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Elizabeth Chen, Daniel Browe, Bradley Edelman, Ben Rothrauff, Dolapo Junaid

The work presented in this abstract book reprsséhe labors and efforts ofetftlass of 2010
summer interns. | think | can speak for all thenswer interns when | say that this summer has been one
of the most rewarding experiences of our lives thus far. We Hbawenae to greatly respect tipassio
and dedication that the members of the MSRC put in everyday to create a successful research institution
and we are all very thankful that they have taken the time this summer @igagsome of theskills
to us. In addition to what we have learndabat our respected studjethe amazing University of
Pittsburgh faculty has guided us in gaining valuable experience in abstract writing and preseagations
well. The following abstracts are the perfect representation of the hard work and commitmeatkhat
of us has put in throughout the course of the summer.

On behalf of my fellow summer interns, | would like to thank th8RC for providing us with
such a friendlyand patientenvironment to learn and be a part ofn addition we would like to
espeally thankDr. Woo, Dr. Debski, and Dr. Abramowitch fallowing us the oppotinity to be a part
of thar work. We will take the knowledge that we have gained here at the MSRC throumgtbtite

rest of our careers and lives.

- Brad EdelmanEditor



Tavia Binger, Fei Yan Lin, Kelvin Luu, Josh Mealy, Shannon Prentiss, Nicole Scarbrough

This year the Summer Student Symposium took place on August 5st, 2010 at the Musculoskeletal
Research Center. Each student received piperdunity to present the project that they had worked on for
the past 1412 weeks. At the end of each presentatieiipw studentsand MSRC faculty and staff posed
guestions for the student to test the depth of their knowledge. For many of usheviest time that we
had seen the projects that our fellow intemasl beerworking on. With each of us coming in with little
to no knowledge of the specific field that we were asked to do research in, the presentations showed hov
much everyoneof us ha learned through this opportunity. We have gained skills from this experience,
not just in the lab room, but on the presentation floor as well. | know these lessons will follow each of us
from this day forward.

On behalf of the symposium committee, lualike to thank everyone who assisted for their help

in making the symposium a success. | would particularly like to thank Dr. Woo for granting us this

opportunity to work in the MSRC, and Dr. Debski for his guidance in planning the summer program.

- Nicole ScarbroughSymposium Committee Chairman
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| was born on May 20 1991 and have lived most of my life in Lancaster, Pennsylvania. For those of
you unfamiliar with Lancaster, it ils awhatndseadmedepr
School and during my time there | participated in varsity swimming and volleyball, club volleyball, NHS, and &
variety of other clubs and activities. | graduated in May of 2009 in the top ten of my class. | then began my
collegecareer at the University of Pittsburgh in the fall of 2009.

I n my free time | enjoy playing volleyball,k r
organized game since | was 10!), as well as skiing, snowboarding, and playing guitar.dnghe ¢l 0 o m, (I
always had a special interest in mathematics and biology. | chose to major in bioengineering because it
combined my love of both of these subjects. | also wanted to use my skills in these areas to help others. Pitt \
the natural choice ofotlege for me, because of its high strength in bioengineering, and affiliation with a major
hospital.

While | am still not sure exactly what | plan to do in my career, my summer here at the MSRC has bee
an invaluable experience. It was coolto seetheitc s t aught i n the classroom
| feel that this summer provides a good foundation for my academic career outside the classroom, and has m
me a more critical reader of manuscripts, a better presenter, and a bettehezssgigner on the whole. |
would especially like to thank Dr. Debski, Dr. Farrokhi, and Carrie for their patience and for helping me learn
all of these things, along with the rest of the MSRC faculty, staff, graduates, and undergraduates. The group
indi vidual s at the MSRC is an amazing one, and wh

willingness to help an undergraduate learn the ropes. Thank you all!



Tavia Binger
University of Pittsburgh
Major: Bioengineering

Senior
tyb6@pitt.edu

Shoulder Group
Lab Mentor: Carrie VoycheckB.S.
Faculty Advisor: Richard E. Debski, Ph.D
and Shawn Farrokhi, PT, Ph.D, DPT

| was born on the small but beautiful Caribbean island of Grand Cayman, The Cayman
Islands to parents Oscar and Caroldg&n Growing up with an older sister in Cayman granted
me with great childhood memories of beaches, carnivals, steel drums, and much more. At the
age of 10, our family made the move to Houston, Texas, where | spent my middle school and
high school daysAlthough adjusting was a little rough at first, my dedication to my academics
and involvement in extracurricular activities such as band and dance kept me grounded and
motivated.

My interest in the medical field was first sparked during my senior ydagbfschool,
while taking courses such as genetics and medical microbiology. | decided to pursue a degree in
bioengineering at the University of Pittsburgh, because | wanted to get involved in the
biomechanical aspect of medicine that would make advamd¢lee medical field and ultimately
help others. | also wanted to branch out to a new location so that | could experience something
new. Being at Pitt has given me the privilege of hands on research experiences, such as this one
at the MSRC. | have aldmeen able to stay active in clubs and organizations such as Black
Dance Workshop, and National Society of Black Engineers.

This experience at the MSRC has been both challenging and rewarding. Not only have |
been able to make significant accomplishraentmy academic career, but | have also been able
to learn much about myself as well as future directions that | would like to take. | would like to
thank Dr. Debski and Dr. Farrokhi for all of their help and guidance, as well as Dr. Woo for such

a greabpportunity.



Design of an Experimental Setup for Measuring Patellofemoral Joint Contact Areas and Pressure

Joshua Mealy, Tavia Binger, Richard E Debski, Ph.D, Shawn Farrokhi, DPT
Musculoskeletal Research Center, Department of Bioengineering,rsibywaf Pittsburgh, Pittsburgh, PA

NTRODUCTION

Patellofemoral joint pain is a condition that MedialLateral
is recognized as one of the most common disorders B
of the knee, with higher incidence among women wsas L

and those who are physically active [1]. Although
the exactpathophysiology of this disease is still
unclear, it is usually attributed to abnormal patella
alignment and/or tracking, which often causes over
activity and excessive stresses at the patellofemoral
joint [2,5]. A finite - element modelof_the Figure 1 Joint Coordinate system showing degrees
patellofemoal joint can be used to predlct the of freedom DOF) of the knee [3]

effects of surgical as well as physical therapy
strategies designed for treatmentcdh also help to
understand more clearly the biomechanical factors
that attribute to and alter patellofemoral joint
symptoms. It is therefore necessary to validate such

a model by comparing cadaveric contact areas and
pressures to those predicted by the model.

The overall goal of this research project is to
design an irvitro cadaveric experimental setup for
measuring patellofemorabint contact areas and
pressures. This data will then be used in future
studies to validate the accuracy of a three
dimensional finite element model. The two main
objectives to completing this goal include: 1.)
Modifying an existing experimental setup the
STAR IV (Shoulder Testing Apparatus}o collect
data on cadaveric knee specimen. 2.) Finding and
calibrating a pressure measurement system to
measure contact areas and contact pressures at the
patellofemoral joint. It was appropriate to use the
STAR-IV system because it provides a rigid frame
for attaching bone clamps, as well as a computer
controlled actuator system for the application of
specific forces on the quadriceps muscle tendons.

C_|_sInternal-Extemal

SPECIFICATIONS

The experimental setup for the knee testing
apparatus will need to allow full range of motion at
the knee joint, with unconstrained motion. The
knee will be positioned at various angles of
flexion/extension and inteaflexternal rotation, and
must then be able to lock in position, providing
rigidity while testing. Forces of the quadriceps
muscles must be achievable by a pulley and tendon
clamp system that applies forces along specific
anatomical lines of action. Thedines of action
refer to the quadriceps muscles, which are
responsible for the forces acting on the
patellofemoral joint during the extensor mechanism,
including: 1. the rectus femoris (RF) and vastus
intermedius (VI), 2. the vastus medialis (VM), and
3. the vastus lateralis (VL) as depicted in Figure 2
below [4].

Previous setups have used two bone clamps,
one for the femur and one for the tibia. At each
clamp there are several degrees of freedom to allow
for normal motion [3,4,5]. Because the knee has 6
degrees of freedom (Figure 1), there must be 6
unique DOF between the two clamps, to provide
proper positioning. Based on previous studies, the
jig will be designed with 5 DOF on the femoral
clamp and 3 on the tibial clamjn order for the
device to achie these criteriaseveral design
specifications must be addressed for the clamp
system:



Femoral Clamp

1) Three degrees of translation: anterior/posterior,
medial/lateral, and proximal/distal [3]

2) Two degrees of rotation: flexion/extension, and
internal/externkrotation [3]

Tibial Clamp
1) Three degrees of rotation: internal/external rotation,
varus/valgus rotation, and flexion/extension [3]

RE/ VI RENVI

VL 0

Frontal view Lateral view
Figure 2. Two-dimensional view of the quadriceps

muscles at their respective loading force directions.

[4]

The specifictions for the pulley and tendon clamp
system are as follows:

1) Maximum load of 300 N in each cable

2) Create line of action for the rectus femoris and vastus
intermedius (RF/VI), parallel to the long axis of the
femur [3]

3) Create line of action for the vastus disdis,
approximately 40° medial and 55° posterior of the
RF/VI[3]

4) Create line of action for the vastus lateralis,
approximately 35° lateral and 55° posterior of the
RF/VI[3]

5) Tendon clamps measuring 8cm x 3cm, based on
previous tendon clamps [4]

Specificdions for the pressure measurement system

are as follows:
1) Measure a maximum peak contact pressure of 5 MPa

(3]

2) Measure a contact area of 473

3) Report average pressure, net force, average Iateral/me%a

force percentage, and lateral/medial peaks [3,9]

The knee should be able to achieve positions
from O to approximately 120°of flexion in degree

increments. Redundant DOF were included to
provide ease of setup for the experimenters. The
specifications for degrees of freedom, ranges of
motion, and pressa were based off of previous
studies [4,5,6].

DEeVICE DESIGN

All designs were created and assembled in
the computer program SolidWorks (2006, Concord,
MA). All bearings were purchased from McMaster
Carr (Aurora, OH) and have working load
capacities wellabove the range of forces in the
specifications.

Knee Jig

Figure 3. Final iteration of the knee jig. Red
indicates bearings, purple indicates pulleys. The
yellow and blue cylinders represent the femur and
tibia, respectively. The green vectors aepine
three anatomical lines of action of the muscles.

