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SUMMARY

Bone grafts are used to treat more than 300,000 fracture patients yearly [1], as
well as patients with congenital defects, bone tumors, and those undergoing spind fusion.
Given the edtablished limitations of autograft and dlograft bone, there is a subgtantia
need for bone graft subditutes. Tissue engineering drategies employing the addition of
osteogenic cdls and/or osteoinductive factors to porous scaffolds represent a promising
dterndive to traditiond bone grafts. While many bone defects are in load-bearing Stes,
very little is known about the response of bone grafts and their subdtitutes to mechanica
loading, despite vast documentation on the ability of norma bone to adapt to its
mechanicd environment. The god of this research was to quantify the effects of
controlled in vivo mechanicd dimulaion on bone graft repair and bone graft subdtitutes
and identify the loca dress/strain environment associated with load-induced changes in

bone formation.

The globd hypothess that cydic in vivo mechanicad loading improves
minerdized matrix formation within bone grafts and bone graft subgtitutes was addressed
in this work usng orthotopic and ectopic modes specificaly desgned to facilitate
modding of locd dresses and drains.  In the first study, a bone defect repair mode
utilizing an orthotopic implant cgpable of supplying a controlled mechanica simulus to a
trabecular dlograft showed a sSgnificant reduction in new bone formation with controlled
in vivo mechanicd loading. Although the reason remans unclear, loading conditions
may not have been ided for increased bone formation or potential micromotion may have

influenced the results. A second study demondrated for the first time that controlled in

XiX



vivo mechanicd gimulation enhances minerdized matrix production on a mesenchyma
gem cdl-seeded polymeric condruct usng a novel subcutaneous implant system.  In
addition, the local dresses and drains associated with this adaptive response were
predicted. The novel subcutaneous implant represents technology which may be adapted
for the preparation of tissue-engineered bone condructs, cepitdizing on the benefits of
mechanicd loading and a vascularized in vivo environment. Such an gpproach may
produce larger, stronger, and more homogeneous congtructs than could be developed in a

ddtic culture system subject to diffusona limitations.



CHAPTER 1

INTRODUCTION

1.1 Motivation

Locd bone loss from trauma or long-term degeneration is a mgor cause of patient
disability. Given an adequate locd supply of osteoprogenitors, osteoinductive proteins,
and vascularity, bone displays a remarkable capacity for repair and regeneration.
Unfortunately, 5-10% of the sx million fractures occurring in the United States yearly
require bone grafting procedures to augment the natural regeneration process [1].
Numerous other dinica gpplications, including spine fuson, bone tumors, metabolic
bone disorders, and congenital defects, aso commonly require some form of trestment.
While commonly used dinicdly, autograft and dlograft bone trangplantation have well
documented limitations that motivate the devdopment of bone graft subditutes.
Numerous drategies are being pursued to develop bone graft subgtitutes by combining
osteoinductive factors or cells with porous scaffolds. The god of such efforts is typicaly
to provide an initid dructurd framework dong with bioactive factors that will stimulate

rapid formation of new bone and restoration of local function.

Two criticd factors in bone repar and regenerdtion ae vasculaity and
mechanicd function. An adequate local vascular supply is required for bone formation to
occur. Bone repair condructs developed in vitro, for example, are characterized by a

non-physiologic digribution of minerdized mairix around the periphery of the congruct.



An in vivo bone tissue engineering drategy that includes an integrated vascular supply
may drcumvent this limitation. The mechanicd loading environment aso plays a key
role in bone function. Bone is an adaptive organ, capable of renewa, and responds to
changes in its mechanicd environment. Vast documentation exiss on bone atrophy
caused by disuse and conditions of microgravity, as wel as on the ability of bone to
remodd in response to exercise [2-9]. Controlled studies of in vivo loading of whole
bones show an adaptive response to compensate for the applied stimulus [10, 11]. Under
repar conditions, the locd mechanicd environment of a reparing fracture calus
contributes to tissue differentiation [12-16]. Consgent with these observations,
osteoprogenitors and ogteoblagts in culture are highly responsve to mechanicd gimuli
[17-21]. Given the sendtivity of bone to mechanica cues, it is reasonable to consder the
use of controlled mechanicd <imuli as a means to enhance bone repar or the

development of bone graft subgtitutes.

There ae & least three possble stings in which mechanicd loading may be
employed to enhance the ability of a scaffold to repair a bone defect: 1) the in situ
orthotopic environment, 2) the in vitro preparation of a bone replacement scaffold, and 3)
findly, the in vivo ectopic preparation of a bone replacement construct. A few therapies
have capitdized on in vivo mechanica loading. Didraction osteogeness represents a
successful gpplication of in situ application of mechanical forces to enhance bone repair
in the digraction gap [22]. However, the application of a controlled load to a scaffold
filling a bone defect is a more chdlenging Stuation snce the scaffold often has
inadequate mechanicd integrity and poor bone/implant gability initidly. It has dso been

postulated that the gpplication of a low magnitude, high frequency vibration could be
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used to prevent or possibly treat osteoporosis [23, 24]. In addition, control of the loca
mechanicd environment can be used in vitro on monolayer or three-dimensond cultures
to direct the differentiation of cells toward an odeoblastic phenotype and enhance
minerdization of the secreted matrix [25-27]. Diffusond limitations however hamper
the use of in vitro technologies to adequately prepare three-dimensond condructs for
bone defect repar. Findly, mechanicd loading may potentidly be employed ectopicaly
in an in vivo “culture’ environment to enhance the development of scaffolds intended for
bone replacement. Such an approach could capitdize on the presence of an adequate
vascular supply to promote bone formation. This third area represents an as yet

unexplored avenue of research.

While mechanicd loading of norma bone has been extensvely dudied, the
effects of mechanicd loading on three-dimensona architecturd bone grafts and bone
graft subditutes have not been characterized. Since the dructure is diginctly different
from normd bone in that cdls smply line a three-dimensond dructure without the
benefit of an edablished candicular network, the mechanism(s) by which the cdls
respond to mechanica signads may be dtered or absent. To gain a better understanding
of mechanicaly-induced changes in bone formation for any three-dimensond Sructure,
whether norma bone or a tissue-engineered congtruct, knowledge of the local stresses
and drains at the trabecular level provide useful indices of mechanicd sgnals associated
with adaptive responses.  Unfortunately, this information has not been fully characterized
for norma bone and no invedigaions have consdered the local mechanicad environment
of a tissue-engineered bone subgtitute subject to a mechanicd stimulus.  Examination of

the locd mechanicd environment can currently only be peformed usng theoretica
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modds using finite dement andyds ad therefore require the use of specidly designed
testbeds which provide stringent control of the specimen’s boundary conditions. A well-
defined knowledge of the locad dresses and dtraines associated with adaptive changes in
bone formation on a three-dimensona structure would provide useful design information

for the production of future tissue-engineered bone substitutes.

1.2 Goal & Global Hypothesis

The goal of this dissertation work is to quantify the effects of controlled in
vivo mechanical stimulation on bone graft repair and bone graft substitutes and
identify the local stress/strain environment associated with load-induced changes in
bone formation. The globd hypothesis that cyclic in vivo mechanicd loading enhances
minerdized marix formaion within bone grafts and bone graft subgtitutes was tested

using experimental devices implanted at orthotopic and ectopic Sites.

1.3 Objectives

The following three objectives were outlined to test the globa hypothesis.

Objective #1: To correlate the local mechanical stress/strain environment with patterns
of bone formation on trabecular bone allografts subject to cyclic in vivo mechanical

stimulation in an orthotopic site.

While others have investigated effects of mechanical compresson on bone in
vivo, the effect of in vivo mechanicad compresson on cel-populated matrix materias has
not been determined.  Furthermore, correlation of the loca trabecular mechanicdl

environment to loca petterns of bone formation has not been accomplished. An



academic modd of defect repair utilizing an orthotopic bone chamber cgpable of
supplying a controlled mechanicd dimulus to a reparing trabecular dlograft within the
implant was used to address this objective. Although not a clinicd modd of bone defect
repair, this modd, when used to study loading of a scaffold with a known architecture
such as traditiond dlografts, provides the necessary controlled environment to determine
the local tissue drains and sresses that result in adgptive bone formation.  Knowledge of
a oecific adgptive mechanicd environment will hep define desgn criteria for more
cinicdly reevant applicaions of mechanicd loading for the devdopment of tissue-
engineered bone replacement congtructs. It is hypothesized that cyclic in vivo mechanica
loading will incresse minerdization of the trabecular bone dlografts in an orthotopic Ste
and that areas of new bone formation will postively corrdate with higher loca trabecular

drains.

Objective #2: To design and develop a novel implantable bioreactor system to apply
controlled mechanical stimuli to tissue-engineered constructs in a subcutaneous in vivo

environment.

An origind implant sysem cgpable of goplying a controlled mechanicd gimulus
to cylindrica scaffolds implanted subcutaneoudy in a ra was designed and created.
Such a sysem may provide the &bility to develop larger, stronger, and more
homogeneous vascularized bone tissue replacements than could be developed in a
diffusondly limited in vitro culture sysem. Such pre-conditioned constructs may be

better ale to meet the functiond demands of the bony environment. Furthermore, if



congructs are developed in the find hogt, they may be populated with receptive hogt cels
that will reduce the immunologic chadlenge presented to the patient when the bone defect
is repaired.  Furthermore, such an implant would provide a wel-controlled environment
auitable for modding tissue-level sresses and drains, dlowing for characterization of

adaptive mechanica sgnds.

Objective #3: To quantify the effects of construct preculture time and controlled in vivo
mechanical loading on mineralized matrix formation within cell-seeded scaffolds
implanted into a subcutaneous bioreactor including characterization of the associated

local mechanical stresses and strains.

Finaly, work was undertaken to demondrate the &bility of in vivo cydic
mechanicd compresson to improve bone formation on a tissue-engineered construct.
However, the development of an ided bone replacement product may aso involve some
form of in vitro preculture as wdl, 0 the influence of various amounts of exposure to
osteogenic  supplements in in vitro culture prior to implantation and loading was
examined. It is hypotheszed that cyclic in vivo mechanicad loading and longer times in
in vitro preculture will increese minerdized matrix formed within  tissue-engineered
congructs implanted in a subcutaneous bioreactor. It order to establish the loca
mechanicad ggnds associated with potentid load-induced changes in mingdization on

tissue-engineered congtructs, the trabecular level stresses and strains were modeled.



1.4 Significance

While most fractures hed suitably, over 300,000 of these injuries experience
complications that may be remedied by a tissue-engineered bone subdgtitute [1].
Currently, the market for bone grafts and bone subdtitutes represents more than a $270
million indudry [28]. Significant donor Ste morbidity, compromised structura integrity,
and limited quantities of available bone redrict the clinical vaue of autograft bone and
recent incidents of disease transmisson from banked tissues have created incressed
interest in dternatives. A tissue-engineered bone replacement product could find a

subgtantid place in the bone graft and substitute market.

Tissue engineering however is a fidd dill quite in its infancy. There are many
chdlenges to be met in the design of tissue replacements. They must not only meet the
biologicd requirements of the tissue, but dso must consder the biomechanica
requirements of the tissue especidly for tissues tha ae normdly mechanicaly
chalenged such as musculoskeletd tissues. In September 2000, a group of engineers,
biologists, and clinicians convened a Functiond Tissue Engineering Workshop in which
key target areas of future ressarch for this emerging fiedd were outlined. One of the
dated criticd aess was to “detemine how mechanicad simulation of cel-matrix
implants modulates engineered tissue structure and function.”  Furthermore, a need was
do expresead to “solve implant Sze issues by exceeding functiond limitations of
diffuson” [29]. The research presented in this body of work targets these two critica

areas.,

This research seeks to trandate knowledge about the mechanoresponsiveness of

bone into a mechanism to improve cell-seeded constructs for bone defect repair. While a
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great ded is known about the adaptive properties of bone to mechanica loading, there
has been little trandation of this knowledge into therapeutic gpplications for bone defect
repar. This work is the first research to demondrate the ability of controlled in vivo
mechanical dimulation to enhance minerdized matrix production on a polymeric scaffold
seeded with ogeogenic cdls. The use of mechanicd loading during construct
devdopment may improve minerdization of such condructs alowing them to better
support the mechanica demands of the orthotopic environment. Combining mechanicd
preconditioning of cdl-seeded congructs with the benefits of a vascular in vivo
environment may be able to produce larger, more homogeneous, and potentidly stronger
condructs, drcumventing the dze and diffusond limitaions of current tissue
engineering approaches.  Furthermore, a st of tissue level dresses and drans
experienced by the loaded tissue-engineered constructs were predicted to facilitate the
design of future tissue-engineered congructs which may be subject to mechanical forces

ether in vivo or during congtruct development.



CHAPTER 2

LITERATURE REVIEW

2.1 Bone Structure

Bone sarves many important roles including hematopoesis, mineral homeodtas's,
and severd mechanical functions such as the protection of vital organs and provison of
the necessary supportive framework for skeletd mobility. It is the dynamic nature of a
person’'s mobility requirements that drives bone's organization, making the Structure and
function of bone intimatey intertwined. A bon€s organization is typicdly dassfied as
ether cortical or trabecular. The microgtructurd unit of corticd bone conssts of many
concentric layers of matrix that is penetrated by a sngle longitudind cand and various
transverse cands. Many of these units placed longitudindly sde-by-side make up the
overdl dructure. Corticad bone is therefore very dense and is found in areas requiring
high drength and diffness, typicaly the shefts of long bones.  While trabecular bone is
comprised of a layered microstructura unit, the layers are not concentric and the overal
dructure is a porous network that may resemble ether plates or rods. The ratio of plates
to rods is modulated by the mechanica demands placed on the tissue [30]. As aresult of
this porous network, trabecular bone is lightweight and effectively absorbs and distributes
loads making it an ided architecture for the epiphysed region of long bones where load
digribution across an aticulaing joint surface reduces the impact of loading on adjoining

bone and cartilage.



2.2 Role of the M echanical Environment

Bone is an adaptive organ, capable of renewa and responds to changes in its
mechanical environment.  While Wolff receves most credit for formaly podulating in
the late 19" century that bone's architecture and function are inextricably linked [31, 32],
Gdlileo had observed that the shape of abone corresponded to its mechanica integrity as
ealy at 1638. After Lanyon fird instrumented in vivo bone tissue with grain gages in
1973 providing the firg quantification of the mechanicd sgnds that regulate adaptetion
[33], Frost presented his Mechanostat theory in 1987 which proposed that drain
magnitude thresholds could predict the adaptive response of bone [34-36]. Observations
of deteriorating properties of bone in naurdly occurring indances of disuse such as
bedrest [2, 37, 38], microgravity [3-5, 39], pardyds [40], surgery recovery [41], and
edentatation [42, 43] are plentiful. Controlled research involving models of disuse such
as tal-suspension of rats [44, 45] and limb immobilization [46-48] demondtrate both the
changes in architecture and mechanica properties that result when mechanicd loads on
bone are reduced or removed. Conversdy, research involving exercise has demondrated
that sedentary individuds have less bone mass than those who exercise [6] and that
exercise programs can increase bone mass a least temporarily [7, 8]. Furthermore,
exercise programs have been shown to reduce bone loss in post-menopausa women [9,

49).

While much research has focused on the role of nechanica factors in remodding
of norma bone, the mechanicd environment of a fracture Ste dso plays a direct role in
repar of bone directing tissue differentiation. Both tranamitted loads and

interfragmentary motion can be used to predict the clinicad outcome of a fracture. The
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removal of dl transmitted loads such as occurs when a fracture is treated with rigid
internd  fixation will often result in intramembraneous ossfication with delayed union
accompanied by reduced find bone drength.  Conversdy, if there is too much
interfragmentary  motion, cartilage or fibrous tissue will form rather than bone.  An
intermediate level of mechanicd gimulation where interfragmentary motion is restricted
but not diminated tends to enhance the inflammatory stage, encouraging grester

vascularity, which promotes bone heding [12- 16, 50].

Given the important role of mechanica loading on bone formation, the potentia
to develop therapies utilizing mechanicd loading to enhance bone repair and regeneration
has been noted. Much research has focused on determining the characteristics of an
optima loading regimen. Overdl, dudies consgently show that bone formation is
influenced by dran rae, frequency, amplitude, and duration of loading [51-55].
Furthermore, cyclic loading is absolutely necessary to dicit an adaptive response. Static
loads smply do not invoke a sggnificant amount of bone formation [56-58]. Furthermore,
it has been shown that more bone will form if there are periods of rest between loading
sessons [59]. It has recently been reported that shorter, more frequent bouts of loading

produce grester increases in bone formation [60, 61].

In recent years, the focus of much research has been ducidaion of the mechanism
wherein mechanica dgnas are sensed by cdls and trandated into a cdlular response of
matrix production and/or degradation. The mechanism of mechanotransduction
continues to be disputed. While the apparent effect of mechanica drain overdl is not in

question, the drain the cdl senses may or may not be the primary gimulator of
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adaptation. Some researchers podulate that fluid shear caused by matrix deformation
may be able to explain bone's adaptive properties [62-66], while others present evidence
that dectromagnetic fidds may be the primary mechaniam [67-69].  There has been
other evidence to suggest that adaptation is triggered by accumulation of microdamage in
the bone's matrix [70-73]. Whether or not the true answer is any one of these options or
even a combination of them, it is apparent that mechanica sgnas play an important role
in the naurd adaptive responses of bone. Furthermore, the molecular sgnding pathway

mediating the response is dso under invedtigation [74, 75].

There has dso been a wide range of research performed in in vitro culture systems
demongtrating the mechanosengtivity of bone cels. Severd types of in vitro monolayer
culture sysems have been devised to provide mechanica gimulaion to bone-like cdls
based on flexible substrate deformation [18, 20, 76], goplicatiion of vacuum pressure [18,
20, 76], and oscillatory flow [17, 26, 77]. These sudies have illugtrated that mechanica
dimulation results in  cytoskeletd modulation, including upregulaion of actin and
vinculin and downregulation of tubulin [78]. Other work has demonstrated increased
proliferation and changes in cdlular dignment in response to deformation of the subdrate
supporting osteoblast-like cdls [18]. Research has dso shown a downregulation of
osteocalcin [19, 79] and upregulation of prostaglandin E [65, 80], nitric oxide [66], and
collagen type | [81]. Streich on ogteoblastic cells has been shown to increase the
expresson and DNA binding activity of the ogteoblast-specific transcriptiond factor

chfal [21].
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Evidence has been obtaned from vaious cdls sources containing
odsteoprogenitors that suggests mechanicd  dimulation may have an effect on bone
lineage progresson. Much work has been done to characterize the effects of intermittent
hydrostatic compresson (IHC) on rat cavarid cels subcultured into two subpopulations,
one exhibiting an ogdeobladic-like phenotype and one with a more osteoprogenitor-like
phenotype.  These dudies show that mechanical stimuletion may be necessary to
mantan a differentiated phenotype in the ogteoblast-like cdls, but the osteoprogenitor
cdls act somewhat differently and were not as mechanosenstive as their differentiated
counterparts for osteopontin  upregulation [82] However, osteoprogenitor-like cdls did
upregulate akdine phosphatase activity and TGF-b secretion [27, 62]. Other research
shows that mechanicd drain downregulates the number of ogsteoclasts formed in murine
sromda cel populations [83, 84]. Recently, Weyts has shown that the response of
odteoblagtic cdls to mechanicd dretch depends on the length of time the cels were
exposed to dexamethasone, possbly indicating that mechanosengtivity varies with

differentiation of osteoblagtic cdls[85].

2.3 Bone Chamber Systems
To date, bone chamber technology has been utilized in the academic sudy of
bone formation and chemicd and physcd regulators of that processs An ealy
predecessor of modern bone chambers are smple diffuson chambers which house a
sdected population of cdls within cdlulose acetate membranes and are placed ether
intraperitonedly, intramuscularly, or in the subcutaneous space of an animd. The cdls

recelve nutrition by diffuson from the surrounding hogt environment and are exposed to
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endogeneous bioactive factors, while isolaing the cdl population so tha any measured
response can be attributed to the implanted cell population. These sysems have been
used to invedigate a variety of cdls, primarily to investigate @l and tissue physiology as
wel as cdl immunity and tumor growth. These chambers have dso been used to
demondrate the osteogenic capacity of a populaion of cdls within the periosteum and
bone marrow.  The scope of the investigations of bone formation that can be performed
usng diffuson chambers is limited however because nutrition is diffusondly mediaed
sgnce a vascular network is absent from the chamber interior. Because of sze and

nutritiona limitations, fully structured bone cannot develop within a diffuson chamber.

A wide range of chamber designs have been developed for studying orthotopic
bone formation. These chambers may reside in the cortex only or may transverse both
the cortex and trabecular regions of a bone. These chambers have been used to study
both norma de novo bone ingrowth as wel as the effect of many biologicd factors on
bone growth [86-88]. The chambers have even been manufactured with different surface
finishes to study boneimplant interactions [89, 90]. Some bone chamber systems have
features to provide easy access to the chamber contents in a nonrtermina procedure
without didurbing the chamber itsdf [91, 92]. Bone chamber systems have been
modified to supply an dectricd simulus to deveoping bone to study the induction
effects of dectricd current [93]. One transcutaneous bone chamber system even
provides a tranducent port to study developing bone in the chamber using an optica

microscope in red-time [94].
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Only a few chamber sysems have been designed to impart a mechanica simulus
to deveoping bone. Aspenberg has developed a micromotion bone chamber system
which applies a samadl micromotion to bone within the chamber via a rotating inner deeve
resulting in fibrous tissue formation and inhibition of bone [95, 96]. Tagil developed the
rat bone conduction and load chamber which penetrates the bone cortex and alows bone
growth into a chamber space gtting aop the cortex. A subcutaneous piston is used to
agoply a known force to the tissue via an extracutaneous dynamometer. Tagil found that
when de novo bone formation was dlowed in this chamber system for three weeks and
then loaded for an additional seven weeks, a cartilage layer resulted next to the loading
piston in four out of seven samples [97]. It should be noted however, that at the onset of
loading the tissue within the chamber is mogily fibrous tissue next to the piston with a
bony cdlus forming a the opposte end of the chamber. Thus it may be postulated that
loading of fibrous tissue in a potentidly less vascular setting produced a cartilage layer,
rather than concluding that loading of de novo bone produced cartilage.  Although not a
true chamber sysem, Lamerigts developed the subcutaneous pressure implant to study
how controlled loading would affect incorporation of morselized bone graft into an
orthotopic defect dte in goals. The sysgem condsts of a titanium rod which passes
through the cortex and into the epiphyss of a long bone to serve as an actuating piston to
compress the graft chips placed in the epiphyss. A cap enclosng the exterior end of the
rod and lying in the subcutaneous space over the cortex is connected to a subcutaneous
ar pressure cannula which conveys compressed ar to actuate the piston. Lamerigts
found that after 12 weeks of loading, loaded graft chips exhibited greater incorporation,
remodeding, and higher overdl bone dendty [98].

15



The hydraulic bone chamber system developed by Guldberg was the first chamber
sysem to goply a controlled cyclic compressve simulus to repairing bone within the
chamber. The sysem resembles a hollow titanium screw with large tissue infiltration
openings on the dista end which resides in the trabecular bone, while the opposite cap
end remans in the subcutaneous space flush with the bone cortex.  Subcutaneous
hydraulic tubing is connected to the cgp end to supply pressurized sdine to actuate a
pison within the chamber to compress tissue within the chamber. This sysem provides
the ability to goply a controlled mechanicd simulus in vivo to a volume of tissue isolated
from 98.6% of ambulatory loads [99]. The easlly accessble subcutaneous cap dlows for
repeated non-termind biopsy procedures. This system was firg used to invettigate the
effects of cyclic compresson on de novo bone growth in a canine modd. Twelve weeks
of loading resulted in bone samples with increased minerdization and decreased collagen
fiber organization.  Architectura changes with loading included increased connectivity
and trabecular plate thickness resulting in a 6-fold increase in the gpparent modulus of
loaded bone cores [100].  Although this study demondrated the adaptive nature of
regenerdting bone to intermittent mechanical compresson, it faled to demondrate an
adaptive st of loca tissue drains resulting in new bone formation since the architecture

of the developing bone scaffold was unknown.

Modli subsequently used the canine hydraulic bone chamber modd to invedtigate
ealy changes in cdlular activity and gene expresson reaulting from short term
mechanical loading of de novo bone growth.  This work illustrated a hbiphasc
upregulation of c-fos and zf-268 gene expresson within the firs 24 hours following a

sgngle loading episode and increases in the synthess of type | procollagen and dkdine
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phosphatase after Sx consecutive days of loading [101]. In a separate experiment, Modli
aso demondrated load-induced activation of foca adheson kinase (FAK) and its
associdion with Src using the canine hydraulic bone chamber model [75]. Recently, the
hydraulic chamber sysem has been modified for use in a rabbit mode and was used to
investigate the ability of tissue-engineered cartilage congtructs to support bone formation
under controlled mechanicd loading conditions.  This work demondrated a nine-fold
increese in mingrdized bone formation on catilage condructs recelving a daly

controlled intermittent mechanica stimulus [102].

2.4 Bone Defect Repair

Ove sx million fractures occur in the United States every year. While most
fractures hed suitably, between 5-10% of these injuries experience complications that
may be remedied by a tissue-engineered bone subditute. These dtuations may be
subsequent to an osseous infection, improper dignment of bone fragments, excessve
motion or periogted ripping, as wdl as interfering soft tissue damage.  Further dinicd
uses for tissue-engineered bone subditutes include bone regeneration following or
complicated by osteomyelitis, osteonecrods, or the removd of a mdignant or benign
osteosarcoma [1]. The market for bone grafts and bone subdtitutes is experiencing
tremendous growth, demonstrated by gains of 40% from 1997 to 1999 when the market
represented a 270 million dollar industry [28]. While autograft bone is consdered the
gold standard for bone replacement therapies, its use is not without complication [103].
Sgnificant donor Ste morbidity, compromised dructurd integrity, and limited quantities

of avalable bone redrict its dinicd vaue. Allografts are an option, but limited supply
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and recent incidents of disease transmisson from banked tissues have crested increased
medical and financid interest in dternatives. Researchers are actively seeking bore

replacement scaffolds and tissue-engineered bone substitutes.

2.5Bone Tissue Engineering

2.5.1 Overview

Bone formation requires osteogenic cdls with an extracdlular marix in an
gopropriate chemicad and physicd environment [104]. Each eement represents one piece
of the complex puzzle that is the in vivo bone environment. Exact recregtion of the
physologic in vivo environment may or may not be necessary to develop an effective
bone replacement. Tissue engineering drategies atempt to mimic the naurad bone
formation process by exogenoudy providng one or more of the following: an
osteoconductive scaffold, osteogenic cells, and chemica and physica inductors of bone
formation. The location, functiond needs, and locd cdlular and vascular supplies of the
defect dte will determine how aggressve the tissue enginering gpproach must be and
which of the aforementioned components must be incorporated in the replacement

scaffold.

Typicdly, tissue enginegring agpproaches employ a scaffold materid to serve as
the framework for bone formation as wedl as a dructurd and potentialy load-bearing
intermediary until complete remodeling occurs.  These scaffolds may be augmented with
osteogenic cels or resdent host cells may be relied upon to mediate matrix secretion.
The provison of additiond osteogenic cdls with a matrix is particularly important for
patients with certain dlinicdly chdlenging bone repair Stuations where the host wound
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bed may have an impared cdlular supply such as older patients, smokers, patients
receiving chemothergpy or radiaion and patients with severdy damaged wound beds
[104]. Certan draegies employ the use of bioactive factors involved in induction or
regulation of the bone formation process. In certain instances, additiona osteogenic cdls
may not need to be provided if such ostecinductive factors are supplied to cause the
resdent population of cdls to form new bone. Often the supplied cells are gendicdly
engineered to overexpress such factors to overcome the chdlenges associated with
delivering the actud soluble factor itsdf [105]. This gpproach has been used with some
success to hed bone defects usng cdls expressng bone morphogenetic proteins [106]
and the transcriptiond factor Runx2 [107]. Although a less explored approach than
chemica simulaion of bone formation, it may be possble to use mechanicd loading as
a dimulant of new bone formation on tissue-engineered congructs given bone's native

capacity to respond to loca mechanica sgndls.

2.5.2 Scaffold Selection

Scaffold sdection is criticdly important in the devdopment of a bone
replacement congtruct. The scaffold must be biocompetible, osteoconductive, and be able
to be derilized. Porous osteoconductive matrices have been shown to provide an
excdlent framework for new bone formation. Idedly, the matrix would promote protein
adsorption, cdl adheson, mitoss, and differentiation while providing initid mechanica
gability, depending on the loca loading requirements of the defect ste.  While naturd
materias like collagen and hyauronan are an option [108, 109], their lack of mechanica

integrity makes them suitable only for certain nonloadbearing environments.  Cacium
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phosphate ceramics such as hydroxyapatite [110-113], tricAcium phosphate [110, 114,
115], bioactive glass [116] and cordline materids [117] are a natura choice because of
excdlent osteoconduction on these surfaces. However, the brittle nature of these
materidds and the lack of a completdy interconnected pore dructure limit ther
usefulness.  Polymers are gaining a greet ded of attention as possible matrices for bone
replacement congructs since their architecture and mechanica properties can often be
talored eadly. Polymers that have been invedtigated for use in bone tissue engineering
include polypropylene fumarate (PPF) [118], polyurethane (PUR) [119, 120],
polycaprolactone (PCL) [121, 122], and other poly ether esters [123], but the most
commonly used polymer options ae polylactides and polyglycolides and their
copolymers [113, 124-126] due to their &bility to regpidly degrade in the in vivo

environment.

2.5.3 Cell Sources

The choice of cdls to incorporate in a tissue-engineered bone congruct is adso
cucid. Options include termindly differentisted osteoblasts, osteoprogenitors, or cdl
populations containing stem cells cgpable of odeogeness.  Cdls expressng the
odteoblast phenotype however are typicaly havesed in smdl numbers, demondrate
limited expanson cepacity and are prone to phenotypic dedifferentiation [127]. Bone
marrow siroma has been used in many ingances to augment bone repair with some
success [128-131]. Unfortunatdly, it is edimated that humans have only one
osteoprogenitor per every 100,000 nuclested bone marrow cells [132]. Purified ex vivo

expanded mesenchyma dem cdls derived from a variety of sources including marrow
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[110, 127], muscle [133], and adipose tissue [134-136] represent a more concentrated
source of ogteogenic cels for bone replacement scaffolds.  Osteoprogenitors from fetd

cavaria[126] and periogted cels[106] may also be used.

There are many advantages to usng MSCs for tissue-engineered bone products
including the ability for ex vivo expanson. Since human MSCs are cgpable of a hillior+
fold expanson over ten passages [132], this represents a commercidly viable source for
odteoprogenitor cdls for tissue-engineered bone subgtitutes. Furthermore, dnce
mesenchyma stem cells are easly obtained from adult bone marrow aspirates, MSCs are
a readily avalable cdl source. Preiminary work aso shows that these cels may exhibit
some immune tolerance, making an dlogeneic off-the-shef product more feashble.
Research peformed at Osris Thergpeutics has demondrated that allogeneic canine stem
cdls implanted on a ceramic scaffold into a canine segmental ggp defect modd provide
comparable heding of the defect when compared to an autologous product [137][138].
Hogt response to the donor cells was evaduated in a mixed lymphocyte reaection and no
adverse reactions were detected [139]. Further studies showed that rat MSCs do not
dimulate dloreactive T cdl responses [140]. Mesenchyma stem cdls have shown
srong osteogenic capecity in vitro when cultured in the presence of a standard set of
osteogenic  supplements including Nab-glycerophosphate, L-ascorbic acid-2-phosphate,
and the synthetic glucocorticoid dexamethasone for 14 to 21 days. The ogteoblastic
phenotype is evidenced by a change from a fibroblastic to a cuboidd morphology,
expresson of dkdine phosphatase, reectivity with anti-osteogenic cdl  surface
monoclond antibodies, osteocalcin MRNA  expression, and minerdlized nodule formation

[127, 141]. Excdlent avalability, ease of culturing, &bility to use dlogenec cdls and
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sengdtivity to osteogenic simuli meke mesechymd dem cdls an excdlent choice for

dinicd tissue-engineered bone products.

2.5.4 Congtruct Preparation

While most researchers recognize the critical nature of scaffold and cell sdlection
for a bone replacement scaffold, the importance of congtruct preparaion is somewhat less
acknowledged. Typicd bone tissue engineering approaches smply seed primary or ex
vivo expanded cdls on a three-dimendond matrix and immediady implant it in the
defect gte [106, 110, 114, 131]. This approach does not dlow for extracdlular matrix
formation prior to implantation or predifferentiation of osteoprogenitor cdls.  While more
common for catilage [142], tendon [143], vescular tissue engineering [144], some
researchers however have used three-dimensond in vitro culture to prepare constructs
for bone replacement. Such an approach dlows for cdlular differentiation and matrix
secretion prior to implantation, often utilizing a st of media supplements to induce
osteogeness or accelerate matrix secretion [115, 117, 145, 146]. Yoshikawa has
demondgtrated that a two-week subculture in dexamethasone-containing media caused
hydroxyapatite scaffolds seeded with bone marrow-derived cells to have increased bone
formation once implanted subcutaneoudy in rats [147, 148]. Condgructs developed in this
manner were shown to have higher ogsteoblastic activity than autogeneous trabecular
dlograft [149]. Providing a condruct in which the cdls dready have an edtablished
extracdlular marix may enhance cdl reention after implantation.  Furthermore, a

condruct that dready has a minerdized mairix may actudly promote ensuing bone
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formation as the reddent minea may provide nuclegtion dtes for  subsequent
minerdization.

In vitro preculture of bone condructs is limited however by diffusond
limitations.  Scaffolds tend to have a necrotic core because of insufficient transport of
nutrients into the scaffold and degradation products and metabolic waste out of the center
of the scaffold. Ingrowth limitations on cdl-seeded scaffolds for tissue engineering have
been observed [126, 150-152]. Research involving rat marow cdls and rat cdvarid
cdls on PLGA in détic in vitro culture for up to 56 days only showed osseous tissue
penetrating to a depth of 200-300 microns [126, 150]. Additiond sudies have shown
that cdl-seeded congtructs developed in datic culture show preferentid cell growth on
the scaffold exterior [151-154]. Recently, researchers have begun to develop in vitro
perfuson sysems to culture three-dimensond condructs [25, 155-157]. The flow of
medium not only enhances transport but gpplies a shear dress to the cdls within the
congruct which has been shown to improve matrix depostion within condructs. Wang
has performed the only research in which cdl-seeded scaffolds were prepared for in vivo
implantation usng a perfuson culture technique. Wang perfused b-tricacium phosphate
scaffolds seeded with bone marrow derived cells for two weeks before subcutaneous
implantation and found increase dkaine phosphatase and osteocdcin  synthesis
accompanied by increased bone formation compared to Static controls after four and eight

weeksin vivo [155].

A few other researchers have dso deveoped systems to cepitdize on the

dimulatory effect of mechanica loading on bone cdls.  Jones has developed a 3-D cdl
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culture system capable of gpplying either a known srain or a known force to developing
bone congructs [158]. Porter has developed an in vitro bioreactor sysem for the
development of three-dimensona bone condructs that is capable of agpplying both
perfuson and axiad mechanical compresson [159]. As yet neither of these sysems have
been used to mechanicaly precondition bone tissue engineering scaffolds prior to in vivo
implantation, but such systems will undoubtedly be employed for such purposes in the
near future [160]. Researchers are dready employing in vitro mechanicd conditioning to

the development of tenogenic congtructsfor in vivo use [161].

Ancther potentid way to circumvent the complicaiions aisng from diffusond
limitations associated with in vitro preculture is to utilize the in vivo environment as a
bioreactor for the preparation of tissue-engineered bone replacements. Ingrowth of blood
vesds into the scaffold may provide adequate nutrient and metabolite transport,
potentidly resulting in larger, more homogeneous, and mechanicdly stable minerdized
congructs. While many cell-seeded consructs have been implanted into the
subcutaneous space, the purpose of such experiments has primarily been evduation of
biocompatibility [162, 163], comparison of cdl and scaffold technologies [114, 115,
148], or the efficacy of bioactive factors to induce bone formation [164-166]. To date,
the effects of controlled in vivo mechanicad loading on a cel-seeded construct have not

been investigated.

The concept of usng the in vivo environment to develop tissues is not atogether
new, but to date use of the in vivo environment as a means of preparing bone replacement

scaffolds has been explored only margindly.  In 1998, Tsukegoshi published work
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decribing the revascularization of autograft bone by embedding it in muscle and
implanting it subcutaneoudy for several weeks before transplanting it to a craniad defect
dgte. Blood vessds from the muscle flgp were anastomosed to tempord vessds to
maintain a vascular supply to the graft [167]. Jngushi has proposed a Smilar gpproach
usng BMP2 to induce bone on b-tricdcium phosphate within muscle which could then
be transplanted with the muscle pedicle to repair a bony defect [168]. Likewise, Pdissier
has invedigated the ectopic development of bone constructs using bone marrow-derived
cdls on a cordline scaffold with a vascular pedicle [169]. At this point however, the
ability of congtructs developed in this way to heal an actua bone defect has not yet been
tested. Furthermore, researchers have been deveoping shaped tissue-engineered
congructs for bone replacement resembling the mandibular condyle and phdanges [117,
170, 171]. Vacanti and Bonasser have proposed that such constructs developed in vivo
could then be transplanted to repar large bone defects [172]. As yet, no one has
employed mechanicd gimulation in vivo to ad in the development of tissue-engineered
congructs for bone replacement. Given the evidence suggesting better bone formation
occurs on tissue-engineered bone congructs developed in in vitro bioreactors [155] and
the proven responsiveness to osteoblasts in vivo and in vitro, it is likey that mechanica
dimulgion in an in vivo bioreactor will improve bone congruct development.
Combining mechanica preconditioning with the vascular benefits of an in vivo
environment may represent a successful agpproach for developing  tissue-engineered

constructs for bone defect repair.
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CHAPTER 3

EFFECTS OF CYCLIC MECHANICAL COMPRESSION ON THE REPAIR OF
FROZEN ALLOGRAFTSIN A LAPINE BONE DEFECT MODEL

3.1 Introduction

3.1.1 Summary

The ability of bone to adapt to its mechanicd environment is undisputed.
However, the effects of controlled in vivo mechanicd loading on a repairing bone graft or
bone graft subgtitute have not been invedtigated. It is unknown whether new bone on a
three-dimensond scaffold will show a pogtive adgptive response to an agpplied cyclic
mechanicd dimulus.  Although the adaptive ability of mature bone is wel documented,
the absence of a fully connected candicular network, relaive tissue immeturity, and other
factors may impact the ability of the cdls to respond to in vivo mechanicd dgnds  The
effect of controlled in vivo mechanicd loading on reparing trabecular dlografts may aso
be indicative of the response of tissue-engineered bone replacement constructs since both
gydems ae typicdly characterized by a three-dimensond scaffold populated by

osteogenic cdls and scant minerdized matrix.

