCT analysis showed a significant (p=0.029) 629% increase in bone volume within the
scaffold region of biomimetic implants (Figure 4.3). Additionally, there was a 454% (p=0.018)
increase in trabecular number and an 82% (p=0.045) decrease in trabecular spacing within the
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scaffold region. Trabecular thickness was similar in the two scaffold types (p=0.089) (Figure
4.4).

Figure 4.3: CT images showing the markedly increased bone growth within the biomimetic
scaffold (B) and (D) compared to the simple porous scaffold (A) and (C). Bone growth
throughout the entire scaffold is depicted in (A) and (B), while (C) and (D) are cross sections
taken through the center of the scaffolds.
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Figure 4.4: Table depicting the differences in bone volume and trabecular parameters analyzed
with µCT.
4.7 Histology and Histomorphometry
A. Sample preparation
During the sectioning process of the scaffold in the lateral condyle (the scaffold left
unwired for µCT analysis), one of the samples was trimmed excessively which resulted in a
corner of the scaffold being cut off such that the deep-periscaffold and periscaffold region were
smaller in size (not 1 mm away from the PBT implant) compared to other samples (Figure 4.5
circled area). However, because the samples were analyzed for bone growth and reported as a
percentage of total volume, this sample was analyzed like the other samples.

Figure 4.5: Image of a slide in which the deep-periscaffold and periscaffold regions (black circle)
analyzed for histology and histomorphometry were not 1 mm away from the scaffold region.
This was due to poor sectioning of the sample.
B. Histology and Histomorphometry
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Studies (Szivek et al 2006) examining the effects of simple porous scaffolds
demonstrated a significant decrease in bone volume within the scaffold region compared to the
control scaffold region (Figure 4.6 and 4.7). There was a significant increase in soft tissue
within the scaffold region compared to the control slide and a decrease in the marrow volume
within the experimental scaffold region (Figure 4.7 c and d).

The experimental slides

demonstrated a significant increase in bone volume within the periscaffold region and a decrease
in the soft tissue within the region compared to control slides (Figure 4.7 e and f). Additionally,
within the periscaffold region of the experimental sections there was an increase in interlabel
distance between the outer and inner double labels compared to the control slides (Figure 4.7 g
and h). Within the deep-periscaffold region there was no difference in bone volume but there
was a significant increase in soft tissue volume.

Figure 4.6: Cells with lower case letters denotes a significant difference between that region
relative to the other three regions. BV = bone volume, OsV = osteoid volume, MaV = marrow
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volume. a- BV/TV was lower in deep-periscaffold region, b- OsV/TV was lower in deep region,
c- MaV/TV was lower in superficial region, d- OsV/TV was higher in superficial region, eBV/TV was lower in scaffold region, f- OsV/TV was lower the periscaffold region (Szivek et al
2006).
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Figure 4.7: (a and b) are representative images portraying the overall layout and composition of
the control and experimental slides. Magnified images of the scaffold region demonstrate less
bone volume in the experimental (d) than control slide (c). The experimental periscaffold region
(f) demonstrated more bone volume compared to the control slide (e) and an increase in
interlabel distance (g and h). BN = bone, CP = CPC particles, E = epoxy, O = osteoid, P = PBT
scaffold. Scale bars = 1 mm in (a) through (f) and 100 µm in (g and h) (Szivek et al 2006).
Scanning electron microscopy demonstrated direct bone apposition in the inner regions
within the scaffolds as well as CPC particles coating the outer surface of the scaffold (Figure
4.8). Although the internal pores of the scaffold were coated in tricalcium phosphate prior to
implantation, no tricalcium phosphate particles were seen.