The tibia and femur will be potted using
epoxy putty (Bondo, 3M, Maplewood, MN) and
then inserted into the aluminum cylinders shown
(Parts A and C). It will be positioned so that the
long axis of thecylinders is representative of the
longitudinal axis of the bones, and once in position,
screws will be driven through the cylinder and into
the epoxy putty to hold it in place. These cylinders
ca t?oth be inserted into parts b and d for the femur
and tbia, respectively. There is a 1 inch thrust
bearing (McMaster Carr) to allow internal/external
rotation of the femur and tibia. This bearing is ideal
for this particular application because of its design



to bear load along the axis of rotation. This dtiou
allow for frictionless internal/external rotation at
this point. Internal and external rotation will lock
with 5/160 threaded
diameter nylon tip. These screws will be tightened
through a threaded hole on parts B and D, \aitid
contact a cylindrical extrusion of parts A and C that
fits inside B and D. There will also be angle
markings around the external portion of the cylinder
from O to +45 degrees in increments of 5 degrees.
This will allow users to record the angle of
internal/external rotation easily.

Flexion and extension motion at the femur is
provided at the joining of Parts B and F. Part B is fit
with 1 inch regular bearings designed to allow
frictionless rotation about shafting running between
the two planar extrusits. These rotations will lock
with a slit and screw hole technique. As can be
seen, there is a rounded slit on Part F. The
adjoining face of Part B has a screw hole
corresponding to that slit. Once the knee is at the
desired angle of flexion, it can Becked in place
with bolts on either side, that will screw into a
threaded hole on Part B, and clamp on Part F. The
same concepts of rotation and locking mechanism
are used on parts D and E.

Part E will also allow for lateral/medial
translation along the gr of shafts spanning
between the two vertical shafts. Part E will be fit
wi t h four 1J o l'i near b
frictionless linear motion. Part E will also have
threaded screw holes cut in the rear that will allow
the nylon tipped setscrews to lottle lateral/medial
translation of part E. Part G, and its corresponding
part will provide proximal/distal translation. It is fit
with a 1 I o linear bear
nylon tipped setscrews. In both the setscrews will
be driven through porins of the cylindrical cuts in
the blocks that are not covered by the bearing.

Anterior/posterior translation is achieved at
the tibial side of the device. Part F will be able to
slide and rotate about t
linear bearing thatill provide frictionless linear
motion as well as varus/valgus rotation. Both
degrees of freedom at thpsint will lock with a toe
clamp mechanism. A portion of the block on part F
will be segmented by two cuts. This portion will
then tighten on to thepposing side of the block

1C

e

with screws, allowing the block to clamp onto the
surface of the cylinder. The cylindrical cut for shaft
insertion at this point will be smaller in diameter

s e t stltan thenpsrtion af thepcet that housesthe beari@g. 16

will be machinedvith a high tolerance so that it can
provide a clamping force, but will not yield friction
during sliding. Finally, the clamping system will
attach to the STARV testing frame at six points.
One point on each end of the two proximal/distal
shafts, and om point on each end of the
anterior/posterior shaft. Each of these points will
have a 10 thick aluminun
the beams of the STARV vi a four I C
entire system will be attached to a counterweight
via a cable and pulley syste to help manage the
weight of the clamps themselves.

Two arms like the one depicted in Figure 3
will attach to part D to provide lines of action for
the vastus lateralis/medialis.

Figure 3: One of the pulley arms to be used for
lateral/medial lines oprce .
arings whi ch provide

The arms will attach via screws at point B
(Figure 3) to part D on Figure 1. The arms consist
of a ball and socket joint (point A) that is lockable
with an Allen wrench, an aluminum tube, and a
pulley that screws into IthF aluminum tube (part C),
The ﬁJbin% s iMthes Tong?ahd will® allowtfe
positioning of the pulley close to the patellofemoral
joint. The pulley also rotates at point D on Figure 3,
and is extendable at that point as well, to allow for
slight radius changes of the arms.

Caples willattach yia tendon clamps to the
tgn%lonsS Fhé éuadricép:é. Tﬁeﬁate&al?mPediaW\)asﬁi h
cables will feed through the pulleys on the two arms
previously described. They will then run through a
double pulley system on part H of Figure 2, through
another set of ydleys attached to the STAR IV
frame, and back to the actuators used to control the
force through the system. Finally, the rectus



femoris/vastus intermedius line of pull will start at
the tendon, run through two pulleys attached to the
extruding arms of &t D, through a pulley on the
back of part D, and finally through a pulley on the
STAR-IV frame and back to the actuators.

Pressure Measurement System

The pressure measurement system used with

our device is called the Tekscan Pressure
Measurement syste(Boston, MA). The Tekscan is

with 5 degreesf freedom at the femur and 4
degrees of freedom and the tibia. In the final
iteration, however, anterior/posterior translation was
removed at the femur, leaving it with 4 degrees of
freedom. This was mainly due to the lack of
control available to couaract the weight of the jig
while maneuvering the knee. With a crossbar and
two vertical shafts for proximal/distal translation,
more control of the knee is provided, which allows
readjusting the knee during testing a much easier

a digital pressure measurement system that uses a and more convenient task he criteria for the knee

matrix of semiconductive ink lines [7]. Every

Jjig was still met with this design, as 4 degrees of

intersection of these lines is a sensel, and at each freedom at the femur and 4 at the tibia allow full
sensel a pressure can be recorded through the range of motion at the knee joint.

system. A change in force inces a change in
resistance of the ink at each sensel [7]. This

The cylinders in which the femur and tibia
will be potted (Parts A and C) were designed

resistance change is outputted as a raw score (basedkeeping in mind that about ZZbcm of bone will

on voltage), which is then associated with a
pressure via a calibration curve. Calibration curves
are created within the software programedber a
linear, or power law fit. A linear curve is fit using
one point of known applied force and the point (0,0)
and a power law uses two known points of force
and (0,0) [8].

The software will record pressures in either
a single frame, or a video cossng of several
frames. Each frame contains a recording of the

pressures at each sensel of the grid, and these
pressures can be represented using a color index,

height index, or both. The software provides built in
methods for calculating values such las total and

peak contact force, total and peak contact pressure,
contact area, and center of force. It can also produce

a variety of graphs representing the information
gathered in the video. These values will be useful in
determining the validity of a pallofemoral joint

finite element model. Other studies have also found
ways to outline the posterior portion of the patella

to provide a reference for researchers analyzing the

data [9].

DISCUSSION

The design of the knee testing apparatus
went through thee different variations before a
final design was accomplished. The first iteration
included a link and joint setup at the femur, and a
similar setup at the tibia. It satisfied the design
specifications for the femoral and tibial clamps,
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need to be potted. Although slight variations in
diameter and length may occur, potting will be able
to account for those.

Figure 4. A transparent view of the femoral clamp.

Two regular bearings weresed in Part B as
shown in Figure 4, for flexion and extension motion
to allow even distribution of the load. Determining
how each degree of freedom would lock with the
bearing was one of the challenges of this knee jig
design. For Part E, the slit aadrew hole
technique was chosen as opposed to holes in 5 or
10-degree increments, in order to maintain the
maximum freedom of motion. This allows any
position of flexion to be achieved and locked
securely.

For medial/lateral translation on Part E, four
sdf-aligning linear ball bearings and two horizontal
shafts were incorporated. These bearings allow
motion along a straight line and have the ability to
allow up to %2 ° of misalignment of the shafts in any
direction. They can also be mounted in any



diredion while still maintaining their load capacity.
This bearing type was also used in Part G for
proximal/distal translation and Part F for
anterior/posterior translation. Nyldipped
setscrews were incorporated because they will yield
better contact witthe surface of the cylinder and
will prevent damage of the metal surface that the
setscrew contacts.

Anterior/Posterior translation was accounted
for at the tibia, wi t h
length. Proximal/Distal translation at the femur was
accounted for, with the vertical shafts measuring 55
10 in length. These
already existing dimensions of the STAR IV
apparatus. Motion analysis studies were performed
in SolidWorks for all design iterations to simulate
the moton of flexion and extension of the knee
specimen while mounted in the jig. This ensured
that the knee would be able to obtain any position
from full extension to 120° of flexion.

The pulley system was designed in two
iterations. The problems with theitial design were
that it involved too many moveable and locking

compared to the known contact areas, and forces
indicated by the machine. Accuracy of the
Tekscands measurements

a RMS Error over the 5 trials. The system had a
highest error of 14.5% occurring at 100N on the
circular contact, with the majority of the force
errors falling near 5%. Standard deviation for the
force measurement was around 10N, with a
maximum deviation at 600N of circular contact of

o

t3hNe Csenltaet f arem negor wasa Bigher,i with a3 |

maximum RMS error of 27% dt00ON on the circle
as well. Contact area deviation was generally

we r eround .6 brfy witte & peak rofelds cfab 100N ioft

square contact. One factor that contributed to the
area error was the low sensel density of the system,
which creates imprecise, and overesiiea
measurements of area. Force deviation could be
attributed to the fact that a snapshot, single frame
was used to evaluate the force. A better method to
collect the data might have been a 5 second
recording of a constant pressure, then an average of
the Tekscan readings. Finally, force error can be
attributed to the method of calibration. Error was

parts. The design was changed to create an easier lowest near calibration points, and a method of

setup. Two pulley arms (Part 1) in Figure 1 are
attached for cables applying tension to the rectus
femoris/vastus intermedius tendon clampBhese
can slide up and down, allowing the muscles to be
pulled at an angle parallel to the axis of the femur.
For the vastus lateralis and vastus medialis pulley
arm configuration, one potential problem might be
ensuring that the cables do not slip af the
pulleys. Considering that the cables may have to be
redirected at sharp angles, slippage and friction loss
are possible concerns. Friction loss will be tested
prior to loading the knee so that forces may be
adjusted if necessary.

The Tekscan syste (FScan, Tekscan,
Boston, MA) was evaluated using a sensor model
designed to collect data from the foot, however in
this case it was used to give general trends about the
system. The system was calibrated and Force,
Pressure, and Area data was recordedd@N-800N
of force, applied by a materials testing machine
(Instron, Grove City, PA). Five trials were collected
at each point. Known contact areas were created by
making rubber shapes that fit between the crosshead
and the sensor of the machine. Semeadings were
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calibration using more than two known forces could
produce better results. Finally, the system is
significantly out of date, and newer models could
produce better results

Some future directions this project can take
include fabrication of the device and preliminary
testing of the device itself. Also, a new sensor
model, with higher sensel density is needed to
opemte in the patellofemoral joint (Model 5027,
Tekscan, Boston, MA). Such a model would need to
be tested for accuracy and repeatability. Finally, the
entire system should be tested for friction loss, as
well as accuracy and repeatability.
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| was bone in Sacramento, California in February of 1990. | was raised in Auburn, CA and
homeschooled with my two brothers by our mother. Initially intending to teach Special Education, | learned
American Sign Language, and Literary Braille. In 200y family moved to Shingletown in northern CA. |
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EVALUATION OF BIOADH ESIVE TO REDUCE GRAFT TUNNEL MOTION
Nicole A. Scarbrough, Kwang E. Kim, SavieY. Woo
Musculoskeletal Research Center, DepartmeBti@éngineering, University of Pittsburgh

SUMMARY

There are approximately 10,000 ACL Injuries per year.
While there are two standards for ACL reconstruction, the
Hamstrings Tendon procedure is rising in popularity.
Although possessingeveral advant@s to the bongatella
tendonbone graft (BPTB), the Hamstrindsndonprocedure
displays poor bone and tissue integratiditerature suggests
several hypotheses as to why the bbssue integration is
unsatisfactory, but none have been studied in dapth
conclusive. The most common hypothesis is that due to
micromovements of the graft construct against the bone,
integration tissue is unable to form. The overall purpose of
this study was to incorporate a bioadhesive into the
reconstructive process test the theory that micromovements
alter bone growth rates. The objective of this project was to
determine a working procedure to determine if the
Bioadhesive is in fact a viable option for reducing graft tunnel
motion. A porcine hind limb was used, atiee Hamstrings
reconstruction procedure was followed, using an EndoButton
for fixation, and one half Patella Tendon in the Hamstrings
stead due to availability, ease of access, and quality of tendon.
The construct was subjected to three cycles of uditedeile
testing. During each cycle, tlwenstruct was preloaded to 3N
at 10mm/min, then cyclically loaded for 20 cycles at
50mm/min from 3N to 100N. After one hour, the process was
repeated. After the third waiting period, the bioadhesive was
injectedinto the bone tunnel. Once it cured, the process was
repeated one more time. The results showed that the
bioadhesivevas not able to redudee movement of the graft
construct. Through further iterations of the bioadhesive,
communication between thegign team, and the testing team,
a practical working prototype should soon surface.