Of a practicd naure, controlled mechanicd dimulation may represent an
dtractive method of preconditioning tissue-engineered scaffolds to improve cdlular
digribution and mechanical properties for bone defect repar. Whether systems for
mechanica preconditioning are utilized in an in vivo or an in vitro environment,

determination of a regime of tissue drans resulting in a pogtive adgptive outcome will
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provide a target level of deformation for these systems to achieve [173]. Foreknowledge
of a taget adgptive dran regime will ad in the desgn of mechanica preconditioning
gsysdems. To date, the loca mechanica stresses and drains resulting in bone adaptation

have not been determined in either mature or regenerating bone.

A bore chamber system capable of goplying a controlled intermittent mechanica
dimulus was utilized to sudy in vivo bone formation on rabbit trabecular alografts. A
amilar sysem was used previoudy to invesigae mechanicd adgptation in canine de
novo bone and found increesed minerdization and adaptive architecturd changes in
loaded specimens [100]. However, this study was unable to predict an adaptive regime of
tissue drains because the architecture of the de novo bone a the time of loading was
unknown.  The work presented here involves trabecular dlografts of a known
architecture in a controlled environment with known boundary conditions to facilitate
finite dement modding of the applied loading conditions. Predictions of the tissue leve
stresses and strains can be compared to histologicad sections showing areas of new bone

formation to estimate a set of adaptive tissue drains.

After four weeks of de novo bone growth and four additional weeks of daily
controlled in vivo loading, a sgnificant decrease in bone formation was observed. Since
an increase in bone formation did not result from loading, an adaptive set of locd tissue
dreses and drains could not be determined.  Finite dement models show that the
average normd drains a the tissue levd fdl in the range of -1060 mato +140 mawhile
the overdl apparent strain was 8740 né The decrease in bone formation may be a result

of impared vasculaity resulting from micromotion between the implant and the
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anchoring bone or it may reflect a true vulnerability of immeature bore on a scaffold to in
vivo mechanical dimulation. This work demondrated that cdlular responsveness to
mechanica dimulation is complex and a podtive adaptive response cannot be assumed.
Furthermore, this research underscored the need for a stable vascular environment for

bone repair.

3.1.2 Specific Aims and Hypotheses
Specific Aim #1: To quantify new bone formation on trabecular allografts in a rabbit

bone chamber model applying cyclic mechanical compression.

Hydraulic bone chambers were implanted in the digd metaphyss of mae New
Zedand rabbits.  After four weeks of bone formation on trabecular dlografts implanted in
the chambers, cyclic mechanical compresson was applied for an additional four weeks.
New bone formation was quantified usng fluorochromes injected intravenoudy just prior
to onset of loading and harvest. It is hypotheszed that cyclic mechanicd compresson

will increase new bone formation on trabecular dlografts implanted at an orthotopic Site.

Specific Aim #2: To predict trabecular strains employed by cyclic in vivo mechanical
compression of trabecular allografts in a rabbit bone chamber system to identify an

adaptive tissue strain regime.

Micro-computed tomography imeges of implanted trabecular alografts were used to
create a digitd image based finite dement mesh for the basis of finite dement modes
representing the applied in vivo loading conditions. Predicted tissue stresses and drains

were generated. It was hypothesized that larger locd tissue strains will correlae with
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greater bone formation induced by cyclic mechanicad compresson of a trabecular

dlograft implanted at an orthotopic Ste.

Specific Aim #3: To compare early mRNA response for collagen type | and osteopontin
from repairing trabecular allografts in a rabbit bone chamber model experiencing cyclic

mechanical compression.

Hydraulic bone chambers were implanted in the distd metaphyses of mde New Zedand
rabbits. After four weeks of bone formation on trabecular dlografts implanted in the
chambers, cyclic mechanica compresson was applied for an additiond three days. The
harvested tissue was used to examine early gene expresson using reverse-transcriptase
polymerase chan reaction methods. It was hypotheszed tha cyclic mechanica
compresson will increase early gene expresson of bone-rdated proteins in trabecular

dlografts implanted a an orthotopic Ste.

3.2 Methodsand M aterials

3.2.1 Hydraulic Bone Chamber (HBC) System

A bone chamber modd capable of supplying a controlled intermittent mechenicd
dimulus to regenerating bone or bone scaffolds in vivo was developed. The chamber can
be biopsed repeatedly within a given anima without digurbing the implant to provide
excdlent within-anima controls and reduce the number of animas required in a given
sudy. While not a traditiond clinicd modd, this sysem represents a hybridization of

classcd in vivo and in vitro modds. This three-dimensond system retans the reevant
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in vivo environment, which provides appropriste growth factors, cytokines, hormones,
and vascularity to the tissue. This system aso creates an environment for the tissue that
is completely mechanicdly isolated from the surrounding tissue such that the loca
mechanicd environment is tightly controlled [99]; a feature that is typicaly only obtained
with in vitro cdl culture sysems. Guldberg and colleagues a the Universty of Michigan
origindly developed the hydraulic bone chamber modd for canine dudies [100]. At
Georgia Tech, severd changes have been made to the hydraulic bone chamber system for
use in rabbits. To ensure he best chance of demondrating differences between treatment
conditions, a more chalenging bone repar mode was created by redricting vascular
access to the regenerating tissue in the chamber.  In addition, the overdl size was reduced
and the cap design was sgnificantly modified to lower the chamber’s profile, keeping it

close to the bone' s surface.

The basic rabbit hydraulic bone chamber can be represented as a hollow threaded
titanium bolt with a removable cap (Figure 1). The base of the bone chamber has an
inner diameter of 0.25" and a depth of 0.25’. Those chambers intended to supply a
mechanica dimulus dso have a fla pigon indde separding a tissue space from a
superior plenum.  The tissue space contains twelve regularly spaced holes to dlow
cdlular invason and new vascularizetion. The superior plenum is filled with sdine and
has a barbed outlet to which polyurethane tubing is connected and routed subcutaneously
to an exit gte on the anma’s back. The externa end of this tubing can be connected to a
olenoid-driven loading sysem (Figure 2). This actuaing system is capable of gpplying
an intermittent compressive simulus controlled by active pressure transducer feedback.

The <ine in the tubing is pressurized which displaces the pigon within the bone
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chamber applying a deformation to the regeneraing tissue in the chamber.
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Figurel. Hydraulic Bone Chambersfor Rabbits

Figure2. External Solenoid-Driven Loading System
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3.2.2 Surgical Procedures

Hydraulic bone chambers were implanted bilaterdly into the diga femord
metaphyses of 19 made New Zedand White rabbits usng a derile surgicd technique.
Each animd received one basic implant and one loaded implant with a piston and barb to
dlow for compresson of the tissue insde the chamber. A detalled surgica procedure
can be found in Appendix B.1 Procedure to Implant Rabbit Hydraulic Bone Chamber.
The chambers were dlowed to integrate into the bone for four or five weeks. In a second
surgical procedure, the chambers were opened, cleared of de novo tissue ingrowth usng a

thinwaled extraction tool. This procedure is described in Appendix
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B.2 Procedure for a NonTermind Biopsy of the Rabbit Hydraulic Bone Chamber.
Trabecular bone dlografts (0.25° diameter, 0.25" length) that had previoudy been
serildy harvesed from the digd femord metaphyses of other New Zedand White
rabbits and then stored at -80C were thawed and placed insde the cleared bone chambers.
During this surgicad procedure, tubing was attached to the barb of the loaded chamber
and routed subcutaneoudy to an exit dte on the rabbit's back between the shoulder
blades. Appendix B.3 Procedure to Implant Subcutaneous Loading Tubing in Rabbits

contains a detailed description of the surgica procedure to implant this tubing.

All anima procedures were approved by the Georgia Tech and Emory

Universty’s Ingitutional Anima Care and Use Committees (Protocol # V043-98).

3.2.3 Loading Procedure and Harvest

New bone was dlowed to form on the implanted trabecular alogrefts for four
weeks before loading sessons began. Each anima’s tubing was connected to the
externd solenoid-driven loading sysem =0 that the sdine within the tubing and hydraulic
bone chamber could be pressurized to apply a compressive load to the dlograft within the
loaded chamber. Each loading sesson gpplied a compressve simulus in a sSnusoida
wave patern gpplying 222 N to 222 N compresson (upper limit of loading system) to
the dlograft. The loading gimulus was gpplied a 1 Hz for 30 minutes smilar to
previous experimental work [100][81][79][75]. A detaled protocol for operating the
hydraulic loading system can be found in Appendix C. Each anima was loaded for tree
consecutive days.  The tissue was then extracted from the chamber in a derile surgica

procedure using a thin-waled biopsy extraction tool (Figure 81) for subsequent andysis
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of gene expresson. A second trabecular dlograft was placed in the chamber and new
bone formation dlowed for an additiond four weeks prior to initiation of a four week
loading regimen identicd to the one described for the short-term loaded group. This
second dlograft was then extracted from the chamber in a termina surgicad procedure.
All biopsed tissue was fixed in 10% neutrad buffered formain for 48 hours then stored at

4C in 70% ethanal.

3.2.4 Fluorochrome Labeling

Fluorochrome labels were administered intravenoudy to mark newly deposited
cadcdum within the dlograft during the long-term loading sessons.  Oxytetracycline was
adminigered 1 day before the initid loading sesson a a dosage of 25 mgkg, while
cacen was given a a dosage of 10 mg/ml 1 day before the termination of the four week
loading period. Each dose was administered intravenoudy in a volume of 80-100ml over
a thity minute period. Animds were given an injectible aneshetic  of

ketamine/xylazine/acepromazine (19/9/0.4 mg/kg) prior to the procedure.

3.2.5 Animal Grouping and Infection Problems

The study was conducted using three separate groups of animals since it would be
prohibitive to peform the experiment with a large number of animds a one time. The
fird group of seven animas (GW1-7, Spring 1999) was plagued with infection dong the
indwelling tubing and no useable data was collected. The second group of Sx animas
(GW8-13, Fdl 1999) fared somewhat better, in part due to daily exit wound care and
anchoring of the tubing with a fdt cuff as described previoudy. Four samples from the

short-term loading segment were obtained and three from the long-term loading segment.

35



The third group of sx animds (GW14-19, Spring 2000) had the lowest incidence of
infection, primarily because the animd’s exposure to the tubing was minimized by
implanting the tubing in a separate procedure just one week prior to the onset of loading.
Additiondly, the gpplication of dlver-impregnated glass powder to the exit wound
improved the incidence of infection in the third group. Six samples from the long-term
loading group and four from the short term loading groups were successfully obtained
from Group #3, making the overdl number of usable biopses for andyss from the long-
term loading group nine and eght for the short-term loading group. It should be noted
that unlike animas in Group #2, animds in Group #3 received the long-term loading
treetment firsd and then the short-term loading in an effort to baance for any biopsy

sequence effects.

3.2.6 RNA Extraction

Samples harvested after a four-week tissue formation period and a 3day loading
regimen were handled with RNase-free tools and immediatdy flash frozen in liquid
nitrogen. Samples were stored at -80C prior to RNA extraction. Nai' ve rabbit trabecular
bone and de novo clearout tissue from the HBC integration period were also examined as

acontrol for the loaded and nonloaded alograft samples.

RNA was isolated from samples in Group #2 usng Promegas RNAgents Totd
RNA Isolation System. Briefly, 3ml of dereturing solution was added to each sample
and homogenized usng a rotor-stator homogenizer, and then 300 m of sodium acetate
was added and inverted to mix. Next 3ml of Phenol:Chloroform:lsoamyl Alcohol was

added and mixed then chilled. Samples were centrifuged 30 minutes at 10,000g and 4C.
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About 2/3 of the agueous phase was aspirated and transferred to a clean tube. Then a
second volume of Phenol:Chloroform:isoamyl Alcohol equd to the aspirated volume was
mixed in and chilled. Samples were again centrifuged 20 minutes at 10,000g and 4C.
Again, about 2/3 of the agueous phase was aspirated and transferred to a clean tube. An
equa volume of isopropanol was added and incubated 30 minutes a -20C then
centrifuged a 10,000 and 4C. The pedleted RNA a the base of the tube was
resuspended in Iml of chilled 75% RNase-free ethanol and centrifuged 10 minutes a
10,000g and 4C. The supernatant was discarded and any resdua volume was dried in a
goeed vac being caeful not to completdy dry the pelet. The RNA pelet was
resuspended in 20ul RNase-free water and optica density measurements performed to

determine the quantity and purity of RNA extracted.

RNA was isolaed from samples in Group #3 usng Qiagen's RNeasy Kit
(#75163). Briefly, samples were snipped with bone cutters and then homogenized using
a rotor-gator homogenizer in the presence of 75 ml of Buffer RLT with b-
mercaptoethanol. The mixture was placed in the Qiagen spin column and spun a 38009
for 10 minutes. The supernatant was trandferred to a clean spin column and 7.5 ml of
70% ethanol was added before another spin for 5 minutes. Then 7.5 ml of Buffer RW1
was added and spun for 5 minutes. A buffered DNase solution (Qiagen # 79254) was
goplied to the column for 30 minutes. Additiona Buffer RW1 was added to the column
and spun for 5 minutes. The membrane was washed twice with Buffer RPE and then
soun until dry. The column was placed in a cean dution tube and 500ul RNase-free

water was gpplied directly to the membrane of each column. The extracted RNA was
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then collected in the ution tube in two consecutive spins. Optical density measurements

were performed to determine the quantity of RNA extracted.

RNA samples from Group #2 were reverse-transcribed using a standard protocol
involving Invitrogen's SuperScript [l Rnase H- RT enzyme on a 4 ng quantity of RNA
primed with OligodT(12-18). Please see Appendix D.1 Protocol Worksheet br Reverse
Transcriptase Reaction to Convert RNA into cDNA for the complete RT procedure. The
resultant cDNA was amplified usng PCR (see Appendix D.2 ) for a housekeeping gene

hGAP.

3.2.7 Microcomputed Tomography Imaging & Analysis

Each chamber biopsy from the long-term loading group was subsequently
scanned on a compact fan-beam-type tomograph (UCT 20, Scanco Medical, Bassersdorf,
Switzerland) aso referred to as a desktop micro-CT [174]. The system uses a microfocus
X-ray tube with a foca spot of 10 um as a source. To peform a measurement, the
gpecimen was mounted on a turntable with axid automation. Six hundred projections
were collected over 216° (180° plus hdf the fan angle on dther sde). CT images in 512
x 512 pixel matrices were recondructed using a standard convolution-backprojection
procedure with a Shepp and Logan filter. A complete set of micro-tomographic dices,
with a dice increment of 34 pm, was acquired per sample. Measurements were stored in
three-dimensond (3-D) image arrays with an isotropic voxd sze of 34 um. Noise in the
volumetric image data was patidly suppressed usng a condrained 3-D Gaussan filter.
Mingdized tisue was segmented from surrounding soft tissue usng a globd

thresholding procedure [174]. These high resolution imeges of the chamber biopsies
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were used as input in finite dement models described later to edimate the tissue leve

drains experienced by the dlograft during compression.

3.2.8 Histology

After long-term loading specimens were scanned using micro-CT, they were cut
longitudinaly using a custom designed cutting jig and razor saw blades. Hadf the sample
was decdcified and embedded in paraffin and the other haf was embedded in methyl-
methecrylate.  All biopsy samples were sectioned longitudindly for subsequent andyss.
Paraffin biopsy sections were daned with H&E and a modified Mdlory aniline blue
dan (MMAB) [175], as wdl as a dan for tartrate-resstant acid phosphatase (TRAP).
Immunohistochemigtry was peformed usng a monoclona antibody (Sigma A2547) for
a-snooth muscle actin (a-SMA) on paraffin sections. This stlain was used to quantify
the vascularity present in the samples. Vascular structures were smply counted for the
entire section a a magnification of 10X. Plagtic biopsy sections were ether left unstained
for  fluorochrome andyss or daned with  Goldne’s  trichrome  dain.
Immunohistochemicd assays were dso performed on paraffin sections of the chamber
biopses. Assays utilized monoclona antibodies for Type | procollagen (IgG M-38) and
osteopontin  (IgG1 MPIIIB10;) obtaned from the Developmentd Studies Hybridoma

Bank (The University of lowa, lowa City, IA).

3.2.9 Fluorochrome Analysis

Ungained plagtic sections were viewed using a Nikon Eclipse TE300 microscope
with a motorized stage and a Toshiba 3 CCD camera run by ImagePro Plus software.
New bone formation was quantified usng fluorescent microscopy of the cacein green
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label which encompassed the earlier tetracycline red label and co-locdlized to areas of
new bone formation seen usng Goldner’s Trichrome dtaining. The implanted graft bone
picked up the labd to a lesser extet than the new minerdizing bone. Usng a
megnification of 4X, nine fidds of view were andyzed for each specimen representing
the regions diagrammed in Figure 3. The tota bone volume was measured as an area
expressng a green fluorolabd. Because this measurement included both the implanted
graft bone and new bone, a higher threshold was dso applied to diminate the graft bone
and provide a measure of the tota new bone volume (NBV). The difference between the
total bone volume and the new bone volume gave a measure of the implanted graft bone
volume (GBV) as wel. Furthermore, if the bone formed aong the surface of the graft, it
was desgnated as gppodtiond bone formation, while bone forming within the pore
gaces was desgnated as intramembraneous bone.  Both gppostionad bone volume
(ABV) and intramembraneous bone volume (IBV) were quantified individudly. In
addition, a linear measurement of al graft bone surfaces was made to gpproximate the
graft surface area (GSA). Regiond comparisons were made by averaging scores for al
sections in a given zone. Two radid zones were defined such that the inner zone includes
fields 2, 5, and 8 while the outer zone includes fields 1, 3, 4, 6, 7, and 9. Three
longitudind zones (top/middle/bottom) were defined as wdl (Figure 3). Variance was
andyzed usng a Generd Liner Modd with two factors Anima and Load, for the
folowing parameters.  graft bone volume (GBV), graft surface area (GSA), total new
bone volume (NBV), new intramembraneous bone volume (IBV), new agppositional bone
volume (ABV), totd new bone volume graft bone volume (NBV/GBV), new bone
volume/ graft surface area (NBV/GSA), and new appositiona bone volume graft bone
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volume (ABV/GBV), new agppostiond bone volume' graft surface area (ABV/GSA).  All

satistica andyses were performed for an apha of 0.05.
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Figure3. Zonesof Analysisfor Fluorescent Microscopy.

3.2.10 Finite Element Modeling & Analysis

The accuracy of any finite dement modd depends on the accurecy of the materid
properties supplied to the model. Therefore, a reasonable vaue for the tissue-leved
modulus of the rabbit trabecular bone exposed to one freezelthaw cycle must fird be
determined. By matching known force/displacement data of a representative dlograft to
the output of a finite dement mode based on that sampl€'s architecture, a reasonable

edimate of the tissue-level modulus may be obtained.
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Twelve bone cores were biopsed from the distd femord metaphyses of New
Zedand White rabbits and szed to fit the HBC (1/4” diameter x %2 length) in a
procedure identica to that used to obtain trabecular alografts for the in vivo study. Like
the long-term loaded chamber biopsies, these bone cores were aso scanned using micro-
CT. A newer desktop CT (UCT 40, Scanco Medical, Bassersdorf, Switzerland) was
available providing a resolution of 16 microns. The samples were then frozen a -80C,
thawed and nechanicdly tested in a confined compresson scenario to Smulate the rabbit
HBC environment. A rabbit HBC (Fgure 4a) was threaded through a table-top platform
which was immersed in room temperature PBS Fgure 4b). A MTS Tegtarlim 858 Mini
Bionix Il hydraulic tes frame (Figure 4d) with a 100lb load cdl and LVDT with a
working range of 100mm was used to test these specimens in cyclic compresson. A -
0.5N preoad was applied and then ramped linearly to -2.24 N in 1 second and then
cycded snusoiddly between -2.22 N and -22.2 N in force control a 1 Hz for 30 minutes
amulating the daly loading regimen experienced by the dlografts tesed in the in vivo

experimen.
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Figure4. Mechanical Testing Setup: a) Samplein HBC, b) HBC in Platform
Submerged in PBS bath, ¢) Loading Rod, d) MTS TestarlIm 858 Mini Bionix L oad
Frame



A representative bone core was chosen from among these samples to be modeled
usng finite dement andyds to determine the tissue modulus of rabbit trabecular bone.
Sample XII was chosen because its architecture most represented a right cylinder without
holes and its bone volume fraction was close to the average of the actud in vivo samples.
To create the input mesh, the microCT images were firg filtered usng a congrained 3D
Gaussan filter (dgma = 1.2, support = 2) to patidly suppress noise in the volumetric
image data, and then mingdized tissue was segmented from surrounding soft tissue by
usng a globd thresholding procedure (threshold = 143). Scanco Medicd’s Finite
Blement-software v1.0 (Basserdorf, Switzerland) was employed to generate and solve a
model based on the microCT image data.  To Imit the Sze of the modd, the voxd daa
was first coarsened to a resolution of 32 microns. A volume of interest was selected that
tightly encompassed the dlograft. Next, a component labeling technique was employed
and only the largest component kept, ridding the modd of unconnected structures which
cary no load in the scaffold, but will complicate the solution of the modd. This sngle
component represented over 99.5% of the voxeds in the modd. Using a voxd converson
technique known as digitd image-based finite dement meshing (DIBFEM), a 32 micron
brick element was created to represent each voxel in the microCT image for a totd of
1.84e6 eements. A didributed compressve load of 18.17N was applied to the top
surface of the model (z = 0) to match the actud force amplitude applied during cydlic
mechanica tegting of Sample XIl. In addition, the base (z = znx) Was congrained to
have no displacement in the z direction and the wals of the cylinder were condrained to
have no diglacement in the x or y directions. Fgure 5 illudraes the coordinate system
used and the distributed load across the top surface.
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Like mog finite ement modeing software, this software package makes severd
a priori assumptions about the materid being modded. It is assumed that the modd
represents a continuum.  Harrigan has shown tha this assumption is vaid for trabecular
bone when the size of the mode exceeds five intertrabecular lengths [176]. A set of 48
trabecular bone grafts harvested from the disd metaphyses of New Zedand White
rabbits were scanned and the average trabecular spacing for this population of bone was
determined to be 800 microns, suggesting that any sample Sze over 4 mm medts the
continuum assumption. The samples modded were 6 mm in both diameter and length.
The software dso assumes the materia is dastic. Mechanicad testing as described above
confirms that the tissue responds in an dadtic manner in the range of loads anayzed.
Furthermore, the software assumes smal deformations in the materid.  Since the applied
goparent drain is less than 1%, this assumption is dso appropriate.  The software uses an
iterative conjugate gradient solver in combination with an dement-by-dement matrix-

vector multiplication scheme[177].
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Figure5. Coordinate System Used for Finite Element Models
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The modd was solved using an initid guess of 5000 MPa for the tissue modulus and 0.3
for Poisson's ratio. The actud tissue modulus was gpproximated by multiplying the
initid guess by the ratio of the gpparent drain in the zdirection from the modd to the
actua gpparent strain measured in the mechanicd test as shown in Equation 1. The tissue
modulus of rabbit cancellous bone from the distd femord metaphysis was approximated
as 648 GPa  Although supporting data is not avalable for rabbit bone tissue, van
Rietbergen has shown tha the tissue modulus of human cancellous bone can range from
223 to 10.1 GPa, with an average of 591 GPa [178]. Given this range for human
cancellous bone, avaue of 6.48 GPa seems areasonable value.

Equation 1

od el .
—TMOD &= =5 pa005140 ¢ 400 GPa

actual guess etzest & 0.00397 p

Z

TMOD

Two representative samples were chosen from the nine long-term loaded chamber
biopsies obtained from the in vivo study. Specimens GW19L and GW14R were chosen
for therr architecture and were then modeled in a fashion smilar to the nai ve rabbit bone
cores  Snce the resolution of the origind microCT images was 34 microns, no
coarsening of the mesh was needed. Each voxd was modded as a 34 micron brick
edement. Locd erors associated with DIBFEM should be minima a this resolution
gnce the average trabecular thickness of alografts in the long-term loading study was
194 microns dlowing 5-6 eements across each trabecular strut on average [179, 180].
The models were constrained as described earlier but the distributed load was increased
to 2224 N to represent the actud applied load in the in vivo loading procedure.
Furthermore, the trabecular bone's tissue modulus was modeled as 648 GPa.  The
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intergtitial marrow space was not represented in the model. Again, Scanco Medica’s
Finite Element-software v1.0 was used to determine the solution. The modes were
consdered converged when the force and displacement resduds were less than le-4.
Four output parameters were examined including the norma compressve drain aong the
longitudind axis of the sample, the largest principd drain, Von Mises Stress, and drain
enagy densty. An interpolation agorithm was employed during post-processing to
snooth any oscillating sress/strain response on the surface produced from “jagged’
edges produced by the DIBFEM technique. In addition, histograms of each parameter
were generated ignoring the top and bottom 5% of voxes snce these voxds mogt likely
represent artefactual surface responses.  Appendix F includes a step-by-step guide to the
necessty Image Processng Language (IPL, ©Andres Lab, Scanco Medicd AG)

commands required for pre-processing, solving, and post- processing these models.

3.3 Results
The overdl number of usable biopsies obtaned for andyss was eght pars from
the short-term loading group and nine pars from the long-term loading group. Five
rabbits were euthanized prematurdy due to infections dong the indwelling tubing or
complications unrelated to surgery. One loaded sample was excluded from andysis due

to implant ingability that was discovered a the time of find harvest.

3.3.1 RNA Extraction & RT-PCR

While sufficient quantities of rdatively pure RNA were extracted from the short-
term loading samples in Group #2, the expresson of the housekeeping gene hGAP as
determined usng RT-PCR techniques was undetectable, indicating that the RNA
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obtained was dgnificantly degraded. Therefore no gene expresson data could be
gathered from Group #2 specimens.  In Group #3, the purity of RNA was excdllent, but
only one nonloaded sample and three loaded samples had sufficient RNA to perform an
RT reaction. With such a low sample Sze, it was decided not to proceed with the

subsequent investigation of early gene expression changes with a short-term loading.

3.3.2 Qualitative Histology Results

The andyss of the paaffin and plasic histologicad sections provided quditative
information about the tissue regeneration that occurred on the trabecular dlografts in the
hydraulic bone chamber modd. Histology confirmed that osteoblasts repopulated the
dlograft and began lining the graft surfaces as dearly shown aong the bottom surface of

the trabecula in Figure 6.

Figure6. OsteoblastsLine Trabecular Allograft Surface of a Loaded Allogr aft;
H&E at 40x



Three types of new bone formaion were observed. The mgority of new bone was
gppodtiond new bone formation aong surfaces of the implanted alograft (Figure 7).
There were also fewer areas of new de novo intramembraneous bone not associated with
an dlograft surface Fgure 8). Furthermore, one loaded sample showed large amounts of
endochondral bone formation (Figure 9). A few ingances of odteoclagtic remodding
through new bone into the implanted alograft were dso observed. H&E stained samples
visudly confirmed the existence of less new bone formation in the loaded experimentd
trestment group as seen in the pands bedow. Immunohisochemica saning confirmed
that arees of new bone formation were expressing the bone-associated proteins pro-
collagen type | and osteopontin.  Gross observation of loaded versus nonloaded samples

indicated areduction in new bone formation in loaded samples as depicted in Figure 10.

Figure7. Appostional Bone Formation on a Nonloaded Allograft; H& E at 20x
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Figure 8. Intramembraneous New Bone Formation within a Loaded Sample;
Goldner’s Trichromeat 20x

Figure9. Endochondral Bone Formation in a Loaded Sample; H& E at 20x
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Figure 10. Typical New Bone Formation on Allografts without L oading (L eft) and
with Four Weeks of Load (Right); A = Allograft, NB = New Bone; 20x

Smilar patterns of bone formation were seen in both the paraffin and plastic
sections.  Comparisons of serid plagic sections either ungained for fluorescence
detection or stained with Goldner's Trichrome illusirated that the fluorescent labes were
diffusely spread throughout aress of new woven bone with some background labding of
the implanted dlograft, unlike typicd sequentid fluorescent labeling of corticad bone.

Figure 11 illudrates this colocdization.
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Figure 11. Photomicrographs of allografts. A,B) Goldner’s Trichrome; C,D)
Tetracycline fluorochrome; E,F) Calcein fluorochrome. A, C,E are4x. B,D, F are
20x.
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3.3.3 Quantitative Results of Fluorochrome L abel

New bone formation was quantified usng fluorescent microscopy of the cacen
green label on undained plagtic sections which encompassed the earlier tetracycline red
label and co-locdlized to aress of new bone formation seen usng Goldne’s Trichrome
daning as seen in Fgure 11. Of the nine pars of samples obtained from the long-term
loading study, seven pairs were congdered for andyss. Samples from anima #16 were
excluded due to a lack of fluorescent sgnd in the loaded biopsy. The loaded chamber
never securdy integrated into the surrounding bone in this animd. The subsequent
motion probably prevented vascularization of the graft snce no fluorescent sgnd (even
background) was seen in the loaded specimen only. The nonloaded specimen showed
typica results, but induding it in the modds would cause the sample to exert unusudly
high leverage dnce the sample is unpared. After an initid andyds of the remaning
eight pars of data, the specimen par from anima #17 was removed from the data set as
an outlier. The DHTS values for these samples were £3.42 and +4.20 for new bone
volume/graft surface area and new appodtional bone/graft surface area respectively.
Besdey [181] suggests conddering any observation to be unusud with abs(DHTS) >
20(p/n) or 141 for this modd. Upon review of this animd’s higtory, the loading piston
was extremdy difficult to postion during surgery which may indicate that load
transmission was compromised in this anima. New bone volume averaged 820 mm? in

the nonloaded group and 5.88 mm? in the loaded group.

Modds of the graft bone volume and surface area confirmed that the assgnment

of rabbit trabecular dlografts was random between the nonloaded and loaded groups

53



gnce there were no dgnificant differences in graft properties between the groups. An
intid model of totad new bone volume showed a trend toward a dgnificant difference
(p=0.060) between loading groups. Ignoring the intramembraneous bone formation and
conddering just new agppodtiond bone formation, the effect becomes ggnificant
(p=0.047). Volumes of intramembraneous bone were smal and exhibited no differences

between loading groups.

In an effort to normdize the new bone formation to the graft properties, generd
liner models were dso peformed on totad new bone volume (NBV) and new
gopostiond bone volume (ABV) normdized by ether the graft volume (GBV) or graft
asurface area (GSA). Normalization of NBV and ABV by the graft bone volume did not
help explan the variability in the data but normdization by the graft surface area did
improve the model. Loading resulted in a significant change in NBV/GSA (p=0.017) ad
ABV/GSA (p=0.010). Figure 12 shows new bone volume for each pair normdized by
that graft's surface area illudrating a condstent decrease in bone formation with loading

for each biopsy pair.

The mean and standard error for each of the datistical groups is liged in Table 1
aong with the pvaues for each output parameter for a Generd Linear Modd with Load
and Animd used as factors to explain the variance in the data An andyss of regiond
zones showed no Sgnificant differences between radid or longitudind zones as defined

inFigure 3.
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Figure12. New Bone Volume Normalized by the Available Graft Surface Areafor
Each Biopsy Pair from the Long-Term Loading Study of Rabbit Trabecular
Allografts and the Overall Averagefor the Group (p=0.009).

Tablel. Statistical Data for Graft and New Bone M easur ements.

GBV | GSA NBV IBV ABV | NBV/ | ABV/ | NBV/ | ABV/
mm2 | mm mm2 | mm2 | mm2 | GBV GBV GSA GSA

mm mm
Mean No Load | 11.68 | 7455 | 820 | 0.88 | 731 | 0.73 | 0.64 | 0.112 | 0.099
Load 10.12 | 81.98 | 5.88 | 0.86 | 502 | 0.58 | 0.50 | 0.072 | 0.062
SE Noload | 0.85 | 895 | 1.26 | 0.20 | 1.18 | 0.12 | 0.11 | 0.014 | 0.014
Load 089 | 761 | 1.29 | 0.54 | 080 [ 0.12 | 0.07 | 0.015| 0.009

p- Animal | 0.077 [ 0.413 | 0.060 [ 0.555 | 0.047 | 0.126 | 0.103 [ 0.017 | 0.010
value || gaq 0.107 | 0.532 | 0.090 | 0.969 | 0.038 [ 0.294 | 0.168 | 0.009 | 0.003
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3.3.4 Vascularity

In an effort to explain the observed reduction in bone formation with loading, the

vascularity within each condruct was  investigated.

An initid quditative assessment

suggested there might be more new blood vessds in the nonloaded samples.

Representative samples for both a loaded and nonloaded congtruct are shown in Figure

13.

s

Figure 13. Representative sections of a loaded (left) and nonloaded (right) sample

stained for a-SMA (bright pink) at 10X.

A subsequent quantitative andyss was peformed by counting the number of

vesds daning pogtive for a-SMA a 10X.

illugtrates the number of gpparent vessas

in a given section for eech sample within the long-term study. Both a two-way Generd

Liner Modd usng load and anima as factors and a pared t-test reported p=.68,

indicating no significant differences exist between the loaded and nonloaded groups.
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Figure 14. Number of vessels per section asidentified by positivea -SMA staining
for each loaded and nonloaded samplein the long-term study.

3.3.5Micro-CT and Finite Element Mode Output

A generd andyds of the micro-CT images of samples from the long-term loading
dudies showed that the overdl average bone volume fraction (BVF) was 37.5%. While
comparisons of morphology parameters do not provide meaningful data on the effect of
loading snce new bone can not be thresholded from the implanted dlograft bone, these
images do provide a useful bags for finite dement models of the loaded samples. Since
relatively litle new bone was formed overdl, the endpoint image is a reasonable
approximation of the geometry of the sample throughout the loading period. Table 2 ligs

the individua bone volume fractions of each of the samples in the long-term loading

study.
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Table 2. Bone Volume Fraction of Biopsiesfrom Long-Term Loading Group

ANIMAL ID | LOADED BVF NONLOADED BVF
10 20.70 41.11
11 35.58 34.99
13 43.97 43.84
14 43.92 43.92
15 42.43 48.98
16 32.66 52.40
17 44.48 26.07
18 23.36 25.46
19 39.73 31.79

Finite dement andyss of two representative samples from the long-term loading
group was performed with reasonable agreement in the predicted tissue response between
both samples. At the apparent leve, the average predicted normd drain in the z
direction was 8740 nmaand the average predicted normal sress in the zdirection was 0.55
MPa.  Normd tissue strains in the zdirection range from -1060 méto +140 mawith the
peek of the hisogram near zero drain (Figure 15). The profile of the predicted largest
principa drains was dmilar to the norma drain in the z-direction but covered a wider
range from -1420 nato +480 na (Figure 16). Von Mises stress ranged from 0 to 11.9
MPa with the most common vaue being 1.2 MPa (Figure 17). The predicted grain
energy density ranged from O to 0.0115 MPa (Figure 18). The average predicted vaue of
each of the four tissue parameters is given in Table 3 for each representative sample

dong with the overdl average. Fgure 19 shows a representative cross-section from the
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center of each of the modes with its architecture color-coded for largest principd dtrain
and Von Mises Siress  To better delineaste patterns in the schemdtic, the only voxeds
represented are those ranging from the mean vaue minus one standard deviation to the

mean vaue plus one standard deviation.
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Figure 16. Histogram of Largest Principal Strain
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Table 3. Average Predicted Tissue Level Response of Long-Term Loaded Samples
14R 19L | Average | Std. Dev.

5, M8 | -246.1 | -246.7| -2464 | 042
&, ma | -306.4 | -2858 | -2961 | 1457
VMS MPa | 498 | 345 | 421 1.08

SED, MPa | 0.0109 | 0.0020 | 0.0064 0.0063
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Figure19. Representative Cross-Sections (Central 340 microns) of Finite
Element Model Coded for the Tissue Level Largest Principal Strain and Von Mises
Sress
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3.4 Discussion

The firgd specific am of this sudy was to characterize and quantify new bone
formation in response to in vivo mechanicd loading of trabecular bone dlografts in an
orthotopic dte.  This objective was successfully met.  Severd patterns of de novo bone
formation were gpparent in higologica sections of the rabbit trabecular dlografts in the
long-term loading experiment. De novo bone formation in the canine hydraulic bone
chamber study [100] followed an intramembraneous bone formation pathway, and while
intramembraneous bone was observed in the rabbit trabecular dlografts, the mgority of
new bone formation occurred by direct gppostion to the dlograft. The minerdized
dlograft provides an ided surface for osteoconduction supporting such agppostiond bone

formation.

Unlike dudies performed in most bone chamber modds including the canine
hydraulic bone chamber, endochondrd bone formation was dso observed.  Tagil
however did report cartilage formation in a loaded bone chamber study of de novo tissue
formed n a chamber resting atop the bone cortex. The tissue in this conduction chamber
a the time of loading represented a layered arrangement of tissues that varied from bone
and marrow components away from the loading platen to fibrous tissue in direct contact
with the loading platen. Upon loading, a cartilage layer was observed only a the top of
the biopsy near the platen [97]. For Tagil’'s study, it is reasonable to podulate that
loading of fibrous tissue in a potentidly redtricted vascular setting produced a cartilage

layer, rather than concluding that loading of de novo bone formation produced cartilage.
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In heding fracture cdluses, catilage tissue differentiation is commonly noted in aress of
poor vascularity and/or areas of undable interfragmentary micromotion [13, 14, 16].
Probst describes how spreading capillaries are disrupted by shear forces in mechanical
ungable fractures causng a hypoxic environment favoring chondrogenic differentiation
[15]. Furthermore, it has been demondrated that preosseous tissue will be diverted to a
condrogenic fae in regions of low oxygen tenson [50]. One loaded hydraulic bone
chamber in the long-term loading study never fully integrated into the femord bone,
dlowing free rotation of the implant in the host bone. Micromotion on a much smdler
scde may have occurred in other loaded implants as well explaining the observance of
catilage and endochondra bone formation. Either the motion itsef and/or subsequent
disuption in vascularity may have predisposed catilage formetion. However, a
disruption in vascularity could not be confirmed from an andyds of histologic sections

dained for a-SMA.

