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Abstract

The evaluation of the remodeling of soft biomaterial implants often involves surgical
removal of the implant for subsequent histological assessment. This approach is very resource
intensive, often destructive, and imposes practical limitations on how effectively these materials
can be evaluated. Magnetic resonance imaging (MRI) has the potential to non-invasively monitor
the remodeling of collagen sponges, specifically the biodegradation, cellular infiltration,
extracellular matrix deposition and angiogenesis within the sponge. This project involves the
development of an in vivo model system for the evaluation of collagen-sponge remodeling using
MRI and conventional histological techniques. Collagen sponges made using insoluble bovine
collagen, and subjected various crosslinking treatments, were implanted subcutaneously into rats.
Changes in water T, relaxations times, water apparent diffusion coefficients (ADC), and MRI
contrast agent uptake/washout were collected using spin-echo and diffusion-weighted MRI pulse
sequences. These measurements were compared with histological assessments of sponge
remodeling. Regions of differential cellularity were distinguished using calculated T, maps and
confirmed by histology. Calculated ADC maps corroborated these results and showed a
decreasing trend with increased tissue in-growth. Results from MRI-contrast-agent studies were
consistent with the development of angiogenesis within the sponge over time. The MRI approach
allows for longitudinal studies that significantly reduce the resources required to evaluate these
materials as well as improves the quality of the statistical information obtained from these

studies.



1. Nuclear Magnetic Resonance — An Introduction

This chapter addresses the principles of nuclear magnetic resonance (NMR) and
terminology used in this thesis. The chapter was written based on the information from Dowdey
et al.[1], Marinus et al. [2], Morris [3], Harris [4], Farrar and Becker [5], Gadian [6], Tofts [7],

King et al. [8], and Salibi and Brown [9].

1.1 Basic Physics

1.1.1 Magnetic Dipole Moment

The electrons of each atom orbit around the nucleus and the nucleus rotates on its axis.
This spinning nucleus results in the orbital motion of the nucleon (protons and neutrons) around
the center of the nucleus, thus each nucleon has angular momentum associated with it. At the
lowest energy state, a pair of protons (or neutrons) in same energy level precess in opposite
directions (i.e., referred to as spin-up and spin-down) effectively canceling each other out in
terms of net spin. So, under the lowest-energy conditions, the angular momentum of unpaired
protons (or neutrons) is equal to the net nuclear angular momentum.

Protons rotating around the nuclear center can be thought of as a sphere of positive
charge flow with a small magnetic field aligned along the axis of rotation. This magnetic field is
analogous to a current flowing through a loop of wire, with the resulting magnetic induction
occurring perpendicular to the plane of the loop. This nuclear magnetic field is referred to as the
Magnetic Dipole Moment (MDM).

In the classical description, the nuclear magnetic dipole moment, p, is represented as:

p = (e/2my) P (1.1)

(e — charge of a proton; m, — mass of a proton; P — proton spin angular momentum)



In general, the nuclear magnetic moment may be expressed in terms of the gyromagnetic
ratio (y),
w=yP (12)
which is proportional to the charge-to-mass ratio of the nucleus and thus is unique for each

NMR-visible nucleus or isotope.

1.1.2 Spin Angular Momentum

The nucleons orbiting about the center of the nucleus create spin angular momentum,
which is related to the nuclear spin quantum number I. The net value for I is determined by
number of unpaired nucleons. For example, the 'H isotope has one unpaired proton and thus I =
1/2. The possible spin orientations of the "H nucleus are shown in Figure 1-1

The magnitude of the spin angular momentum is given by
[P| = [I(0+1)]", (1.3)
where h=h/2m and h = Plank’s constant. For 'H, the spin angular momentum is: [P| = V2 h.

The external magnetic field, B,, is defined as being aligned along the z axis of a Cartesian
coordinate frame of reference. If the vector P is allowed to point in the same direction, then the
projection of P onto the z axis is given by,

P,=hm (1.4)
where m; is directional or magnetic spin quantum number and its possible values are -1, -1+1,

..., I-1, +1. For a spin-1/2 nucleus: m;=+1/2 and —1/2; P, = + h/2; and |P| = (V3/2) h. Thus, the

angle, 0, between the two possible orientations of the vector P is 54°44°.



+1fZh

- l
bl T

=12 R

i

Figure 1-1. Orientation of Spin Angular Momentum Vector P for a Spin-1/2 Nucleus (e.g., 'H).

1.2 Magnetic Resonance
1.2.1 Energy States
The 'H nucleus, with I = 1/2, exhibits two possible orientations when placed in an
external magnetic field B, (referred to as spin-up and spin-down). The spin-up orientation,
parallel to B,, occupies a lower energy state. The spin-down orientation, anti-parallel to B,,
exists in a higher energy state.
The potential energy that arises when a proton is placed in an external magnetic field is
given by,
E=-u.B, (1.5)
p,=ymph; my=-I, -I+1, ..., I-1, I (where m;=+1/2 and —1/2 for [ = 1/2)
So, for the spin-down orientation,
E,=yhB,/?2 (Since my = -1/2 for the higher energy state) (1.6)

and, for the spin-up orientation,



Ei=-yhBy2 (Since my = +1/2 for the lower energy state) (1.7)
and the energy difference between these two states is given by

AE=E,-E;=yhB, (1.8)

1.2.2 Boltzmann Distribution

In practice, the NMR experiment detects only the population difference between two
energy states which are populated a large number of nuclear spins simultaneously. According to
the Boltzmann distribution, for spin-1/2 nuclei, the population ratio between higher energy state
and lower energy state is,

Ngo/Ng; = e 2P (1.9)

where k = Boltzmann constant = 1.38 x 10 J K™, T = Temperature (absolute).

This ratio is unique for a given nucleus and magnitude of B,. The net sum of all of the
individual nuclear magnetic moments (effectively the population difference between the two

energy states), M,, is measured as NMR signal.

1.2.3 Larmor Frequency
From a classical-physics point-of-view, an external magnetic field B, will exert a torque
on the nuclear magnetic moments, causing them to precess about B,. The Larmor precessional
frequency is defined as,
v =7B,/27n (1.10)
For example, in a 2.0 Tesla magnetic field, the Larmor frequency of 'H is 85.557 MHz
(y/2n = 42.58 MHz/T). Since the gyromagnetic ratio is unique for each nucleus, the Larmor

precessional frequency for a particular nucleus is also unique for a given B, field strength.



Radiofrequency excitation (at a frequency equal to the Larmor frequency) can rotate the net
magnetization vector, M,, from the z-axis into the x-y plane of the Cartesian coordinate system,

where it can be measured as the NMR signal.

1.2.4 Free Induction Decay

The NMR experiment can be divided into two phases: excitation and detection. The
excitation phase of the experiment is achieved by irradiating the nuclei with a radio frequency
(RF) signal transmitted via an RF coil. The geometry of the coil creates a B field (the magnetic
field component of the RF) in the transverse (x-y) plane that is orthogonal to the external static
field B, oriented longitudinally along the z-axis. The nuclear magnetization can have two
components: one parallel to the B, direction (M,) and other orthogonal to B, (M,y). At the
Boltzmann equilibrium, M, = M, and the net transverse magnetization (M) is zero, because of
the random position of the x-y components of the individual nuclear magnetic moments — with
respect to each other — as they precess about the B, field. When a B, field is applied at the
Larmor frequency, the nuclei absorb energy and M, is rotated into the x-y plane, creating
coherent transverse magnetization (M,y).

According to Faraday’s Law, the coherent My, components of magnetization will induce
an electromotive force (EMF) into the RF coil which is subsequently detected as the NMR
signal. Following RF excitation, the M, component of magnetization exponentially returns to the
Boltzmann equilibrium value by dissipating energy to the surroundings (or “the lattice”). The
other component, M,,, decays to zero exponentially, because of the loss of phase coherence

between the individual nuclear magnetic moments precessing in the x-y plane. The resulting Free
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Induction Decay (FID) is detected as an exponentially-dampened, sinusoidal signal at the Larmor

frequency of the nuclei [1].

1.3 MRI Parameters

1.3.1 Spin-Spin Relaxation Time (T;)

Immediately following the RF excitation pulse, the M,, magnetization decays
exponentially to zero because of B,-field inhomogeneities and other processes. This transverse
relaxation process is given by

M,y(t) =My exp [t/ T, ], t=time (1.11)

The characteristic plot of the T," relaxation curve (i.e., Eq. 1.11) is shown in Figure 1-2.
The transverse relaxation time constant, T, , gives information about intrinsic properties of the
particular sample and may contain contributions from a variety of sources (e.g., the intrinsic
spin-spin relaxation time, magnetic field inhomogeneities and susceptibility effects, and
molecular diffusion) and is expressed as

1Ty = 1T ninsic + 1/ T2 mhomogenity + 1/T2 susceptibitity + 1/T2 piftusion + --. (1.12)

The T, time constant is the time required for the My, to decrease to 36.8% of the original

value following the RF pulse.
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Figure 1-2. Tz* Decay of Transverse Magnetization, M,,, Following a Radiofequency (RF) Pulse.

The intrinsic T, relaxation rate (i.e., Rz mrinsic = 1/T2 mtrinsic; the first term in Eq. 1.11) of
water molecules can be expressed in terms of a fast exchange between two water pools — bound
and bulk water [10] — as given by:

1/T2(0BSERVED) = f (1/T2BoUND)) + (1 — f) (1/T2(BULK)), (1.13) [11]
where f is the fractional contributions from each pool.

The bulk-water pool represents free water in the bulk phase where there is little
interaction between the water molecules and the biological milieu. In this case, water molecules
exhibit relatively fast molecular motions. The bound water pool represents water molecules that
are hydrogen-bonded directly to macromolecules (proteins) or cellular constituents (e.g., cell
membranes, organelles, etc.). In this case, the molecular motions of the attached water
molecules are determined by macromolecular or cellular motions and thus are much slower than
for water in the bulk phase.

Figure 1-3 shows a schematic diagram of water in the different motional regimes [12].

Consequently, the presence of macromolecules and cells cause a reduction in the average

12



rotational frequency of the surrounding water molecules which in turn shortens the measured T,
value [10, 12, 13]. The T, relaxation time associated with the bulk-water fraction is normally
referred as the ‘long T,” component and that of the bound-water fraction as the ‘short T,’
component [14]. Therefore, changes in the relative fractions of bulk and bound water result in

changes in the observed T, values.

" Bound Water (Cell*),
Slow rotation — Short T2

H Bulk Water (Free),

Bound Water (Protein’), | Fast rotation — Long T2

Slow rotation — Short T2

Figure 1-3. Schematic Representation of Bound and Bulk Water Phases and Their Effects on Water T,
Relaxation Times.

’ http://condor.urbb.jussieu.fr/~debrevern/PEELING/in_pdb_anim.gif
* http://www.biology4kids.com/files/art/cell_overl.gif
1.3.2 Spin-Lattice Relaxation Time (T;)
The application of a RF pulse rotates the longitudinal magnetization, M,, into the x-y
plane. After the RF excitation, M, relaxes back to the Boltzmann equilibrium by dissipating
energy to the lattice. The recovery of M; as a function of time is given by,

M,(t) =M, [1-exp (-t / T;) ], where t = time. (1.14)

13



The time constant of the exponential recovery is called the T, or spin-lattice relaxation
time. The characteristic plot of T, relaxation curve (Eq. 1.14) is shown in Figure 1-4. The T,
relaxation time is the time required for M, to recover to 63% of the Boltzmann equilibrium value
after at 90° rotation from the z-axis into the x-y plane (i.c., a 90° RF excitation).

1%

. I I
T, Ty M 4Ty 5Ty
Teme after excitation pulse

Figure 1-4. T, Recovery of the Longitudinal Magnetization, M,, Following a 90° Radiofrequency RF Pulse.