Figure 4.8: Scanning electron microscopy images of the superficial scaffold region in the control
slides (a) and the experimental slides (b). (c) is an image from within the scaffold region of an
experimental joint demonstrating bone (BN) within a PBT (P) pore. (d) shows bone surrounding
a CPC particle (CP) and growing up the edge of the scaffold edge as well as bone within a PBT
pore. AC = articular cartilage (Szivek et al 2006).
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Histomorphometry demonstrated that mineral apposition rate (MAR) was significantly
higher in the experimental periscaffold regions compared to the control sections (Figure 4.9).
Bone formation rate (BFR) was significantly increased in the scaffold and periscaffold regions of
the experimental sections.

Additionally, it was noted that percent labeled surface was

significantly increased in the experimental scaffold, periscaffold, and superficial regions
compared to control regions.

Figure 4.9: Table recording the histomorphometry results of the experimental sections compared
to the control sections (Szivek et al 2006).
The average % of surface area of the scaffold dome (in the superficial space) that was
covered by soft tissue was (67.7 ± 19.7%). The dome was covered primarily with fibrous tissue
and some cartilage. There were regions of cartilage tissue overlying the dome that contained a
large number of chondroblasts (Figure 4.10).
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Figure 4.10: The superficial scaffold region showing the scaffold dome and overlying cartilage
(a) with the magnified images of normal cartilage (b), the fibrous tissue directly superficial to the
dome of the scaffold (c), and the large lacunae filled with chondroblast-like cells near the edge of
the scaffold dome (d). Within the images, (BN) designates bone with (P) representing the PBT
scaffold. Scale bar is 1 mm in (a) and 50 µm in the remaining images (Szivek et al 2006).
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Work comparing the simple porous scaffolds to the biomimetic scaffolds demonstrated a
significant (p=0.009) 506% increase in bone ingrowth into the scaffold region of the biomimetic
scaffold design compared to the simple porous scaffold (Figure 4.11 C and D). Additionally, in
the periscaffold and deep periscaffold regions there was a 40% and 95% (p=0.005 and 0.028)
increase in bone volume respectively (Figure 4.11). There was a 66% and 70% (p=0.002 and
0.034) decrease in soft tissue found within the periscaffold and deep periscaffold region (Figure
4.12), and a 22% (p=0.031) decrease in tetracycline labeled surface within the periscaffold
region (Figure 4.12) (Geffre et al 2009).
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Figure 4.11: (A) and (B) are images representing overall scaffold location and bone growth for
the simple porous (A) and biomimetic (B) scaffolds. Magnified images showing increased bone
growth into and along the lateral edges of the biomimetic scaffold (D) and (F) compared to the
simple porous scaffold (C) and (E). Within each image (B) indicates bone and (P) indicates PBT
scaffold material. All scale bars are 1 mm (Geffre et al 2009).
Table: Histomorphometry results

Scaffold
BV/TV (%)
MaV/TV (%)
OsV/TV (%)
Lbl sur

(%)

Periscaffold
BV/TV (%)
MaV/TV (%)
OsV/TV (%)
Lbl sur

(%)

Deep
BV/TV (%)
MaV/TV (%)
OsV/TV (%)
Lbl sur

(%)

Superficial
BV/TV (%)
MaV/TV (%)
OsV/TV (%)

Simple

Biomimetic

p
Values

2.00±2.44
44.78±20.94
53.21±21.77
1.98±2.15

12.15±8.34
40.80±16.17
47.05±18.23
3.41±1.78

0.009
0.685
0.561
0.182

41.39±11.28
30.29±14.14
28.32±13.68
6.28±1.09

58.13±7.59
32.19±7.87
9.68±3.07
4.87±1.15

0.005
0.75
0.002
0.031

15.74±12.12
39.58±27.05
44.68±35.80
4.37±2.24

30.67±11.19
56.00±12.63
13.32±10.94
5.55±2.72

0.028
0.147
0.034
0.382

17.52±9.18
6.83±2.15
75.64±11.21
4.08±2.23

13.07±4.86
6.76±5.09
80.17±6.07
3.05±1.34

0.253
0.971
0.339
0.288

Lbl sur (%)
BV = Bone volume
MaV = Marrow Volume
OsV = Osteoid Volume
TV = Total porous volume (BV + MaV + OsV)
Lbl sur = Labeled surface

Figure 4.12: Table reporting the histomorphometry results between the simple porous scaffold
and the biomimetic scaffold. Note that bolded p values are significant (Geffre et al 2009).
4.8 Gait results
A. Axial loading during gait
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The gait analysis was successfully performed on three test animals.