Genera higtological observation of loaded and nonloaded samples indicated a
reduction in new bone formation with loading. Quantification of the fluorescent sgnd
from injected bone labels confirmed a sgnificant reduction in new bone volume per graft
surface area available for bone formation. Intuitively, this result seems unexpected given
the pogtive results of gmilar experiments on de novo bone formation in canines [100] as
well as the abundance of literature supporting enhanced bone formation with mechanica
loading. There ae a few possble explanations.  Firs, in vivo compresson of
regenerating bone formation on a three-dimensona scaffold has never been investigated.
While previous work in the rabbit hydraulic bone chamber confirmed the presence of

odteoblasts lining trabecular surfaces and a thin layer of minerdized tissue on dlografts
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implanted in the chamber for four weeks, the number of responsve cdls and the quaity
of matrix present a the time of load onset was probably inferior to that in the canine
hydraulic bone study of de novo bone formation in which loading was ddayed for eight
weeks. No studies at present have been conducted to examine the impact of a connected
matrix network on conduction of mechanicaly induced molecular sgnds, but results
may have been different if loading had been delayed further dlowing additiond de novo
bone formation prior to initiating mechanical loading. Furthermore, it is possble that the
loading dimulus chosen was not dgnificant enough to induce bone formation. The
norma compressve drains predicted by finite dement analyss in the trabecular tissue
ranged from +140 n@to -1060 ma Frost's Mechanostat Theory predicts that strains in
this range would fdl in the physiologica range of loading and are therefore suitable for
the maintenance of bone mass [34]. However, Fros’s strain guiddlines are based roughly
on goparent drans which might suggest that tissue levd drains in this range may actudly
fdl toward more of a disuse regime. Interestingly, Guo modeled compresson of rat tal
vertebra using a set of loading parameters known to induce bone formation and predicted
norma compressive tissue strains ranging from +380 néto -1994 mafor a 100 N load
[182]. While this range is broader than the drain range predicted for this study, the

difference does not seem large enough to separate resorptive from formative regimes.

However these theories more likely explain the absence of an effect of loading on
new bone formation, when in fact a ggnificant reduction in new bone was observed in
loaded trabecular dlografts. Given that one loaded chamber never stably integrated with
the femoral bone and another loaded sample demondrated sgns of chondrogenesis

suggests that unexpected micromotion between the bone and the implant may have
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occurred in other samples as well. While cartilage was not observed in al loaded
samples, micromotion may 4ill have been dgnificant enough to didurb the vascular
supply such that bone formation was impeded in loaded specimens.  Given the smadl
apparent deformation of 8740 ndin the axid direction, it seems possble but unlikely that
the motion of the loading pison resulted in disupted vasculaity snce locd
displacements would be even smdler and apparent deformation of 2-5% in the canine
hydraulic bone chamber did not seem to disturb the vascular supply. However, it is dso
possible that radid micromotion of the implant occurred due to the presence and
pressurization of the attached indweling tubing. Since the tubing is transcutaneous, the
tubing was subject to disturbances caused by the animd’s motion even though
precautions were taken to minimize this eventudity. Furthermore, the required pressure
in the tubing to adequatdy deform the trabecular alograft was 100 ps which is the
recommended maximum working pressure for the polyurethene tubing used.  This
pressure was large enough to cause sgnificant motions of the unrestricted connecting
tubing extend to the animd and padpable vibrations through the <kin from the
indwelling tubing. Given the perpendicular orientation of the tubing attachment to the
chamber, such vibrations may have resulted in a net moment on the chamber causng
radid micromotion. Such micromotion may have disturbed the vascular supply to the
regenerating dlograft through the radid infiltration ports, however a disuption in
vascularity could not be confirmed from the higology.  Currently, no sngle explanation
given can provide an adequate explanation of the observed reduction in bone formation

with loading.
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The second specific am of this sudy was to use finite dement modding to
predict tissue drains in the loaded trabecular dlografts for comparison with patterns of
locd bone formation in order to determine a regime of adaptive tissue drans.
Predictions of tissue level srains ranged from -1420 né to +480 nd@ for the largest
principad gtrain with most of the bone experiencing strains near -300 & Because a
podtive adaptive response in bone formation on rabbit trabecular dlografts was not
achieved however, it was impossble to meet the primary objective of the study to

determine a et of local tissue strains resulting in mechanica adaptation.

The third specific am of the study was examination of early gene response to
mechanica loading of trabecular dlografts in vivo. Invedtigation of early gene
expresson usng RT-PCR methods of trabecular dlografts loaded for three days proved
unsuccessful.  While others have andyzed mRNA expresson in de novo bone formation
regenerating in an empty defect [101], RNA extraction from bone forming on a trabecular
dlograft proved difficult. Obgtacles included a low retio of metabolicdly active cdls to
the overdl minerdized matrix present. The trabecular dlograft represents a large volume
of devitdized matrix with only a smal number of active cdls on its sufface The
presence of an aundant minerdized matrix dso interferes with and acts as a contaminant

in the RNA extraction process.

The outcomes of this study, athough unexpected, do not suggest that pursuit of an
in vivo bioreector employing mechanicd preconditioning of cdl-seeded polymeric
condructs should be abandoned. The vast mgority of literature supports the

enhancement of minerdization through mechanicd loading. However, a large number of

68



factors play a role in tisue differentiaion and minerdization of mesenchymd tissue
including cdlularity, vascularity, and a host of mechanicd loading paraneters.  Disrupted
vascularity from micromotion, is less of a concern in a subcutaneous system because,
unlike the rigid environment around an orthotopic chamber, the compliant nature of the
subcutaneous environment is more likdy to move with the chamber even if micromotion
of the implant occurs. In fact, the protocol for using the in vivo bioreactor developed
avoided the use of transcutaneous tubing, reducing the likeihood of animd disturbance
to the tubing which might disrupt blood supply to the regenerating scaffolds enclosed in
the in vivo bioreactor.  In addition, the forces required to deform polymeric constructs
ae much lower due to ther lower moduli, reducing the likdihood of micromotion
associsted with the actuation mechanism.  Moreover, an in vivo bioreactor may be
employed to accomplish the same task of identifying a regime of locd tissue drains
reulting in bone formation on a three-dimensona scaffold as intended by the present
sudy. The results reported here even suggest that loading of a more cdlular scaffold
with a less variable architecture may prove a better scenario for identifying adaptive

tissue srains.
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CHAPTER 4

DESIGN AND DEVELOPMENT OF A NOVEL MECHANICAL LOADING DEVICE
FOR USE AS A SUBCUTANEOUSIN VIVO BIOREACTORIN A RODENT MODEL

4.1 Introduction

4.1.1 Summary

Technology for condruct development is a crucid area for tissue engineering.
Cdl-seeded scaffolds may benefit from chemicd or physcd preconditioning before
implantation.  Such preconditioning may dlow the congtruct to better meet the functiond
demands of its environment. Most current tissue-engineered bone replacements typically
do not utilize such preconditioning drategies, but ressarchers are beginning to examine
the benefits of in vitro preculture of three-dimensond scaffolds. This preculture period
may promote celular proliferation, differentiation, and/or matrix minerdization, usudly
from exposure to an aray of tissue culture supplements including dexamethasone, bone
morphogenetic proteins, and Nab-glycerophosphate.  Wang has demondrated the
additiond benefit of in vitro preculture to find in vivo mingrdizaion [155]. However,
current in vitro development of three-dimensond cel-seeded scaffolds for bone defect
repair is limited by poor trangport in and out of the scaffold of nutrients, degradation
products, and metabolic wastes. Construct development in vivo may be able to avoid
such complications due to the presence of invading blood vessds into the consruct.
Others have used the in vivo environment to revascularize bone autografts and prepare

other vascularized tissue engineering congtructs [ 155, 167, 168].
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The development of an in vivo bioreactor system capable of applying a controlled
mechanicd dimulus to developing bone tissue-engineered congtructs may be able to
capitalize on the mechanoresponsiveness of osteoprogenitors to produce condructs with
greater minerdization.  Such condructs may have grester amounts of more evenly
digributed minerdization, possble suited for loadbearing Stuations. Because of
improved trangport in an in vivo system, larger constructs may be produced with cells
present throughout the scaffold.  For certain congtructs, it may be possible to maintain the
developed vascular dructure to the orthopedic defect Ste, anastomosing the construct's
vasculature to the bone's blood supply. A tissue chamber sysem was designed and
developed for use in the subcutaneous space of a rat. This system is capable of applying
a controlled intermittent simulus via a hydraulicaly actuated pison to the three
dimensgond scaffold developing ingde the chamber.  This chapter describes not only the
system desgn, but feashility and pilot experiments associated with the system

development.

4.1.2 Specific Aims
Soecific Aim #1: To verify that enclosure of a cell-seeded scaffold in a titanium chamber

does not impede subcutaneous bone formation.

An initid prerequiste for a subcutaneous in vivo mechanicd loading sysem was
assurance that bone formation could occur on cel-seeded scaffolds placed within
titanium chambers in the subcutaneous space of rats. A vaiey of cdl/polymer and
cell/ceramic combinations were placed within titanium bone chambers and implanted in

the subcutaneous space.  Bone formation was quantified by micro-computed tomography
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after Ix weeks. It was demondrated that enclosng a condruct within a titanium
chamber did not reduce bone formation compared to control specimens implanted

directly into the subcutaneous space.

Soecific Aim #2: To design and develop a novel system to apply mechanical compression

to tissue-engineered scaffolds prepared in a subcutaneous in vivo environment.

An origind implant sysem cgpable of agoplying a controlled mechanicd gimulus
to cylindrical scaffolds implanted subcutaneoudy in a rat was desgned and created.
Such a sysem may provide the ability to develop larger, stronger, and more
homogeneous bone tissue replacements than could be developed in a diffusondly limited
in vitro culture sysem. Such pre-conditioned constructs may be better able to meet the
functiond demands of the bony environment. Furthermore, if constructs are developed in
the find hodt, they may be populated with receptive host cels that will reduce the

immunologic challenge presented to the patient when the bone defect is repaired.

Soecific Aim #3. To verify the functionality of new subcutaneous loading system

hardware in vivo.

Findly, an initid tex of the peformance of the newly desgned subcutaneous
tisue loading sysem was peformed. These expeiments gave key ingght into
gppropriate surgica protocols and anima  podt-operative care for dudies utilizing this

novel sysem.
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4.2 Subcutaneous Pilot Experiments

4.2.1 Introduction

Before proceeding with the idea of a subcutaneous in vivo bioreactor capable of
goplying a controlled compressve load in vivo, it was necessxry to determine the
feadhility of such an idea. The first god of the feashbility experiments was to determine
if endodng a tissue-engineered bone condruct within a titanium chamber would hinder
bone formation on the congtruct when implanted subcutaneoudy on a rat’s back. The
second god of the feashility experiments was to determine the best possble choice of
scaffold materid, cels, and culture conditions for the implanted condructs. Therefore a

variety of materiads and cdll preparation conditions were employed in these experiments.

4.2.2 Methods

Seventy-six scaffolds were prepared for the experiment. Each scaffold had a
cylindricd shape 025" in dianger and 025" in length. Twenty-eight  60:40
hydroxyapdtite/tricdcium phosphate (HaTCP) samples were purchased from Berkeey
Advanced Biomaterids (San Leandro, CA) with an average pore size of 250 microns and
then dterilized with a 25 Mrad dose of gamma irradiation. Eight polycaprolactone (PCL)
were manufactured by a fused depostion modeing technique compliments of Dr.
Dietmar Hutmecher a the Nationd Universty of Singapore and were disinfected in
ethanol. The scaffolds had a defined repeatable architecture smilar to tha shown in

Figure 20.
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Figure 20. Polycaprolactone Microar chitecture

Forty poly(L-lactide-co-D,L-lactide 70:30) (PLDL) samples were manufactured
a published previoudy [183]. Briefly, PLDL was combined with 30%
azodicarbonamide solvated in acetone and then repeatedly coated on 316 dainless sted
wires.  Wires were bundled in heat shrink tubing and hested 20 minutes a 60C to fuse
them together before the bundles were heated to 260C in peanut oil to decompose the
porogen. The wires were then removed and the bundies rinsed in hexane. Bundles were
cut to 0.25" lengths and rinsed in ethanol and dlowed to dry. PLDL samples were dso
derilized with a 25 Mrad dose of gamma irrediation.  Scaffolds were incubated in a 20-
25 mg/ml suspension of rat plasma fibronectin (Sigma #F0635) for 16 hours a 4C, then
rinsed three times with PBS and remained hydrated in PBS until seeded with cells. Some
scaffolds received a coating of rhBMP2 prior to fibronectin coating. These samples were
immersed in 100 M of a 24 nmg/ml solution of rhBMP2 (Sigma) and dlowed to dry at
room temperaiure under a vacuum for 3 days Smilar to a method described previoudy

[166].
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Rat mesenchymal stem cdls were obtained from Osris Therapeutics and were
isolated from the pooled marrow of seventeen Fisher rats and then frozen after the initid
confluence. Cdls were expanded in dpha-MEM (Invitrogen #32561-037) with 10% feta
bovine serum (FBS) (Vdley Biomedicd lot # L7938) and 1% antibiotic/antimycotic
(Invitrogen #15240-062). Passaging was performed every fourth day with 0.05% trypsin,
53 mM EDTA-4Na (Invitrogen #15400-054) and replated a 10,000 cells'en?. Some
cdls were expanded in the standard media supplemented with 50 M ascorbic acid 2-
phosphate (AsAp) and 10 nM dexamethasone to predifferentiate the cdls toward an
odteoblagtic phenotype.  Since these cdls were actively secreting extracdlular matrix,
treetment with a collagenase solution (150 U/ml collagenase type | and 50 U/ml
collagenase type Il (Worthington #.S004196) in serum-free adpha-MEM) was required

prior to trypsnization to lift the cells to passage them.

Scaffolds were seeded with a 7.5e6/ml or 9e6/ml cdl sugpension using a vacuum
gyringe technique. Scaffolds were dterildy placed in the barrd of a 3ml syringe with a 3
way stopcock on the syringe luer. A 500 m volume of the cdl suspension was added to
the syringe through the stopcock. The vave was closed and a vacuum was pulled and
releaesed a least five times to hep pull the cdl suspenson within the scaffold pores.
Scaffolds were incubated at 37C for two hours before 1.5 ml media was added to nourish
the cdls. Scaffolds were kept in a 37C incubator overnight until in vivo implantation.
Table 4 ligs the various scaffolds and cdl trestments investigated in this pilot experiment
and the number of samples used for each group. A few extra scaffolds were prepared for
andyss of cdl viability usng a Live/Dead fluorescent daining kit (Molecular Probes L-

3224) employing cdcein and an ehidum homodimer.  After overnight incubation,
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samples were rinsed three times in PBS, saned with a solution containing 4 iVl
concentrations of calcein and ethidium homodimer each, rinsed in PBS three more times
and imaged usng confoca microscopy. Confocd images were taken a multiple depths
and dacked to creste a three dimensond representation of the scaffold usng a Zeiss
LSM 510 Confocd Microscope (Carl Zeiss, Inc.). Additiond samples were andyzed for
double stranded DNA content usng PicoGreen dsDNA Quantitation Kit (Molecular
Probes P-11496). See Appendix E for a detailed protocol employed to analyze DNA

content from cdlls seeded on a three-dimensond scaffold.

Table4. Various Tissue-Engineered Scaffolds Tested in Feasibility Experiments

Material | Dex | Passage| BMP2 Scaf?olds
Ha/TCP No P2 No 16
Ha/TCP No P4 No 6
HaTCP No PA Yes 6

PCL No P2 No 8
PLDL No P2 No 8
PLDL No PA No 6
PLDL No P4 Yes 6
PLDL Yes P1 No 4
PLDL Yes P1 Yes 4
PLDL Yes P4 No 6
PLDL Yes PA Yes 6
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Scaffolds were implanted subcutaneoudy into the backs of 19 male Fisher rats,
each weighing more than 175 g, using a blunt dissection technique. Four scaffolds were
implanted in each animd & each of the four pogtions shown in Fgure 21. Two of the
scaffolds were implanted in titanium chambers identica to the nonloaded chambers used
in the experiments described in Chapter 2 (Figure 1). Each scaffold/cel combination
outined in Table 4 had hdf the samples implanted within chambers and hdf were
implanted directly into the subcutaneous space.  Scaffolds implanted in chambers were

aways positioned diagondly at either positions A and D or B and C.

Figure21. Postionsfor Scaffold Implantation

Aneshesa was induced usng 4% isoflurane and maintained on 1-2% isoflurane
by mask. The rat’s back was shaved and scrubbed. The ste was draped and covered in
loban, a gerile antimicrobid film. A 1.5 cm incison was made through the skin between
positions A and B on the dorsa sde of the ra pardld and dightly offset from the spine.

Blunt scissors were used to make smal pouches in the subcutaneous space on ether side

77



of the incdgon away from the midine as shown in Fgure 22. A sngle scaffold or a
scaffold enclosed in a titanium chamber was placed in each pouch. The incison was
closed with wound clips. The process was repested for scaffolds implanted at positions C

and D.

Figure22. Subcutaneous I mplantation of a Tissue-Engineered Bone Scaffold within
a Titanium Chamber

After sx weeks, animas were euthanized via carbon dioxide overdose and
scaffolds were harvested.  Scaffolds enclosed in chambers were retrieved using a thin-
waled kerchunker as shown in Fgure 81. All samples were fixed in 10% neutrd

buffered formalin for 48 hours and then stored in 70% alcohal.

All animd procedures involving subcutaneous implants in rats without applied in
vivo loading were gpproved by Georgia Tech's Inditutiond Animd Cae and Use

Committee in Protocol #A02003.
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Scaffolds were imaged usng a microCT 40 in a process Smilar to that described
in Section 22.6. The microCT 40 differs from the microCT 20 in that serid tomograms
are recongructed from the raw data using a cone-beam filtered backprojection agorithm
adapted from Feldkamp et d [184] rather than a fan-beam approach. These samples were
scaned a a resolution of 16 microns with the scanner operating a a voltage of 50 kVp
and a current of 160 mA. MicroCT images were firg filtered usng a condrained 3-D
Gaussan filter (dgma = 1.2, support = 2) to partidly suppress noise in the volumetric
image data prior to segmentation to reved the minerdized tissue from the surrounding
soft tissue usng a globd thresholding procedure. A threshold of 45 was sdected for dll
PCL and PLDL samples in this experiment. For the HaTCP samples, a double
thresholding technique was atempted to isolate new bone formation from the implanted

ceramic phase but was unsuccessful.

For subsequent datidticd andyss of PCL and PLDL bone formation, a
normaized bone volume parameter (BVP) was examined. Since sample diameters were
very condgent, BVP was defined to be the bone volume per unit length of the sample
minus the background bone volume per unit length if the polymer. PCL had no
background noise, but PLDL had a very smdl levd of background noise that might
appear as an additional 0.00228 mm? of bone volume per unit length. One observation
out of 48 was removed from the data set as an outlier since is BVP was more than four
times larger than any other sample and its corresponding DFITS vadue was dmogt eght
times larger than the recommended maximum by Beledey [181]. Genera Linear Models
were performed to search for patterns in the variance that may be dttributable to the cell

type or passage, scaffold materid, BMP treatment, or enclosure in the titanium chamber.
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Modes adso looked at animd, implantation podtion, and harvest date to further account

for variability inthe data. All andyses per performed with apha of 0.05.

After scanning, samples were cut in hdf longitudindly usng an Isomet 1000
Precison saw (Beuhler). If the scaffold materiad was PCL or PLDL, one hdf the sample
was processed in paraffin and sectioned at 10 microns.  Sections were stained with H&E,
Safranin-O, mMMAB, or Goldner’s Trichrome. Ha/TCP samples were processed in plastic

and stained with either Sanderson’s Rapid Bone Stain [185] or Toluidine Blue.

4.2.3 Results

Confocal microscopy of representative PLDL samples stained with cacein and
ethidium homodimer 24 hours after seeding reveded reasondble quantities of live cdls.
The longitudind macroporosty dlowed for degp penetration of the cdls within the
scaffold.  Of the four PLDL samples examined, the depth of penetration recorded ranged
from 1.0 mm to 1.7 mm. Figure 23 shows anfoca images of a Live/Dead stained PLDL
sanple.  These images were acquired from the top of the cylinder looking dong the
longitudind axis. The dde progection in Figure 23C illustrates that the cdls were

collecting in the longitudinad macroporosity of the scaffold.
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Figure 23. A Representative Cell-Seeded PLDL Scaffold Labeled for Live (Green)
and Dead (Red) Cedlls; A) Single Slice, B) Normal Projection of All Confocal Slices,
C) Side Projection of All Confocal Slices

Double-stranded DNA was quantified on four representative PLDL samples using
a relatively untested protocol employing Pico-Green. These results indicate that only 0.7-
1266 cdls atached to the scaffolds out of an original 4566 cdls in the cdl-seeding

sugpension.  This represents cell-seeding efficiencies between 16-28%.

All in vivo scaffolds gppeared to be vascularized at time of harvest and did not
goper to have initiated a dgnificant foreign body reaction. Such vascularization is
goparent in Fgure 24. By visud obsavation, scaffolds implanted indde titanium
chambers actualy gppear more vascular than those implanted directly into the

subcutaneous space.
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Figure 24. Representatives of Each Scaffold Material at Time of Harvest; A)
Ha/TCP, B) PLDL, C) PCL

Andyss of new bone formaion from microCT images reveded tha smadl
volumes of new bone formed on PCL and PLDL. New bone formation was evident

throughout the congtruct, not just on the periphery (Figure 25).
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Figure25. MicroCT Images of Cell-Seeded Scaffolds Implanted Subcutaneously for
Six Weeks. These Sampleshad No rhBMP-2 Treatment.
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BVP vaues ranged from 0 to 0.08 mm*/mm. Although data was collected on 48
samples, sample sizes per ranged from 2 to 4 per treatment group due to a wide variety of
treatments investigated. The mean, standard error, and sample sze of each trestment

group isreported in Table 5.

Table5. Mean Bone Volume Parameter, Standard Error of the Mean, and Sample
Sizefor Each Treatment Condition Tested

BVPé Standard
TRT # | Material | Cell Type | BMP2 | Chamber | mm Error n
1 PLDL P4 MSC NO NO 0.0453 0.0058 3
2 PLDL P4 MSC NO YES 0.0232 0.0081 3
3 PLDL P4 MSC YES NO 0.0088 0.0023 3
4 PLDL P4 MSC YES YES 0.0343 0.0194 3
5 PLDL P4 MOP NO NO 0.0180 0.0019 3
6 PLDL P4 MOP NO YES 0.0222 0.0047 3
7 PLDL P4 MOP YES NO 0.0346 0.0044 3
8 PLDL P4 MOP YES YES 0.0108 0.0074 3
9 PLDL P1 MOP NO NO 0.0079 0.0001 2
10 PLDL P1 MOP NO YES 0.0032 0.0038 2
11 PLDL P1 MOP YES NO 0.0182 0.0088 2
12 PLDL P1 MOP YES YES 0.0314 0.0209 2
13 PLDL P2 MSC NO NO 0.0269 0.0179 4
14 PLDL P2 MSC NO YES 0.0186 0.0052 3
15 PCL P2 MSC NO NO 0.0019 0.0010 4
16 PCL P2 MSC NO YES 0.0134 0.0043 4

Figure 26 compares the mean bone volume parameter for the mgor factor groups.
Generd Linear Modes of the BVP did not show a sgnificant difference between MSCs
with or without predifferentiation to an osteoblastic phenotype. Furthermore, there was
no sgnificant difference in BVP due to passage number or pretreatment of the scaffold
with hBMP2. There was little variability from animd to animd or between implant

postion assgnments.  Overdl, the models could not show a dgnificant difference
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between bone formation on a scaffold implanted ingde a titanium chamber versus on a
scaffold implanted directly into the subcutaneous space.  However, in PCL, there was a
ggnificant (p=0.040) increase in BVP when the sample is enclosed in a titanium chamber
(Figure 27). Despite the increase in BVP for PCL when enclosed in a chamber, PLDL

formed significantly (p=0.036) more bone overal than PCL.
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While higologicd processng was peformed for many of these samples,
techniques for processing tissue on polymeric scaffolds are highly experimenta a this
point, and consequently most of the results were unusable. However, the tissue was used
to try many different processng, sectioning and daning techniques, providing crucid
experience which added in the successful histologic processng of polymeric scaffolds in
future experiments. A section of a Ha/TCP scaffold seeded with Passage 4 rat MSCs and
implanted subcutaneoudy for six weeks is shown in Figure 28 to illugrate the osteogenic
capacity of this cdl source.  While the section shown is a BMP-treated scaffold, smilar

results were seen in untreated controls.

87



Figure 28. New Bone Formation on BMP2-Pretreated Ha/T CP Seeded with P4
rM SCsand Implanted Subcutaneoudy in a Titanium Chamber; Plastic Sections
with Sanderson’s Rapid Bone Stain viewed at 20x

4.2.4 Discussion

With a sample sze of 24 pairs of scaffolds implanted subcutaneoudy in chambers
or directly into the subcutaneous space, this work clearly demondrates that enclosing
PLDL seeded with MSCs in a titanium chamber does not impede subcutaneous bone
formation in rats (statistica power = 0.95). Such results indicate that the development of
a subcutaneous in vivo bioreactor applying controlled mechanica loads to tissues
developing within a loading device in vivo is a feasble option. It dso suggests that
tissue-engineered congtructs could be developed in vivo in shgpes specified by titanium
chambers. Implanted titanium systems may aso be used to deiver bioactive factors to
condructs developing subcutaneoudy a wdl.  In light of visud observations of

increased vascularity in enclosed chambers and the significant increase in bone formation
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on PCL when enclosed in a chamber, a sudy quantifying the vascularization between

enclosed and direct subcutaneous implantation may be worthwhile.

This work dso provides direction toward a cdl/scaffold combination which might
respond favorably to loading in an in vivo bioreactor. While scaffolds with any of the
experimental  conditions tested may respond to mechanica compresson, these data
prescreened scaffold materids and severa trestment options which may improve the
ability of bone to form on the scaffold in vivo. Few sgnificant differences between
treestment conditions were demondrated but this may smply be a result of a smdl sample
gze. Because many different trestments were consdered, sample szes ranged from only
two to four samples per group. The absence of a difference in bone formation on
scaffolds seeded with MSCs expanded in standard versus osteogenic media was
somewhat unexpected snce the polymeric scaffold materids themsdves are not
necessarily  osteoinductive. However, dnce 20 scaffolds were tested using
predifferentiated cdls and 28 usng undifferentisted MSCs, it may suggest tha the cdl
population used was not completely undifferentiated but may have contaned some
committed osteoprogenitors.  Treatment of the polymers with rhBMP2 was employed in
the hopes of showing an upper limit of achievable bone formation in a titanium chamber
implanted subcutaneoudy for sx weeks.  Unexpectedly, no benefit was gained from
tregting the scaffolds with rhBMP2.  Although the BMP was applied to the scaffolds
usng a previoudy published technique [166], the subsequent application of rat plasma
fibronectin may have competed with the BMP and obscured the ability of the BMP to
induce bone formation in surrounding cdls.  Furthermore, the dosage (24 ng/implant or

3.82 mg per cnt of scaffold materid) may have been inadequate.  While the dosage was
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based on research involving a ceramic scaffold materid, recent evidence suggedts that
proper dosng of BMP2 may vay with species and carier materid [186]. While
scaffolds seeded with Passage 4 cdlls performed better than those seeded with Passage 1
or Passage 2 cdls the difference was not gSgnificant.  However, these data do

demongtrate that bone forms more readily on PLDL seeded with rMSCs than PCL..

4.3 System Design

4.3.1 Design Requirements

Severd features were consdered requirements for the system design. Fird, a rat
modd was chosen for the avaladility of cels molecular markers, and ease of animd
handling. Because of this choice, the sysem desgn must be smdl enough to be
comfortably Stuated subcutaneoudy. The implant would be designed for subcutaneous
implantation on the rat’s back gnce this location would provide a large amount of
workable space while minimizing the obdruction to the animd.  Furthermore, any
transcutaneous access needs to be on the back to minimize the anima’s interference with
the tubing or port. Furthermore, the desgn must dlow for adequate vascular infiltration
to the chamber sample. By definition, the desgn must incorporae a mechanism to
deiver a controlled, compressve mechanicd simulus to the chamber sample, preferably
in a manner compdible with our exiging externd solenoid-driven actuation system.
Findly, the desgn must dso provide for a convenient way to nondestructively remove

the sample from the device a the time of harvest.

Severd other features were consdered advantageous but not criticd to the design.
The desgn should dlow for multiple samples to be loaded Smultaneoudy maximizing
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the experimentd conditions that can be examined in a given animd. As much as
possble, the desgn should condder the animds comfort and minimize the implant
profile.  The desgn of the sysem should dso condder maximizing the flexibility of the
system to test a variety of tissue scaffolds and perhaps apply a variety of both mechanicdl
and biologic dimulants of tissue differentiation. Furthermore, when possble,

commercial components should be utilized for repeatability, supply, and reduced cogt.

A few features of the rabbit HBC system were not consdered necessary for the
desgn of this new system, including the ability to repeatedly biopsy the scaffold contents
in a nonttermina procedure.  Since the design of the sysem may dlow severd samples
per animd and is not necessarily condrained to two samples per animd, a variety of
experimenta conditions may be tested in a sngle animd smultaneoudy. Therefore, the

need for repeated biopsy was not considered gredt.

4.3.2 Preliminary Ideas

Many options were conddered ranging from the basc chamber with a single
transcutaneous tubing line smilar to the rabbit hydraulic bone chamber to more complex
gysdems involving manifolds to load many chambers and potentidly completdy
implantable loading sysems. For the chamber itsdf, the main desgn chalenges were
vascularization, hydraulic access, the ability to eedily biopsy the sample, and achieving
watertight sedls. In addition, the overal profile of the chamber should dlow for close
contact between the subcutaneous tissue and the vascular ports of the chamber. Severd
designs with suture holes were considered to pull the subcutaneous tissue close to the

implant. For vascular access, severd hole patterns in the chamber walls were considered.
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Hydraulic access could be achieved ether through barbs and tubing smilar to the rabbit
HBC system or fixed metal ports through the skin amilar to those wsed for eectrica lead
access in neurological dudies. Since the design requirements do not specify non-termind
repested biopses, easy sample retrieva can occur after the chamber is removed from the

animd by either removable caps on both ends or plunger type designs.

While the decision about hydraulic access to the chamber involves barbs or other
metd ports, the chalenge of hydraulic access to the animd is a more complicated one. A
fully implantable desgn would be optima in which no externa access is required and the
actuding mechanism is implanted dongsde the chamber. Such desgns might include
radio controlled motors or piezoelectric materids or even the use of shape memory
dloys. However, the design of such a system would be complex, requiring eectricd and
controls background beyond the scope of this work. Furthermore, the design would
require miniaturization to fit in a rat’s back. The components to create this desgn a this
scde ae not reedily avalable.  One possble desgn might even indude a fluid-filled
digphragm just under the skin that could be physcdly deformed through the skin, but
obtaining feedback from the sysem to actively control the pressure applied would be
problematic. An intermediate concept might include avascular assess port just under the
skin that could be repeatedly pierced transcutaneoudy for hydraulic access. The problem
with this design is obtaining a water-tight sed in this digphragm under the required high

[pressures.

Due to the complications involved with cregiing a fully implantable system, it was

chosen to create a desgn that could work easly with the exising externd solenoid-
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driven sysem with active pressure feedback control (Figure 34). Therefore during
loading sessons, there must be some transcutaneous access to the implanted chamber.
However, any transcutaneous access involves increased risk of infection. Since one of
our design requirements is a sysem that alows for loading of severa samples per animd,
an implanted manifold to connect dl chambers to a sngle transcutaneous port will reduce
the risk of infection to the anima. Manifolds could be custom-designed to accommodate
as many chambers as the animd can tolerate. A manifold design shoud also consder the
animd’s comfort and have a profile that keeps the chambers close to the underlying
tissue. To faclitate the removd of ar bubbles from the sysem, the manifold must aso

include ableed port.

4.3.3 First Prototype Design

The fird prototype design that was manufactured and tested includes a custom
manufactured manifold capable of linking four rat subcutaneous loading chambers (SLC)
that are connected via commercial connectors (Beswick, Inc.). A 3D rendered schematic
of the custom peces is shown in Figure 29 and the assembled manufactured prototype in
Figure 30. Complete machine drawings can be found in Appendix A.3 Rat Subcutaneous
Loading Chamber and in Appendix A.4 Prototype Manifold for Rat Subcutaneous

Loading Chambers.
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Figure29. Assembly of Initial Prototype for Manifold and Rat Subcutaneous
L oading Chambers

Figure 30. Assembly of Prototype Manifold and Chamberswith Necessary
Hardware
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The rat subcutaneous loading chamber design resembles the nonloaded rabbit
HBC with severd subgtantid changes. Overdl, the chamber is much smdler having an
inner diameter of 4mm. No externa threads on the chamber are needed since the
chamber is not anchored in bone and instead of a cap the chamber has internd threads to
mate with a standard 10-32 male connector. Hole pattern designs were created for
vascular access involving 2 or 3 rows of portas. Machining complications ruled out the
3-row desgn as shown in Fgure 29 in favor of a 2row desgn with larger diameter holes
(Figure 30). The design features a thin platen that dts in the bottom of the chamber. A
smdl diameter hole in the base of the chamber alows for a rod passed through the hole to
lift the base platen, acting as a plunger to conveniently lift the sample residing in the
chamber out during harvest procedures. This feature was chosen over a removable end
cap to minimize the chamber's profile keeping the underlying tissue in close gppostion
to the chamber's vascularization ports.  The chambers are assembled by fird inserting the
base platen, then the experimenta scaffold, and findly a smdl pison with a .085x.036"

Buna-N o-rings (custom order from Apple Rubber, Inc.) as diagrammed in Figure 31.

Figure31. Assembly of Piston, Sample, and Base Platen (L eft to Right) into the Rat
Subcutaneous Chamber
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The cugom manifold dlows for dmultanecus loading of four SL.Cs.  The
contoured shape creastes smooth edges that are unlikely to cause lesons on the animd’s
kin. The SLCs mate to the manifold on 60° angled faces on either sde. When the
manifold is digned pardld to the vertebra, the chambers and manifold create an arcing
shape that resembles the curvature of the rat's back. This alows the chambers to lie
closer to the underlying tissue without cregting as large empty tissue pockets as would be
cregted if the chambers mated agangt an orthogond manifold. The manifold features a
andl flange on the bottom a the front and back of the manifold with smdl holes
intended to be used for suturing anchor points to attach the manifold to the underlying
tissue. The manifold features a centrd longitudind hole dong the length with two angled
holes intersecting from either sde.  All holes have 10-32 interna threads. Chambers can
be mated usng 10-32 male nipples and a 10-32 mae connector with a hose barb is used
on the front face to connect hydraulic loading tubing to the manifold. Findly a 10-32

male cap can be placed on the back face and used as a bleed vave.

The largest perceved disadvantage of the manifold design is its large sze and
weight. A long dot was added to the base and smdl through holes dong the length of the
manifold in the upper corners in an atempt to remove materid and reduce the weight of
the manifold. This primary disadvantage spurred a second smdler design that could be

used in the event the large manifold istoo heavy for arat.

4.3.4 Second Design Prototype
To create a sndler overdl implant, a second design was made incorporating a

gndl commeddly avaladle manifold (Beswick #MX-1010-303). The manifold is

96



gamply a smdl med block with femae 10-32 ports on al four sdes. Two SLCs as
described earlier can be atached on opposdte sdes of the manifold usng 10-32 mae
threaded nipples. One of the remaining ports serves as a bleed vave and can be capped
with a 10-32 plug, while the find remaning port receives an adjusteble dbow barb with
10-32 threads to a 1/16” hose barb (Beswick # SMLS-1012-303) to connect the hydraulic
loading tubing to the manifold (Figure 32). The miniature elbow barb keeps the overdl
gze of the desgn smdl and dlows the tubing to approach the chamber pardld to the
implant.  This feature is very important since the overdl desgn is somewhat long and
linear, requiring the implant to lie pardld but offset to the ra's vertebra The tubing
must exit between the rat's shoulder blades to minimize the chances of the animad
interfering with the tubing. In nonloaded controls, the ebow barb may smply be
replaced by another 10-32 plug as shown in Fgure 32. Complete ingructions for
assembling this implant can be found in Appendix B.4.2 Assembly Indructions for

Subcutaneous Ret Loading Device.

The advantages of this design include its smal sze and weight as well as the use
of a commercidly available manifold, avoiding the expense and delay associated with a
custom-machined manifold. Unfortunatdly, this dedgn is drictly limited to two
chambers per manifold, restricting the number of experimenta treatment conditions that
can be invedtigated in a given animd. The length and linearity of the desgn may aso

affect the animd’ s comfort.
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Figure 32. Assembly of Standard Manifold with Subcutaneous Rat Chambersfor
L oading Experiments; Top (L oaded), Bottom (Nonloaded)
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4.4 Tubing & Loading Pilot Experiments

Severa smdl pilot experiments were performed to decide procedurd details about
conducting loading experiments subcutaneoudy in rats.  Although, rats are consdered
rdadively infection resstant, given our previous experience with infection dong
indwelling transcutaneous tubing in rabbits, the risk of infection was ascertaned in
sved gndl pilot experiments meant to find a suitable tubing diameter and the
gppropriate surgica techniques and post-operative care to minimize infection and anima
discomfort. Since this work was peformed in padld with the design of the rat
subcutaneous chamber and manifold sysem, the initid work was peformed usng the
larger rabbit hydraulic bone chambers smply implanted subcutaneoudy with attached

transcutaneous tubing for Sx weeks.

