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DEVELOPMENT OF BIOLOGIC HIP RESURFACING IN DOGS
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ACADEMIC ABSTRACT

Total joint replacement remains an excellent treatment for patients with
debilitating joint degeneration. However, joint replacement using non-resorbable
prostheses made of metals, ceramics, and plastics can deteriorate and become loose
over time. A superior alternative for treatment of severe joint degeneration would involve
joint replacement with resorbable, biocompatible materials that facilitate regeneration of
native cartilage and bone. Our objective with this research was to develop a biological
femoral head replacement prosthesis for application in dogs. Our work was focused in
three areas. First, we created and mechanically tested a prosthesis made of a
bioresorbable material, poly-ε-caprolactone (PCL). Second, we attempted to assess and
improve the biological activity of PCL to facilitate cellular adhesion and proliferation.
Third, we sought to develop surgical techniques to maximize the likelihood of successful,
stable implantation of the prosthesis into dogs. We were successful in creating a
femoral head prosthesis with mechanical characteristics that are similar to that of
cancellous bone and appear sufficiently robust to withstand the estimated physiologic
loads in the canine hip. We determined that use of hydrogen peroxide gas plasma
sterilization techniques inhibit canine chondrocyte viability while gamma irradiation
techniques provide a more compatible sterilization procedure without notable cytotoxicity
to canine chondrocytes. Lastly, we determined that the canine femoral anatomy is

xi

similar to humans with a substantial offset of the femoral head from the femoral neck
and determined that accurate placement of a prosthesis stem is likely optimized by the
fluoroscopic surgical techniques described herein. These results all set the stage for
continued pursuit of PCL as a joint replacement material in general and for the canine
femoral head specifically.

xii

CHAPTER 1: INTRODUCTION AND STUDY OVERVIEW

Osteoarthritis (OA) is a common condition that is estimated to cause
symptomatic limitations for approximately 10% of the world’s population aged 60 or
greater and is the world’s 4th most common non-fatal burden of disease 1. Similarly,
reviews of the epidemiologic literature in the U.S. suggests that 27 million adults, greater
than 10% of the adult population, suffered clinical limitation from OA in 2005 and OA
was the fourth most common cause of hospitalization in the U.S. in 2009 2. Estimates
are that 67 million Americans will be afflicted with OA by the year 2030 2.
Total joint replacement is a common treatment for debilitating end stage OA. It
has been estimated that greater than 600,000 primary total hip arthroplasty (THA) and
total knee replacements (TKR) and greater than 50,000 revision THA and TKR were
performed in the United States in 2002 3. In addition, approximately 20,000-25,000 total
shoulder arthroplasty, shoulder hemi-arthroplasty, and total elbow arthroplasty
procedures were performed during this year 4. As high as those estimates were, the
prevalence of joint arthroplasty surgery increased to over 900,000 knee and hip
replacements in the U.S. in 2009 2. Future projections estimate that between 2005 and
2030 the demand for primary total hip arthroplasties will grow 174% to a total of 572,000
per year while the demand for primary TKR will grow by 673% to a stunning 3.48 million
procedures performed in 2030 5. The number of revision THA and TKR procedures is
expected to grow by 137% and 601% during this same time frame 5.
While results of the millions of joint replacements performed each year are
usually positive there unfortunately remain numerous shortcomings and complications
associated with total joint replacement. Approximately 17.5% of total hip replacements
and 8.2% of total knee replacements performed between 1990 and 2002 required
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surgical revision 3. Not surprisingly, these revisions place a large financial burden on the
health industry as approximately 18.8% and 8.2% of Medicare reimbursement for total
hip and knee arthroplasties were for revision surgeries 6. Disappointingly, the revision
burdens of total hip and total knee arthroplasty (i.e. the percentage of primary
replacements that ultimately needed revision), did not appear to decrease between 1990
and 2002 and these revision rates are expected to remain relatively similar in the future
3, 5

. These findings are disconcerting because they suggest a plateau in the success

rates obtainable for total joint replacement. In addition, the data indicate that without
further improvement in total joint arthroplasty techniques there will be the need to
perform an enormous number of revision surgeries in the future as the number of
primary total joint replacements surges.
There are many complications and short comings of total joint replacement that
ultimately necessitate surgical revision. However, artificial prosthesis wear and
degradation with subsequent loosening of the implant is the most common cause of total
joint replacement failure, accounting for 75% of total hip arthroplasty cases that require
revision surgery 7. Originally the term cement disease was coined to describe the
pathogenesis of this process as it was suspected that particles of
polymethylmethacrylate stimulated macrophages and osteoclasts to induce
periprosthetic osteolysis, ultimately resulting in bone absorption and loose, aseptic, total
hip implants 8. Based upon this logic it was hoped that use of cementless prostheses
may mitigate the risk of this disease process. Unfortunately, it is now understood that
polyethylene wear debris from metal on polyethylene prostheses also contributes to or is
responsible for instigating inflammation, osteolysis, and implant loosening 7. Clinically,
the observation that cementless implants suffer wear and aseptic loosening and do not
always demonstrate better longevity than cemented implants support the understanding
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that wear and loosening is not solely attributable to polymethyl methacrylate (PMMA) 911

.
Just as there was hope that use of cementless implants would provide greater

longevity due to less PMMA debris, there has been investigation into use of alternative
materials for prostheses fabrication that may have superior wear properties with the
hope that such prostheses would have greater survivability in vivo 7. Examples include
using highly cross linked ultra-high molecular weight polyethylene bearing surfaces,
metal on metal total joint replacements, use of ceramics, and use of amorphous
diamond coating to limit wear of conventional metals, among other materials 7, 12-15. As
stated previously, use of cementless implants may improve survivorship but does not
resolve the issue of implant wear and loosening entirely 9, 11. Likewise, even prostheses
utilizing highly crosslinked ultra high molecular weight polyethylene (UHMWPE) produce
wear debris and stimulate both macrophage and T cell responses 15. Similarly, hard
prostheses made with metals or ceramics still degrade, produce wear debris, and suffer
from aseptic loosening

14, 16

. Additionally, use of these alternative materials brings with

them concern about systemic levels of wear particles such as cobalt and chrome, and
resultant issues such as metal hypersensitivity, effects on renal function, and
pseudotumor formation 7, 14. Ultimately, even with great advances in materials science,
wear of artificial materials remains the most limiting factor associated with joint
replacement survivorship and will likely remain the primary reason for failure as long as
the current joint arthroplasty paradigm of replacing native tissues with non-absorbable
materials prevails 7, 11, 14.
Given the limitations of currently available total joint prostheses with conventional
metals and plastics, a bioresorbable, biologically active prosthesis that promotes
regeneration of native articular cartilage and bone would provide many conceptual
advantages 17-19. Most importantly, use of biological materials that encourage
3

regeneration of native tissues and which are ultimately resorbed would theoretically
improve with time. Specifically, they would assume the normal strength and stiffness of
native tissue, would become increasingly integrated and stable, and wear debris would
decrease as the implant is replaced with native tissue. In addition, if the byproducts from
biologically resorbable materials are biocompatible and readily cleared from the body
they would pose less stimulus for chronic inflammation, granuloma, pseudotumor, or
tumor formation as well as less risk of other systemic side effects. Lastly, absorption
and replacement of the prosthesis could reduce the risk for long term peri-prosthetic
infection as the materials could be completely eliminated from the body, thus removing a
reservoir for bacterial persistence.
Numerous biologically compatible materials have been investigated for use in the
field of tissue engineering and specifically for repair or regeneration of osseous and
chondral tissues. Among those widely investigated for such purposes is poly-εcaprolactone (PCL) 19. PCL is an absorbable polyester material that is non-toxic, highly
biocompatible, and has had FDA approval for years already as absorbable suture
materials, wound dressings, and drug delivery vehicles 20, 21. Importantly, PCL has a
melting point of approximately 59-64° yet forms a solid structure below 50°C. As a
result, it is amenable to free form fabrication techniques such as fused deposition
modeling and therefore can be used to make complex, three dimensional structures
such as individual specific joint replacement prostheses

22-25

. Lastly, PCL is also unique

among the numerous absorbable poly-esters in that it is hydrophobic and has a much
longer duration in vivo than polyglycolic acid, polyD,L-lactic acid, or other polyester
blends 20, 26-28. Therefore, when large areas of native tissue are replaced and tissue
ingrowth times are expected to be long, such as in joint arthroplasty, PCL is potentially
advantageous as it will remain in situ for a longer period of time, typically about 2-4
years 20.
4

While use of PCL may help achieve the objective of developing a biologically
active, mechanically functional prosthesis, developing a surgical technique that enables
consistent, stable implantation of the prosthesis is equally important to maximizing the
likelihood of obtaining successful outcomes. Complication rates with joint arthroplasty
procedures can be high, particularly during the learning phase of a newer procedure and
with more challenging procedures such as hip resurfacing in comparison to hip
replacement 16, 29-31. Rates of femoral neck fracture after hip resurfacing have been
reported to be as high as 7.2% and are largely attributable to surgical technique with
notching of the femoral neck and placement of the stem in a varus position known to
contribute to fracture in up to 85% of patients with failure

30, 32

. Complication rates with

total hip arthroplasty in dogs are even higher, with surgical revision required in up to
17% of dogs within months after surgery 33. The most common complication in this
species is luxation and is attributable in part to the position at which the surgeon places
the acetabular prostheses at the time of surgery 34-39. Clearly, any successful joint
replacement procedure, whether biological or conventional in nature, requires
substantial investment in developing both a prosthesis as well as the associated
technique for implantation and stabilization.
The purpose of this work was to develop a biological joint replacement for
application in a large animal model. The canine hip was chosen because dogs are
frequently afflicted with naturally occurring hip OA and are a common species used in
translational research 40, 41. Total hip replacements are performed more frequently than
replacement of any other joint in the canine patient, establishing a precedent for
replacement of this joint and demonstrating surgical feasibility 42. In addition, forces
within the canine hip are suspected to be substantial, so survivorship of biological
prostheses in the canine coxofemoral joint would be more meaningful than performing a
replacement in a small animal model 43.
5

Our specific objectives with this research were three fold and comprise the
content of the ensuing chapters. First, we aimed to develop a prosthesis made of a
biologically resorbable material that would be sufficiently strong to withstand loads
expected in the canine hip. Second, we desired to evaluate and enhance the biological
activity of the implant to facilitate native tissue integration. Lastly, we sought to optimize
the surgical technique for implantation such that placement of the prosthesis would
minimize short term complications and optimize prosthesis survivorship.
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CHAPTER 2: FEMORAL PROSTHESIS DESIGN, PRODUCTION,
AND MECHANICAL TESTING

Any surgical intervention needs to be a balance between an ideal biological and
an ideal mechanical approach. Biological joint replacement with resorbable materials
places an emphasis on the biological aspect of such intervention but a suitable
mechanical approach is also needed if successful joint replacement is to be achieved.
This requires development of a prosthesis that must be sufficiently robust to sustain the
physiologic loads expected in the joint of interest. In addition, the prosthesis must be
surgically implantable and must remain stable without loosening or luxation under
anticipated loads. Unfortunately, achieving these mechanical objectives for canine hip
arthroplasty is not easily done even with the benefit of high strength non-absorbable
materials. In fact, short term major complication rates have been as high as 17% with
two of the most widely used commercially available THA systems 33, 44. Clearly,
satisfying the aforementioned mechanical objectives with resorbable materials that are
inherently inferior to non-absorbable metals and plastics will require selection of a
unique material and identification of a prosthesis design that maximizes performance of
that material.
PCL has several rheologic and mechanical characteristics that make it a
preferred choice for a biological prosthesis among the numerous materials that satisfy
the basic requirements of being biologically compatible, absorbable, and non-toxic to
native tissues. Specifically, PCL is temperature labile and even more readily amenable
to free form fabrication of complex three dimensional constructs than the other polyester
materials 20. Fused deposition modeling, particle leaching, ink jet printing,
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electrospinning, and other technologies can all be used to create highly complex, porous
three dimensional constructs with pore interconnectivity.
PCL is also likely a superior choice to the other polyesters for a joint replacement
prosthesis because it is hydrophobic 20. All polyesters are degraded primarily by
hydrolysis of ester linkages and hydrophobicity mitigates infiltration of water into porous
3-dimensional constructs and therefore delays absorption time. Numerous in vitro and
vivo studies of PCL have confirmed slow degradation with some studies showing
residual PCL in osseointegration studies up to 30 months post implantation 28, 45, 46. This
is a highly desirable feature for our purposes because complete invasion of a biological
scaffold with native tissues for a joint replacement is expected to take a substantial
period of time. Hence, having a prosthesis that would remain in situ until sufficient
ingrowth of native tissues has occured is ideal as early re-absorption could lead to failure
prior to regeneration of the joint tissues.
Even though PCL will remain in situ for an extended time the design of the
biological prosthesis will need to be optimized to minimize the likelihood that it fractures
prior to degradation. Numerous commercially available prostheses could be emulated
but the mid head resection prosthesis seems particularly well suited for use as a
biological replacement using PCL 47. This prosthesis is used primarily for humans with
insufficient quality of bone in the femoral head to be treated by hip resurfacing 48-50.
Accordingly, the majority, but not all, of the femoral head is removed in this procedure
and the implant essentially replaces the femoral head while its stem is seated into the
femoral neck. The entire femoral neck is preserved and the femoral head is seated
against and bolstered by the preserved femoral neck.
The mid head resection design is appealing because the femoral head portion of
a similarly designed PCL prosthesis would be approximately 10-14 mm thick, stout, and
resistant to fracture. This is in contrast to a resurfacing design that places a thin (2 mm)
8

cap over the prepared femoral head and which would likely fracture if made of PCL (see
figures immediately below). In addition, the femoral head replacement design is
appealing because it preserves the femoral neck, thus providing mechanical support to
the prosthesis and positioning the base of the implant in close apposition to native bone
for a source of cells and tissue ingrowth. These characteristics also contrast with
designs based upon conventional THA long stem prostheses that would require removal
of the patient’s entire femoral neck and would necessitate a prosthesis with a prominent
and unsupported femoral neck. Such a design would predispose the prosthesis to high
bending moments and likely mechanical failure in addition to distancing much of the
prosthesis from the medullary bone as a source of progenitor cells, thus delaying tissue
ingrowth. Finally, the commercially available mid-head replacement has a gradual conelike stem that avoids any sharp angulations at the junction of the head and stem of the
prosthesis. Such design is effective in transferring load without sharp angles that can
serve as stress risers where fracture might occur with a brittle prosthesis made of PCL
47

.
Although manufacture of a biological femoral head replacement prosthesis with

the aforementioned characteristics is possible and seems conceptually ideal, mechanical
failure and fracture of such an implant when manufactured from PCL is readily possible.
PCL, among its many advantageous characteristics, is a relatively weak material with a
low load to failure. Its elastic modulus is 0.21-0.34 GPa, which although similar to human
cancellous bone (0.3 ± 0.2 GPa), is lower than that of polyglycolic acid (>6.9; PGA) and
polylactic acid (2.4-4.2; PLA). More importantly, the strength of PCL (20.7 - 34.5 MPa) is
substantially lower than that of PGA (~70 MPa) and PLA (44 - 82 MPa) and raises
concerns about its potential utility in weight bearing anatomic locations.

Therefore,

after prototype production in vitro testing is essential to determine whether in vivo
application is justifiable.
9

Unfortunately, excellent empirical data regarding what forces need to be
sustained in order to guide in vitro testing are not readily available. One investigator
presumably implanted an instrumented THR prosthesis in a dog to acquire such
information but those data are in a German text, difficult to acquire, and the summarized
results not readily obtainable 51. Fortunately, two other studies estimated the forces
acting in the native canine hip based upon models incorporating morphometric and
anatomic data and found that the average expected force that would likely be
appreciated in 3-legged stance would be just greater than 100% body weight

52, 53

.

Although these data are not empirical they provide a starting point for assessing the
adequacy of a femoral prosthesis in vitro.
Our objectives with the ensuing studies in this chapter were to quantify the basic
structural characteristics of PCL cylinders manufactured in our laboratory.
Subsequently, we detail the stages of prosthesis design and rationale behind the
different iterations performed. Lastly, we provide mechanical data on the structural
performance of these PCL-based hemi-arthroplasty prostheses in vitro in an effort to
determine whether they might perform sufficiently well to justify in vivo application.

10

POLY-Ε-CAPROLACTONE CONSTRUCT PRODUCTION AND MECHANICAL
TESTING

Introduction:
Previous studies of the mechanical properties of PCL constructs have been
published by numerous laboratories with an excellent review provided by Woodruff et al.
20

. Some, albeit few, of the results have been encouraging as to the potential use of

PCL for a bone substitute as measured strengths appeared potentially adequate for use
in load bearing applications 54. However, not all PCL constructs have the same
mechanical performance and several characteristics of the construct have been shown
to influence mechanical performance. As an example, the PCL particle size, construct
pore size, construct pore density (i.e. porosity), and the lay-down pattern of threedimensional PCL constructs all affect mechanical performance 25, 55, 56. As a result, it
would be inappropriate to assume the structural properties of any PCL construct,
including those manufactured in our laboratory, without empirical data. The purpose of
this initial study was to obtain preliminary data on the mechanical characteristics of PCL
discs manufactured by Dr. Pfeiffer.

Materials and Methods:
PCL discs were manufactured using commercially available research grade PCL
(Sigma Aldrich, St. Louis, MO). Three dimensional porous PCL constructs of varying
size and shape (discs, cylinders, and hemispheres) were fabricated from commercially
available PCL substrate (Sigma Aldrich, St. Louis, MO) using a fused deposition method
(FDM). A custom computer controlled fused deposition manufacturing machine was
built in-house. In brief, the machine consisted of a computer numeric controlled (CNC)
x-y table and z axis. A build chamber was attached to the x-y table and was passed in a
11

raster pattern to achieve in-plane material depositions. A heated metallic screw
extrusion syringe was attached to the z-axis to achieve precision extrusion of molten
PCL and build 3D geometries in the z direction. After initial reduction of particle size the
PCL was heated, in an extrusion chamber, above melting point and then extruded
through a 0.5 mm orifice in a 90°-90° lay down pattern that was guided by CAD
programming resulting in production of a porous cylindrical scaffold. Overall construct
porosity, pore size, and weave pattern were controlled with this method. Constructs
varied little in their dimensions and were approximately 8 mm in diameter and 5 mm
high. The pore size was not specifically quantified but was estimated to be
approximately 500 micrometers. The constructs were a homopolymer without inclusion
of hydroxyapatite, tricalcium phosphate, or other materials. Constructs were not
sterilized or further treated after fabrication.

Figure 2-1. PCL constructs used for initial mechanical testing.

The PCL constructs were compressed in an unconfined strain-controlled manner
to enable quantification of the elastic and dynamic modulus. The constructs were set in
the well of an Instron 8821s hydraulic load frame to quantify elastic and dynamic
modulus and ultimate load at failure. The indenter was advanced until it appeared to
touch the superficial surface and was then advanced further until roughly 1 N of force
was applied. Initially, a strain of 10% was desired and the constructs were
approximately 5mm high so the amount of displacement was set to equal to 0.5 mm of
compression. However, the first PCL construct to be evaluated fractured before this
amount of compression was achieved.
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As a result, subsequent testing of PCL cylinders was performed with
compression limited to 0.1 mm, the same as that performed for 1 mm thick cartilage on
osteochondral cores that were tested at a similar point in time (data not shown). This
strain was then applied and relieved slowly and stress quantified to enable creation of a
stress-strain curve and quantification of elastic modulus. Subsequently, 10 cycles were
applied at a frequency of 1 Hz and the elastic modulus of the last cycle quantified to
determine the dynamic modulus. Finally, the PCL disc was loaded until failure after
quantifying the dynamic modulus and the ultimate loads at yield and failure were
calculated.

Results:
When the first construct was loaded it failed prior to reaching a strain of 10%.
The load at failure was approximately 15 Newtons. For the second PCL construct tested
the initial elastic modulus was 182.4 N/m. The dynamic modulus after 10 loading cycles
was 59.1 N/m. When loaded to failure the construct failed at a strain of 9.3%. At this
degree of strain the maximum stress applied was 11.8 MPa. The stress at yield was
11.1 MPa. For the third PCL construct tested the initial elastic modulus was 247.7 N/m.
The dynamic modulus was 66.23 N/m. When loaded to failure the construct failed at a
strain of 9.5% and the maximum stress at yield was 12.6 MPa which was also the
amount of stress applied at the time of failure (i.e. there was not a region of yield with
plastic deformation prior to failure). All constructs failed by fracture rather than
compression or collapse.
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Figure 2-2. Mechanical testing of PCL discs. Left: Loading of a PCL construct with a servohydraulic load cell. Right:
All PCL constructs failed by fracture and splitting.

Discussion and Conclusions:
Several important findings were achieved with this initial mechanical testing.
First, the PCL had elastic moduli that were similar to those published for human
cancellous bone, i.e. approximately 150 MPA 26. These results were encouraging and
suggest that PCL manufactured in this manner could be sufficiently stiff to be used in
load bearing conditions. Moreover, the elastic modulus after repeated cycling of the
constructs (i.e. the dynamic modulus) deteriorated less than that seen with canine
osteochondral cores (data not shown) also suggesting that the PCL could maintain
sufficient modulus over time without excessive change in mechanical properties.
While the modulus results were encouraging the ultimate loads sustained at
failure were substantially lower than would be expected in a canine coxofemoral joint.
Likewise, the degree of compression (i.e. strain) that could be sustained prior to failure
was less than 10% which is relatively small. Finally, the loads at yield and load at failure
were essentially identical. Coupled with the observed mechanism of failure, fracture and
splitting, one can conclude that PCL is brittle and fractures rather than deforming
plastically prior to failure.
14

The load at which the PCL fractured is highly concerning in that such constructs
may not be sufficiently robust to tolerate the loads anticipated in a canine hip. However,
these conclusions are mitigated by the testing design. Most notably, the PCL was
compressed with a fine tipped indenter that focused the applied force over a small area.
We hypothesized that the ultimate load at failure may be substantially higher should
such force be distributed over a larger area. As a result, rather than abandoning PCL as
the biomaterial of choice for biological hip resurfacing, subsequent experiments were
intended to evaluate the strength of constructs tested in a more realistic scenario with
forces distributed over a larger area of the construct.
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FIRST GENERATION PCL FEMORAL HEAD REPLACEMENT PROSTHESIS

Introduction:
The previous experiment demonstrated that the elastic modulus of the porous
PCL constructs manufactured with a 90°-90° lay down pattern was comparable to that of
some cancellous bone (note that the modulus of cancellous bone varies widely).
However, the ultimate load at failure was quite small with failure occurring at a maximum
stress of 12 MPa or a load of approximately 15 N. With these results we hypothesized
that the ultimate load at failure might be substantially increased if the load applied were
distributed over a larger area, as might be more realistic for a femoral head replacement
prosthesis. Therefore, the purpose of this project was to design, produce, and test a
prototype femoral head prosthesis in a more clinically applicable manner.
As discussed briefly above, the femoral prosthesis for these initial tests was
modeled after a femoral head replacement prosthesis, such as the Birmingham mid
head resection prosthesis. This design, which is very similar to a hemisphere with a
stem, was selected instead of a resurfacing design, which is a cap with a stem, because
it is more conducive to manufacture with PCL using FDM methods than would
manufacture of a resurfacing type implant. Furthermore, placement of a femoral head
replacement prosthesis is relatively simple in that one simply needs to resect the femoral
head, leaving a flat surface against which the prosthesis will rest, and drill a pilot hole in
the femoral neck in which a femoral stem can be placed. This process is easier than the
femoral head and neck preparation and chamfering that is required with placement of a
resurfacing prosthesis and which requires more specialized instrumentation. Lastly, we
speculated that having a larger PCL implant with support, rather than a thin cap or shell,
would be more likely to withstand higher loads. Hence, we sought to design and
produce a prosthesis with these basic parameters and mechanically test the prosthesis
16

to determine whether further investigation of the applicability of PCL for hemiarthroplasty in a large animal model was warranted. We hypothesized that the ultimate
loads required to induce failure would be substantially higher with these prostheses and
loading technique than was observed in the previous experiment with loading of PCL
disks using a fine-tipped indenter.

Materials and Methods:
Eight pairs of femurs from large breed dogs euthanatized for reasons unrelated
to this study were harvested and CT scans performed of them. The maximum femoral
head diameter was measured from each CT scan and used as an approximate template
for creation of the prosthesis.
The PCL prosthesis was manufactured as a hemisphere using the dimensions
acquired from the CT scans and using the fabrication methodology described above.
One pair of femurs was then randomly chosen to have the prosthesis placed in one
femur (experimental side) while the contralateral femur was used as a control. The
prosthesis was placed by removing the femoral head with an oscillating saw. A pilot
hole for a femoral stem was drilled in the center of the femoral neck originating from the
cut surface of the femoral head. Positioning of this channel was assessed
radiographically before proceeding. A femoral stem of PCL was then attached to the
femoral head prosthesis by heating the PCL of the base of the prosthesis and the stem
until they became soft. They were then held in apposition as they cooled and bonded.
The prosthesis was then placed by inserting the stem into the pilot hole in the femoral
neck and pushing the prosthesis firmly against the cut surface of the femoral head.
Radiographs were then made to assess adequacy of placement.
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After placement of the prosthesis the femur was potted and articulated with a
commercially available canine total hip replacement acetabular prosthesis (BFX;
Biomedtrix, Boonton, NJ) that was attached to the Instron 8821s hydraulic load frame.
The femoral prosthesis was loaded until failure and a stress strain curve obtained as well
as the ultimate load at failure. The contralateral femur was similarly loaded and used as
a native control. Subsequently, the PCL prosthesis was evaluated microscopically and
images taken to assess the mechanism of failure.

Results:
The manufactured prosthesis appeared (subjectively) to provide reasonable
replication of the native femoral head. It was easily implanted and radiographs and
photographs confirmed appropriate positioning of the implant.