INTRODUCTION

The tearing of an ACL is a seriougury which, due to
the ACLO®s i n a kelflréquirgs strgery forethel
patient to return to an active life styl&hen an ACL is torn,

and surgery is needed, a tendon is usually harvested from the

patient during the reconstruction. Currently there are two

popular types of reconstruction procedures. One known as the

bonepatella tendotbone (BPTB) reconstructionsas screw
fixations, and patella tendon midsubstang¥.  This
procedure has been
the surgicaltechnique there are negative aspects to this
procedurdg?], two of them being; that as bone is removed in
this procedre, there is donor site morbidity, and it is not
cosmetically appealing. The other procedure is rising in
popularity, the hamstrings tendon reconstruction.  This
procedure does not involve bone plugs, so there is no donor
site morbidity, and smaller irgions are needed, so it is
cosmetically appealing. During the reconstructive process for
the hamstrings tendon reconstruction, a tunnel is drilled
through the femur, and the hamstrings are fastened to the
femur using aitanium button Ideally, through bne growth
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over time, the portion of the hamstrings within the bone
tunnel, and the bone will integrate. Past studies have shown
that this does not often occur[3,4] There is considerable
speculation as to why, but there have been no studies that
directly address it. Most studies concur that a likely reason for
the lack of bondissue integration is due to micromovements
of the tendon within the bone tunriél]. To test this theory,

we used a polymer bioadhesive to be injected into the tunnel
to reducethe movement of the graft construct within the bone
tunnel. We used uniaxial tensile testing and strain tracking to
determine if there was any difference with the bioadhesive.
Due to availability ease of access, and quality of the tendon
the patella éndon was used for this study in place of the
hamstring tendons. The lotgrm goal of this research is to
determine if restricting the movements of the graft construct
has any impact upon the integration of the bone and tendon
tissues. While excessiveavement could have a negative
impact on the integration, it is possible, that up to a certain
amount, the micromovements could be beneficial.

METHODS

A porcine stifle jointwas collected fromadult Yorkshire
pig (~250Ib) All soft tissue excluding theatella tendon was
removed. Thepatellar tendon was then harvested, and cut in
half width wise. The half was then fed through the
EndoButton loop, doubled over, and the two ends were
sutured together. The femur was then prepared; cleaned, and
potted. The tunnel in the femur was drilled with reference to
literature. The EndoButton graft construct was then pulled
through the bone tunnel.

t h

, o0
Figurel. Testing set up of porcine stifle joint reconstructed with the patellar
tendon and EndoBtan CL fixation.

Using a soft tissue clamp, construct was placed in the
uniaxial tensile testing machine (Instron, Model No. 4502,
Serial No. H3121. Norwood, MA). The fibers were aligned
vertically, using the 5 DOF of the machine. Markers were
placedon the tendon and bone so that the change in distance
bet ween the bone and tendon,



self could be measured via a camera system. The specimen
was prestressed cyclically for 20 cycles at 10mm/min from 3N
to 20N. It was thn cyclically tested by being preloaded to
3N at 10mm/min, and then cyclically loaded for 20 cycles at
50mm/min from 3N to 100N. Then the tendon was allowed to
rest for one hour. Twice more the cyclic testing was repeated
with one hour resting periods between. The reason for the
consecutive tests was to ensure that a homeostatic condition
was reached. After the last one hour resting period, the
bioadhesive was injected into the graft tunnel using a blunt
syringe, and the cyclic testing was repeatadeomore to see
what, if any, effect the bioadhesive would have on the results.

RESULTS
The data collected from the camera system is as follows:

All cyclic tests generated elongation vs. time graphs such
as the one in Figure 1.
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When analyzing the graphs, the vertical distance between
the first and last peak that result from the 100N loading is
measured. This represents the increased amount of motion
within the bone tunnel. The results are showRigure3.
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Figure 3. The decreasing values of the first three tests shows that vibrations
within the tunnel are becoming more consistent. The fourth test shows an
increase of motion through the duration of the cyclic test.

The decreasing levels of motion shown in the first three
tests shows that the peaks at 100N are tending to stabilize, and
are approaching a plateau. The increase in the fourth cyclic
test shows that despite the application of bioadhesive, the
peaksdid not stabilize any more, and their behavior appears to
even have regressed slightly towards increasing over time.

In a second method of evaluating the data, the vertical
distance between the first peak at 100N to the first trough at
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3N was measured. his data, shown in Figuré, shows the
amplitude of the cyclic movement of the graft within the bone
tunnel.

Elongation

1st 3rd 4th

2nd

Cyclic Tes

Figure4. The vibrations within the bone tunnel for the first three tests are
becoming more constant. This is aimby the continuous decrease in their
values. In the fourth cyclic test, the movement within the bone tunnel for each
cycle was larger, as indicated byiitcrease in value.

In this figure the data shows that in the first three cyclic
tests, thedifference between peaks and the troughs is
becoming smaller. The fourth cyclic test appears to display
larger differences between the two than the third cyclic test,
again, appearing to regress towards increased motion.

The last method that we used taabuze the data, was to
measure the vertical distance between the initial distance
between the markers, and the first peak at 100N. This data, as
shown in Figuréb., shows the diglacement of the tissue from
thefirst loading.
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Figure5. The decreasing values for all four tests show that the stretching due
to the first peak of 100N is becoming smaller with each cyclic test

In this last figure, the data shows that for each of the four
cyclic tests, with respect to theeprior, the change in length
between preloading, and the first cyclic peak at 100N, is
decreasing.

DISCUSSION

In this study, hamstrings tendon graft construct motion
within the bone tunnel was examined and the viability of using
a bioadhesive to reduggaft tunnel motion was determined.

From the first set of data, it can be seen that the
application of the bioadhesive did not reduce the amount of
motion within the tunnel through the duration of the test. If
the bioadhesive had worked in the way that lvad hoped, it



would have significantly reduced the difference of movement
between the first and last peaks. In the second set of data, it is
shown that the amplitude of the cyclic motion was not
dampened by the bioadhesive. Again, we would have
expecte a sharp decrease in motion if the bioadhesive had the
effect that we were hoping for. In the last set of data, it was
shown that the decrease in difference between the initial
distance between the markers, and the distance after the first
cyclic peak ofLOON had been applied, was consistent through
all four cyclic tests.

The data from this study showed that the current model of
bioadhesive is not yet suitable for reducing graft tunnel
motion. With future iterations, problems discovered during
the testig could potentially be solved. There were a few
unanticipated discoveries that we made that rendered the
current bioadhesive inadequate. The first being that the cured
bioadhesive was too malleable, having a consistency more
similar to rubber than cementSince the intended design of
the bioadhesive was to join small bones, we feel that by
addressing this problem it will allow better results for both the
original design, and our current research.

Another unanticipated discovery was that the bioadhesive,
when cured did not adhere to the bone. We, again, believe
that by focusing on this concept when designing future
iterations of the bioadhesive both the original design, and our
project will benefit.

Lastly the bioadhesive had not been tested for
biocommtibility. While this was not of immediate concern, it
would need to be rectified before any in vivo study could be
contemplated. As it is clear that new designs need to be
considered before further in vitro studies, we hope to address
this last, as theombination of ingredients are apt to change.

Through working with the bioadhesive design team, we
hope to find a viable bioadhesive to conduct further studies
with. Eventually we would like to undertake in vivo studies.
The long term goal is to conduetultiple in vivo studies with
varying amount of graft tunnel motion. This is because there
are no previous studies indicating research directly regarding
the graft tunnel motion. We anticipate the possibility that the
studies may show that a certain amibof graft tunnel motion
is beneficial to promoting the tenddsone interface.
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EVALUATING POST PARTUM RECOVERY OF VAGINAL TISSUE IN A LEWIS RAT

MODEL
Shannon PrentisdWilliam Barone Andrew Feola, Steven Abramowitch
Department of Bioengineering, Musculoskeletal Research Center, University of Pittsburgh

Introduction

Vaginal injury during childbirth is common for most
deliveries in humans and is associated with many-ternm
complications such as thiRelvic Organ Prolaps@elvic Organ
Prolapse (POP) is a pelvic floor disorder that affects millions
of women in Americaalone. An estimated 225,000 women
undergo surgery for POP each yeBOP occursvhen the
vagina looses support and pelvic organs (bladder, urethra,
uterus, and rectumydescendinto the vaginal canal.ln
preparationfor delivery, the vagina and its suppave tissues
undergo many changeimcluding, a decrease igollagen
concentration which allows thetissue to become more
distensiblefor passage of the fety2). If vaginal adaptations
are excessive or incomplete, vaginal injurymay occur (2).
Ideally, postpartum recoverywould aim restore the
mechanical propertiesf the vaginal tissue and its supportive
structuresImproperrecovery such as altered collagen ratios,
alignment or smooth muscleproperties may weaken the
support of the pelvic organ3his lack of support willoften
lead to the development of POP

Since improper remodeling often leads to POP,isi
important to gain an understanding of the process of recovery
at different time points after a vaginal injury has been
sustainedUnderstandinghe mechanical propertiesll allow
us tobetter find treatment for POPreviousstudiesin our lab
have shown thatvhile the mechanical properties of the rat
vagina change dramatically during pregnancy, it recovers to
virgin values within 4 Ws after delivery. Additional
preliminary data suggests thatmajority of recovery occurs
within the first few hours following delivery.Further
understanding othis robust and rapidemodeling response
will help to identify mechanisms to promote postpartissue
healingand allow for early identification of POP leading to
enhanced treatment

Thus, the objective of this study was to characterize short
term postpartum remodeling of the Lewis rat model by
examining the uniaxial mechanical propestie vagiral tissue
at 0-2 hr and4-6 hrs post partumWe hypothesized that for the
0-2 hr post partum group, the ultimate strain will be
significantly higher due to the tissue still being in a state to
accommodate the passage of the feltusddition, we expect
the tangent modulus fahe G2 hr group will be bwer than
that of the 46 hr group For the 46 hr post partum group, we
believed that the mechanical properties would be sindar
that of the 4 W post partum rats.

