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ABSTRACT

Thermal Alteration of Collagenous Tissue Subjected to
Biaxial Isometric Constraints. (May 2005)
Paul Brian Wells, B.S., Texas A&M University

Chair of Advisory Committee: Dr. Jay D. Humphrey

Clinical thermal therapies are widespread and gaining in appeal due to
improved technology of heating devices and promising results. Outcomes of
thermal treatment are often unpredictable and suboptimal, however, due in part
to a lack of appreciation of the underlying biothermomechanics. There is a
pressing need, therefore, to understand better the role of clinically-controllable
parameters on the thermal damage processes of tissue. Heretofore,
researchers have primarily sought to understand this process through various
uniaxial experiments on tissues containing collagen as their primary constituent.
Most biological tissues experience multiaxial loading, however, with complex
boundary constraints inclusive of both isotonic and isometric conditions. The
primary focus of this work is on the isothermal denaturation of fibrillar collagen
subjected to a biaxial isometric constraint.

Results from our tests reveal a complicated process, the kinetics of which
are not easily measured. Evolving isometric contraction forces during heating
do not correlate with resultant mechanical behaviors, as thermal shrinkage does

in biaxial isotonic tests. Furthermore, resultant mechanical behaviors at various
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durations of heating reveal a two phase process with a rate dependent on the
amount of isometric stretch. For tissues heated at 75°C for 15 minutes, at which
point the first phase of mechanical alteration dominates for all constraints herein,
resultant mechanical behaviors correlate well with the amount of isometric
stretch. The correlation is similar to that between isotonic loads and resultant
mechanical behaviors from previous studies. In light of the need for a better
measure of thermal damage in isometric tests, we performed a histological
analysis of tissues heated under varying constraints. Results show a good
correlation between the level of isometric constraint and thermally-induced
histological aberrations. Finally, we demonstrate that our seemingly limited and
qualitative knowledge can be applied well to a specific clinical application:
namely, the use of glycerol as a clearing agent for laser therapies. Our results
suggest that glycerol is safe to use for such therapies because it increases the
thermal stability of fibrillar collagen, and its hyperosmotic effects on mechanical

behavior are fully reversed upon rehydration.
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CHAPTERI

INTRODUCTION

Recent advances in heating technology have led to an unprecedented
number of clinical procedures involving supraphysiologic temperatures (see
Humphrey, 2003). For example, oncologists, gynecologists, cardiologists,
dermatologists, and ophthalmologists use heat to treat cancer, endometriosis,
atrial fibrillation, port-wine stains, and hyperopia, respectively. Outcomes of
thermal treatment are often unpredictable and suboptimal, however, and there is
a pressing need to understand better the thermal damage processes of tissue.
Indeed, despite an extensive literature relating to this topic (see Humphrey,
2003; He and Bischof, 2003), we still lack a comprehensive understanding. This
is due, in part, to a lack of appreciation of the underlying biothermomechanics.
The effects of heat on tissue include cell death, expression of heat-shock
proteins, protein denaturation (structural and functional), and altered hydration.
Thus thermal damage has been studied by biologists, pathologists, biochemists,
physicians, and of course, biomedical engineers.

The primary focus of this work is on the denaturation of fibrillar collagen
(i.e. structural changes), which has been defined by Chen et al. (1997) as “a
time-dependent irreversible transformation of the native (i.e. coiled) helical

structure into a more random structure.” Collagen is the dominant structural

This dissertation follows the style of Biomechanics in Modeling and Mechanobiology



protein in the body, and forms the structural network to which many cells attach.
There are at least 20 genetically distinct collagens, each with a unique set of
three polypeptide chains that are bound together, at least in part, in a triple helix.
Of the many types, five (Types |, I, lll, V, and Xl) are classified as fibrillar
collagens and are typically found in bone, skin, tendon, arteries, and structural
membranes such as the pericardium. Hence, fibrillar collagens are found in
many tissues that are subjected to supraphysiologic temperatures during the
course of clinical thermal therapies. Of the fibrillar collagens, type | is the most
abundant, and therefore the most obvious choice for investigating thermal
damage because the implications of the results would be far reaching. The
specific aims of this study are (a) to examine the role of biaxial isometric
constraints on the kinetics of collagen denaturation, (b) to determine the effects
of isothermal, isometric heating on the resultant biaxial mechanical behavior of
epicardium, of which type | collagen is the primary constituent (aside from
water), (c) to seek a more reliable and universal metric of thermal damage, and
(d) to determine the safety and efficacy of using glycerol as a clearing agent for
thermal therapies.

Flory and Garrett (1958) suggested that collagen denaturation could be
described as a first-order phase transition, therefore suggesting the existence of
a characteristic melting (or denaturation) temperature. That idea gave birth to
the use of differential scanning calorimetry (DSC) and hydrothermal isometric

tension (HIT) tests to determine the so-called denaturation temperature of



collagen (Privalov, 1982; Le Lous et al., 1983; Lee et al., 1995). In the DSC
tests, the temperature of the sample is increased at a constant rate (typically
between 1 and 10 °C/min), and the power input required to maintain the linear
rise in temperature is compared to that of a reference chamber, which is
normally void of material. The temperature at which the peak of the resultant
endotherm occurs is taken to be the so-called denaturation temperature. In HIT
tests, a sample is uniaxially constrained at or near its natural length while
submersed in solution (usually saline). The temperature of the solution is raised
at a constant rate, and the force required to maintain the sample at the fixed
length is monitored. The temperature at which the tissue begins to contract
against its constraints (i.e. when the force becomes non-zero) is taken to be the
denaturation temperature. (HIT tests were preferred over shrinkage tests due to
the advent of electronic loads cells in the 1960’s, which made it easier to
measure force histories than to measure shrinkage histories with cathetometers;
see Rasmussen et al., 1964; Allain et al., 1978). For both HIT and DSC tests it
is well documented that the denaturation temperature is dependent on the rate
of heating (slower rates yield lower denaturation temperatures; cf. Figure 5 in
Miles et al., 1995). Therefore, while constant heating-rate tests have provided
tremendous insight into differences in thermal stabilities for different types of
collagen, and into the role of crosslinking in thermal stability, the notion of a

characteristic denaturation temperature is clearly flawed.



Pioneering work by Henriques in the 1940’s revealed a time-temperature
coupling with regard to skin burns, which he believed suggested an underlying

rate process. This led to the development of the Henriques Damage Integral,

Q(r):j;AeXp[;E_,f jdt, (1.1)

where Q(7) is the accumulated damage parameter, A is the so-called frequency
factor, E, is the energy required for damage to occur (i.e. activation energy), R is
the universal gas constant, and T is the absolute temperature (Henriques, 1947).
The damage integral shows that for a chosen metric of thermal damage (i.e.
tissue necrosis, cell death, birefringence loss, etc), equivalent levels of damage
can be achieved using multiple combinations of temperature (T) and duration of
heating (7), assuming all other parameters remain unchanged. Evidently, this
notion of a time-temperature equivalency is not unique to skin burns. On a
microstructural level, Mixter (1963) studied thermally-induced cell death (cancer
cells) and found that the Henriques damage integral fit well his data. Pearce et
al. (1993) used the damage integral to describe the loss of collagen
birefringence with heating in rat skin. Still others have modeled protein
denaturation with the damage integral (Aksan and McGrath, 2003). Thus, the
damage integral has found significant utility, yet it is not without limitations.
Early research by Lennox (1949) and Weir (1949) demonstrated that the
temperature at which thermal shrinkage initiates is modulated by mechanical

load. Furthermore, isolated collagen molecules denature at a much lower



temperature than collagen fibrils (~39°C vs. ~56°C; Na, 1989), and so
configurational entropic constraints may have an effect on the temperature of
denaturation as well.

The majority of data suggest therefore that thermal damage of
collagenous tissue is a rate process (Miles et al., 1995; Wright and Humphrey,
2002), wherein the rate likely depends on a host of factors, including
temperature, loading, and prior thermal damage, but also local constituent to
constituent interactions (Danielsen, 1981). Miles et al. (1995) showed that the
temperature-dependence of the rate of thermal denaturation is best determined
by a series of isothermal tests. Similarly, Chen et al. (1998a) used a series of
uniaxial isotonic (constant load), isothermal tests to determine the effects of
applied mechanical load on the kinetics of thermal shrinkage (a gross measure
of denaturation). Specifically, they found that increasing uniaxial load delays
thermal denaturation. The dependence on mechanical load is important
because tissues are typically subjected to loads in vivo. The loads experienced
by tissues are often complex and multi-dimensional, however, thus uniaxial
experiments, though helpful for delineating general characteristics, are not
sufficient. Harris and Humphrey (2004) performed a series of isothermal, biaxial
isotonic tests on a collagenous membrane (bovine epicardium) to extend the
results of Chen et al. to a multiaxial setting. They found a similar trend in the
biaxial setting. Still, another possible constraint in vivo is one wherein the

dimensions (i.e. the strain state) of the tissue are fixed (isometric).



Investigations into the effect of isometric constraints on the thermal damage of
tissue are lacking. HIT tests, which have been the primary isometric test used
for thermal damage studies, do not seek to determine the effect of varying the
amount of isometric stretch. Lee et al. (1995) developed a variation of the HIT
test that allowed for the application of pre-load (or pre-stretch), but they only
report results on varying the amount of pre-load for gluteraldehyde-fixed tissue.
Therefore, we have sought to determine the effect of a biaxial isometric
constraint on the kinetics of isothermal denaturation of a collagenous membrane
(bovine epicardium).

The kinetics are, however, merely one facet of the thermal damage
process. Given our understanding of the process of mechanotransduction (i.e.,
the ability of a cell to sense local changes in the mechanical environment),
knowledge of cell viability, loss of birefringence or protein denaturation is not
sufficient to predict long-term clinical outcomes. Rather, we must consider also
the changes to mechanical loading on viable cells as a result of the thermal
intervention. Mechanical loading on cells can be altered by direct application
(e.g. by inflating an angioplasty balloon), and\or by a change in the stress
distribution within the tissue, which can be brought about by a change in
structural properties. Mechanical loads applied during thermal treatments are
transient in general (an exception could be the placement of a stent), and
therefore not likely to incite a growth and remodeling response. With sufficient

heating, however, damage to structural proteins (e.g. type | collagen) will



translate into a change of the structural properties (Chen et al., 1998b; Harris et
al., 2003) and could thereby elicit such a response. Therefore, it is necessary to
compare the mechanical behavior of the damaged tissue to that of the native.
Significant changes to the mechanical behavior could suggest an aggressive,
perhaps undesired, growth and remodeling response. Numerous studies have
looked at the altered mechanical response due to heating under a uniaxial
isotonic constraint (Lennox, 1949; Wiederhorn and Reardon, 1953; Consigny et
al., 1989; Morgan et al., 1996; Wallace et al., 2001; and Chen and Humphrey,
1998), and Harris et al. (2003) were the first to perform similar tests in a biaxial
setting.  Still, we have found only one investigation that measured the
mechanical response following an isometric (HIT) test (Hayashi et al., 2000).
There is, therefore, a lack of data on mechanical changes resulting from heating
under an isometric constraint. We have addressed this need by performing a
series of isothermal biaxial isometric thermal damage tests wherein we
compared the native and damaged tissue responses.

Having obtained a good qualitative understanding for the role of isotonic
and isometric constraints in modulating thermal damage to tissue, it is important
to recognize that tissues need not be subjected to only one kind of constraint.
Rather, they are likely subjected to some complex combination of the two.
Therefore, results from the two types of tests must somehow be compared,
though their execution is fundamentally different. One such way to compare

them is to identify a common (or universal) metric of thermal damage. We show



that by combining diffuse white light microscopy (LM) and transmission
polarizing microscopy (TPM) one can assess the extent of prior thermal damage
within tissues heated at a set temperature for various times and subject to either
isotonic (zero load) or isometric mechanical constraints. It remains to be seen,
however, if histological data can be quantified so as to allow for comparison
between isometric and isotonic tests.

Finally, it makes sense to consider also clinical scenarios wherein
chemical adjuncts may be applied to tissue to increase the efficacy. One such
scenario under investigation is the use of glycerol as a clearing agent for laser
therapies that require deeper penetration through turbid tissues. Tissues
immersed in glycerol have reduced hydration due to its hyperosmotic effects.
The role of hydration in governing the mechanics and thermal damage of soft
tissue is significant. Tendons placed in a hypertonic solution exhibit altered
viscoelastic behavior (Haut and Haut, 1997), that is, the strain-rate sensitivity is
reduced. Therefore, water apparently endows tissue with at least part of its
viscoelastic characteristics. Miles et al. (1995) showed that an increased water
content (i.e., swelling) yields a lower endotherm peak temperature in DSC
measurements, which they believe is due to an increase in the activation
entropy. Ramachandran et al. (1973) hypothesized that 4-hydroxyproline
stabilizes the collagen structure through incorporation of water bridges (i.e.
excess hydrogen bonding) that form within and between molecules. Recent

studies support their hypothesis (Burjanadze, 2000; Prockop and Kivirikko,



1995). Therefore, water affects soft tissue in a minimum of two ways: by
changing the tissue volume and by directly interacting with the molecules. We
investigate the effects of glycerol on the biaxial mechanical behavior and thermal

damage kinetics of bovine epicardium.
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CHAPTERII

METHODS

This chapter contains details of procedures that are used throughout most
experiments. Therefore, it is intended to serve more as a reference when

reading through the remaining chapters.

SPECIMEN PREPARATION

We tested bovine epicardium for we have considerable experience with
this tissue (Humphrey et al., 1990; Kang et al., 1996; Harris et al., 2003), it is
readily available, and it is a good model 2-D tissue. Like skin, the epicardium
consists largely of type | collagen fibers that are arranged in a 2-D fashion;
indeed, the gross mechanical behavior of these two tissues is very similar (Lanir,
1979; Harris et al., 2003). Bovine hearts were obtained from the slaughterhouse
within 24 hours of death, and qualitatively assessed for size and for fat content.
Those which were grossly oversized (generally greater than 3 kg, though the
assessment was visual) or those with fat covering more than 75% of the right
ventricular surface were discarded. From each remaining heart, a single
rectangular block of tissue (~ 5 cm x 3 cm) was isolated from the right ventricular
free wall. Each rectangular block was then pinned on a paraffin dissection tray
with the epicardial surface down, and the myocardium was peeled away from

the epicardium (see Figure 2.1). Finally, the pinned ends of the tissue were
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removed, yielding an epicardial sample approximately 30 mm square (thickness

~ 150 um).

Myocardium

red
o '\Epicardium

r

Figure 2.1 Myocardium was carefully peeled from the epicardium, yielding a clean,
undamaged sample.

Next, the tissue was placed atop a circular piece of optical glass (~ 3.2
mm thick) and a thin layer of saline was injected between the tissue and the
glass such that the tissue floated. This allowed the tissue to assume a near
traction-free configuration. The saline was then withdrawn by absorption with a
paper towel so that the tissue rested on the glass surface, thereby securing the
traction-free configuration. Then, the glass was placed on the stage of a
simplified, qualitative version of the Small Angle Light Scattering (SALS; see
Figure 2.2) device, originally developed by Sacks et al. (1997). A circular laser
beam (2 mm beam diameter, 6.5 mW HeNe) was directed perpendicular to the

plane of the membrane via a mirror. The scattered, transmitted light projects
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onto a piece of white paper situated approximately one centimeter below the
tissue, and the projected image is captured by a CCD and output to a black and
white monitor. The scattered light tends to take on a more elliptical shape, with
the minor axis corresponding to the primary fiber direction in the tissue. Multiple
areas of the tissue surface were imaged, and the ‘average’ preferred direction
was determined qualitatively. Because of the importance of determining the
preferred direction within reasonable error (discussed below), our qualitative
SALS device was verified against the automated, quantitative SALS device in
the lab of Dr. Michael Sacks at The University of Pittsburgh. Chapter Il is

dedicated to that study.

Figure 2.2 Small Angle Light Scattering (SALS) device used in our study. Laser light is
directed perpendicular to the surface of the tissue, and the transmitted, scattered light is
captured by a CCD to yield the image on the right. The minor axis of the ellipse
corresponds to the preferred fiber direction. (Device was designed by Jason Campbell as
part of an undergraduate project)
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Next, the tissue was removed from the optical glass and placed atop a
square grid such that the preferred fiber direction coincided with the demarcated
side of the square (this allowed us to keep track of the preferred direction), and
such that the myocardial surface was face down. Saline was again injected
beneath the tissue and subsequently withdrawn to secure the tissue in a
traction-free configuration. Dots of India ink were placed on the tissue to mark
the suture locations (five dots per side), and small drops of glue were placed on
the dots of India ink to prevent them from being inadvertently rinsed off or
smeared during the suturing process. Next, working under a microscope,
tracking markers (50 — 90 um diameter, dyed microspheres) were placed in a
four-by-four array in the central region (~ 1 x 1 mm?) of the tissue and glued to
the surface, using a drawn pipette to dispense the glue. (During the marker
placement and gluing, care was taken to prevent saline puddles from forming on
the tissue surface.) After a minimum of five minutes was allowed for the glue to
set, the tissue was transferred to the suturing apparatus, taking care to align the
preferred direction with the y-axis. Next, a mounting rod was attached to each
side of the tissue via a continuous loop of rayon thread. Finally, the tissue was
placed in the specimen chamber of the device (Figure 2.3) such that the tracking
markers were facing down, and the mounting rods were placed in the device

load carriages.
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Figure 2.3 Top view diagram of the biaxial testing system. The chamber is constructed of
0.5 inch acrylic, insulated with 0.75 inch polystyrene, and covered from above. A quartz
glass widow under the specimen allows the tracking markers to be monitored by the CCD
(not shown). Closed-loop feedback control is on force or stretch. The inset illustrates the
regions of the tissue defined as outer (unconstrained) and central (constrained) in both a
top view (above) and cross-section view (below).

DESCRIPTION OF DEVICE

The biaxial device was developed and constructed as part of the Ph.D.
work of Dr. Jason Harris, under the instruction of Dr. Jay Humphrey. A concise
overview of the device is given here, and explicit details can be found in Chapter
Il in Harris (2003). The device is capable of performing a wide array of load- or
stretch-controlled mechanical tests on tissues immersed in a thermally-

controlled, clear fluid. The water-tight specimen chamber (~2 L) is constructed
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of one-half inch polycarbonate, in the shape of a cross. A circular optical
window is centrally located in the floor of the chamber to allow for video capture
of the tracking markers (discussed below). Within each arm of the cross is an
aluminum loading carriage, into which an aluminum mounting rod fits. Two of
the mountings carriages (one per axis) are attached to submersible,
temperature-compensated load cells (Sensotec, 250g), which are rigidly
attached to external computer-controlled stepper motors by means of stainless-
steel rods that puncture the wall of the chamber. The other two loading
carriages are similarly attached to stepper motors, minus the load cells. The
holes through which the rods pass into the chamber are sealed with rulon
bearings, which serve the dual purpose of reducing friction. The motors are
controlled using custom-designed software via feedback from either the load
cells (for load-controlled tests) or the positions of the tracking markers (for
stretch-controlled tests; see ‘Online Computation of Stretch Ratios’ below). A
CCD camera mounted beneath the specimen chamber “looks” at the underside
of the tissue through the optical window, by way of a 45° mirror (see Figure 2.4).
An image of the tracking markers is captured at 30Hz via the CCD camera and a
video frame-grabber board, which digitizes the image to a 512 x 512 pixel array.
(The image is also captured to video cassette in the event strains have to be
calculated off-line.) For each capture (i.e. every 1/30 sec), a search algorithm
based on pixel intensity values is used to locate the approximate pixel

coordinates for the centroid of each marker. The software then computes the
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stretch ratios by comparing the current marker positions, given by pixel
coordinates, to the reference positions using bilinear isoparametric interpolation

(Humphrey et al., 1987).