1.3.3 Effect of MRI Contrast Agents on T and T, Relaxation Times

The T, and T, relaxation times are affected by many factors such as molecular rotation,
molecular translation, molecular collisions, magnetic field inhomogeneities, and the presence of
paramagnetic ions (i.e., typically metal ions with unpaired electrons) in the environment. In the
presence of paramagnetic ions, the change in T is given by the Bloembergen equation as,

AR; = A(1/T)) =12 n* y5* E p? N/ 5KT, (1.15)

where AR; = increase in relaxation over pure solvent, N = number of ions per cm’
(concentration), i = magnetic moment of the paramagnetic ion, T = absolute temperature, and y;

E, K are physical constants.

14



So, when a MRI contrast agent is introduced into the tissue environment, it increases the
paramagnetic ion concentration in the tissue where the contrast agent resides. The T, relaxation
time of the tissue water is decreased [15-17], resulting in a signal intensity increase (and thus
increased contrast) in T;-weighted images [18]. The signal intensity change is directly
proportional to the concentration of MRI contrast agent in the tissue [19]. The effects of changes
in Tj-relaxation time on MRI contrast enhancement are showed in Figure 1-5. The signal
intensity increase in a post-contrast T;-weighted image, as a percentage with respect to that in the
pre-contrast image (noted with an arrow in Figure 1-5) is the extent of contrast enhancement.
The degree of contrast enhancement in T;-weighted images is correlated with the permeability of

tissue microvessels (capillaries) [20] as well as the extent of vascularization [21].

Signal intensity Vs Repetition time

120 -
100
%‘ 080 4
g — Normal Tissue
T 060
= — Contrast-Agent-
2 040+ > % Change Enhanced tissue
020 -
¢
OOO d T T T T T T T T T T T T T T T T T
O 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85

Repetition Time {Seconds)

Figure 1-5. T; Relaxation Curves for Normal Tissue (blue line) and Tissue Exposed to an MRI Contrast
Agent (red line). The Signal-Intensity Difference, as a Percentage at a Given Repetition Time, Translates into
MRI Contrast Differences Under Those Conditions.
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1.4 Imaging Techniques

1.4.1 Gradient Coils and k-Space
The fundamental basis of MRI is to vary the B, such that each voxel in a 2D image
experiences a B, field that is unique to that particular position in space. Three gradient coils,
orthogonal to each other, are used to superimpose linear magnetic field gradients on the B, field.
These gradient coils allow spatial encoding in three dimensions, crucial to the basic
implementation of the MRI method. These gradients also allow MRIs to be sensitized to
translational molecular motion and thus facilitate diffusion imaging. In presence of a linear
magnetic field gradient, the Larmor frequency of water in each voxel is given by,
v(d) =y/2n [B, +d G] (1.16)
where d = spatial position of the voxel along the applied gradient axis and G = applied
gradient strength (gauss/cm). So, the superposition of this gradient field on B, establishes a
spatial distribution of frequencies that reflect the spatial positions of the water molecules along
the direction of the applied gradient field. During imaging, a composite time-domain signal of
oscillating voltage changes is measured, via the RF coil, and then stored in a k-vector within 2-
dimensional k-space. The signal collection time (t") and k-space location is given by,
k() = of" (y27) Gy(0) dt,
ky(t) = of" (v/21) Gy(t) dt, (1.17)
where Gi(t) and G,(t) = gradient strength function of time and t = gradient duration.
Frequency encoding is performed in the ky direction by incrementing k for each Gy (or
frequency-encoding gradient event) and phase encoding is performed in the k, direction by
increasing Gy or the phase-encoding gradient event. The phase angle acquired by a nuclear spin

is given by,

16



0= (y2m) y of* Gy(t) dt (1.18)
where y is the position of nuclei along the phase-encoding gradient axis. Two-
dimensional Fourier transformation is then used to translate the composite time-domain signals
in k-space into the corresponding frequency-domain components that comprise spin-density

images [22].

1.4.2 Water Apparent Diffusion Coefficient (ADC)

As was discussed earlier, molecular diffusion also affects the transverse relaxation time.
Brownian motion of water molecules can significantly affect the decay of transverse
magnetization. The diffusion of water molecules in the bulk phase depends on the temperature of
the medium, which in turn affects the extent of the molecular motions and their interactions. In
biological systems, however, the diffusion of water molecules is affected by various properties of
the environment, such as cellularity, integrity of cellular membranes, cell membrane
permeability, cell sizes, cell density, extracellular volume, the presence of extracellular materials
and other structural anisotropies [23-25]. In general, the presence of cells and cell membranes
decrease water diffusion because they impose barriers/restrictions to molecular translation [26].

Furthermore, the extent of molecular displacement is directly proportional to the time
allowed for the molecules to diffuse as well as the diffusion coefficient of the molecules.
Consequently, it is usually not possible to measure the actual diffusion coefficient of water in
biological systems because of the presence of barriers to free diffusion. However, it is possible to
measure an apparent diffusion coefficient (ADC) of water by inserting a pair of diffusion-
sensitive gradient pulses into a conventional MRI pulse sequence. In this case, the signal

intensity of the received MRI signal then becomes proportional to the degree of molecular

17



displacement of the water molecules in the sample. The ADC of water molecules in vivo can
then be calculated from a series of diffusion-weighted MR images [27]. The measured ADC
values reflect the degree of restriction experienced by water molecules diffusing inside a tissue

or a cellular compartment in a single voxel.

3
° ""
2
° " _Water
Molecule

d i o v R R

Figure 1-6. Schematic Diagram Showing the Effects of in vivo Biomaterial Remodeling on the Apparent
Diffusion Coefficient (ADC) of Water. a) Initial Condition: No Cells/Large Proteins Present, Unrestricted
Movement of Water Molecules, Results in Higher ADC Values; b) Intermediate Condition: Presence of Cells
(Cell Membranes) Impose Barriers to Water Diffusion Resulting in Intermediate ADC Values; c¢) Populated
Condition: Dense Cells/Large Proteins Present, Impose More Barriers to Water Diffusion and Result in
Lower ADC Values.
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Figure 1-6 shows various scenarios for water molecules diffusing within implanted
biomaterials and their effect on the measured ADC values. Generally, ADC values decrease with
increasing cellularity [28] as well as the presence of larger protein molecules.

Under in vivo conditions, the water ADC can also be dependent on the spatial orientation
of the sample with respect to the applied diffusion-gradient direction (i.e., anisotropic). To
eliminate this potential orientation dependence, the ADC values are measured along each of the
three applied gradient directions (x, y and z) and the average value is calculated.

Diffusion-weighted imaging (DWI) is accomplished by applying pair of diffusion
gradients at a particular amplitude (G) for a given duration (8) separated by a specified time
interval (A). For a series of DWIs acquired with varying values of G, the water ADC can be
calculated from:

ADC =[1/y* G* 8 taier] - In [M/ML], (1.19)

where tgifr = A - 8/4 (for half-sine-shaped gradient pulses), and M and M, = magnetization

vector at time = tg and 0, respectively. Diffusion-sensitive gradient pulses are generally

incorporated within a spin-echo pulse sequence.

1.5 Pulse Sequences

1.5.1 Spin Echo
The orientation of the RF coil or antenna is such that the signal collected is proportional
to the magnitude of the coherent transverse magnetization in the x-y plane. Normally, a 90° pulse
is used to tip the magnetization vector into x-y plane. After excitation, the My, magnetization
starts to dephase due to the effects described in Eq. 1.12. By applying a 180° RF pulse, the

direction of precession of the M,, magnetization is reversed, which then compensates for the
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dephasing of spins due to magnetic field inhomogeneities and/or susceptibility effects. The time
interval between the 90° and 180° pulses (equal to TE/2; where TE is the Time to Echo) and the
repetition time (TR) are generally selected to accentuate signal intensity differences (i.e., create
contrast) between various tissues based on differences in the respective T; or T, relaxation times

within the sample [8].

1.5.2 Hahn Spin-Echo (HSE)

The spin-echo pulse sequence was introduced by Hahn in 1950. The MRI version of this
pulse sequence is shown in Figure 1-7. At time = 0, a 90° RF pulse is applied in conjunction with
a slice-selective gradient (e.g., Gy) to tip the longitudinal magnetization vector M, — within a
slice — into the x-y plane. After the slice-selective excitation pulse, a rephasing gradient (-Gy) is
applied (along with phase- (e.g., Gy) and frequency-encoding (e.g., G,) gradients) to compensate

the dephasing effect of slice-selective gradient pulse.

90 180

RF

——

G frequency

G phase

Gslice [ ] _r_lj ’:|

Crusher pulses

Signal ,\A/\_

t

Figure 1-7. Spin-Echo MRI Pulse Sequence (http://www.cis.rit.edu/research/thesis/bs/1999/vangorden/images/timing.jpg).
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The 180° RF pulse is applied TE/2 seconds after 90° pulse. The signal is detected, in the
presence of a readout or frequency-encoding gradient, TE/2 seconds after the 180° RF pulse. The
duration the RF pulses, interval between pulses (TE/2) and repetition time of sequence (TR)

define the contrast properties of the image [8].

1.5.3 Carr-Purcell-Meiboom-Gill (CPMG)

To study biomaterial remodeling in vivo, calculated T, maps are useful for characterizing
the process. The data used to generate calculated T, maps is obtained from a series of T,
weighted-images, with varying TE values. However, it can be quite time-consuming to acquire
these data using the Hahn spin-echo (HSE) technique, since only one echo is collected at a time.
Carr, Purcell, Meiboom and Gill developed a variation of the HSE method in which, following
the acquisition of the spin-echo, the transverse magnetization is again refocused by another 180°
RF pulse and another echo is measured (as shown in Figure 1-8; [29]). This process can be
repeated for as long as the transverse magnetization persists and is referred to as a multiple SE
pulse sequence. The T, relaxation time is then calculated from the amplitudes of the train of
collected echoes. The effects of RF pulse imperfections can be compensated for by applying the
90° excitation pulse along the x-axis and the 180° refocusing pulse along the y-axis of the
Cartesian coordinate frame. The T, relaxation times are then calculated from the amplitudes of

the even-order echoes.
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180° 180° 180°

|{_ TE/2 —] Pulse

Figure 1-8. Schematic Diagram of the Carr-Purcell-Meiboom-Gill (CPMG) Pulse Sequence [29].

1.6 Surface coils

A surface radiofrequency (RF) coil is a loop of a conducting wire (e.g., copper), which
can deliver RF pulses to the sample as well as receive the MRI signal following RF excitation.
The primary advantages of surface coil are ease of implementation, spatial selectivity, and
localized observation of a specific tissue or organ in vivo [30]. Surface-coil sensitivity decreases
with depth. Surface coils exhibit good sensitivity to a depth that is on the order of the radius of
the coil. The homogeneity and distribution of the RF (B,) field formed by a surface coil depends
upon the geometry and size of the coil as well as the amount of RF power delivered to the coil
[31]. The B, field variations induced during transmission are mirrored in reception and
variations cancel each other [32]. The surface coil exhibits good signal-to-noise ratio (SNR) in
the immediate vicinity of the coil and allows the spatial coverage of the coil to be specifically
tailored to imaging a particular anatomical region of interest. A model of the single-loop surface

coil used in these studies is shown in Figure 1-9. The surface coil is connected to the MRI
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system via a coaxial cable. A tuned RF circuit is impedance matched to that of the MRI system

(usually 50Q2) to provide efficient RF power transfer to the sample.

Figure 1-9. Model of Single-Loop Surface Coil Used in These Studies.
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2. Introduction to Biomaterials and Applications

Tissue engineering is mainly focused on developing biological substitutes to restore,
maintain, improve or replace the tissues or organs that are not functioning adequately [33].
Biomaterials are also used in wound healing, where they work as a temporary cell
scaffold/artificial skin and enhance the healing process [34-37] (e.g.: Integra® for skin [38]). The
functionality and performance of these biomaterials are evaluated in two different environments:
in vitro and in vivo. For in vivo evaluation, the current gold-standard method involves implanting
the biomaterial into a living animal and then subsequently harvesting them for
immunohistochemical evaluation. This invasive method limits the number of data points that can
be collected from a single sample and increases the variability by using different samples from
different animals for each time point [28].