The work investigated both 1/16” and 1/32" 1D ubing with the hopes that smdler
tubing may reduce the incidence of infection; however, no difference was seen in the
occurrence of infection.  Although smdler tubing seemed more comfortable for the
animd, hardware for 1/32” ID tubing is difficult to obtain and proved less effective at
cregting a watetight sed.  Anchoring the tubing to the underlying tissue by suturing a
polyester cuff attached to the tubing with medica grade slicone glue was dso atempted
amilar to the procedure described in Appendix B.3 Procedure to Implant Subcutaneous
Loading Tubing in Rabbits (see Figure 82). This gpproach reduced the incidence of
infection in the rabbit hydraulic bone chamber modd, but was not found useful in the rat
mode. Often infection was found between the tubing and the polyester cuff itsdf. The

use of dlver-impregnated glass powder to treet the exit wound was dso employed and
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provided some improvement in the rat of infection aong the tubing, but did not prove as
beneficid in rats as it did in the rabbit hydraulic bone chamber modd. Given the high
rate of infection due to the open transcutaneous tubing, it was decided to minimize the
amount of time the exit wound would remain open. Pilot experiments were performed in
which the transcutaneous tubing was clipped at the skin level and the exit wound closed
after seven to ten days. This action greetly improved the rate of infection. Although it
would have been more desrable to avoid the use of a pharmacologic agent, the use of
prophylactic antibiotics was dso employed. A course of antibiotics (Cefazolin)
corresponding to the length of time the tubing remained transcutaneous proved to be as
effective as a course of antibiotics that lasted the entire Sx week period. Additionaly,
this work demondrated the need for the rat to wear an Elizabethan collar when the tubing

is exposad to prevent the anima from chewing through the tubing.

Two more pilot experiments were performed once the rat subcutaneous loading
chambers and manifolds were designed and manufactured. These experiments employed
loading of PLDL enclosed in the rat SLC. The purpose of these experiments was to 1)
ensure the anima could physicadly toleraie the manifold/chamber assembly, 2) test the
implanted hardware connections for leskage, 3) troubleshoot the overhauled externd
hydraulic loading sysem (Fgure 34), 4) choose between manifold designs, and 5) choose
between polyurethane and PTFE for the implanted loading tubing. The first experiment
pointed out severd mechanica hardware revisons that had to be made to the externd
loading sysem. The choice between manifold designs was made very clear.  Although
the larger cusom manifold had previoudy been successfully implanted and tolerated by a

test rat, it was clear that the addition of loading tubing and SLCs made the implant much
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too uncomforteble for the animad. Each of the four animds receiving the large cusom
manifold exhibited ggns of pan and anorexia and had to be euthanized within a few
days. Furthermore, surgicd implantation of the larger cusom manifold is more difficult.
The overdl design dlows severd empty tissue pockets that must be sutured close to both
reduce infection and keep the tissue cdose to the SLC. The sandl commercid manifold
was tolerated better by the rats, but the animals ill appeared uncomfortable, probably
because of the externd tubing and the need for the animds to wear Elizabethan collars.
Simply wearing the callar is sressful for the rats and prevents grooming. These animds
exhibit red secretions around the eyes and nose, a typica reection to dress in rats. The

giff transcutaneous tubing may aso cause the anima some pain asit ambulates.

Following our veterinarian’s suggestion, a second loading experiment festured a
loading protocol in which the implanted tubing remans benesth the skin a dl times
except for a short period of time surrounding each loading sesson. A minor surgica
technigue was peaformed in each animad immediately before the loading sesson to
expoe the tubing. Immediatdy after the 30-minute loading session, the tubing was
placed beneath the skin and the incison closed with wound clips A more detailed
decription of the procedure can be found in Appendix B.5 Procedure for Exposing
Implanted Tubing for Loading Sessons in Ras.  Although this procedure greetly
complicates loading sessons, it reduces the risk of infection dong the indwelling tubing
and improves the animd’s comfort by removing the exposed tubing and accompanying
Elizabethan collar, both improving the anima’s chances of survival.  In addition, this
find loading experiment demondrated that polyurethane, which is more flexible then

PTFE, could withstand pressures of 200 ps in our loading sysem without bursting or
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lesking. A leak occurred in one anima with PTFE tubing because the barb loosened
from the manifold suggedting that PTFE tubing maybe too 4iff to dlow bending and
motion of the tubing during the loading procedure. Polyurethane tubing was chosen for

successve loading experiments.

4.5 Discussion

The firs objective of examining the effect of endosng a cdl-seeded scaffold in a
titanium chamber on bone formation on the scaffold was successfully completed.  This
work conclusvely demondrated that enclosure of a scaffold within a titanium chamber
does not impede the formation of bone. This was an important prerequisite for the desgn
of a subcutaneous bioreactor employing mechanicd gimulation of  condructs.
Interestingly, bone formation on polycaprolactone scaffolds ggnificantly increased when
scaffolds were implanted within a titanium chamber rather than directly in the
subcutaneous gpace.  The reason for this is unclear, but studies investigating vascular
ingrowth in the chambers may be worthwhile given gross visud observations of

enhanced vascularity in loaded samples.

The second dated objective of designing a mechanica loading system for the in
vivo preconditioning of tissue-engineered scaffolds was dso completed. The find design
joins a par of cusommade scaffold chambers with a commercidly avaladle miniaure
manifold. Hydraulic tubing connected to the manifold via an angled adjustable barb can
be connected to an externd loading system with active pressure feedback control.
Attrective features include its reldively smal sze, the ability to load more than one

scaffold a atime, and its use of readily available commercia parts.
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Findly, the functiondity of the subcutaneous mechanicd loading system was
verified in pilot experiments. These experiments demondrated the tremendous infection
rsk asociaed with the use of indwdling transcutaneous tubing, despite monumenta
effects to reduce the potentid for infection. Because this threat could Sgnificantly
jeopardize sudies employing the subcutaneous mechanicd loading system, a protocol
was developed in which the hydraulic loading tubing removes subcutaneous except
during a brief period surrounding each loading sesson, raher than continuous
transcutaneous exposure of the tubing.  Using this protocol, the nove in vivo bioreactor
implant designed represents a robust system to mechanicdly precondition an aray of

congtructs for various tissue engineering applications.
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CHAPTER S

CYCLIC MECHANICAL COMPRESSION ENHANCES THE DEVELOPMENT OF
ORTHOPAEDIC TISSUE CONSTRUCTSIN A SUBCUTANEOUSIN VIVO
BIOREACTOR

5.1 Introduction

511 Summary

In an effort to produce tissue-engineered congructs capable of meeting the
functiond demand of bone defect Stes, a nove in vivo bioreactor capable d imparting a
cyclic mechanicd dimulus to developing condructs has been desgned to capitaize on
both the vascular in vivo environment and the responsiveness of osteoprogenitors to their
locd mechanicd environment. To determine the ability of this novel system to enhance
bone congruct development, a study was performed to invesigate bone formation on
polymeric congtructs seeded with mesenchyma stem cdls. Given that a successful tissue
engineering strategy may need to employ severd scaffold preparation techniques and that
mechanoresponsiveness may depend on the leve of cdl and tissue maturity, the effect of
in vitro preculture of the cell-seeded constructs prior to in vivo implantation in the loaded
subcutaneous chamber system on load-induced changes in bone formation was dso
investigated.  Scaffold preparations included a no preculture group to represent the
amplest gpproach of seeding cells on a scaffold and directly implanting the scaffold, a :
week preculture group to represent minima in vitro preparaion but which may commit

the cells to an osteoblastic phenotype, and an 8-week preculture group with pre-exising
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minerdized nodules. While the data suggests a dgnificant effect of preculture time on
matrix minegdization, an experimentd complication with cdl-seeding prevents any
concluson concerning preculture time.  Ovedl the daia show that cydic in vivo
mechanicd  loading results in a dgnificant increase in marix  minerdization.
Furthermore, the data suggest that cyclic in vivo mechanicd loading may be necessary to

prevent resorption of minerd deposited during in vitro preculture.

5.1.2 Specific Aims and Hypotheses
Specific Aim #1: To quantify the effect of controlled in vivo mechanical compression on
new bone formation within tissue-engineered constructs for bone defect repair prepared

in a subcutaneous in vivo bioreactor.

Subcutaneous loading chambers (SLCs) containing polymeric  scaffolds seeded
with rat mesenchyma sem cdls were implanted in the subcutaneous space on the back
of made Fsher ras. Cydic mechanicd compresson was gpplied to the developing
congtructs three times per week for two weeks and samples were harvested at the end of
gx weeks. New bone formation was quantified usng micro-computed tomography
imagng. It is hypotheszed that cydic mechanicad compresson will increase new bone

formation within cdll-seeded polymeric constructed devel oped subcutaneoudly.

Specific Aim #2: To quantify the effect of length of in vitro preculture on load-induced
changes in new bone formation within tissue-engineered scaffolds prepared in a

subcutaneous in vivo bioreactor.
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Polymeric scaffolds were seeded with rat mesenchyma stem cdls and then cultured in
media containing osteogenic supplements for one week or eight weeks. These scaffolds,
adong with no preculture and cell-free controls, were implanted into subcutaneous loading
chambers in the backs of male Fisher rats. A portion of these scaffolds dso received
mechanicd loading treatments for three times a day for two weeks. Samples were
harvested after six weeks in vivo. New bone formatiion was quantified usng micro-
computed tomography imaging. Given the presence of pre-exiting minerd may act as
nuclegtion gtes for further minerdization, it is hypothesized thet load-induced changes in
bone formation will be amplified with longer preculture preparation of cell-seeded

constructs.

Specific Aim #3: To predict tissue-level strains and stresses resulting from cyclic
compressive loading of polymeric constructs developed in the subcutaneous loading

chamber system.

Micro-computed tomography images of representative polymer scaffolds were used to
cregte a digita image based finite dement mesh for the bads of finite dement modes
representing the gpplied in vivo loading conditions. Predicted tissue stresses and dtrains

were generated.
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5.2 Methodsand M aterials

5.2.1 Scaffold Choice and Manufacture

The decison of which scaffold materid to use for the sudy was a critica one.
While the ided matrix would necessarily be osteoconductive, it should dso promote cell
adheson, mitoss and differentiagion while providing some initid mechanica dability.
A criticd requirement for this study is sufficient mechanicd integrity to ress a moderate
cydic mechanica dimulus without permanent deformation or brittle falure.  Previous
work peformed in the hydraulic bone chamber model suggests that apparent
deformations in the range of 2-5% should result in differences in new bone formation
[100, 102] and thus represent the target apparent deformation for this sudy. Even though
there may be other explanaions, apparent deformations of 0.8% did not result in
differences in new bone formation on frozen alografts in the rabbit hydraulic bone
chamber modd (see Section 2.34). It is imperdtive that grester deformations are applied

to the scaffold in this work.

PLDL was chosen to be the scaffold materid for the tissue-engineered bone
congructs for several reasons. It has adequate dadticity to recover from repeated
compressve loads aufficdent to have the maerid deform within a 2-5% range.
Furthermore, the diffness of PLDL when manufactured with 30% porogen (E = 43.50
MPa) [183] is nether too iff nor too compliant such that the loading system can
perform in its designated pressure range and ill deform the tissue 2-5%. Furthermore,
PLDL samples offer more architecturd condstency than natura scaffold materias such

as bone or corad products. It has no naive osteoinductive capecity like demineradized
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bone that could obscure differences in trestment groups. PLDL peformed wel in the

previous pilot experiments without eiciting a sgnificant foreign body reaction.

Other materids were conddered and deemed less desrable, including
deminerdized bone matrix, polycgprolactone (PCL), and CollaGraft. Although
deminerdized bone represents an attractive bone scaffold materia dlinically because of
its osteoinductive properties, that same property could obscure bone formation caused by
the addition of cells, in vitro pre-trestment of those cdls, and/or loading. Furthermore,
finite dement anadyss of the tissue leve dresses and drains experienced during loading
treatments requires that the scaffold be imaged usng microCT. It would be impossble to
adequatdly image the bone matrix after deminerdization. The condgtent and repeatable
architecture of PCL created by a fused deposition modeling technique was very éttractive
and therefore examined during the pilot work described in Chapter 4. However,
ggnificantly more bone formed on PLDL than PCL in those experiments PLDL was
aso more readily available since it could be manufactured in our laboratory. CollaGraft
was excluded from condgderation because of the high dructurd vaiability in naturd

materials and because the architecture could not be imaged usng microCT.

PLDL samples were manufactured as published previoudy [183]. Briefly, PLDL
was combined with 30% azodicarbonamide solvated in acetone and then repestedly
coated on 316 Sanless sted wires. Wires were bundled in heat shrink tubing (100 wires
per bundle) and heasted 20 minutes at 60C to fuse them together before the bundles were
heated to 260C in peanut al to decompose the porogen. The wires were then removed

and the bundles rinsed in hexane. Bundles were cut to 5 mm lengths and then punched
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with a 4 mm skin biopsy punch to ensure a condgtent diameter.  Findly, samples were

rinsed in ethanol and dlowed to dry.

5.2.2 Mechanical Testing of PLDL

Mechanical tests were performed on a set of PLDL samples (4 mm diameter by 5
mm length) to determine if the compressve modulus changes after derilization by
gamma irradiation and after extended exposure to an agueous environment. These two
processes may affect the mechanicd properties due to cross-linking of the polymer
during gamma irradition or degradation of polymer chains with exposure to a sdine
environment.  Lin et d [183] reports the compressve modulus for PLDL manufactured
with 30% azodicarbonamide to be 43.50 MPa, but these samples had not been exposed to
gamma irradiation or extended exposure to an agueous environment, even though the
tests were performed in a sdline bath. Three treatment groups were consdered including
no gammano s0ak, gammano soak, and gammal/soak with 6 scaffolds per group.
Samples in the gamma groups were exposed to 2.5 Mrad gamma irradiation and those
samples that were soaked were exposed to Ca-free, Mg-free Dulbecco’'s PBS (Invitrogen
#14190136) at 37 C for 46-48 days. The samples were mechanicaly tested in a confined
compresson scenario dmulating the rat subcutaneous chamber environment. A 4 mm
internal diameter titanium rat chamber was threaded through a table-top plaform which
was immersed in room temperature PBS.  Samples were placed in the chamber with a 1
mm thick smooth platen placed on top of the scaffold to digtribute the applied load. A
MTS Tedtarllm 858 Mini Bionix Il hydraulic tes frame (Figure 4d) with a 100lb load

cdl operating in the 100 N range and LVDT with a working range of 10 mm was used to
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test these gpecimens to failure in digpolacement control. A -1 N preload was applied and
then ramped linealy to -0.1% displacement & 1 mm/min.  The sample was
preconditioned by loading snusoiddly from 0.1% to 1.0% displacement ten times a 0.5

Hz before ramping to 15% displacement a 1 mm/min resulting in failure.

Stress-strain data was cdculated from recorded load and displacement
mesasurements.  Figure 33 shows representative stress-strain curves for each of the three
treatment groups tested. The compressve modulus was determined by the dope of the
lineer dadtic region of the dress-drain curve. The yield point was defined by a standard
0.2% offset method. One sample in the group exposed to gamma irradiation seemed to
be an outlier. This was the only sample tested that was adso microCTed prior to
mechanica testing. This sample was excluded from datisical andyss. The average and
dandard deviation of the yield drain, yield dress, and compressve modulus are reported

in Table 6 for dl three trestment groups.
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Figure 33. Representative Stress-Strain Curvesfor Failure Testsof PLDL Made

with 30% Porogen

Table6. Failure Test Resultsfor PLDL with 30% Porogen

Yield Stress, Compressive
Treatment Yidd Strain Mpa M odulus, M pa

Sd. Sd. Sd.

Aveage | Dev | Average | Dev | Average | Dev

NO GAMMA/NO SOAK | -0.068 | 0.018 | -3.81 | 0.87 80.0 22.2
GAMMA/NO SOAK -0.054 | 0.013 | -3.84 | 047 96.8 17.9
GAMMA/SOAK -0.063 | 0.017 | -3.07 | 0.53 61.7 174
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Andyses of variance were performed with dpha = 0.05 for dl three of these
parameters using dl data points except the one outlier described above. These analyses
show that neither gamma irradiation nor extended exposure to an agueous environment
affect the yidd drain. Gamma irradiation did not affect the yidd sress, but a one-way
andysis of variance (ANOVA) shows that extended exposure to an agueous environment
did ggnificantly (p = 0.034) reduce the yidd dress of PLDL. Compressve modulus
showed a dmilar trend in that gamma irradiation had no effect, but exposure to saine

sgnificantly (p = 0.022) reduces the compressive modulus.

Cydlic tests were dso performed to ensure that samples prepared in an identica
manner to those to be implanted in the in vivo study could tolerate repeated loading
gmilar to that planned for the in vivo rat loading experiment. Eight PLDL samples were
prepared using 30% porogen, then exposed to 25 Mrad gamma irradiation, and then
soaked in PBS a 37C for 48-50 days. Samples were cyclicdly tested in confined
compresson usng the same hardware described for the fallure tests. The force signa on
the test frame was firgt tuned to a sine wave (P =88, 1 =85, D = 0). A preoad of -0.5 N
was applied and the force then ramped to -1.42 N. Under force control, the applied force
was then cycled from -1.42 N to -14.2 N a 1 Hz for 3 hours (10800 cycles). This load
was chosen because early cdibration data of the hydraulic loading system suggested the
maximum load that could be applied by the sysem to a scaffold in the 4 mm rat chamber
was 14.2 N. This loading regimen did not cause any of the eight samples to show sgns

of falure
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5.2.3 MicroCT Imaging & Analysis of Representative PLDL Samples

In order to characterize the architecture of the scaffold materia for the in vivo
loading experiment, 12 nai ve PLDL samples manufactured at the same time as those used
for the in vivo experiment were imaged using Scanco's MicroCT 20 as described in
Section 3.2.7 a a resolution of 30 microns with the scanner set to avoltage of 50 kVp
and a current of 160 mA udng an integraion time of 150 ms. A volume of interest was
sdlected to tightly encompass each sample.  MicroCT images were firg filtered using a
congrained 3-D Gaussan filter (Sgma = 0.8, support = 1) to partidly suppress noise in
the volumetric image data prior to segmentation to reved the polymer from the
surrounding background using a globd thresholding procedure. A threshold of 28 was
sdected and used to evauae dl twelve PLDL specimens. The thresholded 3D volumes
were evauated for hisomorphometric parameters using direct distance transformation
methods which, unlike many previous methods used to andyze trabecular bone, does not
assume a gpecific plate or rod-like architecture [187, 188]. Table 7 outlines these
parameters and their average vaues for the PLDL used in this study. Three of the twelve
samples imaged were subsequently soaked in PBS at 37 C for 8 weeks, scanned again,
and hisomorphometric parameters evaluated to determine if extended exposure to a
sdine environment changes the architecture of PLDL. No differences in properties with

soaking were gpparent but the number of samples considered was very small.
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Table7. Microarchitectural Parametersfor PLDL Produced for In vivo Loading
Experiment; Average = Standard Error

Volume Fraction (%) 29.7+1.0

Strut Density (mm'h) 2.68+0.09
Strut Thickness (mm) 134.8+3.3
Strut Spacing (mm) 397.8+16.0
Degree of Anisotropy 1.57+0.04

5.2.4 Scaffold Seeding and Preculture

Samples were derilized with a 25 Mrad dose of gamma irradiation. Five to Sx
scaffolds were placed within the barrel of a 1 ml syringe with a 3way stopcock on the tip
and then covered with a 25 ng/ml solution of rat plasma fibronectin (Sigma #F0635). A
vacuum was drawn on the syringe by extending the syringe plunger with the stopcock
closed 5-6 times to hep the fibronectin penetrate the PLDL pores. Scaffolds were
incubated in the fibronectin solution overnight at 4C, then rinsed three times with Ca
free, Mg-free PBS in 24-wdl plates Scaffolds remained hydrated in Ca-free, Mg-free

PBS at 37C until seeded with cdls.

Scaffolds were seeded a three different times depending on the length of pre-
culture time assgned to each treatment group. Seedings were timed such that Al
scaffolds would be ready for in vivo implantation on the same day to alow for a baanced
desgn of tretment assgnments among the rats. Because mechanicd testing of PLDL
showed a reduction in compressve modulus with exposure to sdine, it was imperdive
that al scaffolds were exposed to an agueous environment for an equd time prior to

implantation.  All scaffolds were coated in fibronectin a the same time but had varying
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periods d time in PBS afterward before seeding with cdls such thet the totd time in PBS
and pre-culture equded eght weeks for dl scaffolds.  This means that the 8-week
preculture group spent eight weeks in culture prior to implantation while the 1-week
preculture group spent seven weeks in PBS and 1 week in culture, and findly the no
preculture group spent eight weeks in PBS prior to seeding with célls and in vivo
implantation.  Consequently, Seeding #1 for the 8-week preculture group occurred 24
hours after the scaffolds were coated with fibronectin.  Seeding #2 for the 1-week
preculture group occurred seven weeks later and Seeding #3 for the no preculture group
occurred one week after Seeding #2. Cell-free PLDL samples remained in PBS for the
entire eight weeks after fibronectin coating prior to implantation.  Scaffolds from al

groups were implanted within 48 hours of Seeding #3.

Rat mesenchymd sem cdls were obtained from Osdris Therapeutics and were
isolated from the pooled marrow of seventeen Fisher rats and then frozen after the initid
confluence. Cdls were expanded in dpha-MEM (Invitrogen #32561-037) with 10% FBS
(vdley Biomedicd lot # L7938) and 1% antibiotic/antimycotic (Invitrogen #15240-062).
Passaging was performed every fourth day with 0.05% trypsin, 0.53 mM EDTA-4Na
(Invitrogen #15400-054) and replated at 10,000 cellsen? for a totd of four passages.
Cdls were passaged in this way separately for each preculture group darting from the

same frozen lot of PO rMSCs from Odris.

Scaffolds were seeded with a 20e6/ml suspension of freshly expanded P4 rMSCs
in seeum-free media using the vacuum syringe technique described above. A 100 mi

volume of the cell suspenson was added to the syringe through the stopcock. Scaffolds
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were incubated at 37C for two hours before 1.5 ml serum-free media was added to
nourish the cdls. Scaffolds were kept in a 37C incubator overnight. After Seeding #1
and #2, scaffolds were moved to 12-wdl norttissue culture trested plates and cultured in
5ml of the standard media described above supplemented with 10 nM dexamethasone, 50
MM ascorbic acid-2-phosphate, and 3 mM Nab-glycerophosphate. Media was changed
twice weekly until the specified preculture time ended and samples were implanted in
vivo. Scaffolds in the no-preculture group were implanted within 48 hours of cdl-

seeding.

Three extra scaffolds a each seeding were prepared for andyss of cdl viability
usng a LiveDead fluorescent staning kit (Molecular Probes L-3224) employing cdcein
and an ethidium homodimer. After overnight incubation, samples were rinsed three times
in PBS, daned with a solution containing 4 M concentrations of cdcein and ethidium
homodimer each, rinsed in PBS three more times and imaged usng confoca
microscopy. Confoca images were taken a multiple depths and stacked to create a three
dimensond representation of the scaffold usng a Zeiss LSM 510 Confocad Microscope
(Carl Zess, Inc.). Three additiond samples were anadyzed for double stranded DNA
content using PicoGreen dsDNA Quantitation Kit (Molecular Probes R11496) from each
preculture group. See Appendix E for a detailed protocol to andyze DNA content from

cdlls seeded on a three-dimendond scaffold.

5.2.5 Parallel In vitro Assays
Eighteen extra PLDL samples seeded with P4 rMSCs at Seeding #1 and Seeding

#3 were cultured in vitro in 5 ml of the standard media described above supplemented
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with 10 nM dexamethasone, 50 M ascorbic acid-2-phosphate, and 3 mM Nab-
glycerophosphate.  Media was changed twice weekly. In addition, sx cdl-free PLDL
scaffolds were cultured adonggde those from Seeding #1 in supplemented media
Samples from each seeding group were harvested after 1, 7, 8, and 14 weeks for microCT
imaging and quantification of minerdized volume. Samples were harvested at weeks 1
and 8 to deemine an average amount of minerdization a the time of in vivo
implantation for samples in the 1-week and 8-week preculture groups. Samples were
harvested a weeks 7 and 14 to determine the equivdent amount of minerd tha could
have been obtained by the 1-week and 8-week preculture samples if they had been
cultured in vitro the entire time rather than implanted in vivo for Sx weeks. Additiondly,
samples from each seeding group were aso harvested at weeks 1 and 8 for RNA
extraction. The intent was to look for gene expresson of osteonectin and bone
sdaloprotein, but the samples were never processed. For each assay, three samples were
taken both seeding groups. It was fet that there was greater Statistical power in having a
andl n, but repedting the experiment a two different seeding times rather than taking a

large n for each assay dl from the same seeding group.

5.2.6 Surgical Procedure

All animd procedures involving subcutaneous implants in rats with agpplied in
vivo loading were gpproved by Georgia Tech's Inditutiond Animad Cae and Use
Committee in Protocol #A02023. Animds received antibiotic (Cefazolin) treatment for
the first three weeks of the experiment and pain medication (Buprenex) for 48 hours after

any new incison.
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One rat subcutaneous loading device was implanted under the skin on the backs
of 35 mde Fsher rats (175-250g) usng a blunt dissection technique described in
Appendix B.4 Procedure for Implantation of Subcutaneous Rat Loading Device. Each
device consss of two chambers, each containing one prepared tissue-engineered
congruct. A two-inch piece of polyurethane tubing (Cole-Parmer #95625-00) was
attached to the implant and remained under the skin except during periods of loading
when the tubing was exposed and atached to the externd loading system to apply a
controlled compressve gimulus to the condructs indde the two chambers of the loading

device. Twenty of the rats received loading trestments and fifteen did not.

A totd of 70 congructs were implanted. The sample size per treatment group is
liged in Table 8. A nominad sample sze of eight was chosen. A larger sample sze was
assigned to loaded trestment groups because of the greater risk of losing these animals to
infection or complications arisng from anesthesa during the course of the experiment. A
gndler sample dze was employed for the cel-free groups snce little variability is
anticipated in these samples.  Treatment assgnments badanced the number of samples
within a given treetment that were placed in ether the top or the bottom chamber of the
implant.  Time redraints prevented dl scaffolds from beng implanted the day after
Seading #3. Two samples from each trestment were implanted in the find eght rats on
the second day after Seeding #3. Furthermore, two samples from each of the loaded t
week and 8-week preculture groups were not origindly planned into the study but were
added to help compensate for the loss of four animas due to complications with
aneshesa during the firg few days of loading. Therefore, these four samples were

implanted into two rats a week later.
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Table8. Treatment Groupsand Number of Each Implanted

Preculture Loading Sample Sze
No Preculture No 8
No Preculture Yes 10
1 Week Preculture No 8
1 Week Preculture Yes 12
8 Week Preculture No 8
8 Week Preculture Yes 12
Cdl-Free No 6
Cdl-Free Yes 6

5.2.7 L oading Regimen

Condiructs in the rat subcutaneous loading device were compressed by connecting
the polyurethane tubing attached to the loading device to an externd solenoid-driven
loading system with active pressure feedback. The externad system shown in Figure 34 is
the same sysem used in the loading study of frozen trabecular dlografts in rabbits
described in Chapter 2 (see Figure 2), except the system was remanufactured with a more
powerful solenoid increasng the maximum pressure capability of the system to 200-250
ps. Consequently, many of the connectors and the manifold on the system aso had to be
replaced to accommodate the higher pressures. The new danless sed manifold is
shown in Fgure 35 and was angled as such to ad in the removad of bubbles from the
gysem.  Although not useful for this study, the system remodd aso dlowed the system

to operate at frequencies as high as 30 Hz.
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Figure 34. Solenoid-driven Loading System used to Compressively Load Constructs
in Rat Subcutaneous Chambers
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Figure 35. Stainless Steel Manifold on External L oading System

Cdibration of the system pressure to the gpplied load in a mock chamber set-up
(Figure 36) was performed to determine the extent of frictiond losses occurring in the
chamber due to the friction of the pison o-ring. A pressure of 200 ps on the externd
system correlates to 0.64 V on the load cdl attached to the mock chamber setup. A
sepade cdibration of the load cdl with known weghts indicated a force/voltage
relationship of 4.61 V for the load cell. Therefore, when the system operates at 200 pg,
the tissue in the chamber (4 mm diameter) experiences 13.3 N force and an average

apparent stress of 1.05 MPa.
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Figure 36. Mock Chamber Setup for Calibration of the External Solenoid-Driven
Loading System

Loading sessions began 34 days after implantation of the condtructs. Just prior to
the initid loading trestment, anesthesa was induced in the rat and a smdl incison mede
over the free end of the tubing on the rat’'s back. The tubing was exposed, a luer
connector added, and the device was connected via the tubing to the externd solenoid-
driven loading sysem. Once the anima was sterndly recumbent, it was placed in a thin
plagtic resraining cone and loading performed. After the loading sesson was complete,
anesthesia was again induced in each rat while the loading tubing was placed back under
the skin and the incison closed with wound dlips. During subsequent loading sessions,
these wound clips were amply removed from the anesthetized anima and the tubing
pulled back out without further incison snce the wound margins do not have sufficient
time to hed between loading sessons. A more detailed protocol may be found in

Appendix B.5 Procedure for Exposing Implanted Tubing for Loading Sessonsin Rets.
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Each device was loaded three times per week for 2 weeks. This brief loading
window was sdected to minimize the risk of infection and trauma for the anima. Other
dudies have shown tha even a sngle load gpplication can result in changes in gene
expresson of bone-related transcription factors and cdl-dgndling pathways [75, 101]
Since a target of 2% grain was sdected, each loading sesson gpplied a cyclic snusoidd
pressure ranging from 1.33 N to 133 N a 1 Hz for 30 minutes amilar to previous
experimenta work [100][81][79][75] and the dlograft study described in Chapter 3. In
order to gpply this load range to the congdructs within the chambers, the externd loading

system was required to operate at 20-200 psi.

5.2.8 Harvest

Six weeks dfter the in vivo implantation of the subcutaneous hardware and tissue-
engineered bone congtructs, the rats were euthanized by carbon dioxide overdose. The
entire device was carefully dissected from the subcutaneous space and the chambers
unscrewed from the manifold. Congtructs were retrieved from the chambers by pushing
the base platen up with a thin rod inserted in the hole on the base of the chamber, lifting
the scaffold out of the chamber. Each condruct was immediately placed in 10% neutra
buffered formain for 48 hours to fix the tissue. Congructs were rinsed for 15 minutes in

running deionized water, then transferred to 70% reagent alcohol for storage at 4 C.

5.29 MicroCT Imaging & Analyss
All condructs from the in vivo study, both loaded and nonloaded, were imaged
usng micro-computed tomography as wedl as samples from the pardld in vitro sudy

harvested at 1, 6, 7, or 14 weeks. Three samples at a time were stacked insde the barrel
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of a1 ml syringe with Teflon spacers separaing the samples. Samples were immersed in
70% dcohol. The syringe assembly was wrapped in foam and secured insgde a 164 mm
scanning tube.  Scaffolds were imaged usng a desktop microCT scanner (UCT 40,
Scanco Medica, Bassersdorf, Switzerland) in a process smilar to that described in
Section 4.22. These samples were scanned at a resolution of 16 microns with the
scanner operating at a voltage of 45 kVp, a current of 177 mA, and an integration time of
150 ms. A volume of interest was selected to tightly encompass each sample. MicroCT
images were filtered usng a condrained 3D Gaussan filter (Sgma = 1.0, support = 1) to
partidly suppress noise in the volumetric image data prior to segmentation to reved the
minerdized tissue from the surrounding soft tissue using a globd thresholding procedure.
A threshold of 59 was sdected for dl samples in this experiment. This vaue represents
the average of 16 different visud observations of the appropriate 2D threshold across dl
the in vivo and in vitro treatment groups demondrating substantia bone formation. New
bone volume (BV) was determined by the number of voxels attenuating xrays above this
defined threshold level (Obj#) multiplied by the volume of each voxel (4.41e-6 mn). To
better represent the amount of avalable pore space in the PLDL that was actudly filled
with bone (% pore fill, %PF), the new bone volume was normdized by the PLDL pore
volume as expressed by Equation 2.

Equation 2

BV 0 BV 0
=x100

%PF & =x100 & :
0 = o = :
gPLDL pore volumeg éSampleVol ume* PLDL Porosity
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While exact measurements of the PLDL pore volume could not be made because
PLDL dtenuates x-rays in a manner very Smila to the dcohol the sample was
submerged in, the pore volume was edimated to be the totd scaffold volume multiplied
by the average PLDL porosty as determined from representative nai ve PLDL scaffolds
(Section 5.23). The average porosty was determined to be 0.7028.  Subsequent
datigicd anayses were made of the percentage of pore space filled with new bore
(%PF). Andyses of variance were conducted usng an apha of 0.05. %PF was
determined for each sample as a whole as well as by longitudind region for samples in
the 8-week preculture loaded group. Each sample was subdivided into three longitudina
regions representing the top and bottom 25% and the middle 50% of the sample. The top
was abitrarily defined by the end of the scaffold having more mineral Snce no markers

were placed on the scaffolds at the time of harvest to differentiate top from bottom.

5.2.10 Histology

A representative subset of samples from both the in vivo study and the pardld in
vitro mingdization sudy was chosen for higologicd andyds dter microCT imaging
and andyss. One scaffold from each of the cell-free groups was sdlected as well as two
samples from each of the in vitro minerdization groups, and three samples from each of
the in vivo groups. More scaffolds were andlyzed from the in vivo groups because more
variability was expected in these samples.  The two scaffolds sdlected from each in vitro
group were the samples with the mogt and least minerdized volume as determined by

microCT andyss within their trestment group. Likewise, the three scaffolds sdected
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from each in vivo group were the samples that represented the maximum, median, and

minimum minerdized volume within its treetment group.

Samples were cut in hdf longitudindly usng an Isomet 1000 Precison saw
(Beuhler). One hdf of the sample was processed in paraffin without decacification and
sectioned a gpproximatedly 5 microns using a tgpe transdfer technique (Instrumedics,
Hackensack, NJ). The other haf was reserved for optiona plastic processing, but was
never utilized for that purpose. Sections were stained with H&E, Von Kossa, and

modified Malory’s Aniline Blue.

5.2.11 Finite Element Modeling & Analysis

The accuracy of any finite dement modd depends on the accuracy of the materid
properties supplied to the modd. Therefore, a reasonable vaue for the tissue-leve
modulus of the PLDL scaffold materid used in the in vivo loading sudy mugt firg be
determined. By matching known force/displacement data of a representative PLDL
scaffold to the output of a finite dement modd based on that sample's architecture, a
reasonable estimate of the tissue-level modulus may be obtained. A representative nai ve
PLDL sample from the set previoudy imaged by microCT (Section 5.2.3) was chosen to
be modded usng finite dement andyss to determine the tissue modulus of the PLDL.
Only two of the nai ve samples scanned were aso among the samples mechanicaly tested
under cyclic compresson (Section 5.2.2) after receiving 2.5 Mrad gamma irradiation and
extended exposure to sdine a 37 C. Since the apparent modulus of PLDL changes with
extended exposure to physologic conditions, it was important to choose a sample from

the gamma/soak group. Of these two samples, sample p25 was chosen because its
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architecture mogt represented a right cylinder without holes. The mechanicd testing data
reveded that this sample experiences a drain of -0.0204 when a distributed load of 11.89

N is applied to the top surface.

To creste the input mesh for p25, the microCT images were fird filtered usng a
congrained 3-D Gaussan filter (Sgma = 0.8, support = 1) to partidly suppress noise in
the volumetric image data, and then minerdized tissue was segmented from surrounding
Soft tissue by using a globd thresholding procedure with the threshold set & 28. The
image was then rotated -9° about the xaxis and -5° about the y-axis to make the long axis
of the cylinder line up with the globd zaxis. A volume of interest was sdected that
tightly encompassed the PLDL sample. Next, a component labding technique was
employed and only the largest component kept, ridding the model of unconnected
dructures which carry no load in the scaffold, but will complicate the solution of the
modd. This sngle component represented over 99.9% of the voxes in the modd.
Scanco Medicd’s Finite Element-software v1.0 (Basserdorf, Switzerland) was employed
to generate and solve the mode based on the microCT image data Using a voxd
converson technique known as digitad image-based finite dement meshing (DIBFEM), a
30 micron brick dement was crested to represent each voxd in the microCT image. A
distributed compressive load of 11.89 N was gpplied to the top surface of the modd (z =
0) to maich the actud force applied during cyclic mechanica testing of Sample p25. In
addition, the base (z = znax) Was condtrained to have no digolacement in the z direction
and the wdls of the cylinder were congrained to have no displacement in the x or y
directions. Figure 5 illugtrates the coordinate system used and the distributed load across

the top surface.
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Scanco Medicd’s Finite Element-software v1.0 was used to determine the
solution.  As discussed in Section 3.2.10, the software assumes a continuum sample with
eadic propeties experiencing smdl deformations.  Trandatiing the rule of thumb for
continuity of trabecular bone to the polymer would suggest that any sample larger than
five times the trabecular spacing, or in this case, 5 x 400 microns or 2 mm, saisfies the
continuum assumption [176]. The samples modded were 4 mm diameter by 5 mm
length.  Furthermore, mechanicad testing as described above confirms that the tissue
responds in an dagtic manner in the range of loads andyzed. Findly, the apparent drain
goplied is less than 2%, within the bounds of the smdl deformation assumption. The
software uses an iterdive conjugate gradient solver in combination with an dement-by-

element matrix-vector multiplication scheme [177].

The modd was solved usng an initid guess of 5000 MPa for the tissue modulus
and 0.3 for Poisson’s ratio. Convergence tolerances were set to 1e-4. The actud tissue
modulus was gpproximated by multiplying the initid guess by the raio of the apparent
dran in the zdirection from the modd to the actuad gpparent srain measured in the
mechanica tes as shown in Equaion 1. The result shows tha the tissue modulus of
PLDL manufactured with 30% porogen and exposed to 2.5 Mrad gamma irradiation and
8 weeks exposure to an agueous environment is gpproximatey 849 MPa.  This vaue is

much smdler than that caculated for rabbit trabecular bone, condsent with the lower

gpparent mechanica giffness of PLDL.
Equation 3
mod el ..
TMOD, ., =TMOD ... &= = 5000 MPaf2-20350,, 849 \ipa
e €0.0204 ¢
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Three representative samples were chosen from the twelve nai ve PLDL samples
scanned for finite dement modding of the loading conditions employed during the in
vivo loading study of tissue-engineered congructs in the rat subcutaneous model. PLDL
scaffolds from the in vivo study were not used for the architecturd bass for the finite
element modds because unpublished data from our laboratory suggests there may be a
reduction in subsequent in vitro minerdization of PLDL sceffolds after exposure to
microCT scans. Therefore, nai ve representatitive samples p25, p26, and p93 were chosen
for their architecture and then modeled in a fashion smilar to that described above to
determine the tissue moduus of PLDL. Each voxd of the microCT images was again
modeled as a 30 micron brick element. Loca boundary errors associated with DIBFEM
should be reasonable at this resolution since the average strut thickness of the PLDL was
135 microns dlowing 4-5 dements across each trabecular strut on average [179, 180].
An additiond layer of dements was added to the top of the cylindricad modd to represent
the titanium loading platen used in vivo. The modes were constrained as described
earlier but the digtributed load was increased to 13.3 N to represent the actud applied
load in the rat in vivo loading procedure. Furthermore, the PLDL was assgned the
estimated tissue modulus of 849 MPa and a Poisson's ratio of 0.3. The interdtitial tissue
gpace was modeled with a diffness of 0.1 MPa and Poisson's ratio of 0.3. This diffness
vaue is gmilar to the Young's Modulus used by Loboa for mesenchyma tissue [189]
The marrow is not intended to be a structura member of the modd but is included to
determine dirain responses within the pore spaces. The plate was assumed to be perfectly

diff and assgned a vdue of 1le7 MPa Modding the Hiff plate guards agang large
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deformation errors associated with having a load gpplied directly to two materias with

very digparate moduli.