In vivo load

measurements were successfully recorded beginning at two weeks post op, and continued for up
to 14 weeks after scaffold placement. Failure of water proofing of some wire connections as
well as mechanical failure of transmitters prevented collection for longer periods in this group of
test animals as well as from other test animals. Waterproofing factors also reduced the data
being collected to measurements from seven of the nine strain gauges in this group of test
animals (each scaffold has three axial strain gauges). During the course of the study 120 data
sets were collected from the strain gauges that met the pre-established criteria for analysis (3
peaks/ 2 valleys).
Altering treadmill speed resulted in changes in load distribution throughout gait (Figure
4.13). Stride time was inversely proportional to the percentage of impulse observed during
pawstrike (p= 0.05) and proportional to the percentage of impulse occurring during toe-off (p<
0.01).

Additionally, decreasing stride time resulted in a significant increase on maximum

pawstrike loading rate (p< 0.04). Altering stride time did not have an effect on the maximum
load measured during gait (p= 0.7).
Maximum load measured from scaffolds increased with time post-implantation (p= 0.03)
between the early and late time points from 9 N to 95 N, which represented an increase from 3%
to 38% of the test animal’s body weight. In addition, total impulse (p< 0.02) and duty factor (p<
.02) increased with time post-implantation (Figure 4.14).
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Table
Averages and Standard Deviations
Short Stride Time
Early

Middle

Long Stride Time
Late

Early

Middle

Late

Total Impulse
Strike Total
Impulse
Toe Total Impulse
^
Max strike Load
rate ^

1.66±0.62*

2.48±1.16

4.76±2.78*

2.52±1.30*

3.85±1.59

6.52±4.33*

0.40±0.19*

0.39±0.14

0.73±0.45*

0.27±0.14*

0.45±0.30

0.73±0.35*

0.40±0.24*

0.51±0.25+

1.68±1.12*+

0.99±0.58*

1.42±0.97+

2.57±1.89*+

365.36±226.55

300.70±94.01

384.78±218.96

172.09±108.16

213.46±174.79

220.22±77.82

Max Toe Load rate

121.23±70.34

100.19±30.26

179.37±136.60

98.33±49.92

79.10±60.94

156.61±139.40

Peak Difference

10.81±4.28*

12.50±4.53

19.43±10.14*

9.53±4.73*

11.79±5.13

18.44±11.69*

Duty Factor

0.66±0.03*

0.68±0.06

0.74±0.06*

0.69±0.03*

0.71±0.03

0.73±0.08*

%Strike Impulse ^

24.84±10.43

16.81±6.26

14.70±5.73

11.52±5.56

11.00±5.68

15.11±9.63

%Midstance Impulse

52.72±14.05

62.58±7.72

50.58±13.02

49.37±6.69

54.07±10.82

48.07±6.44

%Toe Impulse ^

22.44±7.90

20.61±6.68

34.71±9.49

39.12±3.51

34.94±9.84

36.82±5.62

* Statistical significance was found between the early and late time points
+ Statistical significance was found between the middle and late time points
^ Statistical significance was found between the long and short stride time