Figure 2-3. 1st generation femoral head prosthesis placement. From left: The first is a photograph of the prosthesis
without the stem followed by an image of the prosthesis with the stem attached. The third image is a radiograph showing
drilling of the femoral neck in preparation for prosthesis implantation. The last image on the right is a radiograph showing
the prosthesis in place on the prepared femur.

The implant was successfully potted and loaded to failure and the ultimate load at failure
exceeded 700N for the prosthesis. The native femur had a similar, but slightly lower,
ultimate load at failure.
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Figure 2-4. Mechanical testing of the 1st generation prosthesis. Left: The femur with the PCL prosthesis is potted.
Middle: The prosthesis is articulated with a BFX acetabular prosthesis. Right: Post compression areas of PCL
fracture/failure can be appreciated at the junction of the implant and the femur.

The stiffness of the femur with the prosthesis was 966.4 N/mm. The native femur was
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Figure 2-5. Results of mechanical testing of the 1st generation prosthesis. The load at failure of the native bone
and the PCL prosthesis is shown in the bar graph to the left. The load-deformation curves of the native bone and PCL
prosthesis are shown to the right and are reflective of the elastic modulus.

The mean elastic modulus and dynamic modulus of the PCL cylinders made
using a 90°-90° lay down pattern were 23 MPa and 62.5 MPa with a load to failure of
approximately 15N using an unconfined compression test. The load to failure of the
femoral head construct implanted on a femur exceeded 700 N and was greater than the
contralateral native femur. The stiffness of the femoral head construct was 966.4 N/mm.
Failure of the implants appeared to involve fracture, most notably along the prosthesis
periphery.
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Figure 2-6. The 1st generation PCL prosthesis after loading to failure. Note the fracture of the material around the
periphery of the construct.

Discussion and Conclusions:
Manufacture of a PCL femoral head replacement prosthesis was feasible and
implantation was relatively uncomplicated. Most importantly, the ultimate load at failure
of the prosthesis was substantially higher than that achieved in the previous
experiments. A load to failure of 700 N compares favorably with expected loads that
would be sustained post-operatively in a dog treated by hemi-arthroplasty. Further, the
higher load to failure of the instrumented femur than the native femur suggests that the
prosthesis should likely be able to withstand the physiological loads expected.
While these results are promising there are several caveats of the testing
performed that should be considered. First, the testing that was performed included a
single load to failure. Although this is pertinent to determine whether the implant would
fail acutely with physiologic loading and the results suggest that failure should not occur
with such load, a single load to failure is not entirely representative of the mechanical
stresses that will be experienced. Cyclic loading is the most realistic form of failure for
orthopedic implants and cyclic testing to assess the number of physiologic loads that are
sustainable before failure would be more beneficial in understanding the likely
survivorship of this implant.
The loading that was applied was also somewhat less than ideal in representing
the exact burden it must endure in vivo because the implant was loaded in compression
and in axial alignment with the prosthesis and femoral neck. Such loading is not an
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accurate replication of the load that will be encountered in vivo. Rather, when a dog
walks load is largely applied along the dorsal surface of the femoral head. With the
current prosthesis and technique with implantation such loading would likely generate a
shearing force that is directed at an angle to the prosthesis stem, rather than directly in
line with it. As a result, testing the responsiveness of the prosthesis to shearing loads
would likely be a beneficial additional step.
Just as shearing forces were not applied to the prosthesis in this experiment,
rotational forces were also not applied. Hence, we cannot determine how stable the
implant would be in vivo and we would actually hypothesize that the current prosthesis
design would not be particularly resistant to rotation forces because the femoral stem
was circular in cross section and smooth and the underside of the femoral prosthesis
lacked any design to counteract rotation. As a result, even though this prosthesis
performed favorably in this experiment, further design modifications would likely prove
beneficial. Among those designs modifications that could be beneficial would be some
alteration to provide rotation instability. In addition, it was noted that the failure of the
implant appeared to occur around the periphery at the sharply angled edges. These
edges could serve as stress risers and modification to minimize these areas of stress
focus could be valuable.
In summary, these results were encouraging and sufficient to warrant further
investigation of PCL femoral prostheses for biological joint replacement. However,
further design modifications are likely needed and future testing could be modified to
more realistically mimic the loads that are anticipated to be experienced in vivo.
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SECOND GENERATION PCL FEMORAL HEAD REPLACEMENT PROSTHESIS:
FABRICATION AND MECHANICAL TESTING

Introduction:
Previous testing was positive regarding the ultimate load to failure that the 1st
generation prosthesis could withstand. However, that implant design likely had
shortcomings that could be improved. Specifically, the femoral stem was attached to the
femoral head prosthesis after production of the hemispherical prosthesis. Moreover, the
femoral stem was small. Both these factors could be presumed to lead to a weak bond
or stem that could fracture, particularly with shear stresses applied to the junction of the
hemispherical head with the stem.
A second area for possible improvement of the previous prosthesis involved the
sharp angulation. Specifically, there was a sharp angulation at the periphery of the
femoral head portion of the construct. This sharp angulation could potentially serve as a
stress riser and may explain the failure seen in the previous experiment as it occurred
around the periphery of the construct. Likewise, the junction of the hemispherical
prosthesis and femoral stem of the previous prosthesis was very angular, which could
lead to stress concentration and lower the load at which failure occurs.
In light of these possible shortcomings a second generation prosthesis was
designed with an effort to improve its design. The first objective was to produce a
prosthesis and femoral stem as a single entity rather than a ‘modular’ design. The
second objective was to produce a more gradual transition from the base of the femoral
head component to the femoral stem to distribute stress rather than focus it at the base
of the implant. Once designed, our objective was to fabricate the construct and test it in
loading as we had done in the previous experiment.
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Materials and Methods:
The second generation PCL implant was fabricated as previously described
using a fused deposition technique. The pore size (approximately 200-400 micrometers)
was similar to previous constructs described in this work. The femoral stem and
prosthesis were fabricated as a single unit. The femoral stem was porous and at
approximately 8 mm in diameter was larger than that used for the first generation
implant. In addition, the junction of the femoral stem and femoral head portion was not a
sharp 90° angulation. Rather, there was a more subtle shoulder to this junction.

Figure 2-7. Second generation resorbable PCL femoral prostheses.

A single pair of fresh femurs was harvested from a dog euthanatized for reasons
unrelated to this study. The femoral head was resected and a channel drilled in the
center of the femoral neck to accommodate the stem. The femoral implant was pressed
into the channel. Because the junction of the femoral stem and femoral head portions of
the prosthesis was not a sharp 90°, but the angle between the cut surface of the femoral
head and the drilled channel was 90°, the implant would not sit down flush against the
prepared surface of the osteotomized femoral head. As a result, we had to over ream
the femoral channel to enable the prosthesis to sit more deeply and flush against the
prepared surface of the femoral head.
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Figure 2-8. Placement of the 2nd generation prosthesis. This sequence of photographs documents, moving
clockwise from the top left, the initial prosthesis placement with the prosthesis proud to the prepared femoral surface
because of the imperfect match between the prosthesis and femoral neck dimensions. Subsequent images depict overreaming of the femoral neck with subsequent use of PMMA to secure the prosthesis flush against the osteotomized
femoral surface.

Since we over-prepared the femoral channel the prosthesis no longer fit snugly
and was not rotationally stable. As a result, we cemented the prosthesis to the prepared
femur using polymethyl methacrylate to achieve mechanical stability.
Once the prosthesis was firmly affixed to the femur with PMMA the femur was
potted and articulated with a commercially available BFX acetabular prosthesis as was
done for the previous experiment. The construct was loaded to failure and the ultimate
load at failure was measured. The contralateral femur was similarly potted and loaded
to failure as a control.

Results:
The ultimate load at failure for both the control and the instrumented femurs
exceeded 1000N. Moreover, failure for both occurred with fracture of the femur rather
than catastrophic failure of the PCL implant. Small fissures or cracks were visible in the
PCL but there was not any gross loss of material or catastrophic failure.
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Figure 2-9. Mechanical testing of the 2nd generation prosthesis. Left: image of the potted femur prior to load to
failure testing. The femur post loading to failure with an obvious femoral shaft fracture as the source of failure.

Discussion and Conclusions:

The results from the ultimate load at failure were even more impressive from this
study than the previous and strongly suggest that the ultimate force that can be
sustained by a PCL implant should be sufficient to withstand the physiologic forces
expected to be present in the canine coxofemoral joint. However, there were still the
same limitations in testing design as described in the previous experiment. Briefly, loads
were applied axially such that resistance to shear and rotational loads remain untested.
In addition, a single load to failure was performed and response to cyclic loading
remains unclear.
Despite the limited information that can be gathered from the single compressive
load to failure the implant appeared to be an improvement upon the first generation
prosthesis. The ultimate load to failure was higher with this generation implant. In
addition, the objective of fabricating a femoral head-stem single unit prosthesis was
achieved. Likewise, we succeeded in creating a less angular transition from the femoral
head portion of the prosthesis to the femoral stem portion of the implant.
Although this second generation implant appeared to be an improvement there
were still some shortcomings. Most notably, we were unable to achieve a close press fit
that would provide immediate rotational stability of the implant. Rather, because the
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junction of the femoral stem and head was not angulated to perfectly match the
angulation of the pilot hole relative to the cut surface of the prepared femoral head, it
was not possible to get the femoral head portion to sit flush against the prepared surface
of the femoral head. This is particularly concerning because it would mean that all
compressive loads would be focused at just those areas of the implant in contact with
the femur. Accordingly, it was necessary to over prepare the pilot hole in order to get
the implant to sit down flush on the prepared femoral surface. This in turn obviated any
rotational stability that had been achieved with a press fit. Attempting to pass any wires
across the femoral neck and through the stem of the femoral prosthesis in an effort to
achieve torsional stability resulted in fracture of the stem of the prosthesis. Hence, the
remaining option for obtaining instant stability was cementing the implant with PMMA.
Although cementing the implant with PMMA was highly successfully in providing
immediate stability, use of PMMA negates the objective of creating a biological
prosthesis as the PMMA is non-abosrbable. However, the proof of principle was valid in
that alternative mechanisms could be sought to provide equal instantaneous stability,
such as the use of absorbable bone cements. Alternatively, different prosthesis designs
could be pursued that facilitate greater stability without the need for PMMA. One such
example would be to more closely emulate the gently tapered stem used in the
Birmingham mid-head resection prosthesis that is described above.
In summary, a second generation implant was manufactured that included a
femoral stem as part of the single-unit prosthesis design. The prosthesis would only fit
flush against the prepared femoral surface when the channel for the stem was overreamed, rendering the prosthesis rotationally unstable. As a result, the prosthesis was
secured to the femur with PMMA. At such point the compressive strength of the
construct was tested and found to exceed desired values, suggesting that further
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investigation of design improvements are warranted as the potential for a PCL implant to
be mechanically sufficient is probable.
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CHAPTER 3: STUDIES OF POLY-ε-CAPROLACTONE
BIOCOMPATABILITY

Use of natural and synthetic biological materials as scaffolds for osteochondral
tissue regeneration is a common goal of many laboratories and numerous materials
have been investigated 17, 19, 57, 58. Among these, the aliphatic poly-ester poly-εcaprolactone is appealing because it is temperature labile and has rheological properties
which permit use of several fabrication methods, such as fused deposition modeling, ink
jet printing, and porogen leaching, among others, to create complex three dimensional,
porous, patient specific scaffolds. In addition, PCL has a long history of use in animal
models and clinical patients as suture material, meshes and drug delivery devices and
many of these PCL based products already have FDA approval for human application

20,
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.
Of the polyester materials, PCL is also especially attractive for biomedical

applications in which a relatively long persistence of the product is desirable 20.
Degradation of polyester polymers occurs primarily by hydrolysis of their ester linkages
and since PCL is more hydrophobic than polylactic acid (PLA) and polyglycolic acid
(PGA) hydrolysis of PCL is delayed. Long term in vivo degradation studies have been
performed in rats and rabbits and have shown no untoward effects, good tissue
integration, and residual times of up to 30 months for the PCL 28, 46. Because these
implants typically persist 2-4 years in vivo they can provide mechanical and functional
support for a long duration 22, 26, 27. In cases of hemiarthroplasty, as is the goal of this
research, one would expect that colonization of the entire implant with native tissue may
take a substantial period of time such that the longer lasting PCL would be more prudent
to use than PLA or PGA.
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In addition to assessment of in vivo residual times, several in vivo studies have
also been performed to assess the efficacy of PCL scaffolds for osteochondral
regeneration with a few producing encouraging results 59-63. These studies evaluated
different combinations of cells or growth factors in conjunction with porous PCL scaffolds
inserted into experimentally created, cylindrical osteochondral defects in rabbits (4
studies) or immature pigs (1 study). All of these interventions resulted in regeneration of
white, cartilage-like tissue, many with desirable mechanical features and without
untoward immune reactions. Unfortunately, the conclusions that can be drawn from
these studies are somewhat limited by the fact that small animal models (e.g. rabbits)
have greater intrinsic repair potential than larger species 64. Likewise, the skeletally
immature pigs used by Ho et al., which more than doubled in body size during the
course of the study, may have greater inherent reparative capabilities than skeletally
mature individuals 59. Similar studies in a skeletally mature large animal model would
likely provide more clinically applicable data.
Interestingly, although the dog is a common model for investigating chondral
regeneration no studies have evaluated the efficacy of PCL in dogs specifically for in
vivo ostechondral regeneration and relatively little information is even available
regarding compatibility with canine cell lineages 64. The single in vivo study in dogs
most relevant to osteochondral resurfacing evaluated several synthetic plugs including
PCL for providing hemostasis when placed into cylindrical osteochondral defects created
as with harvest of autologous osteochondral grafts from the non-weight bearing portions
of the canine stifle. The PCL plugs used for these purpose were not seeded with cells or
growth factors. They provided good hemostasis and showed integration to the
surrounding cancellous bone but only a limited amount of surface repair tissue that was
not hyaline like cartilage 65. Two additional studies have also been done in vivo with
dogs with the objective of assessing suitability of PCL to serve as a bone substitute.
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One of these groups seeded half their PCL constructs with canine mesenchymal stem
cells while in the other study several PCL constructs were infiltrated with platelet rich
plasma; both identified good osseous integration 45, 66.

One additional study showed

canine chondrocyte adhesion and production of extracellular matrix in vitro when seeded
on nanofibrous copolymer mats of PCL and polyL-lactide 67. Otherwise, the remaining
studies performed in dogs using PCL are limited to articles (~15) evaluating PCL for
synthetic meniscal allografts, drug delivery, and a few soft tissue reconstructive
applications. Hence, use of PCL for articular cartilage regeneration in the canine remains
an unreported endeavor and several conceptually simple, preliminary questions remain
unanswered.
It is uncertain as to whether PCL scaffolds used for osteochondral regeneration
in the dog should be monophasic, biphasic, or triphasic. Most osteochondral resurfacing
applications use biphasic scaffolds but monophasic scaffolds are simpler and there is
precedence for their use in rabbits 17, 68. In addition, it is unknown as to whether preimplantation seeding with growth factors or cells is needed, which growth factors or cells
should be used if they are used, and what in vitro pre-treatment protocol is needed if
any. Finally, little information is available regarding clinically relevant sterilization
methodologies and their effects on biocompatibility and cellular adhesion and
proliferation.
Our objectives with the following experiments included evaluating the feasibility
of culturing canine chondrocytes and canine bone marrow derived mesenchymal stem
cells with PCL constructs as a means for pre-treatment conditioning of PCL for
osteochondral regeneration. We hypothesized that canine chondrocytes and
mesenchymal stem cells would successfully colonize the implants, confirming
biocompatibility and the possibility of in vitro pretreatment conditioning with either cell
line. Further, we sought to assess spatial colonization of the constructs with the
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associated cells with particular attention given to evaluating the construct interiors.
Lastly, we aimed to evaluate different sterilization methodologies of PCL and their
effects on biocompatibility with the aforementioned cell types.
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CULTURE OF CANINE CHONDROCYTES AND MESENCHYMAL STEM CELLS
WITH PCL IN VITRO

Introduction:
The purpose of this experiment was to determine whether adult canine
chondrocytes (CC) and canine mesenchymal stem cells (MSCs) could successfully
colonize macroporous PCL three dimensional constructs in vitro. No studies have
previously demonstrated successful adhesion and proliferation of canine cells in such
constructs. We hypothesized that colonization of the constructs would occur with use of
either MSCs or CCs.

Materials and Methods:
Three dimensional porous PCL constructs of varying size and shape (discs,
cylinders, and hemispheres) were fabricated from commercially available PCL substrate
(Sigma Aldrich, St. Louis, MO) using a fused deposition method (FDM) as described
above. Construct porosity, pore size, and weave pattern were controlled with this
method. For this experiment constructs varied in their height but not diameter. The
porosity of the constructs was not quantified. Pore size was estimated to be
approximately 500 micrometers. No hydroxyapatite was included with manufacture of
the constructs. After production PCL constructs were subsequently sterilized by low
temperature hydrogen peroxide gas plasma (LTGP) sterilization. The constructs were
not soaked in tissue culture media or isopropyl alcohol prior to or after sterilization.

Cell preparation
Canine chondrocytes (CCs) and canine bone-marrow derived mesenchymal
stem cells (MSCs) had been previously harvested from skeletally mature dogs without
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gross evidence of OA that were euthanatized for reasons unrelated to this study. These
cells were frozen in liquid nitrogen and were thawed for use in this study. After thawing
the CCs and MSCs were cultured at 37°C and 5% CO2 in standard tissue culture media
with Dulbecco’s Modified Eagle’s Medium (TC DMEM). Tissue culture media consisted
of Dulbecco’s Modified Eagle’s Medium, 10% fetal bovine serum, Na+ pyruvate, HEPES
buffer, ascorbic acid, Streptomycin/Amphotericin/Penicillin, and L-glutamine. Tissue
culture media were changed every 48-72 hours based upon gross appearance until cells
reached near confluence. At each media change tissue culture wells were subjectively
evaluated for the presence and proliferation of cells using low level light microscopy.
Cells were removed from tissue culture, washed, and re-suspended in TC DMEM
to achieve concentrations of 3.6 million MSCs per milliliter or 5.65 million CCs per
milliliter. One milliliter of cells was pipetted onto each construct. Five hundred
microliters were pipetted on the top surface and 500 onto the bottom surface. Five
constructs were seeded with MSCs and four constructs were seeded with CCs. Cells
were allowed to adhere to constructs for 1 hour while incubating at 37C and 5% CO2
prior to addition of any TC DMEM. TC DMEM were then added in just enough quantity
to submerge the constructs. TC DMEM were changed every 48-72 hours for 30 days.
After 30 days of culture the constructs were removed, washed, and cell viability
performed. Briefly, 100 micrograms of Cell tracker green [CMFDA 5-chloromethyl
fluorescein diacetate] were added to ten microliters of dimethyl sulfoxide (DMSO).
Subsequently, 20 microliters of PBS and 20 microliters of ethidium homodimer were
added to this mixture. Each PCL construct was incubated with this mixture for 30
minutes at 37ºC.

Constructs were subsequently removed and washed with PBS.

Fluorescent microscopy was then performed to subjectively assess cell viability.
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Results:
No viable cells were identified in the tissue culture wells by standard, low
magnification light microscopy on the days of tissue culture media change. Likewise, no
cells, either viable or not, were identified at the experiment end with use of cell viability
staining and fluorescent microscopy. This included evaluation of the superficial surface
of the constructs as well sectioning and evaluation of the construct interior.

Discussion and Conclusions:
The data clearly demonstrated a lack of cellular viability. Several potential
explanations were proposed at the time these results were obtained and included
supposition that the cells (CCs and MSCs) failed to adhere to the PCL constructs when
first pipetted onto the PCL constructs. Alternatively, the cells may have initially adhered
but subsequently died and were washed away with subsequent changes of the TC
DMEM. If this were true, it was speculated that the PCL may have adversely affected
the cells and contributed to their death.
Given the results obtained and different possible explanations additional study
was considered necessary to identify the cause of the failure. We planned to repeat this
study with minor modifications. We proposed soaking the PCL in isopropyl alcohol the
night prior to cell inoculation followed by soaking the PCL in TC DMEM for a few hours
prior to cell inoculation of the constructs with the intention of removing any potential
toxins from the fabrication process that could inhibit cellular viability. Likewise, we
considered sterilizing some of the constructs with LTGP sterilization and others without
to see if this affected cellular attachment and proliferation. In addition, we considered
inoculating several tissue culture wells devoid of PCL constructs. We suspected that
such project could have multiple possible outcomes with conclusions differing
34

accordingly. Specifically, if cells were to grow in the tissue culture wells without PCL
constructs but fail to grow in wells with constructs this would suggest PCL toxicity
inhibiting CC and MSC viability. Conversely, if cells were to proliferate in all tissue
culture wells and on PCL constructs this would fail to explain why the previous project
did not work but would be consistent with ethanol incubation and DMEM washing as
important steps in facilitating cellular adhesion and proliferation. Finally, if all cells failed
to grow regardless of these additional treatments we could conclude that there is a
problem with cellular growth in the tissue culture plates and flasks we are using or the
cell transfer process is flawed leading to decreased cellular viability. Given this plan we
moved forward to a subsequent study on cellular viability.
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CULTURE OF CANINE CHONDROCYTES AND MESENCHYMAL STEM CELLS
WITH PCL IN VITRO AND EVALUATION OF STERILIZATION EFFECTS

Introduction:
The objectives of this in vitro study were to culture adult CC and canine MSCs on
porous 3-dimensional PCL cylinders. In addition we sought to assess the effects of low
temperature gas plasma hydrogen peroxide sterilization (LTGP; LTGP 100S®, Ethicon
Inc., Johnson & Johsnon, Somerville, NJ) on cellular viability of MSCs and CCs cultured
with PCL constructs. We hypothesized that cellular adhesion and proliferation would
occur with use of either MSCs or CCs.

Materials and Methods:
Three-dimensional porous, PCL constructs were fabricated as described
previously. However, unlike the previous experiment all PCL discs were relatively
uniform in size, although not completely identical. They were on average 13 mm in
diameter and 4 mm high. Pore size was similar to that obtained with constructs
previously described (estimate 500 micrometer pore size).
Also unlike the previous experiment, constructs were washed and sterilized by
different protocols prior to culturing with cells. All constructs were placed in 50 ml tubes
(2 tubes, 5 PCL constructs per tube) with approximately 25 ml of 70% isopropyl alcohol
added to each tube. The tubes were centrifuged at 1,500 RPM for 30 minutes at
approximately 18ºC. The alcohol was removed and plain PBS substituted (circa 25 mls)
and centrifugation (same protocol) repeated. This wash cycle with change of PBS was
repeated two additional times after which all ten constructs were placed in empty wells in
a 24 well tissue culture plate and subjected to 2-3 hours of UVC light exposure.
Constructs were subsequently placed at 37ºC and 5% CO2 overnight. The following
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morning the constructs were divided into 1 of 2 sterilization groups. Six of the constructs
were sterilized by low temperature hydrogen peroxide gas plasma sterilization (LTGP)
and four were not. Following LTGP sterilization all 10 discs were then submerged in TC
DMEM (as prepared in the previous experiment) for approximately 24 hours and
maintained in the incubator (37ºC and 5% CO2).
CCs and MSCs were harvested, cultured, and then isolated as previously
described. The cells used were second passage as they had been previously
expanded, frozen, thawed and expanded once more time. These cells had originally
been harvested and had been frozen for approximately the same duration of time (2
years) as in the previous experiment.
The two treatment groups (LTGP sterilized and not sterilized) were divided again.
Within each group approximately half of the constructs were seeded with CCs and the
other half were seeded with MSCs. Specifically, two PCL constructs that had not been
LTGP sterilized and three that were LTGP sterilized were inoculated with 4-4.5 million
chondrocytes as described in the previous experiment. Two PCL constructs that had not
been LTGP sterilized and 3 that had been LTGP sterilized were seeded with 2-2.5
million MSCs. Two tissue culture wells were seeded with approximately 1 million
chondrocytes as a positive control and similarly two tissue culture wells were inoculated
with 500,000-600,000 MSCs as a positive control. All tissue culture wells had a total
volume of 1 ml of cells in TC DMEM in this single tissue culture plate (plate 1; see figure
3-1 below).
All constructs remained in plate 1 for 48 hours. At that time all ten constructs
were moved to a 12-well tissue culture plate (plate 2). The media were changed and
replenished in all 14 wells of plate 1 with 2-3 milliliters of TC DMEM to determine
whether cells had colonized those wells and would persist with continued
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supplementation but in the absence of PCL constructs. Two to three milliliters of TC
DMEM were added to each of the ten PCL discs once they were moved to plate 2.

Figure 3-1. Experimental layout of PCL culture experiment. Plate 1 is shown. In this plate (top row) 4 PCL constructs
that were not LTGP (Sterrad) sterilized were cultured with either canine chondrocytes (CC; labeled A and B) or MSCs
(labeled 2 and 4). In addition (bottom row) 6 PCL constructs that were LTGP sterilized were inoculated with CCs (labeled
A, B, and A) or MSCs (labeled 2, 4, and 2). The 4 wells (2 most right wells in the 2 middle rows) were seeded with cells
but no PCL constructs were ever placed in these wells. After 2 days of culture the PCL constructs were moved to a 12
well plate (plate 2). Media change continued for this 24 well plate (plate 1) for the duration of the study to assess
persistence of cells in the wells. This photo was taken at experiment end on March 19, 2010 and hence no PCL
constructs are present in this photo.

Culture media were changed in both plates every 24-48 hours for an additional 5
days. At that time four PCL discs were removed and stained with cell tracker green and
ethidium homodimer and fluorescent microscopy performed as described in the previous
experiment. Two of the PCL constructs had been LTGP sterilized and 2 had not been
sterilized. Within each of those treatment groups one had been seeded with CCs and
the other with MSCs.
Tissue culture media were changed in all 14 wells of plate 1 and the remaining
wells of plate 2 that still housed PCL constructs (6 of them) every 48 hours for an
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additional 7 days. At that time constructs were removed, stained, and fluorescent
microscopy performed to assess cell viability on the remaining 6 constructs. In addition,
all tissue culture wells (14 on plate 1, 6 on plate 2) were evaluated using light
microscopy for cell viability. Viability was scored in those tissue culture wells using a
semi-quantitative scale from 0 – 5 with 1 being 20% coverage of the well with cells up to
a score of 5 being complete (100%) coverage of the tissue culture well with cells.