The models were consdered converged when the force and displacement
resduds were less than le-4. Four output parameters were examined for both the
polymer and the interdtitid space including the largest principd drain, Von Mises Stress
(VMS), and dran energy dendty (SED). Von Mises Stress provides an individud
parameter reflective of both the hydrogtatic and distortiond dresses experienced in the
tissue will grain energy dendty is a parameter often evaduated for its overdl integration
of both stress and strain responses.  To exclude end artifacts, the data representing output
responses above the 95" percentile were excluded from andyss of VMS and SED
(range: 0¥). In addition, the data below the 8" percentile and above the 95 percentile
were excluded from andyss for the largest principa drain (range -¥,¥). In addition,
the variation in these parameters was dso observed among the top 25% of the model, the
middle 50%, and the bottom 25% of the modd to examine regiond differences in the
tissue response to the gpplied loading scenario.  Appendix G includes a step-by-step
guide to the necessary Image Processng Language (IPL, ©Andres Laib, Scanco Medica

AG) commands required for pre-processing, solving, and post- processing these models.

5.3 Reaults

5.3.1 Viability of Representative PLDL Scaffolds
At each of the three seeding sessons, three samples were stained with cacein and
ethidium homodimer 24 hours later to determine the viability of the cdls present. Fgure

37 shows a representative view aong the longitudina axis of the scaffold for each of the
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nine scaffolds andyzed.  The PLDL scaffold materid  autofluoresces red, which
unfortunately makes diginguishing dead cdls from the scaffold difficult, but dso dlows
you to se how the cdls line the PLDL surfaces especidly dong the longitudind
macroporodgty of the sructure. There is a marked reduction in the number of viable cdls
and possibly overal number of cedls present in Seeding Groups #2 and #3 compared to
Seeding Group #1. In generd, the overal number of cels present in Seeding Group #1

appears to be greater than in Seeding Groups #2 and #3.
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Seeding #1 Seeding 2

Figure 37. Representative Cell-Seeded PLDL Scaffolds from Each of the Three
Seeding Groups Labeled for Live (Green) and Dead (Red) Célls; View Shown is
Along the Longitudinal Axis
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5.3.2 Cdll-Seeding Quantification

The number of cdls atached to the PLDL scaffold was quantified for three
samples from each of the three seeding groups using PicoGreen fluorescent dye for
double-stranded DNA. The average number of cells attached was 122,000 for Seeding
Group #1, 51,100 for Seeding Group #2 and 34,500 for Seeding Group #3 as shown in
Figure 38. These numbers represent seeding efficiencies ranging from 3.5% to 12.2%.
Although there appears to exist a trend toward a sgnificant decrease in the number of
cdls with each successve seeding, a one-way andyss of variance (a = 0.05) did not

show any sgnificant difference among seeding groups (p = 0.119).
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Figure 38. Average Number of Cells Attached to Cell-Seeded Scaffold for Each
Seeding Group, (Mean + Standard Error, n=3)
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5.3.3 Mineral Quantification in Parallel I n vitro Scaffolds

Scaffolds seeded with rMSCs at Seeding #1 and Seeding #3 were maintained in
osteogenic supplements for 1, 7, 8, or 14 weeks and then scanned using microCT to
determine the overdl minera content of each scaffold. There was a sgnificant difference
(p=0.007) between scaffolds seeded during Group #1 versus scaffolds seeded during
Group #3 as illugrated by Figure 39, a plot of al samples from each seeding regardless
of time in culture. Because there was no variation in samples seeded during Seeding #3,
only those samples in Seeding #1 were included in a subsequent analysis of variance to
determine the impact of time in culture.  MicroCT images of the scaffolds in Seeding

Group #1 and their cell-free controls are shown in Figure 40.
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Figure39. Mineralization on PLDL Scaffolds Cultured in vitrofor 1,7, 8, or 14
weeks as a Function of the Seeding Group
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1 wesk 7 weeks 8 weeks 14 weeks

With Cdls

Without Cells

Figure40. Select MicroCT Images of Each of the In Scaffoldsin Parallel Osteogenic
Invitro Culturefor 1, 7, 8, or 14 Weeks

While the data from Seeding Group #1 was limited, a two-way ANOVA mode
involving scaffolds seeded with and without cells and then cultured for ether 1 week or 8
weeks shows a dgnificant effect of both cdls (p=0.022) and time in culture (p=0.001).

Figure 41 reflects the increase in minerdization associated with both these parameters.
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Figure4l. Mineralization on PLDL Scaffolds Cultured in vitro for 1, 7, 8, or 14
weeks as a Function of Timein Culture (Mean + Standard Error, n=3)

5.3.4 Histology of In vitro Samples

MSC seeded PLDL scaffolds were cultured in osteogenic  supplements and
harvested after either one week or 8 weeks in vitro. Cedls were present both on polymer
surfaces and within interior pore spaces. Surfaces near the periphery were admost
continuoudy lined with cdls, but cdls were 4ill present in fewer numbers toward the
interior of the scaffold. While cdls on near the periphery tended to be exclusvely on
polymer surfaces, cells in the interior could be found both on surfaces and within the pore
goace. Cdls on outer surfaces were flatter and associated with more secreted
extracdlular matrix than their counterparts on more interior surfaces.  This paitern was
present both a 1 week and 8 weeks, however there were greater cell numbers and
additiona matrix present at 8 weeks. At eight weeks there dso seemed to be a greater

variety of cdl morphologies present. Figure 42  illudrates these differences between
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interior and exterior surfaces. Round nodules of von Kossa podtive saining indicating
the presence of phosphates appeared at 8 weeks (Figure 43A) but were not present after
only 1 week of culture. These areas were typicdly confined to polymer surfaces and

were not found within the interior of pores.

Cdl-free controls were naturally devoid of any cdls or matrix daining. At eght
weeks, cdl-free controls stained with von Kossa did however show some diffuse postive
daning that gppears to be dystrophic phosphate deposition from the culture medium
(Figure 43B). These diffuse daning is diginct from that occurring from true cdl-
mediated phosphate deposition which occurs in discrete nodules directly associated with
cdls. No aess suggedtive of dysrophic minerdization were present in the condructs

containing cdls.
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Figure42. M SC-seeded PLDL cultured in osteogenic supplementsfor 8 weeks; A)
interior surface, B) exterior surface; H& E stain at 20x
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Figure43. Von Kossa staining of PLDL cultured in osteogenic media for 8 weeks
with cells (A & C) and without cdlls (B & D); 10x (A & B) and 40x (C & D)
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5.3.5 Harvest Observations

All in vivo congructs were harvested six weeks after implantation and appeared
vidble a& time of harvest with tissue filling the pore spaces. Severd samples showed
sgns of titanium debris particles on the scaffolds, especidly on the ends.  Four rats died
prematuredy due to complications associated with anesthesa during the firsd week of
loading trestments. On a separate animd, the incison over the implant pulled agpart,
requiring the subcutaneous pouch to be widened and the incison reclosed. After harvest
however, it was determined that the vascular supply to the bottom chamber had most
likey been disrupted during that process, so the sample was excluded from further
andyss. Othewise, al harvested scaffolds seemed very vascular and often capillaries
were obsarved entering the chambers through the vascular port holes. Implants were
encgpsulated in subcutaneous tissue as seen in Figure 44, Table 9 outlines the number of

samples collected from each in vivo trestment group.

Figure44. Loaded (left) and Nonloaded (right) Chambersin Situ at Time of
Harvest
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Table9. Number of SamplesHarvested per In vivo Treatment Group

Preculture Loading Sample Size
No Preculture No 8
No Preculture Yes 8
1 Week Preculture No 8
1 Week Preculture Yes 10
8 Week Preculture No 8
8 Week Preculture Yes 8
Cdl-Free No 6
Cdl-Free Yes 6

5.3.6 Histology of In vivo Samples

In generd, there were more cdls and matrix on the sdes of the cylindrica
scaffold than the top and bottom surfaces.  Likewise, there was more tissue on the ends
than in the very center of the scaffold. There tended to be more matrix filling the pores
of the 8-week preculture group (Figure 45), with much less in the 1-week preculture
group, followed by the no preculture group. However, the pores were better filled with
tissue in the cdl-free group than either the Tweek or no preculture groups, but less than
the 8-week preculture group. Cdls could be seen both lining polymer sufaces and
within the pores space as shown in Figure 46. Vascular and marrow eements were

present as well.
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Figure 45. Nonloaded 8-Week Preculture Sample With H& E Staining Showing
Tissue Filling Pore Spaces; 4x

Figure46. Cuboidal Shaped CdlsLining Polymer Poreln An 8-Week
Preculture Nonloaded Sample; H& E 40x
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Von Kossa daning for phosphates and modified Malory’s Aniline Blue showing
new bone and/or osteoid are useful for pinpointing areas of minedizaion. However,
given the smdl volume of minerd present, the absence of ether hisologicd indicators of
bone formation does not preclude the presence of minera. However, areas of podtive
von Kossa gaining were found in the 1-week preculture nonloaded group, and both the
loaded and nonloaded 8-week preculture groups. Some areas of orangelydlow in the
MMAB dan indicating new bone and/or ogteoid like those present in Figure 47 were
present in nearly dl samples. Since the MMAB dan dso sans unminerdized osteoid, it
is not surprising that there are more areas of new bone/osteoid than von Kossa postive
areas for phosphate deposition. The 8-week preculture group had much more minerd
present than any other group with a noticesble increase in minerdlized nodules present in
the loaded group over the nonloaded group. These nodules are present both aong
polymer surfaces and in the pore spaces as shown in Fgure 48. Minera extends to the
interior of the scaffolds dong the longitudind macropores.  Inspection of the minerd
deposits a high magnification confirms that the deposts were cdl-mediated as witnessed
by cytoplasmic ganing of the cells and matrix vesicles Fgure 48). In the loaded group,
there gppears to be more minerd present on one end rather than the other end of the
scaffold (Figure 49). No patterns of dystrophic minerdization were noted in any of the in

Vivo samples.
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Figure47. Reddish-Orange AreasIndicating New Bone Formation In An 8-Week
L oaded Specimen; mMAB 20x

Figure 48. Examples Of Positive Von Kossa Staining (Black) Both On A Polymer
Surface And Within The Pore Space For An 8Week Preculture Loaded Sample;
10X and 40X
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Figure49. Loaded 8-Week Preculture Sample With Positive Von K ossa Staining
(Black) Concentrated More On One End Of Surface Than The Other; 4X
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5.3.7MicroCT Resultsfor In vivo Samples

Bone volume formed within the scaffolds ranged from 0 to 0.67 mm?®, indicating
that 0-1.6% of the available pore space in the scaffold was filled. Fgure 50 shows a
representative set of loaded and nonloaded scaffolds from the 8-week preculture group.
Like these examples, mogt of the scaffolds exhibited minerd throughout the congruct
rather than just on the periphery of the scaffold. Seven samples attenuated the x-rays
from the microCT a an extraordinarily high leve. These samples were traced back to
those noted as having titanium wear debris during harvest.  All of these samples came
exdusvdy from norloaded treatment groups. The paticles were mogt likely generated
a the time of chamber assembly during implantation surgeries because machining
vaiaions made these chambers dightly more difficult to assemble  Since the titanium
partticles could not be thresholded from the mined, these seven samples were not
included in andyss of minera formation. Incidentdly, these samples were dso excluded
from higologicd processng. Table 10 outlines the number of samples remaning for

datigicd andysisin each in vivo experimenta group.
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Figure50. Representative MicroCT Images of Mineral Formed on PLDL in the 8-
Week Preculture Group Without In vivo Loading (L eft) and With In vivo Loading

Table 10.

(Right)

Number of SamplesIncluded in Statistical Analysisper In vivo Treatment
Group

Preculture Loading Sample Size
No Preculture No 8

No Preculture Yes 7

1 Week Preculture No 5

1 Week Preculture Yes 10

8 Week Preculture No 6

8 Week Preculture Yes 7
Cdl-Free No 5
Cdl-Free Yes 6
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Using the remaining in vivo samples, the percent pore fill was determined for each
of the treetment groups. Fgure 51 shows the difference between the loaded and
nonloaded groups for each scaffold preparation group (i.e. cel-free, no preculture, 1-
week preculture, and 8week preculture). A one-factor General Linear Mode (GLM) of
the entire data shows a dgnificant effect of load (p=0.043) and a two-factor GLM
predicts a dgnificant impact of both load (p=0.034) and scaffold preparation group
(p=0.026). However, given the differences between Seeding Group #1 and Seeding
Groups #2 & #3 demondrated by DNA andyss, cdl viadility, and in vitro
minerdization, the effect of scaffold preparation group may be ether due to time in
preculture or differences in cdl number and viability. Given this uncertainty, just the
cdl-free and 8-week preculture groups were again consdered for andyss of variance.
Even with this reduced data s&t, a two-factor GLM 4ill shows a sgnificant effect of both
load (p=0.047) and scaffold preparation (p=0.041). Neither the anima nor the position

that the scaffold was implanted had a significant impact on %PF.
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Figure51. Mineralization after Six Weeks|In vivo with or without Two Weeks
L oading of PLDL with Different Scaffold Preparations (A: Cdl-free, B: Cell-Seeded
with No Preculture, C: Cdl-Seeded with 1 Week Preculture, D: Cell-Seeded with 8
Weeks Preculture, E: All Preparation Groups); (Mean + Standard Error, 500n[110)

Since higologicd observations of the loaded samples in the 8-week preculture
group included the presence of more mineral on one end of the scaffold than the other, a
regional andyss of longitudind bone digribution was peformed for samples in this
group. The end of the scaffold with more minera was arbitrarily defined “top” and the
opposite end the “bottom.”  Percent pore fill was compared between the top 25%, middle
50%, and bottom 25% of each loaded scaffold in the 8-week preculture group. In the
absence of accurate labeling of top versus bottom, dl that can be safely concluded is that
one end of each sample conssently shows more minerd than the opposite end of the

sceffold as shown in Figure 52.  While it is likdy that the end with more minerd is
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conggently ether the true top or bottom of the sample, it is impossble to make this
conclusion. A two-factor GLM with region and anima as factors showed both factors to
have a dgnificant effect (p=0.038 and p=0.005 respectively). Tukey parwise
comparisons confirm that regiond differences only exist between the top and bottom and
not between top and middle or bottom and middle. These data demondrate a significant

pattern of increasing bone formation from one end of the sample to the other.
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Figure52. Longitudinal Differencesin Bone Formation in 8-week Preculture
SamplesL oaded in vivo

5.3.8 Finite Element Analysis of L oading Scenario

Finite element models were based on the architecture of three different
representative PLDL  scaffolds and smulated the loading conditions applied during in
vivo loading. The average apparent strain of these modds was 1.8% for the gpplied 13.3

N load which represents an gpparent stress of approximatey 1.0 MPa. At the tissue levd,
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trabeculae experienced largest principd drains ranging from +0.03% to -1.86%;
however, the largest percentage of voxels saw drains in the region of -0.24% as shown
by the higogram in Figure 53. Strains within the interditid tissue were much higher and
ranged from +0.10% to -12.61% with mos of the interditia tissue experiencing srans
around -1.20% as illugtrated by Figure 54. Although Von Mises Stress in the polymer
phase reached as high as 10.15 MPa or about ten times the gpparent stress, the majority of
the polymer was subject to stresses around 1.60 MPa.  Since the intertitia pore space
does not redly cary much of the applied loads, the Von Mises Stress in the interdtitia
tissue was subgtantially lower, centered around 0.0014 MPa even though a few voxds
reported stresses as high as 2.33 MPa.  Histograms for the Von Mises Stress in both the
polymer (Figure 55) and the interditid tissue (Figure 56) reflect these patterns.
Higograms for dran energy dendty in the polymer (Figure 57) and in the interditid
tissue (Figure 58) appear to pesk at zero, but close inspection of the data shows a very
gndl nonzero number for each since the parameter reflects a product of very smal
vdues. A dealed summary of each of these parameters can be found in Table 11,
including the mean, dandard error of the mean, the pesk, maximum, and minimum

vaues.
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Figure53. Histogram of the Largest Principal Strain within the Polymer

1p93
W p26
Odp25

Counts

-19%  -16% -13% -9% -6% -3% 0%
Largest Principal Strain
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Figure58. Histograms of the Strain Energy Density within the Inter stitial Tissue
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Table 11. Summary of the Mechanical Response Predicted by Finite Element
Modelsfor Both Polymer and Interstitial Tissue

Mean SEM Peak Avg. Min. | Avg. Max.
Largest Principal Polymer -0.56% | 0.04% | -0.24% -1.86% 0.03%
Strain Interstitial Tissue | -2.17% | 0.27% | -1.20% | -12.61% 0.10%
Von Mises Stress, Polymer 3.450 0.135 1.595 0.000 10.147
MPa Interstitial Tissue | 0.197 | 0.017 | 0.0014 0.0000 2.3263
Strain Energy Density, | Polymer 0.0136 | 0.0006 | 1.44e-4 0.0000 0.0746
MPa Interstitial Tissue | 0.0008 | 0.0001 8.30e-6 0.0000 0.0110

Fgure 59 shows a representative cross-section from the center of sample p26 with
its architecture color-coded for largest principa strain and Von Mises Stress for both the

polymer and the interdtitia tissue.
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Figure59. Representative Cross-Sections (150 microns) of Finite Element M odel
Coded for the Tissue Level Largest Principal Strain and Von Mises Stressin Both
the Polymer and the Inter stitial Tissue
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Since microCT analysis of the 8week preculture group loaded in vivo reveded a
ggnificant difference between bone formation on opposte ends of the scaffolds a
regiond andyds of the dress/drain response as predicted by our finite dement modds
was aso peformed in search of a smilar trend in one of the response variables. Each

sanple was divided into the top 25%, the middle 50%, and the bottom 25%

longitudindly and %., VMS, and SED were cdculated for each region of each of the

three finite dement modes for both the polymer and interditid tissue.  The mean vdue
of each parameter for each region was averaged for the three samples and then divided by
the result for the top region and plotted in Figure 60 for the polymer phase and in Fgure
61 for the interditia tissue phase to demondrate patterns in the data from region to
region. To then determine if these paiterns were sgnificant, a General Linear Modd with
sample and region was peformed with adpha of 0.05 adong with Tukey's parwise
comparisons for each of the regions for each parameter. The only dgnificant difference
detected between regions was between the top and middle sections for the strain energy
dendty in the interditid tissue. No dgnificant differences were found in any of the

parametersin ether the polymer or interdtitid tissue between the top and bottom sections.
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5.4 Discussion

The firgd specific am of this sudy was to characterize and quantify new bone
formation in response to in vivo mechanicd loading of cell-seeded polymeric congtructs
in the novel subcutaneous loading system.  Overdl, loading resulted in a sgnificant
increase in minerdization present in condructs developed in the subcutaneous system as
quantified by microCT. To our knowledge, this is the fird demondration of the ability of
controlled in vivo mechanicd simulation to increase minerdized matrix production on a

tissue-engineered bone congtruct.

Except for the no preculture samples, when each scaffold preparation group is
consdered individudly loaded samples have more bone on average, but t-tests fal to
detect Sgnificant differences.  Condder the 8-week preculture group independently and
dthough there is an increase of more than 300% in the mean vaue with loading, the large
variance in the loaded group and unequa vaiance in the resduds between groups
contribute to an inability to conclude a datidicdly ggnificant difference due to loading,
even though a trend (p=0.08) is obsarved. A post-hoc power andyss of the 8-week
preculture data shows the power of the test to only be 0.345, indicating a 65% chance that
the null hypothess is accepted when in fact it is fdse (i.e that ggnificant differences
remain undetected). Since taken as a whole, the effect of load is dgnificant, individud
comparisons of loading effect within groups would likedy be dgnificant given a larger
sample 9ze. The post-hoc power andysis of the 8week preculture group suggests that a

sample sze of 26 in the loaded group and 8 in the nonloaded group would give a power
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of .90 which would one to reasonably say there are no differences between groups if the

generd linear modd failsto rgect the null hypothess.

Furthermore, the effect of load might be noticesbly more dramatic in a tissue-
engineered sysem more suited to minerdization. If the study were performed with a
different polymer and seeded in a manner that delivers a large number of viable cdls, the
effect of loading may have been more detectable within each scaffold preparation group.
The effect of loading was Sgnificant despite the suboptima cel/scaffold conditions
investigated within this work suggesting the robust impact that loading may have on the
development of tissue-engineered condructs. In fact, the data showed less minerd in
samples implanted for sx weeks with no loading after an eght-week preculture period
than scaffolds recelving just the eight-week preculture, while quite the opposite was true
for ther loaded counterparts. This observation suggests that in the absence of loading,
amply implanting the condruct in a vascularized in vivo environmert was not sufficient

to increase the mineradization formed in vivo.

Although the volume of bone formed in the loaded groups was ddidticaly
ggnificant, it may not be dinicaly rdevant. Due to the smdl volume of minerd present
and the difficulties with obtaining full histologica section of polymeric scaffolds it is
difficult to draw conclusons between groups based solely on histologica observation.
While it was not possible to see entire layers of newly secreted bone smilar to that seen
in the orthotopic study of rabbit trabecular alografts, given the subcutaneous location and
scarcity of osteoprogenitors provided, the presence of minerdized nodules, cuboida cells

lining surfaces, and tissue that appears odeoid-like in naure are dl noteworthy
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obsarvations.  Furthermore, a general observation of greater minerdized nodules on one
end of scaffolds within the 8-week preculture group spurred an analyss of longitudind
regions in the microCT date reveding that indeed there is dgnificantly more minerd on
one end of the scaffolds versus the other.  Since a longitudind andyss was
unanticipated, the ends were unfortunately not labeled, making it unclear whether the end
with more minerd is the end close to the piston or the base of the chamber, or perhaps

even one end for some samples and the opposite end for others.

The second specific am of this sudy was to investigate changes in load-induced
bone formation due to different scaffold preparation techniques involving in  vitro
preculture. However, potentid confounds may exis imparing the ability to compare
results between groups with different amounts of preculture.  Confocd andyss and
quantification of DNA in the scaffolds seeded for in vivo implantation suggest thet
scaffolds seeded in the 1-week (Seeding #2) and no preculture (Seeding #3) groups
received fewer cdls and those cells present were less viable than scaffolds seeded for the
8-week preculture (Seeding #1) group. Additiona samples from the 8-week preculture
group and the no preculture group were continued on in vitro culture with osteogenic
supplements.  After an additiond eight weeks in culture, virtudly no minerd was present
on the scaffolds from Seeding Group #3. There dso may have been differences in the
mechanical properties of scaffolds from different seeding groups. While measures were
taken to ensure an equivaent exposure of al congructs to an agueous environment, the
presence of serum proteins, ions, and cels in the longterm preculture group may have
accelerated the polymer degradation process, impacting the mechanica properties of the

constructs.
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Overdl, the in vivo data reflect a genera trend of increesng minera with longer
preculture time; however the seeding disparity means the in vivo results fom the 8week
preculture group can not directly be compared to the 1-week and no preculture groups.
Despite this complication, there was a dgnificant effect of scaffold preparation group
even when the 1-week and no preculture groups were excluded, indicaing a sgnificant
difference between the cdl-free congructs and those with 8-weeks of preculture. This
difference may be attributable to the presence of cels and/or the preculture period.
While it may be naurd to assume that the effect of cels results from direct participation
of the implanted MSCs in osteogeness, it should also be acknowledged that the presence
of the MSCs on the cdl-seeded scaffold and even a subsequent immune response to those
cdls may dso incite changes in neighboring host cells that contribute to osteogenesis.
While preculture time may have a red effect on the minerdization of tissue-engineered

polymeric congtructs, no conclusion can be drawn based on this study.

The varidion in seeding groups can mogt likdy be attribued to the length of
exposure to PBS experienced by the PLDL prior to seeding the scaffold. Because the
diffness of PLDL changes with exposure to an agueous environment, dl scaffolds
regardless of length of preculture were exposed to an agueous environment for an
equivdent time. Scaffolds in Seeding Group #1 were hydrated approximately 48 hours
prior to seeding while scaffolds in Seeding Group #2 and #3 spent seven and eight weeks
regpectively in PBS prior to seeding with cdls.  Although the sdine was changed twice
weekly to remove degradation byproducts, it is possble that accumulated degradation
products from the polymer crested an acidic environment that changed the surface

chemidry of the scaffold affecting cdl atachment and viability. While atachment and
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viability were not addressed, Kohn has previoudy shown that changes in the pH of the
culture environment can affect changes in cdl function induding collagen synthess and
dkaine phosphatase activity [190]. Standard cytotoxicity tests, adhesion srength tests,
and evauations of surface chemidry could be performed in the future to characterize

these sugpected changes due to degradation of the polymer.

The third am of this work was to characterize the loca stresses and drains
experienced in both the polymer and the interdtitid pore space to serve as guiddines for
future applications of the subcutaneous loading technology. Mogt of the polymer
experiences a largest principa strain about -0.24% with strains in the marrow being about
five times greater. Stresses in the polymer concentrated around 1.6 MPa while stresses in
the interdtitid tissue were about two orders of magnitude smdler. In generd, these
drains appear very large, but there are no examples in the literature for adaptive tissue
grains in a polymer. While Fros's Mechanostat Theory would classify apparent dtrains
in this region to be in the pathologic overload zone [34], severd researchers have recently
pointed out that cells do not respond to apparent level drains, but in fact require much
higher grains [191, 192]. Findly, a comparison between stresses and drains in the top,
middle, and bottom regions of the finite eement models falled to demonsgtrate trends that
mirrored the patterns of bone formation. This does not necessarily mean that the
demondrated regiond difference in minerdization in the loaded samples does not
corrdae with the tissue dresses or drains.  An underlying assumption of the finite
element models constructed was that friction between the walls of the chamber and the
bone condruct was negligible.  This assumption may not be entirdy vaid snce the

samples fit closdy in the chambers.  If present, frictiond forces and possbly even tissue
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resgance from ingrowth at the chambers infiltration ports would result in a net force on
the periphery of the construct in the opposite direction of the gpplied load, reducing both
the stresses and drains in a graded manner such that the bottom region would be most
affected by this possble discrepancy. Therefore larger differences in the stresses and
drans between the top and bottom regions may actudly exig but are not wel
represented in the current finite dement modd. However, without an accurate way to
quantify the actuad resgtance due to friction and tissue ingrowth present in the system,

these forces were assumed negligible.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Through carefully devised experimenta implant systems, the effects of controlled
in vivo mechanical loading on bone grafts and bone graft subgtitutes were investigated.
The use of experimentd models employing controlled boundary conditions provided the
ability to predict the local mechanical environment a the trabecular level for trabecular
dlografts and a cel-seeded tissue-engineered bone replacement congtruct subjected to
goplied mechanicad compresson. The nove subcutaneous implant system designed to
dlow mechanica dimulation of three-dimensond constructs may dso have potentid as
an in vivo bioreactor for the development of tissue-engineered bone congructs.  Such
condructs may benefit both from the vascular in vivo environment and the gpplied
mechanicd loading. This experimentd modd dlows for a trandtion from purdy
academic dudies of mechanicd loading of bone towad a more dinicdly ussful
application; specificaly, the enhanced development of tissue-engineered congtructs for

bone defect repair.

A subcutaneous loading system was designed with severd objectives. The system
dlows for compresson of a three-dimendgond condruct within a vascular envrironment
while smultaneoudy controlling the necessary boundary conditions required to be able to

easly modd the local tissue dresses and drains imposed by the gpplied mechanica
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loading. This device aso represents a first generation gpproach for an in vivo bioreactor
for the subcutaneous development of tissue-engineered condructs for  subsequent
trangplantation to an orthotopic defect Ste.  Such a bioreactor utilizing both the vascular
in vivo environment and goplied mechanica simulation to developing tissue-engineered
condructs may dlow for the production of congdructs with more minerdization in a more
homogeneous arrangement. This sysem may make the development of larger, stronger
scaffolds capable of meseting the functiond needs of an orthotopic Ste more feasble than
those counterparts developed using in vitro bioreactors where cell expanson and matrix
scretion are often limited to the periphery due to diffusond limitations. By implanting
them within chambers in the subcutaneous space, the congructs enjoy the advantage of
an adequate blood supply offering nutrient and waste exchange from the interior of the
congtruct. Because the subcutaneous environment is more compliant than bone, a loaded

implant here has lessrisk of disrupting its own vascular supply.

A desgn was chosen that adlows for smultaneous loading of multiple scaffolds in
a sgngle anima. Ovedl, sze and shape were dso condderations in the desgn in an
effort to reduce any discomfort to the anima. The design implemented is a hybrid of
cusom and commercid parts tha forms a novel system that may not be limited in scope
to bone defect repair congructs, but could in fact be used as is or modified to investigate
the benefits of in vivo mechanicd preconditioning on a range of tissue-engineered

congtructs, including congtructs for cartilage or tendon repair.

The fird primary concluson of this thess work is that gpplied mechanica

compresson of a subcutaneoudy implanted cdl-seeded polymeric construct for bone
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replacement results in ggnificantly more minerdized matrix production on the construct
than their nonloaded counterparts. This research represents the first demondtration of
increased bone formation with controlled in vivo mechanicd loading of a cel-populated
three-dimensond scaffold materid. Given that an effect of loading was demondrated on
a scaffold that is probably not idedly conducive to bone formation and seeded with
relatively low cdl seeding efficiencies, it is likdy that loading would produce even more
dramétic effects on a better suited scaffold with an abundance of vidble cells.  This result
has important implications for the use of mechanicad simulaion in the development of
tissue-engineered bone condructs and in desgning tissue-engineered congructs to handle

the mechanical chalenges of abone defect site.

Ancther primary concluson of this work was the generation of tissue leve
dresses and drains associated with load-induced incresses in minerdization on cdl-
seeded polymeric condructs. Largest principd drain in the polymer were distributed
about a moda value of -0.24% with srains in the marrow being about five times grester.
Stresses in the polymer were digtributed about a modd value of 1.6 MPa while stresses in
the interdtitia tissue were about two orders of magnitude smdler. These data represent a
useful reference for designing future experiments and serves as a potentid target vaue to

be achieved in the design of future tissue-engineered constructs.

A secondary concluson drawn from this work is that sgnificantly more minerd &
deposited on polymeric scaffolds seeded with cells and precultured for 8-weeks prior to
implantation then ther cdl-free counterparts.  This information supports evidence from

other researchers that the presence of cels enhances bone formation [127, 137,
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138][193]. However, the 8-week preculture period may have aso added to the effect

shown.

Findly, a dggnificant decreese in bone formation with loading on a rabbit
trabecular dlograft was shown. This result is a odds with published literature on the
effects of mechanicd loading on norma and reparing bone [7, 8, 100]. Smilar
experiments involving in vivo mechanica simulaion of canine de novo bone and the rat
subcutaneous loading experiment detalled in Chapter 5 both resulted in increased bone
formation with mechanicd compresson. Differences in a variety of conditions make
direct comparisons between these studies difficult snce the dudies involved three very
different materids (de novo bone, trabecular dlograft, and polymer) each with different
compositions and mechanica properties. Although each of the studies applied loads at 1
Hz for 1800 cycles per session, the force magnitudes, number of loading sessons, and
timing of sessons varied. The canine sudy employed a 17 N load magnitude for eight
weeks with dally loading. The rabbit study used a 22 N load for four weeks of daly
loading and findly, the rat study used a 13 N load for two weeks with loading sessions

occurring three times per week.

No cler explanation of these data is obvious, but the result most likdly highlights
the tightly controlled regulation of bone formation by mechanicd dgnds and the
importance of optimizing loading parameters such as force magnitude, frequency, and
duration. Possble micromotion or other disruptions of vascularity may have been a
factor but canot be confirmed. Furthermore, traditiond investigations of the

mechanosengtivity of bone involve established mature bone or bone repair in a fracture
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dgte. These dudies may not directly trandate to the response of osteoprogenitors and
odeoblasts on the surface of naturd or synthetic implant materids where these
relationships may be dtered by the non-native arangement of cdls and marix. It is
currently not known if cdl communication via a functiond candicular network is
required for mechanoresponsveness. Additiond sudies are needed to determine the
requiste loading parameters, leve of cdl and tissue maturity, and possbly other
environmental variables to produce the ided response to mechanicd simulaion. These
parameters may in fact depend heavily on the cdl source and scaffold chosen for a

particular bone repair construct.

6.2 Recommendations

Tissue enginegring is a discipline dill in its infancy. To generde tissue-
engineered condructs cgpable of mesting the functiond demands of the native tissue,
noved means of preparing tissue-engineered congructs must be explored. The nove
subcutaneous loading system presented here represents a first generation approach toward
cgpitdizing on the advantages of the nourishing in vivo setting and the sengtivity of
many cdls and tissues to ther locad mechanicd environment. Specificdly, this work
demondtrates the potentid this approach has to sgnificantly improve the development of

tissue-engineered congtructs for bone defect repair.

Being a fird generation agpproach, there are severa design improvements tha
could be made to the subcutaneous loading sysem. The current loading gpparatus
demands hydraulic access, requiring ether resdent transcutaneous tubing or repeated
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incisons to access the chamber. The sysem should be redesgned to be fully
implantable, not merdy for convenience, but to reduce the risk of infection. Such a
design feature would be absolutely necessary for a dlinicd variant of this sysem. Such
designs might include radio controlled motors or piezodectric maerids or even the use
of shape memory dloys. Regarding the current research modd for rets, the syssem would
benefit from further miniaurization to improve the animd’s comfort. Reducing the
length of the implant would be particulaly helpful and could be accomplished by custom
connectors and manifolds.  The sysem is dso currently limited to applying loads to
moderatdy iff scaffolds  This limitation exiss primaily due to friction between the
chamber wal and the o-ring on the loading platen. The necessary force to overcome
fricion and result in motion of the pigon is sufficiently large to plasicdly deform many
candidate scaffold materids. A glass/Teflon interface may permit eeser movement of

the piston, alowing awider range of materiasto be loaded in the system.

There are saveral studies using the novel subcutaneous loading system that could
be performed in the future. Firdt, effects of loading and preculture time should be
investigated given comparable cdl number and viability between groups. Given the
change in mechanica diffness tha occurs in PLDL when exposed to an agueous
environment, samples from different preculture groups could be loaded to different levels
resulting in an equivdent goparent drain in dl samples  Furthermore, the study might be
repeated on a scaffold materid whose giffness is impervious to time spent in an aqueous
environment. In addition, pardle in vitro scaffolds should be cultured to determine if
constructs prepared in vivo with loading have more minerd than scaffolds exclusvey

cultured in vitro for an eguivdent time. Furthermore, studies using different loading
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reqgimes investigating a variety of load magnitudes, frequencies, durations, and timing of
the onset of loading may provide a better understanding of the optimad loading

parameters.

A sies of experiments should be peformed to not only access quantity of
minera formed, but dso quality of minerdization and functiond peformance. Samples
prepared in vivo with and without loading should be mechanicdly tested to determine if
the increeses in  mingdizaion trandae into improved mechanica  properties.
Additiondly, FTIR andyss could be used to compare the compostion and qudity of
minerd formed with and without loading. The qudity of minerd formed in vivo could
also be compared to that deposited in vitro on cdl-seeded scaffolds. Findly, the most
important question to be answered is how well do congtructs developed in an in vivo
bioreactor with loading actudly repair an orthopedic defect. Current plans exist in our

laboratory to perform such an evauation usng arat ssgmental gap defect model.

In concluson, the use of a subcutaneous in vivo bioreactor to develop tissue-
engineered bone congructs must be put in perspective with current technology and
anticipated developments in the fidd. While this technology represents a potentidly
better approach to developing tissue-engineered condructs for bone defect repair than
amply seeding the scaffolds with cdls and implanting them directly or even preculturing
the scaffolds in vitro without loading, it is not an ided solution to the development of
functiondly competent tissue-engineered congructs. In generd, in vitro preparation of
sceffolds is preferrable due to sgnificantly lower costs, as well as reduced risk and

discomfort for the patient. Hopefully, new in vitro technologies employing perfuson and
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mechanicd loading, or perhaps some other technique, will address current diffusiond
limitetions in vitro. The required repeat surgicad procedures associated with this method
may be waranted in cetan Stuation, especidly when a large homogeneous graft is
required.  Vacanti et.al. have previoudy successfully employed a multi-procedure
technique to replace an avulsed human phdanx with tissue-engineered bone in a dinica
sting [194].  The technique would probably be most successful when a vascular pedicle
is incorporated into the subcutaneous developing congruct to ad incorporation of a
vidble graft into the defect dte.  Given the wide range of possble defect gtes, it is
aopropriate that tissue engineers have a wide array of techniques for scaffold preparation
avalable so that the best possble replacement scaffold can be offered for a given

dtuation.
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APPENDIX A

MACHINE DRAWINGS
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A.1 Rabbit Orthotopic Bone Chambers
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Figure 62. Machine Drawing of Nonloaded Rabbit Orthotopic Bone Chamber
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Figure 63. Machine Drawing of Cap for Nonloaded Rabbit Orthotopic Bone
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Figure 64. Machine Drawing of Loaded Rabbit Orthotopic Bone Chamber
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Figure 65. Machine Drawing of Cap for Loaded Rabbit Orthotopic Bone Chamber
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Figure 66. Machine Drawing of Piston for Loaded Rabbit Orthotopic Bone
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A.2 Clamp for Bisecting Rabbit Chamber Biopsies
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Figure 67. Machine Drawing of Clamp to Hold Rabbit Chamber Biopsies
During Bisection with | somet Saw
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A.3 Rat Subcutaneous L oading Chamber
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Figure 69. Machine Drawing of Base Platen for Rat Subcutaneous Chamber
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Figure 70. Machine Drawing of Piston for Rat Subcutaneous Chamber
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Figure 71. Compacted Assembly of Piston, Sample, and Base Platen in Rat
Subcutaneous Chamber Illustrating How Sample |s Positioned Relativeto Vascular
Infiltration Ports
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A.4 Prototype Manifold for Rat Subcutaneous L oading Chambers
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Figure 72. Machine Drawing of Prototype Manifold for Four Rat
Subcutaneous Chambers, Top, Front, Sde, and I sometric Views Shown
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Figure 73. Machine Drawing of Prototype Manifold for Four Rat
Subcutaneous Chamber's, Bottom View Shown



A.5 Platform Housing for Load Cell and Calibration Rat Subcutaneous Chamber
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Figure 75. Machine Drawing of Platform Sides (Two Required)
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A.6 Tabletop Platform to Hold Rat Subcutaneous Chamber During Compression
Testing
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Figure77. Machine Drawing of Tabletop Platform for Mechanical Testing

within Rat Subcutaneous Chamber
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APPENDIX B

SURGICAL PROCEDURES
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B.1 Procedureto I mplant Rabbit Hydraulic Bone Chamber

Aneshesia was induced in the animads usng an injectible cocktall of ketamine
(18mgkg), xylazine (9mgkg), and acepromazine (0.4mgkg) and mantaned by
ioflurane gas (0.5-2.0%) administered by mask. The rabbit's legs were shaved and
prepped for surgery usng a clorhexidine scrub, betadine, and isopropyl dcohol.  The
anima was placed on the surgery table and the incison stes were carefully drgped with a
laporotomy drape to create a derile fidd.  Two cc of Marcaine was injected
subcutaneoudy over the incison sSte to provide additional locd anesthetic.  After five to
ten minutes, a one inch incison through skin and muscle was made over the medid sde

of the digtd femur as shown in Figure 78.