Mirror

Figure 2.4 lllustration of the camera configuration for viewing the tracking markers.
Markers are reflected off a mirror, through an optical window in the floor of the specimen
chamber. (Figure taken from Harris, 2002)

We chose to use four markers in a quadrilateral configuration to compute
the deformation. Though not required, the reference configuration was always
chosen to be traction free (recall that traction free does not imply stress free).

Let the marker locations be defined as shown in Figure 2.5.
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Configuration

Figure 2.5 Marker numbering scheme, along with corresponding position coordinates.

F(t) is the deformation gradient, and the deformation field can be calculated at

any time, t, as

(X +u)

oY

oY +v) |’ (21)

ox  Ox (X +u)
E_|0X oY |_| oX

ay oy oY +v)

oX oY oX

oY

where u and v are the instantaneous displacements relative to the reference

position in the x and y directions, respectively.

represented as the sum of two tensors, namely

u | [
E_| X Ay |_,,|oX
v v
oX oY oX

Note, too, that F can be

ou
oY
ov
oY

~I+H. (2.2)

Therefore, to solve for F, the gradient of the displacement field, H, must be

computed. To compute H, the displacement of each marker must be calculated,

which is easily done using the coordinates of each marker i



u=x-X , v,=y-Y. , i=[1234].
Having calculated displacements at the four discrete locations, a bilinear

interpolation function

f(r,s):(1—r,r)4(r1—s,s) , rse[-11]

1

is then used to formulate C' continuous functions for the approximate

displacements over the domain of r and s, namely

ur,s)= Y (r. s,

v(r,s)= if,.(r,s)v, .

Effectively, the area defined by the marker locations is parameterized to a
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(2.3)

(2.4)

(2.5)

square (Figure 2.6), within which the displacements can be calculated at any

point.
S
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Figure 2.6 Parameterization of instantaneous marker positions.
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Recognize now that the following relations hold for both u and v:

0 o oX 0 oY 0 o oX 0 oY
—=——4+—— and —=——+——, (2.6)
os oX 0s 0Y os or oX or oY or

or, in matrix form,

0 oX oY || 0
oS 0s 0s ||oX

= : (2.7)
o X oY o
or or or |loY
Therefore, H is obtained by solving
o) [ax av]'(e
oX|_| 0s 0s 0s (2.8)

o[ |ex av| o
oY or or or

for both u and v, from which it is evident we also need parametric

representations for X and Y, which are assumed to be given isoparametrically as

- . (2.9)
Y(r,s)=Y f(r.s)Y,
i=1
Finally, having solved for H, and thus F, the components of F are
ou ou
"X oy | _[A x
F,=| © - . (2.10)
8_V 1+ﬂ K2 12
oX oY

It is worth noting that the true stretch ratios A4 and A for line segments originally
along the primary stretching axes are given by equation (2.16). Those values were

not used for the feedback control, primarily because the biaxial device in not
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capable of compensating for excess shearing, but also because of the increased
computational expense. It was for this reason that we were careful to align the
preferred direction with one of the primary stretching axes. In doing so, the values
of k1 and x» are minimized, thus the error between A and A is minimized. The
values in equation (2.16) were used in all off-line data analysis.

The temperature of the fluid in the specimen chamber is controlled by
means of fluid exchange with a six-liter, thermally-controlled reservoir. Fluid
exchange is accomplished via two variable-speed analog roller pumps
(Masterflex) operating in opposition, and all fluid conduits are insulated with
foam to minimize heat dissipation. The reservoir contains two 500 watt
immersion heaters, which are controlled by two digital temperature controllers
(Cole-Parmer). One controller monitors the temperature in the specimen
chamber using a T-type thermocouple placed very near the tissue, and the other
controller monitors temperature within the reservoir using a thermistor (in
general, the reservoir is maintained approximately 5°C above the chamber).
This coupled control allows for the maintenance of a baseline temperature in the
reservoir, while also allowing for additional heat input should the chamber

temperature decrease below the set point.

MECHANICAL TESTING
For consistency, each specimen was subjected to nearly the same

mechanical history. After mounting the tissue in the device, a nominal stretch
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was applied so that the tissue had no folds. Because the tissue has a tendency
to sink, and thus deviate from the focal plane of the camera, small pieces of
polystyrene foam were placed on the underside of the tissue to render it nearly
neutrally buoyant. Next, the tissue was preconditioned biaxially from 0.02 to
0.78 N for ten cycles (0.05 Hz), at which time the mechanical response
remained consistent. The sutures were then slackened and the native traction-
free reference configuration, By, recorded. Next, the native tissue was subjected
to an equibiaxial stretching test, during which the tissue was cycled between
zero and 0.88 N in the ‘stiffer’ direction at 0.03 Hz while the stretch ratios were
maintained equal in each direction. It can be shown that the in-plane fiber
orientations are maintained fixed in equibiaxial tests, thus allowing one to
interrogate material symmetry (Appendix A). The next tests performed were
‘constant-x’ and ‘constant-y’ tests. In the ‘constant-x’ test, the x-direction is
maintained at a chosen stretch while the y-direction is cycled between two
prescribed values. For the tests herein, the bounds of stretch were 1.07 and
Amax, Where Amax is the maximum value of stretch obtained in the equibiaxial test.
The ‘constant-y’ test is similar, merely reversing the directions. These tests are
particularly useful in identifying functional forms of 2-D strain energy functions
(see Humphrey et al., 1992). Finally, a proportional stretch ratio test was
performed, during which the stretch in each direction was cycled between two
prescribed values while maintaining the ratio of the two stretches equal to some

constant other than one (which would coincide with an equibiaxial test). The
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results of such tests are useful for parameter estimation and examining the
predictive capability of any model that may be formulated. All tests were run for

five cycles at 0.03 Hz.

FLUID EXCHANGE PROCEDURES

Exchanging room temperature fluid for heated, circulating fluid (saline or
glycerol): Refer to the diagram in Figure 2.7. We attached tubes RT1 and RT2
to connectors PA1 and PA2, respectively, and then placed pump ‘PA’ in max-
speed reverse flow until all room temperature fluid was evacuated from the
specimen chamber. Next, we detached tubes RT1 and RTZ2, and then
connected tubes HC1 and HC2 to connectors PA1 and PA2, respectively. Then,
pump ‘PA’ was placed in forward flow at a moderate to low speed. Once the
chamber had filled to the appropriate level (i.e. when all loading carriages were
immersed), which took approximately 30 seconds, pump ‘PB’ was placed in
reverse flow, and the speeds of both pumps were adjusted until a steady fluid
level was achieved (i.e. inflow = outflow). Typically, the motor speeds were set
near 60 percent of maximum, and they required fine, periodic adjustments if
circulation was maintained in excess of 20 minutes.

Exchanging heated fluid for room temperature fluid: At the conclusion of
heating, both pumps were placed in reverse flow at maximum speed until the
specimen chamber was evacuated. Next, having turned the pumps off, we

detached tubes HC1 and HC2 from, and connected tubes RT1 and RT2 to,
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connectors PA1 and PA2, respectively. We then placed pump ‘PA’ in forward
flow at a moderate to low speed until the specimen chamber was again filled to
the appropriate level with the room temperature fluid. Note, approximately 60
seconds passed between the tissue losing contact with the heated fluid and
making contact with the room temperature saline. Therefore, to quench the
tissue more rapidly, we gently dripped room temperature saline on the tissue,
using a 10 cc syringe, immediately after the tissue had lost contact with the

heated fluid.

Reverse Flow ====p
Forward Flow ¢

RTA Room
Temp.
Reservoir
Specimen
Chamber
Heated
Reservoir

Figure 2.7 Fluid flow diagram. Note that pump PB was only used in reverse flow.

HISTOLOGICAL PROCESSING
At the conclusion of each experiment, the tissues were placed in a
shallow pool of 10% neutral buffered formalin, covered, and then refrigerated for

two to five days. This allowed us to “fix” the sample in a nearly flat, unloaded
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configuration. The tissues and formalin were then transferred to clearly labeled
specimen bags (100ml Whirl-Pak®) and refrigerated for no more than four
weeks. For histological preparation, the samples were taken to the histology lab
in the department of Veterinary Anatomy & Public Health at Texas A&M
University. Samples were then sliced in half along the preferred fiber direction to
maximize birefringence. Note that preferred directions were not determined for
the free-shrinkage tissues herein, thus they were sliced in half along an arbitrary
axis. Harris et al (2003) noted that free-shrinkage tissues were near isotropic,
however, and therefore an arbitrary slicing axis is justified. Each half of the
tissue was then embedded on-edge in separate paraffin blocks, with the sliced
edge up. One block was stored for future use, and from the other block five
sections (5 um each) were taken. Sections 1, 3 and 5 were stained with
hematoxylin and eosin (H&E) for analysis of morphology and birefringence, and
sections 2 and 4 with Weigert van Gieson (WvG) stain for analysis of elastin
distribution and morphology. Having sectioned the tissue in this way, we were
able to look at both the periphery and the center of the specimen (away from
stress concentrations due to the loading sutures in the biaxial tests; see inset of

Figure 2.3).

DATA ANALYSIS
Marker positions (pixel coordinates) and load cell readings are output to a

file, from which the deformation gradient is computed in the same fashion as
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outlined above. From the deformation gradient, one can calculate the requisite
stretch ratios along the axes of pull. Imagine a line segment in the reference
configuration (i.e., prior to stretching) that lies in the direction of unit vector M
with magnitude dS. Following the deformation, the line segment will have an
orientation in the direction of unit vector m with magnitude ds. The stretch ratio

A for that line segment is defined

_ds

A=—0.
dS

(2.11)

Recall, the deformation gradient relates line segments in the reference

configuration to line segments in the current configuration, and therefore
dsm=F-(dSM). (2.12)

Using the definition of vector magnitude to our advantage, the stretch ratio can

be determined as follows:

ds = /[F-(dSM)]-[F - (dSM)]

ds = dS+/(M-F")(F-M)
as -
E_\/M C-M, (2.13)

where C=F" -Fis the right Cauchy-Green tensor. Note that by the polar
decomposition theorem,
F=R-U (2.14)

ReOrth® UePsym



26

where R contains all of the rigid body motion. Therefore,

C=U .R"-R-U=U7?, (2.15)
which reveals that C, and thus the stretch ratios, are insensitive to rigid body
motion. The stretch ratios along the primary axes of pull are easily found by

solving equation (2.14):

for M=[1 0] = A,=\F2+F}
for M=[0 1 = A,=\F2+F}

Stresses may also be calculated from the data file. Cauchy stress t is defined

(2.16)

as the current force acting over the current area, and can be found through the
deformation gradient and measurable quantities using

t-'F.p, (2.17)
J

where J is the determinant of F, and P is the first Piola-Kirchhoff tensor, defined
as force per unit undeformed area, and the components of t are

1
L :ijAPAj- (2.18)

For the biaxial stretching of a membrane, F and P are given as

L'?H 0 0
A Kk, O 2 ;
F=|x, 4, 0| , P=| 0 ﬁ 0|, (2.19)
0 0 1
% 0 0 0
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where f; and f; are the forces along the primary stretching axes, Ly and L, are
the undeformed planar dimension of the tissue, and H is the undeformed

thickness (see Figure 2.8). Therefore the components of t are

A £ o= £, _ & K,f,

Sl = =21 2.20
JLH 2 JLH (2.20)

t, = = r2
11 12 JL,]H 21 JL1H

where t12 = 1 by symmetry. Because thickness measurements are difficult, we
exploit the membrane theory, which is valid for any problem wherein the
thickness is small relative to the planar dimensions, the out-of-plane stresses
are negligible, and the in-plane stresses do not vary significantly through the
thickness of the membrane. Therefore, we can compute the components of the

in-plane Cauchy stress resultant T

h/2
T, = | tax, =t;h, (2.21)
—h/2

where h is the deformed thickness. Now, recalling that h/H = 1, , the stress

resultants are given as

i
(}“1}“2 LYLY )Lz

A

’ T22 = fziz ) 7-12 = T = - (2.22)

T, =
" (}“1}“2 _K1K2)L1 “ (}‘1}'2 _K1K2)L1

Note that when the values of k1 and «» are small, T12 and T, are approximately
zero, and therefore the x values give us an indirect indication of shear within the

tissue.
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Figure 2.8 Representation of a biaxial stretch. The membrane is shown also to rotate
with the applied load, which illustrates that rigid body motions are present. The measure
of strain chosen, however, is insensitive to rigid body motion.

The epicardium is mechanically anisotropic, in general, and after several
experiments were performed it became evident that the anisotropy was
inconsistent from tissue to tissue, and that changes induced by thermal damage
also varied. Therefore, it proved convenient to analyze data in terms of a single
scalar measure of the tensorial membrane stress, namely the magnitude of T,

which is defined as

T = tr(T-T7). (2.23)

In doing so, we had to choose also a single scalar measure for the stretch. T is

a one-point tensor that exists in the current configuration. Similarly, the left
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“stretch” tensor V =+/F-F’ exists in the current configuration, and was therefore

a logical choice. The magnitude of V is found in the same way as that for T.
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CHAPTERIII

VALIDATION OF QUALITATIVE SALS DEVICE

INTRODUCTION
Recall from Chapter Il that feedback for stretch-controlled tests is based

on that A, =F, and that A, =F,,, whereas the actual stretch ratios along the

axes of stretch are A, =\F3+F/ and A,=.F.,+F, (see equation (2.16)).
Therefore, as the off-diagonal components of F (which reflect shear strain and
rigid body rotation) become larger, the error in the calculation for the stretch
ratios A1 and A, becomes greater. Shearing is minimized when the preferred
fiber direction is aligned with a primary stretching axis, and therefore it is
important that our qualitative SALS device be reasonably accurate. Also,
because we cannot re-suture the tissue after heating, it is desirable that the
preferred fiber direction not change, that it remains along a primary stretching
axis. Finally, in comparing our results on right ventricular tissue to isotonic tests
on left ventricular tissue (Harris et al., 2003), it is important to recognize that
differences (or similarities) in mechanical behavior may reflect differences in
fiber architecture. In this chapter we report results on the mapping of fiber
architecture of left ventricular (LV) and right ventricular (RV) tissues, before and
after heating under different biaxial isometric constraints. For contrast, we also

report results for one tissue that was heated with no constraints (i.e. free-
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shrinkage). The mapping was performed using the automated, quantitative
SALS device of Sacks et al. (1997), from which we took the inspiration for our

simplified qualitative SALS.

METHODS
Specimen Preparation

Eight tissues were dissected from four hearts according to the method in
Chapter Il, with the exception that four of the tissues were taken from the left
ventricle (LV) and four were taken the right ventricle (RV). Next, the preferred
fiber direction was determined using the simplified SALS technique described in
Chapter Il under “specimen preparation”. The preferred fiber direction was
marked by placing two dots of India ink near the border of the tissue, opposite
one another. Small drops of glue were then placed on the India ink to prevent it
from being rinsed off. Next, two of the RV tissues were stretched, one by 20%
and one by 40%, in both the preferred and non-preferred directions, and affixed
to plastic frames via staples (Figure 3.1). The same was done for two of the LV
tissues. The percentage of stretch was approximated visually, with the help of a
scale. A third LV tissue was designated for a free-shrinkage test, and two
tissues, one from the LV and one from the RV, were set aside to be used as
native controls. The fourth RV tissue was not used. Care was taken to couple
the tissues such that both native tissues came from the same heart, both tissues

subjected to 20% stretch came from the same heart, and likewise for the 40%
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stretch tissues. This at least facilitated direct comparison between the LV and
RV for each test constraint (i.e. native, 20% stretch, and 40% stretch), while
comparisons between the different constraints would be mildly blurred by

specimen variability.

Central Plastic
Tissue
Staple

Figure 3.1 lllustration of frame-mounted tissue. The cut-out in the center of the frame
allows for heated saline to contact both sides of the tissue.

Thermal Treatment

A 200 ml beaker filled with normal saline was placed atop a hotplate
(Cole-Parmer model # 4803-00) and heated to equilibrium at 75°C, which took
approximately 15 minutes, during which the beaker was covered to prevent
evaporation and thus a change in solute concentration. The cover was then
removed, and the frame-mounted tissues, as well as the free-shrinkage tissue,
were placed in the beaker. The cover was replaced and the tissues remained in

the heated saline for 900 seconds. At the conclusion of heating, the samples
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were rapidly transferred to a 1000 ml beaker filled with room temperature saline.
Next, the tissues were removed from the mounting frames, and all tissues were
transferred to clearly labeled, individual specimen bags (100ml Whirl-Pak®) filled

with 10M glycerol and refrigerated for 16 hours.

Automated Quantitative SALS

SALS experiments were performed in Dr. Michael Sacks’ lab, at the
University of Pittsburgh, with the help of David Merryman, a Ph.D. candidate.
Details of the automated SALS device and its operation can be found in Sacks
et al. (1997). Briefly, one tissue was removed from its specimen bag and placed
between two large glass cover slips (~ 8 x 5 cm) that had been sealed on three
sides (tissue mounting rig; Figure 3.2). The space between the cover slips was
slightly larger than the thickness of the tissue, and so the tissue was not
‘pressed’. The empty volume between the cover slips was then filled with 10M
glycerol, because glycerol renders the tissue more optically transparent. Next,
the contraption was mounted in the automated SALS device and the surface
was scanned. Briefly, a circular laser beam is directed perpendicular to the
surface of the tissue, and the transmitted, scattered light is projected onto a thin,
white plastic screen. The projected image is captured by a CCD and fed into a
computer, which measures and stores the transmitted light intensity at every
point (i.e. pixel) in the image. A biaxial motorized carriage then moves the tissue

a small amount, and the intensity is again measured. The scanning continues
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until the entire area of interest has been measured, and the data output to a text
file. Finally, the tissue mounting rig was removed from the SALS device, a
digital photo was taken of the tissue, and the tissue was removed and discarded.

This procedure was repeated for all seven tissues.

Glass ( M S G G-,
Ty I Y

Coverslips
Glycerol
Tissue
Rubber
Seal

Figure 3.2 Top and side view illustrating the placement of the tissue between glass cover
slips. This mounting rig was then placed into the automated SALS device (Sacks et al.,
1997).

Post-Processing of Data

The data files were analyzed using the Small Angle Light Scattering
Analysis (SALSA) software provided by Dr. Michael Sacks. From each data file,
the software computes three parameters — intensity distribution, orientation
index (Ol), and preferred fiber angle. The intensity distribution is determined by
summing the light intensities of the elliptical scattering pattern along radial lines

in one-degree increments. The net result is a graph similar to Figure 3.3.