Results:
Of the four PCL constructs that were removed from culture and evaluated at one
week there were more non-viable cells than viable cells present (see Figure 3-2 below).
Likewise, there were slightly more cells present on the superficial surface of the
constructs than within the interior. However, there were few cells present overall. As a
result, no readily identifiable effects of the sterilization protocol (LTGP versus not) or cell
type (chondrocytes versus MSCs) were identifiable at one week post inoculation with
cells.

Figure 3-2. Cell viability of four PCL constructs. All constructs were in culture for one week. Green fluorescence was
used to identify viable cells (top row) and red for non-viable cells (bottom row) for each constructs. The two most left
constructs were LTGP sterilized and the two constructs on the right were not LTGP sterilized. Within those pairs (ie LTGP
sterilized or not sterilized), the construct on the left was seeded with CCs and the one on the right was seeded with MSCs.
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At the end of the second week of culture the semi-quantitative scores for degree
of confluence in the wells of plate 1 were evaluated. The mean score for the ten tissue
culture wells that originally contained PCL constructs at the start of the experiment was
2.5. The mean score for the four wells that were seeded with cells but always devoid of
PCL constructs was 3.75. Subjectively, the wells that had been devoid of PCL
constructs approached their final cell density more rapidly. The mean cell density score
for wells that had PCL constructs that had not been LTGP sterilized was 2.1. This value
was 2.5 for wells that had PCL constructs in them at the start of the experiment that had
been LTGP sterilized. There were no apparent differences in semi-quantitative cell
density scores for wells that had PCL constructs seeded with MSCs versus CCs.
At the end of the second week there appeared subjectively to be an increase in
number of viable cells on the PCL constructs in comparison to the number of cells
identified at one week post inoculation as assessed using fluorescent microscopy. It
appeared that all of this proliferation was on the superficial surface of the constructs and
the interior of the constructs remained completely devoid of cells (see Figure 4 below).
However, cell densities were still low overall.

Not
available

Not
available

Not
available

Not
available

Figure 3-3. Fluorescent microscopy images of 6 PCL constructs. Constructs were in culture for 2 weeks. From Left
to right each column corresponds to images from constructs 1 through 6. The top row includes images of viable cells on
the surface of the constructs. The middle row includes images of the cut surface (i.e. interior of the constructs) where
available. The bottom row is an image of non-viable cells on the construct surface. The left 3 columns include constructs
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seeded with canine chondrocytes while the right 3 columns include constructs seeded with MSCs. Constructs were
sterilized with LTGP except for constructs in colums 2 and 5 (i.e. the second column from the left and the second column
from the right).

Discussion and Conclusions:
There were multiple objectives of this experiment that generally included
assessing the effects of the construct preparation and cell culture techniques used on
cellular adhesion and proliferation. More specifically, we sought to evaluate the effect of
construct preparation and LTGP sterilization on cellular viability. The second objective
was to assess the apparent proliferative capacity of canine chondrocytes versus
mensenchymal stem cells on PCL constructs. The third objective was to evaluate
cellular proliferation on the superficial versus interior of the porous three dimensional
constructs.
In general, the first observation was that cellular adhesion and proliferation were
greater in this experiment than in the previous experiment. There are at least two
potential explanations for this improvement in cellular viability. The constructs were
prepared differently including rinsing them and soaking them in isopropyl alcohol and
subsequently tissue culture media before inoculation with cells (± LTGP sterilization). In
addition, the initial inoculation and incubation process was different in this experiment as
the PCL constructs used in this experiment were inoculated and then incubated in the
small wells of a 24 well plate for roughly 30 hours prior to the first media change. In the
previous experiment the PCL constructs were inoculated for just one hour in a larger well
(12 well plate) prior to the first media change. It is possible that greater contact (either
proximity or duration) of the cells with the constructs in this experiment could explain the
overall improved cellular adhesion and viability observed.
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Given the overall, improved survivorship of cells in this study compared to the
previous experiment the data appear inconsistent with notable PCL toxicity to cells.
Similarly, the subjective observation that cellular proliferation was greater on those
constructs that remained in culture for 2 weeks rather than just one week is inconsistent
with PCL precluding growth and causing cell death. However, the data were not entirely
positive and provided some evidence that cellular viability and proliferation were greater
in those tissue culture wells that had been devoid of PCL constructs, suggesting that the
presence of PCL was inhibitory to subsequent cellular growth within the tissue culture
wells. However, any conclusions to such effect are tempered by the experimental
design in that cells were pipetted onto the PCL constructs which were placed in the
tissue culture wells (for those wells that housed PCL) and then ultimately those PCL
constructs were removed. Thus, those wells were only inoculated with those cells that
were placed onto PCL constructs and which would have failed to adhere to the PCL
constructs but subsequently colonized the tissue culture wells. Conversely, cells were
pipetted directly into the tissue culture wells for those devoid of PCL. In addition,
approximately four times as many cells were placed on the PCL constructs and it is
possible that a higher cell density led to rapid depletion of nutrients in the tissue culture
media and cellular death in those wells that contained PCL. Hence, conclusions about
PCL toxicity could not be clearly established and it was tentatively concluded that PCL
with the given preparation protocols was not significantly cytotoxic.
The data also did not provide sufficient evidence to conclude that LTGP
sterilization had a significant impact on cellular viability or that the specific cell type was
of critical importance. There were not any subjective differences in cellular viability
based upon fluorescent microscopy between those PCL constructs that were or were not
LTGP sterilized, either at the one week or two week evaluation time. Similarly, there
were not obvious differences in the semi-quantitative evaluation of cellular colonization
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of the tissue culture wells between those wells that had housed PCL constructs sterilized
by LTGP or without LTGP sterilization. In addition, there were not any obvious
differences in cellular adhesion and proliferation whether chondrocytes or stem cells
were used. However, the overall lack of profound cellular proliferation probably limited
our ability to detect any subjective differences between groups. In addition, it is
important to note that PCL constructs that were LTGP sterilized were then washed in
DMEM for approximately 24 hours. This washing could have mitigated any negative
impact of LTGP sterilization on cellular growth.
The third objective of the study was to subjectively evaluate cellular colonization and
proliferation on the surface versus the interior of the constructs. It is clear from the
fluorescent microscopy images that cellular proliferation was greater on the surface than
the interior for all constructs as colonization of the interior was essentially nonexistent.
Overall, at the time of the study it was concluded that cellular attachment and
proliferation on the superficial surface of the PCL constructs was adequate and that PCL
was not toxic. In addition, we concluded that LTGP sterilization was not a significant
factor affecting cellular proliferation and that there were not any obvious differences in
growth potential between CCs versus MSCs. These were potentially erroneous
conclusions that will be discussed in subsequent experiments. Nonetheless, these data
and associated conclusions created the impetus for further experimentation designed
largely at facilitating inoculation of and proliferation of cells within the inner framework of
the porous three dimensional constructs. Hence, subsequent experiments were focused
on use of other materials and mechanical methods to facilitate seeding of the center of
the constructs.
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INFILTRATION OF POROUS 3-D PCL CONSTRUCTS WITH AGAROSE AND
COLLAGEN GELS

Introduction:
As specified in the conclusions of the previous experiment the techniques used
to inoculate PCL constructs with viable cells had failed to facilitate colonization of the
inner framework of the porous PCL constructs. The objective of the current experiment
was to determine whether we could mechanically achieve infiltration of the interior pores
using a centrifugation technique and agarose and bovine collagen gels. Agarose was a
chosen material because it is highly biocompatible and has been used as a delivery
medium for chondrocytes in previous experiments aimed at achieving osteochondral
resurfacing 69-71. Alternatively, we used a type I bovine collagen gel because this had
been previously used to infiltrate the superficial layer of PCL constructs and deliver
transforming growth factor β3 (TGFβ3) in a rabbit humeral head resurfacing study 68.
We hypothesized that we could successfully deliver both the agarose and collagen gels
into the interior of the porous PCL constructs using a centrifugation based protocol.

Methods:
Four PCL discs were fabricated as described in previous experiments. The
dimensions (~8 mm x 5 mm) and pore size of the constructs were similar to that
previously specified. Type I bovine collagen gel was then prepared (Cultrex®Bovine
Collagen I; catalog number 3442-050-01; Lot number 18919G9; 50 mg per 10 mL;
stored at 4°C). Five milligrams (1 ml) were added to each of two wells in a 24 well tissue
culture plate. One hundred microliters of 7.5% sodium bicarbonate was then added to
each well (1 ml) of type I collagen. The 7.5% solution of NaHCO3 was prepared by
mixing 0.75 grams of NaHCO3 with tissue culture (please see previous description of the
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exact composition of the tissue culture media used). Seven hundred microliters of dimethyl-methylene blue (DMMB) was added to each of the 2 tissue culture wells in order
to provide color and improve visualization of the gel. All contents of each well were
pippetted up and down to mix the type I collagen, the NaHCO3, and the DMMB. Note
that the tissue culture plate and NaHCO3 were sitting on ice during preparation to slow
their gel time as the bovine collagen gel is less viscous at lower temperatures.
Two PCL constructs were then pressed into the two tissue culture wells. The
tissue culture plate (with gel and constructs) was centrifuged at 300 times gravity for 10
minutes at a 4°C. At the end of the centrifugation there were several small air bubbles
present in the gel but they were only on the superficial surface and the PCL was in the
bottom of the wells. Crosslinking of the collagen was then facilitated by incubating the
constructs at 37°C; crosslinking occurs in 1 hour at 37ºC). The constructs were
maintained at 37ºC and 5% CO2 for approximately 10 days. Tissue culture media were
added on top of the gel every 2 to 3 days to prevent desiccation during this time.
A 1.5% solution of type VII-A agarose (Agarose, type VII-A, Sigma-Aldrich
A9045) was prepared using tissue culture media. The solution was microwaved to
facilitate mixing and production of a liquid. One milliliter was added to each of two wells
of a 24 well tissue culture plate. Two PCL constructs were pressed into the gel as
described for the bovine collagen gel. Since it appeared that the liquid was going to
permeate the interior of the PCL constructs no centrifugation was performed for the 2
PCL constructs. Rather, these constructs were stored at 4ºC for 1 hour to facilitate gel
polymerization and were then stored for 72 hours at 37ºC and 5% CO2.
A 1.5% solution of type VII-A agarose was subsequently prepared and 3
milliliters added to each of two wells of a 24 well tissue culture plate. PCL constructs
were added and immediately centrifuged at 4ºC and 300 times gravity for 10 minutes.
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The constructs were then stored at 37ºC and 5% CO2 for 3 days with 1 milliliter of tissue
culture media placed on top to prevent desiccation.
All constructs were subsequently removed from the tissue culture wells and
sectioned to visualize the interstices of the constructs. Constructs were subjectively
evaluated for infiltration of gel or lack thereof.

Results:
All constructs appeared to be fully embedded within the respective gels. On cut
surface, gel infiltration was best achieved subjectively with centrifugation. No obvious
difference in gel infiltration was appreciated between the collagen gel and the agarose
gel.

Figure 3-4: PCL constructs embedded in agarose or collagen gel. From left to right each pair of constructs include
PCL constructs in bovine collage gel post centrifugation (left pair), PCL constructs in type VII agarose post centrifugation
(middle pair), and PCL constructs in agarose gel after being extracted from the tissue culture plate without centrifugation
(right pair).

Discussion and Conclusions:
Both types of gel appeared to infiltrate the center of the constructs with the
techniques used. However, the bovine collagen gel had a couple characteristics that
made it particularly appealing. Most notably, it remains relatively liquid at low
temperatures which enable one to perform the centrifugation process at a low
temperature. This characteristic is potentially favorable because it would mean that
viable cells added to the liquid prior to centrifugation would be maintained at low
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temperatures (e.g. 4ºC) and the chance of substantial cell death as a result would be
minimal in this short period of time. Conversely, the agarose gels must remain warm to
remain liquid and enable infiltration of the central pores of the construct. The melting
temperature of the VII-A agarose is 65ºC and the gel temperature is 26ºC. This means
one needs to heat the solution to greater than 65ºC to get it to melt and mix and would
then have to let it cool sufficiently (ie <40ºC) to be able to add viable cells. However,
one would need to complete the seeding process before the gel cools to 26ºC and
polymerizes. As might be imagined, completing these steps within this temperature
window to optimize cellular viability is feasible but if one adds the cells to the gel before it
has cooled sufficiently that could be detrimental to the cells. Conversely, if one lets the
gel cool too much prior to adding cells it could polymerize before the centrifugation
process is complete and cells still may not make it into the interior of the constructs.
Therefore, completing these steps at the ideal temperature is slightly more challenging
than just adding cells to a 4ºC collagen gel in which case the cells will be cooled, but
likely won’t die, and will then be raised back to 37ºC to finish gel polymerization and
maintain cell viability.
In summary, both gels were able to subjectively infiltrate the central pores of the
constructs. Hence, further evaluation of these gels as carriers for canine chondrocytes
and mesenchymal stem cells into the central region of the constructs is feasible and
should be pursued.
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PERMEATION OF PCL CONSTRUCTS WITH CELL LADEN AGAROSE AND
COLLAGEN GELS

Introduction:
Previous experiments demonstrated that simple pipetting of canine chondrocytes
and mesenchymal stem cells onto the PCL constructs fails to facilitate rapid colonization
of the central regions of the constructs. However, both bovine collagen and agarose
gels can be used and driven into the center of the PCL constructs using centrifugation.
The purpose of this experiment was to determine whether suspension of viable cells
within the gel (bovine type I collagen and type VII-A agarose) and infusion into the PCL
constructs would facilitate growth of cells within the center of the constructs. We
hypothesized that we could facilitate greater growth of MSCs and CCs in the interior of
PCL constructs using the centrifuge based protocol when compared to the cell
proliferation observed in the previous experiments in which cells were simply pipetted
onto the PCL constructs.

Materials and Methods:
Eight PCL constructs were fabricated as previously described. Briefly, constructs
consisted of discs approximately 13 mm in diameter and 4 mm high. Pore size was
approximately 500 micrometers. No hydroxyapatite or other material was added to the
PCL. The sizes of each disc were very similar but not entirely identical. The PCL discs
were prepared by being centrifuged in 70% isopropyl alcohol. Four constructs were
placed in each of two 50 ml tubes (2 tubes, 4 PCL constructs per tube) with
approximately 25 ml of 70% ethyl alcohol added to each tube. The tubes were
centrifuged at 1,500 RPM for 30 minutes at about 18ºC. The alcohol was removed and
plain PBS substituted (circa 25 mls) and centrifugation (same protocol) repeated. This
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wash cycle with change of PBS was repeated two additional times. All eight of the
constructs were subsequently sterilized by low temperature hydrogen peroxide gas
plasma sterilization (LTGP). Following LTGP sterilization all 8 discs were placed in a 24
well culture plate and the well filled with tissue culture DMEM (as prepared in the
previous experiments) and maintained in the incubator (37C and 5% CO2) overnight.
The following day, chondrocytes and bone marrow derived mesenchymal stem
cells were retrieved using the standard protocol as has been described above for the
previous culture experiments. Briefly, canine chondrocytes (CCs) and canine bonemarrow derived mesenchymal stem cells (MSCs) had been previously harvested from
skeletally mature dogs without gross evidence of OA that were euthanatized for reasons
unrelated to this study. These cells were frozen in liquid nitrogen and were thawed for
use in this study. After thawing the CCs and MSCs were cultured at 37°C and 5% CO2
in standard tissue culture media with Dulbecco’s Modified Eagle’s Medium (TC DMEM).
Tissue culture media consisted of Dulbecco’s Modified Eagle’s Medium, 10% fetal
bovine serum, Na+ pyruvate, HEPES buffer, ascorbic acid, Streptomycin, Amphotericin,
Penicillin, and L-glutamine. Tissue culture media were changed every 48-72 hours
based upon gross appearance until cells reached near confluence. At each media
change tissue culture wells were subjectively evaluated for the presence and
proliferation of cells using light microscopy. Cells were removed from tissue culture,
washed, and re-suspended in TC DMEM.
PCL constructs were then divided into two treatment groups. Four constructs
were seeded with cells suspended in type VII-A agarose gel and the other four PCL
constructs were seeded with cells suspended in bovine type-I collagen gel. A 1.5% type
VII-A agarose gel was made by mixing an appropriate volume of agarose (A9045 from
Sigma Aldrich, St. Louis, MO) with TCDMEM. One milliliter of the liquid form was then
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added to each of four wells in a 24 well culture plate (plate 1). Cells were then added to
each of the 4 wells in the following amounts:

1. Canine chondrocytes: Volume = 200 microliters; Absolute cell count = 828,000 cells
2. Canine chondrocytes: Volume = 200 microliters; Absolute cell number = 2.5 million
cells
3. Mesenchymal stem cells: Volume = 500 microliters; Absolute cell number = 1.35
million cells
4. Mesenchymal stem cells: Volume = 500 microliters; Absolute cell number = 1.35
million cells
The agarose was maintained at 37ºC in the warm water bath until deposition in the
tissue culture wells. After addition of the cells the agarose and cells were pipetted up
and down to mix.
Approximately 1 ml of Bovine Collagen Type I gel (Cultrex: catalog number 3442050-01) was added to each well in tissue culture plate 2 and the gel made as described
in the previous experiment. The plate was maintained on ice during this process to
prevent gel polymerization. The same volume and number of cells was added to each of
the 4 wells as described for plate 1. One hundred microliters of sodium bicarbonate
were added to the gel and the mixture of gel, NaCHO3 and cells were pipetted up and
down in order to mix the samples (although they did not mix extremely well).
The PCL discs were then pressed gently into each of the eight wells in the two
different plates. Centrifugation was begun at 4°C and 300 times gravity. Unfortunately it
was realized that some of the PCL discs had a distinct top and a bottom and the bottom
was relatively imperforate. There was concern that if the bottom were facing up in the
tissue culture wells then it would prevent the centrifuge from forcing the gel inside the
interstices of the construct. As a result, the centrifuge was stopped after approximately
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one minute and the gels removed to make sure that each of the PCL discs was facing
upright. Unfortunately, the agarose gel, because it had been cooled, had already begun
to polymerize. The PCL discs were replaced in the centrifuge (face up) and
centrifugation started and proceeded for 10 minutes.
After centrifugation 1 mL of tissue culture media were added on top of each of
the bovine collagen gels. Tissue culture media were not added to the wells with the
agarose gel because the agarose was reconstituted with tissue culture media. The
constructs were evaluated grossly the following morning. Subjectively the gel infiltration
did not appear to be excellent with the agarose gels. They were re-centrifuged at 300G
for 10 minutes at 22ºC in an effort to drive the gel deeper into the constructs. No change
was noted. One milliliter of TC DMEM was added to all 8 wells. All PCL constructs
were maintained at 37°C in 5% CO2 for 18 days. Tissue culture media were changed
every 1-3 days.
Eighteen days after cell inoculation the PCL constructs were removed and
staining for fluorescent microscopy was performed. Ten microliters of DMSO was
added to each of 2 vials of Cell tracker green (CMFDA; 5-chloromethyl fluorescein
diacetate) with each vial containing 50 micrograms of CMFDA. Twenty microliters of
PBS was added to a 50 ml conical tube to which 20 microliters of ethidium homodimer
was added. The contents of the DMSO/CMFDA containers were then added to this
mixture and vortexed. Each PCL construct was then saturated with this mixture and
maintained at 37ºC for 30 minutes. The solution was then removed and the constructs
washed with PBS twice before microscopic evaluation.
After microscopy the PCL constructs were stored at -20ºC for several weeks until
digestion and staining for double stranded DNA was performed. Specifically, 2mM of
Dithiothreitol (9.25 mg) was mixed with 300 micrograms/ml (9 mg total) of Papain into 30
ml of Papain solution buffer. This mixture was warmed for 10 minutes at 60ºC in a warm
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water bath. Three to four milliliters of this solution was placed into each of 8 conical
tubes with each of the PCL constructs in one tube. They remained in the water bath
overnight at 60ºC to complete digestion and liquefaction.
Once digestion was complete staining for double stranded DNA was done using
Quanti-iT PicoGreen dsDNA reagent and kits as directed by the manufacturer
(Invitrogen, Grand Island, NY). One hundred microliters of sample from each of the 8
constructs were added to two columns in a 96 well plate (in duplicate, ie columns 3 and
4). A positive DNA standard was used as a control and dilutions of the standard made.
One row was left blank as a negative control. One hundred microliters of Pico Green
were subsequently added to each well. The plate was inserted into the
spectrophotometer and fluorescence quantified.
Staining for GAG (glycosaminoglycan) was also similarly performed using the
DMMB assay. Briefly, dilutions of a GAG standard were added to wells A through H (in
duplicate, ie columns 1 and 2) with row H left blank. One hundred microliters of each
sample were then added (in duplicate; ie columns 3 and 4) to wells A through G. Note
that only 5 microliters of sample should have been added to the wells so that the volume
would be equal to that in the wells containing the standard but 100 microliters were
mistakenly added. One hundred microliters of DMMB were then added to all 32 wells
(A-G x columns 1-4). The 96 well was then placed in the spectrophotometer.

Results:
All PCL constructs appeared subjectively to be completely encased in gel (either
Type VII-A agarose or bovine collagen) upon initial gross evaluation and prior to
sectioning. However, the agarose gel was not perfectly smooth and homogenous in its
texture or infiltration of the deeper layers of the constructs. Conversely, the bovine
collagen gel was uniform in texture and distribution within the interior of the constructs.
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Figure 3-5. PCL constructs two days after infiltration with cell laden agarose or collagen gel. Note that smooth
and homogenous texture of the bovine collagen gel (top row) in comparison to the PCL constructs prepared with type VIIA agarose gel (bottom row).

Based upon cell viability staining and subjective assessment of fluorescent
microscopy there was limited cellular proliferation on any of the constructs. Three of four
of the collagen gel treated constructs had some viable cells on the top surface but no
viable cells were identified on the bottom surface or on the sectioned surface. In
addition, only half (ie 2 of 4) of the collagen gel treated constructs had gel that appeared
to infiltrate the interior of the constructs based upon examination after sectioning of the
constructs (see Table 3-1 and Figure 3-6 below).

Table 3-1. Bovine Type I collagen tereated constructs and presence/absence of cells graded subjectively.

Top Surface
1
2
3
4

No cells
Cells
Cells
Cells

Bottom surface
No cells
No cells
No cells
No cells

Cut Surface
No cells
No cells
No cells
No cells

Gel in the
interior grossly?
No
No
Yes
Yes

For the agarose gel treated constructs, a few live cells were seen on the
superficial surface of just 2 of 4 of the constructs. No viable cells were identified on the
bottom surface and just one construct had minimal viable cells visible on the cut surface
(ie interior) after sectioning. Grossly, gel infiltration of the interior of the constructs was
considered poor for all constructs based upon evaluation after sectioning.
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Table 3-2. Type VII-A agarose gel treated constructs and presence/absence of cells graded subjectively.

1
2
3
4

Top Surface

Bottom surface

Cut Surface

Minimal live/ minimal dead
No cells
No cells
Minimal cells

No cells
No cells
No cells
No cells

No cells
No cells
No cells
Minimal cells

Gel in the
interior grossly?
No
No
No
No

Figure 3-6. Representative images of fluorescent microscopy. Top Left: the superficial surface of an agarose treated
construct that is devoid of cells. Top Middle: the only construct (agarose treated) that had a few viable cells in the interior.
However, a particularly long exposure time was needed to identify these few cells. Top Right: the cut surface of a bovine
collagen gel treated construct that is devoid of cells. Bottom Left: A cross section of the cut surface of a bovine collagen
gel treated construct showing the gel with some visible cells in the superficial layer but an absence of cells deeper in the
construct. Bottom right: The superficial surface (ie the gel layer) of a bovine collagen gel treated construct with some
viable cells visible.

Staining for DNA similarly revealed the presence of little to no double stranded
DNA in any of the samples. The average fluorescence obtained for constructs that had
been prepared with type I collagen was 153 and for constructs prepared with agarose
this value was 85. These values were comparable to the fluorescence of the positive
standard at dilutions of 1:16 and 1:32 respectively, inconsistent with any notable amount
of DNA being appreciable in the samples.
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Table 3-3. Fluorescence of samples after staining for dsDNA. Samples in rows A through D correspond to PCL
constructs prepared with bovine type I collagen gel with samples A and B seeded with canine chondrocytes and samples
C and D seeded with MSCs. Samples E through H in Column 3 are PCL constructs prepared with type VII-A agarose gel
with samples E and F seeded with canine chondrocytes and samples G and H seeded with MSCs. Column 4 is just a
replicate of column 3 for the PCL samples. All samples in columns 5 and 6 are serial dilutions of the positive standard
with row A including the undiluted standard and row H remaining blank (devoid of positive control). Note that fluorescence
was not registered for the undiluted positive standard and so values are not reported.

Gel Type
Collagen Gel
Collagen Gel
Collagen Gel
Collagen Gel
Agarose
Agarose
Agarose
Agarose

A
B
C
D
E
F
G
H

Cell type
CC
CC
MSC
MSC
CC
CC
MSC
MSC

PCL
200.08
129.94
141.25
133.64
78.782
81.677
77.032
87.062

PCL
207.49
129.74
145.56
139.23
82.148
91.303
87.937
95.746

Positive Control
.
1442.4
810.16
307.59
154.51
82.821
53.539
24.93

Positive Control
.
1558.3
728.24
363.19
200.56
121.59
83.36
52.596

Results for staining with GAG also failed to reveal any appreciable GAG content in the
samples.
Table 3-4. Fluorescence of samples after staining for GAG. Column 4 (PCL) was a replicate of column 3.