Methods

A total of 16 Lewis Rats weresed for this studywas
approved by the Institutional Animal Care and Use Committee
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at the University of PittsburgtRats were divided into two
groups, 02 hrs postpartum (n=8) and-6 hrs patpartum
(n=8). The vagina and cervix were removed, wrappediims
soaked gauze and stored-20°C until time of testing.The
vagina was then cut along the longitudinal @widowing the
ureterfrom the urethral opening to the bladd&he bladder,
cervix, and connective tissues were then removed. The vagina
was then unfolded and trimmed to a rectangular geometry by
removing the introits and access fat, and measurements were
made using a digital caliber (Mitutoyo Absolute Digimatic
Ch40CS) .

Tissue was the carefully placed in soft issue clamps line
with gauze to prevent ripping@dnce secured,the tissue was
cut into a dog bone shape to ensaminimum aspect ratio of
5. Three measurements were taken (proximal, mid, and distal)
using a digital caliper to get a crosectional area
measuremenBlack acrylicmarkerswere placed at the tissues
midsection and tracked opticall@ficatek to calculate tissue
strain. Lagrangian stress was calculated by dividing load by
cross sectional arean@ ultimate strain was calculated by
dividing the change in length of two mslibstance markers
by the initial lengthbetween thenarkers.

All uniaxial tests were performezh an Instron material
testingmachine(Instron5565 Instron, Norwood, MD, in the
longitudinal direction. A0.9% saline bath, at 37 C, was
attached to the base of the Instron and tissue was placed inside
the bath with the proximallamp attached to the load cell and
the distal clamp attached to the babssues were preloaded
to 01 N. at a ate of 10 mm/min. Specimen weakgnedalong
the central axis of the materials testing mactkifier the first
preloadand the specimen was slackedeTclampto-clamp
distance was measuréallowing a second preload. One cycle
was applied toissue at 7% of the clarfp-clamp distance
measured from the second prelo@te issuewas slacked and
allowed to rest for 30 minutes. It was thereloaded and
preconditioned by elongating to 7% of the clatoglamp
distance for 10 cycles at an elongation rate of 10 mm/min.
The tissue was immediately loaded to failure aftmling and
the load and elongation were recorded. The mechanical
propertieswere analyzed by calculating ultimate strain (%),
ultimate stress (MPajtangent modulus (MPahich was
taken at 10% of the straiand strain energy density (MPa).
Passive mechanical prapies were analyzed through a
MannWhitney test and presented as mean = standard
deviationsfor comparison.

Results

It is worthnoting that during dissection the2ohr P.P. rats
seemed softer and more distensible than tGehd P.P. group.
The G2 hr P.P. group underwent less stress compared to the



1.23 MPa that was calculated for theés 4r P.P.As seen in
Table 1, he ultimatestrain was 28.7 %, while the-@& hr P.P.
group was 19.3 %, a 9.4%ifference. The tangent modulus
was 6.5 MPa for the-@ hr P.P. group. The tangent modulus
for the 46 hr P.P. was 19.3 MPa, which was significantly
higher.

The SED was slightly lowethan that of the 4 hr P.P.
group.
Table 1. Mechantal Properties of the Lewis Rat. Data is represented as
meantstandard deviation

Ultimate Ultimate Tangent SED
Stress Strain Modulus (MPa)
(MPa) (%) (MPa)
0-2 hr 0.68+0.32 28.7+ 6.5+2.60 0.061+0.038
P.P. 25.0

(n=5)

4-6 hr 1.23+0.68 | 12.7+5.1 | 19.3+14.9 | 0.091+0.052
P.P.

(n=11)

p- 0.069 0.115 0.145 0.222
values

Discussion

In discussion, it is important to understand the mechanical
properties of these two groups for a better understanding of
post partum recovery and how we might be able to intervene
the development of POP.Level of recovery for the @ tr
post partum group/as consistent acroadl specimensFor the
4-6 hr post partum group, variation in the tangent moduli for
each specimen caused a very high standard deviation. This
group seemed to have formed two different groups with about
four of the specimen having ligher tangent modulus, that
was closer to that of the 4kwpost partum group and the other
seven had a lower tangent modulus that was closer to-2he 0
hour post partum group. This variation in the tangent modulus
might indicate some type of recovery laisttime point.

The mechanism for the change rapid change toward
recovery isyet fully understoodbut it is possible that the
hormone leveldrom the 02 hr pospartum group anche 46
hr podpartum group decrease heavily influence the
remodeling processDuring pregnhancy and at the time of

accurately see how many specimen we need to make our data
statistically significant.
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delivery there is an increaselinor mones i n a womands body

that prepare the anatomy wmccommodateand deliver the
fetus. The postpartum shift in these hormones may heavily
influence the mechanical properties of theswe.This sudden
change in hormone levels and observed mechanical properties
may be what is occurring in the-@& hour post partum
specimen.

Further biochemicahnalysiswill help us to gain a better
understanding ofwhat is occurring at this time pointFor
example, hydroxyproline staining will allow for collagen
ratios to be examined at these different time poiAtso, an
increase in the number of specimen fe2 @ours will help us
to lower some of the high standard deviations that wee we
faced with.By using a Power Analysigs$t we will be able to
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BIOCHEMICAL AND MORP HOLOGICAL ANALYSIS O F HEALING ACL TREATE D WITH ECM

BIOSCAFFOLDS
Fei Yan Lin, Rui Liang, MD, Savio L-Y. Woo, PhD, DSc
Musculoskeletal Research Center, Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA

INTRODUCTION

Anterior cruciate ligament (ACL.)one of the major
ligaments in the knee joinis frequently injured in sports or
work related activities. ACL tear often occurs at its
midsubstance, and it does not heal well on its own. [1]
Currently, the most popular and common treatment is the ACL
reconstruction using grafts, such as patellar tendon and
hamstrings tendon autografts. However, ACL reconstruction
has many side effects, including, donor site morbidity,
degeneration of tissue replacement graft, and bone tunnel
enlargement. In addition, the lotgrm results have not been
satisfactory. [25] Alternatively, functional tissue engineering
using extracellular matrix (ECM) bioscaffolds can be used to
treat ACL tears.

Functional tissue engineering treatment using ECM
bioscaffolds can promote ACL healing with cell proliferation
and matrix production[6,7] Previous studies have shown
positive results with the use of porcine small intestinal
submucosa (SIS), an ECM bioscaffolds [8], in ligament
healing. ECM treatment using SIS has been shown to improve
the mechanical properties of the middle third defef the
patellar tendon and MCL in rabbits, in addition to inducing
larger collagen fibrils and more aligned cells and fibers (P
Since SIS is derived from pige-Gd epitopes in pigs induce
immune response. TherefotéGd deficient pigs that knock
out enzymes that catalyzéGd formation are used in this
study. [11] A combination of SIS bioscaffold and hydrogel is
used to maximize the effect of ECM treatment. [12] In our
preliminary studies, goat joints with SESCM treated ACL at
12-weeks of heahg reduces anteriguosterior (AP) joint
instability by 36% at30° using a robotic testing system with
67N A-P tibial load. [12] The stiffness of the feraCL-tibia
complex with SISECM treated ACL is twice that of nen
treated suture repaired ACL. [12h addition, the cross
sectional area of the SISCM treated ACL is similar to that
for shamoperated control, whereas the roeated ACL is
about only 28% of the shaoperated control. [12]

Collagen is the main component of the ECM of a
ligament. The rost abundant type of collagen in a ligament is
collagen type 1. 70% to 80% of the dry weight of a ligament is
composed of collagen type |, which is responsible for the
stiffness and the tensile strength of the ligament.

Consequently, the research questisnwhether the
collagen content and collagen type | fiber alignment differ in
ECM-treated and sutunepaired ACL. In order to address this
guestion, collagen fibers are stained using immunofluorescent
staining, and collagen content is tested using hygnmtine
assay. The hypotheses for this study are that theESI3
treated ACL has better collagen type | fiber alignment and
more collagen content than that of the +tirated group,
because collagen type | is a major component of a ligament
and is respasible for the strength and stiffness of ACL.
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METHODS

In this study, fifteen goats are used. The control
group is the sharoperated group (n=12). Other two groups
include ECMtreated (n=9) and suture repaired +icrated
(n=6) groups.

For morphology, wo fresh goat ACL from each
group, nortreated (n=2), SIECM treated (n=2), and sham
operated (n=2) ACL, at twelve weeks of healing were stained
for collagen type | fibers using standard immunofluorescent
staining. First, the tissues were frozen and8gum-thick using
cryosection. Second, the tissues were digested in pepsin for
thity minutes for antigen  modification.  Third,
immunofluorescent staining was performed. Finally, the
collagen fibers were observed under the microscope and
pictures were taken ugy a camera.

For collagen content, ten shasperated control
(n=10), four nortreated suture repaired (n=4), and seven
ECM-treated (n=7), mechanically tested goat ACL at twelve
weeks of healing were tested in this study. The midsubstances
of the ACL wereobtained. Additionally, the samples were
Iyophilized for 96 hours. Then five milligrams of each dry
sample was digested in papain overnight. Finally, collagen
content was detected using hydroxyproline assay. The
resulting data was read usingcantrol micoplate reader
software.

RESULTS

Based on this sample size, immunofluorescent
staining of the tissues at twelve weeks indicates that the SIS
ECM treated group has better alignment of the collagen fibers
than that of the notreated group (Figure 1). Serareas of
both groups have better alignment than other areas. However,
ECM-treated group has better overall alignment. The collagen
contents of the shawperated, SlSreated, and notreated
groups are 75.9%, 56.5%, and 60.8%, respectively. Both the
SlIStreated and notreated groups have less collagen content
per unit of dry tissue than that of the shaperated group
(Figure 2). These differences are statistically significant
(p<0.05). Nevertheless, the difference of the collagen content
between the SHKeated and the netneated groups is not
statistically significant (p>0.05).

Figure 1: Immunofluorescent staining of ACL at twelve
weeks of healing (200x). From left to right: shaperated,
SiStreated, nofireated.
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DISCUSSION

The overall collagen type | alignment of the ECM
treated ACL is better than that for the Apeated ACL, as
hypothesized. The average collagen content of the sham
operated group, 75.9%, is within thenge of 70%380%,
suggesting the validity of the data. However, contrary to the
hypothesis, the collagen content of the -8kated ACL is not
significantly different from the notreated ACL, suggesting
the rate of matrix production for both groups is samilThe
difference in collagen contents could not be found at this
sample size because of the large variance in samples.