The objective of this thesis was to design a non-invasive monitoring system to evaluate
biomaterial remodeling in vivo. Magnetic Resonance Imaging (MRI) provides such a non-
destructive analysis tool that can distinguish changes such as vascularity, cellularity, and water
diffusion in soft tissues [10, 12-14, 19-21, 23, 24, 26]. The quantitative nature and possibility of
easier evaluation of MRI parameters make MRI a potentially useful methodology that can be
applied to monitor the biomaterial in vivo to assess the biodegradation process (and may provide
results comparable to histological analysis). A nondestructive analysis will increase the statistical
robustness of time-series data by facilitating repeated temporal studies of the same implant in a
single animal and reducing the intra-animal variability.

Natural (e.g.: collagen, fibrin, albumin and gelatin) and synthetic (e.g.: poly glycolic acid
or PGA, Poly ethyl methacrylate or (PEMA)) polymers are used as biomaterials [39-41]. The

natural biopolymer, collagen constitutes about 30% of all vertebrae body proteins and provides
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structural stability and strength to tissues and organs. Collagen is most abundant in tendons
(almost 70%) and in skin (almost 50%). Collagen plays an important role in forming other
organs, such as bone, teeth, cartilage and blood vessels; particularly where extreme forces are
transmitted. Also, collagen exhibits superior biocompatibility, less antigenicity, and
biodegradability when compared to other nature polymers, such as albumin and gelatin [42-44].
Because of these properties, it is widely used for developing biological 3D scaffolds including
artificial skin [34, 36], vascular grafts [45-48], wound healing [49], and drug delivery [44]
applications. The primary reason for the popularity of collagen as a biomaterial is that it can
form extra-strength and biocompatible fibers through its ability to combine with other
biomaterials (e.g.: glycosaminoglycan) and crosslinking [44, 45, 50-57]. Because of this,
collagen was considered as a suitable biomaterial for these studies.

In this study, collagen sponges with different qualities, such as pore size and
biocompatibility, were fabricated using bovine collagen. The sponges were implanted
subcutaneously in Sprague-Dawley rats and various MRI parameters, such water T,, water ADC
and MRI-contrast-agent uptake/washout were evaluated in longitudinal time-series studies until
the implanted sponges were completely degraded. Sponges were harvested for histological
evaluation at each time point in the longitudinal time series. The MRI parameters were correlated
with histological data to assess the correspondence between changes in MR images and MRI
parameters and changes in cellularity, tissue ingrowth and angiogenesis in the implanted sponges
over time. Qualitative histological data was used as a guide to interpret the MRI-parameters
results. Using this information, implant biodegradation and physiological outcomes can be
evaluated by using repeated MRI temporal studies, which will reduce the number of animals

used and increase the statistical robustness of in vivo biomaterial evaluation.
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2.1 Background

Designing a non-invasive monitoring system to evaluate collagen sponge remodeling in
vivo requires a brief understanding of the sponge materials, manufacturing techniques and
biodegradation process. This section discusses the various properties of the biopolymer used and
the methods used to manufacture the scaffolds. The biodegradation process of the implants is

also addressed here. Previous studies of the same kind are also discussed.

2.1.1 Sponge Manufacturing

As previously mentioned, collagen is widely used as biomaterial for different
biological applications such as artificial skin, tissue and bone replacement, vascular, cartilage,
skeletal muscles, cornea and kidney repairs, drug delivery, cell culture and wound dressings [28,
34, 36, 42, 44-49, 55, 58-64]. Since collagen is the major component of the extracellular matrix
(ECM) and possesses less antigenicity, it was selected as a suitable biomaterial for this study.
Furthermore, the biological and physical properties of collagen can be controlled and modified
using biological and chemical processes [51]. Because of its biocompatible nature and the
presence of good surface-active agents, collagen sponges are remodeled and integrated with
surrounding tissues by natural enzymatic pathways [42, 44]. Collagen biomaterials also enhance
new collagen synthesis in the host tissue [49, 55]. The pore structure of collagen scaffolds plays
a part in determining the extent of cellular infiltration and nutrient transport through the sponges
[43, 64]. A higher resistance to collagen-sponge degradation is generally desired to provide the
necessary mechanical strength (in some cases) over time in order to give the body sufficient time

to heal itself [53].
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2.1.2 Pore Structure

Pore size is the primary determinant of foreign-body responses [63]. There are many
techniques such as solvent-casting, gas foaming, melt molding and freeze drying to create and
control the size of the pores, the pore structure and pore-interconnection within scaffolds [40,
43]. But most methods, other than freeze drying and gas foaming, involve harsh organic solvents
and other treatments that prohibit their use for processing materials for biological applications
[40]. Generally, the freeze drying method is used for collagen-sponge fabrication.

During the freeze-drying method, insoluble collagen is prepared in a weak acetic acid
solution. This liquid dispersion is then frozen to form ice crystals. The pore size depends on the
ice-crystal size, which is a function of the temperature and rate of cooling. The ice crystals are
removed by sublimation, which leaves pores in the sponge. Slower cooling results in larger ice
crystals and bigger pores whereas faster cooling has the opposite effect. This method generates
scaffolds with more than 90% porosity [50, 60, 65]. Non-uniform heat transfer throughout the
scaffold causes biomaterial heterogeneity [50]. Also, exposure of skin surface of the scaffold to
the atmosphere often results in a surface layer with a different pore structure. As MRI studies
need more homogenous scaffolds to simplify the analysis, careful attention was required to

control the scaffold properties during fabrication.

2.1.3 Crosslinking
Since collagen is a natural biomaterial, it is very susceptible to natural enzymes, such as
metalloproteinases (collagenases), which effectively remove the exogenous material in vivo [49].
Various crosslinking techniques are used to bind the collagen molecules, which increases the

resistance of the scaffold to biodegradation. Crosslinking improves the mechanical strength and
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reduces the immunogenicity of the biomaterial. Physical and chemical crosslinking methods are
used to bind the collagen molecules. Chemical crosslinking provides greater control of the
degree of crosslinking, as compared to physical methods, which is usually more desirable.
Residuals from chemical crosslinking methods can be removed by diligent rinsing. Chemical
crosslinking can be performed using glutaraldehyde, formaldehyde, polyepoxy compound, acyl
azide, carbodiimides, hexamethylene and chromium tanning [44, 51, 57, 66]. Other than
carbodiimides, all chemical agents are incorporated into the chemical bonds between two
collagen molecules [44]. Because of this special property of carbodiimide, it is a more suitable

chemical crosslinking agent for biological studies.

2.1.4 Carbodiimides
Carbodiimides are highly reactive molecules that can be used to create stable, irreversible
bonds [44, 51, 57]. The most commonly used carbodiimide for collagen crosslinking is 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC). EDC activates the carboxylic acid groups of
the protein, primarily on aspartic and glutamic acid residues. These residues react with the amine
group of another polypeptide chains, which results in amide bonds. A mild acidic environment is
desired for crosslinking, because excess protons are needed to initiate the crosslinking reaction;

thus the pH of the crosslinking environment is maintained around 5.0-5.5 [67].

2.1.5 Glycosaminoglycans
Glycosaminoglycans are a class of ECM molecules, which include heparin,
heparin sulfate, dermatan sulfate, chondroitin sulfate, hyaluronan and hyaluronic acid [50, 52,

56]. These proteins initiate a signaling cascade within the attached cells and can have a
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significant influence on cell behavior. The implants fabricated with collagen and chondroitin
sulfate show reduced foreign-body reactions when implanted in subcutaneous tissue [53].

The EDC crosslinking technique also helps to bind other proteins, particularly
biocompatible proteins such as glycosaminoglycans (GAGs), with the collagen tripeptide [51].
For these studies, collagen sponges were fabricated to exhibit different, but predictable, tissue
responses that would be large enough to be distinguished by MRI. Previous studies have shown
that the presence of chondroitin sulfate in scaffolds reduces the inflammatory response, increases
the cellular infiltration, decreases the degradation rate, and preserves the sponge pore structure

over time [56, 65].

2.2 Invivo Implantation

Since the sensitivity of a RF surface coil decreases rapidly as a function of distance from
the coil, implanting the scaffolds close to the skin surface is desirable to achieve higher
sensitivity (and hence resolution) images. Subcutaneous pockets have become a standard implant
location because of the convenience of inserting and removing the scaffolds. A number of
earlier studies have used this environment to characterize the tissue and cell responses to
scaffolds [68]. Consequently, this model was used to evaluate changes in scaffold remodeling as
a function of implantation time, the number of cells around and within the scaffold, new ECM
deposition and angiogenesis. These changes were correlated with measured MRI parameters,
such as water T,, water ADC, and degree and rate of MRI-contrast-agent enhancement and

dissipation.
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2.2.1 Physiological Outcomes

The ultimate purpose of designing a non-invasive technique to monitor the collagen
sponges is to provide a general, standard technique, which can be used widely. This study tries to
address the fundamental physiological changes and the techniques used to monitor these
changes. The following physiological parameters are considered critical design criteria for this
thesis: inflammatory response and cell infiltration, angiogenesis, degradation and remodeling,
and capsule formation. The above-mentioned physiological parameters have been explored in
terms of how they manifest in MRI parameters such as water T,, water ADC and MRI contrast

enhancement. The imaging methods for monitoring these parameters are also defined.

2.2.2 Inflammatory Response and Cell Infiltration

For a monitoring methodology to be useful, it should be able to assess the
biocompatibility, cell infiltration, angiogenesis, and extent of implant remodeling. After
implantation, an initial inflammatory response takes place because of the presence of the scaffold
— a foreign body to native tissue — and because of the surgical wound. This inflammatory
response facilitates infiltration by polymorphonuclear cells and macrophages into the scaffold
environment [49]. Assessing inflammatory response is needed to predict the later tissue
responses and biodegradation. Previous studies have used the T, and ADC of water to monitor
the cellular distribution and study the heterogeneity of the implanted biomaterials by MRI [14,

69].
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2.2.3 Angiogenesis

The depth of cell infiltration inside the scaffold depends on angiogenesis, because cells
can survive only few hundred micrometers from the capillaries. The integration between
biomaterial and surrounding tissue is ensured by angiogenesis, which regulates transport between
the host tissue and the biomaterial [63, 70]. Consequently, the ability of the scaffold to support
the development of new blood vessels is considered a critical property. Previous MRI studies
have used MRI contrast agents to study angiogenesis [16]. The concentration of the MRI contrast
agent in the environment, and time needed to reach the environment after infusion, depends on
the vascularity of the scaffold. The changes in MRI-contrast-agent concentration can be studied
by comparing the MRI signal intensity changes between pre- and post-contrast T;-weighted MR
images. Generally, a baseline image is acquired before the contrast agent is administered. The
contrast agent is then injected and a series of temporally-spaced images are acquired. From these
data, the time to reach the maximum (i.e., peak) signal intensity change, relative to the baseline,
can be used as an endpoint measure called the Time-To-Peak (TTP). Similarly, the time
required for the signal intensity to decline to 50% of this peak value, termed Ty, (T-Half) Time,
can also be measured [15]. The time-to-peak and T;, time are expected to decrease with
increased angiogenesis due to the presence of a greater number of vessels to transport the MRI

contrast agent.

2.2.4 Biodegradation
Cell infiltration and angiogenesis create heterogeneous regions within the scaffold that
expand with increased tissue ingrowth. With greater cellular populations within the sponge there

is also increased remodeling. Part of the remodeling process is the biodegradation of the sponge
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[49], which can be studied using MRI by monitoring the volume changes of the different regions.
Preliminary studies have shown that scaffolds with little or no cell infiltration exhibit longer
water T, values and higher water ADC values (indicative of bulk water) as compared to sponges
with cells and other extra-cellular proteins. Based on the relative differences in T, relaxation

times, information about the cellularity of the scaffold can be obtained [13, 14, 71].