A
B
C
D
E
F
G
H

Gel Type
Collagen Gel
Collagen Gel
Collagen Gel
Collagen Gel
Agarose
Agarose
Agarose
Agarose

Cell type
CC
CC
MSC
MSC
CC
CC
MSC
MSC

PCL
0
0
0
0
0
0
0
0

PCL
0
0
0
0
0
0
0
0

55

Positive Control

Positive Control

2.1874
1.4140
1.0520
0.5583

2.0558
2.1052
1.2330
0.4431

0
0
0
0

0
0
0
0

Figure 3-7. Samples after staining for GAG. Columns 1 and 2 are dilutions of the positive control. Column 3 are
samples from the PCL constructs. Column 4 is a replicate of column 3. There is not any color change in columns 3 and
4, consistent with no reaction or staining for GAG. Conversely, there was color change in the first 2 columns, particularly
in rows A-D, as verified by the spectrophotometer results (see Table 3-4).

Discussion and Conclusions:
The major purpose of this experiment was to determine whether seeding of the
interior of porous 3-D PCL constructs with canine chondrocytes or mesenchymal stem
cells could be achieved by suspending cells in a gel and then forcing the gel into the
construct using centrifugation. The techniques used in the experiment failed to achieve
this objective based upon the outcome measures. In addition, it appeared grossly that
gel did not consistently infiltrate the central regions of the constructs. There are several
possible explanations for the relative failure observed and several limitations of the study
that limit conclusions.
Cells were not visible on the interior of the constructs for 7 of 8 PCL constructs
including those constructs where cells, albeit not in great abundance, were apparent on
the superficial surface. Explanations include that gel was not effective in delivering cells
to the center of the constructs. It may be that the gel was too viscous and the pores too
small to enable effective infiltration. This explanation is probably valid for the constructs
in the agarose gel group because the gel had started to polymerize before centrifugation
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was complete, thus limiting cellular infiltration. This may have been in part due to
experimental error in which centrifugation was stopped after starting in order to
reposition the constructs with the porous side up to enable gel infiltration. Without this
delay better permeation of the constructs may have been achieved.
Alternatively, it is possible that cells were present in the interior of the constructs
but were just more difficult to identify with microscopy because the pores are small and
thus fewer cells would be present, thus limiting fluorescence and ease of detection. Yet
another alternative is that there is some degree of cytotoxicity of the PCL as prepared in
this experiment and therefore cells that are completely surround by the PCL are less
likely to survive even if they are effectively delivered to the interior of the construct.
Overall, the poor growth of cells in both the superficial and deeper layers was
disappointing. It remains unclear from this experiment whether the poor cell proliferation
was due to suspension of cells in a gel (agarose or bovine type I collagen) or toxicity of
the PCL implants. At the time of the experiment we were concerned that failure to add
tissue culture media to the top of the agarose gels may have contributed to poor cellular
proliferation of this group. Tissue culture DMEM were not added to top off these wells
because it was presumed that the tissue culture media used to make the agarose gel
would be sufficient to nourish the cells suspended within. However, the following
morning it was apparent that those gels had begun to dessicate. In addition, the
agarose gel of at least one construct had turned a yellow color overnight, suggesting that
the cells may have proliferated and possibly exhausted the nutrients within the agarose,
leading to rapid cell death. Lastly, even if the amount of tissue culture media provided in
the agarose were of sufficient volume it is unclear as to whether the quality of the tissue
culture medium would have been maintained during the process of preparing the
agarose gel. Preparation of the gel involved mixing the tissue culture media with
agarose and heating the mixture in a microwave and the heat may have been
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detrimental to several of the components of the tissue culture media. The relevance of
this suspicion is uncertain.
In summary, cell viability in this experiment was low in the superficial layers of gel
on the PCL construct surfaces. Cell viability was subjectively better with the bovine type
I collagen gel but was still considered relatively poor. Cell viability and penetration into
the interior of the constructs was poor. Penetration of gel into the interior of the
constructs appeared better with the bovine collagen gel than with the agarose. This may
have been in part due to the fact that centrifugation was done at 4ºC which accelerates
agarose polymerization, and which could potentially limit permeation into the porous
constructs, but which maintains the bovine collagen gel in a more liquid form. However,
despite these limitations, at the time of the experiment the identification of cells in the
interior of one construct using the agarose gel was considered promising. At the time it
was believed that the agarose could be made to work more effectively by making sure
that the agarose was ideally set around and within the constructs. To achieve this
objective would involve liquefying the agarose gel, cooling it to 37ºC so that cells remain
viable, adding cells, centrifuging immediately, and then cooling to 30ºC to facilitate
polymerization. Once cooling occurs it would be advisable to immediately remove the
constructs from the gel and move them to a larger tissue culture well supplemented with
tissue culture media. However, this protocol was also considered involved and
potentially unnecessary if it were decided to make a biphasic scaffold in which the PCL
would serve only as the osseous layer.
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BIPHASIC PCL/AGAROSE CONSTRUCTS CULTURED WITH CANINE
CHONDROCYTES

Introduction:
The previous experiments performed as a part of this dissertation used
monophasic PCL constructs designed to serve as a structural framework for all layers of
osteochondral resurfacing 68. Specifically, PCL was intended to serve as a temporary
substitute for the chondral layer, subchondral bone layer, and the cancellous bone layer.
Although this approach is feasible and has the advantage of simplicity, use of biphasic or
triphasic constructs for osteochondral tissue engineering have also received substantial
attention and may be superior to monophasic constructs 17. The advantage of multiphasic approaches is that the characteristics of each layer can be optimized to facilitate
repair and regeneration of the desired tissue rather than presuming that a single type of
construct (eg PCL) will effectively facilitate invasion of multiple cell types or
differentiation into multiple tissue types. Some of the disadvantages of biphasic
constructs include the difficulty in bonding different layers together and the difficulty in
isolating the different layers (once bonded) for pre-treatment conditioning to facilitate in
vitro cell differentiation toward different lineages.
Agarose gel has been combined with numerous other substrates such as
allograft bone, trabecular metal, and bioactive glass for creating biphasic constructs in
which the agarose has been used as the chondral layer and a delivery vehicle for
allogeneic chondrocytes. These techniques have had some success 71-73. Moreover,
several studies have evaluated the in vivo functionality of PCL for serving as a bone
substitute with evidence of good biocompatibility and incorporation 45, 66, 74. Specifically,
the rabbit humeral head replacement study showed rapid and profound ingrowth of
cancellous bone into the PCL prosthesis 68. As a result, evaluation of a biphasic
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construct using PCL as a scaffold to facilitate osseous ingrowth and regeneration while
agarose is used as a chondral layer and delivery vehicle for chondrocytes warrants
investigation.
The purposes of this experiment included determining whether agarose could be
effectively bonded to porous PCL. Secondly, we wanted to assess the proliferative
capacity of canine chondrocytes in agarose gel and whether extracellular matrix would
be produced by these chondrocytes. Given previous success in culturing bovine
chondrocytes in agarose gel and success in bonding agarose gel to numerous other
substrates we hypothesized that chondrocytes would be successfully cultured in the
agarose layer with production of extracellular matrix and that bonding to PCL would be
feasible.

Materials and Methods:
Poly-ε-caprolactone constructs were fabricated using a FDM technique as
previously described except that construct dimensions were larger for this particular
experiment. Constructs were approximately 15mm in diameter and they varied in height
from 1 mm to 10 mm with the majority being 9 to 10 mm high (mean 7.7mm, stdev ±4.4).
Porosity was not quantified and pore size was estimated to be approximately 500
micrometers as in the previous experiments. The PCL constructs were LTGP sterilized
on the morning they were seeded with canine chondrocytes (see below). They were
then opened and placed in two 50 ml conical tubes (8 constructs in one and 9 in the
other tube) inside a laminar flow hood to minimize contamination. The tubes were filled
with tissue culture DMEM and vortexed for about 30 seconds. The tubes were then
gently agitated on a tilt table for an additional hour. The TC DMEM in the tube was
changed (in the laminar flow hood) and agitation performed for an additional 1-2 hours.
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The agarose used in this study was prepared by sterilizing a tube containing 0.8
grams of the powder stock of Type VII agarose with LTGP. Twenty milliliters of tissue
culture DMEM were then added to the sterilized 50 milliliter conical tube that contained
this agarose and the tube was microwaved for 20 seconds. The tube was placed in a
warm water bath maintained at a temperature of 62.5°C such that it would become
liquefied. After that point, but before mixing with chondrocytes (please see below) it was
placed in a water bath set at 37ºC.
Cartilage was harvested from two dogs without gross evidence of osteoarthritis
and euthanatized for reasons unrelated to this study. Cartilage was digested by
standard means and chondrocytes grown to confluence in tissue culture media (content
as described previously). Cells were then re-suspended and frozen in liquid nitrogen for
3 weeks at which time they were thawed and returned to culture media and maintained
at 37ºC and 5% CO2. Media were changed every 2 days and the cells reached
confluence by day 4 to coincide with preparation of the PCL constructs and agarose.
On day 5 of culture the chondrocytes were retrieved from culture and resuspended in 10 mls of tissue culture DMEM at a density of approximately 7 million cells
per milliliter and maintained at 37ºC. This mixture was added to 12.5 mls of the 4% type
VII agarose that was also at approximately 37ºC. The mixture was gently pipetted up
and down to mix. One milliliter of this solution was then deposited into each well of the
mold (ie approximatey 3 – 3.5 million chondrocytes). Briefly, the mold was a 5 mm sheet
of acrylic plexiglass with several holes drilled in it, each approximately 16 mm in
diameter. A second sheet of plexiglass was maintained against this sheet to serve as a
bottom to the wells and the sheets were maintained in close apposition with clamps.
The PCL discs were then pressed into the liquid agarose. The depth of penetration of
the PCL was 3 mm and was maintained constant by applying one or two rubber gaskets
around the base of each PCL construct with exactly 3 mm of PCL proud. This ensured
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that the PCL constructs would not fully sink into the wells filled with agarose and
standardized the amount of PCL pressed into the agarose. The agarose was allowed to
polymerize for 5-10 minutes. The back portion of acrylic plexiglass was then removed
by releasing the clamps holding the two sheets of acrylic plexiglass together and the
biphasic constructs were gently pushed back out of the wells.

Figure 3-8. Creation of biphasic PCL and agarose gel constructs. From the left. Molds for the agarose were created
and the PCL was held in a rubber gasket to control the depth of PCL that would be pressed into the agarose. The mold
wells were filled with agarose. The PCL discs were pushed into the agarose. The constructs were removed and
subsequently the rubber gasket was removed to reveal a biphasic construct with a controlled thickness of the agarose
layer.

The biphasic constructs (15 of them) were divided among three different 12-well
tissue culture plates. Three additional agarose disks that were not attached to PCL were
also made and placed in tissue culture wells. All wells were filled with TC DMEM and
the tissue culture plates were placed in the incubator at 37ºC and 5% CO2.
The day after cell seeding (day 1 post seeding) the tissue culture media were changed
with 3 milliliters of fresh TC DMEM placed in each well. Simultaneously 300 microliters
of resorufin (Alamar blue®) were added to each well. The following day (Day 2 post
seeding) the media, including the resorufin, were removed and frozen. An additional 3
mls of TC DMEM were added back to each well. The constructs remained in culture for
two more days (ie day 4 post inoculation). At day 4 one biphasic construct and one
agarose disc were stained with ethidium homodimer and calcein AM and cell viabililty
assessed subjectively using fluorescent microscopy as described in previous
experiments. At the conclusion of the experiment all PCL discs were recovered, washed
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free of any agarose, allowed to dry for several days, and the height measured so that
size could be more accurately quantified.
Assessment of chondrocyte viability at time zero was performed by evaluating
viability of cells in a small portion of the agarose that was left over after creating the
biphasic constructs. Specifically, after the cells had been mixed into the agarose and
agarose was used to fill the molds to create the biphasic constructs there remained a
small volume of agarose with chondrocytes. That agarose was removed and cut into
several sections and stained with calcein AM and ethidium homodimer and evaluated
subjectively using fluorescent microscopy (see results below).
Assessment of cellular viability in the agarose of all biphasic constructs and the 3
agarose discs was performed by subjectively evaluating the color change of the
resazurin and by quantifying the fluorescence of the resorufin in the media that were
collected the day after adding resazurin. Resazurin is a non toxic compound that is
metabolized by viable cells to resorufin. Fluorescence of resorufin at 570 nm
wavelength has been shown to correlate closely with cellular metabolism and viability 75.

Results:
Based upon fluorescent microscopy there were clearly many viable cells present
in the agarose with few dead cells present immediately following mixing of the agarose
and chondrocytes. However, the distribution was not homogenous. It did not appear
that there were cells in the part of the agarose that was at the very bottom of the conical
tube. This could be determined because multiple sections of the agarose were
evaluated and the portions that were conical in shape, and thus clearly closer to the
bottom of the conical tube, were devoid of cells. Conversely, those that came from
sections that were farther from the bottom had viable cells. This likely just represented
incomplete mixing of the cells and agarose using pipetting to mix them.
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Figure 3-9. Cell viability staining and fluorescent microscopy. This is a sample of agarose taken immediately after
mixing with chondrocytes.

Subjectively there was an obvious difference in cell viability the day after addition
of resazurin to the media based upon color change, or lack thereof, of the media.
Biphasic constructs had media that grossly appeared blue or purple in color, indicating
that metabolism of resazurin to resorufin had not occurred. Conversely, those 3 wells
that housed agarose seeded with chondrocytes but without PCL had pink media,
consistent with viable cells and cellular metabolism of resazurin.

Figure 3-10. Subjective results of resazurin assay. Plate 1 (left): All wells in plate 1 had biphasic constructs that
included PCL. The construct in column 1 row 3 was the smallest PCL disc of all biphasic constructs and the media in this
well is slightly pink. Plate 2 (middle): The six wells in columns 1 and 2 of plate 2 (middle) had biphasic constructs that
included PCL. The well in plate 2 that was in column 4 row 3 was a negative control that included tissue culture media
without any agarose, chondrocytes, or PCL. Plate 3 (right): In plate 3 the 3 wells in row 1 corresponding to columns 1, 2,
and 3 all appear pink and all housed chondrocytes in agarose gel without PCL. The two remaining wells in this plate (row
1 column 4 and row 2 column 1) had biphasic constructs including PCL and agarose with chondrocytes.

The results of the fluorescence at a wavelength of 570 were consistent with the
subjective assessment of cellular viability based upon the colorimetric change. The
mean fluorescence for the 15 biphasic constructs with PCL was 133.7 (±stdev 43.9).
The fluorescence for media only (ie negative control) was 160. The mean fluorescence
for the 3 agarose only constructs was 512 (±54.7).
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Subjective assessment of cell viability of one biphasic construct and one agarose
only disc was performed at study end. Subjective assessment was also consistent with
cell death for the biphasic constructs.

Figure 3-11. Cell viability and fluorescent microscopy images. Calcein AM and ethidium homodimer were used for
staining. The picture on the left is of agarose with chondrocytes only (i.e. no PCL) and the picture on the right is of a
biphasic construct of PCL and agarose with chondrocytes. There was subjectively good cell viability in the agarose only
construct. There was negligible green fluorescence for the biphasic construct. There was substantial red in the agarose
from both images, presumably attributable to the presence of resazurin.

Discussion and Conclusions:
As stated in the introduction, the objectives of this study were to determine
whether creation of biphasic constructs of PCL and agarose was feasible and whether
canine chondrocytes suspended in a type VII-A agarose would flourish and produce
extracellular matrix. Although creation of biphasic constructs was accomplished bonding
of the agarose and PCL was weak. For some constructs the agarose was dislodged
from the PCL with just the force of pipetting liquid media on top of the constructs.
Consequently, any further work with biphasic PCL and agarose constructs will require
more investigation into ways to firmly bond PCL to agarose. One possible solution
would be to fabricate the PCL with a far more porous superficial layer such that the
agarose gel can interdigitate and bond more strongly as it polymerizes. It is interesting
to note that subsequent in vivo studies performed in the Comparative Orthopaedic
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Laboratory with PCL bonded to agarose showed similar results in that the agarose was
easily disrupted from the PCL (Hung, Cook, et al, unpublished data).
The second part of our hypothesis, that canine chondrocytes could be effectively
cultured in a type VII-A agarose gel, was also true with a notable caveat. The
chondrocytes in agarose in the absence of PCL appeared to remain viable based upon
the resazurin assay results and cell viability staining with calcein AM. However, cell
viability was essentially zero in all agarose that was bonded to PCL. These results were
unsuspected and highly interesting and suggest that the PCL, as prepared in this
experiment, was toxic to the canine chondrocytes. This result was surprising for several
reasons, one being that PCL has been frequently reported to be non-toxic and
biocompatible. It has been used in numerous previous in vivo experiments and had also
been used as commercially available products including sutures, meshes, and drug
delivery devices with FDA approval 20.
The exact source of toxicity associated with the PCL was unclear from this study.
Possible sources of toxicity could include residual contaminants other than PCL that are
part of the fabrication or sterilization process and which could remain on the PCL. This
explanation is difficult to accept because the constructs were thoroughly washed in TC
DMEM for about 3 hours after sterilization in order to remove any residual contaminants.
Alternatively, the PCL itself could be toxic. It is possible that previous in vivo
studies were not specifically designed to detect cytotoxicity with great sensitivity and
toxicity to cells could be more readily apparent in controlled in vitro studies such as the
one performed here. However, this also seems unlikely given the number of
aforementioned studies that failed to demonstrate notable toxicity of this material, and its
approval for use by the FDA. Finally, we had performed previous experiments to assess
the effects of LTGP sterilization on the biocompatibility of PCL and canine chondrocytes
(see previous sections). Although we had failed to find convincing evidence that such
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sterilization was clearly detrimental those studies were not sensitive in that few samples
were used. Further, a previous investigation showed that PCL was toxic to mouse
fibroblasts after LTGP sterilization 76. Hence, after the results of this study we were
suspicious that sterilization of porous 3-dimensional constructs with LTGP technology
could create constructs that are toxic to canine chondrocytes.
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EFFECTS OF LOW TEMPERATURE HYDROGEN PEROXIDE GAS PLASMA
STERILIZATION ON IN VITRO CYTOTOXICITY OF PCL

Introduction:
Biomaterials that are to be used for tissue engineering and ultimately medical
application must meet several basic requirements regardless of the specific product use.
Among those are the lack of notable toxicity to native tissues and an ability to be
sterilized by techniques deemed adequate for devices to be implanted in humans 77, 78.
Poly-ε-caprolactone is a polymer based biomaterial that has been extensively
studied for its potential use in tissue engineering because of numerous appealing
material characteristics. One of these characteristics is that it is temperature labile
which makes the material amenable to rapid prototyping technologies such as fused
deposition modeling 22. Unfortunately, temperature lability precludes sterilization of PCL
using common, high temperature techniques such as steam sterilization 23. The melting
point of PCL is approximately 57°C and exposure to temperatures just exceeding 50°C
for hours could soften the material and affect its 3-dimensional geometry 22. Low
temperature disinfection of PCL products has been performed prior to in vitro and in vivo
studies using this material, but these protocols tend to be limited to exposure of the PCL
to isopropyl or ethyl alcohol or UV light exposure 54, 60, 61, 74, 79-81. Although adequate for
investigational animal studies, these disinfection techniques are not satisfactory prior to
implantation of PCL into a person. Consequently, additional low temperature
sterilization protocols that are applicable to sterilization of PCL need to be investigated.
Gamma irradiation, ethylene oxide sterilization (ETO), and low temperature gas
plasma sterilization (LTGP) are the most commonly used low temperature sterilization
techniques currently available 82. Of these, LTGP is more appealing than ETO or
gamma irradiation because it is non-toxic and does not pose a threat to personnel as
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does ETO 82. Further, LTGP is less expensive and more readily available than either
ETO or gamma irradiation. Potentially most important, temperatures during LTGP
sterilization are relatively low, frequently remaining below 50°C for many LTGP
protocols, with short sterilization cycle times 82, 83. Conversely, ETO is becoming less
available due to its carcinogenic potential and risk to personnel 84 and optimal
temperatures with ETO sterilization protocols often exceed 50°C for multiple hours

78, 84

.

Exposure to these temperatures for such duration could affect the material properties of
PCL. Gamma irradiation, like gas plasma sterilization, will not expose PCL to
temperatures that would cause softening or melting but gamma irradiation is less
available and more expensive than gas plasma sterilization.
Two previous studies have assessed the effects of gamma irradiation, LTGP,
and ETO on PCL or oligo-ε-caprolactone. Specifically, one study evaluated the effect of
gamma irradiation on the material properties of PCL but did not assess the efficacy of
sterilization 85. Secondly, Rickert et al performed a thorough analysis of the cytotoxicity
of ETO and LTGP on small constructs of oligo-ε-caprolactone using an agarose diffusion
assay 76. They identified a small, but statistically significant increase in toxicity to mouse
fibroblasts (L929) with LTGP versus ETO sterilization. However, the relevance of this
minimal cytotoxicity, which was a maximum of 2.71% of cells with LTGP sterilization, to
use with macro sized constructs of PCL and on canine chondrocytes is uncertain.
Based upon results of our previous experiments as described above we became
increasingly concerned that LTGP sterilization of PCL constructs resulted in substantial
cytotoxicity to canine chondrocytes. Our objective of this study was to assess canine
chondrocyte cellular metabolism as affected by different preparation protocols that
included LTGP sterilization as well as the more commonly used isopropyl alcohol and
UV light disinfection protocols used for in vivo animal models. We hypothesized that

69

LTGP sterilization would significantly increase toxicity of PCL to canine chondrocytes,
manifest as significantly reduced rates of chondrocyte metabolism.

Materials and methods:

Poly-ε-caprolactone fabrication, sterilization, and preparation:
Poly-ε-caprolactone (PCL) 15mm diameter cylindrical scaffolds were made from
commercially available PCL substrate (Sigma Aldrich, St. Louis, MO) using a fused
deposition method (FDM) as has been described previously in this dissertation. Overall
construct porosity, pore size, and weave pattern were controlled with this method.
Constructs varied in their height but not diameter.

Figure 3-12. Poly-ε-caprolactone (PCL) 15mm diameter cylindrical scaffolds. These were made from commercially
available PCL substrate (Sigma Aldrich, St. Louis, MO) using fused deposition modeling (FDM).

Once manufactured, PCL constructs were divided into four groups for sterilization or
disinfection. Each group consisted of 7 PCL constructs. The size distribution of the
constructs was visually assessed to be approximately equal among groups with large,
medium, and small sized constructs within each group. All constructs were cylinders
approximately 15 mm in diameter with similar porosity. Constructs were allowed to dry
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and were measured and weighed after the experiment was concluded to quantify
construct size.
Group LTGP: All 7 constructs were placed as a group in a 50 ml conical tube with
approximately 35 mls of PBS. They were agitated for approximately 24 hours before
being removed from the PBS, allowed to dry, and sterilized by low temperature
hydrogen peroxide gas plasma sterilization (LTGP 100S®, Ethicon Inc., Johnson &
Johnson, Somerville, NJ) with a run time of approximately 50 minutes and a
temperature between 45 and 55°C. No further treatment was performed prior to
placement with canine chondrocytes in tissue culture.
Group LTGPDM: Constructs were treated in an identical manner to group LTGP
constructs except that after low temperature gas plasma sterilization they were
returned to a 50 ml conical tube filled with approximately 35 mls of DMEM. They
were agitated for approximately 24 hours prior to placement with canine
chondroctyes in tissue culture.
Group ALC: Constructs were placed in a 50 ml conical tube with 35 mls of 70%
isopropyl alcohol. Constructs were gently agitated for 72 consecutive hours before
placement in tissue culture.
Group UV: Constructs were briefly rinsed and vortexed in phosphate buffered saline
(PBS) for less than 5 minutes. They were then subjected to UVC light exposure for
approximately 72 hours before placement in tissue culture.

Cell harvesting and culture
Canine chondrocytes were harvested from the shoulder of a single skeletally
mature dog without gross evidence of osteoarthritis immediately after euthanasia for
reasons unrelated to this study. The cartilage was digested in Dulbecco’s Modified
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Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum and 390 U/ml
collagenase Type IV (Sigma-Aldrich, St Louis,MO) for 11 hours at 37°C. The cell
suspension produced was filtered through a 70-lm-sized pore mesh and then
sedimented in a centrifuge for 10 minutes at a speed of 1000 g. Cells were then resuspended at a concentration of 3x106 cells/ml and frozen in liquid nitrogen.
The chondrocytes (passage 1) were then thawed one month after initial collection
and grown in monolayer culture in DMEM supplemented with 10% fetal bovine serum,
0.008% HEPES buffer, 0.008% nonessential amino acids, 0.002% penicillin (100 U/mL)
and streptomycin (100 µg/mL), amphotericin B (25 µg/ mL), 0.015% L-ascorbate (0.15
mg/mL), pyruvate (0.22 mg/mL), and 0.01% L-glutamine. Once cells became confluent
they were re-suspended and transferred to 6-well tissue culture plates. The number of
cells transferred to each well was estimated as 1.7x106, 2.38x106, or 1.87x106. Three
milliliters of the aforementioned media were placed in each well and cells were allowed
to settle and adhere to the tissue culture plate for 3 hours at 37°C and 5% CO2.
Three hundred microliters of resazurin were added to each well 3 hours after
cells were added. Viable cells convert the resazurin to the fluorescent dye resorufin.
Samples of media were retrieved from all wells at 1.5 and 4.5 hours post addition of
resazurin and fluorescence of resorufin assessed at a wavelength of 570 nm according
to manufacturer instructions. The cells remained in culture overnight and samples of
media were removed the following morning (16 hours after addition of resazurin) and
fluorescence measured again. After removing media samples at 16 hours the media
were changed with 3 mls of fresh tissue culture media. Eight hours later PCL constructs
were added to the wells. Two culture wells remained devoid of PCL and served as
positive controls. The cells were maintained in culture overnight.
The following day, i.e. the day after addition of PCL to the tissue culture wells,
300 µL of resazurin was added to each well. Samples of media were then collected at
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1.5 and 4.5 hours post addition of resazurin and fluorescence of resorufin assessed as
above. After collection of media samples at the 4.5 hour time point the media were
changed. Samples remained in culture overnight and the following day (i.e. the second
day post addition of PCL to the tissue culture wells) the process was repeated.
Resazurin was added to each well and samples of media were collected 1.5 and 4.5
hours later.
Cells were evaluated 24 hours after addition of the PCL using light microscopy
and images of representative sections of each tissue culture well were acquired.
Similarly, after acquisition of media samples for measurement of resorufin fluorescence
on the second day post addition of PCL constructs, we removed the constructs and
performed viability staining using Calcein AM and ethidium homodimer. Cell viability
was then subjectively assessed using fluorescent microscopy and photographs made of
each of the individual tissue culture wells.