To further study the effectiveness of ECM treatment,
the collagen alignment can be quantified. Furthermore, the
collagen contents focollagen type Il and type V can be
investigated in the future because the quantities of collagen
type 1l and type V changes during ligament tissue repair. [13]
In addition, longterm study for ECM treatment at different
time pointsis needed.
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swam on varsity swim team all four years and participated in NHS, Academic Decathlon, and UIL Academics

| chose Rice University for its small size, good undergraduate research opportunities and bioengineeri
department, closeness to home, and amazingdes nt i a | coll ege system. When
bioengineering classes at Rice, | enjoy watching horror movies, organizing social events for Rice Program
Council such as campwgide Assassins, and volunteering around the Houston area.

Coming into the MBRC, | had little to no knowledge about ACL reconstruction and no lab experience
whatsoever. Coming out; however, | have not only gained knowledge about ACL reconstruction with
interference screws as well as the biomaterials used to construct such Batdwsye also gained valuable
cell culture techniques as well as the privilege of meeting some of the most experienced researchers in this fi
here at the University of Pittsburgh. | would like to thank Dan Perchy who has been kind and patienteenough
teach me the basics of pipetting and cell culture while dealing with my clumsiness and lack of experience. |
would also like to thank Dr. Liu for her instruction and guidance in teaching me how to perform a standard
BrdU assay and giving me a fun ancemgisting project to do this summer. | truly learned a lot. Finally, | would
like to thank Dr. Woo and the Pittsburgh Tissue Engineering Initiative for this rare and unforgettable

opportunity in being able to conduct research in a lab asaswéile MSRC fotheir support.
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CELL PROLIFERATION O N PURE MAGNESIUM

AND MAGNESIUM -YTTRIUM ALLOYS IN

OXIDIZED AND POLISHE D STATES
'Elizabeth Y. ChentHuinan Liu, Ph.D.}Savio L-Y. Woo, Ph.D., D. Sc., D. Eng.
"Musculoskeletal Research Center, Department of BioengimggdJniversity of Pittsburgh

INTRODUCTION

Interference screws have been used in ACL
reconstruction surgery to fix tissue autografts or allografts
with a bone block on one or both ends (e.g. boatellar
tendonbone) [4]. Two types of interference sars that have
been commonly used are biodegradable polymer screws made
of material such as Poly-lactic acid and metallic screws
made of material such as titanium alloys [1]. However, both
are subjected to several problems. Metallic screws, even
though tley have good strength and tensile properties, are not
bi odegradahbl e and may i nduce
preventing the bone from healing properly on its own [1].
Polymeric screws, though biodegradable, may degrade too
slowly, cause bone tunnel widieg, and are more prone to
infection [1]. For this reason, it is imperative to find a new
biomaterial for interference screws that has a degradation rate
similar to human bone growth rate as well as the ability to
promote bone Hgrowth as it degrades. Igaesium, a
promising biodegradable element, has the advantages of
having a similar elastic modulus and density as human bone
and is associated with the formation of bone apatite [2].
Although its degradation rate is faster than the human bone
growth rate, alloying magnesium with elements such as
yttrium has been hypot hesi z
degradation rate [3]. Because bone marrow derived cells
(BMDCs) are associated with the regeneration of bone tissue,
testing the cell proliferation of both magnesiuand
magnesiuryttrium alloy by culturing BMDCs on these
samples as they degrade will allow us to determine whether
magnesium is a suitable alternative to use in constructing ACL
reconstruction interference screws.

OBJECTIVE

The objective of this study wao compare goat bone
marrow derived cell (BMDC) proliferation on polished and
oxidized magnesiumgttrium (Mg-Y) alloy as well as polished
and oxidized pure magnesium (Mg) at 24, 48, and 72 hour
time points using the BrdU assay in order to test these
subt r at esd® potentials as
MATERIALS AND METHODS

This experiment was repeated 3 times for the 3 time
points tested: 24 hrs, 48 hrs, and 72 hrs. For each time point,
six samples of size ~5.5 mm x 5.5 mm were cut froraas
Mg-Y alloy imported from GKSS in Germany and six samples
of the same size were cut from-radled pure Mg (purity
99.9%) imported from Goodfellow Cambridge Limited (Cat
#MG000300/20). Three samples of the Mglloy and three
samples of the pure Mg weteft oxidized while the three
other samples of the My alloy and the three other samples
of the pure Mg were polished. Goat BMDCs harvested from a
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goat femur were cultured on the four types of samples for the
predetermined length of time (24 hrs, 48 fms,72 hrs) at an
initial cell density of 10k cells. Goat BMDCs were also
cultured in cell densities ranging from Ok to 20k as standards
for the same time period. After culturing for the predetermined
time period, bromodeoxyuridine (BrdU) was added to all
above groups, and the BrdU assay was performed to determine
BrdU incorporation of each group, proportional to the number
of proliferating cells. Numbers of proliferating cells in the
magnesium groups were interpolated from a standard curve.

a ifstress shieldingbo effect
RESULTS

Trendsvaried for all 3 time periods as can be seen in
Figure 1. Actual cell proliferation counts are listed in Table 1.
For the 24 hour BrdU assay, the oxidized-Mglloy had the
most cell proliferation, followed by the polished Magalloy,
and by the oxidizeghure Mg. Polished pure Mg had the least
cell proliferation for the 24 hour period. For the 48 hour BrdU
assay, polished MY had the most cell proliferation, followed
by the oxidized pure Mg, and by the oxidized Mgalloy.
Again, polished pure Mg had tHeast cell proliferation. For
the 72 hour BrdU assay, the trends reversed from the 24 hour
BrdU assay, as far as metal type was concerned. Pure Mg
axidized haal the snbsboell pratifargtione fellowedndy she pure
Mg polished, and by the MY oxidized samplesThe MgY
polished samples had the least number of proliferating cells.
However, for both 24 hour and 72 hour periods, oxidized
samples consistently had more cell proliferation than polished
samples, regardless of metal type. The 48 hour period
displayedno noticeable trend, with regards to metal type or
surface treatment, but cell proliferation peaked at 48 hours for
all magnesium samples.

A statistical 3way ANOVA test (p<0.05) was
conducted to analyze the data with the 3 factors being type of
metal (pue Mg vs. MgY), surface treatment (oxidized vs.
polished), and time period (24 hrs, 48 hrs, and 72 hrs). The
results showed time as a significant factor in terms of cell
proliferation with p=0.0001. In addition, there seemed to be a

b i o ma metalsuréate sntefaaim with prQ.049. This coela sigrify that r e

polishing MgY alloy might increase cell proliferation while
polishing pure Mg might decrease cell proliferation. However,
these results could have been skewed by the 48 hour results
which showed higher cell prolifation than either the 24 or 72
hour results. There was no main effect of surface treatment,
which meant that polishing the substrate did not significantly
change cell proliferation. Because the statisticalvay
ANOVA seemed inconclusive, a statisticaiwvay ANOVA

was also conducted for the 3 time points (24 hrs, 48 hrs, and
72 hrs) with the 2 factors being type of metal and surface
treatment. This revealed that the pure Mg was significantly
higher in cell proliferation than the Mg alloy for the 72 hr
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time point only (p=0.014). Further testing needs to be done
with a larger sample size of data to confirm results and
perform a better statistical analysis.

@24 hr
W48 hr
W72 hr

Mg-Y oxidized " Mg-Y polished pure Mg oxidized pure Mg polished

sample

Figure 1. Cell proliferation on various magnesium

samples

TABLE 1. Mean values in thowsands ¢standard deviation)
of proliferating goat BMDCs on various magnesium
samples for 24 hr, 48 hr, and 72 hr periods.

have been due to the builgh of excess hydrogen gas or
hydroxide ions, which would create a harmful environment to
cells [6]. Because few studies have been done using the BrdU
assay to determine cell proliferation on magnesium and
magnesium alloys, it was difficult to compare experimental
values to literature values.

In the future, repeated tests need to be done for better
statistical analysis. Different alloys should also be tested, and
in-vitro experiments should be conducted tocalaate the
shortterm and/or longerm effects of elements used in Mg
alloys as well as Mg itself on cells. This will hopefully explain
the mechanism of cell proliferation on the various samples.
Finally, it will be advantageous to conduct in vivo testofg
pure magnesium and various magnesium alloys in a small
animal model such as a rabbit or guinea pig.
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| was born in 1989 in Cleveland, OH to make a family of four. Growing up, | was always the nice, quiet
kid in thecorner with his head immersed in a book that was meant for a student three grade levels higher. It
wasnot until | attended Trinity High School in n
began to explore my interests ranging fraimss country to theater.

After bouncing around different career paths in my head, my academic interests in chemistry, biology,
and math influenced me to attend the University of Pittsburgh to major in bioengineering, specifically
biomechanics. After twoears in this city, | realized the inherent hatred of Pittsburgh bred in Clevelanders may
be somewhat misplaced as this city has a lot to offer, from the food to the arts to the park trails. On campus,
bioengineering classes consumes my time, but | stilaga to get involved which resulted in a new career
goal. Through my interactions as a resident assistant, volunteering, and research, | have decided to pursue a
medical degree in hopes of becoming an orthopedic surgeon.

Performing research at the MSRCstlsummer required a lot of hard work and dedication, but was one
of the most rewarding experiences. As my first research experience, | gained many skills that will be useful
me in the future, regardless of whether or not it involves working with thegeol alignment or strain tracking.
| learned how to make presentations, about the importance of teamwork, and to improve my critical thinki
abilities. This experience also convinced me that pursuing a medical degree was the right choice, and that
future may contain research. | would like to thank my graduate mentor and mother hen, Carrie Voycheck, for
of her help, guidance, and career advice. | am also grateful for the support, opportunity, and trust given by
faculty advisor, Dr. Rickard Debskior me to work in his lab. In addition, thanks to Dr. Woo and all at the

MSRC for making this summer an unforgettable one.
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COLLAGEN FIBER ALIGN MENT AND MAXIMUM PRI

NCIPLE STRAIN IN THE INFERIOR GLENOHUMERA L

LIGAMENT COMPLEX PRE DICT LOCATION OF FAI LURE DURING UNIAXIAL EX TENSION
Kelvin Luu, Carrie A. Voycheck, B.SPatrick J. McMahopM.D., Richard E. Debski, Ph.D.
Musculoskeletal Research Center, Department of Bioengine&wayson School of Engineerifgniversity of Pittsburgh

INTRODUCTION

The glenohumeral joint is frequently dislocated anteriorly
causing injury to the inferior glenohumeral ligament complex
(IGHLC) (axillary pouch, anterior and posterior band of the
inferior glenohumeral ligament (ABSHL and PBIGHL)) [1,
2]. A portion of his complex called the anteroinferior capsule
(axillary pouch and ABGHL) was studied and found that the
maximum principle strairdirections dgn with the AB-IGHL
during increasing external rotatioifhis study suggests that
collagen fibers maylso becane more aligned with loading.
[3] The collagen fiber alignmen the IGHLCwas looked at
in three different studies in the unloaded state sewderal
discrepancies were founvdhen comparing the fiber alignment
between the ABGHL, axillary pouch, and PBGHL. [4,5,6]
The differences in the unloaded state nsaiggest different
failure mechanismacross the capsylbeut it has already been
found that the location of failure in the axillary pouch
correspond with the highest degree of collagen fiber
orientatbn and maximum principle strain just prior to failure
[7]. Thus, it was hypothesized that maximum principle strain
and peak collagen fiber alignment would correspond with the
location of tissue failure in other regions of the IGHLC despite
differences in nitial fiber orientation as reported previously.
Therefore, the objective was to determine the collagen fiber
alignment and maximum principle strain in regions of the
IGHLC during uniaxial extension to failure and to determine if
these parameters could giet the location of tissue failure.