2.2.5 Capsule Formation

Since the scaffold is a foreign body to the tissue, the scaffolds are often encapsulated to
protect the surrounding tissue from the foreign material. The thickness of the capsule depends on
the biocompatibility of the sponge. Biomaterials exhibiting poor biocompatibility or more
antigenicity are generally covered by thicker capsules, which restrict angiogenesis and
integration. Consequently, the capsule thickness can be used as an indicator of the
biocompatibility of the material [56]. Normally, capsules are composed of dense connective
tissues, which restrict translational water movement. These translational restrictions can be
assessed by measuring water ADC values, which in turn can be related to the capsule density

[69].

2.3 Histology

Heamotoxylin-eosin (H&E) staining is routinely used to study general morphology and
cellularity of tissue samples. In the case of biomaterial implants, H&E staining is useful for
assessing the extent of cellular infiltration and the overall state of an implant. The differential
staining of the nuclei using H&E also allows individual cells to be distinguished; allowing

assessment of the total number of cells (or cell density) within the implant.
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Other staining methods can be used to detect the presence of specific components within
a histological section. For example, Masson’s trichrome will stain all collagen structures blue,
cell nuclei black, and cytoplasm, muscle fibers and keratin red/pink. This range of colors gives
more information about the scaffold, and is particularly useful for detecting collagen. However,
the optical-image contrast between the black- and blue-colored stain is often not optimal, so
H&E is better suited to cell counting. Blood vessels are more easily distinguished with Masson’s

trichrome staining.

2.4 Hypotheses

MRI measurement of water T, relaxation times, water ADC values, and the degree of
MRI contrast enhancement can be used to non-invasively monitor the tissue response to

implanted collagen scaffolds, such as cellular infiltration, biodegradation and angiogenesis.

I. The rate of remodeling of collagen sponges in vivo can be evaluated non-invasively by
monitoring the progressive changes in MR images and MR tissue parameters over time.
a. Changes in collagen-sponge volume can be quantitatively assessed over time using MR
images.
b. The spatial extent and rate of cellular infiltration of collagen sponges can be
quantitatively assessed over time using calculated water T, and ADC maps.
c. The rate of MRI-contrast-agent uptake/washout can be used to assess the spatial extent

and degree of angiogenic development within the collagen-sponge implant over time.

33



II. Differences in resistance to biodegradation and biocompatibility of collagen sponges in vivo
can be evaluated non-invasively over time using MR images and MR tissue parameters.

a. Differences in resistance to biodegradation and biocompatibility effects can be
quantitatively assessed by measuring differences in collagen-sponge-volume changes
over time.

b. Differences in resistance to biodegradation and biocompatibility effects can be
quantitatively assessed by measuring differences in the spatial extent and rate of cell
infiltration within the collagen sponge over time.

c. Differences in resistance to biodegradation and biocompatibility effects associated with
angiogenic development can be assessed by evaluating differences in the spatial extent
and rate of MRI-contrast-agent uptake/washout within the collagen-sponge implant

over time.
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3. Materials and Methods

3.1 Sponges Preparation

A 0.8 wt% suspension of bovine flexor tendon collagen (Sigma, Inc.) in 0.25M acetic
acid was frozen at -80°C in aluminum trays and lyophilized to fabricate the scaffold [40]. From
this sheet of collagen, approximately 1-cm-thick disks, 1.5cm in diameter, were punched. Three
types of sponges were fabricated from this starting material in order to vary the biocompatibility
and degree of resistance to biodegradation. One of the sponge types was fabricated by
crosslinking with 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) to increase the
resistance to biodegradation. Chondroitin 6-sulphate (CS) was used with EDC (EDC+CS) to
increase the biocompatibility in the second sponge type [52, 72]. In this case, sponges were
crosslinked in MES buffer with n-hydroxysuccimide at pH 5.5 [67]. The third sponge type was
hydrated in MES buffer only and designated as Uncrosslinked (UnX). Sponges were sterilized by
rinsing in 70% ethanol. The physical dimensions of the sponges, particularly the sponge
thickness, were reduced after hydration. The UnX sponges are less stiff and exhibit matrix
collapse after hydration when compared crosslinked sponges [56]. Figure 3-1 shows the physical

appearance of a sponge after lyophilization, but before hydration and crosslinking.

| 2 M

Figure 3-1. Optical Images of Lyophilized Collagen Scaffolds Prior to Hydration and Crosslinking.
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3.2 Animal Preparation

The animal protocol for this study was approved by the Institute Animal Care and Use
Committee (IACUC) of University of Massachusetts (UMASS) Medical School (IACUC
Protocol: A-1759). Eight, 6-7 week-old male Sprague-Dawley rats (250-300g, Charles Rivers
Laboratories, Worcester, MA) were used for the study. Rats were anesthetized using a
pentobarbital (40mg/l1kg, 20mg/ml solution) and xylazine (Smg/Kg, 20mg/ml solution) mix,
which was injected intraperitoneally in the left lower quadrant of abdomen. The back of the
anesthetized rat was prepped and cleaned with betadine and ethanol solution three times. A 60-
mm midline incision was made in the back of the rat using a #3 scalpel handle with a #10 blade.
Between the center of the thoracic vertebrae and the center of lumbar vertebrae, three 20-mm-
diameter subcutaneous pockets were created on both sides of the incision using a 3.5” hemostat.
The distal end of each pocket was not more than 20 mm away from the incision. A hydrated
collagen sponge (~15 mm in diameter; ~2-3 mm in thickness) was implanted in each pocket,
after dripping off the excess buffer solution. Two sutures were placed on opposite sides of each
of each collagen sponge and threaded transcutaneously to avoid movement of the sponge within
the subcutaneous pocket over time. To reduce the region differences in tissue response, collagen
sponges were implanted close together, but without touching each other [68]. The incision was
closed using Ethilon (black monofilament nylon, Ethicon) 4.0 suture material. The rat was placed
into a cage to recover from the anesthesia. Figure 3-2 shows the surgical location of the sponges

following implantation.
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Figure 3-2. Schematic of the Surgical Locations of the Various Collagen-Sponge Implants in the Rat

At 48 hours after surgery (i.e., the Day 2 timepoint) and then once/week for up to 6
weeks, MRI experiments were performed over a 5-6 hour time period. Prior to imaging, the rat
was placed in a closed plastic container and administrated 1.5 % Isoflurane for three minutes (or
until the animal was fully anesthetized) and then secured in a custom-built animal holder for
placement in the magnet. The Lucite animal holder was approximately 50-cm long and 15 cm in
diameter (a cylinder). The animal was placed in the prone position on a curved plastic platform
in the animal holder. For MRI, a custom-built, surface radiofrequency coil (see Figure 1-9) was
positioned on the skin such that it just encompassed the entire set of six collagen sponges. The
animal holder was equipped with two air holes at the animal’s head for administration of 1.0%
Isoflurane in 1.0 L/min breathing-quality air. A hole at bottom of the animal holder served to
blow warm air over the animal to maintain the body temperature at 37°C in the magnet. Excess
anesthetic gas was vented to the laboratory hood for expulsion.

The MRI contrast agent (MAGNEVIST®; Gadolinium-DTPA) was administered via tail-

vein injection at the manufacturer-recommended dose of 0.2 mL/kg (0.1 mmol/kg).
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3.3 MRI Measurements

MRI experiments were performed with a Bruker Biospin 2.0T/45¢cm imaging
spectrometer, operating at 85.56 MHz for 'H, with +20 G/cm self-shielded gradient coils. Multi-
slice, T,-weighted images were acquired using a sagittally-oriented, multiple spin-echo pulse
sequence at twelve different echo times (TE = 12, 24, 36, 48, 60, 72, 84, 96, 108, 120, 132, 144
ms) with TR = 2500.0 ms, matrix size = 256 x 128, field of view (FOV)=6 cm x 4 cm or 6.8 x 4
cm, number of slices = 12-16 (6-8 slices for each side of incision), slice thickness = 2 mm and
number of averages = 2. The field of view of each slice covered three sponges on one side of the
midline incision and 6-8 contiguous slices were acquired over each set of three sponges so that a
quantitative estimate of the total volume could be estimated for each sponge. Since respiratory
gating was used to minimize the breathing-motion artifacts in the MR images [73], the duration
for a single-slice, T,-weighted image acquisition (with 12 echoes) was around 16-18 minutes.
Thus, the total scan time for acquiring the data for the calculated T, maps for all slices was
approximately four hours. Figure 3-3 and Figure 3-4 show the field of view and slice orientation

of the MR images acquired in this study.
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Figure 3-3. Field of View of Sagittal MR Images Acquired in These Studies (red dots just below the rat dorsal
surface represent the cross-sectional appearance of the implanted collagen sponges). ( Rat image:
http://www.afrma.org/breedimg/Itaillss.jpg).
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Figure 3-4. Top View of Positions of Sagittal Slices Through Implanted Sponges for T, Studies (Diffusion-
Weighted Imaging (DWI) was Performed Only at the Middle-Slice Positions on Each Side of the Incision).

Diffusion-weighted MRI (DWI) was performed for only one slice in either side of
incision. The DWTI slice was positioned to intersect all three sponges on each side of the incision
and coincided with the position of one of the slices acquired in the multi-slice, T,-weighted
imaging data sets. DWIs were acquired using a spin-echo, echo-planar imaging pulse sequence.
Diffusion-sensitive gradient pulses, with b values = 15, 60, 140, 390, 560, and 760 mm? s'l, were
applied along each of the three different gradient axes (x, y and z), TR/TE = 2000.0/53.0 ms,
matrix size = 64 x 64, slice thickness = 2 mm, number of averages = 2, diffusion gradient
separation A = 35 ms, diffusion gradient duration 6 = 4.0 ms, resulting in a diffusion time t4isusion
= 33.7 ms. The total diffusion imaging time was around 25 minutes (i.e., the acquisition of the
data along each gradient-axis direction requiring approximately 8 minutes) with respiratory
gating applied.

For contrast-agent-enhanced MRI, a pre-contrast image was acquired using a Ti-
weighted, spin-echo pulse sequence with TR = 600.0 ms, TE = 10.0 ms, slices = 12-16 (6-8
slices for each set of three sponges on each side of the incision), slice thickness = 2 mm, slice
separation = 2.2 mm, and number of averages = 2. The MRI contrast agent (MAGNEVIST®;

Gadolinium-DTPA) was administered via tail-vein (intravenous) injection at the manufacturer-
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recommended dose of 0.2 mL/kg (0.Immol/ kg). Post-contrast images were acquired 5 minutes
post-injection and then at 10-minutes intervals up to 170 — 240 minutes (or until no significant
contrast-enhancement changes were observed). The duration each scan for the contrast-enhanced
MRI study, with respiratory gating, was around 7 — 8 minutes.

At the conclusion of each collagen-sponge-remodeling evaluation period (which ranged
from 2 days to 42 days), rats were euthanized by intracardiac delivery of a euthanasia solution
(with 150-200mg/kg of pentobarbital). The collagen disks were harvested with the surrounding

tissue for subsequent histological evaluation and comparison with the corresponding MRI data.

3.4 Data Analysis

ImageJ (Version 1.34s; National Institute of Heath, USA) was used to calculate the T,
parameter maps from the series of T,-weighted images. Based on the calculated T, values,
regions within the calculated T, maps of the sponges were segmented (i.e., divided/separated)
into regions with short-T, and long-T, components. The number of pixels in each region within a
slice were summed and then multiplied by the slice thickness to estimate the respective sponge
volumes associated with the short-T, and long-T, components for each sponge in the slice. The
volumes from all contiguous slices intersecting a particular sponge were then summed to
estimate total sponge volume as well as the respective total volumes associated with the short-T,
and long-T, components within the sponge. The average water T, values within the respective
volumes were then tabulated for subsequent statistical analysis [14].