Figure 78. Incison Sitefor Rabbit Hydraulic Bone Chamber

After removing the periosdeum on the surface of the condyle by scraping and
cleaning with gauze, the cortex was scored with a 0.248° 1D trephine using a trephine

guide (Figure 79) to hdp grip the surface and keeping the trephine teeth flush againg the
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bone surface. The trephine was backed out and the cortex popped off using a pointed

biopsy tool.

Figure79. A Pneumatic Drill with Trephine and Trephine Guide was Used to Score
the Bone Surface to Removethe Cortex

A 7mm hole was drilled to a depth of %2 dong a vector that angles dightly dista
as the drill travels medid to latera, meking sure to avoid the intercondylar notch. Both
the trephine and drill bit were powered by a hand-held pneumdic drill. The hole was
then tapped with a M8x1.0 tap being extremdy careful not to drip the bone threads.
Chambers were assembled using ethylene propylene arings on the cap (dash 010) and on
the piston (dash 060). Piston o-rings received a thin film of slicon lubricant and pistons
were placed in the chambers usng a postioning screw that fits in the top of each piston.
An assembled chamber was threaded into the hole. If the implant was a loaded chamber,

the barb was digned to point superiorly and dightly anterior to the long axis of the bone.
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The barb was aso wrapped with Teflon tape to prevent tissue growth in the barb. The
implanted chamber cap was wiped with betadine. Fgure 80 shows how an implanted
nonloaded chamber dSts againg the bone's surface.  Vicryl sutures (sze 2-0) joined the
muscle margins undernesth the barb and close to the chamber in addition to supeficid

sutures to join the skin margins over the chamber cap.

Figure 80. Posgtion of Implanted Hydraulic Bone Chamber in Rabbits
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B.2 Procedurefor a Non-Terminal Biopsy of the Rabbit Hydraulic Bone Chamber

Aneshesia was induced in the animads usng an injectible cocktall of ketamine
(18mgkg), xylazine (9mgkg), and acepromazine (04mgkg) and mantaned by
isoflurane gas (0.5-2.0%) adminisered by mask. The rabbit's legs were shaved and
prepped for surgery using a clorhexidine scrub, betadine, and isopropyl adcohol. The
anima was placed on the surgery table and the incison stes were carefully drgped with a
laporotomy drape to creste a derile fidd. Two cc of Marcane were injected
subcutaneoudy over the incison ste to provide additional locd anesthetic.  After five to
ten minutes, a one inch incson through skin and muscle was made over the HBC. The
cap was removed from the chamber as wdl as the piston in loaded chambers. The tissue
indde the chamber was extracted usng a thin-walled device cdled a kerchunker shown
in Figure 81. Once the tissue is indde the biopsy device, a thin platen resting indde the
device was used to push out the tissue when a screw was inserted in the top of the device.
Frozen dlografts were placed in the chambers before the pistons and caps were replaced.

Theincison ste was cosed with 2-0 vicryl suture.

Figure81. Thin-Walled Extraction Device
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B.3 Procedureto | mplant Subcutaneous L oading Tubing in Rabbits

Polyurethane tubing from Cole-Parmer (Part #P-95625-00; working pressure =
100 ps, burst pressure = 200-300 ps) with an inner diameter of 1/16” and an outer
diameter of 1/8" was used. Twenty inch lengths of tubing were prepared by bonding a
¥u x 3/27 drip of acrylic art fdt (Hancock Fabrics) 3 inches from one end of the tubing
usng a long-term implant grade 2-part slicone adhesive (NuSl MED1-4213) as shown
in Fgure 82. The ¥ edge was bonded aong the length and dlowed to cure ten minutes
a 70C, then the length of the felt strip was wrapped around the tubing and bonded with
more slicone adhesve and cured for an additiond ten minutes a 70C. The tubing was

then gas erilized.

Y4

311

Figure 82. Bonded Fedt Cuff on Polyurethane Tubing

Anesthesa was induced in the animads usng an injectible cocktall of ketamine
(18mg/kg), xylazine (9mgkg), and acepromazine (0.4mgkg) and mantaned by
isoflurane gas (0.5-2.0%) administered by mask. An intraoperative dose of an antibiotic
(Baytril, 7 mg/kg) was given at this time. The rabhit’s legs were shaved and prepped for

aurgery three times usng a corhexidine scrub brush, betadine, and isopropyl acohol
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working from the incison Ste outward. In addition, the distd hdf of the abdomen was
shaved and cleansed as well as the butt on the side with the loaded chamber. A 4" circle
was shaved and prepped between the rabbit’s shoulder blades. The anima was placed on
his back on the surgery table on top of derile towes leaving plenty of room on the table
near the head and al shaved areas were sprayed with betadine. A non-derile assgtant
held up the rabhit’s legs while a sterile surgeon wrapped the feet in Serile drape towels.
With the rabbit's legs still held up, a sterile drape was placed flat beneath the rabbit and a
second drape towe was used to “digper” the rabbit to keep fur out of the Sterile field.
Additiona drapes were used to cover the middle, top, and sdes of the rabbit. Findly, a
large laporotomy drape was placed over the rabbit exposing only the rabbit's legs. The

incision stes were carefully draped with alaporotomy drape to creete a serile fidd.

Two cc of Marcaine was injected subcutaneoudy over the incison dte to provide
additiond locd anesthetic. After five to ten minutes, a one inch incison through skin
and muscle was made over the medid dde of the digd femur. Using the animd as a
visud reference, the tubing length was trimmed from the end opposite the fet cuff. This
end of the tubing was then placed over the loaded chamber barb usng a serrated hemostat
that had a hole drilled through the jaw interface to fit the tube diameter to grip the tubing
tightly. With the loaded chamber cap loosened, a 20 cc syringe with a 16 gage needle
was used to fill the tubing and upper plenum of the chamber with Serile 0.7% <dine.
Once dl bubbles were flushed from the tubing and chamber, the cap was tightened. The
opposte end of the tubing was melted closed with the heat from a butane-powered
soldering iron to keep the lumen of the tubing clean during subsequent steps. With the

dandard incison a the media dde of the dista femur open, a second incison was made
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on the laterd sde of the leg on the proxima end of the femur about two inches proxima
to the chamber. A danless sted doped nozzle was placed over the felt cuff of the tubing
to facilitate smoother movement through the subcutaneous tissue as shown in Fgure 83.
From the proxima incison, a hemogsat was tunnded subcutaneoudy to the distal incison
and usad to pull the tubing from the digd to the proximd incison wrapping the tubing
around the rabbit's leg. As the tubing was pulled beneeth the skin, it was wiped with
betadine soaked gauze. The digd incison over the chamber was closed with vicryl
suture.

e p— lubing

Yeoman -~ |:L_ ! 1
o
=

/Mﬁ Nozzle over Cuff

Figure 83. Diagram of Tools Used to Route Tubing Subcutaneoudy in Rabbits

At this point, the rabbit was carefully turned on its sde such that the leg with the
loaded chamber is on top. The mask was checked to make sure the anima was il
receving isoflurane and the area between the shoulder blades was prepped with a
aurgicd scrub brush again. A hole was cut in the laparotomy drape to expose the area
between the shoulder blades. A third incison about ¥2 long was made 1.5” caudd to the
shoulder blades dong the midine of the back. A long yeoman was routed
subcutaneoudy from the incison on the back to the proximd leg incison. The tubing
was gragped in the yeoman's teeth and then pulled through the subcutaneous tunnel being
caeful to avoid kinks in the tubing. Agan, the tubing was wiped with betadine-soaked

gauze as it was pulled benegth the skin. The proximd leg incison was closed with vicryl
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suture and sk suture was used to anchor the felt cuff to the subcutaneous tissue a the
incison on the back. Findly, a shap 13 g x 35" danless sted hypodermic needle was
used to tunnd about 1" proximdly from the back incison and puncture the skin. A thin
danless sted surgica guide wire was routed through the lumen of the needle and used to
pull the tubing from the back incison through the tiny puncture wound between the
shoulder blades. The incison on the back was closed with vicryl suture. No sutures were
goplied a the actud exit dte to diminate the potentid of the suture to wick infection
ingde.

During recovery, a polypropylene luer connector with a 1/16” hose barb (Cole-
Parmer #A-06359-25) was inserted in the exposed tubing end and capped with a
polypropylene mae luer-lok connector (Cole-Parmer #A-30504-22). After the animd
had obtained sternd recumbency, an Elizabethan collar was placed on each rabbit to
protect the tubing from bites and scratches. A derile trangparent polyurethane wound
covering from Johnson & Johnson was gpplied over the tubing exit gte. The dressng
was checked daily and changed as needed. One person held the rabbit ill by keeping
one hand on the rabbit's rump and one hand over the rabbit's eyes. Another person
isolated the exit area with derile drape towels and removed the old dressng. Wearing
derile gloves, this person then cleansed the area with Betadine or chlorhexidine and
derile gauze working outward in a circular fashion. A new dressng was gpplied over the
exit gte leaving the luer connectors exposed. Rabbits in Group #3 of the frozen alograft
sudy, aso received daly applicaion of a Slver-impregnated glass powder (Giltech
Limited, Scotland) for three consecutive days until a hard shdl formed around the tubing
exit gte.
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B.4 Procedurefor Implantation of Subcutaneous Rat L oading Device

B.4.1 Surgical Materials

Hardware
Autoclave:
- 4mm rat chambers (custom)

4mm pistons (custom)

4mm platens (custom)

Beswick manifolds (#MX-1010-303)

Nipples, 10-32 (Beswick # MN-1010-303)

Plugs, 10-32 (Beswick # M SP-1000-303)

Adjustable elbow barbs, 10-32 to 1/16” (Beswick # SMLS-1012-303)

1-72 piston screws (McMaster #92196A068)

O-ring lubricant (Chemplex 710 Silicone compound from McMagter-Carr)

5/32" dowed pins (McMaster #90145A488)

Wrench

Screwdriver (separate packet)

Tubing holder or hemastat

Forceps

1/16” plastic barbs/FL

10cc syringe

16 g needle

sdine bag

Gammea-Irradiation:
(.085x.036") BN o-rings (Apple Rubber custom order)

Ethylene Oxide Sterilization:
5” lengths of PUR tubing (1/8” OD, 1/6” 1D) (CP # 95625-00)

PLDL samples

Sterile petri dishes, 100mm and 35mm

Sterile dpha-MEM + 1% ab/am (no serum), 2 x 250ml
10ml pipettes

pipet ad
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Surgery Trays

Adson-Brown forceps
Russian forceps
Needle-nose forceps
2 blade holders, #7
Paper Scissors

Skin scissors

13g needles

SST wire

Needle holder
Hemadtats (2)
Wound clipper

Clip remover
Wound Clips

Towe Trays

Blue surgicd towes
4x4 gauze
2X2 gauze

i sposables

Other d

glk 4-0 suture

vicryl 3-0 suture

4x4 gauze, non-derile

2x2 gauze, non-derile

#10 blades (surgery days)
#11 blades (loading days)
IOBAN

drape towels, 2 per pack
500ml bottles of sterile water
sdinefor injection, 250ml bottles
half drapes

10cc syringes

16 g needles

gloves, derile

wound clips

Glass bead erilizer

Sterile towds, cloth

Sterile bowl

Gauze

199



B.4.2 Assembly Instructionsfor Subcutaneous Rat L oading Device

L oaded Chambers

1. Insert the longer end of the 10-32 nipple into a rounded port of the 4-way
manifold. Repesat on the other end.

2. Add an ebow barb to one of the remaining ports, making sure that the barb lies in
plane with the manifold.

3. Add a cap to the remaining port.

4, Insert a platen into the base of a chamber.

5. Insert the appropriate PLDL scaffold.

6. Put an o-ring on a pigon. Add a smal amount of slicone lubricant and wipe off
excess on gauze. Immediatdy discard gauze. Try not to get lubricant on your
gloves or other instruments.

7. Using the 172 screw, insert the piston into chamber on top of PLDL. Remove 1
72 screw.

8. Use adowd pin to confirm that piston Stsfirmly againgt the PLDL.

0. Attach the chamber to the agppropriate end of the manifold. PLDL scaffolds
designated top, go on the side of the manifold with the barb.

10. Repeat steps 4-9 for the second chamber.

11.  Attach a piece of tubing to the barb. Attach a plastic barb/luer to the other end of
the tubing.

12. Confirm that dl joints of the assembly are tignt EXCEPT the cap.

13.  Usng a 10cc syringe filled with <dine fill the implant. While fluid is exiting
from the cap, tighten it down with a screwdriver.

14.  Apply a moderate amount of pressure by hand to the syringe and watch the
implant carefully for lesks If leaks occur, reassemble using different chambers
and/or pistons.

15.  Storeimplant in 200mm petri dish with dpha-MEM until surgeon is reedy.

16.  Surgeon will cut the tubing to length and hand back to you to heat sed. Have a
non-derile assgant hold the heat seder in front of you. When plagtic gets
gummy, use a hemadat to clamp the end shut and hold until cooled. Confirm
Sedl.

17. Return implant to surgeon.
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Non-loaded chambers

=

NG WN

10.
11.

Insert the longer end of the 10-32 nipple into a rounded port of the 4-way
meanifold.

Repest on the other end

Add caps to the remaining ports.

Insert a platen into the base of a chamber.

Insert the appropriate PLDL scaffold.

Insert agpacer. If out of spacers, use pistons with no o-ring.

Use adowel pin to confirm that PLDL and spacer sit firmly againgt base.

Attach the chamber to the appropriate end of the manifold/nipple assembly.
PLDL scaffolds desgnated top, go on the gde of the manifold with the etched
mark *X’.

Repesat for second chamber.

Confirm thet al joints of the assembly are tight.

Storeimplant in 100mm petri dish with dpha-MEM until surgeon is ready.

201



B.4.3 Surgical Procedurefor Implanting Subcutaneous Rat L oading Device

Anesthesa was induced usng 4% isoflurane and maintained with 1-2% isoflurane
via mask. The rat's back was shaved and scrubbed. The anima was transferred to a
aurgica table and the back was drgped and covered in loban, a serile antimicrobid film.
Under derile conditions, a 1.5" incison was made just to the right of the midiine and
beginning about 1.5" caudd to the center of scapulae. By blunt dissection, a smal pouch
was cregted in the subcutaneous space to receive the implant. The free end of the
attached polyurethane tubing (Cole-Parmer # 95625-00) was heat-seded usng a hemostat
heated in the glass-bead Herilizer. A danless sted 13g x 3.5" hypodermic needle was
used to create a route for the tubing running from just cauda and proxima to the cephdic
end of the incision to the center of the scapulae. Stainless stedl surgica wire was used to
keep the tubing path open. The implant was placed in the pouch inserting the tubing
adong the path created by the needle. Care was taken to ensure the implant lies flat on its
gde with the ebow barb close to the midline and pointed toward the head. If necessary,
the pouch was enlarged just enough to pull the skin margins together over the implant.
Slk suture (sze 3-0) were used to pull the underlying issue around 1) the port holes on
both chambers, 2) both nipple connectors, and 3) the elbow barb as shown in Figure 84.
Then 3-0 vicryl suture was used to close the skin margins over the entire implant. The
closure was reinforced with metd wound cdlips NewSkin with Metronidazole
(200mg/ml) was applied topicaly over wound clips to act as an additiond sedant and
prevent the animad from biting the incison. Wound clips were removed after 10-14 days.
Surgicd ingruments were rinsed in derile water and placed in glass bead derilizer

between animals. Freshly autoclaved insruments were used &fter every 6-7 rats.
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Figure 84. Placement of Silk Suturesto Anchor Rat Subcutaneous L oading Device
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B.5 Procedurefor Exposing Implanted Tubing for Loading Sessionsin Rats

On the fird day of loading, anesthesa was induced usng 4% isoflurane and
maintained with £2% isoflurane via mask. If necessary, the back was shaved. The area
was then deansed with chlorhexidine and isopropyl dcohol.  Origindly, a locd
anesthetic (lidocaine) was adso applied to the skin just over the end of the tubing, but was
eventudly abandoned dnce four animds faled to recover from anethesa. The lidocaine
may have caused the anesthesa to be too deep. Furthermore, the additiona loca
anesthetic did not seem to be necessay. A gmdl incison about 3/4” was made
goproximately between the shoulder blades over the end of the implanted tubing usng a
#11 blade. The end of the tubing was pulled through the incison and a derile
polypropylene luer connector with a /16" hose barb (Cole-Parmer #A-06359-25) was
inserted in the exposed tubing end. The tubing was wrapped with Serile gauze to cover
the open incison on the back.  Figure 85-B shows the location of the incison and the
tubing just after it has been pulled through the incison, while Figure 85-C shows the

addition of the connector and protective gauze wrap.
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Figure 85. Stepsto Expose Tubing for Rat Loading Procedure; A) Anesthesia
Induction, B) Incison and Exposure of Tubing, C) Addition of Connector, and D)
Re-implantation of Tubing and Wound Closure
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The rat was then removed from the isoflurane supply and restrained in a thin
plastic cone restrainer once the rat was sternadly recumbent. The rat was placed in a
open-topped plagtic box with a dark cloth over the head to help keep the animd cam.
My experience was that the animal would remain very cadm and relaxed in te restrainer
if the cloth covers the eyes, even if the animd is not sedated. A hole was clipped in the

restrainer to dlow the tubing to exit the restrainer.

Figure86. Thin Plastic Cone Restrainers Used During Rat L oading Procedures

One ml tuberculin syringes were filled with gerile sdine and a 5’-length of PTFE
microbore (0.012x0.030") tubing (Cole-Parmer #EW-06417-11) was dipped over its 27g
needle.  The microbore tubing was threaded into the implanted tubing until t reached the
implanted hardware. Applying pressure to the syringe, the tubing was dowly backfilled

with sdine to ensure that al ar bubbles were removed from the implanted tubing. The
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implanted tubing was then aitached to the extend solenoid-driven loading system
(Figure 34 and Fgure 35). Care was agan taken to make sure no bubbles were
introduced to the anima’s tubing or the sysem tubing. The sdine in the sysem was then
pressurized cyclicaly between 20-200 ps in a snusoida paitern a 1 Hz for 30 minutes.
The tubing was then disconnected from the system and the anima removed from the thin
plagtic cone redraner and anesthesa induced again a 4% isoflurane.  The tubing and
incison area were cleansed with diluted betadine solutions (10% and 50%). A deile
polypropylene mde luer-lok connector (Cole-Parmer #A-30504-22) capped the luer
connector on the tubing. The tubing including connectors was then pushed back under

the animd’ s skin and the wound closed with wound dlips (Figure 85-D).

The procedure was repeated for subsequent loading sessons, opening the same
dte. A fresh incison was not necessary since the wound did not have sufficent time to
hedl between loading sessons. Loading occurred roughly every other day for three times
per week for 2 weeks. After the last loading sesson, the tubing was clipped short
removing the connector and cap and heat sedled with a hemodat heated in a glass bead
derilizer. The ste was then thoroughly washed with betadine and closed permanently
with wound dips. Clips were removed in 10-14 days after the Site heded completdly.
All ingruments used in this procedure were autoclaved and were repesatedly resterilized
with a glass bead derilizer throughout the procedure even though a fully derile

environment was not necessarily maintained due to the nature of the loading procedure.
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APPENDIX C

LOADING PROCEDURE FOR RABBIT HY DRAULIC BONE CHAMBER STUDIES
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C.1 Standard L oading Procedure for Rabbit HBCs

1. Takeoff cover and set IV stand w/ bag on table.

Turn on top MOS and oscilloscope. Turn on voltmeter while pressing its blue button
to prevent automatic timed turn-off.

3. Check that Sgna generator issetto 1 Hz.
4. Tumn manifold vave to 9 o'clock pogtion. Check cylinder for bubbles. Move

10.

11.
12.

13.
14.

15.

solenoid back and forth severa times. Be sure that you end with the solenoid pushed
almost al theway in, but not with the black rubber sed sticking.

Turn manifold valve to 12 o'clock and check that dl loading lines are free of bubbles.
Especidly check near the connectors.

Turn chamber vave to 3 o'clock. Open chamber cap and let dl bubbles escape from
the loading line and its connections.

Usng 4-40 screw, lift the pison off the brass rod connected to load cdl and then
press “Rel” on the voltmeter. Then gently push pison down until the piston just
barely contacts the brass rod, but is enough for the load cell to be responsive to touch.

With water brimming the top of the chamber, replace the cap being extremdy careful
not to change the position of the chamber relative to the plate of the test stand (i.e.
make sure that the chamber doesn't get screwed in any more or any less to avoid an
atificdd preoad; use the angle of the barb as your check). Make sure voltmeter ill
reads zero. Close the chamber vave by turning to 6 o’ clock.

Open manifold cap and alow bubbles to escape from the manifold. Press “/tare” on
the pressure meter. Replace the manifold cap. Turn the manifold valveto 3 o' clock.

Turn on bottom MOS. Note: Solenoid then begins its actuation. It will be a datic
pressure if the button labelled “gate 1S, range 200K” is pushed and the pressure will
be dynamic if the button labdled “ gate 10S, range 2" is pushed in on the top row of
buttons on the frequency generator. Turning the DC offsst and amplitude knobs
makes system pressure adjustments. The knobs are 10 turn potentiometers so that
you have better control of the system’ s response.

Check system for any leaks or unusua sounds.

Adjust system to about the anticipated load range (0-5 Ib)). Cycle for 20 minutes.
Record operating conditions.

Turn chamber valveto 6 o'clock. Turn off system and reset solenoid to full volume,

Turn dynamic range down to ~ 10-20 ps. You don’'t want it to be zero, because you
may lose pressure when you turn syslem on to the rabbit due to any ar bubbles

trapped in hisline.
Take rabbit out of cage and put him in a basket. Check for bubbles in his tubing. If

you see any, run the microbore tubing that fits a 27 gage needle through the luer
connector into the rabbit's tubing. Be sure that there is pressure on the needl€’s
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16.

17.

18.

19.

20.
21.
22.

gyringe a dl times to force water out of the microtubing. Feed the microtubing dl
the way to the rabbit's chamber. You will fed resstance. Then dowly back out the
microtubing dlowing the forced water to fill the space taken by any bubbles. You
will see bubbles coming out of the rabbit's tubing. Usudly, this only has to be done
the firs day of loading, but aways check the rabbit's exposed tubing for bubbles
every day.

Connect the rabbit's tubing to the sysem’s loading line.  Be sure to fill both
connectors with salinefirgt to prevent bubbles.

Turn each of the vaves to te rabbits to 12 o'clock one a a time while watching the
oscilloscope to make sure the pressure does't drastically drop.  Turn the vave to the
load cell to 3 o'clock. Adjust the pressure up to the desired load range. You can use
the scope's cursors to eesly define the load range for you visudly. Use the min/max
button on the voltmeter to check the range of the actual applied load. Note thetime.

Cycle for 30 minutes. Note any abnormdities and make small adjusments to keep
the pressure within the defined range. Be sure to fill out loading record.

At the end of 30 minutes, reduce the pressure to ~ 20 ps then switch to a datic
pressure and zero the load. Do not go negetive, but you may have dight postive
pressure.  Sometimes, it amply isn't possible to exactly zero the system. If twesking
the knobs makes no difference on the oscilloscope, smply stop there.  Then, turn the
chamber valve to 6 0'clock. Switch system back to adynamic 10-20 ps.

Disconnect the rabbit from the system and recep hisline.
Repeat steps #15-20 for other rabbits.
To shut down, turn off bottom MOS, then turn off scope and finally the top MOS.
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C.2 Dealing with Anomalies Experienced During L oading Rabbit HBCs

A rabbit turns around and bites the tubing.

The sysem will immediatdy stop actuation because the solenoid will push the plunger to
the emergency light slopsin an effort to maintain pressure.

1.

You should immediatdly close al vaves to loading lines and the load cdl. Hip
the bottom MOS off. Notethetime.

2. Remove the damaged load line and replace it with a new one from the cart.

Turn manifold vave to 9 o'clock postion. Check cylinder for bubbles. Move
solenoid back and forth severd times. Be sure that you end with the solenoid
pushed almost dl the way in, but not with the black rubber sed sticking.

Turn manifold vave to 12 o'clock and turn the new line vave to 3 o'cock and
dlow the new line to fill with sdine. Close line vave to 6 o'cock. Open
manifold cgp and dlow bubbles to escape from the manifold. Press “/tar€’ on the
pressure meter. Replace the manifold cap. Turn the manifold valve to 3 o’ clock

For extra measure turn manifold valve back to 9 o'clock and back again to 3
0'clock to release any residud pressure to the saline bag.

Reconnect line to offending rabbit.

7. Hip bottom MOS back on. Repeat step #17. Continue loading for the remaining

time.

System gradually bleeds out and begins * knocking” light stops.

1.

This usudly occurs about hdf way through the 30 min sesson when using high
loads (such as 5 |b) with multiple rabbits. Because the sysem is working a its
upper limit, even tiny water losses (especidly around the sed on the cylinder)
may cause the system to try to push past the light stops.

You may hear on occasiond knock, but wait til knocking is nearly every cyde.
Then turn pressure down to below 20 ps and turn off syssem. You need to refill
cylinder.  You may follow indructions outlined for a damaged line, just omit

changing and refilling of the damaged line,

Internal leak in rabbit.

1.

This may seem smilar to ether of the two previous anomdies, but cannot be
corrected by smply resetting the system. If there is a drastic pressure drop and no
evidence of damaged lines, thismay be the case.

Fra try refilling cylinder as for A&C. Then when you turn on system, watch the
sysem response to an individua rabbit. You need to determine which one is
lesking 0 that you may exclude him from further loading and continue with the
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others.  If you can't tdl the offender and the same thing happens again right
away, sop and disconnect rabbits and run microbore tubing to eiminate any
bubbles from lines Attach a sdine-filled syringe with a luer lock to the end of
rabbit’s tubing and try gently compressng the fluid. It shoud resst and plunger
should bounce back when you sop. If you can actudly force fluid out of the
syringe with no recovery, that rabbit has an internd leak and can receive no more
loading. He should go on antibiotics immediately and receive surgery ASAP to
correct the lesking tubing. If after removing bubbles, the sysem works, then
continue loading there may just have been too much compliance in the rabbit's
linesif bubbles were present.
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APPENDIX D

RT-PCR PROTOCOLS
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D.1 Protocol Worksheet for Reverse Transcriptase Reaction to Convert RNA into

wh e

No o

© ®

cDNA

Materials Needed

SuperScript 11 Rnase H Reverse Transcriptase Kit from Invitrogen
(Cat. No. 18064-014, store at —20)

Oligo DT (12-18) (500ug/ul) from Invitrogen (Cat. No. 18418-015; store at —20)
10mM dNTP mix (Promega C1145)

Purified sample RNA

Rnase Zap

Rnase free water

1.5 ml microcentrifuge tubes, Rnase-free, Dnase-free, Serile

PipetteMan

100 ul and 1000ul filtered pipette tips

. vortexer

. microfuge

. SpeedVac (Savant DNA 120)
. Water Bath et to 42C

. Heat block set to 70C

. ice bucket

Procedure:;

Treat dl surfaces with Rnase Zap
Thaw at least 4ug of RNA for each sample. Keep on ice when possible,
Aliquot 4 ug RNA into microcentrifuge tubes. If the volume of RNA islessthan
11 ul, bring volume up to 11 ul with DEPC H,O. If the volume of RNA is greater
than 11 ul, dry the RNA down to 11 ul in the SpeedVac. Tip: If volumeisvery
large, divide a given sampl€ s volume into multiple tubes to decrease the amount
of time the RNA spends at room temperature.
Thaw Oligo DT (12-18), dNTPs, SuperScript |1 enzyme, the accompanying 5x
Firg Strand Buffer, and .1M DTT. Vortex and brief spin.
Add 1 ul Oligo to each and place in heat block for 10 min.
Immediately move RNA to ice. Centrifuge to collect contents
Make Magter Mix. Combinein the following order:

a. 4ul/ reectionx __reaction=__ ul 5x buffer

b. 2ul/reactionx _ reaction=_ ul DTT

c. lul/reactionx __ reaction=__ ul dNTPs

Vortex and spin.

Add 7 ul Master mix to each tube. Vortex and brief spin.
Place samplesin water bath for 2 min.
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10. Add 1 ul RT enzymeto each tube. Vortex and brief spin. (Was a fresh aliquot
used? )

11. Place samplesin water bath for 50 min.

12. Trandsfer tubesto heet block for 15 min. Brief chill and centrifuge to collect
contents.

13. (Optional) Add 80 ul DEPC H,O to each tube to dilute to workable volume (i.e.
use 5 ul or 1/20 reaction volume per PCR reaction). Vortex and brief spin.
Separate into two tubes to be safe. Store at —20C.
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D.2 Protocol Worksheet for Radioactive PCR

Materials Needed

Qiagen’ s HotStarTag Kit (Cat. # 203203 for 250 units or #203205 for 1000 units,
store —20C); Kit includes 10x PCR buffer, 5x Q-soln (typicdly do not use),
25mM MgCh, and HotStarTag DNA polymerase at 5 units/ul.

10mM dNTP mix (Promega C1145)

Primers, both forward and reverse at 10 pmol/ul (Primers obtained as lyophilate
from IDT and are resuspended to 100 pmol/ul with successve 1:10 dilutions |ater)
HOT P-32 (Amersham #PB10205-250uCi or # PB10205-500uCi; 10mCi/ml;
3000 Ci/mmoal; gtore at —20C) { If P-32 istwo weeks old, it may be necessary to
double P-32 used and adjust water accordingly.}

6x loading buffer (xylene cyanol and bromophenal bluein glycerol base)

Rnase free water

1.5 ml microcentrifuge tubes

PipetteMan

100 ul and 1000ul filtered pipette tips

PCR plate base and optiona retainer

PCR tubes

vortexer

microfuge

ice bucket

Procedure:

PCR set up should be done on the DNA bench behind the radioactive shidld. Use
tips, pipettors, water, etc. that are restricted to that area. Turn on dosmeter.
Check that waste containers are available.

Thaw PCR Buffer, MgCh (if you need more than 1.5 mM Mg in the reaction),
Tag, primersfor each gene target, dNTPs, and P-32.

Prepare Plate Layout Table 12. Always include an open water (NIL) control to
check for aerosol contamination and a closed water control to check for Master
Mix contamination. Y ou may aso include RNA controls to check for genomic
DNA contamination and an “RT” control to check for contaminationin the RT
Master Mix. Allow for duplicate reaction tubes for experimental samples. Place
aufficient numbers of PCR tubes in the base stand according to the layout you

specify below.
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ISPl

Table 12. Working Plate Layout (12x8 Grid)
PLATE LAYOUT

If cDNA was not diluted 5x at end of RT, go ahead and add 80 ul water to the 20
ul RT reaction volume now. Place 5 ul (1/20 reaction volume) cDNA into each of
the appropriate tubes.
Place 5 ul water in the NIL controls.
Pace RNA in control tubes based on following info.

What is the mass of RNA used in the RT reaction?

What is the mass of RNA pe PCR control? (above/20)

Assuming 4 ug of cDNA were used in the RT reaction, place 0.2 ug (/20 of RNA
used in RT) RNA into each of the RNA controls. Work out volumes needed
below Table 13. Add sufficient water to bring the RNA upto 5 ul.
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Table 13. Worksheet for Adjusting Sample Volume for PCR Reaction

A B C D E
Sample# | Mass RNA | Concentration Volume Water to be
per control) (from OD | RNA; Added; (5-D)
readings) (B/C)

Cover PCR plate and set aside momentarily.

Determine total number of reactions. Add afew more for mistakes. Prepare a 1:10

dilution of P-32 for this number of samples. Vol P-
; Volume water:

32

Prepare Master Mixes asdetailed in Table 14. There will be a separate Master
Mix for each primer. Note: hGAP worksbest a 1.5 mM MgCh, rabCOL| works
best at 2.0 mM, and OPN works best at 3.0mM. Volumesarein ul. Place check

marks besde each ingredient from which you used a fresh diquot.
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10.

11.

Table14. Worksheet for Preparing PCR Master Mixes

TARGET

# samples per

master mix

Ingredient 1.5mM 2.0mM 25mM 3.0mM
Buffer Sx#= S5x#= Sx#= Sx#=
MgCl, Ox#= Ix#= 2X#= 3X#=
DNTPs Ix#= Ix#= Ix#= Ix#=
Fwd primer 2x#= 2x#= 2x#= 2x#=
Rev primer 2X#= 2x#= 2X#= 2X#=
Tag Ob5x#= 05x#= Ob5x#= Ob5x#=
Water B5x#= 3R25x#= 315x#= 305x#=
P-32 (1:10 | 1x#= Ix#= Ix#= Ix#=
dilution)

TOTAL 45X #= A5x#= 45X #= 45X #=

Add 45 ul of the appropriate master mix to each sample of that gene target.
Pipette up and down to mix.
Place capped tubes in preheated thermocycler block set for the given cycle pattern
below.

15 @95; {30" @94; 30" @T5;30" @72}; 10 @72;holdat 4

Repeat backeted steps for tota of 22 cycles.
Tavaries from primer to primer.
(Use 59 for hGAP, 57 for OPN and 61 for rabCOL1.)
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12.

13.

14.

Record Tafor each primer:

At end of cycle remove tubesto the radioactive gel areaiin the fume hood. Add 5
ul of 6x loading buffer to each tube. Pipette to mix.

Return to thermocycler and run program DY ESTORE or DY EGEL to bind the gd
to the DNA. Cycleshold DNA at 65 for 10 minutes, and then return to either 4 or
22 degrees respectively. (You want you PCR product at room temperature when
loading gdl.

Either continue to running the gel or store PCR product a —20C.

List any deviations from above protocol or comments:
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APPENDIX E

Pico-Green Assay For Double-Stranded Dna On Cell-Seeded Ha/Tcp Or Pldl
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Report Abstract:

This method describes how to predict the number of cells on a three dimensond
scaffold usng PicoGreen, a fluorescent dye that binds specifically to dsDNA. Cdls are
lysed in the presence of a detergent using scraping and sonication to release the dsDNA
into suspenson.  Samples are centrifuged to remove debris and the supernatant exposed
to Pico-Green fluorochrome. Fuorescent intensty is measured by a fluorescence plate
reader set to excite the samples at 502 nm and collect emissions a 523 nm (closest setting
usudly will be 480/520nm). Unknowns are read sde by sde with standardized samples
of known DNA amounts and relative fluorescence intendties are used to predict the
number of cdls in the unknown samples. This assay for dSDNA provides a Smple, very

sendtive technique for determining the number of cells within a cdll-seeded construct.

Why use Pico-Green vs. Hoechst 33258?

Pico-Green can detect much lower levels of dsDNA. Hoechst can detect only
10ng/ml dsDNA, while Pico-Green can quantify levels as low as 25pg/ml.  Furthermore,
Pico-Green has a much wider dynamic range. While the Hoechst assay requires two dye
concentrations to obtain a dynamic range of two orders of magnitude, the Pico-Green
assay only requires one dye solution to obtain a dynamic range of four orders of
magnitude.  Also, the assay remans linear in the presence of may contaminants,
dthough there will often be an offset involved (see product literature to find the effect of
different contaminants). Findly, the Hoechs assay is often sendtive to contaminating

sSDNA and RNA.

Useful Note: The average cell has 7.7 pg DNA.
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1. Materialsand Reagents

1.1. Pico-Green dsDNA Quantitation Kit (Molecular Probes, Cat. No. P-7589)
incduding the Fico-Green dsDNA quantitation resgent, Lambda DNA standard
(100ug/ml), and a 20x TE buffer (200mM Tris-HCL, 20mM EDTA, pH 7.5)

1.2. 1M Tris-HCI (Life Technologies # 15567-027)

1.3. 1% Triton- X100 in Ca-free PBS (Sigma X-100)

1.4. Ca-free PBS (Life Technologies #14190-136)

1.5. 96-well Black Plates with Clear Bottom (Corning Costar Corp., Cat. No. 3603)

1.6. Digposable serologica pipettes, 25 ml (VWR)

1.7. Pipettetips, 1-200 m (VWR)

1.8. Pipette tips, 200-1000 m (VWR)

1.9. 1.5 ml microcentrifuge tubes (Eppendorf)

1.10.48-wdl plate for dilutions (optiond)

1.11. duminum fall

1.12. Sharpie marker

2. Equipment

2.1. Fluorescence Plate Reader

2.2. Beckman Microfuge E

2.3. Pipet-Aid (Drummond )

2.4. Pipetman, 2-20 M (P20)

2.5. Pipetman, 20-200 ml (P200)
2.6. Pipetman, 200-1000 nm (P1000)
2.7. 8-channd Pipettor (FinnPippette)
2.8. Repesator Pipettor (FinnPippette)

3. Procedure

3.1. Prepare Samples (Volumes per well assumes you are using 10cnt dishes or a 6
well plate)

3.1.1.