METHODS

Six cadaveric shoulder$9+5yrs) were dissected down to
the scapula, humerus, and glenohumeral capsule. A 20x10 mm
section(aspect ratio = 2)vas excised from thaxillary pouch,
AB-IGHL, and PBIGHL, enbedded in OCT compound,
frozen with liquid nitrogen and sliced into 400 um thick
sections. The sections were placed in custom soft tissue
clamps and a 3x4 grid of graphite strain markers was attached
to the surface of eadample. A 0.1N preload wapplied and
the clampto-clamp distance and width of each sample was
recorded. The clampssue samplelamp complex was
mounted in a custom stretching device designed to integrate
with a small angle gjht scattering (SALS) device. ][8The
SALS device was thensed to determine the collagen fiber
orientation of the tissue sample in the preloaded state and the
positions of he strain markers were capturaad served as the
reference state for strain calculatioBsich tissue sample was
elongated in increments of®of the clampo-clamp distance
at preload and the collagen fiber alignmemtd maximum
principle strainwere determined following each increment,
until visible tissue failure (hole). The location of tissue failure
was noted.

The orientation index @l) represents the angle that
contains half of the total area under the scattered light
intengty-versusfiber angle curve. [BA normalized
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orientation index (NOI) was computed such that a higher NOI
value indicates a higher fiber alignment. The straarkars
were used to divide the midsubstance of each tissue sample
into six elements: two elements across the width and three
elements along the length. Each element was approximately
3mm x 4mm.To determine the amount of strain in each tissue
sample, the @ordinates of the markers at each 5% increment
were input into a finite element software package (ABAQUS,
Simulia, Providence, RI). The maximum principle strain was
determined at the centroid of each element. The peak NOI and
maximum principle strain wergetermined in each element at
the 5% increment just prioto failure. The peak NOI and
maximum principle strain were then correlated to the location
(element) of tissue failure.

RESULTS

All regions of the IGHLC behaved similarly regardless of
initial collagen fiber alignmentAs the tissue samples were
elongated some localized regions became more aligned
(increased NOI) and others less aligned (decreased NOI).
(Figure 1) The regions experiencing the highest strains
exhibited areas of increasinfjoer alignment then finally
tissue failure.For all tissue samples, the element containing
the location of tissue failureorresponded withthe highest
peak NOI (highest degree of alignment) and highest maximum
principle strain in the 5% increment of algation prior to
failure. (Table 1)The small standard deviation associated with
the average peak NOI values (#45%) indicates similar
collagen fiber behavior during elongation to failure in all
regions of the IGHLC. (Table 2)

DISCUSSION

This stug utilized the SALS devicd8] to quantify the
collagen fiber alignment andtrain in the IGHLC during
elongation to failure. Despite regional differences in the
collagen fiber alignment athe unloaded IGHLC [4,5]6 all
elements containing the locatiorf dailure also included
similar peak NOI and maximum principle strain values just
prior to failure, suggestingsimilar failure mechanisms. This
result supports that the IGHLC functions as a continuous sheet
of tissue rather than discrete uniaxial ligamd@{sThe initial
random distribution of fibers in the glenohumeral capsule
functions to resist loads in multiple directions. However, after
loading of the tissue into the plastic region of the load
elongation curve, the initial reference state may containe
aligned collagen fibers. As a result, following injury, the
capsule may lack the ability to properly stabilize the
glenohumeral joint.

Quinn et al. examined the collagen fiber alignment in the
cervical capsular ligament during loading to failusing
guantitative polarized light imaging9][ Failure was predicted
by a high rate of fiber rotation which was used to indicate
tissue damage. The damaged cervical capsular ligament



Element 1 2 3 4 5 6

hibited | lianed fibers than th i e Strain (%) 48.0 | 21.1 | 38.6 | 14.8 | 35.8| 26.3
exhibited less aligned fibers than the normal ligament an

location of maximum principle or shear strain did not predict Peak NOI (%) Bk L 64 L 66 2

tissue damage. Differences in the results shown here are likely Table 2. The average maximum principle strain and peak NOI

due to the different deformations appliedthe tissue samples in each element at the 5% increment of elongation just prior to
in each study. Further, the collagen fiber alignment and failure containing the location of failure for all regions. Peak

maximum principle strain in the cervical capsular ligament  NOI values deviate minimally across all regions.
were recorded continuously as opposed to discrete increment

of elongation as was done in this study. _ Peak NOI (%) | Strain (%)

Due to theinability of the SALS device to quantify the Axillary Pouch (N=5) 80+ 3 103 £ 45
collagen fiber orientation of the entire tissue sample AB-IGHL (N=6) 73+3 63 + 37
?nstantanteou?Iyl, thist' infolr:matlgon t\r/1vasCI obtained tat dist<):lretef PB-IGHL (N=5) 81+6 92 + 32
increments of elongation. Further, the device is not capable o Mean + STD 74+5 84 % 39
capturing simultaneous loaglongation data, thus, uniaxial
stressstrain data could not be examined. In vivo, the capsule
acts as a continuous sheet of fibrous tissue rather than a ACKNOWLEPGEMENTS .
uniaxial ligament [10] and therefore experiences more | would like to thank my graduate mentor, Carrie
complex loading conditions than utilized in the catrstudy. Voycheck, along with my faculty agor, Dr. Richard Debski

However, insight into changes in the collagen fiber alignment  for their support and guidanceAlso, | appreciate the
of the IGHLC with elongation was provided. Our data  contributions made by the Department of Bioengineering,
suggests thategions of the IGHLC that have been injured  PTEI, Dr. Sacks, Dr. Woo areveryone athe MSRC

and/or are at risk for failure can be identified using collagen

fiber alignment and maximum principle straim the future, REFERENCES
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| was born on September 3, 1990 in Denver, Colorado where | spent the first 18 years of my life. |
graduated from Cherry Creek High School in May of 2008 where | developed a great inteie$t amdh
the sciences leading me to pursue further education in engineering and medicine. My great interest in cars
growing up drove me to take an hour and half automotive technology class everyday at a local community
college during my senior year of higbhool. It was this class that made up my mind about pursuing
mechanical engineering. In addition to this, | was also active in many activities including NHS, Key Club,
basketball and varsity soccer.

| am currently obtaining my BS in mechanical and bioiweddengineering in hopes of attending
medical school after my undergraduate studies. At Carnegie Mellon University | play for the varsity soccer
team (2009 conference champions!), and have also participated in the Doctors of Carnegie and the Society
of Automotive Engineers (SAE). With the few spare minutes that | have | enjoy hanging out with my
friends and eating as much as | can.

Working at the MSRC this past summer has been a very rewarding angejiag experience for
me. | have learned so much abthé process, problem solving and overall mindset that goes into successful
research. The friendly and patient environment of the MSRC has allowed me to apply my knowledge to
real life situations and also learn so much more. | would like to thank Drom®lviich, Andrew Feola and
Dr. woo for giving me this opportunity and guiding me through my project. | have been even further
motivated by the knowledge that | have learned here at the MSRC to continue pursuing my passion of

engineering and medicine.
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2Urogynecology & Reconstructive Pelvic Surgery, Mayféemens Hospital, University of Pittsburgh, Pittsburgh, PA

INTRODUCTION For preliminary testing,
Prolapse of the pelvic organs has plagued women for and lengths were measured. This study was performed on

years; in all it $ estimated that almost11% of all women will euthanized rats and a 16Fr Foley catheter was used instead of

undergo a major corrective surgery for prolapse which leads to an arterial balloon due to availability and a convenient one way

a collective cost of more than one billion dollars every year liquid valve (oppositehe balloon). Once inserted, the catheter

[1]. The vagina and the supporting connective tissues hold the was inflated with 30ml of saline in 10ml increments and

pelvic organs in placiecluding the bladder, rectum, urethra abdominal girth was recorded. The abdominal balloon was the

and uterus. When there is a lack of support, prolapse of these deflated and additional testing performed.

organs can occur. There are many risk factors that are believed After implantation of the abdominal balloons,

to be |linked to the partial faaiindslbad &balwdn plachdentovhe gagimkcénal (Fgyurgl). o r

system including vaginal payit maternal birth injury, obesity In order to discover what volumes of saline need to be inflated

and increased intrabdominal pressure [2]. Each of these risk into the abdominal balloon the euthanized rat was placed in a
factors is believed to lead to specific remodeling responses of pressure/volume device. A device using a vaginal balloon to
the vagina and its supporting tissues. Our long term objective  measure theircumferential distensibility of the vagina was

is to examine the effects of ireased intraabdominal pressure inflated with 0.5ml of saline in 0.1ml increments. The pressure
(IAP) on the biomechanical properties of the vagina. We of the vaginal balloon was recorded at each increment of
hypothesize that the modifications that take place ultimately volume. This was repeated 3 times to precondition the tissue.
lead to inferior biomechanical properties of the vagina. After the third cyclehe tissue was allowed to equilibrate at 0.5
The current objective was to design a device to ml and the abdominal balloon was again inflated. At this point

maintain an increase of abdominal pressure that would affect the abdominal balloon was inflated with 5ml of saline at a time
the pressure on the vagina. and the vaginal pressure was recorded separately.
K

METHODS AND DESIGN

The first level of the research study that this device
was specifically designed for required pressure/volume
measurements to be taken in Long Evaats which had
incurred one or more POP risk factors including maternal birth
injury and increased intrabdominal pressure. In order to
simulate these two physiological conditions two procedures
had to be developed.

The combination of the maternal thirinjury and IAP
is beyond the scope of the current objective.