ADC maps were calculated from diffusion-weighted MR images, using custom software
programs written in IDL (Research Systems Inc, Boulder, CO) that were developed by current

and former students in the MRI laboratory (Dave Bennett and Erica Henning, respectively) .
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The percentage change in signal intensity between pre-contrast (baseline) and post-
contrast-enhanced MR images were evaluated using ImageJ. From these data, the time required
to attain the maximum signal intensity change was measured as the Time-To-Peak (TTP).
Similarly, the time required for the MRI signal intensity to decline to 50% of this peak value was
measured as the Ty, (T-Half) Time [15, 74]. Figure 3-5 shows the model graph of changes in
MRI signal intensity as a function of time post injection of the MRI contrast agent for two
separate regions of interest (ROIs) within a single sponge. The MRI parameters TTP and T}, are

indicated on the graph for an ROI at the center of the sponge.
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Figure 3-5. MRI Signal Intensity as a Function of Time Post Injection of the MRI Contrast Agent for Two
Separate Regions of Interest (rim and center) Within a Single Sponge. The Time Required to Attain the
Maximum Signal Intensity Change was Measured as the Time-To-Peak (TTP). The Time Required for the
MRI Signal Intensity to Decline to 50% of this Peak Value was Measured as the T, (T-Half) Time.

3.5 Histological Analysis

Animals were euthanized and sponges were harvested at each of the imaging time points.
Sponges were cut into fourths (perpendicular to the skin surface) and fixed using 10% neutral

buffered formalin for paraffin histology. Sections from the middle of the sponge were cut and
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stained using Heamotoxylin & Eosin (H&E) and Masson’s trichrome. The details of the
histological-section preparation and analysis are beyond the scope this thesis. However, images
of representative histological sections, which were qualitatively correlated with the MRI data in
this study, were collected by Stuart Craig Howes, Graduate Student (2005 - 2007), Worcester

Polytechnic Institute, Worcester [75].

3.6 Statistical Analysis

3.6.1. Student’s T-test
The one-tailed Student’s t-test, assuming unequal variances, was used for statistical
comparisons between two data sets. A one-tailed p value less than 0.05 was considered
statistically significant. For longitudinal temporal studies (Hypothesis I — changes in MRI-
determined parameters within a sponge over time), statistical analyses were carried out by
comparing the results from data acquired at different time points with the results obtained at Day
2. For lateral studies (Hypothesis II — differences between sponges at a given time point), the

results from each sponge were compared with the results from each of the other two sponges.

3.6.2. Bonferroni Corrections
For temporal studies, six statistical comparisons were performed between the Day 2 data
and the data obtained at 7, 14, 21, 28, 35 and 42 days post implantation. In this case, for a = 0.05,
i.e. 5% critical value for concluding that there is a statistically significant difference, there is an
approximately 30% chance (i.e., 6 statistical comparisons X 0.05) of finding a statistical outlier
rather than the desired 5% likelihood. This issue was addressed by applying the Bonferroni

correction, which multiplies each p value obtained from the Student’s t-test by six before
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comparing the value with the 0.05 threshold used to assess statistical significance. Similarly, for
the three statistical comparisons performed at each time point in the lateral studies, the p value
obtained from the Student’s t-test was multiplied by three before comparison with the 0.05
threshold [76]. The Bonferroni-corrected p values are tabulated in the Results section and values

less than 0.05 were considered statistically significant.
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4. Results

4.1 Remodeling and Tissue responses

Figure 4-1 shows a representative calculated T, map from one slice (of a multi-slice
series) through the center of three sponges implanted on one side of the incision just below the
dorsal surface of the rat. The physical boundaries of the three sponges are contained within the
field-of-view of the image and each sponge is identified within the tissue matrix. This is the
typical presentation for all of the images in the thesis and provides a consistent basis for

comparing the results from the water T2, water ADC, and contrast-enhanced MRI studies.

Rat skin
Head
EDC+CS
Sponge
EDC H g
Sponge Rat tissue

UnX Sponge

Figure 4-1. Representative Calculated T, Map Showing the Implant Locations Within the Rat.

4.1.2 Day2
Histological images and MRI parameter maps for Day 2 are shown in Figure 4-2 and
Figure 4-3. The H&E section from the EDC+CS sponge shows lattice-like lamellae in the cross-
linked implant, which appear to form a highly porous interconnecting network occupied
primarily by bulk water. The sponge rim appeared to be comprised of a thin layer of infiltrated

cells.
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Figure 4-2. H&E Histological Section of EDC+CS Sponge at Day 2.
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Figure 4-3. Day 2 - MRI Parameter Maps and Post-Contrast-Enhanced MR Image. (T, map scale-bar values
are in seconds; *ADC map scale-bar values are ADC x 10° cm?/s; yellow boundary in T, map corresponds to
the approximate location from which the histological section was obtained. Histological section and MR

images were obtained from different animals. )

For the UnX sponges at Day 2, histological sections showed a less-porous structure (data
not shown), and lower water T, and water ADC values, as compared to the cross-linked sponges.
Calculated T, and ADC maps showed a homogenous center within each sponge surrounded by a
thin rim. There appeared to be little or no integration between sponges and surrounding tissues.
At 5 minutes post-injection, contrast-enhanced MR images showed a thin line of relatively rapid
contrast enhancement in the sponge rim. However, MRI contrast agent uptake in the sponge

center took a longer time (~120 minutes) and the washout was also significantly delayed as
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compared to the rim. Since the histological and MRI data from Day 2 were the least affected by
physiological changes following implantation, the Day 2 sponge data was used as the basis of

comparison for data acquired at subsequent time points in the temporal study [56].

413 Day7

ADC

L

MRI contrast agent
infusion (5 min post
injection)

EDC UnX EDC+C5

Figure 4-5, Day 7 - MRI Parameter Maps and Post-Contrast-Enhanced Image. (T,
map scale-bar values are in seconds; *ADC map scale-bar values are ADC x 10~

cm’/s. Histological section and MR images were obtained from different animals.)
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Histological (Figure 4-4) and MR (Figure 4-5) images obtained at Day 7 showed
significant volume increases in all three types of sponges; presumably due to an inflammatory
response. Cellular infiltration was found in the sponge rims of H&E-stained sections and MR
images showed lower water T, and ADC values in approximately the same regions. The spatial
distribution of water T, and ADC values within the sponge was more heterogeneous at Day 7 as
compared to Day 2. UnX sponges showed a greater extent of cellular infiltrations in the rim
region as compared to cross-linked sponges at the same time point. A thin capsule also appeared
to form around the implant rims at Day 7. The post-contrast-enhanced MR images showed a
thicker rim of contrast enhancement at 5 minutes post-injection. The contrast-agent uptake time
was shorter than at Day 2, but there was no apparent difference in washout time for cross-linked

sponges.

4.14 Day 14

Figure 4-6 and Figure 4-7 show the respective histological and MR images obtained at
Day 14, where the volumes of all sponges decreased relative to Day 7. In general, sponges
exhibited more heterogeneous and lower water T, and ADC values. In the histological sections,
the sponge rim showed a high degree of cellular infiltration and the sponge center showed little
remaining porous and/or lamellar structure. The implants were surrounded by capsules, which
showed lower ADC values when compared to the center of the sponges. There was a significant
increase in the rate of contrast agent update and washout in the sponge centers. The volume of

the sponge center was reduced compared to that observed in previous weeks.
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Figure 4-6. H&E Histological Section of EDC+CS Sponge
at Day 14 (a. more cellular, b. more porous).

R

nxa

MRI confrast agent
infusion (5 min post
injection)

ECC X EDC+CS

Figure 4-7. Day 14 - MRI Parameter Maps and Post-Contrast-Enhanced Image. (T,
map scale-bar values are in seconds; *ADC map scale-bar values are ADC x 10~

cm’/s. Histological section and MR images were obtained from different animals. )

4.1.5 Day 21

The sponges looked more homogeneous at Day 21 in both histological (Figure 4-8) and

MR images (Figure 4-9) because of complete infiltration of cells into the sponges. No porous or

lamellar matrix structures were found in histological sections at Day 21. A significant decrease

in volume was observed for all three sponge types. Calculated water T, and ADC maps were

consistent with increased cellularity and showed uniformly reduced values throughout the

48



sponge volume. The capsule appeared to be resorbed and sponges were integrated with the
surrounding tissue. Contrast-agent uptake and washout times were further reduced as compared
to previous weeks; consistent with increased vascularity in the regions of cellular infiltration.

Most of the UnX sponges were biodegraded by Day 21.

Rim Sponge S
1 mm

Figure 4-8 H&E Histological Section of EDC+CS Sponge at Day 21.

aifha
a0

3 D]

a0

MRI contrast agent
infusion (5 min post
injection)

EDC UnX EDC+CS

Figure 4-9. Day 21 - MRI Parameter Maps and Post-Contrast-Enhanced Image. (T,
map scale-bar values are in seconds; *ADC map scale-bar values are ADC x 107

cm’/s. Histological section and MR images were obtained from different animals. )
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4.1.6 Day28

- Capsule ™
E k/- Sponge:

1 mm

Figure 4-10. H&E Histological Section of EDC+CS Sponge at Day 28.

Suture material

e e

ADC

MRI contrast agent
infusion (5 min post
injection)

EDLC UnX EDC+CS

Figure 4-11. Day 28 - MRI Parameter Maps and Post-Contrast-Enhanced Image. (T,
map scale-bar values are in seconds; *ADC map scale-bar values are ADC x 10 cm?/s.
Histological section and MR images were obtained from different animals. )

By Day 28, the histological images (Figure 4-10) showed a more homogenous sponge
interior; consistent with complete cellular infiltration and an implant that is well integrated with
surrounding tissues. No UnX sponges were harvested at Day 28 (or beyond) and MR images and
MRI parameter maps (Figure 4-11) confirmed the complete absence of the sponges. EDC
sponges degraded more rapidly as compared to EDC+CS sponges. Calculated water T, and

ADC maps showed moderate heterogeneity between the sponge center and the rim. Contrast
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agent studies showed shorter uptake and washout times for both the sponge centers and rims as
compared to earlier time points. Post-contrast images taken at 5 minutes post-injection showed

that the area of the sponge center was smaller than that of the rim.

4.1.7 Day35

1 mm

Figure 4-12. H&E Histological Section of EDC Sponge at Day 35.

AL

E0dd

MRI contrast agent
infusion (5 min post
injection)

EDC UnX EDC+CS

Figure 4-13. Day 35 - MRI Parameter Maps and Post-Contrast-Enhanced Image. (T,
map scale-bar values are in seconds; *ADC map scale-bar values are ADC x 10”° cm?/s.

Histological section and MR images were obtained from different animals. )

Histological images of cross-linked sponges (Figure 4-12) obtained at Day 35 showed

homogenous staining, similar to that observed at Day 28. Most of the EDC sponges were
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completely degraded by Day 35. From the MR measurements (Figure 4-123), the T, and ADC
values were relatively unchanged as compared with those obtained at Days 28 and 21. The MR
images of the sponges were homogeneous and exhibited a much smaller implant volume. MRI
contrast-enhancement studies showed shorter uptake and washout times in the sponge centers,

similar to those observed in the sponge rims.

4.1.8 Day 42

Figure 4-14. H&E Histological Section of EDC+CS Sponge at Day 42.

QT

ADC

MRI contrast agent
infusion (5 min post
injection)

EDC LInX EDCH+ES

Figure 4-15. Day 42 - MRI Parameter Maps and Post-Contrast-Enhanced
Image. (T, map scale-bar values are in seconds; *ADC map scale-bar values
are ADC x 10° cm?/s. Histological section and MR images were obtained
from different animals.)
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Histological sections (Figure 4-14) showed that the physiological conditions on the
sponge were similar to those observed at Day 35; although with a reduction in sponge volume.
No sponges were identified in calculated ADC maps (Figure 4-15) and only small residual
volumes of EDC+CS sponges were found in the calculated T, maps. In the contrast-agent
studies, no sponge center was identified in the image obtained at 5 minutes post-injection. Most
of the sponges were biodegraded at Day 42 and this was the last experiment point for this study.
The quantitative MR measurements obtained for the sponges studied at each time point in the

temporal study are summarized below.