Figure 4.13: Table reporting the gait parameters measured from the strain gauged scaffolds.
Note that bold values are significant and the explanations are below the table. Short refers to a
quick gait and long refers to a slower gait. Early is 2-5 weeks post-op, middle is 6-9 weeks, and
late is 10-14 weeks (Geffre et al 2008).
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Figure 4.14: (a, b) are representative load vs. time graphs from 2-5 weeks time post-op; (a)
represents a short stride time (fast gait) while (b) represents a long stride time (slow gait). (c, d)
are load vs. time graphs from 10-14 weeks post-op; (c) represents a short stride time while (d)
represents a long stride time. Note that independent of stride time, measured loads increased
during weeks 10-14 compared to 2-5 weeks (Geffre et al 2008).
B. Inter-observer variance
Inter-observer agreement was determined to be very high for almost all the variables as
demonstrated by high intra class correlation coefficients ranging from 0.869 to 0.999. Variables
that were calculated indirectly from the measurement of two or more measured variables such as
duty factor (stance time divided by stride time) exhibited a lower intra class correlation
coefficient of 0.502 (Figure 4.15).
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Variable
Brake Peak
Accel LD rate
Accel Imp
Brake UnLD rate
Brake LD rate
Brake Imp
Total Imp
Stance Time
Gait Cycle
Max Peak
Accel Peak
Days
Accel UnLD rate
Duty Factor
% Brake Imp
% Accel Imp

ICC
0.987
0.949
0.951
0.979
0.964
0.96
0.959
0.869
0.99
0.989
0.982
1
0.921
0.502
0.67
0.67

Figure 4.15: Table reporting the intra-class coefficient from which inter observer variance was
determined.
C. Measurement software
Work done on the automatic gait analysis program, which selects minimums without user
input, has demonstrated 96% accuracy compared to manually picking the points. When the
LabView program did miss a minimum it was only one or two data points off from where it was
expected to be. This did not significantly affect the gait calculations. The program functioned
with this degree of accuracy when the baseline established during the swing phase was stable;
however, it performed poorly when the baseline was not stable. It was noted that when the
baseline line deviated by more than 10% of the maximum recorded change in load, accuracy
declined.
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CHAPTER 5: DISCUSSION AND CONCLUSIONS
5.1 Experimental design
The gait analysis portion of this study addressing specific aim 2 utilized three test animals
with seven strain gauges.

One limitation that this presents is a low n-value from which

conclusions can be drawn. While this is less than ideal, it is well established that collection of
direct in vivo joint forces is incredibly difficult and as such very little information has been
published on this subject (Guilak et al 2001, Hunter and Wilson 2009). To complicate matters
further, our animal model is extremely expensive compared to other animal models. In spite of
these limitations, previously published work using a rabbit animal model to measure joint loads
in the medial tibio-femoral compartment, reported results with an n-value of two. This study
initially used four rabbits, but due to complications, the procedure only provided information in
two of these animals. Additionally, this study only measured joint loads immediately following
surgery with the drawback that measurements were collected prior to the analgesic wearing off
(Coughlin et al 2005). Published work looking at the tibio-femoral loads in human knees using a
tibial prosthesis in combination with telemetry, have commonly reported measurements from a
single patient (Zhao et al 2007, Fregly et al 2009). In light of the current literature, an n-value of
three while small is valuable due to the rarity of such joint loading measurements.