312
3.13.
3.1.4.
3.15.

3.1.6.

Prepare TTH solution: Add 10 ml 1M TrissHCl + 20 ml 1% Triton +
200 ml PBS to make a .1% Triton solution in 50 mM TrissHCL. Keep
cold.

Working buffer: 10% serum-free media, 90% TTH.

Rinse scaffold with Iml PBS.

For HA/TCP, place scaffold in a 1.5 ml microcentrifuge tube.  Add 1ml
buffer (media + TTH) and crush with an eppendorf pestle. Transfer to a
5ml tube.

For PLDL, mince scaffold and place in a 5ml tube. Add 1ml buffer
(media+ TTH).

Sonicate al samples 10 seconds.  Trandfer to a 1.5ml centrifuge tube.
Spin 30 secondsin a microfuge to settle debris. Freeze at —80C.
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4. Prepare Standards (may be done at time of scaffold seeding)

4.1. Prepare as many ladders as needed for the experiment. In this case, prepare
an MSC-ladder, and MOP-ladder, a PLDL+MSC ladder, and a
HA/TCP+MSC ladder. For scaffold plus cdl ladders, as an equivdent mass
of the scaffold materid to the cdll suspension.

4.2. Prepare the following cdl solutions in Table 15 usng a 10e6/ml solution of
esch cdl type. Volumes are ul. Prepare in 5ml tubes. Add crushed HA/TCP
or minced PLDL as needed.

Table 15. Relative Volumes (mL) Of Cdl Suspension, Media, And TTH Required
For Each Solutioni In The Cell Ladder.

Blank | 0.20M | 0.4M | 0.6M | 0.8M | 1.0M

Cdll Suspension 0 20 40 60 80 111

Additiond Media | 100 80 60 40 20 0
TTH 900 900 900 900 900 | 999

Mass of HA/TCP: Mass of PLDL:

4.3. (Optional) Prepare three serid dilutions of the 1e6/ml cdl solution dso. Use
111ul of the more concentrated solution plus 999ul of buffer (media + TTH).
Label these as 0.1M, 0.01M, and 0.001M. .

4.4, Sonicate 10 seconds.  Transfer to a 1.5ml microcentrifuge tube. Freeze a —
80C.

5. Plate Set-up
5.1. Thaw samples and standards. Spin 30 seconds in microfuge.
5.2. Prepare Working Reagent by mixing 19 parts ddH20 with 1 pat 20x-TE
buffer, then add a tenth part of the Pico-Green Reagent. Vortex. Protect
from light. { PG Reagent takes along time to thaw, even from RT .}

EXAMPLE
Tota WR volume; 10 ml
ddH20 volume: 95ml
20x-TE volume: 500 ul
PG volume; 50ul

5.3. Diagram sample and standard layout on plate cover.

5.4. In plate, mix 100ul sample (or standard or blank) and 100 ul working reagent.
Pipette to mix or use a shaker plate for 30 seconds. Incubate 5 minutes. Read
at 480/520 nm on Garcia s fluorescence plate reader.
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APPENDIX F

Finite Element Modding Procedures for Rabbit Trabecular Bone
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F.1 Deter mination of the Tissue M odulus of Rabbit Trabecular Bone

Sample X1l was chosen as a representative sample to mode to determine tissue modulus.
It had good architecture (a good right cylinder without many holes) and it's bone volume
fraction was close to 36% (the average of the Whitaker samples loaded and nonloaded, n
= 18). Developed mode and applied a distributed 18.17N compressive load on top
surface, condrained the cylindrical surface in the x and y directions, and the bottom
surface of the cylinder in the z direction. Guess 5000 MPa for tissue modulus and then

acquired the modd’s output for ezz gpparent. Used linear relationship to determine
actud tissue modulus for the polymer.

PREP FOR FE MODEL

Contoured origind file (c0000994.isg a 16 um resolution) using 405 pixel circles
from dice 52-441. x1/y1 = 280/322; x2/y2 = 684/726. Picked best ssgmentation
by eye. Gaussan filter (Sgma= 1.2, support = 2) and threshold = 143.

/isg in c0000994.iq

/gobj_mask in c0000994.gobj

/gauss segin seg 1.2/2/143

ox seg

BVF = 51022620/15468663 = 0.3032

Iwrite seg m1015 p405 t143 seg.am

copy c0000994.isq to m1015.isq

Created a coarsened modd with resolution of 32 microns, otherwise mode would
be too big for iplfe.

/isqin m1015.ixq

/noipscaein sca

-downscde 222

-upscde 111

ffrom_am to _isqscaml1015 s2.isq

Renamed m1015_s2.isg to c0000994.isq in root directory so the contouring
program will recognize it. Opened contouring program and crested new contours.
Many dices were out of range since it expects more dices. New gobj: 203pixel
cirdleson dices 26-224. x1/y1 = 140,161 and x2/y2 = 342/363. Saved and
renamed to m1015 s2 p203.gobj

In ipl, masked the rotaled am file with the new gobj file before component
labding to remove unconnected dements which could compromise the finite
dement modd. Peformed a bounding box cut to minimize the zero space.
Examined new am for overdl dimensons.

/iginm1015 .
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/gobj_maskaimped_ow in m1015 2 p203.gob
/gauss segin seg 1.2/2/143

/cl26 _rank seg cl
/bounding_box_cut
-input d
-output bb
-z only fdse
-border 300 < onthismodel | had to add a border to makeit square

1> out dim: 203 203 199
Awrite bb m1015_s2 p203 143 cl_bb.am *

** Thisisthe file used asinput to the fe program.

On a pc computer, created a boundary condition file (.bcd) usng dimensions of
_bb.am. See cyl coords xIs. Saved the last worksheet as cyl _coords.prn (space
odimited text). Opened .prn in Notepad, added the header information (making
sure to edit the totad number of boundary conditions in line 3. Saved as _bb.txt
and FTPed the document to microCT computer in the working directory and
renamed the file _bb.bcd.

RUNNING FE MODEL

$iplfe
/readin m1015 s2 p203 t143 cl bb.am
ffe_solve3
-in in
-fea file_name m1015 2 p203 t143 cl_bb < include dir if not
in current working dir
-problem_nr 100
-scale factor 1.817000E+01
-output_option 1
-tolerance force 1.000000E-04
-tolerance_displ 1.000000E-04
-max_nr_iter 20000
-restart_option 1

-comp_va_mat_001 127

-Ymodulus mat_001 5.000000E+03
-Poissonr_mat_001 3.000000E-01
-comp_va_mat_002 0
-Ymodulus_mat_002 1.000000E+04
-Poissonr_mat_002 3.000000E-01
-comp_va_mat_003 0
-Ymodulus_mat_003 1.000000E+04
-Poissonr_mat_003 3.000000E-01
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ESTIMATING TMOD FROM RESULTS
$iplfe
ffe_post
-post_file_name m1015 s2 p203 t143 cl_bb.post
-output €zz
-variable nr 3
-loadcase nr 1
-output_option 1
-interpol_option 1
-averaging_option 0

Read m1015 s2 p203 t143 cl_bb.podist to get that (ezz)app = -0.0051433

TMOD = 5000 MPA x (-0.0051433)
(-0.00397) < resultant displ amplitude from mech tests

TMOD = 6478 MPaor 6.48 GPa

Always check that this makes sense. This diffnessis higher than the guessin
the origind modd (5000 MPa) so we would expect |ess deformation when
TMOD = 6480 MPais used which makes sense since the modd predicted
more deformation than actualy occurred in the mechanicd tests when aforce
amplitude of 18.17N compression was gpplied.

228



F.2 Modeling of Two Representative Rabbit Trabecular Bone Allogr afts

Samples 19L and 14R were chosen as representative samples. These samples were
scanned on Ralph Mudler's microct20 a 34 micron resolution. The darting files were
“rabbit-tibia_seriesd4 191 compl.am” and “rabbit-tibia seriesd4 191 compl.am”.  The
header info says that they were thresholded a 250 with a Gauss filter (Sgma/support =
1.2/2) and then component labeled. But it dso said that the dement sze was 75mm!
Used /header_geo set to change dement size to .034x.034x.034 and then renamed files
to 191 cl.amand 171 _cl.am

Prep 19
Rotated cl.aim -1 degrees about x-axis and 4.5 degrees about y axis to Sraighten
up thesides. Reset header position.

/readin 19_cl.am
fturn3d
-input in
-output out
-turnaxis_angles 0.000 90.000 90.000
-turnangle -1
fturn3d
-input out
-output r
-turnaxis_angles 90.000 0.000 90.000
-turnangle 45
Awriter 19_clr.am
/header _geo setr
-postion-1-10
hwriter 19 _crp.am
firom_am to isgr 19 _clrp.isq

Renamed 191 _clrp.isg to c0000xxx.isg in root directory so contouring program
will recognize the file. Opened contouring program.  Many dices were out of
range since the program expects more dices. New gobj: 186 pixel circleson
dices 25-213 x1/y1 = 165/177 and x2/y2 = 350/362. Saved and renamed to
19I_clrp.gobj

In ipl, masked the rotaled am file with the new gobj file before component
labding to remove unconnected dements which could compromise the finite
edement modd. Peformed a bounding box cut to minimize the zero space.
Examined new am for overdl dimensons.

/amin19_drp.am
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/gobj_maskaimped_ow in 191_clrp.gobj
/cl26 rank indl
/bounding_box_cut cl bb

/exabb geom.

I>dim 186 186 189

I> off O O O

I> pos 165 177 24

I> dement Szein mm 0.0340 0.0340 0.0340
I> physdimin mm 6.3240 6.3240 6.3240

Iwrite bb 191 _clrp_bb.aim

On a pc computer, created a boundary condition file (.bcd) using dimensions of
_bb.am. See cyl_coordsxls. Saved the last worksheet as cyl_coords.prn (space
delimited text). Opened .prn in Notepad, added the header information (making
aure to edit the tota number of boundary conditions in line 3. Saved as _bb.txt
and FTPed the document to microCT computer in the working directory and
renamed the file _bb.bcd.

Prep 14R
- Repeated steps above for 19L with the following differences.

Rotated cl.am -3 degrees about x-axis and 4.5 degrees about y axis to Sraighten

up thesides. Reset header position.

Reneamed 14r_clrp.isq to cO000xxx.isq in root directory so contouring program

will recognize thefile. Opened contouring program and created new contours.

New gobj: 187 pixd circles on dices 21-203 x1/y1 = 156/178 and x2/y2 =

342/364. Saved and renamed to 14r_clrp.gobj

Ran FEM modesfor 19 and 14r as shown for p19l below.

$iplfe
read
-name in
-filename 19L_CLRP_BB.AIM;1
ffe_solve3
-in in
-fea file_name 19. CLRP BB
-problem_nr 100
-scale factor 2.22400E+01
-output_option 1
-tolerance force 1.000000E-04
-tolerance _displ 1.000000E-04
-max_nr_iter 20000
-restart_option 1

-comp_va_mat_001 127
-Ymodulus_ mat_001 6.480000E+03
-Poissonr_mat_001 3.000000E-01
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-comp_va_mat_002 0
-Ymodulus_mat_002 1.000000E+04
-Poissonr_mat_002 3.000000E-01
-comp_va_mat_003 0

-Ymodulus mat_003 1.000000E+04
-Poissonr_mat_003 3.000000E-01
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F.3 Post-Processing of Two Representative Rabbit Trabecular Bone Allogr afts

The following batch file contains IPL commands necessary to creste .am files coded
with each of the four output parameters: &, @, VMS, and SED and histograms of these
am files To execute the following baich file type the following command in a
DecTerm window.

@({file_path}ad fe whit.com{file_path}*.post

AD_FE_WHIT.COM

$ if pl . EQS. ™
$ THEN
$write sysboutput "Give C0001234.am ! Exit"
$ et
$ endif
$
$ ddiine org file  'pl’
$ sy file=pl- FSPARSE(pL,,,"VERSION") - ".POST" +"_SEG.AIM"
$ gob_file=pl- FSPARSE(pL,,,"VERSION") - ".POST" +".GOBJ'
$ histo_ezz =pl - F$PARSE(pl,,,"VERSION") - ".POST" +"_EZZ.TAB"
$ histo_epl = p1 - F$PARSE(p1,,,"VERSION") - ".POST" +" EPL.TAB"
$ higto vms=pl - F3PARSE(pl,,,"VERSION") - ".POST" +" VMSTAB"
$ histo_sed = p1 - F$PARSE(pL,,,"VERSION") - ".POST" +"_SED.TAB"
$ ezz file=pl- F$PARSE(pL,,,"VERSION") - ".POST" +"_EZZ AIM"
$ epl_file=pl- FSPARSE(pL,,,"VERSION") - ".POST" +"_EPL.AIM"
$ vms file=pl - FSPARSE(pL,,"VERSION") - ".POST" +"_VMSAIM"
$ sd file=pl- F$PARSE(pL,,,"VERSION") - ".POST" +"_SED.AIM"
$
$ showlogorg file
$ ipl_scanco_prog := $um:ipl_scanco _fe.exe
$ ipl_scanco prog
[fe_post

-pog_file_name org file

-output ez

-variable nr 3

-loadcase nr 1

-output_option 1

-interpol_option 1

-averaging_option 0
ffe_post

-post_file_name org_file

-output epl

-variable nr 24

-loadcase nr 1

-output_option 1
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-interpol_option 1
-averaging_option 0

[fe_post

-pos_file_name org_file
-output vms
-variable nr 42
-loadcase nr 1
-output_option 1
-interpol_option 1
-averaging_option 0
[fe_post

-pog_file name org file
-output s=d
-variable nr 45
-loadcase nr 1
-output_option 1
-interpol_option 1

-averaging_option 0
hrite ezz "ezz file

-compress _type bin
-verson_020 true
hrite epl "epl_file

-compress _type bin
-verson_020 true
Arite vms "vims file

-compress _type bin
-verson_020 true
Iwrite sed "sed file
-compress_type bin
-verson_020 true
/histo ezz

-fileout_or_screentab  "histo_ezz
-from vd -1

-to vd -1
-nr_bins_in tab 50000
-dt_type auto
-count_zeros no
/histo epl

-fileout_or screentab  "histo_epl
-from vd -1

-to vd -1
-nr_bins in _tab 50000
-dt_type auto
-count_zeros no
/higo vms
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-fileout_or_screentab  "histo_vms

-from vd -1
-to_va -1
-nr_bins_in_tab 50000
-dt_type auto
-count_zeros no
/histo sed
-fileout_or_screentab  "histo_sed
-from vd -1
-to_va -1
-nr_bins in tab 50000
-at_type auto
-count_zeros no
$exit
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APPENDIX G

Finite Element Modding Procedures for PLDL
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G.1 Determination of PLDL Tissue M odulus

P25 was chosen as a representative sample to model. The mode was developed with a
distributed ompressive force of 11.89 N on the top surface. The cylindrical surface was
condrained in the x and y directions, and the bottom surface of the cylinder in the z
direction. A guess of 5000 MPa for tissue modulus was used to determine the mode’s

output

for &, apparent and a linear relationship used to determine the actud tissue

modulus for the polymer.

PREP

FOR FE MODEL
Copied c0000286a g81 t28 seg.am (previoudy segmented with a Gaussan
filter set to asigmaof 0.8 and a support of 1 and threshold of 28) to p25_seg.aim
Rotated p25 seg.am -9 degrees about x-axis and -5 degrees about y axis to
draighten up the sides. New fileisp25_segr.am

read
-name in
-filename p25_sag.am
fturn3d
-input in
-output out
-turnaxis_angles 0.000 90.000 90.000
-turnangle -9.000000
fturn3d
-input out
-output r
-turnaxis_angles 90.000 0.000 90.000
-turnangle -5.000000
Iwriter p25_segr.am
-compress _type bin
-verson_020 true

Created an .ixq file from the rotated .aim file, so that a contour file can be crested.
Since the rotation process sometimes cregtes negative zcoordinates, first check to
make sure the zpogtion in the .am file header is podtive or the contouring
programn won't be able to read in the appropriate dices since it expects dices to
dart at zero. If not reset z-pogition to zero using the heeder_geo_set command.

/examine r geom

I>dim 180 197 225

I> off O 0 O

I> pos 128 245 19

I> dement 9zein mm 0.0300 0.0300 0.0300
I> physdimin mm 5.4000 5.9100 6.7500
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ffrom_am to ixq

-am_name r
-igg_filename P25 segr.igq
-gquare flag fdse

-origind_pogtion true

Copied r25 segr.isq to c00000285.isg and opened it in the contouring program.
Created a right cylinder .gobj file. In this case, | omitted 3 dices with too little
bone to adequately apply forces to on top and 3 dices on bottom for same reason.
Slices 43-214. The diameter of circular contours is 136 pixels and x1/y1 postion
is 152/223 and x2/y2 podtion is 287/408. Saved contours as c0000285.gobj and
then copied to p25_segr.gobyj.

In ipl, masked the rotated am file with the new gobj file before component
labding to remove unconnected eements which could compromise the finite

dement modd. Peformed a bounding box cut to minimize the zero Space
Examined new am for overdl dimensons.

Ireadin P25 SEGR.AIM;1
/gobj_maskaimped _ow

-input_output in
-gobyj_filename P25 SEGR.GOBJ1
-ped_iter 0
/cl26 _rank_extract
-input in
-output cl
-firg_rank 1
-lagt_rank 1
-connect_boundary fdse
-vaue in_range 127
/bounding_box_cut
-input d
-output bb
-z only fdse
-border 000

/examine bb geom.
Iwrite bb p25_segr_bb.am **
** Thisisthefile used as input to the fe program.

On a pc computer, created a boundary condition file (.bcd) usng dimensons of
p25 segr bb.am.  See cyl_coords p25xls. Saved the last worksheet as
cyl_coords,prn (space delimited text). Opened .prn in Notepad, added the header
information (meking sure to edit the total number of boundary conditions in line
3. Saved as p25 segr bb.txt and FTPed the document to microCT computer in
the p25 working directory and renamed the file p25_segr_bb.bcd.
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Running FE Modd

$iplfe
Ireed in P25_SEGR BB.AIM;1
ffe_solve3
-in in
-fea file_ name P25 SEGR BB
-problem_nr 100
-scale factor 1.189000E+01
-output_option 1
-tolerance _force 1.000000E-04
-tolerance _displ 1.000000E-04
-max_nr_iter 20000
-restart_option 1

-comp_va_mat_001 127

-Ymodulus mat_001 5.000000E+03
-Poissonr_mat_001 3.000000E-01
-comp_va_mat_002 0

-Ymodulus mat_002 1.000000E+04
-Poissonr_mat_002 3.000000E-01
-comp_va_mat_003 0
-Ymodulus_mat_003 1.000000E+04
-Poissonr_mat_003 3.000000E-01

ESTIMATING TMOD FROM RESULTS
fiplife
ffe_post
-pod _file_name P25 SEGR BB.POST
-output €zz
-variable nr 3
-loadcase nr 1
-output_option 1
-interpol_option 1
-averaging_option 0

Read p25_segr_bb.podist to get that (&,)app = -0.0034625

TMOD = 5000 MPA x (-0.0034625)
(-0.0204) < digplacement from mechanicd tests
TMOD =849 MPa

Always check tha this makes sense.  This giffness is lower than the guess in the
origind modd (5000 MPa) ® we would expect more deformation when TMOD =
849 MPa is used which makes sense since the modd did not deform as much as
occurred in the mechanica tests when a force amplitude of 11.89N compresson
was applied.
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G.2 Modeling of Three Representative PLDL Samples

Samples p25, p26, and p93 were chosen and modeled as representative PLDL
samples. Deformations within the tissue space are important, so both the polymer (or
“bone’) and the tissue (or “marrow”) were modeled. In addition, a meta plate was
modeled on the end of the sample that the force is gpplied since the difference in moduli
of the two materids could result in large deformation errors near this boundary. Created
an .am file that has polymer (127), tissue (10), plate (5) and empty space (0) as well as
individua .am files of the polymer, tissue, and plate. The empty space is the corners of
the cube that are outsde the right cylinder. The plate was modeled as a disk that is a
sngle layer of eements thick. A distributed force of 13.3 N was gpplied to the plate to
meaich the actud loading conditions of the rats in vivo. The polymer was assigned a
tissue modulus of 849 MPa based on the procedure outlined in Appendix G.1. The plate
was assumed to be perfectly siff and was therefore assgned a tissue modulus of 1.2e7
MPa.

Prep P25
Copied p25_segr_bb.aimto p25_segr_bb2 _bone.am
Created .am file with bone and marrow.

Ireed in P25 _SEGR _BB2 bone AIM
/st vaue

-input in

-vaue_object 127

-vaue background 10
/gobj_maskaimped _ow

-input_output in
-gobyj_filename P25 SEGR.GOBJ1
-ped_iter 0

Iwritein p25_segr bb2.am < represents “bone’” and “ marrow”
Created .am with marrow only.

/read in P25 _SEGR BB2 boneam
/st vaue

-input in

-vaue _object 10

-vaue_background 127
/gobj_maskaimped _ow

-input_output in
-gobyj_filename P25 SEGR.GOBJ1
-ped _iter 0
Iwritein p25_segr_bb2 _mar.am < represents “ marrow”
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Created .am with plate, bone, and marrow by first creating a second gobj exactly
as before but including one extra dice on top (i.e. dices 42-214) and saved as
p25 ps.gobj. Also saved a .gobj file with just dice 42 as p25_plate.gobj. Then in
ipl, created an am of jus the plate and then concatenated thet file to the am of
the bone and marrow listed above. Another bounding box cut is required.

/read in P25_segr.am

/st vaue
-input in
-vaue_object 127
-vaue_background 127

/gobj_maskaimped _ow

-input_output in
-gobj_filename P25 plate. GOBJ;1
-ped_iter 0
/st vdue
-input in
-vaue object 5

-vaue_background 0
/read sample p25_segr_bb2.am

/concat
-inputl in
-input2 sample
-output both
-common_region_only fdse
-add not_overlay true
-make_edge fdse
-ghift_ofin2 000
-turnangle 0.000000
-turnpoint_globd -1-1
/bounding_box_cut
-input both
-output bb
-z only fdse
-border 000
/gobj_maskaimped _ow
-input_output bb
-gobyj_filename P25 ps.GOBJ1
-ped_iter 0
/histo bb p25_ps.tab

Iwrite bb p25 psam < represents “bone” and “marrow’ and “plate’, will be
feinput
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On a pc computer, created a boundary condition file (.bcd) usng dimensions of
_psam. Saved as pstxt and FTPed the document to microCT computer in the
working directory and renamed the file _ps.bcd.

Prep P26
- Copied ¢c0000286b g81 t28 seg.am (previoudy segmented with a Gaussan
filter set to asigmaof 0.8 and a support of 1 and threshold of 28) to p26_seg.am
Rotated p26_seg.am +14 degrees about x-axis and +6 degrees about y axis to
draighten up thesdes. New file isp26_segr.am
Created an .isq from the rotated am so that you can create a contour file. Since
the rotation process sometimes creates negative zcoordinates, first check to make
sure the z-pogtion in the .a@m file header is pogtive or the contouring program
won't be able to read in the gppropriate dices since it expects dices to dart at
zero. |If not reset zpodtion to zero using the header geo set command and save
as_segrp.am.

/read in P26_SEGR.AIM;1
/examinein geom

I>dim 184 220 235
I> off O 0 O
I> pos 141 33 -20
I> dement Szein mm 0.0300 0.0300 0.0300
I> physdiminmm 5.5200 6.6000 7.0500
/header_geo_set

-input in

-off_new -1-1-1

-pos_new -1-10

-d_9ze mm_new -1.000 -1.000 -1.000

I>NewPos 141 33 0
Iwritein p26_segrp.am
ffrom_am to isqr p26_segrp.isq

Copied r26 segrp.isg to c00000285.isq and opened it in the contouring program.
Created a right cylinder gobj file In this case, | omitted 3 dices with too little
bone to adequately apply forces to on top and 10 dices on bottom for same
reason. Contoured dices 34-194 using circular contours with a diameter of 138
pixds and x1yl postion of 164/74 and x2/y2 podstion of 301/211. Saved
contours as c0000285.gobj and copied to p26_segrp.gob).

In ipl, masked the rotated am file with the new gobj file before component
labdling to remove unconnected dements which could compromise the finite
edement modd. Peaformed a bounding box cut to minimize the zero space
Examined new am for overdl dimensons.

Iread in P26_SEGRp.AIM;1
/gobj_mask in P26 SEGRp.GOBJ; 1
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1% -> Set 2409204 of total ?

/cl26 _rank_extractin cl

1% Total number of digoint components: 217
1% Labd 1 99.87 %
/bounding_box_cut cl bb

/examine bb geom

I>dim 136 136 159

I> off O 0 O

I> pos 165 74 34

I> element sizein mm 0.0300 0.0300 0.0300
I> physdimin mm 4.0800 4.0800 4.7700

Iwrite bb p26_segrp _bb.aim

Copied p26_segrp_bb.aimto p26_segrp bb2 bone.am
Created .am with bone and marrow.

Ireed in P26_SEGRp BB2 bone AIM
/st vauein
-vaue object 127
-vaue background 10
/gobj_maskaimped_ow in P26 SEGRp.GOBJ; 1
Arite bb p25 segr_bb2.am < represents “bone’ and “marrow”, will be fe

input
Created .am with marrow only.

/reed in P26 SEGRp BB2 boneam
/st vduein
-vaue_object 10
-vaue_background 127
/gobj_maskaimped _ow in P26 SEGRp.GOBJ;1
Iwritein p25_segr_bb2 mar.am < represents “marrow”,

Created .am with plate, bone, and marrow by first creating a second gobj exactly
as before but including one extra dice on top (i.e. dices 42-214) and saved as
p25 ps.gobj. Also saved a .gobj file with just dice 42 as p25 plategobj. Then in
ipl, created an am of jugt the plate and then concatenated thet file to the am of
the bone and marrow listed above. Another bounding box cut is required.

/read in P25 _segr.aim

/st vdue
-input in
-vaue_object 127
-vaue background 127

/gobj_maskaimped _ow
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Pr

-input_output in

-gobj_filename P25 plate.GOBJ;1
-ped_iter 0
/st vdue
-input in
-vaue object 5

-vaue_background 0
/read sample p25_segr_bb2.am

/concat
-inputl in
-input2 sample
-output both
-common_region_only fdse
-add _not_overlay true
-make_edge fdse
-shift_ofin2 000
-turnangle 0.000000
-turnpoint_globd -1-1
/bounding_box_cut
-input both
-output bb
-z only fdse
-border 000
/gobj_maskaimped _ow
-input_output bb
-gobj_filename P25 ps.GOBJ 1
-ped_iter 0
/histo bb p25_ps.tab

Iwrite bb p25 psam < represents “bone’ and “marrow” and “plate’, will be
feinput

On a pc computer, created a boundary condition file (.bcd) using dimensions of
_psam. Saved as _psitxt and FTPed the document to microCT computer in the
working directory and renamed thefile _ps.bcd.

ep P93
Repeat sepsfor P26 with the following differnces
Copied c0000287c g8l t28 seg.am (previoudy segmented with a Gaussan
filter set to asigmaof 0.8 and a support of 1 and threshold of 28) to p93 seg.am
Rotated p93 seg.am -1 degrees about x-axis and +7 degrees about y axis to
graighten up the Sdes. New fileisp93_segr.am
P93 did not need repositioning.
Contouring:  In this case, | omitted 2 dices with too little bone to adequatdy
apply forces to on top and 1 dice on bottom for same reason. Slices 40-195.
Diameter of circular contours is 140 pixels and x1/yl postion is 308/163 and
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x2/y2 postion is 447/302.

Saved contours c0000287.gobj and copied to

p93_segr.gobyj.
Run FEM modesfor p25, p26, and p93 as shown for p25 below.

$ipife

lreed in P25 _PS.AIM;1

ffe_solve3
-in in
-fea file_name P25 PS
-problem_nr 100
-scale factor 1.33000E+01
-output_option 1
-tolerance _force 1.000000E-04
-tolerance_displ 1.000000E-04
-max_nr_iter 20000
-restart_option 1
-comp_va_mat_001 127
-Ymodulus mat_001 8.490000E+02
-Poissonr_mat_001 3.000000E-01
-comp_va_mat_002 10
-Ymodulus mat_002 1.000000E-01
-Poissonr_mat_002 3.000000E-01
-comp_va_mat_003 5
-Ymodulus_mat_003 1.200000E+07
-Poissonr_mat_003 3.000000E-01
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G.3 Post-Processing of Three Representative PLDL Samples

G.3.1 Generation of Output Filesfor Materials1 & 2

Run ad fe pcl.com on *.pogt file to create output ams. Note that the output
lumps materid 1 (polymer) and maerid 2 (interditid tissue) and maerid 3
(plate) together.
Manudly reset headers on dl four output aims to match the postion of the input
am. & example bdow where x y z refer to the postion of the input aim for the
finite dement modd. For some reason, dl the iplfe output .a@ms are shifted by 1
voxd in dl three directions.
/read out _ezz.am
lreedin _bb2.am

/examinein geom

/examine out geom.

/header_geo_set

-input out

-off_new -1-1-1

-pos_new Xyz

-d_9ze mm _new -1.000 -1.000 -1.000

Iwrite out _ezzr.am
Run ad_fe pc2.com on *.post file to creste ams tha include the output
parameters for bone and marrow individualy. Also hisograms of same data.
Run ad fe pc_statb.com on *.post file to see output satistics for bone. Record
values on spreadshest.
Run ad fe pc_statm.com on *.post file to see output datigics for marrow.
Record values on spreadshest.
As needed, additiona histograms may be crested to exclude outlier voxels.
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G.3.21PL Batch FilesUsed to Generate Output for Materials1 & 2

The following batch file contains IPL commands necessary to creste .am files coded
with each of the four output rameters: &, &, VMS, and SED. These .am files contain
output for both Materid 1 and Materid 2. To execute the following batch file, type the
following command in a DecTerm window.

@({file_path}ad fe pcl.com {file_path}*.post

ad_fe pcl.com
$!' IPL Batch for post-processing angel's fe models with 2 materids for preculture sudy.

$ Step 1
$!
$! IPL Batch Scanco
$!
$ if pl EQS. "™
$ THEN
$write sysboutput "Give C0001234.am ! Exit"
$ et
$ endif
$
$ define org file  'pl’
$ ezz file=pl - F$PARSE(p1,,,"VERSION") - ".POST" +"_EZZ AIM"
$ epl_file=pl- F$PARSE(pL,,,"VERSION") - ".POST" +"_EPL.AIM"
$ vms file=pl- F$PARSE(p1,,"VERSION") - ".POST" + " VMSAIM"
$ = file=pl- F$PARSE(pL,,,"VERSION") - ".POST" +"_SED.AIM"
$
$ show log org file
$ ipl_scanco _prog := $um:ipl_scanco feexe
$ ipl_scanco prog
fe_post
-pod_file_name org_file
-output €zz
-variable nr 3
-loadcase nr 1
-output_option 1
-interpol_option 1
-averaging_option 0
[fe_post
-pog_file_name org file
-output epl
-variable nr 24
-loadcase nr 1
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-output_option 1

-interpol_option 1
-averaging_option 0
[fe_post

-pos_file name org file
-output vms
-variable_nr 42
-loadcase nr 1
-output_option 1
-interpol_option 1

-averaging_option 0
[fe_post

-pog_file_name org file
-output sd
-varidble nr 45
-loadcase nr 1
-output_option 1
-interpol_option 1

-averaging_option 0

hrite ezz "ezz file

-compress_type bin
-verson_020 true
hrite epl "epl_file

-compress _type bin
-verson_020 true
Avritevms"vms file
-compress _type bin
-verson 020 true
hwrite sed "sed file
-compress _type bin
-verson 020 true
$ exit
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The following batch file contains IPL commands necessary to create .am files coded
with each of the four output parameters: &,, @, VMS, and SED separated by materia
desgnation. Higtograms of each .am ae dso created. To execute the following batch
file, type the following command in a DecTerm window.

$!
$!
$!
$!
$
$

@({file_path}ad fe pc2.com {file_path}*.post

ad_fe pc2.com
Prepared for the pre-culture study models of rMSCs on PLDL.
Step 2 -- to berun after ad fe pcl and after the headers are
repositioned.

if p1.EQS. ™"
THEN

$write sysboutput "Give C0001234.am ! Exit"

PR PRPAAPRAAPRAPRPR AR AR R AR BH PSS

exit
endif

define org file  'pl'

bone _gobj_file=pl - F$PARSE(pl,,,"VERSION") - POST +"_boneam"
marrow_gobj_file=pl - F$PARSE(pL,,, VERSION N -".POST" +" maram"

ezz file=pl- F$PARSE(pL,,,"VERSION") - ".POST" +* _EZZR AlM"
epl_file=pl - FSPARSE(pl,,,"VERSION") - ".POST" +" _EPLR.AIM"

vms file=pl - F$PARSE(pL,,,"VERSION") - ".POST" +"_VMSRAIM"

sed file= pl - F$PARSE(pL,,,"VERSION") - ".POST" +"_SEDRAIM"

ezzb file=pl - FSPARSE(p1,,,"VERSION") - ".POST" +"_EZZR BONE.AIM"
eplb_file=pl - FSPARSE(pL,,,"VERSION") - ".POST" + "_EPLR_BONE.AIM"
vmsh file=pl - FSPARSE(pl,,"VERSION") - ".POST" +"_VMSR_BONEAIM"
sedb file=pl - FSPARSE(pL,,,"VERSION") - ".POST" +"_SEDR BONE.AIM"
ezzm file=pl- F$PARSE(pl,,,"VERSION") - ' POST" +' ' EZZR MARAIM"
eplm_file = pl - FSPARSE(pL,,"VERSION") - ".POST" +"_EPLR_MARAIM"
vman file=pl - F$PARSE(p1,,,"VERSION' ) POST" +" VMSR_MARAIM"
sedm file=pl - FSPARSE(plL,,,"VERSION") - ".POST" +"_SEDR_MAR.AIM"
histo_ezzb = p1 - F$PARSE(p1,,,"VERSION") - " POST" + " EZZR BONE.TAB"
histo_eplb = p1 - FSPARSE(pL,,,"VERSION") - ".POST" + "_EPLR_BONE.TAB"
hisso vmsb =pl - F$PARSE(p1,,, VERSlON) POST +" VMSR BONE.TAB"
histo sedb = p1 - F$PARSE(p1,,"VERSION") - ".POST" +" SEDR_BONE.TAB"
histo_ezzm = p1 - F$PARSE(p1,,,"VERSION") - " POST" + " EZZR MARTAB"
higo_eplm = pl - F$PARSE(p1,,,"VERSION") - ".POST "+" EPLR MARTAB"
hiso_ vmsm = p1 - F$PARSE(p1,,,"VERSION' ) POST" +" VMSR_MAR.TAB"
histo_sedm = p1 - F$PARSE(p1,,"VERSION") - ".POST" +" SEDR_MAR.TAB"

show log org file

ipl_scanco_prog := $um:ipl_scanco _fe.exe
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$ ipl_scanco prog

I Thissection generatesa_ezz_boneam and _ezz bonetab of histogram data
I for maeria 1 (bone) and a_ezz marrow.amand _ezz_ marrow.am
I for materia 2 (marrow).