For the current study, we were interested in
developing the second procedure for increasing and
maintaining higher levels of IAP. Many common situations Figure 1 Euthanizedat placed in pressure/volume device
are known to create elevated levelsnifa-abdominal during preconditioning sequencing for abdominal pressure
pressure including both pregnancy and obesity. Literature has testing.
shown that abdominal pressures ofZmm Hg and above
have been known to obstruct other organ functions, however, RESULTS

if the pressure is too low the effects on the vagina coald b The abdominal measurements were 4 cm in width
minimal and render the study inefficient [4]. To create extra and 6 cm in length. For our balloon requirements we utilize two
pressure inside the abdominal cavity a urethane arterial sizes to affect abdominal pressufée balloons used are of a
balloon is surgically implanted into the peritoneum of the rats.  simple cylindrical shape, the first one having a diameter of

To do this the rats are anesthetized and a sratirh incision 10.15mm and a length of 20mm, and the second having a

is made along the lateral side of the animal. Once through the  diameter of 180mm and a length of 25mm. For our
skin, a small hole is created through the fat and muscle layers. preliminary study after implantation of the 16 Fr Foley cathet

Then the balloon can be fed into and centered in the girth at normal physiological conditions (0 ml) measured 15.5
abdominal cavity. The tube connected to the balloon is then cm and increased to 16.5cm with 10ml infused, 17.4 with 20ml
tunneled under the&k and externalized just behind the head and 18.4 with 30ml.

of the rat. The original incision is then sutured closed. Once The vagina was preconditioned three times and the
outside the body an external valve is connected to the tube of vaginal pressure equilibrated to 30mm Hg at 0.5 ml
the balloon allowing for the inflation and deflation of the (Figure?2).

balloon with saline solutian
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Preconditioning

—#—Trial 1 —MB=—Trial2 Trial 3
__ 60
T 50
E T
£ 40 - :
o 30 Yy
2 20 {
[ 1)
& 10
E O T T T T T 1
£
E’ 0 0.1 0.2 0.3 0.4 0.5 0.6

Vaginal Balloon Voelume (ml)

Figure 2 Three preconditioning sequences were preformed in
order to create reproductive pressure/volume curves from
which vaginal distensibility could be obtained.

The vaginal pressures began to rise when the
abdominal balloon was inflated to 15amd rose fairly
linearly at 20 and 25 ml (Figure 3).

Vaginal Pressure vs. Abdominal Volume
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Figure 3 Plot of abdominal volume vs. vaginal pressure
showing the volumes at which the vagina is affected

DISCUSSION

During the preconditioning sequences, we have to
take into account the fact théietrats tests had been
euthanized only hours earlier. When compared to
preconditioning testing done on live animals the pressures
within the vagina at 0-0.5 ml were slightly higher in the
deceased rats rather than the live rats. This is understandable
given that rigor mortis had begun to set in on the dead rats and
made the rat tissue stiffer. This can documented when
comparing the slopes of the plots of each study. Other than
this the three trials done in both cases seem to follow the same
trend where té first trial shows noticeably stiffer tissue than
the very similar latter two [3].

From the preliminary testing, it can be said that the
abdominal balloon in rats must be inflated with at least 15ml
of saline in order to see an effect on the vagina; kewdhe
abdominal pressure was not measured during this procedure. It
has been documented that an abdominal balloon filled with
50ml of saline has been successfuthplanted in rats for a
period of 7 days, howevemither testing neds to be done to
engire that these amounts of 15ml and ab@yeto 50ml)do

32

not create abdominal pressures in excess ¥520m hg [5].

In these cases other bodily functions may be obstructed and
cause internal and possibly fatal effects to the rats [4]. If this is
the caseganother method for increasing IAP may need to be
found or balloons of different shapes or placements may need
to be used.

The initial study will be expanded to allow the
abdominal pressure to be elevated for a time period of 4
weeks. The sustained inase in IAP will invoke a
remodeling response of the vagina and its supportive
structures, resulting in inferior biomechanical properties. This
will be taken further to examine the combination of maternal
birth injury and increased IAP. One group of animils be
subjected to simulated maternal birth injured, while the
remaining rats will remain uninjured. These groups will
examine coupled risk factors for the development of prolapse.
Within each of these groups there will be control rats with no
increasan abdominal pressure and a sham balloon group.
These rats will have a balloon inserted abdominally but it will
not be inflated. Further testing must be done to determine what
these pressures will be keeping in mind the limitations of both
the abdominaldal oon vol ume in addit:.:
will cause harm to the live animals during the course of the
study. With these proposed groups we will be able to see the
effects of maternal birth injury and increase IAP both
individually and coupled together beetter characterize the
effects of multiple risk factors on the biomechanical properties
of vaginal tissue.

A previous study shows that post partum rat vagina
recovered to a more stiff state than during pregnancy but did
not return to virgin rigidity [3]Rats that suffered maternal
birth injury also have an obviously increased distensibility
after delivery. We believe that the increased Hatodominal
pressure caused by pregnancy could have an effect on the
healing of the vagina after delivery in ratatkuffered
mater nal birth injury as well
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DEVELOPMENT OF AN IN -VITRO BIOMECHANICAL PROTOCOL TO EVALUATE

MAGNESIUM -BASED INTERFERENCE SCREWS FOR ACL RECONSTRUCTION
Ben B Rothrauff, B.A., Matthew B Fisher, Ph.D., Kwang Kim, B.S., Huinan Liu, Ph.D., Sav¥iooo, Ph.D., D.Sc., D.Eng.
Musculoskeletal Research Center, Department of Bioengineering, University of Pittsburgh

INTRODUCTION

The anterior cruciate ligament (ACL) of the knee is
frequently injured during sports and work related activities. In
fact, over 100,000 ACL tears occur annually in the United
States[1, 2]. However, the ACL has a limited healing
capacity[3, 4] and its injury often results in knee instability,
pain, and an increased risk of osteoarthfitis Consequently
ACL reconstruction sgery is frequently performedn order
to restore knee stabilitand allow a return to p@jury
activities

The bonepatellar tendotbone(BPTB) autograft has been
the gold standarfor ACL reconstruction, and it is commonly
fixed with metallic or polyneric interference screwfb].
While metallic screws possess high mechanical prigseand
provide good initial fixation of the graft, they can cause MRI
distortion and often need to be removed for revision surgeries
[6]. Likewise, bioabsorbable polymeric screws provide
comparable fixation stretiy, but have been reported to
fracture during implantatiof¥], induce foreign body reactions
[8], and limit osseéntegration due to excessively slow
degradation rate9].

The use of interference screws composed of porous
magnesium (Mg) alloys may obviate several of these
disadvantages Mg alloys can be designed tvitontrollable
degradation rates and have been shown to be cytocompatible
and osteoinductiv§lO, 11] Furthermore, Mg alloys possess
higher mechanical properties than polym§t4d] and thus
would be less likely to fracture during insertion. As a first step
in determining the clinical viability of Mdpased interference
screws, we will assess the-vitro biomechanics of a BPTB
graft secured with a Mfased screw and comparbese
results with those obtained when using a comiabllye
available polymer screw (Milagro®, Johnson & Johnson).
Since the initial fixation of the ACL replacement graft is
largely dictated by the size and design of the sced the
mechanical properties of Mg are higher than those for
polymers, we hypothesize that an Mgsed interference
screw will provide similar initial fixation compared to
polymer screws of similar size and design.

OBJECTIVE

To develop an irvitro biomechanical protocol that will
allow sufficient comparison of a BPTB graft secured with-Mg
based vs. bioabsorbable polymer interference screws, in terms
of fixation of the graft (i.e. graft slippage following cyclic
loading) and itdensile properties

METHODS

Five hind limbs were obtained from skeletally mature pigs
and stored at20 C. Prior to testing, the specimens were
thawed overnight at room temperature. Arfuh wide graft
was harvested from the central third of the patella bone and

patella tendon. The tibial insertion site was left intact. An 11
mm diameter tunnel was drilled through the femoral footprint
of the ACL and the bone block of the graft was sectireh
insideout with a Titanium alloy interference screw (7x30
mm).

The femurgraft-tibia complex (FGTC) was dissected free
of all remaining softissue and then rigidly fixed in custem
made clamps of a materials testing machine (Instron, Model
4502, Caton, MA, USA). The clamp that held the femur
allowed 6 degrees of freedom (DOF) motion for specimen
orientation while the tibial clamp allowed 2 DOF. The FGTC
was positioned so as to align the bone tunnel and collagen
fibers of the graft along the axid uniaxial tension.

A preload of 3N was applied to each FGTC and the gauge
length was set to 0 mnFigure 1). A series of three cyclic
creep tests followed (CGC3). Each test consisted of loading
the FGTC between 20N and 70N for 50 cycles at 50mm/min.
Upon completion of the test, the FGTC was completely
unloaded, wrapped in salis®aked gauge, and allowed & 60
min recovery period. Prior to the start of each cyclic test, the
FGTC was preloaded to 3N and the gauge length was recorded
(Figure 1). Therecorded gauge length after each cyclic test
was defined as the total residual elongation of the FGTC.
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Figure 1. Tensile testing protocol. FGTC gauge lengthe;
T &) was recorded during a 3N preload applied prior to
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reflective markers prior to each cyclic test were recorded
during the 3N preload, and changes in the length of each
segment, as well the total FGTC, were calculated. The percent
contiibution of each segment to the total FGTC elongation was
calculated according to the following equation:

% of total elongation = elongation of segment x 100
elongation of total FGTC

Due to initial difficulties in accurately traakj changes in
segment lengths of the FGTC, only three samples are reported
in terms of total residual elongation anihe relative
contribution of each segment to this elongatidable 1).

Finally, the FGTCs were loaded to failure at an elongation
rate of 10 mm/min. The loa@longation behavior and the
mode of failure were recorded. The maximal tensile force
observed on the loaglongation curve was the ultimate load
(N). The stiffness was taken as the slope of a linear trend line
that was fitted to thénear region of the loadlongation curve
(R*=0.995).

RESULTS

As seen inTable 1, a mean residual elongation of 0.3 mm
occurred over the series of three cyclic loading te®¥thin
the first 50 cycles (C1)0.2 mm (67%) of the total elongation
occured, with an additional 0.1 mm (33%) of elongation
occurring during the second 50 cycles (C2).

|__Sample |Total (mm)|C1 (mm)|C2 (mm)
1 0.3 0.3 0.1
2 0.3 0,2 0.1
3 0.3 0.2 0.1
Mgan£5.0.| 0.3+£00 10.24+£0110.1+00

0.1
0.0
0.0

0.0+0.1

Table 1. Residual elongation of FGTC.

The percent of total residual elongation attributable to
graft slippage, midsubstamcreep, and elongation at the tibial
insertion site was determined by use of the motion analysis
system. Video analysis revealed that 100% of the total FGTC
elongation over 150 cycles for all samples was due to slippage
of the graft from the bone tunnel

The structural properties of the FGTCs are shown in
Table 2 Of particular importance, the average ultimate load
was 809 158 N and the average stiffness was 65 N/mm.