Statistical analysis
The size distribution of the PCL constructs was compared among the different
treatment groups post-hoc using an ANOVA.
All subsequent statistical analyses assessing fluorescence were performed on
measured resorufin fluorescence values divided by the initial number of cells seeded in a
given well in order to account for variability in the initial cell seeding density.
Comparisons among groups were performed at the three time points prior to addition of
PCL to the culture wells and the four time points after addition of PCL to the culture
wells. A one-way ANOVA was performed to assess for significant differences among
groups at each time point except for the second time point on the second day after
addition of PCL. A Kruskal-Wallis one-way ANOVA on ranks was performed to compare
groups at this time point because the data were not normally distributed. When a
73

significant result was obtained with an ANOVA, pairwise comparisons using the HolmSidak method were made to identify differences between specific treatment groups.
Accordingly, a Dunn’s test was used for pairwise comparisons for the last time point after
a Kruskal-Wallis test had been performed. All statistical comparisons were made using
Sigmaplot (Systate Software, Inc., San Jose, CA).

Results:
Evaluation of the distribution of different sizes of the PCL constructs using
ANOVA failed to show a significant difference in mean construct size among the four
different treatment groups (p>0.05).
Significant differences in resorufin fluorescence were not detected among the
tissue culture wells ultimately used for the different treatment groups at any of the three
time points before addition of the PCL (p>0.05 for all three comparisons).
At the first time point on the first day after addition of PCL there was a significant
difference among groups (p<0.001). Pairwise comparison indicated that resorufin
fluorescence with the LTGP group was significantly less than that of all other treatment
groups including the positive control. Identical results were obtained for the second time
point on this day with significantly lower mean fluorescence values for the LTGP group
compared to all other groups.
At the first time point on the second day after addition of PCL there were also
significant differences among groups (p<0.001). Fluorescence measures were
significantly lower for the LTGP group than all other groups including the positive control.
Fluorescence measures for the LTGPDM group were significantly lower than that for the
UV, ALC, and the positive control but were significantly higher than for the LTGP group.
The UV and ALC groups were not significantly different from one another but both had
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significantly lower values than the positive control and were significantly greater than
both the LTGP and LTGPDM groups.

Figure 3-13. Results of the resazurin assay. Media resorufin fluorescence, corrected for initial cell seeding density,
before and after addition of PCL constructs. Increased resorufin fluorescence is indicative of higher cell viability.
(*=significantly lower than positive control, †=significantly lower than other PCL culture groups)

Data for the second time point on the second day after addition of PCL were not
normally distributed and so a Kruskal-Wallis ANOVA on ranks was performed. Results
indicated a significant difference among groups (p=0.048). However, pair-wise
comparison using a Dunn’s test failed to identify two specific groups that were
significantly different from one another.
Subjectively, viable cells were identified in all wells 24 hours after addition of PCL
except for those wells with PCL from the LTGP group which were devoid of a substantial
number of cells (see Figure 3-14 below).
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Figure 3-14. Light microscopy images of canine chondrocytes. Cells were cultured with PCL of the groups a) LTGP,
b) LTGPDM, c) ALC, and d) UV groups. LTGP – low temperature H2O2 gas plasma; LTGPDM – low temperature H2O2
gas plasma sterilization followed by a DMEM rinse; ALC – disinfection with 70% isopropyl alcohol; UV – disinfection with
UVC light.

Similarly, fluorescent microscopy revealed an abundance of viable cells in all
wells 48 hours after addition of PCL except for those wells with PCL from the LTGP
group which appeared devoid of viable cells.

Figure 3-15. Fluorescent microscopy images of canine chondrocytes. Cells were cultured with PCL of the groups a)
LTGP, b) LTGPDM, c) ALC, and d) UV groups. LTGP – low temperature H2O2 gas plasma; LTGPDM – low temperature
H2O2 gas plasma sterilization followed by a DMEM rinse; ALC – disinfection with 70% isopropyl alcohol; UV – disinfection
with UVC light.

Discussion and Conclusions:
Given that sterilization of any biomaterial is needed before clinical application,
evaluation of the effects of sterilization techniques on the mechanical and biological
properties of the material is needed 23. Previous studies have assessed the mechanical
effects of gamma irradiation on macro-sized PCL and the biological effects of LTGP and
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ETO sterilization of small sized oligo-ε-caprolactone constructs on mouse fibroblast
viability 76, 85. However, no studies to our knowledge have assessed the biological
effects of LTGP sterilization of relatively large, three-dimensional PCL constructs on the
cellular metabolism of canine chondrocytes.
The results from this study strongly suggest that LTGP sterilization of these
porous, three-dimensional PCL constructs resulted in cytotoxicity to canine chondrocytes
that exceeded that identified with either 70% isopropyl alcohol or UV light disinfection.
These results were identifiable at 24 and 48 hours after culture of PCL with canine
chondrocytes and were manifest as significantly reduced measures of resorufin
fluorescence. Conversion of resazurin to the fluorescent dye resorufin corresponds
closely with cellular metabolism 75. The exact mechanism of cytotoxicity remains unclear
but the presence of residual H2O2 within or upon the porous 3-dimensional constructs
after LTGP sterilization that could have leached into the media once placed in culture is
one of numerous possible explanations. This hypothesis is supported by previous work
that has demonstrated residual H2O2 on poly(2-hydroxyethyl methacrylate) after
hydrogen peroxide gas plasma sterilization but requires further study with quantification
of residual H2O2 on porous PCL constructs after LTGP sterilization 86.
The aforementioned hypothesis is also supported by the observation that rinsing
of PCL constructs with DMEM after LTGP sterilization significantly reduced the toxicity of
the PCL constructs. At both time points (1.5 and 4.5 hours after addition of resazurin) on
day 1 after addition of PCL and the first time point on day 2 post addition of PCL the
mean fluorescence was significantly greater for the LTGPDM group than the LTGP
group. These results suggest that rinsing of the constructs post LTGP sterilization may
remove residual H2O2 and mitigate the undesirable toxicity of LTGP sterilization. If this
were true, it might be tempting to institute a protocol of LTGP sterilization followed by
rinsing of PCL constructs. However, the data suggest that even with rinsing the PCL
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constructs remained significantly more cytotoxic than if disinfected with UV or isopropyl
alcohol as manifest at the first time point on the second day after administration of PCL.
In addition, subjecting PCL construction to 24 hours of rinsing post LTGP sterilization
may increase the likelihood of bacterial contamination prior to implantation, thus
mitigating the effect of the sterilization protocol.
The data also demonstrated decreased cellular metabolism with PCL constructs
disinfected with UV light or isopropyl alcohol exposure when compared to the positive
control wells that lacked PCL entirely. These results could be interpreted as evidence of
inherent toxicity of PCL regardless of disinfection or sterilization protocol. However, we
submit that such differences are attributable to the mechanical effects of having the PCL
constructs within the tissue culture wells. The constructs were placed in the wells on top
of the monolayer culture and pressure from the constructs may have inhibited cellular
proliferation and metabolism. Similarly, shifting of the PCL within the tissue culture wells
with movement of the plates could have freed chondrocytes from the tissue culture plate,
also inhibiting their growth and metabolism.
We conclude that LTGP sterilization of the porous, three-dimensional PCL
constructs used in this study significantly inhibited cellular metabolism of canine
chondrocytes, likely attributable to cytotoxicity to these cells. Although the mechanism
of such toxicity is uncertain, we hypothesize that residual H2O2 from the sterilization
process may leach from the PCL constructs once placed in tissue culture media.
Accordingly, we do not recommend use of LTGP sterilization protocols for three
dimensional, porous PCL constructs. Rather, we conclude that further investigation of
gamma irradiation protocols be performed to assess the efficacy of gamma irradiation in
eliminating organisms from three dimensional PCL constructs and to assess the effects
of gamma irradiation on canine cellular viability.
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EFFECTS OF DIFFERENT STERILIZATION TECHNIQUES ON IN VITRO
CYTOTOXICITY OF PCL

Introduction:
Based upon the results of the previous studies we had concluded that
sterilization of PCL discs with LTGP resulted in cyctotoxicity of the PCL to canine
chondrocytes. Therefore we decided that it was necessary to evaluate the effects of
alternative methods of sterilization on the cytotoxicity of PCL.
Gamma irradiation was of greatest interest because it is a low temperature
protocol that will not cause PCL constructs to melt or lose shape. In addition, a study
has already been done investigating the effects of gamma irradiation on PCL and it was
found that speed of degradation decreased with gamma irradiation and load at yield
increased. Importantly, there were not any significant differences in bovine chondrocyte
proliferation among PCL groups that were sterilized by gamma irradiation, ethanol
exposure, or a combination of the two 85.
We believed including an LTGP sterilization group was advisable to determine if
our previous results were repeatable. Likewise, we elected to include a simple
disinfection protocol (UVC light exposure) as another comparison group because these
methodologies are frequently used for in vivo animal model studies. The objective of
this study was to compare cell viability based upon conversion of resazurin to resorufin
and we hypothesized that there would be significantly less cell viability associated with
use of LTGP sterilization than with gamma irradiation, UVC light exposure, or the
positive control.
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Materials and Methods:

Poly-ε-caprolactone fabrication, sterilization, and preparation:
Poly-ε-caprolactone (PCL) 15mm diameter cylindrical scaffolds were made from
commercially available PCL substrate (Sigma Aldrich, St. Louis, MO) using a fused
deposition method (FDM) as previously described. Constructs were similar in height and
diameter and were divided into three groups:
Group LTGP: All 10 constructs were placed as a group in a 50 ml conical tube with
approximately 35 mls of PBS. They were agitated for approximately 24 hours before
being removed from the PBS, allowed to dry, and sterilized by low temperature
hydrogen peroxide gas plasma sterilization with a run time of approximately 50
minutes and a temperature between 45 and 55°C. No further treatment was
performed prior to placement with canine chondrocytes in tissue culture.
Group UV: Ten constructs were washed in PBS for approximately 24 hours. They
were then subject to UVC light exposure for approximately 72 hours before
placement in tissue culture.
Group GAM: Eleven PCL constructs were washed in PBS for 24 hours. They were
then subjected to between 25 – 40 kGy of gamma irradiation.

Cell harvesting and culture
Canine chondrocytes were harvested from the shoulder of a single skeletally
mature dog without gross evidence of osteoarthritis immediately after euthanasia for
reasons unrelated to this study. The protocol of cartilage harvest and culture was
essentially identical to that described in the previous experiment. The cells were
cultured until confluence, trypsinized, and then re-suspended and frozen in liquid
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nitrogen. They were subsequently thawed and culture until near confluence. At that
point they were re-suspended and transferred to 12-well tissue culture plates. The
number of cells transferred to each well was estimated as 2.9 million cells. A total
volume of three milliliters of the aforementioned TC DMEM media were placed in each
well and cells were allowed to settle and adhere to the tissue culture plate for 3 hours at
37°C and 5% CO2.
The PCL discs were then added to tissue culture wells and allowed to remain
overnight. Seventeen tissue culture wells remained devoid of PCL and acted as positive
controls with chondrocytes present. The PCL remained in culture overnight and
resazurin was added the following morning with samples subsequently removed 1.5 and
4 hours later and fluorescence assessed at 570 nm (day 1). The media were changed
at the 4 hour time point, the samples remained in culture overnight, and the process was
repeated the following day (day 2).

Statistical analysis
Comparisons among groups were performed at the four time points after addition
of PCL to the culture wells. A Kruskal-Wallis one-way ANOVA on ranks was performed
because assumptions of normality were not met. When a significant result was obtained
a Dunn’s test was used for pairwise comparisons. All statistical comparisons were made
using Sigmaplot (Systate Software, Inc., San Jose, CA).

Results:
There were not significant differences in resorufin fluorescence at 1.5 hours after
addition of resazurin on day 1 but there was a trend toward a significant difference (p =
0.079) with mean fluorescence with the LTGP constructs being lower than those in the
other groups including the positive control. Fluorescence in the LTGP remained lower
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than all other groups at the 4 hour time point on day 1 but not significantly so (p =
0.525).
On the second day post addition of PCL there was significantly less fluorescence
with all of the tissue culture wells housing PCL in comparison to the positive control wells
without any PCL (p < 0.001). There were also significant differences at 4 hours post
addition of resorufin with a significant difference between the positive control and the UV
group based on a Dunn’s Method pairwise comparison.
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Figure 3-16. Results of the resazurin assay. Media resorufin fluorescence after addition of PCL constructs. Increased
resorufin fluorescence is indicative of higher cell viability. (*=significantly greater than all other groups, #=significantly
greater than the UV group)

Discussion and Conclusions:
We had hypothesized that cell metabolism as assessed by fluorescence would
be significantly lower with the LTGP group as was observed in the previous experiment.
In this study there was a trend toward lower cell metabolism in the LTGP group at the
first time point and when compared to the other groups but the results were not
statistically significant (p = 0.079). It is possible that the lack of significance stems from
a type II statistical error. The statistical test that was performed was a non-parametric
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test and it is not possible to quantify the power of such analysis but with only 10
constructs per group a lack of statistical power is feasible.
Alternatively, it may be that the PCL in the LTGP group in this study was less
toxic than the PCL in the LTGP group in the previous study because a substantial
amount of time (over 4 weeks) passed between sterilization and culture in this study.
This time may have enabled aeration and dissipation of any residual H2O2 from the PCL
constructs. This time delay was not a factor in the previous study as the PCL constructs
were placed into culture with 48 hours after sterilization in that study.
It was also interesting to see on the second day that cell metabolism was
significantly decreased in all groups in comparison to the positive control. These
findings are consistent with those results in the previous study that also showed
decreased cellular metabolism for all treatment groups (ie those containing PCL discs)
compared to the positive control. We hypothesize, as we had previously, that
mechanical damage to cells from the PCL discs may explain this repeatable finding.
In conclusion, the results failed to demonstrate significant differences in
cytotoxicity of PCL after use of UVC light, gamma irradiation, and LTGP sterilization.
However, because there was a trend toward lower cell viability in the LTGP group and
our previous study had demonstrated significantly decreased cellular viability with this
treatment we do not recommend LTGP sterilization of PCL constructs that are intended
for in vivo use prior to further investigation. Rather, based upon the studies we have
conducted and those done by other groups evaluating LTGP, ETO, and gamma
irradiation it appears that gamma irradiation should be used for any in vivo studies until
such time that further data can justify the use of LTGP sterilization

76, 85

.

We recommend that additional study be done to determine whether long aeration
times after use of LTGP sterilization rectify the problem of cytotoxicity of PCL when
associated with this sterilization technique. This is recommended because LTGP
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sterilization poses a much less expensive and more readily available sterilization
protocol than gamma irradiation so if it can be equally effective by simply instituting a
required period of aeration this could be financially beneficial. Lastly, we conclude that
future study would ideally include prevention of any mechanical damage to chondrocytes
by PCL constructs by keeping them elevated above the floor of the tissue culture well.
This should be done in an effort to determine whether the PCL manufactured in our
laboratory has a soluble component that explains the cytotoxicity, potentially stemming
from the fabrication process, or whether previously observed detriment to cellular
metabolism has been mechanical in nature.
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EFFECTS OF AERATION TIME ON CYTOTOXICITY OF STERRAD STERILIZED PCL

Introduction:
The three previous studies performed and described above that assessed the
effects of LTGP sterilization on the cytotoxicity of PCL all provided some evidence of
cytotoxicity to canine chondrocytes. However, the most recent of the experiments failed
to produce a dramatic or statistically significant result which is unlike the previous two
experiments. One possible explanation for the findings of that most recent study is that
substantial time elapsed between when the PCL constructs were LTGP sterilized and
when they were cultured with chondrocytes. This aeration time may have facilitated
dissipation of toxic residualH2O2. If true, this could provide a mechanism by which LTGP
sterilization could still be used without detriment to cellular proliferation and tissue in
growth. In turn, LTGP sterilization could be a first choice for sterilization because it is
more widely available and less expensive than gamma irradiation. The purpose of this
study was to investigate the effects of different aeration times on the cytotoxicity of PCL
constructs after LTGP sterilization. We hypothesized that cellular viability would be
superior with constructs that were aerated after LTGP sterilization when compared to
cells cultured with PCL constructs that were not aerated after LTGP sterilization.

Materials and Methods:

Poly-ε-caprolactone fabrication, sterilization, and preparation:
Poly-ε-caprolactone (PCL) 15mm diameter cylindrical scaffolds were made from
commercially available PCL substrate as previously described. Constructs were similar
in height and diameter and were washed in PBS for approximately 24 hours prior to
sterilization. Subsequently, one group of 6 constructs were LTGP sterilized
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approximately two weeks prior to culture with canine chondrocytes. The other group
consisted of 6 constructs that were LTGP sterilized the day prior to being placed in
culture with canine chondrocytes.
Canine chondrocytes were harvested from dogs euthanatized for reasons
unrelated to this study. The protocol of cartilage harvest and culture was identical to that
described in the previous experiments. After culture to confluence cells were resuspended and transferred to 12-well tissue culture plates. A total volume of three
milliliters of the aforementioned TC DMEM media were placed in each well and cells
were allowed to settle and adhere to the tissue culture plate for 3 hours at 37°C and 5%
CO2. Resazurin was added to each well according to manufacturer instructions.
Samples were then obtained 1.5 and 4 hours later. The media were then changed and
PCL discs added to tissue culture but were placed on filters with legs that kept the PLC
discs elevated off the bottom of the wells. The plates were maintained at 37°C and 5%
CO2 overnight. Resazurin was added the following morning with samples of media
subsequently removed 1.5 and 4 hours later (day 1). The media were changed at the 4
hour time point, the samples remained in culture overnight, and the process was
repeated the following day (day 2). Fluorescence of all media samples was assessed at
570 nm.

Statistical analysis
Comparisons in the level of fluorescence between the two groups were
performed at the two time points before addition of PCL to culture and the four time
points after addition of PCL to the culture wells using a T-test if the data satisfied
assumptions of normality and homogeneity of variances. If these assumptions were not
satisfied a Mann-Whitney Rank Sum test was performed. Statistical significance of onetailed T-test values are reported because the a priori hypothesis was that fluorescence
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would be greater for the group that was aerated for 2 weeks prior to culture. All
statistical comparisons were made using Sigmaplot (Systate Software, Inc., San Jose,
CA).

Results:
Fluorescence levels for one construct in the group that had been aerated for 2
weeks were inconsistent with any live cells being present and were subjectively quite
different from all other constructs in either group at all times points. Results from this
construct were dismissed as an outlier or technical failure.
Otherwise, there were not significant differences in resorufin fluorescence
between the treatment groups at either of the time points on day 0 (prior to addition of
PCL; p > 0.05). On day 1 after addition of PCL there was not a significant difference
between the two groups at the 1.5 hour time point. However, at the 4 hour time point on
this day there was significantly greater cell viability for the PCL constructs that had been
aerated for 2 weeks (p = 0.002). There was a strong trend toward similar results the
following morning at the 1.5 hour time point with a p-value of 0.052 based on a MannWhitney Rank Sum test. There was not a statistical difference between groups at 4
hours post addition of resazurin on day 2.
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Figure 3-17. Results of the resazurin assay. Media resorufin fluorescence after addition of PCL constructs that were
either aerated for 2 weeks or not aerated after LTGP sterilization.

Discussion and Conclusions:
Although not definitive, these results do provide some support to our hypothesis
that aeration of porous PCL constructs after LTGP sterilization would reduce the toxicity
associated with LTGP sterilization. At 2 of the 4 time points after addition of PCL
constructs to the tissue culture wells the results were statistically significant or nearly
statistically significant (p = 0.052). The lack of significance at some time points could be
the result of a type II statistical error. A t-test, rather than a Mann-Whitney rank sum
test, was completed at 3 time points with insignificant results and power ranged from just
0.016 to 0.3, well below the desired power of 0.8.
Given these results it remains difficult to recommend that LTGP sterilization be
used in lieu of gamma irradiation. However, these results merit further investigation with
greater sample numbers and multiple groups that are aerated for different times to
determine how long the constructs need to be aerated. Comparative groups should
include a positive control and gamma irradiation. Lastly, constructs should be elevated
above the bottom of the platform (as was done in this study) to compare results between
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sterilized constructs, whether with LTGP or gamma irradiation, and the positive control.
In an ideal scenario we would identify a sterilization technique that fails to inhibit
fluorescence when compared to the positive control. If LTGP sterilization can fulfill this
need by mandating a certain time of aeration post sterilization that would be ideal.
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CHAPTER 4: FEMORAL ANATOMY AND SURGICAL TECHNIQUE
DEVELOPMENT

Development of a consistent, effective surgical technique is as critical to success
as optimization of implant design and fabrication with any surgical procedure.
Complications with hip replacement and hip resurfacing in human medicine occur more
frequently than desired despite use of high quality well designed prostheses and can
often be attributable to technical failure 30, 32, 87. This holds true for canine hip
replacement as well as the most common complication mandating surgical revision is
luxation and this has been shown to be affected by surgical technique 33, 34, 39, 44. As a
result, it is clear that development of a repeatable surgical technique is needed to
maximize the chances of success with a biological hip replacement in the dog.
In order to develop an ideal surgical technique one needs an intimate
understanding of pertinent anatomy. As an example, two recent studies have sought to
further characterize the human femoral head and neck relationship result even though
the study of human anatomy might already seem comprehensive 88, 89. These studies
were motivated by a need to improve success rates with hip resurfacing, which is a
newer procedure than THA and has been subjectively stated to be more challenging
than THA and purportedly has a higher complication rate 14, 30, 90. This may in part be
due to the novelty of hip resurfacing and the lack of understanding of the subtle yet
relevant anatomical factors related to surgical resurfacing.

It is presumed that a better

understanding of such anatomy may facilitate refinement of prosthesis design and
surgical technique and thus lead to improved outcomes.
Even when armed with a thorough understanding of pertinent anatomy, achieving
the desired surgical execution can remain technically challenging at times.
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Human hip

resurfacing remains an example of such an endeavor. The procedure is based largely
upon placement of a guide pin within the center of the femoral neck at the appropriate
angle of inclination and anteversion 91. All subsequent reaming, chamfering and
preparation of the femoral head are done using cannulated instruments that fit onto the
primary guide pin. Accurate placement is crucial to success and although conceptually
simple, placement of that guide pin remains so challenging that numerous devices and
techniques, including jigs, fluoroscopic guidance, and computer assisted navigation,
have been used in an effort to improve accuracy and precision of pin placement 92.
At the current time there is not a commercially available hip resurfacing
prosthesis available in veterinary medicine. Accordingly, the associated surgical
technique needed to perform canine hip resurfacing and the basic knowledge and
information needed to create and perfect such a technique are lacking. Specifically, no
study has previously evaluated and characterized the relationship of the canine femoral
head to the femoral neck as has been done in human medicine in an effort to improve
human hip resurfacing. Likewise, the author is not aware of any studies or development
of techniques for placing a pin centrally within the femoral neck. As a result, in this
chapter we attempted to characterize and develop the key knowledge and steps
involved in performing any canine femoral head resurfacing or femoral head
replacement, whether it is using biologically resorbable materials or non-resorbable
metals and plastics.
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THE RELATIONSHIP OF THE CANINE FEMORAL HEAD TO THE FEMORAL NECK:
AN ANATOMIC STUDY WITH RELEVANCE FOR HIP ARTHROPLASTY IMPLANT
DESIGN AND IMPLANTATION: ITERATION 1

Introduction:
Numerous studies have quantified the angle of inclination of the canine femoral
head and neck relative to the femoral diaphysis 93-99. These studies have assumed that
the center of the femoral head and the center of the femoral neck lie on the same axis or
have defined the femoral neck axis using landmarks associated with the femoral head.
No study in veterinary medicine has evaluated the relationship of the femoral head to the
femoral neck.
In humans, multiple studies have demonstrated that the femoral head is not
symmetrically positioned upon the femoral neck 88, 100-102. Rather, humans have an
anterior and inferior offset of the femoral head from the neck and have abduction and
anteversion of the head on the neck 88. Knowledge of these anatomic characteristics is
important in human orthopedics for identifying causes of femoroacetabular impingement.
In addition, femoral head resurfacing procedures and mid head resection arthroplasty
rely upon placement of an intramedullary stem within the center of the femoral neck for
prosthesis alignment and stability. Central placement of the prosthesis stem within the
femoral neck fails to reproduce the normal inferior and anterior offset of the native
human femoral head because the articular surface of commercially available resurfacing prostheses is symmetric with respect to the intramedullary stem. The clinical
relevance of failure to reproduce normal anatomy remains uncertain but it has been
postulated that such prostheses and technique may be mechanically and functionally
suboptimal 88.
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In veterinary medicine, a commercially available system for femoral head
replacement arthroplasty is available (Helica Hip, Innoplant), another femoral head
replacement procedure is in development (A. Pozzi, pers. comm.), and hip resurfacing
prostheses are currently in clinical trial (Securos representative, VOS Annual
Symposium, pers. comm.). Evaluation of the relationship of the canine femoral head to
neck would ideally precede or accompany development of these commercial prostheses
and a biological prosthesis in order to assist development of implants that reproduce
normal anatomy and optimize mechanical stability. The objectives of this study were to
create a methodology for evaluating the relationship of the canine femoral head to the
neck and perform a preliminary study to determine whether the canine femoral head is
symmetrically positioned upon the femoral neck.

Materials and methods:

Specimens
Thirty eight femurs were harvested from 20 large breed dogs euthanatized for
reasons unrelated to this study. Inclusion criteria consisted of skeletally mature dogs
exceeding 19 kg in weight and having no apparent signs of hip dysplasia based upon
gross examination of the coxofemoral joint. Dogs were considered skeletally mature if
the epiphyses did not separate from the metaphysis during preparation, which included
simmering, of the femurs to remove soft tissues. Breed was subjectively determined and
body weight was recorded for all individuals; gender information was recorded.