35

Because the intensities at angle 6 and 6+ /2 lie along the same axis, the

average of the two is taken as the intensity profile for 6 =[0,7/2] (Figure 3.4).

The ‘preferred’ fiber direction is the angle at which the area under the solid curve
is divided in half. The Ol is then taken to be the span about the preferred fiber
direction, wherein the area under the curve is equal to 50% of the total area.
Therefore, a very narrow peak will yield a small Ol, which represents a high
degree of orientation. Finally, as a means to qualitatively compare the
magnitude of the intensities for each tissue, we adjusted the intensity threshold
in the SALSA program until approximately 50% of the total tissue surface was
visible. A higher intensity threshold signifies a larger transmitted light intensity,
and therefore an increased optical transparency. For this reason, we refer

henceforth to the intensity threshold as the transparency.
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Figure 3.3 Representative plot to show the intensity of transmitted light as a function of

angle. Note, the curve has been smoothed to eliminate ‘noise’, and values have been
shifted vertically such that the minimum value is forced to be zero.
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Figure 3.4 Determination of intensity profile for a single location. The solid curve
represents the average of the intensities at 6 and 6 + =n/2 for the analyzed region. The
vertical dashed line is located at the preferred fiber direction. The two vertical solid lines
represent the boundaries that define the orientation index (Ol), which is equal to the
difference in the angles.

RESULTS
Native Tissues

As mentioned previously, fiber orientation as determined in our lab at
Texas A&M was marked with India ink on the tissue surface. Scans performed
with the automated SALS device confirmed that our gross measure of overall
fiber orientation in the native tissues is valid for both the RV and the LV (See
Figure 3.5 and Figure 3.6, respectively). Furthermore, values for the average Ol
(averaged over a 0.5-inch square region) were indistinguishable between the RV

and LV, meaning they both had the same degree of orientation. The
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transparency was slightly lower for RV than for LV, which could be due to a

difference in tissue thickness, hydration, or even composition (see Table 3.1).
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Figure 3.5 SALS scan of the native RV tissue. The colors represent the orientation index
(see scale on left), and therefore pink is highly oriented whereas blue is mildly oriented.
The short lines throughout the picture represent the local preferred fiber directions within
the tissue. Note how fiber orientations are fairly consistent, especially through the
central region.



38

Figure 3.6 SALS scan of the native LV tissue. The colors represent the orientation index
(see scale on left), and therefore pink is highly oriented whereas blue is mildly oriented.
The short lines throughout the picture represent the local preferred fiber directions within
the tissue. Note how fiber orientations are fairly consistent, especially through the
central region.

Table 3.1 Comparison of orientation index and intensity threshold for the seven tissue
specimens

LV RV
Native Heated Heated Heated Native Heated Heated
Control Free & 20% Stretch | 40% Stretch ] Control | 20% Stretch | 40% Stretch
Average Ol 44 48 41 39 43 43 43
Intensity Threshold 77 63 77 91 72 67 81

LV, 20% Stretch, 15 Minutes of Heating
A digital photo along with the SALS image of the tissue is shown in Figure
3.7. As with the native tissues, the preferred fiber direction corresponded well to

the India ink marks, and the orientation was consistent throughout the tissue.
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The OI, however, was generally lower than that of the native tissues (as seen by
increased amount of red), which suggests that the imposed stretch during
heating increased the ‘strength’ of orientation within the tissue. Tissue
transparency (as marked by intensity threshold) was unchanged from that of the

native tissue (Table 3.1).

RV, 20% Stretch, 15 Minutes of Heating

Again, fiber direction corresponded well with India ink marks (Figure 3.8).
Unlike the LV, however, the Ol was unchanged from that of the native tissue
(Table 1). The image in Figure 3.8 illustrates well the effect of the staples
(points of applied constraint) on fiber directions. In particular, fibers in the
immediate vicinity of the staple points have very low Ol values (pink color on
image), which reflects a high degree of orientation. Finally, tissue transparency

was only slightly lower than that of native tissues.
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Figure 3.7 Digital photo and SALS image of LV heated at 75°C for 15 min while stretched
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fiber direction as determined by our lab. Note how the small lines on the SALS image
point in the same direction as the India ink marks.
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Figure 3.8 Digital photo and SALS image of RV heated at 75°C for 15 min while stretched
approximately 20%. The India ink marks the preferred fiber direction as determined by
our lab. Note the correlation between the staple insertion points, and regions of highly
aligned (pink) fibers in the SALS image.
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LV, 40% Stretch, 15 Minutes Heating

Fiber orientation is the most dramatic in this sample (Figure 3.9).
Orientations are very consistent within the tissue, and more than 60% of the
area is shown as highly oriented (red color). The average Ol is approximately
11% lower than that for the native tissue (Table 3.1). Furthermore, tissue
transparency is approximately 18% greater than for native tissue. Overall, it

appears that the high imposed stretch had a significant affect on the LV tissue.

RV, 40% Stretch, 15 Minutes Heating

This tissue was not affected as dramatically as the LV (Figure 3.10). The
SALS image appears to reveal a decrease in the overall Ol, because of the
increased amount of red. The increased red, however, is offset by an increase
in the brilliant green color (increased Ol), thereby yielding no net change in the
average Ol value (Table 3.1). Furthermore, we see only a modest increase in

tissue transparency (approximately 11% versus the 18% seen in the LV).
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Figure 3.9 Digital photo and SALS image of LV heated at 75°C for 15 min while stretched
approximately 40%. The tissue has significantly more aligned than the native LV, which

is well-illustrated by the abundance of red in the SALS image.
aligned in the direction of the India ink marks in the photo.

Again, the fibers are
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Figure 3.10 Digital photo and SALS image of RV heated at 75°C for 15 min while stretched
approximately 40%. The tissue has a larger number of highly aligned (red) regions than the native
tissue, however they are offset by an increased number of poorly aligned (green) regions, and
therefore the overall ‘strength’ of alignment is unchanged. Again, the fibers are aligned in the
direction of the India ink marks in the photo.
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Free Shrinkage

Unlike the stretched samples, the free-shrinkage sample had a higher
average Ol than the native tissue (approximately nine percent increase), which
suggests the fibers were less oriented. This is graphically depicted as an
abundance of green in Figure 3.11. Though the strength of orientation was
decreased, the direction of orientation remained fairly consistent throughout the
tissue. Also in contrast to the stretched tissues, the transparency decreased by

approximately 18 percent (see Table 3.1)
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Figure 3.11 SALS image of LV heated at 75°C for 15 min under zero constraint (i.e. free-
shrinkage). Note the lack of highly aligned (red) regions, in stark contrast to the highly
aligned fibers in Figure 3.9. This image reinforces the point that mechanical constraint
influences fiber alignment. Though the India ink marks are not apparent in the photo (not
shown), the fibers are more or less aligned in the direction of the marks .
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DISCUSSION

SALS is a proven method for quantifying the fiber architectures of tissue
up to 500um thick (Sacks and Chuong, 1992; Sacks et al., 1994; Sacks et al.,
1997; Sacks and Gloeckner, 1999). Herein we have used this method to
validate our simplified, qualitative SALS, and to explore the effects of various
mechanical constraints on the fiber architecture and tissue transparency. Using
our qualitative SALS device, the primary fiber direction is generally more difficult
to determine in the RV than in the LV. We were surprised, therefore, to see that
the two tissues were very similar when analyzed with the automated,
quantitative SALS device. We had expected the RV to have a much larger Ol
(less orientation), but that was not the case. Interestingly, however, the
transparency of the native RV was slightly less than the native LV, which could
account for the increased difficulty in estimating the primary fiber direction of the
RV with our simplified SALS device. The observation that our gross
determination of the preferred fiber direction was in agreement with local fiber
directions as determined by the quantitative SALS is very encouraging. Indeed,
it lends credibility to our device and our methods. Furthermore, the ‘near-
homogeneity’ of fiber orientation in the native tissues is important because it
indicates that tissue samples are not sensitive to the location from which we cut
them. In other words, if one sample is located nearer the base of the heart, and

another nearer the apex, the two will likely be very similar.
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We have shown repeatedly that imposed constraints during heating of the
bovine epicardium have an affect on resultant mechanical properties (see Harris
et al.,, 2003). The results herein are the first to show effects of imposed
isometric constraints, during heating, on the resultant fiber orientations (and
tissue transparency). Consistent for all stretch tests is that the primary fiber
direction is unchanged by the isometric heating. Heated fibers remained in-line
with India ink marks placed according to native fiber alignment. If one were to
make an argument for a change in the fiber orientation, it could only be that
more fibers were aligned in the primary direction following heating. Of particular
interest is the apparent difference between the effects of constraint on the LV
and RV tissues. The data in Table 3.1 reveal a consistent decrease in the Ol of
the LV with increased isometric stretch, yet no change in the Ol of the RV with
increased stretch. In essence, this suggests that LV tissue becomes more
highly aligned when isometric constraints are imposed during heating, while RV
tissue alignment is unchanged (on average). Mechanically speaking, this would
perhaps translate into an increased anisotropy for LV tissues after heating. We
have examined our data for isometric tests on LV tissue (data not shown),
however, and do not see any tendency towards increased anisotropy, though
the constraints imposed were comparable to the 20% and 40% stretches used
for this SALS study. Therefore, it seems that the decreased Ol in the present
study is either a result of tissue-to-tissue variability or that a change in the Ol is

not indicative of a change in mechanical properties. Finally, the observation that
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the areas immediately surrounding the staple points (stress concentrations)
have extremely low Ol values was not surprising. Indeed, it was expected.

With regards to the change in tissue transparency (as measured by the
intensity threshold), the LV showed the largest change with imposed isometric
constraint (18 percent change with 40 percent stretch, versus 12.5 percent
change for RV). Again, it is difficult to determine if the difference is due to tissue
variability or if the LV is more sensitive to mechanical environment during
heating. Tissue variability is not as likely because the tissues were taken from
the same heart. It may be that the Ol and intensity threshold are highly coupled
values, therefore it would make sense that the LV changes more drastically than
the RV in both quantities.

Finally, a few comments on the free-shrinkage sample. It is well-known
that a planar collagenous tissue that is sufficiently heated under zero constraint
will shrink in the planar dimensions and become thicker in the out-of-plane
dimension. Indeed, the free-shrinkage tissue herein became smaller and more
opaque. Therefore, as one might expect, the optical transparency decreased
(approximately 18 percent, see Table 3.1). Perhaps more interesting was the
apparent increase in the average Ol, which suggests that the tissue became
more isotropic (less oriented) upon heating under zero constraint. Hence, we
again see the effect of a constraint (or lack thereof). Still, the observation that
the overall preferred fiber direction was unchanged from the native state would

seem to suggest that shrinkage occurs equally in all directions. We know,
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however, that shrinkage is not equal in all directions (Harris and Humphrey,
2004).

We recognize that this study is not comprehensive, and there are
shortcomings. The most obvious shortcoming is the relative lack of samples.
Specimen variability is a well-known challenge in tissue studies, and this study is
no different. It could be that the changes evident in Table 3.1 are due only to
differences between the hearts, or it could be that the differences are real. More
data are needed answer that question. Furthermore, the isometric stretches
were only visually estimated with a ruler, and therefore are not precise. That
said, we have firmly established that our qualitative SALS device is sufficient for
determining the preferred fiber direction in our samples. Furthermore, we have
shown convincingly that the preferred fiber direction is unaffected by imposing
an isometric constraint on the tissue during heat treatment. Thus, the primary

objectives of the study have been fulfilled.
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CHAPTER IV

KINETICS OF THERMAL CONTRACTION

INTRODUCTION

Although the literature on thermal damage of collagen has been
dominated by studies that employ the concept of equilibrium thermodynamics,
collagen denaturation is clearly a rate process (Miles et al., 1995; Wright and
Humphrey, 2002). It is difficult, however, to determine the reaction rate because
it depends on multiple experimentally-controllable parameters, some of which
may be coupled. Furthermore, the variation in one of the parameters is often
used as a means of measuring the thermal damage. For example, Harris and
Humphrey (2004) performed biaxial thermal damage tests wherein they held the
temperature and the load constant, and measured shrinkage. Yet shrinkage is
likely associated with a change in configurational entropy, which has been
implicated as a determinant of the rate of thermal damage (Miles and
Burjanadze, 2001). The complexities notwithstanding, we can still delineate
general characteristics for the role of various parameters on the rate of thermal
denaturation. The purpose of this chapter is to investigate the role of a biaxial
isometric constraint on the isothermal kinetics of thermal denaturation, as
measured by the evolution of so-called contraction forces. Indeed, this is the
first study to do so biaxially. Tissues are held at a constant deformation and

temperature while a change in isometric contraction force is measured. It is
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shown that the characteristic times of isometric contraction (712 and 1, defined
herein) depend exponentially on the amount of stretch imposed on the tissue
during heating. Furthermore, the ultimate values of contraction force along both
axes are independent of the isometric stretch. Results are discussed in light of

previous studies on the kinetics of thermal damage to collagenous tissue.

METHODS

Specimens were prepared and placed in the device as described in
Specimen Preparation in Chapter Il and subjected to the mechanical testing
protocol, also outlined in Chapter Il. Following mechanical testing in the native
state, specimens were subjected to one of four isometric conditions (see Figure
4.1): (a) 1.03’, with A4 = A2 = 1.03, where A1=F14, A2=F2 and F is the deformation
gradient relative to the native reference configuration, Bn, (b) low-stretch’, with
A = A2 = 1+0.4(Amax-1), where Amax was the maximum stretch ratio attained
during the equibiaxial loading test to 0.88N, (c) ‘elbow’, with A1 = Ay =
1+0.7(Auax-1), and (d) ‘high-stretch’, with A1 = A, chosen such that the pre-load
was equal to 0.49 N in the stiffer direction. Specimens were first taken to the
prescribed equibiaxial stretch ratio (e.g., A1 = A2 = 1.03), and the loading
carriages were moved inward (toward the specimen) a set distance of 10 mm
such that the sutures became slack. The specimen was placed within a
polystyrene insulating cell filled with room temperature saline, and the room

temperature solution in the chamber was then replaced with a high temperature,
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normal saline solution maintained at 75°C, following the procedure described in
Chapter Il. Adequate time was allowed for all chamber components to reach
thermal equilibrium; although the load cells are thermally compensated, small
heat-induced offsets were observed and recorded. The specimen was then
removed from its insulating cell and suspended above the heated chamber (for
no more than 15 seconds to avoid premature thermal damage). Each loading
carriage was then rapidly (and simultaneously) moved outward (10 mm) so that
the prescribed equibiaxial stretch was regained, and the specimen quickly

submerged (it took approximately one second to get the specimen back to this

configuration).
£75 : . . .
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Figure 4.1 Typical Cauchy membrane stress versus stretch response for native bovine
epicardium in the stiffer direction. Shown, too, are the approximate isometric constraints,
relative to the native tissue equibiaxial response, imposed during heating. These
constraints are called “1.03’, ‘Low’, ‘Elbow’, and ‘High’; see text for specific definitions.
Note that the High constraint is the only one that imposes a significant pre-stress prior to
heating.
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The specimen was kept in the high temperature bath for 900 seconds,
during which the forces required to maintain the tissue at its fixed length were
recorded. The high temperature saline was then replaced with room
temperature normal saline, using the procedure described in Chapter II, and the
specimen was allowed to ‘recover’ for 60 minutes while maintaining the isometric
constraint. Immediately following recovery, the configuration 3, was recorded.
The motors were then moved inward once again until the sutures became slack
and the unloaded configuration, Br, was recorded. For consistency, the
specimen was again preconditioned from 0.02 to 0.78 N for ten cycles, and the
new unloaded configuration, B¢, recorded for use in subsequent stretch-
controlled mechanical testing. Mechanical tests were then carried out in the
same manner as for the native tissue (see Chapter Il). Figure 4.2 is a schema of

the overall experimental protocol.
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Figure 4.2 Schema of the isometric thermal damage protocol. The specimen is shown
with four central tracking markers. (x denotes various traction-free reference
configurations. Arrows denote load-induced stretching, and hatched ends denote an
isometric biaxial constraint.

Data Analysis

Load cell outputs were written to a data file at 30Hz for the duration of
heating, and subsequently used to calculate the evolving Cauchy membrane
stress. To do so required an assumption that the deformation applied to the
tissue during heating was homogenous, which allowed us to estimate the gross
dimensions of the tissue during heating, knowing only the motion of the markers.
For example, assuming the isometric constraint was defined as A, =i, = 1.4,
then we assumed the gross dimensions of the tissue were increased by 40% in
both directions. We recognize this assumption has some uncertainty, yet we
submit that the uncertainty was no greater than with other available options.

Direct measurement of the gross tissue dimensions with a scale would have
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relied significantly on “eyeballing”. Furthermore, the point of zero stretch is
difficult to define due to the high compliance of the tissue at low strains, and
therefore the use of an LVDT to measure load carriage displacement was
precluded. After estimating the gross tissue dimensions, the Cauchy membrane
stress was found by simply dividing the evolving force along each axis by the
length over which it acted, which was constant. Because there was a high
variability amongst the tissues, average values of the evolving force were
calculated for each test group (n = 4). Data were plotted as the group mean
stress along each side of the tissue, versus the time. Note that in order to
capture the entire heating profile, data recording began just prior to submersing
the tissue in the heated saline. The point in time in which the tissue broke the
surface tension of the water (upon immersion) was clearly evident on all heating
plots, and all data up to and including the instant of immersion were considered

noise, and thus eliminated.

RESULTS

Tissues subjected to the ‘high stretch’ constraint exhibited a monotonic
decay of stress during heating that was not present for the other three
constraints. For the benefit of comparison, and because the mechanisms
responsible for the relaxation are not obvious, we chose to base our analysis on
the other three constraints, which exhibited similar trends to one another. The

high stretch tests are discussed briefly near the end of this chapter.
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Forces generated during our isothermal, biaxial isometric heating were
similar to cases reported in the HIT literature (e.g., Rasmussen et al., 1964;
Andreassen et al., 1981; Le Lous et al., 1983)). That is, there were three distinct
regimes characterized by (i) an initial period of very litle change in force,
followed by (ii) an abrupt and rapid increase, and finally (iii)) a slow phase
wherein the rise in force was only detectable if time was plotted logarithmically
(Figure 4.3). Although some HIT studies show that the force eventually
decreases after it reaches some maximal value (e.g., Allain et al., 1978;
Andreassen et al., 1981; Horgan et al., 1990; Brinkmann et al., 2000)), we did
not observe such a trend in our tests. The times at which the transitions
occurred between the first and second regime (t4), and the second and third
regime (t2) were determined by performing linear regressions on the three
regimes, and finding the points of intersection. 74, was defined at the inflection

point (see Figure 4.4 and Table 4.1).
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Figure 4.3 Mean isometric contraction stresses (n 2 4) for the “1.03’ (squares), ‘low
stretch’ (pluses), and ‘elbow’ (circles) tests. Panels (A) and (B) are the preferred and non-
preferred directions, respectively. The ultimate values of stress are independent of the
constraint, and the difference between the two axes is indicative of the material
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Figure 4.4 Schema of the three regimes of thermal contraction force. The first regime,
wherein there is little or no rise in force, is followed by an abrupt and rapid rise in force,
which then slowly transitions into the slow rise (third) regime. The characteristic times
are defined as shown. 14, occurs at the inflection point in the force curve.