4.2 Volume Changes for EDC+CS Sponges as a Function of Implantation

Time

EDC+CS Sponge Volume (cm?®) Vs Time (days)

——EDC+CS

Time (days)

Figure 4-16. Changes in EDC+CS Sponge Volume as a Function of Implantation Time (n = number of sponge
samples; error bars represent SEM).
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Figure 4-16 shows the volume changes of the EDC+CS collagen sponges as a function of
implantation time. The total volume of the sponge decreased with increasing implantation time.
There was an increase in volume at Day 7 (presumably due to inflammatory processes), which
then started to decrease beginning at Day 14. Complete biodegradation occurred after 42 days for
the EDC+CS cross-linked sponges. Changes in sponge volume, relative to Day 2, were
significant after Day 14 (p < 0.0001). The statistical analyses were done by comparing data from
each of the later time points (i.e., Days 7, 14, 21, 28, 35 and 42) with the Day 2 data. The
detailed results of the statistical analysis (with Bonferroni corrections) and the number of
sponges studied at each time point are given in Table 4-1. The volume changes in MR images are

shown in Figure 4-17.

Table 4-1. Statistical Results for Changes in EDC+CS Sponge Volume as a Function of Implantation Time
(n/a: not applicable because of insufficient data due to sponge degradation).

Comparison Day 7 Day 14 Day 21 Day 28 Day 35 Day 42
p (within EDC+CS) 3.7E-05 1.0 9.7E-07 1.5E-07 4.7E-11 n/a
(n=14 @ Day 2) (n=14) (n=12) (n=8) (n=6) (n=2) (n=1)

0.097

0.061

0.086
H 0.082
0.028

Figure 4-17. Changes in EDC+CS Sponge Volume as a Function of Implantation Time. (Units on the T, gray
scale bars are in seconds. Example images were obtained from different animals at different time points.
Regions inside yellow boundaries delineate the sponges.)

0.000 2 0.000 0.023 0.025

Day 42

Day 28

Day 14

Day

54



4.3 Changes in T, Values in EDC+CS as a Function of Implantation Time

The T, relaxation time values of EDC+CS sponges showed a decreasing trend after
implantation with slight increase after Day 28 (Figure 4-18). Beginning at Day 7, and at all time
points thereafter, T, values within the sponges were significantly reduced as compared to Day 2
(p < 0.0001). After Day 21, the T, values plateaued at a relatively constant value until Day 42.

The statistical results for all of the EDC+CS T, data are given in Table 4-2.

Table 4-2. Statistical Results for Changes in EDC+CS Sponge T, Values as a Function of Implantation Time
(n/a: not applicable because of insufficient data due to sponge degradation).

Comparison Day 7 Day 14 Day 21 Day 28 Day 35 Day 42
p (within EDC+CS) 0.09 1.5E-06 1.6E-08 3.6E-09 7.5E-08 n/a
(n=16 @ Day 2) (n=14) (n=12) (n=28) (n=6) (n=2) (n=1)

EDC+CS Sponge T, (sec) Vs Time (days)

0.18
016 | N=16
0.14
0.12
0.10 |
0.08 |

T, (sec)

0.06

0.04 -
0.02

0.00

2 7 14 21 28 35 42
Time (days)

Figure 4-18. Changes in EDC+CS Sponge T, Values as a Function of Implantation (n = number of sponge
samples; error bars represent SEM).
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4.4 Changes in Water Apparent Diffusion Coefficient (ADC) Values in
EDC+CS Sponges as a Function of Implantation Time

Similar to the trend observed for T,, the water ADC values for EDC+CS sponges
decreased progressively after implantation; consistent with an increase in cellular infiltration.
The water ADC values were significantly reduced (as compared to the Day 2 values) at Day 7
and all time points thereafter. After Day 21, the water ADC values maintained a constant value,

indicating that complete cellular infiltration had been attained at that time point.

Table 4-3 gives all of the statistical results of the EDC+CS ADC measurements over
time. Figure 4-19 shows the how the water ADC values for EDC+CS sponges changed over
time. Representative calculated water ADC maps of EDC+CS sponges, at various points in the

time series, are shown in Figure 4-20.
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Figure 4-19. Changes in EDC+CS Sponge Water ADC Values as a Function of Implantation (n = number of
sponge samples; error bars represent SEM).
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Table 4-3. Statistical Results for Changes in EDC+CS Sponge Water ADC Values as a Function of
Implantation Time (n/a: not applicable because of insufficient data due to sponge degradation).

Comparison Day 7 Day 14 | Day 21 Day 28 | Day 35 Day 42
p (within EDC+CS) 0.4 3.1E-04 2.3E-08 4.2E-07 0.6 n/a
(n=12 @ day 2) (n=14) (n=12) (n=8) (n=5) (n=2) (n=0)

I B Day T

Figure 4-20. Changes in EDC+CS Sponge Water ADC Values as a Function of Implantation Time. (Units on
the ADC gray scale bars are: ADC x 10° cm’/s. Example images were obtained from different animals at
different time points. Regions inside yellow boundaries delineate the sponges.)

Day 2 Day #

4.5 MRI Contrast Enhancement Study Results

4.5.2 Contrast-Enhancement Changes in EDC+CS Sponges as a Function of
Implantation Time

Contrast-enhanced MR images of the EDC+CS sponges were subdivided into two
regions of interest (ROIs): the sponge center and sponge rim. Figure 4-21 illustrates the locations
of both ROIs for the Day 2 and Day 21 data. The overall signal intensity changes in these slices
over time (5 minutes to 180-240 minutes) are shown in Figure 4-22 and Figure 4-23 for the Day
2 and Day 21 data, respectively. For a given time series, the signal intensity within each of the
ROIs (sponge center and rim) was integrated at each time point. The process was then repeated
for each slice that intersected a particular sponge (6-8 slices), with center and rim ROIs that were

individually determined for each slice.
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Figure 4-21. Region of Interest (ROI) Delineation for EDC+CS Sponge Center and Rim in Contrast-
Enhanced MR Images Obtained S Minutes Post-Injection of a MRI Contrast Agent. (Yellow boundaries
demarcate the total sponge areas in the slice. Red boundaries demarcate the sponge center and the area
between the red and yellow boundaries demarcate the sponge rim region.)

For a given sponge, the signal intensity from the respective center and rim ROIs for each
slice were then summed over all slices to give the total signal intensity for each ROI. Total
signal-intensity comparisons between pre- and post-contrast time points were then calculated for
each ROI and reported as the percent signal intensity change within the ROI as a function of time
after the injection of the MRI contrast agent. Plots of these data are shown in Figure 4-24 and
Figure 4-25 or the Day 2 and Day 21 data, respectively. From these plots, Time-To-Peak and T}

time were measured for the ROIs in each sponge.
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Pre 5 23 35 85 115 145

Figure 4-22. T,-weighted MR Images of EDC+CS Collagen Sponge as a Function of Time Post-Injection of an
MRI Contrast Agent at Day 2 Following Implantation.

Pre 5 iy ) 85 115 145

Figure 4-23. T;-weighted MR Images of EDC+CS Collagen Sponge as a Function of Time Post-Injection of
an MRI Contrast Agent at Day 21 Following Implantation.
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Day 2 : EDC+CS % Change Vs Time (Minutes)
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Figure 4-24. Plot of Percent Signal Intensity Change within Center and Rim ROIs of EDC+CS Sponges as a
Function of Time after Injection of an MRI Contrast Agent at Day 2 Following Implantation.
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Figure 4-25. Plot of the Percent Signal Intensity Change within Center and Rim ROIs of EDC+CS Sponges as
a Function of Time after Injection of an MRI Contrast Agent at Day 21 Following Implantation.
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4.5.3 Changes in Time-To-Peak (TTP) Values for EDC+CS Sponges as a Function of

Implantation Time

Plots of the mean TTP values in the center and rim ROIs of the EDC+CS sponges as a
function of implantation time are shown in Figure 4-26 (a) and (b). Time-to-peak values showed
a decreasing trend in the sponge center, while the “rim” regions of the scaffold showed no
significant changes as a function of time post-implantation. The statistical results for the TTP
data are shown in Table 4-4. The changes in TTP were significant after Day 14 as compared to

Day 2 (p < 0.02). The rim region of the sponge showed lower, but fairly constant, TTP values at

all time points.
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Figure 4-26. Plots of the Mean TTP Values in the Center (a) and Rim (b) ROIs of the EDC+CS Sponges as a
Function of Implantation Time (n = number of sponge samples; error bars represent SEM).

Table 4-4. Statistical Results for TTP Values in the Center ROI of the EDC+CS Sponges as a Function of
Implantation Time (n/a: not applicable because of insufficient data due to sponge degradation).

Comparison Day 7 Day 14 | Day 21 Day 28 | Day 35 | Day42
p (within EDC+CS) 1.0 0.3 0.02 0.001 5.3E-05 n/a
(n=7 @ Day 2) (n=11) (n=6) (n=6) (n=4) (n=2) (n=0)
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4.5.4 Changes in T;,-Time Values for EDC+CS Sponges as a Function of
Implantation Time

The mean Tj,-time values in the rim and center ROIs of the EDC+CS sponges as a
function of implantation time are shown in Figure 4-27 (a) and (b). The T;,-time value in the
sponge center was significantly reduced at Day 28, as compared to Day 2 (p < 0.02), but no
significant differences were seen at the other time points (Figure 4-27a). No statistically
significant changes in the T;,-time values, relative to the value at Day 2, were observed in the
sponge rim at any time point (Figure 4-27b). The statistical results for the T;,-time values in the
EDC+CS sponge center are shown in Table 4-5. Both the TTP and T,,-time parameters
exhibited similar trends over time in the EDC+CS sponges. At the early time points (< Day 14),

the TTP and T, ,-time parameters were unchanged in the sponge center and rim.

(a) (b)
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Figure 4-27. Plots of the Mean T;,,-time Values in the Center (a) and Rim (b) ROIs of the EDC+CS Sponges
as a Function of Implantation Time (n = number of sponge samples; error bars represent SEM).
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Table 4-5. Statistical Results for T;,-Time Values in the Center ROIs of the EDC+CS Sponges as a Function
of Implantation Time (n/a: not applicable because of insufficient data due to sponge degradation).

Comparison Day 7 Day 14 Day 21 Day 28 Day 35 | Day 42
p (within EDC+CS) 1.0 1.0 0.1 0.02 0.2 n/a
(n=7 @ Day 2) (n=11) (n=6) (n=6) (n=4) (n=2) (n=0)

Longitudinal statistical analysis results of EDC and UnX sponges are given below. No

statistical analyses were done after Day 28, because of insufficient data due to biodegradation.

Table 4-6. Statistical Results for Changes in EDC Sponge T,, ADC, TTP and T;/,, Values as a Function of
Implantation Time.

Study
(0 @ Dy 2) Day 7 Day 14 Day 21 Day 28
Volume 0.009 1.0 2.8E-06 1.4E-09
(n=14 @ Day 2) (n=14) (n=12) (n=8) (n=4)
T, 0.2 9.3E-08 1.4E-09 4.2E-09
(n=16 @ Day 2) (n=14) (n=12) (n=28) (n=4)
ADC 0.3 0.003 1.3E-05 0.3
(n=12 @ Day 2) (n=14) (n=12) (n=7) (n=3)
Time-To-Peak 0.03 0.3 0.001 0.002
(n=7 @ Day 2) (n=11) (n=6) (n=4) (n=2)
Ti2 0.007 1.0 0.1 0.03
(n=7 @ Day 2) (n=11) (n=6) (n=4) (n=2)

Table 4-7. Statistical Results for Changes in UnX Sponge T,, ADC, TTP and T;,, Values as a Function of
Implantation Time (n/a: not applicable because of insufficient data due to sponge degradation).