Image Acquisition
Digital photographs were acquired of all prepared specimens. Specimens were
positioned on a copystand (Bencher, Antioch, IL; Figure 1). Two cameras (Nikon D300
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and D5000) with identical 60mm macro (non zoom) lenses were positioned orthogonally.
Camera F (Frontal plane view) was positioned overhead, attached to the copystand and
camera S (Sagittal plane view) was positioned on a free-standing tripod on the floor.
Camera settings were: white balanced to tungsten light, an ISO of 200 for maximum
quality, an F stop of F22 for optimal depth of field, and with exposure for aperture
priority. Cameras were positioned 56 cm from the focal plane to the specimen. Both
cameras were positioned with their focal plane parallel to the respective subject plane
using bubble levels, T-squares, and graph paper positioned in the subject plane.
Specifically, both cameras were ensured to be level relative to the floor using bubble
levels. This assured parallelism of camera F to its respective subject plane. In addition,
the focal plane of camera S was ensured to be parallel to its respective subject plane
using a T-square aligned with grid lines under the specimen and perpendicular to the
focal plane of that camera. Incorporation of graph paper below and behind the
specimens allowed confirmation that the camera focal planes were parallel to the subject
plane as the squares on the graph paper could be evaluated and ensured to be square,
consistent with parallel camera positioning, rather than distorted, indicative of improper
camera alignment. Camera field of view was centered on the specimen position using
the grid/cross hairs of the camera lens and manually focused on the specimen.
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Figure 4-1. Image acquisition. Two cameras with identical non zoom macro lenses were positioned orthogonally from
the specimen at a distance of 56 cm. Cameras were leveled and parallel alignment of the focal planes to the respective
backgrounds was confirmed with use of T-squares and bubble levels. Backgrounds with gridlines were incorporated for
use in image evaluation and assessment of specimen positioning. Images were acquired from the different cameras
without specimen re-positioning.

All specimens were positioned on the camera stand with the caudal surface of
the bone resting on the camera stand and the distal femur closest to camera S. All
specimens were positioned on graph paper with graph paper lines oriented parallel to
the respective focal planes as determined using a T square. Graph paper was also
placed behind the specimen on a vertical surface so that respective gridlines were
included in images taken in the sagittal plane. Superimposition of graph paper gridlines
allowed subsequent evaluation of specimen position relative to the camera focal planes
(see Figure 4-1 above and Figures 4-2 and 4-4 below).
The specimens were oriented visually such that the cranial surface of the femoral
neck appeared parallel to the focal plane of the overhead camera (Camera F),
accounting for anteversion of the neck. The specimens were also positioned so that the
ventral femoral neck surface appeared parallel to the focal plane of camera S. This
positioning was accomplished by elevating the lateral condyle of the femur off the
camera stand using stacks of 1mm thick cards until the axis of the femoral neck (as
viewed in the sagittal plane) appeared parallel to the graph paper gridlines positioned
behind the specimen (Figure 4-5). The distal femur was moved laterally (abducted) until
it appeared that the axis of the femoral neck was parallel to graph paper lines positioned
underneath the specimen, ie parallel to the focal plane of camera S (Figure 4-3).
Identification markers were positioned in images along with a ruler positioned at the level
of focus of the bone.
Images were taken with both cameras when positioning was considered visually
acceptable without adjustment of the specimen or cameras between the two exposures.
This guaranteed that images were truly orthogonal as neither the camera nor the
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specimens were re-positioned in order to acquire the orthogonal image. Images were
then evaluated as described below and the degree of malpositioning was assessed by
comparing the femoral neck axis to the associated gridlines on the graph paper. In so
doing we could determine whether positioning was adequate for the image taken with
the orthogonal camera. For example, if the image of a specimen in the sagittal plane
(taken by camera S) indicated that femoral neck was not acceptably parallel to the
gridlines oriented on the vertical surface behind the specimen, we knew that the
corresponding image in the frontal plane (taken with Camera F) was not taken with the
focal plane of Camera F parallel to the cranial surface of the femoral neck (ie version of
the femoral neck was not appropriately addressed). Likewise, if the image in the frontal
plane indicated that the femoral neck axis was not parallel to the graph paper lines
underneath the specimen, we could conclude that the image taken with Camera S was
not appropriately parallel to the femoral neck axis in the sagittal plane (ie inclination of
the femoral neck was not adequately addressed). Images acquired with the neck axes
within 10° of parallel to the respective camera focal planes were considered acceptable
for further evaluation. Images were repeated for a given specimen if greater than 10° of
deviation from ideal positioning was identified.

Anatomic Assessment
Ten different measurements were made for each specimen, 5 in the frontal plane
and 5 in the sagittal plane. Measurements were derived from those used to assess
human specimens and were created to assess translation and rotation of the femoral
head upon the femoral neck and concavity or sphericity of the femoral head 88.
Measurements for each specimen were made by 2 different observers (SPF, ALF). All
images were imported and measurements made in Canvas X (ACD Systems, Victoria,
British Columbia).
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Assessment of specimen positioning:

The frontal plane image was evaluated. Two circles were transcribed within the
femoral neck to be tangent to the dorsal and ventral margins of the femoral neck. The
circles were positioned within the femoral neck such that the center of the most medial
circle was just lateral to the physis and the most lateral circle was just medial to the
metaphyseal junction. The centers of the two circles defined the femoral neck axis in the
frontal plane (Figure 4-2).

Figure 4-2. Establishment of the femoral neck axis in the frontal plane. Two circles were superimposed with their
centers over the femoral neck in order to establish the femoral neck axis. NA = neck axis.

The angle between the neck axis and the gridlines in the image that were most
parallel to the femoral neck axis was calculated (Figure 4-3). If the angle between the
femoral neck axis and the respective gridlines was less than 10° then the positioning for
the sagittal image was considered acceptable and measurements in that plane
performed.

Figure 4-3. Assessment of specimen positioning. These images were used for evaluation of the image acquired in
the orthogonal (sagittal) plane. The angle between the neck axis and the background grid lines was used to assess
specimen positioning for acquisition of images in the sagittal plane. NA = neck axis.

97

Assessment of specimen positioning for measurements made in the frontal plane:
The sagittal plane image was evaluated. Two circles were transcribed within the
femoral neck to be tangent to the cranial and caudal margins of the femoral neck. The
circles were positioned within the femoral neck such that the center of the most medial
circle was just lateral to the physis and the most lateral circle was just medial to the
metaphyseal junction. The centers of the two circles defined the femoral neck axis in the
sagittal plane (Figure 4-4).

Figure 4-4. Establishment of the femoral neck axis in the sagittal plane. Two circles were superimposed with their
centers over the femoral neck in order to establish the femoral neck axis. NA = neck axis.

The angle between the neck axis and the gridlines in the image that are most
parallel to the femoral neck axis was calculated (Figure 4-5). If the angle between the
femoral neck axis and plane of view of camera S was less than 10° then specimen
positioning for the frontal plane image and associated measurements were considered
acceptable.

Figure 4-5. Assessment of specimen positioning for evaluation of the image acquired in the orthogonal (frontal)
plane. The angle between the neck axis and the background grid lines was used to assess specimen positioning for
acquisition of images in the frontal plane. NA = neck axis.

Measurements made in the frontal plane
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Femoral head offset in the frontal plane (fFHO):

The femoral neck axis was established as described above. This line was then
copied 4 times (Figure 4-6). Each line was repositioned, while remaining parallel to the
neck axis line, such that each line was tangential to:
1. The dorsal aspect of the femoral head at the greatest extent of its convexity (line A).
2. The dorsal aspect of the femoral neck at the greatest extent of its concavity (line B).
3. The distal or ventral aspect of the femoral head at the greatest extent of its concavity
(line C).
4.

The distal or ventral aspect of the femoral neck at the greatest extent of its convexity
(line D).

The distance between lines A and B and between lines C and D was then quantified.
The ratio of offset was then calculated by dividing AB/CD. If this ratio were equal to 1
this is indicative of zero offset and the femoral head is symmetrically positioned relative
to the femoral neck. If the ratio is greater than 1 than the specimen has a dorsal offset
of the femoral head and if the ratio is less than 1 there is a ventral offset of the femoral
head relative to the femoral neck axis.

Figure 4-6. Femoral head offset in the frontal plane (fFHO). Distance AB was divided by distance CD to calculate the
offset ratio. NA = neck axis.
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Physeal angle in the frontal plane (fPA)
The femoral neck axis was defined as described above. A line was then
established along the physeal scar. The angle between the neck axis and the physeal
line was measured as a representation of the rotation of the femoral head upon the
femoral neck (Figure 4-7). Angles of less than 90° were considered indicative of femoral
head abduction relative to the femoral neck and values greater than 90° were
considered consistent with adduction of the femoral head.88

Figure 4-7. Quantification of the femoral neck physeal angle in the frontal plane (fFPA). NA = neck axis.

Femoral head sphericity in the frontal plane (fFHS)
A circle was fit to the femoral head based upon visual inspection (Figure 4-8).
The center of this circle was identified (C). The first location on the dorsal surface of the
neck where the neck deviated outside the best fit circle was identified (point A). The
same process was performed for the ventral surface except that the ventral point was
chosen as either the first location where the femoral neck deviated from the circle or
more commonly, the junction between the femoral head and neck (point B). The lateral
angle between lines AC and BC was measured. A value greater than 180° was
indicative of a femoral head that was greater than one hemisphere at its junction with the
neck.
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Figure 4-8. Quantification of femoral head sphericity in the frontal plane (fFHS). Note that the center of a circle fit to
the femoral head is ventral to the femoral neck axis line. NA = neck axis.

Angle of inclination of the femoral neck (AOI)
The femoral neck axis was defined as above. Four circles were fit to the
proximal diaphysis of the femur and located along the length of diaphysis (Figure 4-9).
The centers of the four circles were identified. A best fit line was placed through 2 circle
centers with one circle center lateral and one medial to the line. Alternatively, if three or
more circle centers lay on a single line this was the chosen best fit line. The angle
between the femoral axis and femoral neck axis was measured.

Figure 4-9. Quantification of the angle of inclination (AOI) of the femoral neck axis. NA = neck axis.
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Measurements made in the Sagittal Plane

Femoral head offset in the sagittal plane (sFHO):
The femoral neck axis was established as described above. This line was then
copied 4 times (Figure 4-10). Each line was repositioned, while remaining parallel to the
neck axis line, such that each line was tangential to:
1. The cranial most aspect of the femoral head at the greatest extent of its convexity
(line A).
2. The cranial aspect of the femoral neck at the greatest extent of its concavity (line B).
3. The caudal aspect of the femoral head at the greatest extent of its concavity (line C).
4.

The caudal aspect of the femoral neck at the greatest extent of its convexity (line D).

The distance between lines A and B and between lines C and D was then measured.
The ratio of offset was then calculated by dividing AB/CD. A ratio of 1 indicated
symmetrical positioning of the femoral head relative to the femoral neck. A ratio greater
than 1 was indicative of cranial offset of the femoral head and a ratio less than 1
consistent with caudal offset of the femoral head relative to the femoral neck axis.

Figure 4-10. Femoral head offset in the sagittal plane (sFHO). Distance AB was divided by distance CD to calculate
the offset ratio. NA = neck axis.

Physeal angle in the sagittal plane (sPA)
The femoral neck axis was defined as described above. A line was then
established along the physeal scar (Figure 4-11). The angle between the neck axis and
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the physeal line was measured. Angles less than 90° were considered indicative of
femoral head anteversion on the femoral neck and angles greater than 90° consistent
with femoral head retroversion on the femoral neck.88

Figure 4-11. Quantification of the femoral neck physeal angle in the sagittal plane (sFPA). NA = neck axis.

Sphericity of the femoral head in the sagittal plane (sFHS)
A circle was fit to the femoral head based upon visual inspection (Figure 4-12).
The center of this circle was identified (C). The first location on the cranial surface of the
neck where the neck deviated outside the circle was identified (point A). The same
process was performed for the caudal surface (point B). The lateral angle between lines
AC and BC was measured. A value greater than 180° was indicative of a femoral head
that was greater than one hemisphere at its junction with the neck.

Figure 4-12. Quantification of femoral head sphericity in the frontal plane (fFHS). Note that the center of a circle fit
to the femoral head is slightly cranial to the femoral neck axis line. NA = neck axis.

Angle of anteversion (AOA):
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The femoral neck axis was defined as above. Four circles were fit to the
proximal diaphysis based upon the length of diaphysis included in the image (Figure 413). The centers of the four circles were identified. A best fit line was placed through 2
circle centers with one circle center cranial and one caudal to the line. Alternatively, if
three or more circle centers lay on a single line this was the chosen best fit line. The
angle between the femoral axis and femoral neck axis was measured.

Figure 4-13. Quantification of the angle of anteversion (AOA) of the femoral neck axis. NA = neck axis.

Statistical analyses
Statistical analysis was performed using Sigmaplot 11.0 (Systat Software Inc,
San Jose, CA). Agreement between the two observers for the 8 anatomic
measurements (fFHO, fFPA, fFHS, AOI, sFHO, sFPA, sFHS, AOA) was assessed by
calculating a Pearson product moment coefficient for each measurement. In addition,
significant differences between observers were assessed for each measurement
detailed above by use of a T-test when assumptions of normality were met. When
assumptions of normality were not satisfied a rank sum test was performed. A value of <
0.05 was considered statistically significant.
For variables in which there was a significant difference between mean values
obtained by the two observers the measured variables were re-classified categorically.
Specifically, the femoral head was categorized as adducted if the fFPA exceeded 90°
and abducted if fFPA was less than 90°. The femoral head was categorized as
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retroverted if the sFPA exceeded 90° and anteverted relative to the femoral neck if the
sFPA was less than 90°. The femoral head was considered greater than a hemisphere if
the fFHS and sFHS exceeded 180° in the respective plane of assessment and was
considered less than a hemisphere if the fFHS or sFHS was less than 180° in the
respective plane. Chi-square analyses were then performed to determine whether the
distribution of categorical variables was significantly different than what would be
expected with a 50-50% distribution. A p-value of <0.05 was considered statistically
significant.

Results:
Thirty-one femurs from 16 dogs were ultimately analyzed (images of 1 femur
from one dog were lost accidentally, Table 4-1). Femurs from 3 dogs were discarded
because they were skeletally immature and the epiphysis separated from the
metaphysis during preparation. Body weight varied from 19.1 to 44.5 kg. Numerous
breeds were represented. Males and females were included.
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Table 4-1. Dogs included in the study.

Dog # Weight (kg) Breed
2

27.3

Akita

3

27.3

Labrador retriever

4

36.5

Mixed breed

5

21.8

Mixed breed

6

19.9

Mixed breed

7

19.1

Mixed breed

8

44.5

Great Dane

9

30.0

Mixed breed

10

35.9

Labrador retriever

12

29.5

Pit Bull Terrier

13

24.1

Pit Bull Terrier

14

25.0

German Shepherd

15

29.5

Pitt Bull Terrier

17

34.1

Pit Bull Terrier

18

25.5

Pit Bull Terrier

19

31

Mixed breed

Anatomic Measurements and Agreement between observers:

Data are presented in Table 4-2 for measured variables and statistical
comparisons between observers. The mean (±standard deviation) fFHO was 0.15 (±
0.07) and 0.13 (± 0.07) for observer 1 and 2, consistent with substantial ventral offset of
the femoral head from the femoral neck. The mean sFHO was 1.56 (±0.66) and 1.25
(±0.52) for observer 1 and 2, consistent with cranial offset of the femoral head from the
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neck. The correlation coefficient was excellent, greater than 0.8 for femoral head offset
in both the frontal and sagittal planes. There was no statistically significant difference
between observers for these two measurements (p > 0.05). Power was low (0.05) for
the t-test assessing agreement between observers for measurement of fFHO.
The mean AOI was 130.0° (± 4.15) and 130.55° (± 4.55) for observer 1 and 2.
The AOA was 10.58°(±4.4) and 12.54°(±4.65) for observer 1 and 2. The correlation
coefficients for the angle of inclination and angle of anteversion were excellent, 0.95 and
0.84, respectively. No statistically significant difference was identified between
observers for these two measurements (p > 0.05). The power of the t-test assessing
differences between observers in measuring the angle of anteversion was low, 0.26.
Significant differences were identified between observers, whether with a t-test or
Rank Sum test, for the remaining 4 measured variables (fFPA, sFPA, fFHS, sFHS).
Correlations between observers was high for fFHS and sFPA, both greater than 0.7.
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Table 4-2. Summarized measurements in the frontal and sagittal planes. Mean and standard deviation of measured
values for each observer, associated correlation coefficient, and test of difference between observers for each measured
value. na = not applicable; nc = not calculated.

Frontal plane
Observer 1

Observer 2
Correlation

T-Test

Rank Sum Test

Mean

Std

Mean

Std

Coefficient

P-value

P-value

Power

5.76°

2.50

6.37°

2.87

nc

nc

nc

nc

ratio (fFHO)

0.15

0.07

0.13

0.07

0.88

0.36

na

0.05

Physeal Angle (fFPA)

85.4°

2.06

83.0°

3.24

0.31

na

<0.05

na

Sphericity (fFHS)

185.3°

6.90

182.6°

6.35

0.76

na

<0.05

na

AOI

130.1°

4.15

130.6°

4.55

0.95

na

0.64

na

Error Calculation
Femoral Head Offset

Sagittal plane
Error Calculation

6.08°

2.97

4.38°

2.65

nc

nc

nc

nc

ratio (sFHO)

1.56

0.66

1.25

0.52

0.82

na

0.054

na

Physeal Angle (sFPA)

72.0°

5.12

75.2°

5.41

0.71

<0.05

na

0.47

Sphericity (sFHS)

198.5°

6.41

202.9°

14.65

0.06

na

0.22

Na

AOA

10.6°

4.40

12.5°

4.65

0.84

0.09

na

0.26

Femoral Head Offset
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Chi-square goodness-of-fit analysis indicated that the femoral head is anteverted,
abducted, and greater than hemispherical in both the frontal and sagittal planes. All pvalues for assessment of the distribution of categorical variables had a p-value of <0.05
and most were <0.001 (Table 4-3).

Table 4-3. Chi-square goodness of fit assessment of categorical characteristics of the relationship of the femoral
head to the neck. fFPA (frontal femoral physeal angle); sFPA (sagittal femoral physeal angle); fFHS (frontal femoral
head sphericity); sFHS (sagittal femoral head sphericity).
Observer 1
No. of Bones

fFPA

sFPA

fFHS

sFHS

Observer 2
No. of Bones

Chi-Square

Chi-Square

Abducted

Adducted

probability

Abducted

Adducted

probability

31

0

<0.001

31

0

<0.001

Anteverted

Retroverted

Anteverted

Retroverted

31

0

31

0

> hemisphere

< hemisphere

> hemisphere

< hemisphere

24

7

22

9

> hemisphere

< hemisphere

> hemisphere

< hemisphere

31

0

30

1

<0.001

<0.01

<0.001
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<0.001

<0.05

<0.001

Discussion and Conclusions:

The objectives of this study were to 1) assess a methodology for evaluating the
relationship of the canine femoral head to the neck and 2) to perform a pilot study to
determine whether the canine femoral head is symmetrically positioned upon the femoral
neck. The results suggest that the techniques we used for image capture and
characterization of several aspects of proximal femoral anatomy were effective and
repeatable. However, there was potentially one flaw that would render the results
impertinent.
Specifically, it is possible that the landmarks we used to define the neck axis
does not truly represent the neck axis. Numerous head/neck axes have been defined
previously for purposes of quantifying the AOI. These different methods have used
different landmarks and techniques and results have varied dramatically, highlighting the
uncertainty as to what truly represents the anatomically and clinically relevant axis and
the lack of validation to anatomic specimens. We attempted to overcome the lack of
validation by using images of prepared specimens rather than radiographs. However,
this could have been counterproductive because dogs can have a bridge of bone
between the neck and the greater trochanter on the cranial surface of the femur (i.e. the
transverse line) that is not truly relevant to the neck axis and would not be relevant to
intra-medullary placement of prostheses 95. Our technique of acquiring and assessing
photographs of the cranial aspect of the neck and establishment of the neck axis in the
frontal plane is likely affected by this interconnecting ridge of bone, thus skewing the
neck axis in a superior direction such that the axis appears more perpendicular to the
femoral diaphysis.
In order to overcome this limitation the study should be (and was, please see
next section) repeated but the specimens positioned such that the image in the frontal
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plane is of the caudal aspect of the femoral neck. Additional limitations of this study
exist but such limitations are more aptly discussed at the end of the next section in the
context of those results we believe most pertinent to the goal of developing hip
resurfacing in dogs.
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THE RELATIONSHIP OF THE CANINE FEMORAL HEAD TO THE FEMORAL NECK:
AN ANATOMIC STUDY WITH RELEVANCE FOR HIP ARTHROPLASTY IMPLANT
DESIGN AND IMPLANTATION: ITERATION II

Introduction:

As discussed in the previous section, no studies in veterinary medicine have
evaluated the relationship of the femoral head to the femoral neck. Understanding of
this anatomy is relevant to any surgical procedure in which the objective is to replace or
resurface the femoral head while preserving the femoral neck. The major objective of
this study was to build upon the study presented in the previous section and address its
principal weakness, that the anatomically relevant femoral neck axis may not be
identifiable visually while viewing the cranial surface of the proximal femur.
With this study we sought to assess a methodology for evaluating the
relationship of the canine femoral head to the neck and perform a preliminary study to
determine whether the canine femoral head is symmetrically positioned upon the femoral
neck. We hypothesized that techniques derived from those used in human medicine
would be applicable to characterization of the canine femur and that measurements
made using these techniques would be repeatable between observers. Further, we
hypothesized that dogs, like humans, would have a substantial cranial and ventral offset
of the femoral head from the femoral neck.

Materials and methods:

Specimens
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Thirty two femurs were harvested from 16 large breed dogs euthanatized for
reasons unrelated to this study (these were the same dogs used in the previous study).
Inclusion criteria consisted of skeletally mature dogs exceeding 19 kg in weight and
having no apparent signs of hip dysplasia based upon gross examination of the
coxofemoral joint. Dogs were considered skeletally mature if the epiphyses did not
separate from the metaphysis during preparation, which included simmering of the
femurs, to remove soft tissues. Breed was subjectively determined and body weight was
recorded for all individuals; gender information was recorded.

Image Acquisition
Digital photographs were acquired of all prepared specimens in a virtually
identical manner to that presented in the previous experiment. The major difference was
that in this project that femurs were placed on their cranial surface so that the image
made with the frontal plane camera was of the caudal aspect of the femur. The image
acquired in the sagittal plane was essentially unchanged from the previous experiment.

Repeatability of Specimen Positioning
Repeatability of specimen positioning was assessed by re-imaging a single
specimen ten times (in both planes) and quantifying the positioning error (in both planes)
for all ten pairs of photos. The specimen was completely removed from the copystand in
between acquisition of the pair of images. The positioning error was quantified by one
observer (SPF). The mean positioning error and standard deviation were calculated.

Anatomic Assessment
Ten different measurements were made for each specimen, 5 in the frontal plane
and 5 in the sagittal plane, essentially the same as detailed in the previous section.
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Measurements were derived from those used to assess human specimens and were
created to assess translation and rotation of the femoral head upon the femoral neck
and concavity or sphericity of the femoral head 88. Measurements for each specimen
were made by 2 different observers (SPF, ALF) working independently. All images were
imported and measurements made in Canvas X (ACD Systems, Victoria, British
Columbia).

Assessment of specimen positioning for measurements made in the sagittal plane:

The frontal plane image was evaluated. Two circles were transcribed within the
femoral neck to be tangent to the dorsal and ventral margins of the femoral neck. The
circles were positioned within the femoral neck such that the center of the most medial
circle was at or just lateral to the physis and the most lateral circle was just medial to the
metaphyseal junction. The centers of the two circles defined the femoral neck axis in the
frontal plane (Figure 4-14A).
The angle between the neck axis and the gridlines in the image that were most
parallel to the femoral neck axis was calculated (fError; Figure 4-14B). If the angle
between the femoral neck axis and the respective gridlines was less than 10° then the
positioning for the sagittal image was considered acceptable and measurements in that
plane performed.

Assessment of specimen positioning for measurements made in the frontal plane:

The sagittal plane image was evaluated. Two circles were transcribed within the
femoral neck to be tangent to the cranial and caudal margins of the femoral neck. The
circles were positioned within the femoral neck such that the center of the most medial
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circle was at or just lateral to the physis and the most lateral circle was just medial to the
metaphyseal junction. The centers of the two circles defined the femoral neck axis in the
sagittal plane (Figure 4-15A).
The angle between the neck axis and the gridlines in the image that are most
parallel to the femoral neck axis was calculated (sError; Figure 4-15B). If the angle
between the femoral neck axis and plane of view of camera S was less than 10° then
specimen positioning for the frontal plane image and associated measurements were
considered acceptable.

Measurements made in the frontal plane

Femoral head offset in the frontal plane (fFHO):

The femoral neck axis was established as described above. This line was then
copied 4 times (Figure 4-14C). Each line was repositioned, while remaining parallel to
the neck axis line, such that each line was tangential to:
5. The dorsal aspect of the femoral head at the greatest extent of its convexity (line A).
6. The dorsal aspect of the femoral neck at the greatest extent of its concavity (line B).
7. The distal or ventral aspect of the femoral neck at the greatest extent of its convexity
(line C).
8. The distal or ventral aspect of the femoral head at the greatest extent of its concavity
(line D).
The distance between lines A and B and between lines C and D was then quantified.
The ratio of offset was then calculated by dividing AB/CD. If this ratio were equal to 1
this is indicative of zero offset and the femoral head is symmetrically positioned relative
to the femoral neck. If the ratio is greater than 1 than the specimen has a dorsal offset
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of the femoral head and if the ratio is less than 1 there is a ventral offset of the femoral
head relative to the femoral neck axis.