58

Table 4.1 Characteristic times for biaxial thermal contraction. The times do not vary
much with differing isometric constraint, and the times appear independent of the fiber
orientation (i.e. axis). Preferred and non-preferred refer to the stretching directions.

1.03 Low Stretch Elbow
T1 T1j2 T2 T1 T12 T2 T1 T12 T2
Preferred 1.65 2.40 6.48 1.10 2.10 6.21 0.72 1.80 5.55
Non-preferred 1.71 2.60 6.97 1.08 2.00 6.59 0.87 2.10 5.67
Average 1.68 2.50 6.73 1.09 2.05 6.40 0.79 1.95 5.61

The values for 11 are within the time-frame required for the tissue to reach
thermal equilibrium with the heated saline (teq= 1.8 sec.; see Harris, 2002). Due
to the uncertainty introduced by the transient temperature of the tissue, we focus
our attention on 142 and t2. A greater amount of stretch during heating resulted
in shorter characteristic times, that is, quicker force generation (Table 4.1).
Furthermore, the characteristic times for the preferred and non-preferred fiber
axes were practically the same for any one test. Because the characteristic
times for biaxial shrinkage of epicardium have been shown to depend
exponentially on both temperature and load (Harris and Humphrey, 2004). we
investigated the possibility of an exponential dependence of 712 and 7 on the

isometric constraint. To do so, we plotted In(t12) and In(t2) versus a measure of

the isometric constraint we define as @ :|V|C/|V|N, where |V|_is the magnitude
of the left stretch tensor for the constraint, calculated relative to By, and |V|, is

the magnitude of the left stretch tensor for the native equibiaxial test at [T| =60

N/m. The relationship is near linear for both characteristic times (Figure 4.5),

suggesting that the characteristic times for isometric contraction depend
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exponentially on the level of stretch. Of note is that the slopes are almost
identical. Finally, there was a marked difference in the ultimate magnitude of the
stress along both axes, with the mechanically preferred direction achieving the
greater stress, in general. This difference was independent of the isometric
constraint, however. Note that an equilibrium value of stress was not achieved

in any case.

25 . . . . .
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Figure 4.5 Exponential relationship between characteristics times and the isometric

constraint. The slope for the lines of 1, (squares) and 14, (circles) are nearly the same.
@ =[V|/ |V,

DISCUSSION

Prior to P.J Flory’s suggestion in 1958 that collagen denaturation is a first
order phase change, and thus that collagen has a melting (denaturation)
temperature, Henriques (1947) had demonstrated that equivalent levels of

thermal damage to skin (a primarily collagenous tissue) could be achieved with
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different combinations of time and temperature. He suggested, therefore, that
collagen denaturation is a rate process, wherein the rate depends on
temperature. Furthermore, Lennox (1949) and Weir (1949) had shown that the
rate of thermal denaturation could be modified by applied load, thus precluding
the existence of a unique denaturation temperature. Surprisingly, those
observations were largely ignored until recently, as most scientists pursued
constant heating rate DSC and HIT tests to find the so-called denaturation
temperature of different types of collagen with varying amounts and types of
crosslinks. While those tests have provided tremendous insight into the role of
crosslinks within tissue, and into the differences in thermal stabilities of different
types of collagen, they are not adequate for determining parameters pertinent to
the modeling of thermal denaturation.

For a simple, 2-state (native and damaged) reaction, collagen
denaturation has been modeled as a first-order rate process,

dN

E:_k(mw(t)’ (4.1)
where N is the instantaneous number of native molecules at time t and k(---) is
the rate of denaturation, which is likely a function of multiple independent
parameters. Supposing we could perform a thermal damage experiment
wherein all independent parameters are maintained constant during heating, the

solution to equation (3.1) would be

N(t)= N, exp ™. (4.2)
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Thus we can compute the corresponding rate, k, at specified values of the
independent parameters, assuming we could measure the number of native
molecules remaining at time t, which is not generally convenient. One way to do
so is to place a sample with a known number of native molecules, N;, into a DSC
and heat the tissue isothermally (note that, realistically, the heating rate in DSC
can be very near zero, but not equal to zero). The number of native molecules
remaining at time t can then be inferred from the power input to the DSC to
maintain the isothermal condition (see Miles et al., 1995). Of course, the tacit
assumption is made that no independent parameters were varying during the
DSC measurements. Realistically, we cannot maintain all parameters constant
for the duration of a test, and therefore the solution to equation (4.1) becomes
non-trivial. The primary challenge is in identifying the independent parameters,

and then finding the functional form fork(---).

Studies have shown the rate of thermal denaturation to depend on
temperature (Wier, 1949; Miles et al., 1995; Wall, 1999), load (Lennox, 1949;
Chen et al., 1998a; Harris and Humphrey, 2004), and configurational entropy
(Miles and Ghelshvili, 1999; Miles and Burjanadze, 2001). However, the studies
that showed dependence on temperature and load did not specify constant
configurational entropy, and the dependence on configurational entropy was
found by using non-isothermal experiments. If load, temperature, and
configurational entropy are independent, then the dependencies of the rate

found in the aforementioned studies are not what they seem. On the other
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hand, if two or more of the parameters are coupled, then the dependencies may
be legitimate. In other words, assuming the reaction depends only on
temperature, load, and configurational entropy, which act independently, we
have

k =k(T,f,n), (4.3)
and the functional from is found best by experiments in which all three are
maintained constant. If, for instance, load and configurational entropy are
coupled (i.e. dependent), then we have

k = k(T ,n(f)), (4.4)
and we need only specify a constant temperature and load to find the functional
form of k. These tacit assumptions on the coupled nature of the experimentally-
controllable parameters are prevalent in literature.

Harris and Humphrey (2004) imposed biaxial isotonic (constant load)
constraints on a tissues that were heated isothermally (constant T), and
measured the shrinkage (change in F) during heating. Their results suggest that
the rate of thermal denaturation, as measured by a characteristic time of

shrinkage (12), depends exponentially on both temperature and applied load,

m

t, ~ Ae’reT (4.5)
where Ip is the first invariant of the first Piola-Kirchhoff membrane stress (P), and
A, B, and m are material parameters. P is defined as the force per unit length of

the traction-free (i.e. undeformed) configuration, and is traditionally coupled with
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a measure of the deformation (F), such that a change in stress necessitates a
change in length. In isotonic thermal damage tests, the underlying traction-free
configuration evolves due to thermal shrinkage. If defined relative to the
evolving configuration, P evolves with thermal shrinkage and F may remain
nearly constant (i.e. the unloaded configuration may change at the same rate as
the loaded configuration). However, if P is defined relative to the original,
unheated traction-free configuration, then F must be referenced to the same
configuration. In doing so, we see that P remains constant throughout the
experiment, yet F evolves with shrinkage. Clearly, this is a special case wherein
the stress and deformation appear to vary independently, most likely due to
evolving physical properties of the tissue (e.g. in linear elasticity, this would be
analogous to an evolving modulus). Much work remains for determining the
evolution equations for properties of the tissue. The complexities
notwithstanding, the results of their study are provocative and motivate further
investigation. Hence, we performed isothermal biaxial isometric tests, during
which the temperature and deformation (relative to n) were held constant while
the change in force was measured. Unlike the aforementioned isotonic
experiments, the traction-free reference length of our isometric tissues changed
litle with heating (cf. Table 6.1; note that we assume an affine deformation).
Therefore, the evolution of P is dependent only on the evolution of the isometric
contraction force; yet again P changes independent of the deformation and

temperature. Although we do not understand fully the coupling between the
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various clinically-controllable parameters, we can potentially delineate general
characteristics for the role of various parameters on the rate of thermal
denaturation using the tests described herein. For the purpose of discussion,
we will henceforth treat temperature, stretch, and isometric contraction force as
though they are independent.

Recall that the rate of biaxial isothermal, isotonic shrinkage varies
exponentially with load and temperature (equation (4.5)). Similarly, it appears
that the rate of isometric contraction depends exponentially, albeit mildly, on the
level of isometric stretch (see Figure 4.5). In contrast to the direct relation
between load and 7, revealed in equation (4.5), the stretch dependence herein is
of an inverse nature. We submit that this inverse relationship may be due to the
amount of collagen fiber crimp present prior to heating. Thermal contraction of
collagen is caused by the breakage of intrahelical hydrogen bonds, particularly
in the thermally labile domain (Miles and Bailey, 2001), which causes an
irreversible transition of the triple helix to a shortened, entropically-favored
random coil. For an isometrically constrained tissue, the constituent molecules
will attempt to contract at the instant that a sufficient number of consecutive
hydrogen bonds are broken, and thus exert a force on the constraints. Because
the activation energy of the hydrogen bonds is independent of the applied
mechanical constraint, one may expect the characteristic time for the onset of
contraction (71) to be independent of the isometric stretch. However, excised

tissues contain fibers that are undulated in their native, unloaded state (i.e.
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stretch ratio equal to unity). For illustrative purposes, one may think of a fiber as
a simple collection of collagen molecules connected in series (see Figure 4.6).
When the fiber is slack, a certain number of molecules must denature (and
therefore shorten) before the length of the fiber becomes equal to the fixed end-
to-end distance (defined by the constraint). Any subsequent helix-to-coil
transitions will then be hindered and thus registered by the load cells. Larger
isometric stretches imposed prior to heating would reduce the initial undulation,
and thereby reduce the number of molecules required to denature before a
contraction force is registered by the load cells. We believe this difference in the
number of molecules required to shorten prior to registration of force is the
cause of the increased characteristic times for the lower isometric constraints.
In contrast, the delayed onset of shrinkage with increased load in isotonic tests
is likely due a larger number of bonds having to break before the cumulative

contraction force is greater than the applied load.
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Figure 4.6 Simplified representation of collagen fiber denaturation under mechanical
stretch. Panel (a) represents a native, undulated fiber constrained less than a physiologic
length (e.g. “1.03’ constraint). Panels (b) and (c) illustrate the progressive denaturation at
a constant temperature, with local shrinkage. Notice as the molecules denature, the fiber
length decreases and undulation is eventually eliminated (Panel (c)), at which point
subsequent shrinkage will exert a force on the constraints. If the undulation is removed
prior to heating (d), contraction force will be registered immediately upon denaturation
because the fiber length is already equal to the end-to-end distance.

Following the same line of thought, the stress generated during isometric
heating can be viewed as the tendency for the tissue to contract, whereas the
shrinkage during isotonic heating is the actual manifestation of that tendency. In
essence, the shrinkage tendency is a measure of the stored entropic energy that
would be released upon heating if the tissue were allowed to contract. It makes
sense, then, that the ultimate stress achieved during heating (along either axis)
in the isometric tests was independent of the imposed stretch (see Figure 4.3),

for the same tendency (i.e. stored energy) would exist. In contrast, the
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equilibrium shrinkage in the biaxial isotonic tests is more muted for heavier
isotonic loads (Harris and Humphrey, 2004), because the total stored energy is
only capable of doing a certain amount of work. Indeed, isotonic tests with the
load maintained at zero (i.e. free-shrinkage tests) exhibit the most rapid and
significant thermal shrinkage because only internal forces resist the shrinkage.
In essence, thermal shrinkage is manifested at the same instant as the onset of
the ‘tendency’ in free-shrinkage tests. This notion is supported by the
observation that biaxial free-shrinkage data, when extrapolated to 75°C, yields
characteristics times in line with those seen for the onset of contraction force in
our biaxial isometric tests (c.f. Figure 7 in Harris and Humphrey, 2004). Finally,
that the tendency to contract was dependent on the orientation (as seen by the
different values of stress along the two axes) is in agreement with an earlier
report by Rasmussen (1964) that the amount of thermal shrinkage is dependent
on orientation. Harris and Humphrey (2004) also showed that thermal shrinkage
along the preferred fiber direction was greater than for the non-preferred
direction.

It is not clear why the load in the initial regime of the heating curves was
greater for larger isometric stretches, particularly the elbow constraint. Recall
that to avoid premature thermal damage, tissues were subjected to the isometric
constraints rapidly. To investigate the possibility of a strain-rate effect, a mock
‘elbow’ test was run with room temperature saline in place of the heated saline.

The load remained zero upon rapidly taking the tissue to the isometric
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constraint, thus the increased force does not appear to be a strain-rate effect.
We have considered the possibility of a different viscoelastic response at the
elevated temperature. Quantifying the viscoelastic behavior at an elevated
temperature, however, is complicated by the evolving thermal denaturation. To
investigate the possibility of premature thermal damage, a second mock test
was run wherein the native tissue was suspended over the heated, steaming
saline for two seconds, as is done in the actual tests, but then placed back in the
room-temperature insulated capsule. We then interrogated the room
temperature mechanical behavior of the tissue, and it was found to be
unchanged by the short steam treatment. Therefore, the increased load does
not appear to be due to pre-mature denaturation by steam.

Finally, recall that we have excluded the high stretch isometric tests from
the analysis thus far because the thermal contraction forces were distinct in
character. Specifically, the force increased abruptly and significantly at the
onset of heating and then ‘relaxed’ monotonically for the duration (Figure 4.7).
There was no sign of thermal contraction. Recall that for the high stretch tests, a
much larger value of stress was imposed initially than for the other constraints
(cf. Figure 4.1). Baek et al. (2005) demonstrated stress relaxation at room
temperature in bovine epicardium using the same biaxial device as used herein.
Therefore, a thermoviscoelastic response is likely the cause of the stress
relaxation seen here, and thus we investigated the possibility. Like the mock

elbow test mentioned previously, we performed a tests wherein a tissue was
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taken to the high stretch isometric constraint in room temperature saline. The
room-temperature tissue stress-relaxed monotonically, just as the heated tissue
had done (Figure 4.8).

We submit that the biaxial viscoelastic response of bovine epicardium at
room temperature is comparable to the viscoelastic response at elevated
temperature because the degree of intermolecular covalent bonding is likely very
similar and because thermal damage is minimized. Covalent crosslinks endow
the tissue with most of its structural integrity, while limiting the mobility of
molecules relative to one another. Therefore, without decreased covalent
bonding, stress-relaxation is likely to occur at much the same rate. Stress
relaxation could occur more rapidly and to a larger extent as heating progresses,
due to thermal damage (Baek et al., 2005). However, the high stretch constraint
limits the amount of thermal damage (see Chapter VII), thus an alteration in
stress relaxation behavior due to evolving material characteristics is unlikely.
Thus, if these arguments hold true, and assuming the viscoelastic response and
the thermal response are additive, then it is prudent to subtract the response in
Figure 4.8 from that in Figure 4.7 to reveal the thermal response. Indeed, after
doing so the thermal contraction became evident (Figure 4.9). In fact, the
curves correspond well to the trend for the other three constraints with respect to
the initial stress level and the time at onset of contraction (note that
characteristic times could not be determined well for the high stretch tests).

However, within the time scale of 7 for the constraints, the force achieves a
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maximum and then begins to decay. The decay is possibly due mechanical
damage resulting from excessive thermoelastic loading. In Chapter VII, we give
evidence for such mechanical damage (see page 116), and discuss how it may
also be the cause of increased collagen hyalinization as viewed with light

microscopy.
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Figure 4.7 Monotonic decay of stress during high-stretch isometric heating. The two
curves correspond to the two directions of interest.
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isometric constraint at room temperature. The two directions of interest are difficult to
differentiate because they are nearly identical.
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Figure 4.9 Mean isometric contraction stresses (n 2 4) for the “1.03’ (squares), ‘low
stretch’ (pluses), and ‘elbow’ (circles) tests. Shown also are the mean stresses for the
‘high stretch’ tests (triangles, n = 4), which have been corrected for the viscoelastic
response (i.e. curves in Figure 4.8 were subtracted from those in Figure 4.7). Panels (A)
and (B) are the preferred and non-preferred directions, respectively.

Much remains unclear with regard to the role of mechanical constraints
on the kinetics of thermal denaturation to a collagenous tissue. Obviously, there
are significant qualitative correlations between biaxial isotonic shrinkage and
biaxial isometric contraction. This begs the question of whether or not the
essential characteristics of isotonic and isometric kinetics can be captured within
a single model. To formulate such a model, we need to identify a metric of
thermal damage that is common to the two tests. In the following chapters, we

begin to address this issue by using post-heating mechanical behavior as an
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indicator of prior thermal damage. We also evaluate the feasibility of using

histology as a tool to accurately assess prior thermal damage.
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CHAPTER YV

ALTERATION OF MECHANICS WITH HEATING

INTRODUCTION

Clearly, the kinetics of the thermal damage process are not completely
understood. It may be, however, that the result of the thermal intervention is
more important than the path by which the result is achieved. Knowledge of
post-heating stresses are key to understanding the resultant mechanobiology
and thus healing process. Therefore, let us consider now the changes in
mechanical behaviors with heating. Previous research has shown a correlation
between thermal damage (shrinkage) and tissue mechanical behavior (Chen
and Humphrey, 1998; Harris et al., 2003). The same studies have shown that
the rate at which the mechanical changes occur is altered by mechanical
constraint. In this chapter, we have selected two of the isometric constraints
studied in the previous chapter (namely the 1.03 and elbow constraints), and
performed additional sets of tests wherein we used different durations of
heating. The alteration in mechanical behavior becomes greater (relative to
native behavior) with increased durations of heating for both constraints, but
then becomes progressively smaller as the duration is increased further still.
This rate at which the material behavior progresses through these “two phases”

of alteration is dependent on the level of isometric stretch.
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METHODS

Specimens were prepared and mechanically tested as per the procedures
detailed in Chapter Il. Following mechanical testing in the native state,
specimens were subjected to one of two isometric conditions (cf. Figure 4.1): (a)
1.03’, with A4 = A, = 1.03, where A = F11, A2 = F» and F is the deformation
gradient relative to the native reference configuration, Bn, and (b) ‘elbow’, with A+
= Ao = 1+0.7(Avax-1), where Amax Was the maximum stretch ratio obtained during
the native equibiaxial test. Specimens were first taken to the prescribed
equibiaxial stretch ratio (e.g., A1 = A2 = 1.03), and the loading carriages were
moved inward (toward the specimen) a set distance of 10 mm such that the
sutures became slack. The specimen was placed within a polystyrene insulating
cell filled with room temperature saline, and the room temperature solution in the
chamber was then replaced with a high temperature, normal saline solution
maintained at 75°C, following the procedure described in Chapter Il. Adequate
time was allowed for all chamber components to reach thermal equilibrium;
although the load cells are thermally compensated, small heat-induced offsets
were observed and recorded. The specimen was then removed from its
insulating cell and suspended above the heated chamber (for no more than 15
seconds to avoid premature thermal damage). Each loading carriage was then
rapidly (and simultaneously) moved outward (10 mm) so that the prescribed
equibiaxial stretch was regained, and the specimen quickly submerged (it took

approximately one second to get the specimen back to this configuration).
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The “1.03’ specimens were kept in the high temperature bath for 1, 900,
1800, or 3000 seconds, and the ‘Elbow’ specimens for 900, 1800, 3000, or
10,800 seconds. The forces required to maintain the tissue at its fixed length
were recorded during heating. The high temperature solution was then replaced
with room temperature normal saline, following the procedure detailed in
Chapter Il, and the specimen was allowed to ‘recover’ for 60 minutes while
maintaining the isometric constraint. Immediately following recovery, the
configuration B, was recorded. The motors were then moved inward until the
sutures became slack and the unloaded configuration, Br, was recorded. For
consistency, the specimen was again preconditioned from 0.02 to 0.78 N for ten
cycles, and the new unloaded configuration, B¢, recorded for use in subsequent
stretch-controlled mechanical testing. Mechanical tests were then carried out in
the same manner as for the native tissue. Figure 4.2 is a schema of the overall

experimental protocol. Data were analyzed as outlined in Chapter II.