5.2 Bone ingrowth into polymer implants
In order for scaffolds to be successfully used for cartilage regeneration therapies in the
knee joint, it is necessary for them to be anchored securely in place (Frenkel and Di Cesare
2004). This provides a stable surface for the tissue engineered construct to grow on and integrate
with the native tissue, which in turn will improve the therapeutic success rate (Puleo and Nanci
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1999). While there are a variety of techniques currently being utilized to accelerate bone
ingrowth including osteoconductive coatings (Szivek et al 1997, Szivek et al 2002) and
biomimetic surface treatments (Tuzlakoglu et al 2005, Fan et al 2007), no studies have examined
the effect of macroscopic biomimetic architecture on bone ingrowth. The studies in aim 1 of this
dissertation addressed this issue. The working hypothesis was that replicating the native tissue
environment would facilitate bone ingrowth into PBT scaffolds compared to PBT scaffolds that
were designed with a simple porous architecture.
Histological and µCT analysis both demonstrated more than a 500% increase in bone
ingrowth into biomimetic scaffolds compared to simple porous scaffolds. It was noted that both
the biomimetic and simple porous scaffolds had similar amounts of biological tissue (bone and
osteoid volumes) within the scaffold pores (59% and 55% respectively), with the biomimetic
scaffolds having an increased amount of bone to osteoid volume compared to the simple porous
scaffold. This indicates that cells and tissue had similar access to the internal porous structure of
both scaffold types, but the biomimetic architecture facilitates accelerated bone formation. µCT
analysis showed that there was no significant difference in trabecular bone thickness between the
biomimetic and simple porous scaffolds which suggests that the trabecular bone was similar in
both scaffolds.
While the largest increase in bone volume was observed within the scaffold pores
themselves, histology also demonstrated an increase in bone volume deep and adjacent to the
scaffold (deep periscaffold and periscaffold region respectively) in the biomimetic implants.
This suggests that the influence of the biomimetic architecture extends beyond the porous
regions of the scaffold to the areas immediately surrounding the scaffold. The increase in bone
volume and decrease in osteoid volume seen in the area adjacent to the biomimetic implant
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demonstrates that the tissue surrounding the implants is more completely mineralized at this time
point. The decrease in percentage labeled surface within the periscaffold region further supports
this finding.
The simple porous PBT implant requires a solid outer jacket to increase the strength of
the scaffold so that it could withstand loading in a weight bearing location. This outer jacket was
designed with three sets of openings (three holes each hole 1 mm in diameter) to allow for bone
ingrowth. Large square windows were not possible in the simple porous scaffold design because
unsupported areas of the scaffold would have been damaged during mechanical loading of the
implant. The design of the biomimetic implants was not constrained by this because there were
fewer points of contact between the internal porous structure and the outer jacket. This allowed
larger bone ingrowth windows (three windows each 2.95 by 6.77 mm) to be placed in the
biomimetic scaffold without compromising the mechanical integrity of the scaffold.

It is

possible that the change in window shape and size between the biomimetic and simple porous
scaffold contributed to some of the bone growth observed in the biomimetic implants.
One possible explanation for how window size would alter bone formation is that
reduced window size may inhibit cell and tissue access to the internal porous structure of the
implant. With reduced access to the internal porous structure it is reasonable to assume that
there might be reduced bone formation. However, both of these scaffolds had similar amounts of
biological tissue (bone and osteoid) within the internal porous scaffold (59% and 55%). This
suggests that window size did not influence the access of tissue to the internal scaffold pores in
vivo. Another explanation of how window size might influence bone ingrowth is that a smaller
opening may decrease blood vessel growth into the scaffold pores, which could reduce de novo
bone formation due to a decrease in osteogenic precursor cells and other osteogenic growth
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factors. Although this issue warrants further investigation in future studies, studies by Bobyn et
al in porous metal structures demonstrated that bone ingrowth into pores as small as 50 µm
(which is substantially smaller than the 1 mm bone ingrowth windows) was rapid and substantial
(Bobyn et al 1980). It was also noted that both much larger and smaller pore sizes produced
slower bone ingrowth. Future studies designed to further elucidate the effect of biomimetic pore
structure on bone ingrowth should keep ingrowth window size in mind and make sure that they
are similar between the groups to eliminate any influence that window size has on bone
ingrowth.
Analysis of the area adjacent to the scaffold (deep and periscaffold regions) demonstrated
an increase in bone growth with the biomimetic implants compared to the simple porous
scaffolds. The differences in window shape and size are unlikely to have directly affected these
areas because window size should have no effect on tissue access or vessel growth in these areas.
This indicates that the biomimetic scaffold structure has effects extending beyond the confines of
the scaffold itself.

One explanation for this is that the different implants may result in a

difference in the local loading environment of the implant. While both scaffolds were similar
stiffness (1.46 GPa for the biomimetic and 1.53 GPa for the simple porous scaffold), the
differences in load transmission to the surrounding tissue was not studied and might contribute to
the differences in bone growth in the areas adjacent to the implant.
Previous studies using hydroxyapatite, which has some biomimetic characteristics, have
shown good osteoconductivity at the implant site demonstrating that replicating the native
environment encourages faster bone growth (Wang et al 2007).