Physeal angle in the frontal plane (fPA)
The femoral neck axis was defined as described above. A line was then
established along the physeal scar. The angle between the neck axis and the physeal
line was measured as a representation of the rotation of the femoral head upon the
femoral neck (Figure 4-14D). Angles of less than 90° were considered indicative of
femoral head abduction relative to the femoral neck and values greater than 90° were
considered consistent with adduction of the femoral head 88.

Femoral head sphericity in the frontal plane (fFHS)
A circle was fit to the femoral head based upon visual inspection (Figure 4-14E).
The center of this circle was identified (C). The first location on the dorsal surface of the
head or neck where the head or neck deviated outside the best fit circle was identified
(point A). The same process was performed for the ventral surface except that the
ventral point was chosen as either the first location where the femoral neck deviated
from the circle or more commonly, the junction between the femoral head and neck
(point B). The medial angle between lines AC and BC was measured. A value greater
than 180° was indicative of a femoral head that was greater than one hemisphere at its
junction with the neck.

Angle of inclination of the femoral neck (AOI)
The femoral neck axis was defined as above. Four circles were fit to the
proximal diaphysis of the femur and located along the length of diaphysis (Figure 4-14F).
The centers of the four circles were identified. A best fit line was placed through 2 circle
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centers with one circle center lateral and one medial to the line. Alternatively, if three or
more circle centers lay on a single line this was the chosen best fit line. The angle
between the femoral diaphyseal axis and femoral neck axis was measured.
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Figure 4-14A-E. Evaluation of the femoral head to neck relationship in the frontal plane. A. Establishing the
femoral neck axis: Two cir cles were superimposed with their centers over the femoral neck in order to establish the
femoral neck axis. NA = neck axis. B. Positioning error: The angle between the neck axis and the background grid lines
was used to assess specimen positioning for acquisition of images in the sagittal plane. C. Femoral offset: Distance AB
was divided by distance CD to calculate the offset ratio (see text for positioning of lines A, B, C, and D). D. Physeal
angle: The angle between a line defining the physis and the neck axis was quantified. E. Quantification of femoral head
sphericity in the frontal plane. Note that the center of a circle fit to the femoral head is ventral to the femoral neck axis
line. F. Quantification of the angle of inclination (AOI) of the femoral neck axis.

118

Measurements made in the Sagittal Plane

Femoral head offset in the sagittal plane (sFHO):
The femoral neck axis was established as described above. This line was then
copied 4 times (Figure 4-15C). Each line was repositioned, while remaining parallel to
the neck axis line, such that each line was tangential to:
5. The caudal most aspect of the femoral head at the greatest extent of its convexity
(line A).
6. The caudal aspect of the femoral neck at the greatest extent of its concavity (line B).
7. The cranial aspect of the femoral neck at the greatest extent of its concavity (line C).
8.

The cranial aspect of the femoral head at the greatest extent of its convexity (line D).

The distance between lines A and B and between lines C and D was then measured.
The ratio of offset was then calculated by dividing CD/AB. A ratio of 1 indicated
symmetrical positioning of the femoral head relative to the femoral neck. A ratio greater
than 1 was indicative of cranial offset of the femoral head and a ratio less than 1
consistent with caudal offset of the femoral head relative to the femoral neck axis.

Physeal angle in the sagittal plane (sPA)
The femoral neck axis was defined as described above. A line was then
established along the physeal scar (Figure 4-15D). The angle between the neck axis
and the physeal line was measured. Angles less than 90° were considered indicative of
femoral head retroversion on the femoral neck and angles greater than 90° consistent
with femoral head averesion on the femoral neck.88

Sphericity of the femoral head in the sagittal plane (sFHS)
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A circle was fit to the femoral head based upon visual inspection (Figure 4-15E).
The center of this circle was identified (C). The first location on the caudal surface of the
neck where the neck deviated outside the circle was identified (point A). The same
process was performed for the cranial surface except that the cranial point was chosen
as either the first location where the femoral neck deviated from the circle or more
commonly, the junction between the femoral head and neck (point B). A value greater
than 180° was indicative of a femoral head that was greater than one hemisphere at its
junction with the neck.

Angle of anteversion (AOA):
The femoral neck axis was defined as above. Four circles were fit to the
proximal diaphysis based upon the length of diaphysis included in the image (Figure 415F). The centers of the four circles were identified. A best fit line was placed through 2
circle centers with one circle center cranial and one caudal to the line. Alternatively, if
three or more circle centers lay on a single line this was the chosen best fit line. The
angle between the femoral axis and femoral neck axis was measured.
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Figure 4-15 A-E. Evaluation of the femoral head to neck relationship in the sagittal plane. A. Establishing the
femoral neck axis: Two circles were superimposed with their centers over the femoral neck in order to establish the
femoral neck axis. NA = neck axis. B. Positioning error: The angle between the neck axis and the background grid lines
was used to assess specimen positioning for acquisition of images in the frontal plane. C. Femoral offset: Distance CD
was divided by distance AB to calculate the offset ratio (see text for positioning of lines A, B, C, and D). D. Physeal
angle: The angle between a line defining the physis and the neck axis was quantified. E. Quantification of femoral head
sphericity in the sagittal plane. Note that the center of a circle fit to the femoral head is cranial to the femoral neck axis
line. F. Quantification of the angle of anteversion of the femoral neck axis.

Statistical analyses
A three factor ANOVA was performed for each of the ten aforementioned
variables. The full model included the observer, limb, the individual animal, and the limb
by observer interaction as explanatory variables. The animal and the limb were
specified as random variables. Non-significant explanatory variables (p>0.05) were
removed from the model in a step-wise manner to obtain the final model. A variance
component covariance matrix was calculated. Estimates of variance were used to
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calculate the intraclass correlation coefficient for variable observer using the equation
(varianceanimal + variancelimb) / (varianceresidual + varianceanimal + variancelimb) 103.
The mean and standard error of the positioning error was quantified for the single
specimen that was repositioned and photographed ten times. Similarly, the means and
standard deviations for all ten measurements used to characterize the proximal femur
were quantified. Statistical analysis was performed using SAS (SAS Institute Inc.,
Version 9.2, Cary, NC).

Results:
Thirty-two femurs from 16 dogs were analyzed. Body weights varied from 19.1
to 44.5 kg. Numerous breeds were represented. Males and females were included (see
table in previous section).

Anatomic Measurements and Correlation Between Observers:
Data for all ten measured values are presented in the table below (Table 4-4).
Notably, the mean (±standard deviation) femoral head offset in the frontal plane (fFHO)
was 0.17 (± 0.08) and 0.12 (± 0.06) for observer 1 and 2 (ICC=0.87). The mean offset in
the sagittal plane (sFHO) was 2.62 (±1.02) and 2.49 (±0.81) for observer 1 and 2
(ICC=0.82). In assessing repeatability of specimen positioning for the single specimen
imaged ten times, the average positioning error in the frontal plane was 0.93° with a
standard deviation of 1.93°. The mean and standard deviation of positioning in the
sagittal plane was 2.39° (±1.13°).
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Table 4-4. Anatomic measurements in the frontal and sagittal planes. Mean and standard deviation of measured
values for each observer and the associated intraclass correlation coefficients (ICC) between observers.

Frontal plane
Observer 1

Observer 2

Mean

Std

Mean

Std

ICC

Error Calculation

2.81°

3.21

3.91°

2.75

0.86

Femoral Head Offset Ratio (fFHO)

0.17

0.08

0.12

0.06

0.87

Physeal Angle (fFPA)

91.73°

3.18

90.77°

3.16

0.29

Sphericity (fFHS)

190.79°

8.33

188.52°

6.01

0.73

AOI

152.25°

2.84

153.53°

2.44

0.94

Sagittal plane
Error Calculation

1.54°

3.27

1.57°

3.22

0.63

Femoral Head Offset Ratio (sFHO)

2.62

1.02

2.49

0.81

0.82

Physeal Angle (sFPA)

88.55°

4.60

84.91°

3.04

0.61

Sphericity (sFHS)

221.11°

10.76

214.93°

8.45

0.07

7.13°

3.08

7.33°

2.79

0.85

AOA

Discussion and Conclusions:

The objectives of this study were to 1) assess a methodology for evaluating the
relationship of the canine femoral head to the neck and 2) to perform a pilot study to
determine whether the canine femoral head is symmetrically positioned upon the femoral
neck. The results suggest that the techniques we used for image capture and
characterization of proximal femoral anatomy were repeatable. The ICC values for fFPA
and sFHS were less than 0.3 indicating poor correlation between observers. Otherwise,
ICC exceeded 0.6 for 3 measured values and exceeded 0.8 for the other 5 variables,
indicating moderately strong to strong correlation between the two observers for these
eight measurements. In addition, the means and standard deviations of positioning error
were small in both the frontal and sagittal planes for the specimen that was positioned
ten times, indicating that acceptable positioning could be obtained repeatedly.
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The technique we employed for image acquisition has advantages and
disadvantages compared to previous anatomical studies that have characterized canine
long bones. The greatest advantages of the described methodology is probably the use
of two cameras, the acquisition of orthogonal images without repositioning of specimens
or cameras, and the ability to position the areas of focal interest perpendicular to the
camera lenses. These techniques assured the capture of orthogonal images, unlike
previous studies in which the specimens were repositioned between radiographs made
in assumed orthogonal planes. In addition, because specimens were removed from
cadavers they could be positioned with the areas of interest, the neck and head, parallel
to the respective camera focal planes. This is unlike radiographic studies assessing
proximal femoral anatomy in which there is limitation in positioning the femoral shaft
perpendicular to the radiographic beam or the femoral neck perpendicular to the beam
due to neck anteversion 96, 104. Capture of two images simultaneously enabled exact
quantification of the degree of malpositioning of the specimens. Although the
assessment of specimen positioning suggested that adequate positioning could be
easily replicated, exact quantification of positioning is an advantage of the technique that
should be performed on every set of images. In so doing one can readily identify
unacceptable images which can then be discarded and the process repeated until
appropriate positioning is confirmed.
The general disadvantages of this method of image capture include the time
required for specimen preparation and that this technique is not a clinical diagnostic
imaging technique. These data are necessary for accurate anatomical assessment of
the true positioning of the femoral head to neck in dogs such that the anatomical,
biomechanical, and functional relationships can be understood and applied to implant
design, instrumentation, and technique for femoral head arthroplasties. Correlation of
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these anatomical data to clinical imaging tools is another step for clinical application and
is covered in the next section.
The second study objective was to perform an initial assessment of the
positioning of the femoral head upon the femoral neck. The data support the hypothesis
that the canine femoral head is offset cranially and ventrally from the femoral neck as
has been documented in people. This offset is potentially relevant to the design and
implantation of femoral head replacement and resurfacing prostheses including a
biological femoral head replacement. Symmetrically designed prostheses, such as the
Helica femoral prosthesis and the resurfacing implant being developed by Securos
(Fiskdale, MA), do not reproduce the natural offset of the femoral head when placed
centrally within the femoral neck. As a result, these prostheses may be more prone to
ventral acetabular impingement than would prostheses that reproduce a ventral offset of
the femoral head.

We submit that the described techniques could be used to more

thoroughly characterize proximal femoral anatomy based upon larger sample sizes, for
specific breeds, and for both normal patients and those with canine hip dysplasia. In
turn, those data could be used to assist prosthesis design and to assess correlations
between femoral head offset and phenotypic expression of canine hip dysplasia.
Alternatively, a prosthesis made of PCL could be based upon a CT study of the dog’s
proximal femur and could therefore be patient specific in terms of reproducing the native
anatomy including the femoral head offset. Finally, the techniques described here could
be utilized as an outcome measure for assessing the accuracy of surgical techniques
and guides used to ensure the centering of femoral head resurfacing/replacement
prostheses within the center of the femoral neck, a common challenge noted in human
hip resurfacing.
In addition to the primary study objectives we made numerous additional
measurements in an effort to characterize proximal femoral anatomy. The mean values
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for physeal angles in the frontal plane were approximately 90° (Table 4-4), inconsistent
with either substantial abduction or adduction of the femoral head upon the femoral
neck. The mean values in the sagittal plane were 84-88°, consistent with femoral
retroversion upon the femoral neck. However, numerous measurements exceeded 90°
and the physis is not uniplanar in the dog. Therefore, we are hesitant to conclude that
the femoral head is retroverted upon the neck based upon these data. The measure of
sphericity of the femoral head in the frontal and sagittal planes was a derivation of the
gamma, beta, alpha, and delta angles used to assess encroachment of the femoral head
upon the femoral neck and is pertinent to the problem of femoroacetabular impingement
in people; the clinical relevance of these measures in dogs remains uncertain and the
measure of sphericity in the sagittal plane was not repeatable between observers.
Lastly, the measured angles of inclination and angles of anteversion obtained in this
study are of suboptimal value simply because the study was not designed to assess the
femoral neck to diaphyseal relationship. As such, the entire femoral diaphysis was not
included in the images. However, we do believe it would be worthwhile to assess the
femoral neck to diaphyseal relationship while defining the neck axis using only points on
the femoral neck rather than using points on the femoral head as has been done
previously.
Limitations of this study stem from use of a relatively small, heterogeneous group
of dogs with a relative preponderance of Pit Bull Terriers. The anatomy of the
specimens studied may not be an accurate representation of a wider sample of
specimens or of anatomy from other breeds. Lastly, the dogs in this study did not have
canine hip dysplasia and therefore our measurements would not account for anatomical
changes associated with this disorder. However, it is essential to define normal
reference ranges for anatomical measurements intended to be employed in surgical
procedures prior to determining the effects of pathology on these measurements. Most
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pertinent to the development of a biological femoral head replacement, we determined
that there is substantial offset of femoral head from the femoral neck. In addition, by
establishing a technique for defining the femoral neck axis we are in a position to
quantitatively assess surgical techniques for placing the initial guide pin along this axis.
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FABRICATION AND EVALUATION OF A FEMORAL PIN ALIGNMENT GUIDE

Introduction:
A major part of the human hip resurfacing procedure is the placement of a guide
pin in the center of the femoral neck. All subsequent preparation of the femoral head
and neck occurs with cannulated instrumentation used over this guide pin 91. In addition,
once the femoral head and neck are prepared the guide pin is removed and the stem of
the prosthesis is placed in this same channel. It is presumed that a stem placed
centrally within the femoral neck and at the natural angle of inclination and version to the
diaphysis is most stable. Indeed, it has been shown both clinically and ex vivo that
implants placed in a slightly varus position relative to the natural angle of inclination are
significantly more prone to failure and femoral neck fracture

16, 105-108

.

Given the clinical importance of placing the guide pin in an appropriate position
numerous techniques and instruments have been developed to improve the accuracy
and precision of pin placement. Such advances include the development of jigs or
guides, use of fluoroscopy, or use of computer assisted navigation for pin placement

109-

114

. Among these choices, an effective jig is particularly appealing because they do not

require advanced equipment, a pertinent consideration in veterinary medicine because
few practices have fluoroscopy and none have computer assisted navigation. As a
result, the objective of this experiment was to design, fabricate, and subjectively test a jig
for guiding femoral pin placement in the center of the femoral neck.
In pursuit of this objective we sought to identify a jig used in human medicine that
could serve as a feasible prototype. Ultimately, we considered the McMinn long arm jig
the most suitable design because its method of application seemed feasible 92.
Placement of the McMinn long arm jig is dependent upon affixing the device to the femur
with a screw at the intersection of the femoral neck axis and proximal lateral femur in the
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frontal plane. One is supposed to identify this point on pre-operative radiographs, make
measurements, and then locate this point on the patient. Subsequently, the jig is
designed to facilitate identification and placement of the guide pin through the center of
the femoral neck, exiting the proximal lateral femur. Since we believed that we could
identify the point where the neck axis intersects the cortex of the proximal lateral femur
using radiographs, and believed we could subsequently identify that location on a
specimen, we created a jig prototype whose application was based on the same
technique described for the McMinn long arm jig. There were modifications and
differences between the prototype created and the McMinn long arm jig however. As
one notable example, we created a goniometer attachment that would enable measuring
the angle of inclination of the guide pin placement to be used as a mechanism for
checking the appropriateness of this angle relative to that measured on pre-operative
radiographs. Our hypothesis was that the prototype jig could be applied to the femur
with a technique similar to that described for use with the McMinn long arm jig and that
the jig could be a clinically beneficial instrument.

Materials and methods:
The jig was designed and fabricated by Dr. Pfeiffer with input from the
dissertation author. Two large breed dogs euthanatized for reasons unrelated to this
study were then acquired. A standard craniolateral approach to the coxofemoral joint
was performed which included a partial tenotomy of the deep gluteal muscle tendon.
The joint capsule, the ligament of the head of the femur, and a portion of the origin of the
vastus lateralis muscle were incised. The femur was luxated with external rotation. An
additional small incision was made over the cranial lateral femur, just caudal to the
vastus lateralis with blunt elevation of the vastus lateralis, to enable placement of the
initial jig screw at the presumed intersection of the femoral neck axis and lateral cortex of
129

the femur. Once affixed to the femur the jig attachments including the stylus and then
the goniometer were applied in order to guide placement of the pin. Ease of jig
application and accuracy of guide pin placement were subjectively evaluated.

Results:
The jig was well manufactured but exposure of the proximal femur was too
limited to enable effective use of the jig. The proximolateral fixation screw could be
applied but there was insufficient exposure around the femoral head to enable
application and use of the stylus to encircle and find the center of the femoral neck.
Guide pin placement could not be achieved with the jig in its current state.

Figure 4-16. Jig for guide pin placement. The two images on the left show depict how a stylus would be used to
encircle the femoral neck and therefore identify when the central axis of the neck has been identified. The image on the
right shows the jig after application of the goniometer which enables quantification of the angle of inclination of the guide
pin relative to the femoral diaphysis.

Discussion and Conclusions:
Guides for pin placement in the femoral neck have been appealing conceptually
but have been troublesome in practice 112. Hence there has been motivation for
identifying other methods such as fluoroscopy and computer assisted navigation for
identifying the femoral neck 90, 114. Our experience suggests that jig application in the
canine patient may be even more challenging than in the human. Subjectively, it
appears that exposure of the proximal femur is more limited in the canine patient than in
the human, making jig application even more difficult. Similarly, a jig for a canine patient
would need to be substantially smaller to match the small femoral size. As most jigs or
guides have many moving parts a smaller device for canine use would likely be even
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more difficult to use. In summary, we conclude that the jig we had manufactured in its
current state was insufficient for clinical use. In addition, we presumed that even with
further modifications use of a jig would likely remain difficult due to the limited exposure
of the femoral head that is obtained in dogs and the need for a small device. Therefore,
we concluded that alternative methods should be investigated and given that computer
assisted navigation is unrealistic in veterinary medicine, fluoroscopy is the alternative we
chose to pursue.
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FLUOROSCOPY ASSISTED FEMORAL PIN PLACEMENT: ITERATION I

Introduction:
As discussed in previous sections, femoral guide pin placement is a critical step
in the hip resurfacing procedure. Accurate guide pin placement is challenging and
numerous techniques have been devised in human medicine to improve accuracy.
Interestingly, numerous reports have compared use of computer assisted navigation or
fluoroscopy to placement of wires using guides and most have shown more consistent
results with navigation 90, 111. These results suggest that identifying and placing a pin
through the center of the femoral neck is technically challenging even when placing
wires in the large neck of the human femur. We attempted to devise a jig that would
assist such process in the canine patient but found that exposure of the canine femoral
head was insufficient to enable useful application of the jig. Consequently, we
concluded that investigation into alternative techniques, such as use of fluoroscopy,
should be pursued.
In human medicine three publications describe use of a fluoroscopic technique
for guide pin placement 110, 112, 114. In this technique a guide pin is driven from the
proximolateral femur through the femoral head under fluoroscopic guidance through a
small incision made over the proximal lateral femur at approximately the level of the
lesser trochanter. An approach to the hip is not made prior to placement of this pin.
Positioning in both the coronal (i.e. frontal) and sagittal planes is checked by externally
rotating the femur without repositioning the C-arm. If external rotation of the limb is
limited then the C-arm can be repositioned to check pin placement in the orthogonal
plane. A single study compared such technique with use of a manufacturer’s jig and
found results to be significantly more accurate with the fluoroscopic technique 114.
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Our intention with this study was to assess the applicability of the fluoroscopic
technique described in human medicine for use in the canine. In order to do so we had
several preliminary objectives. First, our previous anatomic study assessing landmarks
for identifying the center of the femoral neck utilized photographs. Since use of
fluoroscopy requires visualization of the femoral anatomy using X-ray exposure, we
needed to assess whether radiographic visualization of the femoral neck was feasible.
Moreover, we wanted to determine whether dogs still had a cranial and ventral offset of
the femoral head from the femoral neck and whether the measurements of offset made
radiographically would correlate with those made on the anatomic specimens. Once
established, we sought to compare the accuracy of the technique described in the
human literature to that used with the only commercially available femoral head
replacement procedure in veterinary medicine (i.e. Helica hip), which also so happens to
be the technique currently employed in the development of a novel femoral head
replacement technique that is not yet commercially available (Pozzi pers. Comm.,
Arthrex Vet Systems, Naples, FL). We hypothesized that the femurs would have a
cranial and ventral offset of the femoral head when assessed radiographically. Further,
we hypothesized that this degree of offset would correlate with that measured using
photographs of the same specimens. Lastly, we hypothesized that placement of the
guide pin using fluoroscopy would provide subjectively more accurate results than use of
a free hand technique.

Materials and Methods:
Thirty femurs from 15 dogs euthanatized for reasons unrelated to this study were
acquired (note these 30 femurs were the same femurs utilized in the previous anatomic
study of the femoral head to neck relationship; see earlier sections in this chapter).
Radiographs of each femur were made in the frontal plane while simultaneously
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acquiring an orthogonal photograph in the sagittal plane. This was accomplished by
holding the femur in position with a microphone stand that was flexible and adjustable in
all planes. The specimen was exposed to radiation from above while the camera was on
a tripod that was level with the specimen and acquired a photograph from the side (see
Figure 4-17 below). The photograph was obtained so that positioning of the specimen
could be quantified and thus be assured that the femoral neck was within 10° of parallel
to the radiographic cassette. Specifically, in order to accomplish this objective a grid
was placed behind the femur as a background in the photograph just as it was in the
previous photographic studies of proximal femoral head anatomy. The femoral neck
axis was defined on the photograph by superimposing two circles on the neck as
previously described. The center of these two circles defined the femoral neck axis (see
Figure 4-18A below).

Figure 4-17. Acquisition of femur images for evaluation. A radiograph and photograph were taken simultaneously in
orthogonal planes. Quantitative evaluation of the specimen positioning was made using the photograph to confirm that
positioning was appropriate for taking radiographic measurements in the orthogonal plane and vice versa.

The error in positioning was defined as the angle formed by the femoral neck
axis and the background gridlines in the photograph. If this error was less than 10° then
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the radiograph taken in the orthogonal plane was considered satisfactory. If the
deviation exceeded 10° the films were repeated until positioning error was less than 10°.

Figure 4-18. Assessment of specimen positioning and radiographic measurements in the frontal plane. A
photograph was obtained in the sagittal plane and identification of the neck axis established on this photograph. The error
in positioning was the angle between the neck axis in the photograph and the horizontal lines in the background (3.12° in
this case). If it was less than 10° then the neck was considered sufficiently parallel to the radiographic cassette to justify
measurement of the femoral neck axis and femoral head offset in the frontal plane from the radiograph. If the error in
positioning from the radiograph was less than 10° (9.05° in this case) then the femur was considered adequately
positioned for the photograph to be a relatively accurate measure of positioning.

Once the radiograph was acquired in the frontal plane the specimen was rotated
approximately 90°. A sagittal plane radiograph was made while simultaneously making
a photograph of the caudal aspect of the femoral neck in the frontal plane. The neck
axis in the photograph (i.e. frontal plane) was identified by inscribing two circles over the
femoral neck as described in the previous sections. The error in positioning was
calculated by measuring the angle between the neck axis and the background gridlines.
If this angle was less than 10° the positioning of the radiograph in the sagittal plane was
considered satisfactory.
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Figure 4-19. Assessment of specimen positioning and radiographic measurements in the sagittal plane. A
photograph was obtained in the frontal plane and identification of the neck axis established on this photograph. The error
in positioning was the angle between the neck axis in the photograph and the horizontal lines in the background. If it was
less than 10° then the neck was considered sufficiently parallel to the radiographic cassette to justify measurement of the
femoral neck axis and femoral head offset in the frontal plane from the radiograph. If the error in positioning from the
radiograph was less than 10° (5.18° in this case) then the femur was considered adequately positioned for the photograph
to be a relatively accurate measure of positioning.

Radiographs were analyzed to identify the femoral neck axis in both the frontal
and the sagittal planes by a single observer (Dr. J. Ree). As in the aforementioned
anatomical studies, two circles were inscribed in the femoral neck with the centers of the
circle at or lateral to the physeal scar and the centers of these two circles defined the
line of the neck axis. Once the femoral neck axis was defined on the radiographs the
femoral head offset was calculated based upon the radiographs and as described below.

Femoral head offset in the frontal plane (fFHO):
The femoral neck axis was established as described above. This line was then
copied 4 times (Figure 4-18). Each line was repositioned, while remaining parallel to the
neck axis line, such that each line was tangential to:
9. The dorsal aspect of the femoral head at the greatest extent of its convexity (line A).
10. The dorsal aspect of the femoral neck at the greatest extent of its concavity (line B).
11. The distal or ventral aspect of the femoral neck at the greatest extent of its concavity
(line C).
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12. The distal or ventral aspect of the femoral head at the greatest extent of its convexity
(line D).
The distance between lines A and B and between lines C and D was then quantified.
The ratio of offset was then calculated by dividing AB/CD. If this ratio were equal to 1
this is indicative of zero offset and the femoral head is symmetrically positioned relative
to the femoral neck. If the ratio is greater than 1 than the specimen has a dorsal offset
of the femoral head and if the ratio is less than 1 there is a ventral offset of the femoral
head relative to the femoral neck axis.