RESULTS

A representative stress-stretch plot from the raw data of an equibiaxial
test is shown in Figure 5.1 to familiarize the reader. The two sets of curves
(native and damaged) correspond to the two primary stretching axes. Note that
the mechanical characteristics of native epicardium are similar to those of skin,
and are dominated by collagen. The tissue is easily stretched to a certain point

(i.e. when all undulations have been removed), it then goes through a small
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transition (elbow) region wherein the slope begins to increase slowly, and finally
becomes very stiff and anisotropic. Recall from Chapter Il, however, that to
simplify the analysis for these complex specimens with differing anisotropies, it
is convenient to plot |T| versus |V|. Figure 5.2 shows data from Figure 5.1

plotted in this way.
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Figure 5.1 Representative raw data from a single ‘1.03’ test (T = 75°C, 1= 900 sec), which
illustrates the altered biaxial mechanical behavior due to heating. The two curves
represent the primary stretching axes. Note the non-zero initial slope for the damaged
specimen, the loss of extensibility, and in this case a tendency towards decreased
anisotropy. All data are plotted relative to By (cf. Figure 4.2).
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Figure 5.2 Plot of the mean (equibiaxial) mechanical data following the ‘1.03’ isometric
heating tests (n = 5). Circles represent the ‘native’ tissue mechanical response, whereas
the squares represent that of the heated tissue. The stretch magnitudes are calculated
relative to the ‘native’ undeformed configuration, gy. Note that \V\:\/E in the reference
configuration.
Mechanical behaviors for both the 1.03 and elbow isometric groups
exhibit a two-phase transition over the durations of heating we tested. That is,

the mechanical behaviors progressively become less extensible than that of the

native tissue until a ‘critical’ duration of heating has been achieved, after which

the tissue returns progressively towards native tissue behavior. Though the

critical duration could not be determined precisely from the experiments herein,
the severity of the isometric constraint imposed during heating clearly has an

effect. Recall, the durations of heating for the “1.03’ tests were 1, 900, 1800,
and 3000 seconds, and for the ‘elbow’ tests were 900, 1800, 3000, and 10800

seconds. A marked reduction in extensibility for the ‘1.03’ tests is evident after

only 1 second of heating, with the largest reduction occurring after 900 seconds
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(Figure 5.3). The 1800 and 3000-second heatings for the ‘“1.03’ tests trend back

toward native tissue extensibility. For the elbow tests, the reduction in
extensibility after 900 seconds of heating was not as pronounced as for 1
second of heating under the 1.03 constraint. Furthermore, the maximum

reduction in extensibility was not achieved until 3000 seconds of heating (Figure

5.4).
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Figure 5.3 Variation of mechanical behavior with duration of heating (at T = 75°C; n 2 4)
for tissues subjected to the “1.03’ isometric constraint. The durations (in seconds) are 1
(squares), 900 (diamonds), 1800 (circles), and 3000 (triangles). The asterisks represent

The lines are numbered consecutively, according to duration, to

the native behavior.
assist in illustrating the biphasic trend.
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Figure 5.4 Variation of mechanical behavior with duration of heating (at T = 75°C; n 2 4)
for tissues subjected to the ‘Elbow’ isometric constraint. The durations (in seconds) are
900 (diamonds), 1800 (circles), 3000 (triangles), and 10800 (pluses). The asterisks
represent the native behavior. The lines are numbered consecutively, according to

duration, to assist in illustrating the biphasic trend.

DISCUSSION

Chen and Humphrey (1998) showed that, for uniaxial isotonic tests on
bovine chordae tendinae, similar mechanical behaviors resulted from heating a
native tissue if equivalent combinations of time, temperature, and load were
used. In particular, for an increased temperature, a decrease in the duration of
heating was required to achieve the same resultant mechanical behavior
(assuming the load was unchanged). A similar relationship exists for biaxial
isotonic tests on bovine epicardium (cf. Figure 9 in Harris et al., 2003). Clearly,
For

the time-temperature coupling for the results herein is more complex.

example, tissues constrained near the elbow (cf. Figure 4.1) and heated at 75°C
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for 900 seconds and 10,800 seconds, exhibit nearly the same mechanical
behavior (Figure 5.4). This is problematic from a modeling perspective, because
the dependence of the resultant mechanical behavior on the duration of heating

(holding all other parameters constant) is not unique (see Figure 5.5).

Time
w

v

Change in Mechanical Behavior

Figure 5.5 Schema of the biphasic change in mechanical behavior with duration of
heating. Compared the numbers to those in Figure 5.4. Clearly, the solution is non-
unique in time.

Perhaps even more problematic is that the cause of this biphasic
behavior is not clear. One possibility would be that the second phase represents
a partial reversal of the thermal damage that has occurred during the first phase,

which is illustrated by

Ne=D, (5.1)
k2

where N and D are the number of native and damaged molecules, and k4 and k2
are the rate constants for phase one and phase two, respectively. This is highly

unlikely, however, because reversibility of a thermally (energetically) activated
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reaction always occurs upon cessation of the energy application. All of the
experiments were subjected to the same cool-down and recovery procedure,
and therefore reversibility should have had an equal chance to ‘play out’ for all
durations. Furthermore, reversibility generally (if not always) becomes less likely
as the reaction proceeds (i.e. as heating duration is increased). Finally, Miles et
al. (1995) demonstrated clearly that thermal denaturation of unrestrained (i.e.
free-shrinkage) fibrillar collagen is irreversible. A more likely possibility for the
biphasic behavior is simply two mechanisms of thermal damage that dominate
on different time scales. In other words, phase one would represent the

transition to some intermediate damage state D', such that

N— 5D —% 5D (5.2)
From a thermodynamics perspective, this is the more reasonable scenario. We
can only speculate, however, on the mechanisms of each phase. Regardless, if
we assume a model similar to the one in equation (5.2), then we can think of the
second phase as a continuation of damage. In other words, thermal damage
would strictly be an increasing function of time for all durations tested herein,
which aides in our comparison of the two constraints. Recall that the tissues
constrained near the elbow were heated in excess of 3000 seconds before the
second phase of mechanical alteration dominates, versus only 900 seconds for
the 1.03 tissues. At 3000 seconds of heating, the 1.03 tissues had already
regained much of their native extensibility. It appears, therefore, that tissues

subjected to greater isometric constraints progress through both phases of
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thermal damage at a much slower rate. These results agree in principle with
previous isotonic tests that show thermal damage (i.e. shrinkage) is slowed by
mechanical constraint (Lennox (1949); Weir (1949); Chen et al. (1998a); Harris
and Humphrey (2004)).

The two isometric constraints used herein have proven sufficient for
delineating qualitative characteristics of altered mechanical behavior for various
durations of heating. To understand better the effect of isometric constraints on
the resultant mechanical behavior, comparisons must be made for more than
two constraints and for equal durations of heating. Indeed, that is the focus of

the next chapter.
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CHAPTER VI T

COMPARISON OF ISOMETRIC CONSTRAINTS

INTRODUCTION

Numerous studies have looked at the altered mechanical response due to
heating under various isotonic constraints (Wiederhorn and Reardon, 1953;
Consigny et al., 1989, Morgan et al.,, 1996; Wallace et al., 2001; Chen and
Humphrey, 1998; Harris et al., 2003), but we have found only one investigation
that measured the mechanical response following an isometric test (HIT;
Hayashi et al., 2000). There is, therefore, a complete lack of multiaxial data on
the altered mechanical response due to heating under various isometric
constraints. Herein, we explore this issue for the first time by performing a
series of multiaxial thermal damage tests on bovine epicardium at a set
temperature and for a set duration, but for four different isometric stretches
(Figure 4.1). We saw in the previous chapter that the alteration of mechanical
behavior is biphasic in time. Given the uncertainty of the mechanisms
responsible for the biphasic alteration with duration of heating, it was prudent to
choose a duration wherein the first phase dominates for all constraints.
Assuming the 1.03 constraint progresses through the phases more rapidly than

the other constraints, and that the first phase still dominates after 900 seconds

" Reprinted with permission from “Altered mechanical behavior of epicardium under isothermal
biaxial loading” by Wells PB, Harris JL, Humphrey JD, 2004. ASME J Biomech Engr, vol. 126,
pg. 492-497, Copyright 2004 by ASME.
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of heating for the 1.03 constraint, then a duration of 900 seconds is reasonable.
The alteration in mechanical behavior varies systematically with the level of
isometric stretch, and follows closely the trend in mechanical alteration for

biaxial isotonic tests (Harris et al., 2003).

METHODS

The mechanical behaviors reported herein are for those biaxial isometric
isothermal experiments as described in Chapter IV. Recall, too, (from Chapter
Il) that because the anisotropy was highly variable from specimen-to-specimen,
and following (Harris et al., 2003), comparison of the native and damaged
mechanical responses was facilitated by plotting the magnitude of the Cauchy

stress resultant tensor |T| versus the magnitude of the left stretch tensor |V|.

RESULTS

When subjected to the lowest isometric stretch (‘1.03’°) during heating, the
damaged equibiaxial response differed from that of the native in two ways
(Figure 5.2) - the extensibility was reduced by approximately 11%, and there
was a 15-fold increase in initial stiffness (obtained by calculating the slope of a
line fitted to the first four data points). The latter difference is more characteristic
of native endocardium, which contains greater elastin than native epicardium
(Kang et al., 1996). As the isometric stretch during heating was increased,

these differences systematically diminished to the point where equibiaxial tests
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on native and damaged specimens were nearly indistinguishable for the ‘high’

constraint (Figure 6.1).
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Plot of the mean equibiaxial data from the four test groups (n = 5 to 7 per
In comparison to Figure 5.2, the

Figure 6.1
group) and a representative mean ‘native’ curve (*).
magnitude of V is normalized here to the maximum value in the mean native data. The

squares (o), pluses (+), circles (o), and triangles (A) represent the ‘1.03’, ‘low stretch’,
‘elbow’, and ‘high’ constraints, respectively. As the isometric constraint increased (i.e.
greater stretch was imposed) given the same temperature level and duration of exposure,
the equibiaxial response of the heated tissue differed less from that of the native tissue,

suggesting that stretch delays thermal damage.

To quantify further how the extensibility changed with respect to the

imposed constraint, we define the parameters ® and V¥ as follows:

= |V|C and V¥-= Vi, : (6.1)
V1, V1,

)

where |V|_ is the magnitude of the left stretch tensor calculated for a constraint

relative to Bn. Similarly, |V| and |V| are the magnitudes of the left stretch

tensors for the native and heated tissues, respectively, corresponding to a
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chosen value of |T|. Thus, ®is a relative measure of the isometric stretch

imposed during heating and ¥ is a relative extensibility of the heated tissue.
Figure 6.2 reveals a generally linear correlation between ® and ¥ for the heating

parameters studied and the constraints imposed.
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Figure 6.2 Nearly linear correlation between the relative extensibility of the damaged
tissue (¥) at various levels of |T| (15, 25, 35, 45 and 55 N/m) and the relative amount of
isometric stretch imposed during heating (). Because physiologic loads are more likely
to be high, we chose the data corresponding to [T|=55 N/m (‘filled’ circles) as the basis for
a best-fit linear trend-line, which has an R’ value of 0.687. ‘Open’ circles correspond to
[T|=15, 25, 35, and 45 N/m, and as can be seen, they too correspond well to the linear
trend.

We previously showed that the effect of preconditioning on thermally
damaged tissues depended on the amount of equilibrium shrinkage (see Table 1
in Harris et al., 2003). That is, preconditioning had a greater effect on tissues
having a greater degree of heating-induced shrinkage. For comparison, we
calculated the principal stretches relating By to B¢, defined as A4 and A2, as well

as the principal stretches relating pr to B¢, defined as &1 and 6, (recall Figure 4.2
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for configurations). We then computed the mean changes in area due to heating
(1-A1)2) and those due to preconditioning (1-818,) for each test group (Table 6.1)
Area changes due to the heating were small — on the order of ten percent or less
for all constraints — thus revealing one effect of the isometric constraint during
heating and recovery. Interestingly, the “1.03’ constraint allowed area shrinkage,
whereas the other constraints resulted in a slight area expansion. Regardless,

preconditioning had small effects (< 3% change) on all groups.

Table 6.1 Percent area changes for the four isometric test groups. Area changes
calculated from By to B¢ are given by 1-A 4A,, and area changes calculated from g to B¢
are given by 1-6 18,. Note, the ‘1.03’ specimens were the only ones to shrink upon
heating. Furthermore, area changes due to preconditioning were generally small relative
to similar data presented in Table 1 of (Harris et al., 2003). The bias error associated with
sampling of each configuration (B,) is approximately 1%, and therefore the total error
when calculating the deformation between two of them is on the order of 2%.

Constraint n (1~MA2) * 100 (1-8:8;) * 100

(mean £ SD) (mean £ SD)
1.03 5 12.7+0.5 0.3+0.1
Low 6 -10.1 £0.3 2.6%0.1
Elbow 5 -12.6 £0.8 -2.1+0.1
High 7 -10.1 £04 0.1+£0.0

DISCUSSION

Uniaxial studies have dominated the thermal damage literature and are
useful for delineating general characteristic behaviors of soft tissues under many
different conditions. Nevertheless, one-dimensional quantitative results cannot,

in general, be extended to multi-dimensional problems. This is a severe
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shortcoming, for most tissues targeted during thermal therapies cannot be
approximated as one-dimensional and are subjected to multiaxial loading (e.g.,
blood vessels, cornea, prostate, skin, uterus). Moreover, in vivo constraints
during heating may be isotonic, isometric, or a complicated combination of the
two. For example, catheter-based techniques allow heating of blood vessels to
supra-physiologic temperatures while maintaining a near-constant diameter of
the balloon (Lee et al., 1989). Although the vessel may shrink in the axial
direction (possibly isotonically), the balloon enforces a radial isometric
constraint. Indeed, even tissues normally considered to be one-dimensional
may be subjected to combined constraints. For example, consider the ablation
of the glenohumeral joint capsule to treat joint laxity (Hayashi et al., 1997;
Hayashi et al., 2000; Moran et al., 2000; Levy et al., 2001). The target ligaments
are primarily constrained nearly isometrically along two boundaries: that at the
humerus and the glenohumeral capsule. All other boundaries are essentially
traction-free (isotonic), however. Clearly, multiaxial tests are essential to
understand better most in vivo applications. The present study is the first to
report on the mechanical changes of a tissue thermally treated under biaxial
isometric constraints.

We found that the degree of stretch imposed on the tissue during heating
dramatically affected the resulting mechanical behavior (Figure 6.1).
Specifically, higher values of stretch yielded mechanical behaviors that were

more similar to the native tissue. Furthermore, we found the effect to be nearly
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linear in the range of constraints we imposed (Figure 6.2). More work is needed,
however, to elucidate the mechanisms responsible for the observed changes; of
particular interest is the possible role of the activation entropy for the different
constraints. Miles et al. (1995) showed that collagen fibers are more thermally
stable in the native state than when swollen in 0.5M acetic acid. They
suggested that the stabilization effect of water was due to a decrease in the
entropy of activation, not an increase in the energy of activation. Intermolecular
distances within a native fiber are small relative to those within a swollen fiber.
Thus, the molecules in the former are more constrained by their neighbors,
thereby reducing their configurational entropy and increasing their stability.
Likewise, as the fibers within our tissue are stretched, they become more limited
in the number of configurations they can assume (much like a Gaussian chain
whose end-to-end distance is constrained to higher and higher values).
Therefore, their configurational entropy is reduced. Based on a model by Doi
and Edwards (1986), Miles and Ghelashvili (1999) proposed further that
collagen molecules within a fiber may be analogous to a ‘polymer-in-a-box'.
Briefly, a single collagen molecule (the polymer) is surrounded by many
neighboring molecules, which impose geometric constraints in a manner similar
to a box. As the box becomes smaller, the molecule is restricted further in the
number of configurations it can assume, hence it loses configurational entropy.
Fibers constrained to a 3-D box with two dimensions much greater than

the third have a lower configurational entropy than those constrained to a box of
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equal volume but three sides of equal length. When the epicardium is stretched
in the principal (X’ and ‘y’) directions, it thins in the third (‘z’) direction (assuming
an isochoric deformation), thereby reducing interfibrillar distances in the ‘x-z" and
‘y-z’ planes (the 3-D box thins). Thus, imposing a biaxial stretch likely reduces
the configurational entropy, and thereby stabilizes the collagen fibers. Following
this reasoning, with the heating parameters being equal (i.e. T = 75°C and t =
900 sec), one would expect that the isometric constraint which imposes a
negligible stretch (e.g. “1.03’ constraint) would result in the most drastic
alteration of mechanical properties because of a higher activation entropy (i.e.
decreased fibrillar stabilization).  Furthermore, as the isometric stretch is
increased, one would expect the alteration in mechanical properties to be less
pronounced. Indeed, this appears to be the case (Figure 6.1). If the process is
indeed entropically-driven, the same trend should be present for isotonic tests
wherein different loads are applied to the tissue.

We previously reported thermally altered mechanical behavior of
epicardium under multiple multiaxial isotonic (constant load, including zero)
constraints (Harris et al., 2003). Briefly, we followed a protocol similar to the
present (Figure 4.2) except that tissues were subjected to an elevated
temperature (T = 65, 70, 75, or 80°C) while applying a constant first Piola-
Kirchhoff stress resultant (P; = 0.0, 6.0, 12.8, or 21.3 N/m) along both axes for a
specified period (r = 600, 900, 1200, or 7200 sec). During heating, marker

positions were recorded to monitor shrinkage rather than force. We have re-
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plotted equibiaxial data for (7,7,P) combinations of (75,900,12.8) and
(75,900,21.3), which were chosen for their consistency with tests herein with
respect to temperature and duration of heating, and for (65,900,0.0), that is,
free-shrinkage, because it is a probable bound. These data were plotted in
Figure 6.3 with respect to their native, undeformed configurations (Bo, in our
previous paper). It is evident that increasing isotonic loads had an effect similar
to that of increasing isometric stretches, with respect to the normalized
extensibility (|V]norm). Similar to the “1.03’ tests, in which negligible stretch was
imposed, isotonic tests wherein zero load was applied resulted in approximately
11% reduction in extensibility. Furthermore, all of the isotonic tests resulted in a
15- to 20-fold increase in initial stiffness for the heated tissues, as evidenced by
their non-zero initial slopes (or, more gradual curves). The ‘“1.03’ tests herein
exhibited a similar behavior, but the other three test groups did not exhibit a
marked increase in initial stiffness (Figure 6.1). Interestingly, the ‘1.03’ tests
were the only group to shrink upon heating (Table 6.1), and therefore shrinkage

may be a prerequisite for the observed change in the initial stiffness.
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Figure 6.3 Relation between resulting equibiaxial mechanical responses in isometric and
isotonic tests. The asterisks (*) represent the mean native response, the open squares
(o), circles (o), and triangles (A) represent the ‘1.03’, ‘low stretch’, and ‘high’ isometric
constraints, respectively. The filled squares (m), circles (o), and triangles (A) represent
the (T, 7, P) combinations of (65, 900, 0.0), (75, 900, 12.8) and (75, 900, 21.3) from (Harris et
al., 2003), respectively. The latter two were chosen for consistency with respect to the

temperature and duration of heating, while the former represents a bound.