An increased osteoblastic

phenotype and more rapid mineralization have also been noted when testing biomimetic surface
morphology (Chen et al 2006, Fan et al 2007, Woo et al 2007) in cell culture and in vivo. These
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studies have not focused on the effects of biomimetic macroporous architectures, but instead
focus on altering the surface morphology of implants using treatments with simulated body fluid
(Fan et al 2007) and thermal phase separation (Chen et al 2006, Woo et al 2007). The results of
these studies suggest that mimicking native bone tissue increases bone growth. This is supported
by our results, which add to previous studies by showing that biomimetic macroscopic porous
architecture also accelerates bone formation.
In addition to the clinical implications of faster bone to implant bonding, accelerated
bonding allows more rapid collection of accurate load measurements from the strain-gauged
scaffolds (Geffre et al 2008). Sensate scaffolds are currently the only available system to
directly measure native in vivo joint loads. Previous in vivo studies utilizing sensate scaffolds
(Geffre et al 2008) have shown that implant loads increase as a function of time post-op while
bone ingrowth and healing occur.

When bone ingrowth is complete, the sensate implants

provide accurate measurement of load changes during routine weight bearing activities (Szivek
et al 2006, Geffre et al 2008), joint loading following surgical resection of the ACL to induce
osteoarthritis (Szivek et al 2007), and changes in joint loading after administration of various
pharmacological treatments. Additionally, previous studies have shown that replicating in vivo
conditions, i.e. physiological joint loading environments, can be utilized in tissue engineering
applications to improve engineered tissue quality and progress toward a functional construct (Lee
and Bader 1997, Smith et al 2000, Neidlinger-Wilke et al 2001, Waldman et al 2003b, Waldman
et al 2004, Waldman et al 2006).
In summary, this portion of the study utilized histology and µCT to demonstrate that a
biomimetic trabeculated porous architecture accelerates bone growth into and around PBT
polymer implants. This results in quicker stabilization of the scaffolds which will likely lead to
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increased success rates for tissue engineered cartilage constructs and better joint load monitoring.
Future studies looking at the effect of using patient specific trabeculated implants instead of a
generalized trabecular implant are warranted to determine if this may provide even quicker bone
ingrowth into implants.

5.3 Joint load monitoring
While it is established that abnormal or excessive joint loading can lead to the onset and
progression of OA, these loading conditions are not well defined. The reason for this lack of
information is the difficulty associated with the collection of these in vivo measurements.
Clinically, these load measurements could be used to improved rehabilitation regimens by better
defining the magnitude and types of loading which lead to improved patient outcomes. These
load measurements could also be utilized to improve tissue engineering of articular cartilage.
Previous work has shown that mimicking the in vivo conditions during in vitro work leads to
improved success rates (Lee and Bader 1997, Smith et al 2000, Neidlinger-Wilke et al 2002,
Waldman et al 2003a, Waldman et al 2003b, Waldman et al 2006). Currently, gait analysis in
combination with load monitoring of ground reaction forces is one technique used to measure
joint forces. However, this technique indirectly measures the contact forces in the knee joint
using joint models based on several assumptions. Another method of monitoring joint loading
that has recently been reported is the use of tibial prosthesis that have been equipped with strain
gauges.

One limitation to this approach is that the biomechanics of the joint are altered

following the implantation of a prosthesis, so while the gauges on the prosthesis are directly
measuring the joint forces the joint forces are non physiological. The studies associated with aim
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2 of this dissertation addressed this need for directly measuring the in vivo forces within the knee
joint.
The results in this portion of the study demonstrated that “sensate” scaffolds provide
precise measurements of load and load rate during treadmill running.