All samples failed by graft pullout from the femoral bone
tunnel.

Sample Ultimatae Load (N) | Stiffness (N/mm)
1 773 60
2 828 81
608 46
789 69
5 1048 69
Mean £ 5.D, 809 % 158 65 £ 13

Table 2. Parameters describing the suctural properties of
the FGTC.
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DISCUSSION

In this study, anin-vitro biomechanical protocoivas
developedto evaluate the initial fixation of a BPTB graft
secured wvith aninterference screvResidual elongation of the
FGTC following 150 cycles of cyclic loading was small (0.3
mm), but onsistent across samples. No additional elongation
occurred after 100 cycles. Video analysis revealed that the
residual elongation was due to graft slippage, a finding
congruent with previous studies [12]. In a follayy test, one
FGTC was cyclically loadk between 20N and 150N for the
150 cycles, but the total residual elongation increased only an
additional 0.1 mm (data not shown). Taken together, these
findings suggest that the surgical technique used in the study
provides good initial graft stabilityFurthermore, increasing
the number of cycles performed during the cyclic loading test
would not result in further residual elongation.

For these preliminary tests, the structuralgemies of the
experimental FGTCs compare favorably with reported values
for ultimate load (350M045N) and stiffness (40m-
76N/'mm) in the porcine model [6]. Likewise, all specimens
failed by graft pullout, similar to previous laboratory studies
examining the biomechanical properties of ACL
reconstructions using BTPB grafts fixed with interference
screws [12]. Therefore, we conclude thahe surgical
technique provide sufficient graft strength andifshess and
that theprecedingcyclic loadingdid not adversely affect the
failure properties of the FGTID a great extent

Using the values obtained in this study, a power analysis
revealed that 10 subjects per group ledae needed for future
in-vitro studies comparing Mbased and polymeric
interference screws. Once it is determined thatkdged
interference screws can provide initial fixation of a BPTB
graft to levels comparable of polymeric screws, wdl
conduct invivo studies in the goat model.
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The Development of an Experimental Joint Injury Model to Produce Norrecoverable

Strain in the Glenohumeral Capsule
Daniel Browé, Carrie Voycheck Dr. Patrick McMahoh? Dr. Richard DebsKi
"Musculoskeletal Research Center, Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA
°McMahon Orthopedics & Rehabilitation, Pittsburgh, PA

INTRODUCTION

The junction of the humerus and the scapula forms the
glenohumeral gint, which is the most frequently dislocated
major joint in the body. A passive stabilizer of the
glenohumeral joint is the glenohumeral capsule, which is a
continuous sheet of tissue that connects the humeral head to
the glenoid of the scapula and stieis the joint in external
rotation. The anterieinferior capsule is a region of the
glenohumeral capsule consisting of the anterior band and the
axillary pouch, and this region is most commonly injured
during dislocation. Current surgical repair teicues to treat
shoulder dislocations are inadequate with up to 23% of
patients requiring an additional corrective procedure due to
pain, instability, and recurrent dislocation [1]. Thus, the
current surgical repair techniques need to be improved. The
overall goal of this research project is to investigate how
dislocation of the glenohumeral joint affects the function of
the glenohumeral capsule. The current objective was to
develop an experimental joint injury model to create -non
recoverable strain in & glenohumeral capsule through
anterior dislocation using a Robotic/Universal Fekéement
Testing System (Robotic/UFS Testing System).

MATERIALS AND METHODS

The following procedure was developed based on the
work of Moore and coworkers [2]. A fredlozen cadaver
shoulder was dissected down to the glenohumeral capsule.
The shoulder was kept moist throughout the experimental
protocol with saline solution. The humerus and the scapula
were then fixed in epoxy putty such that the humerus was in a
cylinder and the scapula was in a rectangular prissb][3 A
grid of 7 x 11 graphite strain markers was adhered to the
capsule with super glue such that the area within the strain
markers contained the anterior band, the axillary pouch, and
the posterior band dhe inferior glenohumeral ligament. The
markers were placed such that they were at least 1 mm apart
from each other, and the anterior and posterior columns of

" markers were placed about 1 cm from
the bony insertion sties of the capsule,
as shown in the piare [35].

The shoulder was then mounted
onto the robotic/lUFS testing system
such that the humerus was fixed in
space, the scapula was attached to the
end of the robotic arm, and the

glenohumeral joint was in
approximately zero degrees of
internal/externe  rotation. The

coordinate system of the joint was
found from anatomical landmarks, such as the most posterior
or most anterior aspects of the humeral head, such that the
center of the humeral head was known in relation to the edge
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of the load cell. Te width of the glenoid was measured to
determine how much the humerus had to translate in order to
dislocate the shoulder. Using this coordinate system, the robot
determined a passive path of glenohumeral abduction while
applying 22 N of compression ihé medial direction (forces

in the anterior/posterior and superior/inferior directions were
minimized). Once the passive path of abduction was
determined, the shoulder was placed in 60° of glenohumeral
abduction and the path of external rotation was deted by
applying a 3 Nm moment to the humerus.

While the robotic/UFS testing system determined the path
of external rotation, a thremamera motion tracking system
was put in place such that the middle camera could view all 77
markers on the capsule rtlughout the range of
internal/external rotation and the left and right cameras could
together see all 77 markers. Once the path of external rotation
was established, the shoulder was removed from the
robotic/UFS testing system and the cameras were atdibr
using the calibration model. Afterwards, the shoulder was
again mounted in the robotic/lUFS testing system, and we
determined the reference strain configuration using a method
developed by Malicky et al [6]. While applying a small
amount of joint digaction, the glenohumeral capsule was
inflated via the rotator interval to 0.7 psi, 0.75 psi, and 0.9 psi
at 60° of glenohumeral abduction with various
internal/external rotation chosen based on the studies by
Moore and Malicky [2,6]. The images were tapd for each
pressure at each joint position for later analysis. The reference
strain configuration was chosen from these positions by
selecting the joint position at 0.75 psi that had the smallest
relative markers movement between 0.7 psi and 0.9tluisi (
was the position where folds and wrinkles were minimized).

The shoulder was then taken to the position of 60° of
glenohumeral abduction and 60° of external rotation. From
this position, a clinical exam was simulated by applying a 25
N anterior loadto the shoulder. Then, the shoulder was
incrementally loaded in the anterior/posterior direction until
dislocation, which was defined as when the humeral head
translated half the width of the glenoid in the anterior
direction. After giving the capsulebaut half an hour to
recover after dislocation, the capsule wasnflated to 0.75
psi at the reference strain configuration in order to measure the
nonrecoverable strain caused by dislocation. Finally, the
shoulder was returned to the apprehensiontipasand the
clinical exam was again simulated by applying the 25 N
anterior load. A diagram of the shoulder in the robotic/lUFS
testing system is shown. Data analysis began with tracking
the position of the strain markers at each phase of the
experimentby locating each marker in the images taken after
each loading. Each marker is given a set of coordinates in
three dimensions based on the coordinate system established



when calibrating the cameras. The
coordinates for the markers in the
reference strai configuration serve
as a reference state. We used a finite
element analysis package
(ABAQUS/CAE Student Version
6.4) to determine the magnitude and
direction of the maximum principle
strain in each element (formed by
four markers) in the 7 x 11 grid of
strain markers in each joint position.

Scapula

Humerus

RESULTS

It took four attempts to dislocate the shoulder, and it
dislocated with 230 N of anterior/posterior loading.
Anterior 25N 230 N 25N
Force (after)
Glen. | Hum. Glen. | Hum. Glen. | Hum.
AB Peak 50.5% | 14.3% | 58.9% | 19.7% | 39.7% | 14.2%
Average | 19.7% | 7.9% | 16.5% | 11.5% | 18.0% | 8.4%
AP Peak 452% | 14.3% | 75.7% | 37.4% | 44.1% | 15.1%
Average | 17.4% | 7.6% | 22.8% | 12.6% | 17.3% | 7.9%
PB Peak 63.3% | 18.4% | 74.4% | 66.0% | 56.7% | 40.0%
Average | 31.7% | 10.7% | 50.8% | 42.1% | 32.1% | 23.4%

Table 1.The peak and average maximum principle strains are shown ¢
the glenoid and humeral sides for each region of the capsule after eacl
loading (AB: Anterior Band; AP: Axillary Pouch; PB: Posterior Band).
The last column shows the strain in the capsule after dislocation with a
N anterior force applied.

In general, the peak strain on the glenoid side of each
region of the capsule under the 25 N anterior load after
dislocation (injured) was less than the peak strain on the
glenoid side of each region of the capsule under the 25 N
anterior load prio to dislocation (irtact). This is expected
because once the capsule is stretet@dduring dislocation,
other structures are absorbing load during the clinical exam.

Non-recoverable Strain in the Glenohumeral Capsule
Glenoid Humerus

AB Peak 13.8% 6.1%
Average 5.4% 2.9%

AP Peak 17.5% 7.5%
Average 3.7% 3.1%

PB Peak 5.6% 4.5%
Average 4.1% 1.7%

Table 2. The peak and average maximum principle strains are shown
the glenoid and humeral sides for each region of the capsule for the r
recoverable strain (AB: Anterior Band; AP: Axitly Pouch; PB:
Posterior Band).

The average nerecoverable strain in the capsule was
3.5%. The highest average strain occurred on the glenoid side
of the anterior band wh a strain of 5.4%. This is expected
because the literature shows higher strains on the glenoid side
than the humeral side.

DISCUSSION

This procedure was developed to dislocate a cadaveric
shoulder using a robotic/universal foms®ment testing
system and measure nerecoverable strain in the
glenohumeral capsule. It was shown that -rexoverable
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strain exists in the glenohumeral capsule after anterior
dislocation. The magnitude of n@ecoverable strain in the
capsule and in the capsular regionsswgamilar to the values
obtained by Malicky and coworkers [5]. In addition, the
highest average strain occurred in the anterior band, which is
expected because this is the region that is most commonly
injured during anterior dislocation.

There were somenaxpected results, such as the strain in
the capsule did not always increase with an increase in
loading. These unexpected results may be due to the fact that
the shoulder was loaded in both the anterior and posterior
directions. This might lead to diffent results than if the
shoulder was loaded only in the anterior direction. After each
attempt to dislocate the shoulder, the joint was returned to a
zero load state before the next attempt, so it is possible that the
humerus did not follow the same patith each loading. This
could have caused different structures in the shoulder to take
up load with each attempted dislocation.

For future experiments, the code for the robotic/universal
forcemoment testing system needs to bewrgten to
dislocate he shoulder in a single anterior translation rather
than an incremental anterior force. In addition, a power
analysis will have to be performed to determine a statistically
relevant number of specimens to use in the study. We hope
that comparing the strm distributions in the injured
glenohumeral capsule to those of the healthy tissue will
provide insight into potential surgical repair techniques for
shoulder dislocations.
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