We previously suggested that “...the mechanical response depends on

the amount of equilibrium shrinkage..., not the specific thermomechanical

protocol that produced the damage” (Harris et al., 2003). Thus, in the case of

biaxial, isotonic, isothermal tests on bovine epicardium, zero shrinkage implies

no changes in the mechanical properties. These results agree with previous

uniaxial isotonic tests on chordae tendinae (Chen and Humphrey, 1998). Our
biaxial isometric results did not reveal the same relationship between shrinkage
and material behavior, however, for the obvious reason that the constraint
inhibited shrinkage. We found significant changes in the mechanical behavior

with little or no changes in the dimensions of the epicardium between the native
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state and the damaged state (Table 6.1). Hence, equilibrium shrinkage is not a
universal metric by which we can measure thermal damage. Rather, there is a
need to identify an independent metric by which we can determine the extent of
thermal damage that would apply to all types of conditions. Possibilities include,
but are not limited to, birefringence, fluorescence, confocal microscopy, and

gross histologic examination. This is the subject of the next chapter.
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CHAPTER VII

HISTOLOGY

INTRODUCTION

Imposition of biaxial mechanical constraints (i.e. load or stretch) during
heating reduces the extent of thermal damage as measured by changes in
mechanical properties (see Chapter V and Chapter VI). Gross mechanical data
thus reveal a key role of mechanical load on the rate and extent of thermal
denaturation of collagen. To understand better the mechanism(s) behind such
mechanical changes, we seek to identify a reliable metric of thermal damage.
Thermal denaturation results in an irreversible helix-to-coil transition of the
collagen molecule. On a macromolecular level, thermal damage is marked by
swelling of collagen bands, thickening of collagen-rich layers, hyalinization, and
loss of birefringence (Thomsen et al., 1989; Sankaran and Walsh, 1998;
Thomsen, 1999). In this chapter, we show that by combining diffuse white light
microscopy (LM) and transmission polarizing microscopy (TPM) one can assess
the extent of prior thermal damage within tissues heated at a set temperature for
various fixed durations (under zero load) and subject to multiple mechanical
constraints.  Moreover, we demonstrate that biaxial isometric constraints
imposed prior to heating inhibit histological aberrations that would otherwise

occur due to heating.
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METHODS

Three groups of mechanically-controlled heating tests were performed on
excised bovine epicardium: free-shrinkage tests, equibiaxial isometric tests, and
non-equibiaxial isometric tests. Tissue dissection was identical for all three test
groups, and is detailed in Chapter I, but preparation was slightly modified for the

free-shrinkage tests.

Free-Shrinkage Tests

Two pieces of tissue were taken from the right ventricle of the same
bovine heart. Each tissue was cut in half along the preferred direction, which
yielded two rectangular sections that were again cut in half to yield four (eight
total) square pieces of tissue approximately 15 mm square. A 200 ml beaker
filled with normal saline was placed atop a hotplate (Cole-Parmer model # 4803-
00) and heated to equilibrium at 75°C, which took approximately 15 minutes,
during which the beaker was covered to prevent evaporation and thus a change
in solute concentration. The cover was then removed, and the tissue samples
were placed in the beaker for 1, 3, 5, 10, or 60 seconds and then quenched in
room temperature saline. A sixth tissue section was not heated, and thus
served as a native control (the remaining pieces of tissue were discarded). Note
that there were no mechanical tests performed on the free-shrinkage tissue.
Finally, the tissues were fixed and processed for light microscopy as detailed in

Chapter 1.
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Equibiaxial-Stretch Isometric Tests

Specimen preparation and mechanical testing was done in the manner
described in Chapter Il. Following mechanical testing in the native state,
specimens were subjected to one of three isometric conditions: (a) “1.03’,
wherein the in-plane stretches A1 = A, = 1.03, with A1 = F41, A2 = F41 and F is the
deformation gradient relative to B, (b) ‘low-stretch’, with A4 = A2 = 1+0.4(Amax-1),
where Auax is the maximum stretch ratio attained during the initial equibiaxial
loading test to 0.88 N , (c) ‘high-stretch’, with A1 = A, chosen such that the load
was initially equal to 100 g (0.98 N) in the stiffer direction. Note that tissues
satisfying conditions (a) and (b) were previously tested (see Chapter IV), and
therefore the only additional testing done specifically for this group was to satisfy
condition (c).

Specimens were first taken to the prescribed equibiaxial stretch ratio
(e.g., A1 = A2 = 1.03), and the loading carriages were moved inward (toward the
specimen) a set distance of 10 mm such that the sutures became slack. The
specimen was placed within a polystyrene insulating cell filled with room
temperature saline, and the room temperature solution in the chamber was then
replaced with a high temperature, normal saline solution maintained at 75°C,
following the procedure described in Chapter Il. Adequate time was allowed for
all chamber components to reach thermal equilibrium; although the load cells
are thermally compensated, small heat-induced offsets were observed and

recorded. The specimen was then removed from its insulating cell and
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suspended above the heated chamber (for no more than 15 seconds to avoid
premature thermal damage). Each loading carriage was then rapidly (and
simultaneously) moved outward (10 mm) so that the prescribed equibiaxial
stretch was regained, and the specimen quickly submerged (it took
approximately one second to get the specimen back to this configuration). The
specimen was kept in the high temperature bath for 900 seconds, during which
the forces required to maintain the tissue at its fixed length were recorded. The
high temperature saline was then replaced with room temperature normal saline,
using the procedure described in Chapter Il, and the specimen was allowed to
‘recover’ for 60 minutes while maintaining the isometric constraint. Immediately
following recovery, the configuration B, was recorded. The motors were then
moved inward once again until the sutures became slack and the unloaded
configuration, Br, was recorded. For consistency, the specimen was again
preconditioned from 0.02 to 0.78 N for ten cycles, and the new unloaded
configuration, B¢, recorded for use in subsequent stretch-controlled mechanical
testing. Mechanical tests were then carried out in the same manner as for the
native tissue (see Chapter Il). Figure 4.2 is a schema of the overall
experimental protocol. Immediately following testing, samples were formalin-

fixed, stored, and processed for light microscopy as described in Chapter II.
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Equibiaxial-Load Isometric Tests

These tests were performed in the same manner as the equibiaxial-
stretch isometric tests, with the exception of the defined constraints. Following
native mechanical testing, the tissues were subjected to one of two equibiaxial-
load isometric constraints: (a) ‘50g-50g’, with A4 and A, chosen such that the
load was initially 50g (0.49 N) in each axis, and (e) ‘100g-100g’, with A1 and A,

chosen such that the load was initially 100g (0.98 N) in each axis.

Histological Analysis

Analysis of all histological slides was done such that the pathologist (Dr.
Thomsen, University of Texas at Austin) was only made aware of the group to
which each slide belonged (i.e. free-shrinkage, equibiaxial isometric, or non-
equibiaxial isometric). For free-shrinkage samples (n = 6) and equibiaxial
isometric samples (n = 4), the letters ‘A’ through ‘J’ were randomly drawn and
assigned to a randomly selected tissue sample. The slides (H&E and WvG)
associated with each tissue were labeled only with the appropriate letter, sorted
according to the test group to which they belonged, and given to the pathologist.
The challenge was to sort the tissues according to the severity of thermal
damage. Each section of every tissue was examined using LM and TPM. The
following features were evaluated to determine the severity of thermal damage:

1. Swelling of collagen bands, which are interwoven bundles of

collagen fibers forming the major tissue components of epicardium.
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2. Thickening of the different anatomic collagen-rich layers of the

epicardium (Layers 2 & 4; see Results).

3. Collagen hyalinization.
4. Loss or diminution of the intensity of birefringence in the collagen
bands.

A similar methodology was used for the non-equibiaxially constrained
samples, with the exception that computer-captured images were given to the
pathologist, as opposed to the actual slides. Histological images were captured
to jpeg files using an Olympus DP70 12-bit color digital camera coupled to an
Olympus BX51 research microscope by way of a 0.5X C-mount adapter. The
objectives were a 20X UplanFl (0.5 aperture), a 40X UplanFl (0.75 aperture),
and a 60X oil immersion UplanFl (1.25 aperture). For TPM, a linear polarizing
filter (Olympus U-POT) and analyzer (Olympus) were placed on opposing sides
of the microscope stage with their polarizing axes orthogonal to one another. A
large number of images were collected to allow an accurate histological analysis
of each tissue sample. The images were grouped according to the constraint to
which they belonged, assigned a random number, and given to the pathologist
for examination. Again, the challenge was to order the tissues according to

severity of thermal damage based on the four features described above.
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RESULTS
Native Epicardium

The architecture of the native epicardium was consistent for all groups.
There were four distinct layers, most evident in the sections stained with WvG
(Figure 7.1). The surface layer was a simple squamous epithelium, albeit was
missing in some sections due to handling. The second layer consisted of fine
collagen fibers (primarily type | with small amounts of type Ill) forming a loose
feltwork in which fibroblasts were found. This layer was separated from the
deeper connective tissues of the epicardium by a third, distinct membranous
layer of interlacing, wavy elastin fibers. The fourth layer consisted of thicker
collagen fibers (type | predominating) forming interlacing bands. Occasional
thin, wavy or straight elastin fibers were intermixed with the collagen bands in
layers two and four. Nerves and small blood vessels were also present in these
layers. No pathological damage that can be ascribed to heat was seen in any of

the native sections.
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Figure 7.1 Representative cross-section of native epicardium. The various layers are
distinct in this image. The simple squamous epithelium (layer 1; green arrows) covers
the surface although in some areas it is detached from the subjacent layer 2. The fibrillar
collagen of layer 2 forms narrow ribbons or bands. Layer 2 is separated from layer 4 by
the distinct, black staining feltwork of elastin fibers forming a membrane (layer 3; yellow
arrows). Ribbons of black elastin are present among the collagenous bands of layer 4
and are more prominent there than the finer elastin fibers present in layer 2. The dark
nuclei of fibroblasts and an occasional inflammatory cell are present in both layers 2 and
4 (red arrows). (Weigert van Gieson’s elastin stain)

Free-Shrinkage Tissues
The pathologist was able to order the samples by degree of thermal damage

severity. The order correlated perfectly with the duration of thermal exposure at

75°C. As one would expect, the severity of thermal damage increased with

exposure times 1, 3, 5, 10, and 60 seconds (Figure 7.2). The general order of
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histological changes reflective of the severity of thermal damage going from the

least severe to the most severe was

1.

2.

Swelling of collagen bands, soon followed by

Thickening of the different collagen-rich layers;

Spotty hyalinization of collagen fibers within bands;

Increasing regional volumes of diffuse collagen hyalinization;
Decreasing regional birefringence due to spotty diminution of image
light intensity and/or birefringence loss within random zones of the
collagen bands; and

General loss of regional birefringence due to loss of birefringence in

most of the collagen bands.

Each tissue was scrutinized closely for these changes, and results are provided

in Table 7.1. Note that scattered elastin fibers were distorted by swollen

collagen bands into spiral profiles in the more severely damaged tissues (for all

test groups), but these changes were not consistent across all specimens.

Thus, although examined carefully, the WvG-stained images are not shown.



(b)
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Figure 7.2 Progression of histological changes of bovine epicardium heated for various
times at 75°C in the absence of mechanical constraints. Panels (a) to (f) correspond to
heating times of 0, 1, 3, 5, 10, and 60 seconds, respectively. (H&E stain, 500X, bars =

25um)
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Table 7.1 Histological results for the free-shrinkage (i.e., mechanically unconstrained)
group of tissues. Tissues were ranked according to the combination of six thermal
damage indicators. A “0” indicates an absence of that particular marker, and a “+”
indicates some change. A greater number of “+” signs means a greater amount of
change. All tissues were heated in 75°C normal saline. An ‘NA’ means that specific
changes were not apparent or they were obscured by more severe changes.

Ordering ,::[i::lsnft Collagen Pericardial | Focal Collagen Diffuse “Spotty” Diffuse
Epicardial 0 Band Layer Fiber Collagen Birefringence Birefringence
Specimens ( 75 ((:l ) Swelling Thickening Hyalinization Hyalinization | Image Change | Image Change
seconds

A 0 0 0 0 0 0 0

D 1 + 0/+ ++ 0 0 0

1 3 ++ + +4++ ++ 0 0

F 5 +++ ++ NA ++++ 0 0

C 10 ++++ A+t NA ++++ ++ 0

E 60 ++++ ++++ NA ++++ +4++ +4++

Isometric Tissues

Recall that the isometric constraints were imposed by the sutures, and
that histological sections included the entire cross-section of the tissue.
Therefore, a single tissue section consisted of three distinct regions: the central
region wherein stress was imposed and two outer edges that were stress-free
except around the sutures. The histopathologic ordering of the thermal damage
severity was based solely on examination of the constrained central region. The
unconstrained edges provided a 900 second free-shrinkage “control” for each
constraint condition. The order of severity of thermal damage (least to most) in
the equibiaxial-stretch group (1.03, low-stretch, and high-stretch protocols) was
inversely proportional to the degree of isometric constraint imposed during
heating (Table 7.2). The histologic features of the unheated native epicardium
were compared to those of the heated specimens (Figure 7.3). The collagen

bands in the native specimen, J, consisted of distinct collagen fibrils with no
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hyalinization, and the birefringence intensity patterns were uniform showing the
usual waviness of the collagen bands (Figure 7.3a). The histologic features of
the center of the “high-stretch” specimen, G, were similar to those of the native
specimen however a minimal amount of collagen band swelling, hyalinization,
and spotty birefringence intensity changes suggested some thermal damage
(Figure 7.3b). The severity of thermal damage increased as the peripheral
suture line was approached and became maximally severe along the free edges,
similar to all free edges of the specimens in this series. The entirety of the low-
stretch tissue, B, demonstrated thermal damage with some regional variations
(Figure 7.3c). The collagen bands were stretched, partially hyalinized,
hyperchromatic (increased staining intensity) and partially swollen. Over all, the
birefringence image intensity was uniformly diminished within the constrained
center, yet some scattered bands showed increased birefringence intensity.
This intensity increase could be due to closer packing of the collagen fibrils
within the stretched bands that would enhance the form birefringence of the
macromolecules.  Finally, the 1.03 specimen, H, exhibited significant and
uniform thermal damage (Figure 7.3d). The collagen fibers in all locations
central to the suture line showed nearly equivalent shrinkage, hyperchromasia,
hyalinization, and complete loss of birefringence. However, the hyalinized
collagen bands of the relatively thin central portion were less swollen than those
of the free edges of the same specimen. In all heated specimens, the centers

were thinner than the severely damaged free edge
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Table 7.2 Histological results for equibiaxial-stretch group of tissues. Tissues were
ranked according to the combination of five thermal damage indicators. A “0” indicates
an absence of that particular marker, and a “+” indicates some change. A greater number
of “+” signs means a greater amount of change. All tissues were heated in 75°C normal
saline. An ‘NA’ means that specific changes were not apparent or they were obscured by
more severe changes.

Ordering of Equibiaxial Collagen . . Diffuse “Spotty” Diffuse
. f . Pericardial Layer s e o e
Epicardial Isometric Stretch Band Thickness Changes Collagen Birefringence | Birefringence
Specimens Conditions Swelling chness g Hyalinization | Image Change | Image Change
J Native Control 0 0 0 0 0
G High-stretch + Decreas?df rom + + 0
native
B Low-stretch ++ Decreas?df rom ++ + 0
native
H 1.03 +++ Same as native +++ NA ++++
Free Edges Unconstrained ot Approx. twice the ot NA ot
native thickness
(a)
(b)
[ T -
() N
W .
L Sl s s .--_‘«-_\1:_.._ .
(e)
Figure 7.3  Effect of equibiaxial isometric stretch on histological characteristics of

thermal damage in epicardium heated in vitro. Panels (a) — (d) show representative
images from the central region for native (unheated), ‘high stretch’, ‘low stretch’, and
‘1.03’ constraints, respectively. Panel (e) is representative of the end (unconstrained)
regions for all isometric tissues. The values to the right of the images indicate the
isometric stretch relative to the maximum native stretch attained during an equibiaxial
test (Amax). Tissues were immersed in 75°C saline for 15 minutes and fixed in an unloaded
configuration. (H&E stain, 125X, Bar = 100pm)
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Differences in the histomorphologic thermal damage were more subtle in
the equibiaxial-load group (50g-50g and 100g-100g protocols), but were
sufficient to allow the correct ordering, corresponding with the degree of
constraint (Figure 7.4, Table 7.3). The 100g-100g specimen, 028 (Figure 7.4b),
most resembled the native specimen, 011 (Figure 7.4a). The 50g-50g
specimen, 026 (Figure 7.4c), showed more changes that could be attributed to
heating but none of the changes were as severe as the heated edge controls
(Figure 7.4d). In the 100g-100g specimen the thermal damage changes were
most prominent in the collagen bands of layer four. They were slightly swollen
and minimally hyalinized, yet retained birefringence image intensity similar to the
native specimen. Some collagen bands that hung unconstrained from the deep
surface of layer four were hyalinized and showed considerable loss of
birefringence intensity comparable to the thermal damage changes of the free
edges. The central region was slightly thinner than the native control due to the
stretching and spreading apart of the elastin fibers and the spreading apart of
the collagen bands. The collagen fibers of layer 2 did not demonstrate any
definite thermal damage at the light microscopic level. Within the 50g-50g
specimen (Figure 7.4c), collagen bands two and four exhibited thermal damage.
The more swollen bands showed a wavy conformation with individual fibers
arranged in coherent waves. Sometimes these wavy band segments segued
into more amorphous segments where the fibrillar features were lost and the

bands became hyalinized, thicker, and hyperchromatic. The birefringent image



108

intensity of these bands was greater than that of the native control and 100g-
100g specimens, and it emphasized well the wavy patterns. Because of the
collagen band swelling, the 50g-50g specimen center was nearly as thick as the

native specimen.