The accuracy and

precision of the temporal data provided by the sensors was high, as evidenced by comparison of
the stride time measured via video and that measured from the implanted scaffold which were
always within 0.03 seconds. This indicates that the load measurements collected through the
telemetry based system provide adequate temporal resolution, which is in agreement with
published results comparing the telemetry system to a hard-wired system (Szivek et al 2005b,
Szivek et al 2006). In addition, the results demonstrated that these sensors can provide temporal
data about gait as early as 2 weeks post operation. The changes noted in load rate during gait at
different speeds also confirm the utility of these sensors to accurately monitor joint loading with
sufficient temporal resolution, as the sensors measured higher load rates as stride time decreased.
This was expected, as loading rates are inversely proportional to stride time.
In contrast to load rates, peak loads are expected to remain constant as a function of stride
time but will change as a function of time post-implantation (Bejek et al 2006) until healing is
complete. Previous in vitro studies have demonstrated that accurate load measurements can be
collected using these sensors (Bliss et al 2007), and in vivo studies have demonstrated that
accurate load measurements are possible through hardwired sensate PBT scaffolds once secure
bone bonding has occurred (Szivek et al 2005a, Szivek et al 2006). Those studies demonstrated
that secure bone to implant bonding was necessary for accurate load measurement.
The current study shows that the load-transfer to the sensor from the surrounding tissues
is a function of the extent of healing. The results of this study are consistent with the previous
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studies demonstrating that monitoring changes in the peak load could be used to follow healing
and will aid in the development of post-surgical rehabilitation regimens. It also indicates that
healing must be complete before “sensate” scaffolds can be used to accurately measure normal
physiological loads at the cartilage surface during various activities. This feature can be used to
prevent overloading of tissues by active patients.
Although peak loads measured with these scaffolds have been shown to change with
bone to scaffold bonding (Szivek et al 2005a), pain also influences limb loading (Bejek et al
2006). Pain is expected to decrease with time post-implantation, and for this reason the animal
may spend more time and place a higher load on the limb as pain decreases. Even though the
animals did not appear to be in pain or favoring the limb at any time after the first week post op,
the animals in this study spent more time on the surgically manipulated limb as the study
progressed, as indicated by the increase in duty factor with time post-implantation.

This

demonstrates that changes in duty factor could be useful as an objective indicator of comfort in
animal models. Gait analysis utilizing the GAITRite portable walkway showed that post op gait
patterns were similar to those observed in non-operated limbs.

This implies that the

measurements collected from the “sensate” scaffold were not significantly influenced by the
surgical intervention itself for the entire duration of the experiment.
While we were able to record load measurements from the test animals for up to 14
weeks, high noise levels resulting from fluid infiltration and failure of the telemetry system
prevented accurate data collection from all the functional sensors for longer time periods.
Because of the stringent requirements established for analysis of data at the beginning of this
study, only 20% of all measurements were used in the final analysis of loading. Additional
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developments which improve waterproofing techniques and provide a more rugged transmitter
design will allow consistent data collection over increasingly longer periods of time.
One limitation of this portion of the study was the lack of validation of load with a force
platform. While a GAITRite walkway was utilized to measure the ratios of loading, the units
reported by GAITRite are arbitrary and prevent the calculation of actual loads during each
loading event. Even though force platform analysis is currently considered the gold standard for
determining joint loading, joint forces must be calculated via joint models which are based on a
number of assumptions. Validation of direct strain gauge measurement techniques in the future
will make this approach the technique of choice for understanding joint loading.
One step in validating this direct measurement technique will be collecting information
about bone ingrowth into the polymer implant and the way this effects the calibration curve of
the strain gauged implant. The implant is calibrated prior to implantation and that calibration
constant is used throughout the study to convert the monitored strain measurements into load
measurements. It is unclear if the bone ingrowth that occurs, significantly alters this calibration
process. To address this issue, a method of calibrating the scaffold following in vivo placement
is being designed so that the initial calibration curve can be checked throughout the study and
ensure accurate load measurements.