Femoral head offset in the sagittal plane (sFHO):
The femoral neck axis was established as described above. This line was then
copied 4 times (Figure 4-19). Each line was repositioned, while remaining parallel to the
neck axis line, such that each line was tangential to:
9. The cranial aspect of the femoral head at the greatest extent of its convexity (line A).
10. The cranial aspect of the femoral neck at the greatest extent of its concavity (line B).
11. The caudal aspect of the femoral neck at the greatest extent of its concavity (line C).
12. The caudal most aspect of the femoral head at the greatest extent of its convexity
(line D).

The distance between lines A and B and between lines C and D was then measured.
The ratio of offset was then calculated by dividing AB/CD. A ratio of 1 indicated
symmetrical positioning of the femoral head relative to the femoral neck. A ratio greater
than 1 was indicative of cranial offset of the femoral head and a ratio less than 1
consistent with caudal offset of the femoral head relative to the femoral neck axis.
The percentage of specimens with femoral head offset in the frontal and sagittal
planes was tabulated. The correlation between the femoral head offset ratios calculated
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from these radiographs and from the photographs of the anatomic specimens was
calculated.
Nine large breed dogs that were euthanatized for reasons unrelated to this study
were then used to compare accuracy of guide pin placement using two techniques. One
femur from each dog was randomly allocated to have a guide pin placed using the
standard methodology as currently used for placement of the Helica hip prosthesis or the
investigational femoral head replacement prosthesis being developed by Dr. Pozzi and
Arthrex Vet Systems. Briefly, dogs were placed in lateral recumbency with one limb
uppermost based upon a coin flip. A standard craniolateral approach to the hip was
made with a partial deep gluteal tenotomy. The joint capsule and round ligament of the
head of the femur was transected to enable external rotation and luxation of the femoral.
The femoral head was then removed with an oscillating saw just proximal to the junction
of the femoral head and neck to ensure that the entire neck remained. A 0.045” K-wire
was then driven from the center of the cut surface of the femoral neck through the
proximal lateral femur. If placement was considered unacceptable the pin could be
withdrawn and replaced. Once deemed adequate the pin was cut at the osteotomized
surface of the femoral neck.
The dog was then repositioned in lateral recumbency on its other side. The hip
was partially extended (stifle and tarsus extended) and the C-arm positioned over the
dog to facilitate acquisition of an image in the frontal plane. A small stab incision was
made over the proximolateral femur with a 10 blade. A 0.045” K-wire was then driven
from the proximolateral femur through the femoral head under fluoroscopic guidance.
Iteration of this was performed until acceptable placement was achieved. Evaluation of
the pin placement in the sagittal plane was not performed because the hip could not be
adequately externally rotated to facilitate acquisition of an appropriate image without repositioning of the C-arm.
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After placement of pins in each femur the femurs were harvested. Radiographs
were acquired as described above. Evaluation of accuracy of pin placement relative to
the femoral neck axis was subjectively assessed in both planes.

Results:
Thirty femurs from 15 dogs were analyzed radiographically and correlated to the
previous measurements made from photographs. Body weights varied from 19.1 to
44.5 kg and numerous breeds were represented as described previously. Males and
females were included. See Table 4-1 in this chapter and note that dog 19 was not
included in this experiment.

Radiographic measurements and correlation between radiographic and anatomic
measurements:
Appropriately positioned radiographs and determination of landmarks for
identifying the femoral neck axis were readily obtainable based upon subjective
evaluation. All 30 limbs had cranial and ventral femoral offset from the femoral neck.
The mean femoral head offset in the frontal plane was 0.31 (±0.15). The mean femoral
head offset in the sagittal plane was 2.19 (±0.68). An offset ratio of 1 would indicate
symmetric positioning of the femoral head upon the femoral neck. Correlation between
the radiographic measurement and the anatomic measurements was low with values of
0.05 and 0.04 for the frontal and sagittal plane measurements respectively.
Placement of the femoral pin using the fluoroscopic technique was feasible
however, as noted above, assessment of pin positioning in the sagittal plane was not
possible with the technique employed. Based upon subjective evaluation of the
radiographs made after pin placement, positioning of the pin in the frontal plane was
reasonable for both surgical techniques but may have been better for the fluoroscopy
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guide technique. However, quantitative analysis of this was considered unnecessary
because pin placement in the sagittal plane was considered unacceptably poor for
several femurs using both techniques.

Discussion and Conclusions:
The method used for acquiring orthogonal radiographs of the specimens has not
been described previously. We believe it was effective in ensuring appropriate
positioning of the specimens with the femoral neck within 10° of parallel to the
radiographic cassette. This methodology may be superior to techniques in which the
specimen is rotated between acquisition of two radiographs made in orthogonal planes
without simultaneous quantitative assessment in the orthogonal plane to ensure
appropriate positioning.
Identification of landmarks and the femoral neck axis on the radiographs was
considered feasible subjectively. However, measurements were not made repeatedly by
either a single observer or multiple observers. Hence, it was impossible for us to
quantify intra or inter-observer repeatability. Likewise, it is difficult to explain the lack of
correlation between the measurements made from the radiographs obtained and the
photographs of the anatomic specimens. Several sources of error exist including slightly
different positioning of the specimens during the previous study versus the positioning of
the specimens in this study. Second, differences in the landmarks identified with
radiographs and photographs could explain some of the difference in outcomes when
using these two different imaging modalities and associated landmarks for defining the
neck axis and assessing femoral head offset. Lastly, measurements made in this study
were performed by a different individual than those who made measurements from
photographs of the anatomic specimens in the previous study. Hence, interobserver
variability could explain to some degree the lack of correlation seen between the
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measurements made from radiographs and photographs. Improvement in the study
would involve using additional observers and calculating the intra and inter-observer
repeatability to make sure that the radiographic measurements made in this study are
repeatable. However, despite that limitation of the study we can conclude that all
specimens had a cranial and ventral offset of the femoral head from the femoral neck.
This conclusion is consistent with the findings from the photographic assessment of
these same specimens.
Despite the lack of correlation between the anatomic and radiographic
measurements of femoral head offset we believed that visualization of the femoral neck
and associated landmarks were sufficient to justify use of fluoroscopy to assist femoral
guide pin placement. However, the fluoroscopic guided surgical technique used in this
study provided unacceptable results. This was probably because the technique used in
this study failed to enable assessment of pin placement in the sagittal plane. We
attempted to use a percutaneous technique prior to performing a surgical approach to
the hip, as has been described for use in humans. However, in humans the hip can
usually be rotated sufficiently to enable assessment of pin placement in the sagittal
plane without complete luxation. The same is not true for dogs and hence we were
limited to using fluoroscopy to assess pin placement in the frontal plane only if the hip is
not luxated and if the C-arm is not repositioned.
Femoral guide pin placement using the open approach of resecting the femoral
head also provided subjectively inconsistent results but there are several appealing
characteristics of such a technique. First, the technique is simple and does not require
additional equipment such as fluoroscopy. In addition, the surgeon has the ability to see
the center of the femoral neck after removing the femoral head and when starting to
drive the pin from an axial to abaxial location. This would conceptually increase the
likelihood of appropriate placement of the pin in the center of the femoral neck at that
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location. The disadvantage is that the surgeon cannot visualize the femoral neck with
this exposure and so one is largely estimating where the neck lies and its orientation to
the femoral diaphysis when placing this pin. In this study pin placement was
unacceptably inconsistent. However, it should be noted that in these cadavers the pins
were placed without prior radiographic evaluation and calculation of the femoral neck –
diaphysis inclination angle which could in turn be used intra-operatively to assist
accurate pin placement. Conversely, it should be mentioned that even with preoperative radiographic planning guide pin placement is significantly more accurate in
human medicine with fluoroscopic assistance than with use of commercially available
guides 114.
Despite the inconsistent placement of the guide pin in this study we hypothesize
that fluoroscopy could still be a useful tool for guide pin placement but suggest that the
technique needs to be modified to enable evaluation of placement in both planes.
Because re-positioning of the C-arm is time consuming and cumbersome, and because
coxofemoral luxation will ultimately be performed to complete the resurfacing procedure,
we submit that luxating the hip prior to placing the pin will enable evaluation of pin
placement fluoroscopically in both planes. An additional evaluation using such
technique, and in comparison to the open technique, is warranted.
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FLUOROSCOPY GUIDED FEMORAL PIN PLACEMENT AND COMPARISON TO AN
ACCEPTED GUIDELESS PROTOCOL

Introduction:
As discussed in previous sections, femoral guide pin placement is a critical step
in the hip resurfacing procedure. We assessed and compared the accuracy of guide pin
placement using an open technique and a fluoroscopic assisted technique in the
previous section. Unfortunately, pin placement was considered inconsistent with both
techniques. However, we suspect that pin placement with both techniques could be
improved with several minor modifications of these protocols. The objective of this study
was to compare the accuracy of femoral guide pin placement using a slightly modified
open technique and a modified fluoroscopic assisted technique. Our hypothesis was
that fluoroscopic assisted placement would be significantly more accurate than
placement with the open approach.

Materials and Methods:
Ten medium to large dogs that were euthanatized for reasons unrelated to this
study were used. One femur from each dog was randomly allocated to have a guide pin
placed using an open technique based upon a coin flip. Dogs were placed in lateral
recumbency with the randomly chosen limb uppermost. A standard craniolateral
approach to the hip was made with a partial deep gluteal tenotomy. The joint capsule
and round ligament of the head of the femur were transected to enable external rotation
and luxation of the femoral head. The femoral head was then removed with an
oscillating saw just proximal to the junction of the femoral head and neck to ensure that
the entire neck remained in situ. A 0.045” guidewire was then driven from the center of
the cut surface of the femoral neck through the proximal lateral femur. The exit point of
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the pin was palpated on the surface of the femur distal to the greater trochanter to
determine whether it exited on the lateral surface or whether it exited too far cranially or
caudally. If placement was considered unacceptable the pin was withdrawn and
replaced. Once deemed adequate the pin was cut at the osteotomized surface of the
femoral neck.
The dog was then repositioned in lateral recumbency on its other side. The
same approach to the hip with luxation of the femoral head was performed. In addition,
with the hip reduced the skin was retracted caudally and an incision made over the
proximal lateral femur just caudal to the vastus lateralis. Blunt dissection was used to
elevate the vastus lateralis as needed to expose a small portion of the proximal lateral
femur. Retraction of the muscles in this area to enable adequate exposure could be
maintained with a small Gelpi retractor. The C-arm was positioned over the dog to
facilitate acquisition of an image in the frontal plane (hip reduced) or in the sagittal plane
(hip externally rotated and luxated) without repositioning the animal or C-arm.
With the hip luxated a small hole was drilled in the femoral head dorsal to the
fovea capitis. The tip of a C-guide for a 0.045” K-wire (Arthrex Vet Systems, Naples, FL)
was then placed in this hole. The distal end of the C-guide was placed over the proximal
lateral femur and a 0.045” K-wire driven just into the cortex of the femur. Fluoroscopy
was used to assess the positioning of the C-guide in both the frontal and sagittal planes.
This process was repeated until positioning of the C-guide was deemed acceptable in
both planes. The 0.045” wire was then driven from the proximolateral femur through the
femoral head under fluoroscopic guidance. The placement of the pin was checked with
fluoroscopy and this process repeated if K-wire position was unacceptable.
After placement of K-wires in each femur the femurs were harvested.
Radiographs of each femur were then made in both the frontal and sagittal planes, but
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not simultaneously. The femur was held in position with a microphone stand that was
flexible and adjustable in all planes. Femur positioning was assessed visually.
Radiographs were analyzed to identify the femoral neck axis in both the frontal
and the sagittal planes by a single observer (SPF). As in the aforemtioned anatomical
studies, two circles were inscribed in the femoral neck with the centers of the circle at or
lateral to the physeal scar and the centers of these two circles defined the line of the
neck axis. Accuracy of pin placement was calculated in each plane by calculating the
deviation of the guide pin (in degrees) from the neck axis. These two errors were then
resolved to find the single greatest magnitude of pin deviation from the neck axis in the
plane of greatest deviation. This was done with the following formula:
Greatest magnitude of deviation (in °) =
√(Deviation in the frontal plane2 + Deviation in the sagittal plane2)

A paired t-test for means was performed using Sigmaplot (Systat Software Inc.,
San Jose, CA) to compare the accuracy of pin placement between the two different
techniques using the deviation as the outcome measure.

Results:
K-wires were placed in all specimens and radiographs and associated
measurements made accordingly. The mean deviation for the open technique was
13.89° (±stdev, 8.26) while it was 5.74° (±2.95) for the fluoroscopic assisted technique.
This difference was statistically significant (p = 0.017).
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Figure 4-20. Representative images after femoral pin placement. These images are from a single dog (#5). In the
frontal plane the pin is placed in substantial varus with the free hand technique (image second from the left) and with
substantial anteversion (image on far right) in comparison to the fluoroscopically guided technique. The pin placed
fluoroscopically is in slight valgus (far left) and slight anteversion (image second from the right).

Discussion and Conclusions:
The data indicate that pin placement was more accurate with use of fluoroscopic
assistance in comparison to the open technique used in this study. In addition, it
appears that the accuracy obtained with the fluoroscopic technique used in this study is
similar to that obtained with use of fluoroscopy in human medicine. In the single report
in human medicine to quantify accuracy using the fluoroscopic technique Wirth et al.
quantified the deviation of their K-wire placement in the frontal plane only 114. They did
not quantify deviation in the sagittal plane and therefore also did not quantify the
greatest magnitude of the K-wire deviation as we did. They found that in the frontal
plane alone the mean deviation of their implant from ideal based upon post-operative
radiographs was 3° (±3.4°). If we calculate the deviation of our K-wire placement in the
frontal plane only it was 3.48° (±3.17°), comparable to their results.
In the study by Wirth et al, they concluded that the 3° (±3.4°) of deviation in the
frontal plane was an acceptable level of accuracy and precision. Assuming those
authors are correct about what level of accuracy and precision is clinically acceptable
and assuming similar results are applicable to the dog, our results with the fluoroscopic
technique would also be acceptable. However, the current recommendations in human
medicine based upon in vivo and vitro study are that implants be placed in a neutral
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position or up to 10% of valgus (in the frontal/coronal plane) 105, 115-117. Implants placed
in a varus position are at a significantly greater likelihood of failure 30, 32, 108. Conversely,
multiple mechanical studies have shown a protective effect and superior mechanical
characteristics with placement of the prosthesis in slight valgus 115-117. With the fluoroassisted technique 7 of the 10 implants were placed in slight varus while 3 were placed
in slight valgus. Although the average deviation in the coronal plane appears acceptable
(3.48°) according to Wirth et al, the results suggest that improvement could be made by
tending to err on the side of placing the implant in a more valgus position.
Our data demonstrate that all 10 pins placed with a free hand technique were
placed in a varus position (mean 12.53°) in comparison to the neck axis that we defined.
The results suggest that this technique, in the author’s hands specifically, produces
unacceptable results. Interestingly, no studies to our knowledge have been done in
human medicine in which the guide pin is placed freehand without the use of a jig/guide,
fluoroscopy, or computer assisted navigation.
The results of this study are beneficial in guiding development of surgical
technique but there are several limitations that need to be considered. The neck axis we
identified is different than that in all previous studies which used some measure of the
femoral head to define the neck axis. We chose our methodology of defining the neck
axis independent of femoral head landmarks because in our previous work, as in human
medicine, we confirmed that the femoral head is not symmetrically positioned on the
femoral neck 118. However, it remains debatable as to whether the neck axis that we
define is the mechanically optimal angle at which a resurfacing implant should be
placed. We are assuming that placement of the implant at this angle, or slightly valgus,
is ideal based upon the human literature. This is an unsubstantiated assumption.
Another limitation of this study is the lack of inter and intraobserver repeatability
measures establishing that the neck axis we define is repeatedly identifiable. We also
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did not rigorously control the positioning of the specimens for post pin placement
radiographs. Rather, we merely visually assessed the femoral neck as being parallel to
the radiographic cassette prior to making the radiographs. In addition, assessment was
not blinded as one can tell from the radiographs which pins were placed with the femoral
head removed (i.e. open technique) versus with the head in place (fluoroscopic
technique). Finally, these results are only applicable to this surgeon. Extrapolation to
results with other individuals cannot be made. Further study should be done with the
same techniques but with additional data collected to assess intra and inter observer
repeatability for identifying the neck axes, rigorously controlling specimen positioning
when making radiographs, and assessing performance of multiple surgeons with varying
levels of experience.
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS

Several conclusions regarding use of PCL for coxofemoral hemi-arthroplasty
based upon the work described in this dissertation and based upon work published in
the literature can be briefly summarized and plans for future work can be outlined. First
and foremost, the data continue to be promising and suggest that hemi-arthroplasty with
PCL or a PCL copolymer could be successful in resurfacing an entire articular surface in
a large animal and continued pursuit of this goal is justified.
Prosthesis fabrication is an iterative process and the PCL femoral head
replacement prostheses designed and produced by Dr. Pfeiffer are sequentially
improving in geometry and mechanical performance. Already the mechanical studies
described in this dissertation show high loads to failure of the PCL implants indicating
that such prostheses are likely sufficiently strong to withstand the mechanical loads
anticipated in the canine hip joint. Moreover, if an implant made of PCL alone is
ultimately too weak to withstand in vivo loading in the canine hip, blending of the PCL
with an inorganic mineral such as tricalcium phosphate or hydroxyapatite could be done
and might improve the mechanical properties, and potentially the osseous ingrowth
potential, as has been implied elsewhere 119, 120. Hence, it seems probable that three
dimensional porous PCL or PCL copolymer scaffolds to be used in load bearing
conditions such as the canine hip are a realistic proposition.
The author also concludes that creation of biphasic constructs using PCL and
agarose hydrogels as the chondral layer are a poor choice for osteochondral
regeneration. In the in vitro study detailed in this dissertation and an in vivo study
conducted at the University of Missouri (unpublished data), bonding of the agarose to
the PCL was ineffective and the agarose frequently separated from the PCL. If biphasic
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constructs are desired a superior alternative would include use of a nanofiber PCL mat
functioning as the chondral layer attached to an underlying porous PCL construct
serving as the bone substitute. Other investigators have created similar biphasic
scaffolds already and used them in pigs with success 59. In addition, the one study
evaluating biocompatibility of canine chondrocytes with PCL in vitro found superior
cellular attachment, retained chondrocyte morphology, and extracellular matrix
production with the nanofiber textured PCL constructs versus with the solid-walled PCL
scaffold 67.
The data generated in this dissertation also lead the author to conclude that a
corresponding surgical protocol that maximizes the likelihood of prosthesis implantation
without subsequent complications in the dog is feasible. We have performed the first
and only studies to begin comprehensively evaluating the femoral head and neck
relationship in the dog and have gained valuable information. Specifically, dogs have a
substantial cranial and ventral offset of the femoral head from the femoral neck, even
more so than in people. Accordingly, neck axes as defined in previous veterinary
studies that used the center of the femoral head to help define the neck axis were likely
unrepresentative of the true neck axis 93-96, 99. In turn, previously calculated and
published neck-shaft angles in dogs have probably been inaccurately low (~135°) 99.
These findings may have some effect on several of the complications clinically seen with
hip replacements in dogs already and if accounted for could minimize the likelihood of
complications with a hemi-arthroplasty procedure.
Conceptually, the large ventral offset of the native canine femoral head probably
minimizes ventral femoroacetabular impingement. All commercially available total hip
arthroplasty prostheses in veterinary medicine have small femoral head prostheses
positioned symmetrically upon a cylindrical stem; none of these prostheses reproduces
the ventral offset of the femoral head from the neck portion of the prosthesis. Failure to
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recreate this offset could predispose to ventral femoroacetabular impingement which
could contribute to craniodorsal luxation of the femoral implant, the single most common
complication seen after THA in dogs 31, 33, 35-38, 44. Likewise, it seems feasible that failure
to reproduce the native femoral head size also contributes to luxation after THA in dogs.
Studies in human medicine demonstrate lower rates of luxation with hip resurfacing or
with hip arthroplasty using large femoral heads when compared to standard THA using
standard sized femoral heads that fail to reproduce the native femoral head size

30, 121

.

Furthermore, it is interesting that in two experimental studies of canine hip resurfacing or
partial hemi-arthroplasty the only luxations that occurred were in cases that had a
greater trochanteric osteotomy and transection of the external rotators of the limb

122, 123

.

The authors stated that luxation was resolved when they ceased transecting the external
rotators 122. The presumption is that use of a larger diameter femoral head increases the
jump distance, which is the degree of lateral translation of the femoral head center
required before dislocation occurs.
In addition to identifying a femoral head offset in dogs, our data imply that the
mechanically pertinent neck axis is likely more upright than previously identified based
upon those earlier studies that used landmarks on the femoral head to define the neck
axis 93-96, 99. As a result, although the current femoral head replacement procedure in
veterinary medicine, the Helica hip, is plagued by high rates of loosening, this could in
part be attributable to a poor understanding of proximal femoral anatomy. Manufacturer
recommendations have been to place that femoral implant at a neck-shaft angle of just
145°. It remains possible that the high rate of loosening has been in part because the
mechanically relevant neck-shaft angle is higher and implants have been getting placed
in a varus position. We know from the human literature and mechanical in vitro studies
that placement of a neck sparing resurfacing prosthesis is significantly less stable and
more likely to have clinical loosening if placed in a varus position 32, 105, 108. The author
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hypothesizes that a biological femoral head replacement will likely remain stable if
appropriately placed in line with the femoral neck axis.
The author also concludes that avoiding suboptimal placement of a prosthesis in
the femoral neck is more likely achieved with use of a fluoroscopic technique. From the
human literature we can conclude that surgeons in human medicine do not place
resurfacing implants without guidance and that fluoroscopic and computer assisted
navigation provide better accuracy and precision than manufacturer jigs and guides 90,
112, 114

. The data from this dissertation, albeit with one surgeon, confirm that use of

fluoroscopy provides similar accuracy and repeatability of pin placement in dogs as has
been obtained using a similar fluoroscopic technique in people. Furthermore, the
fluoroscopic technique in dogs was significantly more accurate than the free hand
technique currently used in veterinary medicine. Lastly, fabrication of a guide to be used
intra-operatively was subjectively unwieldy as has been reported in human medicine.
All things considered, the author believes these results are important in helping
identify those characteristics of the implant and surgical technique that will optimize
chances of a successful femoral head replacement. To summarize, changes that could
be made to the implant include further refinement of the prosthesis to have a stem that
resembles that of a Birmingham mid head resection prosthesis with a gentle continuous
taper and hydroxyapatite coating. For the femoral head portion (i.e. not the stem), use
of a custom, individual-based prosthesis that reproduces the femoral head offset from
the neck and is of the same dimension as the native femoral head will likely minimize
luxation. Accurate placement of the prosthesis in a neutral or valgus position without
notching of the neck is important to prevent subsequent loosening or neck fracture.
Implantation is best done with fluoroscopic guidance.
Several conclusions regarding optimizing the biological activity can also be
made. Studies in dogs, rabbits, and pigs all demonstrate satisfactory or good osseous
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integration with PCL 45, 66, 68, 74, 124. Hence, the challenge is not finding ways to use PCL
as an osseous substitute in osteochondral regeneration but rather to facilitate chondral
regeneration in the superficial layer of any construct, whether it is biphasic or
monophasic.
It has also been adequately demonstrated in the canine, pig, and rabbit that use
of PCL constructs without growth factors or cells fail to precipitate noteworthy chondral
regeneration in vivo. Hence, it is clear that some supplementation with cells or growth
factors is needed but there is not clear evidence as to whether TGFβ-1, TGFβ3,
mesenchymal stem cells, chondrocytes, or synoviocytes would be the most beneficial
supplement. Two studies demonstrate chondrogenesis with use of TGFβ1 or TGFβ3
without supplementary cells in rabbits 68, 125. One other study showed good compatibility
of canine chondrocytes with nano-fiber textured PCL constructs in vitro 67. The only
study evaluating canine mesenchymal stems cells with PCL did not show any benefit of
use of the MSCs for osseous integration but the study only lasted 4 weeks and was not
geared toward chondral regeneration. Given that we also have not succeeded in
producing prolific cellular adhesion and proliferation of either chondrocytes or
mesenchymal stem cells on PCL constructs in vitro, the author concludes that further
work in this area needs to be of high priority and suggests continued in vitro culture
experiments using canine chondrocytes and mesenchymal stem cells. However, unlike
the studies that are described in this dissertation, the author recommends that the cells
be cultured on an electrospun nanofiber PCL mat that would ultimately serve as the
chondral layer in a biphasic scaffold. In addition, it is recommended that a chondrogenic
media be used, unlike what was used in this dissertation work. Finally, for the initial in
vitro studies the author advises using a simple disinfection protocol with use of isopropyl
and UVC light exposure to avoid cytotoxicity associated with low temperature hydrogen
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peroxide gas plasma sterilization and to avoid the expense associated with gamma
irradiation.
Assuming successful culture of MSCs and/or chondrocytes on PCL nanofiber
mats is eventually achieved in vitro, further work should be done to elucidate the most
effective and economical sterilization technique prior to in vivo studies. Gamma
irradiation should probably be the methodology of choice for any implant used in vivo.
This conclusion is based upon the two experiments in this dissertation that demonstrated
cytotoxicity of PCL to chondrocytes after sterilization with low temperature hydrogen
peroxide gas plasma and another study that similarly demonstrated greater cytotoxicity
of oligomeric caprolactone to mouse fibroblasts after hydrogen peroxide gas plasma
sterilization when compared to ethylene oxide 76, 126. Alternatively, further study to
identify an appropriate aeration time for PCL with LTGP sterilization is wise as this
sterilization technique may be adequate and ultimately most economical.
Finally, should these proposed studies be successful in creating a biphasic
scaffold of PCL with cellular adhesion and proliferation, evaluation of such constructs for
osteochondral regeneration would be indicated. Initial in vivo work could compare
osteochondral regeneration of small cylindrical defects created in either the hip or more
likely the stifle. Such work could compare constructs seeded either with MSCs,
chondrocytes, or TGFβ3. Based upon those results, the most productive scaffold in
terms of cell or growth factor combination would subsequently be indicated for
experimental biological hemi-arthroplasty in the dog.
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