(a)

(b)

(c)

(d)

Figure 7.4 Effect of equibiaxial isometric load (at onset of heating) on histological
characteristics of thermal damage in epicardium heated in vitro. Panels (a)-(c) show
representative images of the central regions for (a) unheated native epicardium, and
heated epicardium subjected to (b) 100g-100g and (c) 50g-50g constraints. Panel (d) is
representative of the unconstrained free edges found in all heated isometric specimens.
Loose, non-constrained collagen bands in the deep surface of the 100g-100g specimen
are hyperchromatic, hyalinized (black arrow) and show decreased birefringence intensity
(white arrow) reflecting more severe thermal damage compared to the constrained bands
in layer four. (H&E stains. 125X Bar = 100um)
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Table 7.3 Histological results for equibiaxial-load group of tissues. Tissues were ranked
according to the combination of five thermal damage indicators. A “0” indicates an
absence of that particular marker, and a “+” indicates some change. A greater number of
“+” signs means a greater amount of change. All tissues were heated in 75°C normal
saline. An ‘NA’ means that specific changes were not apparent or they were obscured by
more severe changes.

Ordering of Equibiaxial Collagen . . “Spotty” Diffuse Diffuse

. 2 . Pericardial Layer e e
Epicardial | Isometric Load Band Thickness Changes Collagen Collagen Birefringence
Specimens Conditions Swelling g Hyalinization | Hyalinization | Intensity Decrease

011 Native Control 0 0 0 0 0

028 100g-100g n Slightly dec;jeased — 0 0

from native

026 50g-50g ++ Same as native +++ ++ +%

Free Edges | Unconstrained +4+++ -Appmx. fwice NA ++++ +4+++
thickness of native

*This tissue actually had an increase in birefringence, relative to native.

DISCUSSION

Recent advances in medical technology, accompanied by increased use
of heat in clinical therapies, necessitate a deeper understanding of the role of
mechanical constraints on the thermal damage processes. We have long known
that heating an isotonically constrained (i.e., constant load, including zero)
collagenous tissue results in an evolving shrinkage process (Lennox, 1949). Not
surprisingly then, we found that increasing durations of heating caused the
morphology and birefringence of thermally treated traction-free tissues to evolve
to the point of severe thermal coagulation and total loss of birefringence (see
Figure 7.2). The gradual increase in the volume of thermal damage about a
finite number of ‘nucleation’ points in these tissues reflects the complex
influence of the local environment on the molecular response to heat in intact
tissues. For instance, collagen hyalinization and loss of birefringence image

intensity seemed to be spotty at shorter durations of heating, but more
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extensively diffuse as durations increased. Thermal damage of collagenous
tissue is a rate process (Miles et al., 1995; Wright and Humphrey, 2002) wherein
the rate likely depends on a host of factors, including temperature, loading, and
prior thermal damage, but also local constituent to constituent interactions
(Danielsen, 1981). A consequence of this is that not all collagen molecules
denature simultaneously. One can envision a process whereby all molecules
have the same initial probability of denaturing. Upon heating, however, a sparse
distribution of localized helical unfolding may occur (hence, spotty birefringence).
Once a molecule is ‘unzipped’, it will shorten (or attempt to) and therefore
influence its nearest neighbors. Note that molecules are hooked in both series
and parallel, and when a single molecule denatures (and thus shortens to a
random coil), those parallel to it may be placed more in compression and
therefore could have a higher tendency to shorten. Conversely, those in series
may be stretch further by the denatured molecule, and thus may have a
decreased tendency to shorten. Thus, if the parallel relationship dominates,
denaturation of a single molecule could create a cascade effect (the first
unzipped molecule could be analogous to a nucleation point).

Free-shrinkage tests are useful in that they represent the lower bound of
mechanical constraints. That is, the tissues are free of external constraints,
which appears to allow the maximum amount of thermal damage given a
particular thermal application. In vivo, however, tissues are rarely unconstrained

and therefore the role of mechanical constraints on modulating thermal damage
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must be addressed. The effects of mechanical constraints on the thermal
damage of soft tissue are manifold: they may alter the apparent shrinkage
temperature (Lennox, 1949), delay the onset of shrinkage at a set temperature
(Chen et al., 1998a; Harris and Humphrey, 2004), reduce biaxial equilibrium
shrinkage (Harris and Humphrey, 2004), and modulate biaxial mechanical
properties (Harris et al., 2003). There has been little attempt to correlate gross
changes in metrics of damage with histological evidence. Recently, Bass et al.
(2004) identified histological differences between an unconstrained (free-
shrinkage) and a constrained tissue subjected to the same thermal histories.
Briefly, they immersed both an intact and an excised (free) porcine annulus
fibrosus in 85°C saline for 15 minutes in vitro. TPM revealed that collagen
birefringence was partially preserved for the intact annulus, but completely lost
for the excised annular tissue. They suggest that the in situ constraints on the
intact tissue somehow retard denaturation, consistent with previous studies on
thermal shrinkage (Chen et al, 1998a; Harris and Humphrey, 2004) and
thermally-induced changes in mechanical behavior (Chapter VI; Harris et al.,
2003). Indeed, we report similar histological effects for the isometric tests
herein. Birefringence was generally preserved in the constrained central region,
but completely lost in the unconstrained outer regions (see Figure 7.3). TPM
alone, however, is not generally sufficient for quantifying thermal damage under
experimental conditions in which a single or flat heat volume heat source is not

involved (Thomsen 1999). However, careful analysis of the constellation of all
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histologic markers strongly characteristic of thermal damage can be used to
determine semi-quantitatively the severity of thermal damage in soft tissues
(Thomsen, 1991; 2000; Whittaker et al., 2000).

Our results demonstrate clear histological differences for the same
temperature and duration of heating (75°C, 900 seconds), but different levels of
mechanical constraint (both equibiaxial-stretch and equibiaxial-load). Note that
it can be shown that in-plane fiber orientations are maintained during equibiaxial
stretching (Harris and Humphrey, 2004), thus the equibiaxial-stretch isometric
tests enabled us to isolate the effects of stretch from the effects of fiber re-
alignment. Our results correlate well with our previous study (Wells et al., 2004),
which showed that a larger equibiaxial isometric stretch during heating resulted
in a mechanical behavior more similar to native tissue. Likewise, the histology of
the ‘high-stretch’ tissue (Figure 7.3b) herein is most similar to native. As the
level of isometric constraint decreased, thermal damage became more severe
because the specimen was less hindered. Epicardium is comprised of randomly
oriented collagen fibers (type |, primarily). Each fiber is a collection of fibrils,
which are composed of collagen molecules arranged in a quarter-stagger array
and attached to one another via covalent crosslinks in the non-helical terminal
ends (Gross, 1973; Hulmes, 2002). Excised tissues contain fibers that are
undulated in their native, unloaded state (i.e. stretch ratio equal to unity). For
illustrative purposes, one may think of a fiber as a simple collection of collagen

molecules connected in series. When the fiber is slack, the individual molecules
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may be relatively free to transition from a helix to a random coil, and therefore
shrink. If enough molecules shrink, so as to cause the length of the fiber to
equal the fixed end-to-end distance (defined by the isometric constraint), the
molecules no longer shrink independent of one another. In essence, they then
‘feel’ the effect of the constrained length. Larger isometric stretches imposed
prior to heating may thereby reduce the number of molecules that are able to
denature independently. For the ‘high stretch’ case, most undulations are likely
removed prior to heating, and therefore molecules would be highly constrained
and essentially not ‘allowed’ to denature. Because hyalinization and loss of
birefringence are markers of structural change, it makes sense that they would
be absent for the highly constrained tissue wherein the molecules do not
denature as easily. It is important to note that the effect of such constraints is
entropic in nature, not energetic. In other words, the ability, not the tendency, of
the molecules to denature is altered.

Recall that the outer regions of all isometric tissues were unconstrained,
and therefore provided information for the lower bound of mechanical constraints
(see Figure 7.3e and Figure 7.4d). It is beneficial to know what happens nearer
the upper bound of mechanical constraints (i.e. when the tissue is near
maximum extension in both directions, but not damaged mechanically).
Because epicardium is anisotropic, it is often impossible to impose an extreme
value of force (f 2 100g) along the non-preferred axis in an equibiaxial-stretch

test without damaging (mechanically) the tissue along the preferred axis. Thus,
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we employed the equibiaxial-load experiments, in which we defined the initial
value of force along each axis irrespective of the stretch. Similar to the
equibiaxial-stretch tests, the tissue was more resistant to thermal damage with
increased equibiaxial-load. Though the two types of equibiaxial tests (load and
stretch) differed in nature, qualitative comparisons of results from the two groups
may be beneficial. For example, the 50g-50g tissue was clearly more
constrained than the low-stretch tissue, which had a negligible pre-load in both
directions. Consequently, one would expect thermal damage to the 50g-50g
tissue to be less than for the low-stretch tissue. Though the differences are mild,
it appears to be true. This suggests that the effects of fiber alignment may be
negligible when compared to the effects of stretch. Interestingly, the low-stretch
and the 50g-50g tissues had “spotty” and diffuse increases in the intensity of
birefringence, respectively. This phenomenon has been seen at the edges of
thermal coagulation lesions produced in cornea by laser irradiation and
radiofrequency current (Vogel and Thomsen, unpublished observations). It is
thought to be due to a closer packing of the collagen molecules and fibrils that
enhances the form birefringence of type | collagen. The cause of the tighter
packing is not understood.

Native structure was largely retained within the 100g-100g tissue
following heating, much like the high-stretch tissue. There were, however, more
“spots” with a loss of birefringence. Recall, the high-stretch protocol initially

imposed a load of 100g in the preferred direction, yet the non-preferred direction
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had an initial load typically between 60g and 80g. Qualitatively then, it is
reasonable to say that the 100g-100g tissues were more constrained than the
high-stretch tissues. Therefore, it is possible that the spotty hyalinization in the
100g-100g tissues occurred secondary to thermomechanical damage induced
by the high degree of stretch. The mechanical stress combined with thermally-
induced contraction forces may have been great enough to rupture covalent
crosslinks, therefore reducing the stability of many molecules. The mechanical
damage was especially evidenced by full-thickness rupture seen only in the
100g-100g tissue (Figure 7.5). This result reminds us that although high values
of stretch may tend to thermally ‘protect’ the native structure, there is an upper
limit on the stretch that can be imposed before thermo-mechanical damage
occurs, which in turn may render the tissue more thermally labile. That is, there
may be a relatively narrow range of mechanical constraints wherein damage to
the tissue is minimized during thermal treatment. The constraints imposed

during a clinical procedure, however, should be dictated by the desired outcome.
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Figure 7.5 Rupture (arrows) in the central region of heated epicardium subjected to the
100g-100g constraint prior to heating. The elastin membrane of layer 3 is stained black.
(Weigert van Gieson’s elastin stain)

We have demonstrated the efficacy of histological evaluation for grading
relative effects of heating durations and levels of stretch imposed during heating
for bovine epicardium. Histology reveals a progressive deviation from native as
heating time is increased (in free-shrinkage experiments) or as isometric
constraint is decreased. These findings, consistent with our prior studies that
showed similar deviations in mechanical properties (Harris et al., 2003; Wells et
al., 2004), confirm that combining TPM and LM provides a reliable measure of
graded thermal damage. It may, therefore, be possible to use histological data
to predict changes in mechanical behavior. It remains to be seen, however, if
the histological markers can be quantified in such a manner that allows for

comparison of tissues subjected to fundamentally different thermomechanical
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protocols (i.e., isometric versus isotonic, or isothermal versus non-isothermal).
Future studies may include tissues subjected to combined constraints (e.g.,
isotonic on one axis, isometric on the other), or tissues heated at different

temperatures.
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CHAPTER VIII

EFFECTS OF GLYCEROL

INTRODUCTION

We are far from understanding fully the effects of heat on collagenous
tissues. That should not preclude us, however, from applying our knowledge to
clinical applications that could have significant and immediate impact on the
medical field. Efficient delivery of optical energy to deep layers of tissue is
central to effective treatment of various pathologies, including port wine stains
and varicose veins. Yet, optical scattering within healthy tissue superficial to the
target compromises treatment outcome, and therefore it is advantageous to
optically "clear" (i.e. increase the transparency of) the superficial tissue. A
proven method for doing so is by application of hyperosmotic agents (Vargas et
al., 1999; Yeh et al., 2003; Khan et al., 2004). Though the mechanisms of
optical clearing with hyperosmotic agents are not completely understood,
refractive-index matching of agents with collagen (n~1.43; Wang et al., 1996)
has been used empirically for selection and use. Glycerol is one such agent,
with a refractive index n=1.47 (Gregory, 1991). Glycerol is inexpensive,
biologically inert (i.e. non-toxic; Segur, 1953), and approved for topical
medications and cosmetics, thus lending itself well to similar clinical applications.
Indeed, it has proven effective for reversibly reducing turbidity in skin (Vargas et

al., 1999; Yeh et al., 2003). Reversibility in skin is key, as skin turbidity normally
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plays a protective role for underlying tissue. Tissues often play important
mechanical roles as well. van Noort et al. (1981) showed that the uniaxial
mechanics of a collagenous membrane (human dura mater) are unchanged
after sustained immersion in glycerol and subsequent rehydration. Their study
did not fully demonstrate reversibility, however, as they did not report
mechanical properties of the tissue while in glycerol. Furthermore, results from
uniaxial studies cannot be applied directly to multiaxial settings, such as the
native state of stress in skin in vivo. It is also known that glycerol alters the
mechanical properties of skin (Olsen and Jemec, 1993; Gardner and Briggs,
2001). Finally, it is important to examine the effect of glycerol on thermal
stability, for local heating will occur in the optically cleared tissue as thermal
energy is applied (e.g. via laser).

In this chapter, we demonstrate complete reversibility of the biaxial
mechanical behavior of the epicardium when immersed in 10M glycerol and then
rehydrated in normal saline. Furthermore, we demonstrate that glycerol
increases the resistance to thermal damage for epicardium constrained

isometrically during heating at a near-physiologic length.

METHODS
Mechanical Reversibility Tests
Tissues samples were prepared and mechanically tested as detailed in

Chapter Il. Following mechanical testing in the native state, the motors were
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moved inward such that the tissue was unconstrained. The normal saline in the
chamber was then evacuated to the room temperature reserve by placing pump
‘PA’ in reverse flow (cf. Figure 2.7). Then, glycerol (10M) was slowly poured into
the chamber until the load carriages were immersed, and the tissue was allowed
to “clear” for 45 min. The tissue became much more buoyant in the glycerol,
and therefore wire frames were placed over the sutures to hold the tissue down
(Figure 8.1). Next, the unconstrained configuration, g, was recorded and the
tissue was preconditioned as before. The unconstrained configuration, Bgp, was
recorded and mechanical tests repeated as performed on the native tissue. The
tissue was again placed in an unconstrained state and the glycerol was
evacuated from the chamber using a hand-held siphon pump. Then, the
chamber was rinsed by pouring approximately one liter of normal saline into the
chamber and quickly removing it via the siphon pump. Next, the chamber was
re-filled with room temperature normal saline by placing pump ‘PA’ in forward
flow at a moderate speed. Following a 60 minute rehydration period, the
unconstrained configuration s was recorded. Finally, the tissue was again
preconditioned, the configuration Bsp recorded, and mechanical testing was

repeated.
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Figure 8.1 Profile and top views of the wire-frame (~15g) that was used to counter the
increased buoyancy of the tissue when immersed in glycerol. A single wire frame was
placed on each of the four sets of sutures.

Thermal Damage Tests

Thermal damage tests were carried out in much the same manner as
those in Chapter IV. Specimens were prepared and mechanically tested
following the procedure in Chapter Il. Following mechanical testing, the
specimens were subjected to the elbow constraint (recall from Chapter IV, A4 =
A2 = 1+0.7(Amax-1)). This value of stretch placed the tissue at a physiologically
relevant length. The loading carriages were then moved inward 10 mm such
that the sutures became slack, and the specimen was placed within a
polystyrene insulating cell filled with room temperature glycerol (10M). The
tissue was then allowed to “clear” for 45 minutes, during which the tissue
become visibly more transparent. Next, the room temperature saline in the
chamber was replaced with circulating glycerol (10M) maintained at 75°C, using

the procedure detailed in Chapter Il, and adequate time was allowed for all
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chamber components to reach thermal equilibrium (~15 minutes). The
specimen was then removed from its insulating cell and suspended above the
heated chamber (for no more than 15 seconds to avoid premature thermal
damage). Each loading carriage was then rapidly (and simultaneously) moved
outward (10 mm) so that the prescribed equibiaxial stretch was regained, and
the specimen quickly immersed (approximately one second elapsed to return the
specimen to this configuration). The specimen was kept in the high temperature
bath for 900, 1800 or 3000 seconds, during which time the forces required to
maintain the tissue at its fixed length were recorded at 30Hz. The heated
glycerol was then replaced with room temperature normal saline, using the
procedure outlined in Chapter Il, and the specimen was allowed to ‘recover’ and
rehydrate for 60 minutes while maintaining the isometric constraint. Immediately
following recovery, the configuration, p, was recorded and then the motors were
moved inward until the sutures became slack and the unloaded configuration,
Br, was recorded. The specimen was preconditioned from 0.02 to 0.78 N for ten
cycles, and the new unloaded configuration, B¢, was recorded for use in
subsequent stretch-controlled mechanical testing. Mechanical tests were then

carried out in the same manner as for native tissue (see Chapter II).

RESULTS
Recall the raw stress-stretch response for a representative equibiaxial

test on native epicardium (cf. Figure 5.1). The tissue is easily stretched to a
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certain point (i.e. when all undulations have been removed), then it goes through
a short transition (elbow) region wherein the slope begins to increase slowly,
and finally becomes very stiff and anisotropic. Recalling the procedure for the
reversibility experiments (cf. Figure 8.2), representative mechanical data for a
sample in native, cleared, and rehydrated states (stretch ratios calculated
relative to Bn, Pep, and Psp, respectively) are shown in Figure 8.3A. Note that
the stress and stretch for the two axes of pull were not combined into single
scalar measures, as in the previous chapters. This is so that we could
appreciate any changes to the material symmetry, which is important for
demonstrating reversibility. Following 45 minutes of clearing in 10M glycerol, the
characteristics of the stress-stretch curves were similar to those of native, but
the length of the initial compliant region was drastically reduced. After
rehydration in normal saline for 60 minutes, however, the tissue mechanics were
practically indistinguishable from those of the native tissue. Figure 8.3A thus
illustrates well the change in mechanical properties relative to the new,

potentially altered reference configuration.
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Figure 8.2 Schema of the testing protocol for investigating the mechanical reversibility
of glycerol. Images with arrows represent dynamic, cyclic loading of the tissue. Images
without arrows represent static, unconstrained tissue. Note the increased dimensions of

the tissue from step (4) to (6).
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Figure 8.3 Reversibility of glycerol-induced changes in the mechanical behavior of a
representative sample. The triangles, circles, and squares represent the native, glycerol-
treated, and rehydrated tissues, respectively. The open and closed symbols represent
the primary stretching axes for each case. In panel (A), stretches are calculated relative
to the current reference configurations, which illustrates well that mechanical changes
were reversed with rehydration. Note that the extensibility and the material symmetry
were both restored upon rehydration. In panel (B), all stretches are calculated relative to
Bn, which reveals that the glycerinated tissue achieved nearly the same maximum
dimensions as the native tissue. Both figures taken together reveal that glycerol
primarily affects the unconstrained length of the tissue.
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In Figure 8.3B, we compare the native tissue response to the glycerol tissue
response, with all stretch ratios calculated relative to Bn. In this case, the
maximum stretch ratio of the glycerol tissue is similar to the native tissue, which
suggests that the glycerol-induced changes in Figure 8.3A are due primarily to a
shift in the reference configuration. To verify this, we performed an analysis on
the various reference configurations. Table 8.1 shows average values of the
percent area change from one configuration to the next (see also Figure 8.2) as
well as the overall area change from the native to rehydrated state. Area
change induced by glycerol was negligible (~ 2%) prior to preconditioning, but it
increased by 17% following preconditioning. Upon rehydration, tissue area
reduced by 18%, thereby recovering the original dimensions. Preconditioning of
the rehydrated sample had a negligible effect on tissue dimensions. Overall,
area change was less than one percent and glycerol-induced geometrical

alterations were fully reversed upon rehydration.
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Table 8.1 Average change in planar tissue area in the central region for the various
configurations recorded in the experiment. Area changes were calculated with the
formula ((A1 * A2) - 1) where A1 and A2 are the stretch ratios, in the primary directions,
which relate the two configurations. See Figure 8.2 for a schema of the configurations.