Another approach to addressing this issue may be

simulating bone ingrowth into polymer implants using a suitable model material, and testing the
effect of bone ingrowth on load measurement.
Overall, the “sensate” scaffold system combined with implantable telemetry to wirelessly
transmit load measurements provides an elegant way to directly monitor in vivo joint loading.
This study confirmed the temporal accuracy of implanted sensors monitored with telemetry. It
has also shown that both stride time and loading rates were dependant upon treadmill speed. The
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peak load was dependent on time post-implantation, indicating that peak load can be used to
monitor healing. Additionally, real time monitoring of load in a clinical setting could ensure that
patients do not place excessive damaging loads on implanted tissue engineered constructs.
While the application of this technology for every patient is currently impractical, improvements
in technology that reduce the size of the telemetry to fit within the implant will allow the clinical
monitoring of select patients to provide parameters on activities that might damage the tissueengineered cartilage. In addition, measurement of duty factor may provide an indication of joint
pain following scaffold placement allowing researchers, utilizing an animal model, to objectively
evaluate the effectiveness of analgesics.
The development of a portable telemetry system demonstrates the potential for using this
technology in a clinical research setting. A similar telemetry based system was used to monitor
hydroxyapatite coated strain gauges attached to the vertebra of a patient during spine fusion,
where measurements were collected for 7 months following sensor placement (Szivek et al
2005b). The use of telemetry to collect loading measurements from “sensate” scaffolds provides
important information to researchers and clinicians that will improve tissue engineering, allow
characterization of the mechanical pathophysiology during the onset and progression of OA, and
allow careful continuous monitoring of the implanted engineered tissue.

5.4 Conclusions and future work
Overall, the goal of this study was to analyze the effect of a biomimetic pore structure on
bone ingrowth into polymer implants and develop and utilize a direct measurement technique to
measure joint loading using these polymer implants. It was determined via histology and µCT
that replicating the native trabecular bone structure increases bone ingrowth into scaffold
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implants. This is an important requirement for successful scaffold based therapies and can be
utilized to improve patient outcomes via enhanced implant fixation.

Additionally, it was

demonstrated that direct in vivo joint loads can be measured using these strain gauged PBT
scaffolds. This can be used in the future to provide crucial information about the loading
environment of joints leading to the onset and progression of OA, improve rehabilitation
protocols, and advance tissue engineering strategies for regeneration of articular cartilage.
Ongoing work is focused on collecting a variety of different types of loading in addition
to those currently being collected. This includes positioning a strain gauge below the dome of
the scaffold so that shear loads can be measured. These shear loads can be measured in the
anterior-posterior direction as well as in the medial-lateral directions. Measuring shear loads will
be particularly advantageous for measuring the changes in joint loading following ACL
transection. ACL transection has been shown to induce OA in animal models and untreated
ACL damage in patients leads to OA in the knee joint. This model can help elucidate the change
in the loading environment that occurs following ACL transection and which leads to the
development of OA. Additionally, scaffolds are being equipped with rosette strain gauges which
offer the advantage of measuring the principal strain direction as well as the magnitude of load.
Future work should focus on improving the waterproofing of the sensor system in order
to prepare them for clinical use. Fluid infiltration remains one of the primary causes of failure of
the sensing systems.

This work may include looking at different materials with which to

waterproof the strain gauges and transmitters instead of or in addition to the currently used
Master Bond.

Additionally, alternative methods for waterproofing the transmitter-scaffold

junction can be developed instead of the currently used methylmethacrylate. Waterproofing of
this junction, however, will be more difficult since quick setting FDA approved materials must
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be used in this application. The material used at the transmitter-scaffold junction must also be
non degradable to maintain a fluid infiltration barrier for the life of the implant. Advances in
transmitter technology may also be able to contribute to improved waterproofing. Current work
is ongoing to further minimize the size of the transmitter. If the transmitter can be reduced in
size to the extent that it can be directly attached to the strain gauges, placed inside the scaffold,
and then implanted as a single unit, the entire device can be waterproofed prior to implantation
which may eliminate some of the fluid infiltration issues.
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