Study
(n @ Day 2) Day 7 Day 14 Day 21 Day 28
Volume 7.8E-01 8.7E-07 9.3E-12 n/a
(n=14 @ Day 2) (n=14) (n=12) (n=4) (n=0)
T, 0.02 5.7E-09 7.1E-06 n/a
(n=16 @ Day 2) (n=14) (n=12) (n=4) (n=0)
ADC 1.6E-04 2.E-06 1.0 n/a
(n=12 @ Day 2) (n=14) (n=12) (n=2) (n=0)
Time-To-Peak 1.0 1.0 0.001 n/a
(n=7 @ Day 2) (n=11) (n=6) (n=2) (n=0)
T 0.008 0.4 0.002 n/a
(n=7 @ Day 2) (n=11) (n=6) (n=2) (n=0)
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4.6 Volume Changes as a Function of Implantation Time for Different
Sponge Types

Figure 4-28 shows the volume changes for the three types of collagen sponges as a
function of implantation time. There was an increase in volume at Day 7 for EDC and EDC+CS
sponges, which then started to decrease after Day 14. Complete biodegradation occurred after 21
days for UnX sponges, 35 days for EDC cross-linked sponges, and 42 days for EDC+CS cross-
linked sponges. The statistical analysis showed that there was a significant difference between
UnX sponges and cross-linked sponges in all time points. The detailed results of the statistical
tests, where the data from each sponge are compared with the other two types of sponges at same
time points, are summarized in Table 4-8. No statistical analyses were performed for Day 35 and
Day 42, because of an insufficient number of sponges. The number sponges compared in each of

the analyses are given as nl/n2.

Table 4-8. Statistical Result for Changes in Sponge Volume, for Different Sponge Types, as a Function of
Implantation Time (n/a: not applicable because of insufficient data due to sponge degradation).

Comparison Day 2 Day 7 Day 14 Day 21 Day 28

0.07 0.35 0.1 1.0 1.0

P (EDC(n1)-EDC+CS(n2)) (14/14) (14/14) (12/12) 8/8) (4/6)

3.5E-05 6.9E-06 1.5E-10 1.8E-02
P (EDC(n1)-UNX(n2)) (14/14) (14/14) (12/12) (8/4) na

6.3E-04 6.8E-07 1.5E-05 1.3E-03
P (EDC+CS(n1)-UNX(n2)) | 14/14) (14/14) (12/12) (8/4) na
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Figure 4-28. Changes in Sponge Volume, for Different Sponge Types, as a Function of Implantation Time
(error bars represent SEM).

4.7 Changes in T,-Relaxation-Time Values as a Function of Implantation

Time for Different Sponge Types

Figure 4-29 shows the T, changes for the three types of collagen sponges as a function of
implantation time. For all sponge types, T, values showed a decreasing trend after implantation,
but a slight increase was observed after Day 28 for the EDC and EDC+CS sponges. There was a
significant difference between UnX and both cross-linked sponges at all time points (p < 0.01),
except at Day 21. After 28 days, there was a significant difference between EDC and EDC+CS
scaffolds (p < 0.005). The overall results of the statistical comparisons between the T, values for

the different sponge types at all time points post-implantation are given in Table 4-9.
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Figure 4-29. Changes T,-Relaxation-Time Values as a Function of Implantation Time for Different Sponge
Types (error bars represent SEM).

Table 4-9. Statistical Result for Changes T,-Relaxation-Time Values as a Function of Implantation Time for
Different Sponge Types (n/a: not applicable because of insufficient data due to sponge degradation).

Comparison Day 2 Day 7 Day 14 Day 21 Day 28
P (EDC(n1)-EDC+CS(n2)) (123}?6) (12}?4) (12}?2) (2}5) ?f/gf
PEDCON-UNXO) | igney | (ane) | Gz | (@) o)
p (EDC+CS(n1)-UNX(n2)) (?60/(1)2) 7(-1‘1'51'2‘)‘ (102-?132) (gﬁ) (g;g)

4.8 Changes in Short and Long T,-Relaxation-Time Values as a Function of

Implantation Time for Different Sponge Types

Figure 4-30 shows a plot of changes in short and long T,-relaxation-time values as a
function of implantation time for different sponge types. Although the short T, values remain
relatively constant over time, the long T, values decreased at the early time points (< Day 14).
The rate of decrease in T, values for UnX was faster than both the cross-linked sponges, but all
exhibited same trend. After Day 14, it was not possible to distinguish sub-regions within all three
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types of sponges as having either long- and short-T, values. After Day 14, all sponges appeared

to be homogeneous with respect to T».
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Figure 4-30. Plot of Changes in Short and Long T,-Relaxation-Time Values as a Function of
Implantation Time for Different Sponge Types (error bars represent SEM).

4.9 Changes in Water Apparent Diffusion Coefficient (ADC) Values as a

Function of Implantation Time for Different Sponge Types

Figure 4-31 shows a plot of changes in water ADC values as a function of implantation
time for different sponge types. All scaffolds showed a decrease in water ADC after
implantation. After Day 21, there was no further significant decrease in ADC values for the
remaining cross-linked sponges. There was significant difference between EDC and EDC+CS at
Day 21 (p < 0.007). UnX ADC values were significantly reduced as compared to those of the
EDC sponges at all early time points (< 21 days) (p < 0.03). EDC+CS and UnX showed similar

values at all time points other than at Day 7. Table 4-10 gives the overall statistical results for
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changes in water ADC values as a function of implantation time for the different sponge types.

The number sponges compared in each of the analyses are given as n1/n2.
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Figure 4-31. Plot of Changes in Water Apparent Diffusion Coefficient (ADC) Values as a Function of
Implantation Time for Different Sponge Types (error bars represent SEM).

Table 4-10. Statistical Results for Changes in Water Apparent Diffusion Coefficient (ADC) Values as a
Function of Implantation Time for Different Sponge Types (n/a: not applicable because of insufficient data
due to sponge degradation).

Comparison Day 2 Day 7 Day 14 Day 21 Day 28
P (EDC(n1)-EDC+CS(n2)) (12}?4) (12)(154) (12)?2) ?'70/3)7 (g}g)
P (EDC(n1)-UNX(n2)) (104'?124) %'1?51- 2;1 (102?132) (;}g) (2;3)
P (EDC+CS(n1)-UNX(n2)) (12)?4) 52'1?:51-2? (12)?2) (313}2) (gjg)

4.10 Changes in Time-To-Peak (TTP) Values as a Function of Implantation
Time for Different Sponge Types

Figure 4-32 (a) and (b) show plots of changes in TTP values as a function of implantation
time for different sponge types. The TTP values showed a decreasing trend in the centers of all

three types of sponges. The TTP curve over time for EDC and EDC+CS sponges exhibited the
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same trend and comparable values. There was a significant difference between the TTP values of
UnX and cross-linked sponges at 2, 14 and 21 Days. The rim region of all three scaffolds showed
no significant changes in TTP over time and the rim TTP values for all three sponges were
statistically similar at all time points. The overall statistical results for the changes in TTP values
as a function of implantation time for the three sponge types are shown in Table 4-11. The

number sponges compared in each of the analyses are given as nl/n2.
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Figure 4-32. Plots of Time-To-Peak (TTP) Values as a Function of Implantation Time in the Center (a) and
Rim (b) Regions of Different Sponge Types (error bars represent SEM).

Table 4-11. Statistical Results for Changes in Time-To-Peak (TTP) Values as a Function of Implantation
Time for Different Sponge Types (n/a: not applicable because of insufficient data due to sponge degradation).

Comparison Day 2 Day 7 Day 14 Day 21 Day 28
p(EDC(MI}EDCHCS(M2) | 7 @) ©6) aig) i)
p (EDC(n1)-UNX(n2)) 3'7(;(7))2 (1 (1))31 ) (()6?63; ?4'?21) (gﬁg)
p (EDC+CS(n1)-UNX(n2)) 3'7(;(7))2 (101'?191 ) (06?65) 26?23) (2;3)
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4.11 Changes in T;,-Time Values as a Function of Implantation Time for

Different Sponge Types

implantation time for different sponge types. Similar results were observed for all three sponge
types at all time points except Day 7, where the T;/, time of the UnX sponges was significantly
reduced as compared to both cross-linked sponges (p < 0.02). Similar to the TTP values, no
significant changes in T;,-time values were observed in the rim region of any of the sponges.
The overall statistical results for changes in T),-time values in the sponge centers are shown in
Table 4-12. Same number of samples was used for both the TTP and T;,-time analyses. The
Mason trichrome histological images (Figure 4-34) obtained at Day 28 showed differences in the

degree of vascular development between EDC and EDC+CS sponges. However, the contrast-

Figure 4-33 (a) and (b) show plots of changes in T;,-time values as a function of

enhanced MRI studies showed the same results for EDC and EDC+CS at all time points.
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Figure 4-33 Plots of Ty,,-Time Values as a Function of Implantation Time in the Center (a) and Rim (b)

Regions of Different Sponge Types (error bars represent SEM).
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Table 4-12. Statistical Results for Changes T,,-Time Values as a Function of Implantation Time in the Center

Regions of Different Sponge Types (n/a: not applicable because of insufficient data due to sponge

degradation).

Comparison Day 2 Day 7 Day 14 Day 21 Day 28
P (EDC(n1)-EDC+CS(n2)) (3)‘71) (1 (1)}‘111 ) (g)g) (2}2) (2)471)
P (EDC(n1)-UNX(n2)) ?7'?77) ?'1251-(1)? (g)g) (411}2) (2?3)
p (EDC+CS(n1)-UNX(n2)) (2)?) (101'?121 ) (gig) (gig) (TJS)
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Figure 4-34. Mason Trichrome Histological Images of Day 28 Sponges (a. EDC+CS, b. EDC) (Black dots noted
by arrows represent blood vessels).




5 Discussion

5.1 Remodeling of EDC+CS Collagen Sponges over Time Post-Implantation

Within 48 hours after implantation, all the fluids (phosphate buffered saline) in the
EDC+CS collagen sponges appeared to be replaced by body fluids. Pieper et al. [56] found
macrophages were present in low numbers in the implant rims of EDC+CS sponges at Day 2.
MRI and histological images both showed a thin layer of cellular infiltration in the sponge rim.
The EDC+CS sponges have been shown to have a lamellar-matrix structure and large interstitial
spaces at Day 2 [77] and thus capable of storing bulk water. Presumably, this bulk water phase is
responsible for the homogeneous appearance of the T, and ADC maps as well as the elevated
values for both of these parameters.

Figure 5-1 (a) shows the situation that is thought to exist within the sponges at Day 2.
There was less integration between the sponges and the surrounding tissue, hence little or no
angiogenesis is expected at this time point. Since the biological remodeling of the sponges is
very minimal at Day 2, this time point was chosen as a reference point or control for studying the
remodeling process.

At Day 7, the inflammatory response of the tissue appears to take place because of the
presence of the foreign implant and surgical wound [78]. The wound-healing process initiates a
inflammation response, which is characterized by the presence of large number of inflammatory
cells, such as macrophages [79]. The inflammatory response resulted in more fluid accumulation
inside the sponges, which is thought to be responsible for the nearly 30% increase in sponge
volume at that time point. The cells appeared to have infiltrated deeper into the sponge at this
time point and formed a thick rim accompanied by the initial onset of angiogenesis [56]. The

EDC+CS sponges maintained their lamellar structure and porous structure in the center regions
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of the scaffold. The presence of inflammatory cells in the sponge rim are thought to be
responsible for the reduced T, and ADC values in that region as compared Day 2 (Figure 5-1
(b))

At Day 14, the overall scaffold volume started decreasing due to biodegradation and
resorption of inflammatory fluid [14]. A thin capsule appeared to form around the sponges [56]
in an attempt to prevent the direct contact of the sponge with the surrounding tissue [68].
Because of capsule formation and reduced angiogenesis in rim, no significant changes in MRI
contrast-agent uptake or washout were observed at this time point. Cellular infiltration has been
shown to appeared near the center of the scaffold [56] at this time point and the central volume
of the sponge is reduced with an increasingly larger volume of rim (Figure 5-1(c)). Reductions in
the water T, and ADC values at the sponge center are presumably due to cells infiltrating into the
region. The whole-sponge water T, and ADC values were also moderately reduced because of
the increase in rim volume with increasing tissue ingrowth [14].