Iread
-name (774
-filename "ezz file
/gobj_maskaimped _ow
-input_output €zz
-gobj_filename "bone_gobj_file
-ped_iter 0
hrite ezz "ezzb file
-compress_type bin
-verson_020 true
/histo ezz
-fileout_or_screentab "histo_ezzb
-from vd -1
-to v -1
-nr_bins in_tab 500
-at_type auto
-count_zeros no
Iread
-name (774
-filename "ezz file
/gobj_maskaimped _ow
-input_output €2z
-gobj_filename "marrow_gobj_file
-ped_iter 0
hrite ezz "ezzm file
-compress_type bin
-verson_020 true
/histo ezz
-fileout_or screentab "histo_ezzm
-from vd -1
-to vd -1
-nr_bins in tab 500
-at_type auto
-count_zeros no

I Thissection generatesa_epl_bone.am and _epl_bone.tab of histogram data
I for materia 1 (bone) and a_epl_marrow.aim and _epl_marrow.am
I for maeria 2 (marrow).
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read
-name epl
-filename "epl_file
/gobj_maskaimped _ow
-input_output epl
-gobj_filename "bone_gobj_file
-ped_iter 0
hrite epl "eplb file
-compress _type bin
-verson 020 true
/histo epl
-fileout_or_screentab  "histo_eplb
-from vd -1
-to vd -1
-nr_hins in_tab 500
-dt_type auto
-count_zeros no
read
-name epl
-filename "epl_file

/gobj_maskaimped _ow

-input_output epl
-gobj_filename "marrow_gobyj_file
-ped_iter 0

hvrite epl "eplm file
-compress _type bin
-verson 020 true

/histo epl
-fileout_or_screentab  "histo_eplm
-from vd -1
-to_va -1
-nr_hins in tab 500
-dt_type auto
-count_zeros no

I Thissection generatesa_vms boneam and _vms bonetab of hisogram data
I for maerid 1 (bone) and a_vms marrow.amand _vms marrow.am
I for materia 2 (marrow).

read
-name vms
-filename "vms file
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/gobj_maskaimpee _ow

-input_output vms
-gobj_filename "bone_goby_file
-ped_iter 0

Mrite vms"vmsb file
-compress _type bin
-verson_020 true

/higo vms
-fileout_or_screentab  "histo_vmsb
-from vd -1
-to vd -1
-nr_bins in _tab 50000
-dt_type auto
-count_zeros no

read
-name vms
-filename "vims file

/gobj_maskaimped _ow
-input_output vms
-gobyj_filename "marrow_gobyj_file
-ped_iter 0

Awritevms "vman file
-compress _type bin
-verson_020 true

/higo vms
-fileout_or_screentab "hio_vmsm
-from vd -1
-to val -1
-nr_bins in _tab 50000
-dt_type auto
-count_zeros no

I Thissection generatesa_sed bone.am and _sed bone.tab of histogram data
I for materid 1 (bone) and a_sed marrow.amand _sed marrow.aim
I for materid 2 (marrow).

read
-name sd
-filename "sd file
/gobj_maskaimpee _ow
-input_output sd
-gobj_filename "bone_gobj_file
-ped_iter 0

Iwrite sed "sedb file
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-compress type bin

-verson 020 true
/histo sed
-fileout_or_screentab  "histo_sedb
-from vd -1
-to vd -1
-nr_bins_in tab 50000
-at_type auto
-count_zeros no
/read
-name sed
-filename "sd file
/gobj_maskaimped _ow
-input_output sd
-goby_filename "marrow_gobj_file
-ped_iter 0
Awrite sed "sedm file
-compress_type bin
-verson_020 true
/histo sed
-fileout_or_screentab  "histo_sedm
-from vd -1
-to vd -1
-nr_bins_in tab 50000
-dt_type auto
-count_zeros no
$exit
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The following baich file contans IPL commands necessxy to display datidtica

information for each output .am file for Materid 1 (polymer phase “bone’). To execute

the following batch file, type the following command in a DecTerm window.
@({file_path}ad fe statb.com {file_path}*.post

ad fe pc_statb.com

$ ifpl EQS. ™
$ THEN
$ write sysboutput "Give C0001234.am ! Exit"
$ exit
$ endif
$ define org file  'pl’
$ ezzb file=pl- F$PARSE(pl,,"VERSION") - ".POST" +"_EZZR_BONE.AIM"
$ eplb file=pl- FSPARSE(pL,,"VERSION") - ".POST" +" EPLR_BONE.AIM"
$ vmso file=pl- FPARSE(pL,,,"VERSION") - ".POST" +"_VMSR_BONE.AIM"
$ sedb file=pl - FSPARSE(pL,,,"VERSION") - ".POST" +"_SEDR BONE.AIM"
$ show logorg file
$ ipl_scanco_prog := $um:ipl_scanco_fe.exe
$ ipl_scanco_prog
/read
-name ezzb
-filename "ezzb file
[examine
-input ezzb
-item Sat
read
-name eplb
-filename "eplb file
[examine
-input eplb
-item Sat
read
-name vmsb
-filename "vmao file
[examine
-input vms
-item Sat
read
-name sedb
-filename "sedb file
/examine
-input sedb
-item et
$exit
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The following baich file contans IPL commands necessxy to display datidtica

information for each output .am file for Materid 2 (interditid phase “marow”). To

execute the following batch file, type the following command in a DecTerm window.
@{file_path}ad fe statm.com {file_path}*.post

ad_fe pc_statm.com

$ ifpl EQS. ™
$ THEN
$ write sysboutput "Give C0001234.am ! Exit"
$ exit
$ endif
$ ddine org file 'pl’
$ ezzm file=pl- F$PARSE(pL,,,"VERSION") - ".POST" +"_EZZR MARAIM"
$ eplm file=pl- F$PARSE(p1,,"VERSION") - ".POST" +"_EPLR_MARAIM"
$ vman file=pl- FSPARSE(pL,,,"VERSION") - ".POST" +"_VMSR_MAR.AIM"
$ sedm file=pl- FSPARSE(pL,,"VERSION") - ".POST" +"_SEDR_MAR.AIM"
$ show log org_file
$ ipl_scanco_prog := $um:ipl_scanco_fe.exe
$ ipl_scanco_prog
/read
-name ezzm
-filename "ezzm file
[examine
-input ezzm
-item Sat
read
-name eplm
-filename "gpim file
[examine
-input eplm
-item Sat
read
-name vmam
-filename "vman file
[examine
-input vman
-item dat
read
-name sedm
-filename "sedm file
/examine
-input sedm
-item Sat
$exit
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G.3.3 Regional Analysisof Tissue Parameters

Run ad fe pc regb xxp.com where xx = 25, 26, or 93 on _bone.aim in the
respective  directories including _ezzr boneam (& eplr_boneam, eic) to
generate ams and histograms for the top 25%, middle 50%, and bottom 25%.
Histograms reflect the full data st.

Run ad fe pc regm xxp.com where xx = 25, 26, or 93 on _mar.aim in directory
including _ezzr maram (& eplr_ mar.am, ec) to generate ams and histograms
for the top 25%, middle 50%, and bottom 25%. Histograms reflect the full data
Set.

Run ad fe pc regstat.com on _xxx_boneam or xxx_mar.am where xxx = ezz,
epl, vms, or sad. Run multiple times to get top, middle, bottom sats for each
parameter in bone and in marrow.

Run ad fe pc histo_bone r.com on xxx_boneam to creste higograms with a
reduced data set including 0-95™ percentile for VMS and SED and 5" to 95™
percentile for ezz and epl.

Run ad fe pc histo_mar_r.com on _Xxxx_mar.am to cregte higograms with a
reduced data set including 0-95" percentile for VMS and SED and 5" to 951
percentile for ezz and epl.

Runad fe pc vivo.comonthe seg.amsfor every measurement in the 8-week
preculture loaded group (m2354-59, 2476-77) to determine the distribution of

bone volume for the top 25%, middle 50%, and bottom 25%. Repest to determine

the digtribution of bone volume for the top 10%, middle 80%, and bottom 10%.

The batch file must be edited for each samples zdimenson.
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G.3.4 1PL Batch FilesUsed to Generate Regional Output of Tissue Parameters

The following batch file contans IPL commands necessary to separate the tissue
response output for Materia 1 (polymer phase “bone’) into zones (top 25%, middle 50%,
and bottom 25%). To execute the following batch file, type the following command in a
DecTerm window. The following exampleisfor sample p25.

@({file_path}ad fe regh.com {file_path}* boneam

ad_fe pc _regb_25p.com
$!
$ A
9 [ 1 1/ Image Processing Language
$ A
9 /1 () AndresLaib, Scanco Medica AG
o 1] 11
$!
3!
$
$! IPL Batch FOR POST-PROCESSING ANGEL'S FE MODELSWITH 2
MATERIALS.
$! Prepared for the pre-culture study models of rIMSCson PLDL.
$! Divides resutant data into top, middle, and bottom regions.
$!
$ Written for p25 which has a z-dim of 173 voxels and zpos of 41.
$ Thefirst diceisametd plate. Then the sampleis
$! Divided into top 43 dices, middle 86 dices, and bottom 43 dices.
3!
$! The'pl org filehereis_boneam
9
$ ifpl EQS. ™
$ THEN
$write sysSoutput "Give C0001234.am ! Exit"
$ et
$ endif
$
$ ddine org file  'pl1’
$ ezz file=pl - F$PARSE(pL,,,"VERSION") - " BONE.AIM" +
" EZZR BONEAIM"
$ epl_file=pl- FSPARSE(pL,,,"VERSION") - " BONE.AIM" +
" EPLR BONE.AIM"
$ vms file=pl- FSPARSE(pl,,,"VERSION") - "_BONE.AIM" +
" VMSR_BONE.AIM"
$ sad file=pl- FSPARSE(pl,,,"VERSION") - " BONEAIM" +
" SEDR BONEAIM"
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$ ezzt file=pl- FSPARSE(pl,,,"VERSION") - " BONE.AIM" +

" EZZR BONE_TOP.AIM"

$ eplt file=pl- FPARSE(pl,,,"VERSION") - " BONE.AIM" +

" EPLR BONE _TOP.AIM"

$ vmg file=pl- F$PARSE(pL,,,"VERSION") - " BONE.AIM" +
" VMSR_BONE_TOP.AIM"

$ sdt file=pl- FSPARSE(pL,,,"VERSION") - " BONE.AIM" +

" SEDR _BONE _TOP.AIM"

$ ezzm file=pl- F$PARSE(pL,,,"VERSION") - " _BONE.AIM" +
" EZZR BONE_MID.AIM"

$ em file=pl- FSPARSE(pL,,,"VERSION") - " BONE.AIM" +
" EPLR_BONE_MID.AIM"

$ vmam file=pl- FSPARSE(p1,,,"VERSION") - " BONE.AIM" +
" VMSR BONE_MID.AIM"

$ sedm file=pl- FSPARSE(pL,,"VERSION") - " BONE.AIM" +
" SEDR BONE _MID.AIM"

$ ezzb file=pl- F$PARSE(pL,,,"VERSION") - " BONE.AIM" +

" EZZR BONE_BOT.AIM"

$ eplb file=pl- FSPARSE(pL,,,"VERSION") - " BONE.AIM" +

" EPLR BONE BOT.AIM"

$ vmsb file=pl- FSPARSE(p1,,,"VERSION") - " BONE.AIM" +
" VMSR_BONE _BOT.AIM"

$ sedb file=pl- FSPARSE(pL,,,"VERSION") - " BONE.AIM" +
" SEDR BONE _BOT.AIM"

$ higto ezzt = pl - F$PARSE(pL,,,"VERSION") - "_BONE.AIM" +
" EZZR BONE_TOP.TAB"

$ histo_eplt = p1 - F$PARSE(pL,,,"VERSION") - " BONE.AIM" +
" EPLR BONE_TOP.TAB"

$ higo vmst =pl - F$PARSE(pL,,,"VERSION") - "_BONE.AIM" +
" VMSR BONE_TOP.TAB"

$ histo _sedt = pl - FSPARSE(pL,,,"VERSION") - " BONE.AIM" +
" SEDR _BONE_TOPR.TAB"

$ higo_ezzm =pl - FSPARSE(p1,,,"VERSION") - " BONE.AIM" +
" EZZR BONE MID.TAB"

$ higo eplm=pl- F$PARSE(pL,,,"VERSION") - "_BONE.AIM" +
" EPLR BONE_MID.TAB"

$ higo vmsm = pl - F$PARSE(pl,,,"VERSION") - " BONE.AIM" +
" VMSR_BONE_MID.TAB"

$ histo_sedm = pl - F$PARSE(pl,,,"VERSION") - " _BONE.AIM" +
" SEDR BONE _MID.TAB"

$ histo_ezzb = pl - FSPARSE(pl,,,"VERSION") - " BONE.AIM" +
" EZZR BONE_BOT.TAB"

$ histo_eplb = pl - FPARSE(pl,,,"VERSION") - " BONE.AIM" +
" EPLR BONE_BOT.TAB"
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$ histo vmsb = p1 - F$PARSE(pL,,,"VERSION") - " BONE.AIM" +
" VMSR _BONE BOT.TAB"

$ histo_sedb = p1 - FSPARSE(pL,,,"VERSION") - " BONE.AIM" +
" SEDR_BONE_BOT.TAB"

$

$ show log org file

$!

$ z dim =172

$zdmtop =43

$zdmmid =

$ zdim bot =

$

$zpostop =

$ z pos md =

$ z pos bot =130

$

$!

$ ipl_scanco_prog := $um:ipl_scanco_fe.exe

9!

$ ipl_scanco prog

! ****EZZ****

read
-name out
-filename "ezz file

/sub_get
-input out
-output top
-pos -1-1"z pos top
-dm -1-1"z dim top
-globa_pos flag fdse
/gobj_maskaimped _ow

-input_output top
-gobj_filename org file
-ped_iter 0
/histo top

-fileout_or screenteb "histo_ezzt
-from vd -1

-to v -1
-nr_bins in_tab 500
-at_type auto
-count_zeros no
hrite top "ezzt file

-compress _type bin
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-verson_020 true

/sub_get
-input out
-output mid
-pos -1-1"z pos mid
-dm -1-1"z dm mid

-globa_pos flag fdse
/gobj_maskaimped _ow

-input_output mid
-gobj_filename org_file
-ped _iter 0

/higo mid
-fileout_or screentab "histo_ezzm
-from vd -1
-to vd -1
-nr_hins in tab 500
-dt_type auto
-count_zeros no

Avrite mid "ezzm file
-compress _type bin
-verson 020 true

/sub_get
-input out
-output bot
-pos -1-1"z pos bot
-dim -1-1"z dim_bot

-globa_pos flag fdse
/gobj_maskaimped _ow

-input_output bot
-gobj_filename org file
-ped_iter 0
/histo bot
-fileout_or screentab "histo_ezzb
-from vd -1
-to vd -1
-nr_bins in tab 500
-at_type auto
-count_zeros no
Iwrite bot "ezzb file
-compress_type bin
-verson_020 true
[examine
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-input top

-item geom
examine
-input mid
-item geom
[examine
-input bot
-item geom
! *kk*k EPL****
/read
-name out
-filename "epl_file
/sub_get
-input out
-output top
-pos -1-1"z pos top
-dm -1-1"z dim top

-globa_pos flag fdse
/gobj_maskaimped _ow

-input_output top
-gobj_filename org_file
-ped_iter 0

/histo top
-fileout_or screentab "histo_eplt
-from vd -1
-to vd -1
-nr_bins in tab 500
-dt_type auto
-count_zeros no

Iwritetop "eplt_file
-compress _type bin
-verson_020 true

/sub_get
-input out
-output mid
-pos -1-1"z pos mid
-dm -1-1"z dm _mid

-globa_pos flag fdse
/gobj_maskaimped _ow

-input_output mid
-goby_filename org_file
-ped_iter 0
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/higo mid
-fileout_or_screentab "histo_eplm

-from vd -1
-to vd -1
-nr_bins in tab 500
-dt_type auto
-count_zeros no

Awrite mid "eplm _file
-compress_type bin
-verson_020 true

/sub_get
-input out
-output bot
-pos -1-1"z pos bot
-dim -1-1"z dim_bot

-globa_pos flag fdse
/gobj_maskaimped _ow
-input_output bot
-gobj_filename org_file
-ped_iter 0
/histo bot
-fileout_or_screentab  "histo_eplb
-from vd -1
-to vd -1
-nr_bins in tab 500
-dt_type auto
-count_zeros no
Iwrite bot "eplb file
-compress _type bin
-verson 020 true

[examine

-input top
-item geom
/examine

-input mid
-item geom
[examine

-input bot
-item geom

! ****VMS****
fread
-name out
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-filename "vms file

/sub_get
-input out
-output top
-pos -1-1"z pos top
-dim -1-1"z dim_top

-globa_pos flag fdse
/gobj_maskaimped _ow

-input_output top
-gobj_filename org file
-ped _iter 0

/histo top
-fileout_or_screentab "histo_vmst
-from vd -1
-to vd -1
-nr_bins in _tab 50000
-dt_type auto
-count_zeros no

hritetop "vmg_file
-compress_type bin
-verson 020 true

/sub_get
-input out
-output mid
-pos -1-1"z pos mid
-dim -1-1"z dim mid

-globa_pos flag fdse
/gobj_maskaimped _ow

-input_output mid
-gobj_filename org_file
-ped_iter 0
/higo mid
-fileout_or screentab "hito vmam
-from vd -1
-to vd -1
-nr_bins in tab 50000
-at_type auto
-count_zeros no
Awrite mid "vmam file
-compress_type bin
-verson_020 true
/sub_get
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-input out
-output bot
-pos -1-1"z pos bot
-dim -1-1"z dim_bot
-globa_pos flag fdse
/gobj_maskaimped _ow
-input_output bot
-gobj_filename org file
-ped_iter 0
/histo bot
-fileout_or_screentab  "histo_vmsb
-from vd -1
-to_va -1
-nr_bins in tab 50000
-dt_type auto
-count_zeros no
hnrite bot "vmdb file
-compress_type bin
-verson 020 true
/examine
-input top
-item geom
[examine
-input mid
-item geom
examine
-input bot
-item geom
! *kk* SED* *k*
Iread
-name out
-filename "sed file
/sub_get
-input out
-output top
-pos -1-1"z pos top
-dm -1-1"z dim_top
-globd_pos flag fdse
/gobj_maskaimped _ow
-input_output top
-gobj_filename org file
-ped_iter 0
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/histo top
-fileout_or screentab  "histo_sedt

-from vd -1
-to vd -1
-nr_bins_in tab 50000
-dt_type auto
-count_zeros no

Iwrite top "sedt_file
-compress_type bin
-verson_020 true

/sub_get
-input out
-output mid
-pos -1-1"z pos mid
-dim -1-1"z dm mid

-globa_pos flag fdse
/gobj_maskaimped _ow

-input_output mid
-gobj_filename org_file
-ped_iter 0

/higo mid
-fileout_or_screentab  "histo_sedm
-from vd -1
-to vd -1
-nr_bins_in_tab 50000
-dt_type auto
-count_zeros no

Awrite mid "sedm file
-compress _type bin
-verson_020 true

/sub_get
-input out
-output bot
-pos -1-1"z pos bot
-dm -1-1"z dim_bot

-globa_pos flag fdse
/gobj_maskaimped _ow

-input_output bot
-gobyj_filename org_file

-ped _iter 0
/histo bot

-fileout_or_screentab  "histo_sedb
-from vd -1
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-to vd

-nr_bins in _tab

-dt_type

-count_zeros
Iwrite bot "sedb file

-compress_type
-verson_020

/examine
-input
-item

/examine
-input
-item

/examine
-input
-item

ée(it

-1

50000
auto
no

bin
true

top
geom
mid
geom

bot
geom
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The following baich file contains IPL commands necessary to separate the tissue
response output for Materid 1 (polymer phase “bon€’) into zones (top 25%, middle 50%,
and bottom 25%). To execute the following batch file, type the following command in a
DecTeem window. The following example is for sample p26. Due to gmilaity to
ad fe pc_regb_25p.com, the file has been truncated and portions omitted.
@({file_path}ad fe regb.com {file_path}* boneam

ad_fe pc regb 26p.com
$!
$ A
$ A Image Processing Language
$ 1
9! N, N () AndresLaib, Scanco Medica AG
o 1] 11
$
$!
3!
$! IPL Batch FOR POST-PROCESSING ANGEL'S FE MODELSWITH 2
MATERIALS.
$! Prepared for the pre-culture study models of rIMSCson PLDL.
$ Divides resultant datainto top, middle, and bottom regions.
9
$ Written for p26 which has a z-dim of 162 voxels and zpos of 32.
$ Thefirg diceisametd plate. Then the sampleis
$! Divided into top 40 dices, middle 81 dices, and bottom 40 dices.
$!

éECTION DELETED FOR BREVITY

9

$ z dim =161
$ zdmtop =40
$ zdmmd =81
$ zdmbot =40
$

$zpostop =1
$ zposmd =41
$ z pos bot =122
$

FILE TRUNCATED
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The following baich file contains IPL commands necessary to separate the tissue
response output for Materia 1 (polymer phase “bone’) into zones (top 25%, middle 50%,
and bottom 25%). To execute the following batch file, type the following command in a
DecTem window. The following example is for sample p93. Due to gmilaity to
ad fe pc_regb 25p.com, the file has been truncated and portions omitted.
@({file_path}ad fe regb.com {file_path}* boneam

ad_fe pc regb 93p.com
$!
$! A
$ A Image Processing Language
$ 1
$! N, N (¢) AndresLaib, Scanco Medicad AG
o 1] 11
$
$!
3!
$! IPL Batch FOR POST-PROCESSING ANGEL'S FE MODELSWITH 2
MATERIALS.
$! Prepared for the pre-culture study models of rIMSCson PLDL.
$ Divides resultant datainto top, middle, and bottom regions.
9
$ Written for p93 which has a z-dim of 157 voxels and zpos of 39.
$ Thefirg diceisametd plate. Then the sampleis
$! Divided into top 39 dices, middle 78 dices, and bottom 39 dices.
$!

éECTION DELETED FOR BREVITY

9

$ z dim =156
$zdmtop =39
$zdmmd =78
$ zdmbot =39
$

$zpostop =1
$ z pos md =40
$ z pos bot =118
$

FILE TRUNCATED
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The following batch file contains IPL commands necessary to separate the tissue

response output for Materid 2 (interdtitia phase, “marrow”) into zones (top 25%, middle
50%, and bottom 25%). The codeisvery smilar to ad fe pc regb xxp.com (where xx =
25, 26, or 93) and for that reason, only code for p25 is shown and the code below has
been truncated. The necessary commands are shown to process &, only. The commands
may be repeated for &, VMS, and SED. To execute the batch file, type the following
command in a DecTerm window.

@({file_path}ad fe regm.com{file_path}* mar.am

ad_fe pc_regm_25p.com
9!
$ A
9 [ 1 1 Image Processing Language
$! 1
$! N (c) AndresLaib, Scanco Medicd AG
o 1] 11
3!
$!
$!
$! IPL Batch FOR POST-PROCESSING ANGEL'S FE MODELSWITH 2
MATERIALS.
$!' Prepared for the pre-culture sudy models of rMSCson PLDL.
$! Divides resultant datainto top, middle, and bottom regions.
3!
$ Written for p25 which has azdim of 173 voxes and z-pos of 41.
$ Thefirg diceisametd plae. Thenthe sampleis
$ Divided into top 43 dices, middle 86 dices, and bottom 43 dices.
$!
$! The'pl org filehereis_mar.am

$

$ if pl EQS. "

$ THEN

$write sys$output "Give C0001234.am ! Exit"

$ exit

$ endif

$

$ define org file  'pl’

$

$ ezz file=pl- FSPARSE(pL,,"VERSION") - " MARAIM" +" EZZR MARAIM"
$ epl_file=pl- F$PARSE(pL,,"VERSION") - " MARAIM" +"_EPLR MARAIM"
$ vms file=pl- F$PARSE(pL,,,"VERSION") - " MARAIM" +

" VMSR_MARAIM"

$ sed file= pl - F$PARSE(pL,,"VERSION") - " MARAIM" +" SEDR MARAIM"
$ ezt file=pl- F$PARSE(pL,,"VERSION") - " MARAIM" +

" EZZR MAR TOPAIM"
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$ eplt file=pl- FSPARSE(pl,,,"VERSION") - " MARAIM" +

" EPLR_MAR_TOP.AIM"

$ vmg file=pl- FSPARSE(pl,,,"VERSION") - " MARAIM" +

" VMSR_MAR _TOPAIM"

$ sedt file=pl- F$PARSE(pL,,,"VERSION") - " MARAIM" +

" SEDR_MAR TOPAIM"

$ ezzm file=pl- F$PARSE(pL,,,"VERSION") - " MARAIM" +

" EZZR MAR_MID.AIM"

$ eplm file=pl- FSPARSE(pL,,,"VERSION") - " MARAIM" +

" EPLR_ MAR_MID.AIM"

$ vmam file=pl - FSPARSE(pl,,,"VERSION") - " MARAIM" +
" VMSR_MAR_MID.AIM"

$ sadm file=pl- FSPARSE(p1,,,"VERSION") - * MARAIM" +
" SEDR_ MAR _MID.AIM"

$ ezzb file=pl- FSPARSE(pl,,,"VERSION") - " MARAIM" +

" EZZR MAR_BOT.AIM"

$ eplb file=pl- FSPARSE(pL,,,"VERSION") - "_ MARAIM" +

" EPLR_ MAR_BOT.AIM"

$ vmab file=pl- FSPARSE(p1,,,"VERSION") - * MARAIM" +
" VMSR_MAR _BOT.AIM"

$ sadb file=pl- FSPARSE(pl,,,"VERSION") - " MARAIM" +

" SEDR_MAR BOT.AIM"

$ histo_ezzt = pl - F$PARSE(pl,,,"VERSION") - " MARAIM" +
" EZZR MAR TOP.TAB"

$ histo_eplt = p1 - FSPARSE(p1,,,"VERSION") - "_MAR.AIM" +
" EPLR_ MAR _TOP.TAB"

$ higo vmst = pl - F$PARSE(p1,,,"VERSION") - " MARAIM" +
" VMSR_MAR _TOP.TAB"

$ histo_sedt = pl1 - F$PARSE(pl,,,"VERSION") - " MARAIM" +
" SEDR_ MAR TOP.TAB"

$ histo ezzm=pl - FSPARSE(pl,,,"VERSION") - " MARAIM" +
" EZZR MAR_MID.TAB"

$ higo_eplm=pl - F$PARSE(pl,,,"VERSION") - " MARAIM" +
" EPLR_ MAR MID.TAB"

$ higo vmsn =pl - F$PARSE(pl,,,"VERSION") - " MARAIM" +
" VMSR_MAR_MID.TAB"

$ histo sedm = pl - F$PARSE(pl,,,"VERSION") - " MARAIM" +
" SEDR_MAR_MID.TAB"

$ histo_ezzb =pl - FSPARSE(pL,,,"VERSION") - "*_ MARAIM" +
" EZZR MAR _BOT.TAB"

$ histo_eplb = pl - FPARSE(p1,,,"VERSION") - " MARAIM" +
" EPLR_MAR BOT.TAB"

$ histo vmsb = pl - F$PARSE(pl,,,"VERSION") - " MARAIM" +
" VMSR_MAR BOT.TAB"
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$ histo_sedb = pl - F$PARSE(pL,,,"VERSION") - " MARAIM" +
" SEDR MAR BOT.TAB"

3
$

$ show logorg file
3

$ z dim =172

$ zdimtop =43
$zdmmd =86

$ zdmbot =
$
$zpostop =1
$ zposmd =
$ z pos bot =130
$
9
$ ipl_scanco _prog := $um:ipl_scanco feexe
$!
$ ipl_scanco prog
! *kk*%k EZZ****
Iread
-name out
-filename "ezz file
/sub_get
-input out
-output top
-pos -1-1"z pos top
-dm -1-1"z dim_top

-globd_pos flag fdse
/gobj_maskaimped _ow

-input_output top
-goby_filename org_file
-ped_iter 0

/histo top

-fileout_or_screentab  "histo_ezzt
-from vd -1

-to vd -1
-nr_bins in_tab 500
-dt_type auto
-count_zeros no
hrite top "ezzt file
-compress_type bin
-verson 020 true

270



/sub_get

-input out

-output mid

-pos -1-1"z pos mid
-dim -1-1"z dm mid

-globa_pos flag fdse
/gobj_maskaimped _ow

-input_output mid
-gobj_filename org file
-ped_iter 0

/higo mid
-fileout_or screentab "histo_ezzm
-from vd -1
-to vd -1
-nr_hins in_tab 500
-dt_type auto
-count_zeros no

Avrite mid "ezzm file
-compress _type bin
-verson_020 true

/sub_get
-input out
-output bot
-pos -1-1"z pos bot
-dm -1-1"z dim_bot

-globa_pos flag fdse
/gobj_maskaimped _ow

-input_output bot
-gobj_filename org file
-ped _iter 0
/histo bot
-fileout_or_screentab "histo_ezzb
-from vd -1
-to vd -1
-nr_bins in_tab 500
-dt_type auto
-count_zeros no
hnrite bot "ezzb file
-compress_type bin
-verson 020 true
examine
-input top
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-item
/examine
-input
-item
/examine
-input
-item

éexit

geom

mid
geom
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The following betch file contains IPL commands to display daidicd information on the
tissue response of either Materid 1 (polymer phase, “bone’) or Materid 2 (interdtitia
phase, “marrow”) for different zones (top 25%, middle 50%, and bottom 25%). To
execute the following batch file, type the following command in a DecTerm window.

@({file_path}ad fe regstat.com {file_path}* xxx_boneam OR
@({file_path}ad fe regstat.com {file_path}* xxx_mar.am
where xxx = ezz, epl, vms, or sed

ad_fe pc regstat.com

$ if pl . EQS. ™

$ THEN

$write sysSoutput "Give C0001234.am ! Exit"
$ et

$ endif

$ define org file  'pl’

$ top file=pl- FSPARSE(pL,,,"VERSION") - ".AIM" +"_TOP.AIM"
$ mid file=pl- FSPARSE(pL,,,"VERSION") - ".AIM" +"_MID.AIM"
$ bot file=pl- F$PARSE(pL,,"VERSION") - ".AIM" +"_BOT.AIM"
$ show log org file

$ ipl_scanco_prog := $um:ipl_scanco _fe.exe
$ ipl_scanco prog

read

-name top

-filename "top_file

read

-name mid

-filename "mid file

Iread

-name bot

-filename "bat file

[examine

-input top

-item Sat

/examine

-input mid

-item Sat
/examine

-input bot

-item Sat

$ exit
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The following baich file contains IPL commands to create histo%raﬂs of the dresses and
drains in the polymer with a reduced data set induding 0-95™ percentile for VMS and
SED and 5" to 95" percentile for ezz and epl. To execute the following batch file, type
the following command in a DecTerm window.

@({file_path}ad fe pc_histo_bone r.com {file_path}* boneam OR

ad_fe pc_histo_bone r.com
$
$ NN
9 [ 1 1 Image Processing Language
$! NN
9! /| (c) AndresLaib, Scanco Medicd AG
S N
$!
9
$!
$! IPL Batch FOR POST-PROCESSING ANGEL'S FE MODELSWITH 2
MATERIALS.
$! Prepared for the pre-culture study models of rIMSCson PLDL.
$! Reprocessing regiond histogram data to exclude top
$ 5% of vms and sed voxds and the top 5% and bottom 5%
$! of epl voxds.
$!
$ Theorgfileis_ BONE.am
9
$ if p1 . EQS. ™
$ THEN
$write sysSoutput "Give C0001234.am ! Exit"
$ et
$ endif
$
$ ddiine org file  'pl’
$ eplt_file=pl- FSPARSE(pL,,"VERSION") - " BONE.AIM" +
" EPLR_BONE_TOPAIM"
$ vms_file=pl- FSPARSE(pl,,"VERSION") - " BONE.AIM" +
" VMSR_BONE_TOP.AIM"
$ sedt file= pl- F$PARSE(p1,,"VERSION") - " BONE.AIM" +
" SEDR BONE_TOP.AIM"
$ eplm file=pl- FSPARSE(pL,,,"VERSION") - " BONE.AIM" +
" EPLR_BONE_MID.AIM"
$ vmam file=pl - FSPARSE(p1,,,"VERSION") - " BONE.AIM" +
" VMSR _BONE MID.AIM"
$ sedm file=pl- F$PARSE(pl,,"VERSION") - " BONE.AIM" +
" SEDR BONE_MID.AIM"
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$ eplb_file= pl - FSPARSE(pL,,,"VERSION") - "_BONE.AIM" +
" EPLR_BONE_BOT.AIM"

$ vmsb file= pl - FSPARSE(pL,,,"VERSION") - "_BONE.AIM" +
" VMSR_BONE_BOT.AIM"

$ sedb file= pl- F$PARSE(pL,,"VERSION") - " BONE.AIM" +

" SEDR BONE_BOT.AIM"

$ histo_eplt = p1 - FSPARSE(pL,"VERSION") - " BONEAIM" +
" EPLR_BONE_TOP R.TAB"

$ histo vmst = p1 - FSPARSE(pL,,"VERSION") - " BONEAIM" +
" VMSR_BONE_TOP RTAB"

$ histo_sedt = pl - FSPARSE(pL,,"VERSION") - " BONE.AIM" +
" SEDR_BONE_TOP RTAB"

$ histo_eplm = pl- FSPARSE(pL,,,"VERSION") - "_BONE.AIM" +
" EPLR BONE_MID_R.TAB"

$ hiso vmsm = pl- F$PARSE(pL,,,"VERSION") - " BONE.AIM" +
" VMSR _BONE_MID_RTAB"

$ histo_sedm = pl - FSPARSE(pL,,,"VERSION") - "_BONE.AIM" +
" SEDR_ BONE MID_RTAB"

$ histo_eplb = p1 - FSPARSE(pL,,"VERSION") - " BONEAIM" +
" EPLR_BONE BOT RTAB"

$ histo vmsb = pl - F$PARSE(pL,,,"VERSION") - " BONE.AIM" +
" VMSR_BONE_BOT RTAB"

$ histo_sedb = pl - F$PARSE(pL,,,"VERSION") - "_BONE.AIM" +
" SEDR BONE BOT R.TAB"

$

$ show log org file

$!

$ efrom :=-22000

$ eto :=+1000

$ vfrom =0

$ v to =11

$ sfrom =0

$ sto := 81000

$!

$ ipl_scanco_prog := $um:ipl_scanco_fe.exe

9

$ ipl_scanco prog

Iread
-name top
-filename "eplt_file

Iread
-name mid
-filename "gpim file
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fread

-name bot

-filename "eplb file
/mult_constant_ow

-in_out top

-factor 1000000.000000
/mult_congtant_ow

-in_out mid

-factor 1000000.000000
/mult_congtant_ow

-in_out bot

-factor 1000000.000000
/histo top

-fileout_or_screentab  "histo_eplt

-from vd "e from

-to vd "e to

-nr_hins in tab 500

-dt_type auto

-count_zeros no
/higo mid

-fileout_or_screentab "histo_eplm

-from_va "e from

-to vd "e to

-nr_hins in tab 500

-dt_type auto

-count_zeros no
/histo bot

-fileout_or_screentab  "histo_eplb

-from_va "e from

-to vd "e to

-nr_bins in_tab 500

-at_type auto

-count_zeros no
read

-name top

-filename "vmd_file
read

-name mid

-filename "vman file
read

-name bot

-filename "vmab file
/histo top

-fileout_or screentadb "histo vmgt
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-from vd "v_from
-to vd "v_to
-nr_bins in_tab 500
-dt_type auto
-count_zeros no
/higo mid
-fileout_or_screentab  "histo_vmsm
-from vd "v_from
-to vd "v_to
-nr_bins in_tab 500
-dt_type auto
-count_zeros no
/histo bot
-fileout_or_screentab  "histo vmsb
-from vd "v_from
-to va "v_to
-nr_bins in_tab 500
-dt_type auto
-count_zeros no
Iread
-name top
-filename "sedt file
Iread
-name mid
-filename "sedm file
Iread
-name bot
-filename "sedb file
/mult_constant_ow
-in_out top
-factor 1000000.000000
/mult_constant_ow
-in_out mid
-factor 1000000.000000
/mult_constant_ow
-in_out bot
-factor 1000000.000000
/histo top
-fileout_or_screentab  "histo_sedt
-from_va "s from
-to vd "s to
-nr_bins in_tab 500
-dt_type auto
-count_zeros no
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/higo mid
-fileout_or_screentab  "histo_sedm

-from vd "s from
-to vd "s to
-nr_bins in tab 500
-dt_type auto
-count_zeros no
/histo bot

-fileout_or screentab  "histo sedb
-from_va "s from
-to vd "s to
-nr_bins in_tab 500
-dt_type auto
-count_zeros no

$ exit
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The following baich file contains IPL commands to create hisograms of the stresses and
drans in the interstitid tissue with a reduced data set including 0-95™ percentile for
VMS and SED and 5" to 95" percentile for ezz and epl. Since the file is so similar to
ad fe pc_histo_bone r.com, the file has been truncated and sections omitted. To execute
the following batch file, type the following command in a DecTerm window.

@({file_path}ad fe pc_histo_mar_r.com {file_path}* maram

ad_fe pc histo mar_r.com
$!
$ A
$ DA Image Processing Language
$ [ 11 ]
$! N, N (¢) AndresLaib, Scanco Medicad AG
o 1] 11
$
$!
3!
$! IPL Batch FOR POST-PROCESSING ANGEL'S FE MODELSWITH 2
MATERIALS.
$! Prepared for the pre-culture study models of rIMSCson PLDL.
¥ Reprocessing regiona histogram data to exclude top
$ 5% of vms and sed voxels and the top 5% and bottom 5%
$! of epl voxes.

éECTION DELETED FOR BREVITY

$

$ showlog org file

$!

$ e from :=-186000
$ eto :=+3620

$ vfrom =0

$ v to =3

$ sfrom =0

$ sto := 12500

9!

FILE TRUNCATED
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Thefollowing baich file contains IPL commands to determine the distribution of new
bone volume between top, middle, and bottom zones. The sSize of these zones may be
changed by editing the z_* parametersin the variable assgnment portion of the code. To
execute the following batch file, type the following command in a DecTerm window.
@({file_path}ad fe pc vivo.com {file_path}* ssgam OR

ad_fe pc_vivo.com
$!' Prepared for the pre-culture sudy models of rMSCson PLDL.
$ To be used to anayze the zones of the actuad in vivo samples
$ Divides bone volume datainto top, middle, and bottom regions.
9!
$ Mug edit z dim, z_dim_top, z_dim_mid, and z_dim_bot
$ for eachfile

9!

$ The'pl org filehereis_seg.am

$!

$ if pL.EQS. ™

$ THEN

$write sysboutput "Give C0001234.am ! Exit"

$ et

$ endif

$

$ define org file  'pl’

$ top file= pl- FSPARSE(pL,,,"VERSION") - "_SEG.AIM" +"_TOPAIM"
$ mid file=pl- FSPARSE(pL,,"VERSION") - "_SEG.AIM" +"_MID.AIM"
$ bot file=pl - FSPARSE(p1,,"VERSION") - " _SEG.AIM" +"_BOT.AIM"
$ histo_top = pl - FSPARSE(pL,,,"VERSION") - " SEG.AIM" +" TOP.TAB"
$ histo_mid = p1- FSPARSE(pl,,"VERSION") - *_SEGAIM" +" MID.TAB"
$ histo_bot = p1 - F$PARSE(p,,"VERSION") - "_SEGAIM" +"_BOT.TAB"
$

$ show logorg file

9

$ z dim =280

$zdmtop =28

$zdmmd =224

$ zdmbot =28

$ zpos md =28

$ z pos bot =252

$

$ ipl_scanco _prog := $um:ipl_scanco feexe
$ ipl_scanco prog

Iread
-name g
-filename org file
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/sub_get

-input g
-output top
-pos -1-1-1
-dim -1-1"z dim_top
-globa_pos flag fdse

/histo top
-fileout_or screentab  "histo_top
-from vd -1
-to vd -1
-nr_bins in_tab 200
-dt_type auto
-count_zeros no

Iwrite top "top file
-compress _type bin
-verson_020 true

/sub_get
-input seg
-output mid
-pos -1-1"z pos mid
-dm -1-1"z dm mid
-globd_pos flag fdse

/higo mid
-fileout_or _screentab "hiso_mid
-from vd -1
-to vd -1
-nr_bins in tab 500
-dt_type auto
-count_zeros no

Avrite mid "mid file
-compress _type bin
-verson_020 true

/sub_get
-input seg
-output bot
-pos -1-1"z pos bot
-dm -1-1"z dim_bot
-globd_pos flag fdse

/histo bot
-fileout_or_screentab  "histo_bot
-from vd -1
-to vd -1
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-nr_bins in_tab 200

-at_type auto
-count_zeros no
Iwrite bot "bot _file
-compress_type bin
-verson_020 true
[examine

-input top
-item geom
[examine

-input mid
-item geom
[examine

-input bot
-item geom

/voxgobj_scanco_param

-input top
-gobyj_filename gobj_from_log
-ped_iter -1
-region_number 0
/voxgobj_scanco_param
-input mid
-gobj_filename gobj_from_log
-ped_iter -1
-region_number 0
/voxgobj_scanco_param
-input bot
-gobyj_filename gobj_from_log
-ped_iter -1
-region_number 0
$exit
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