At Day 21, cellular infiltration has been observed throughout the scaffold for these
sponge types with no apparent “central” region of the sponge visible [68]. The interstitial space
in this region is filled with extracellular matrix components and the sponge rims contain larger
and fewer giant cells. Because of the cellular concentration gradient through the sponge, the
ADC values showed significant contrast between rim and center. By contrast, the T, values were
homogeneous throughout the sponge at this time point. A significant decrease in sponge volume

(nearly 60%) was observed at Day 21, presumably due to remodeling and biodegradation.
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Figure 5-1. Model for Collagen Sponge Remodeling in the Current Study (a. Day 2, b. Day 7, c¢. Day 14, d. Day
21, e. Day 28, f. Day 35, g. Day 42).
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Previous studies using these sponge types have shown that a thick layer of capsule forms
around the scaffold and blood vessels are established inside the scaffold [77] (Figure 5-1(d)).
Due to angiogenesis as well as a reduction in the thickness of the sponges, the time required for
the MRI contrast agent to reach the center of the sponge was reduced. This resulted in shorter
Time-To-Peak and T}/,-time values for the time points after Day 21.

At Day 28, no porous or lamellar matrix structures were found in the sponges. Qualitative
analysis of the histological sections revealed homogenous and complete cellular infiltration at
this time point, consistent with observations from earlier studies [68]. The sponges were well-
integrated with the surrounding tissues. Cellular infiltration and angiogenesis were well
established and the scaffolds were well-integrated with the surrounding tissue (Figure 5-1 (e)).
These types of sponges have been shown to be compressed after 28 days [56], which, in
conjunction with angiogenesis, could explain the reduced contrast agent uptake and washout
times at this time point.

At Day 35, most of scaffolds were biodegraded. The small amount of remaining collagen
scaffold was covered with tissue fascia (Figure 5-1 (f)). The contrast-enhanced MRI studies
showed that the uptake and washout times in the sponge center were similar to those in the rim
region of the sponge. After Day 28, there were no other apparent changes in physiological
conditions of the sponge, other than a reduction in volume.

At Day 42, a very small volume of collagen scaffold remained surrounded by a small
volume of capsule (Figure 5-1 (g)). From Day 2, the water T, and ADC values decreased steadily
until they coincided with those of the surrounding tissues [14] and thus are good indicators of the

remodeling process.
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Figure 5-2. Adapted Schematic Representation of Various Cell Population Present During the Wound
Healing Process [49].

The increased fluid accumulation at Day 7, responsible for the ~30% increase in sponge
volume, did not appear to increase the water T, and ADC values. This is presumably because
the biofluid composition had not changed significantly as compared to Day 2 [77]. After Day 21,
as shown in Figure 5-2, the replacement of inflammatory cells with fibroblasts reduces the bulk
water content and hence T to a relatively constant value after 21 days [49].

It appears that changes in the calculated water T, and ADC maps are consistent with an
increase in cellular infiltration and cell density; processes that reflect the in vivo remodeling of
the collagen sponges. Consequently, the rate of remodeling of collagen sponges in vivo can be
evaluated non-invasively by monitoring the progressive changes in MR images and MR tissue
parameters over time. The rate of volume change over time post-implantation can be assessed by
T,-weighted images and the rate of cell infiltration changes over time can be monitored using

both calculated water T, and ADC maps.
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The contrast-enhanced studies showed a significant reduction in contrast-agent uptake and
washout times after Day 14, which was consistent with angiogenesis formation after Day 14 in
implanted scaffolds [77] and connective tissue integration with sponges [68]. Since the sponge
rim regions were always in close proximity to the vasculature, little difference was observed in
the contrast-agent uptake and washout times over the course of the studies. Nevertheless, the
results from the contrast-enhanced studies were consistent with tissue ingrowth and angiogenic

development over time in the implanted collagen sponges.

5.2 Volume Changes as a Function of Implantation Time for Different
Sponge Types

The UnX scaffold volume decreased faster than either of the cross-linked sponges,
presumably because of its lower resistance to biodegradation. Within 24 hours, UnX sponges are
known to induce intense tissue reactions, because of their higher antigenicity when compared to
the other two sponge types [57]. This is expected because cross-linking is known to increase
resistance to biodegradation and enhance biocompatibility [53]. It is assumed that volume
changes reflect the extent of biodegradation of the sponge [49]. EDC+CS scaffolds persisted
longer than EDC sponges, presumably because of the increased biocompatibility provided by the
presence of chondroitin sulfate, which reduced the foreign body reactions. This is because
glycosaminoglycans and chondroitin sulfate regulate the inflammatory processes by binding and
modulating the growth factors and cytokines, in addition to their immunosuppressive properties
[56]. The differential rate of volume change, between uncross-linked and cross-linked sponges
(p <0.0001), was clearly apparent in the T, maps and thus this MRI parameter is well-correlated

with processes associated with collagen sponge remodeling.
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5.3 Cell Infiltration as a Function of Implantation Time for Different Sponge

Types

The T, values, which reflect tissue in-growth and cellular infiltration, decreased
significantly from Day 2 in UnX sponges as compared to cross-linked sponges (p <0.03). At the
early points, this is presumably due to the more intense tissue response induced by UnX sponges
relative to their cross-linked counterparts [57]. Polymorphonuclear cells (PMNs) are known to
infiltrate the rim region of such implants rim after 2 days, which may be responsible for the thin
dark rim in the water T, and ADC maps at Day 2. The EDC+CS sponges are known to exhibit
increased cellular infiltration when compared to EDC sponges [77]. This results in filling the
scaffold pores with cells such as macrophages, fibroblasts, and extracellular matrix components.
This is expected to reduce the bulk water volume and thus shorten the T, relaxation time. This
may explain why the EDC+CS sponges showed slightly lower T, and ADC values at the early
time points as compared to the EDC sponges. Since the cross-linked sponges are mechanically
stiffer, they are better able to maintain their pore structures (and thus bulk water content) within
the subcutaneous pockets at the early time points. As a result, the water T, and ADC values
would be expected to be significantly higher for the EDC and EDC+CS sponges as compared to
the UnX sponges; consistent with our results.

After 28 days, the difference in T, and ADC values between EDC and EDC+CS sponges
can be attributed to greater tissue in-growth in the EDC+CS as confirmed by previous
histological studies [77]. This result is consistent with the literature that shows greater
biocompatibility and better tissue integration when chondroitin sulfate is used [56]. This
confirms that water T, and ADC maps are sensitive to the rate of cellular infiltration and tissue

ingrowth in collagen sponges.

78



5.4 Changes in MRI Contrast Agent Uptake and Washout at a Function of
Implantation Time for Different Sponge Types

The reduced time to attain the peak signal-intensity value in the center of the sponges after
Day 14 in UnX, and after Day 21 in cross-linked sponges, is attributed to angiogenesis [75]. A
greater number of blood vessels within the scaffold increase the delivery of the MRI contrast
agent, which diffuses from the blood into the surrounding tissue [21]. Due to the greater
thickness of cross-linked scaffolds compared with UnX, the MRI contrast agent has further to
diffuse from the rim, where the majority of the blood supply is located, to the center of the
scaffold where the measurements were taken.

UnX sponges exhibited reduced TTP values as compared to the cross-linked sponges at the
same time point and attained the minimum TTP value at earlier points (< 21 days) in the time
course as compared to the cross-linked sponges. This is presumably because of its induced
reaction with tissue, increased vascularization, and reduced thickness [57]. The contrast-agent
uptake and washout times were significantly different between UnX and cross-linked sponges at
the early time points, when the rate of angiogenic formation was different between the sponge
types because of biocompatibility.

There was a significant difference in TTP values at Day 2 and Day 14 (p < 0.05), and in T.-
time values at Day 7 (p < 0.02), between UnX and cross-linked sponges. These results suggest
that the effects of resistance to biodegradation and enhanced biocompatibility on angiogenic

formation can be investigated using MRI contrast agent studies.
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5.5 Limitations

The MRI studies were not able to differentiate between infected sponges, where there was a
significant accumulation of pus, and non-infected normal scaffolds. In this case, the higher levels
of cellular debris had a similar effect in reducing water T, and ADC values as compared to
increased cellular infiltration.

To ensure the sponges are large enough to identify them in MR images, it was necessary to
make them thicker than usual. This may have resulted in greater heterogeneity within the sponge

pore structure, which is not desirable for MRI measurements and analysis.
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6 Conclusions and Future Studies

6.1 Conclusions

MRI has successfully been used to non-invasively monitor the biological remodeling of
collagen scaffolds in vivo. This study has laid the groundwork to further develop of this
methodology for additional pre-clinical applications and eventual clinical use.

Water T,, water ADC and MRI contrast agent uptake and washout profiles have been
shown to be sensitive to temporal changes within the collagen sponges in response to biological
remodeling. The effects of collagen sponge properties — such as resistance to biodegradation and
enhanced biocompatibility — on biodegradation, tissue ingrowth/cellularity and angiogenesis can
be effectively studied using this MRI methodology. T»>-weighted MR imaging can be used to
evaluate sponge-volume changes over time. Boundaries between normal tissue, fibrous capsule
and the sponge were easily distinguished using T,-weighted MRI. Changes in T, relaxation times
provided information about the cellularity of the scaffold. Increased cellularity was generally
associated with shorter T, relaxation times.

Diffusion-weighted MR imaging (DWI) and calculated water ADC values also exhibited
changes associated with biological remodeling. However, these changes were not as large as
those observed for T, or were the trends as clear as those obtained from the T, studies. This may
in part be due to the lower-spatial-resolution (~1000 microns/pixel) imaging which was used to
acquire the ADC data. Diffusion-weighted MRI was shown to be useful for distinguishing the
boundary between the formed capsule and the sponge.

Results from the contrast-enhanced MR imaging studies were consistent with changes in

vascularity as a function of implantation time. The reduced time-to-peak and T;,-time values
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suggested an increasing number of blood vessels infiltrating the scaffold. Contrast-enhanced MR

imaging also was able to differentiate the scaffold from the surrounding tissues.

6.2 Future Studies

Extending the study with more samples and more animals would improve the power of
the statistical analysis (with a minimum of 4 sponges/time point) at the later time points (> 35
days). Using higher resolution images would help more accurate information to be acquired;
improving the identification of trends that may be less clear, such as cellular infiltration, tissue
ingrowth and capsule boundaries.

New biomaterials that have longer residence times in vivo may help to acquire long-term
data, which may further the development of this non-invasive monitoring method. One of the
drawbacks of collagen is that it is quickly remodeled and integrated with the host tissue. Another
important consideration is to ensure that these scaffolds are sterile and remain sterile during
implantation, in order to avoid infection, which could not be distinguished from the normal
biological remodeling process using MR images. Making uniform, more homogenous scaffolds
would also reduce the statistical variability in the study.

K-means clustering techniques could be applied in the MRI analysis to further classify
the sponge heterogeneity and physiological conditions, which could provide more effective
evaluation of the implanted sponges [80].

Culture the sponges in vitro with fibroblast cells. MR cell labeling techniques could then
be used to monitor the fibroblasts cells, to study and track the transplanted cells and their

behavior in the implant over time under different physiological conditions [81].
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