Experimental Area Change (%)
Step (mean * SD)

Bn 2 Bo Optical Clearing 19+26
Preconditioning

Deformation

Bo = Bar Cleared Tissue 174 £4.5
Bar = Bs Rehydration 181 +4.2
Preconditioning
PBs = Pse Rehydrated 16 +1.1
Tissue
Bn > Bsp Initial to Final -0.7+0.9

Recall the procedure used for the thermal damage study (cf. Figure 8.4).
Mean “contraction stresses” for the 3000-second duration of heating were
compared to those for tissue heated under the same conditions in saline (see
Chapter IV) Figure 8.5. Like the tissues heated in saline, the stress curves
exhibit three distinct regimes. First a slow regime, followed by an abrupt and
rapid increase in force, and finally by a second slow regime wherein the rise in
force is only detectable if time is plotted logarithmically. Of note is that the
characteristic times (71, 712, and m; cf. Figure 4.4) were three to five times
greater for the tissues heated in glycerol (Table 8.2), which shows that glycerol
delayed the onset of thermal damage. Only part of the delay may be accounted
for by the greater viscosity and lower thermal diffusivity of glycerol (relative to
saline), which leads to an increased time for the tissue to achieve thermal
equilibrium (~4.5 seconds, versus 1.8 seconds for saline). Also, the ultimate

values of stress during the glycerol heating were less than those for the saline
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heating, which suggests that the tendency for thermal damage to occur is

reduced when heated in glycerol.
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Figure 8.4 Testing schema for investigating the effect of heated glycerol on the
mechanical behavior. Images with arrows represent dynamic, cyclic loading of the tissue.
Images without arrows represent static, unconstrained tissue. Images in steps (5) - (7)
represent an imposed isometric constraint.
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Figure 8.5 Data on the force (per length) generated by the tissue during heating as it
tried to shrink against the fixed isometric constraint. The thinner lines are for the tissue
heated in saline, and the thicker lines are for tissue heated in glycerol. Note the delay in
the onset of force increase in the glycerol.



Table 8.2 Comparison of the characteristics times for the elbow-type isometric tests
heated in glycerol and saline.

Saline Glycerol
Tq T112 T2 Tq T112 T2
Preferred 0.72 1.80 5.55 4.18 8.50 20.18
Non-preferred 0.87 2.10 5.67 3.71 8.50 19.72
Average 0.79 1.95 5.61 3.95 8.50 19.95
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Mean mechanical responses (calculated as described in Chapter Il) are
shown in Figure 8.6 for tissues heated in saline (panel A) and 10M glycerol
(panel B) for different durations of time. Tissues heated in saline display a
progressive deviation from the native mechanical response as heating time
increased (in the range of time tested in this chapter). For a 50 minute heating,
extensibility was reduced by 32%. The mechanical response for tissues heated
in glycerol differed little with heating duration over the range tested.
Furthermore, the maximum reduction in extensibility (~11%) was much less than

that of tissues heated in saline.
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Figure 8.6 Magnitude of the biaxial stress resultants versus normalized biaxial stretches.
Asterisks denote native tissue responses, whereas open diamonds, circles, and triangles
denote 15, 30, and 50 minutes of heating, respectively. Tissues heated in saline deviated
progressively from native behavior as heating time increased (Panel A), whereas tissues
heated in glycerol differed little as a function of the duration of heating (in the range of

times tested). Stretch is calculated relative to By for all tests here.

DISCUSSION
Optical clearing is intended to improve the efficacy of light-based clinical

procedures, thus it should not irreversibly alter (damage) healthy tissue.
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Furthermore, because optical clearing would typically be followed by a thermal
assault (e.g. laser treatment), clearing should not exacerbate thermal damage of
the healthy tissue. A few clearing techniques have been explored. For
example, reducing inter-scatter distances within tissue has proven effective
(Cilesiz and Welch, 1993; Chan et al., 1997), yet the methods used (namely,
dehydration and compression) are difficult to control, and may irreversibly alter
the conformation of healthy collagen molecules (Mogilner et al., 2002). Tissue
immersion in glycerol is also an effective means for optical clearing, and affords
more control than dehydration or compression. The mechanism(s) behind this
approach and its net effects on tissue properties and thermal damage
characteristics are not fully understood, however. Yeh et al. (2003)
demonstrated reversibility of glycerol-induced structural and optical changes in
various rat tissues. Polarized light and nonlinear optical microscopy using
second harmonic generation were used to visualize reversible perturbations to,
and dissociation of, collagen structure in rat tail dermis and cell-seeded collagen
constructs during tissue optical clearing using glycerol. These results suggested
a molecular mechanism for reducing tissue turbidity: the reversible dissociation
of collagen fibers. The present data support this finding and are the first to show
complete reversibility of glycerol-induced changes in the biaxial mechanical
behavior of a mature collagenous tissue, the epicardium, and to demonstrate its
inhibitory effects on the thermal damage process of collagenous tissue

constrained near its physiologic length.
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Water comprises over 70% of the mass of epicardium (unpublished data).
Much of this water is non-covalently bound to hydroxyproline residues within the
collagen molecules and forms inter- and intra-molecular water bridges that
stabilize the triple helix (Ramachandran et al., 1973; Bella et al., 1995). Polar
interactions among bound water molecules may be responsible, in part, for
inducing characteristic collagen fiber undulations via non-covalent mechanical
restoring (or contraction) forces. These forces would be relatively weak, thus
explaining the compliant region of the stress-stretch response, which is widely
believed to coincide with removal of the undulation. Water may therefore play a
direct role in the tensile mechanical properties. When epicardium is immersed in
glycerol, water is osmotically driven from the tissue at a rate dependent on the
fiber density, glycerol concentration, and temperature (Tuchin et al., 1997).
Glycerol simultaneously diffuses into the tissue, but at a slower rate than the exit
of water, due to its larger molecular size. The net effect of this fluid exchange on
the biaxial mechanical behavior of epicardium is a reduced extensibility (Figure
8.3A), which is fully attributable to an increase in unloaded tissue dimensions
(recall Bgp was 17% larger than By; cf Table 8.1). We suggest that the removal
of water molecules from the tissue reduces the restoring force, and thus the
degree of undulation that is recovered after preconditioning, thereby increasing
the unconstrained tissue size (i.e. Bep > Bn). The covalent crosslinks that dictate
ultimate extensibility of the tissue remain intact however (Figure 1b in Yeh et al.,

2003), thus the maximum extension relative to Bgp is reduced (Figure 8.3A)
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while that relative to Bn is unchanged (Figure 8.3B). When immersed in normal
saline, the tissue rehydrated and was restored to its original length, further
supporting the idea that non-covalent interactions among water molecules are
responsible for fiber undulation. Finally, we have shown that the rehydrated
tissue, having regained its water bridges, behaves like native tissue. This is
further proof that glycerol is non-reactive and a mechanically safe chemical
agent for reducing tissue turbidity.

In a clinical setting, clearing would be used in conjunction with optical-
based therapeutics. @ Understanding the effects of clearing agents on
thermomechanical properties would thus be important for the clinical
management of patients. Furthermore, it is important to recognize roles of
mechanical constraints in a thermal damage process, as most tissues are
loaded multiaxially in vivo. Thermal stability is increased by decreasing the
activation entropy (Miles and Burjanadze, 2001). In Chapter VI we have
discussed the possibility that a biaxial isometric constraint confers thermal
stability on the epicardium by reducing the activation entropy. Vargas et al.
(1999) also point out that a rapid release of water combined with the slow uptake
of glycerol may lead to closer packing of the collagen fibers, which would also
decrease activation entropy. Thus there are two mechanisms by which the
activation entropy may have been reduced in the present study, which should
have increased the thermal stability. Thermal stability of collagen is also

significantly affected by water bridges that anchor to hydroxyproline residues
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(Berg and Prockop, 1973; Ramachandran et al., 1973; Miles and Bailey, 2001).
There is some debate over the exact location of these water bridges (see Miles
and Bailey, 2001), but it is generally agreed that the majority of stabilization is
conferred through intermolecular bridges. Replacement of water by glycerol,
therefore, could have profound effects.

It is well-established that glycerol stabilizes collagen monomers (Hart et
al., 1971; Russell, 1973; Na, 1986; Penkova et al., 1999) but destabilizes
precipitated collagen fibrils (Na et al., 1986; Kuznetsova et al., 1998). |Its
thermomechanical effects on mature, covalently crosslinked collagenous tissues
is poorly understood, however. Because mature epicardium is covalently
crosslinked, and because of the aforementioned constraints on the activation
entropy, the role of fibril destabilization is likely negligible in the present case.
The increased stability of collagen molecules, however, is significant. In
essence, we not only constrained the extent to which a helix-to-coil transition
could occur (i.e. decreased activation entropy), we also reduced the likelihood of
a helix-to-coil transition occurring in the first place. That is what we see in
Figure 8.5. The decreased “contraction” stress is a result of the decreased
activation entropy, and the increased stability of the collagen molecules is shown
by a delay in the onset of thermal contraction. The net result of the increased
thermal stability is illustrated well in comparing the two panels of Figure 8.6,
where we see more modest changes in the mechanical behavior following

significant thermal insult (up to 50 minutes at 75°C) in glycerol. Thus, while
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seeking to show that glycerol does not exacerbate the thermal damage process,
we have fortuitously found that it may protect healthy tissue.

In summary, we have demonstrated that glycerol does not permanently
alter the biaxial mechanical properties of bovine epicardium, a model
collagenous tissue. Furthermore, we have shown that glycerol slows the
thermal damage process, and thus makes damage to healthy tissue less likely.
These results, combined with those of Yeh et al. (2003), suggest that the use of
glycerol as a clearing agent for optical diagnostics and thermo-optical therapies
is thermomechanically safe as well as effective. This study focused on a
primarily collagenous tissue, thus it is not clear how other, nontrivial tissue
constituents such as fat, muscle, and hemoglobin would affect comparable tests.
Furthermore, laser-based treatments will likely result in more varied heating due
to differences in absorption amongst tissue constituents, whereas we have
forced thermal equilibrium between tissue constituents in the present study.
Future work should thus include studies on full-thickness tissue specimens with

implementation of thermo-optical delivery devices.
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CHAPTER IX

SUMMARY AND CONCLUSIONS

The manifold effects of supraphysiologic temperatures continue to be
exploited for the treatment of various pathologies, often motivated by the
availability of new technology (see Humphrey, 2003). Yet, our understanding of
the thermal damage process still falls well short of what is needed to fully predict
treatment outcomes. A significant complicating factor is the diverse constituency
of tissue, and the body’s ability to grow and remodel. It is not clear, therefore, if
an appropriate thermal damage model can be based on the precepts of classical
thermomechanics (Humphrey, 2003). Indeed, a more successful approach may
be to use a mixture theory wherein the local effects of thermal damage on each
constituent are accounted for separately. Thus, the challenge becomes one of
delineating characteristics for the individual tissue constituents, which is
impractical due to their quantity and coupled nature. There is, therefore,
tremendous value in performing tests on a simple, model tissue such as the
epicardium. As evidenced by our results and those of previous research (Chen
et al., 1997; 1998a; 1998b; Harris et al., 2003; Harris and Humphrey, 2004),
however, even a tissue with relatively few constituents is difficult to characterize
fully.

Isotonic studies reveal that the end result of thermal intervention (i.e.

equilibrium shrinkage) is the sole determinant of resultant mechanical behavior
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in collagenous tissues (Chen and Humphrey, 1998; Harris et al., 2003). The
relation clearly does not hold for the isometric tests herein, as there were
changes in the mechanical behaviors of tissues that experienced no shrinkage
(cf.Table 6.1 and Figure 6.1). Furthermore, when we examined the mechanical
behaviors after different durations of isometric heating, a biphasic trend was
apparent. No such trend appears in the literature for isotonic tests. The results
imply that there is some dependence of the altered mechanical behavior on the
type of mechanical constraint applied during heating. Because tissues in vivo
are likely subjected to both types of constraints (perhaps dynamically), we must
seek ways in which to compare the two. One such way is to perform
experiments that are both isotonic and isometric. A pilot study in our lab has
shown the feasibility of applying such a constraint. Based on the data from
Harris and Humphrey (2004), we reasoned that there should be some value of
stress that would prevent the epicardium from shrinking. Recall that the
preferred direction herein exerted a larger isometric contraction force during
heating than did the non-preferred direction (cf. Figure 4.3). Therefore, a
prudent starting point was to perform an isotonic test wherein we applied a
greater Piola-Kirchhoff stress to the preferred direction of the tissue.
Specifically, we chose to apply first Piola-Kirchhoff stresses of 51.2 N/m (609)
and 31.4 N/m (40g) to the preferred and non-preferred directions, respectively.
Execution of the isotonic heating tests was similar to that of the isometric

tests, however the device required a slight reconfiguration.  Following
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mechanical testing in the native state, load carriages were removed from the
motors that did not contain load cells. Then, a system of low-friction pulleys was
installed to facilitate the hanging of the weights (see Figure 9.1). One end of a
string was attached to the tissue mounting rod, the string was routed around the
pulleys, and a weight was hung on the other end. The loaded tissue was then
placed inside an insulating capsule filled with room temperature saline. Next,
the room temperature saline in the chamber was replaced with circulating, high
temperature saline (T = 75°C), as described in Chapter Il. Adequate time was
given for all chamber components to reach thermal equilibrium (~ 15 min), and
then the tissue was removed from its insulating capsule and rapidly (and gently)
immersed in the heated saline. The tissue was heated for 900 seconds, after
which the heated saline was exchanged for room temperature saline in the
manner described in Chapter Il. The tissue was allowed to ‘recover’ for 60
minutes without removing the loads. Immediately following recovery, the
configuration B, was recorded. The loads were then removed from the tissue,
and the device returned to its original configuration. After placing the tissue
mounting rods back into the load carriages, the motors were moved inward once
again until the sutures became slack and the unloaded configuration, Br, was
recorded. For consistency, the specimen was again preconditioned from 0.02 to
0.78 N for ten cycles, and the new unloaded configuration, B¢, was recorded for
use in subsequent stretch-controlled mechanical testing. Mechanical tests were

then carried out in the same manner as for the native tissue (see Chapter II).
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Figure 9.1 Biaxial device as configured for isotonic tests. Compare to Figure 2.4. (Figure
taken from Harris, 2002)

When we applied the loads of 0.59 N (P44 = 51.2 N/m) and 0.39 N (P22 =
341 N/m) in the stiff and less-stiff directions, respectively, the tissue
experienced both zero shrinkage and zero creep during heating at 75°C for 900
seconds (Figure 9.2). Thus we have demonstrated the efficacy of applying an
isotonic/isometric constraint. We expected the high stretches (or loads) applied
during these tests to limit any alterations in the post-heated tissue mechanics.
The resultant mechanical behavior is not markedly different from the native
mechanical behavior, indeed it falls in line with the high-stretch isometric and
high-load isotonic tests (Figure 9.3, solid line). These findings are a significant
first step toward bridging the gap between isotonic and isometric studies. In
particular, although it may be more convenient to quantify results from isometric
and isotonic tests using different thermodynamic functions (e.g., Helmholtz
potential; see Humphrey, 2003) , there will be a need for a single constitutive

function for damage evolution in terms of applied loads, temperatures, and
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kinematic constraints. Such a formulation must be founded on an expanded

data base.
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Figure 9.2 Representative data showing a lack of shrinkage during a single test in which
high isotonic loads are applied to the tissue during heating. This illustrates that the
stretches in both directions remain constant during heating, and therefore an
isotonic/isometric constraint is enforced.
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Figure 9.3 Relation between resulting equibiaxial mechanical responses in isometric and
isotonic tests. The asterisks (*) represent the mean native response, the open squares
(O), circles (o), and triangles (A) represent the ‘1.03°, ‘low stretch’, and ‘high’ isometric

constraints, respectively. The filled squares (m), circles (®), and triangles (A) represent
the (T, 7, P) combinations of (65, 900, 0.0), (75, 900, 12.8) and (75, 900, 21.3) from (Harris et
al., 2003), respectively. The latter two were chosen for consistency with respect to the
temperature and duration of heating, while the former represents a bound. The solid line

shows the combined isotonic/isometric constraint.

Altered mechanical behavior need not be the sole indication of prior

thermal damage to collagenous tissue. Thermal damage can be seen on

electron micrographs (cf. Figure 3 in Humphrey, 2003), by comparing sequential
DSC thermograms on the same piece of tissue (Miles et al., 1995), by
monitoring changes in dimensions of tissue (Ramachandran, 1982; Chen et al.,
1997; Harris and Humphrey, 2004), and through histology (Henriques, 1947;
Thomsen et al., 1989; Whittaker et al., 2000). It is reasonable to ask, then, if the
changes seen through these various techniques occur in concert. Indeed, tissue

shrinkage and mechanical behavior are shown to be coupled in specific cases
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(Chen and Humphrey, 1998; Harris et al., 2003). We have shown that collagen
hyalinization and birefringence evolve with thermal damage in our isometric
experiments and in free-shrinkage experiments (Chapter VII), which agrees well
with changes to the mechanical behaviors (Chapter VI and Harris et al., 2003).
Yet, as mentioned previously, the isometric tests herein exhibit differences in
mechanical behavior with very little difference in changes to the dimensions of
the tissue. Clearly, certain measures of thermal damage lend themselves better
to specific classes of experiments (e.g. shrinkage), whereas other measures
may be more universal (e.g. histology). Future work should focus partly on
identifying, and quantifying such measures.

Finally, it is important to recognize that, while caution should be
exercised, we need not wait for a comprehensive understanding of the thermal
damage process before applying our knowledge in a practical way. For
example, we have known for over 50 vyears that mechanically-loaded
collagenous tissues take longer (or require more heat) to thermally damage
(Lennox, 1949; Weir, 1949). Yet we know of no procedural specifications for the
amount a tissue should be stretched prior to heating. In fact, the stretch applied
to a tissue during heating seems to be dictated more by convenience (i.e. certain
physiologic positions lend themselves better to the procedure). Indeed, a lack of
appreciation for the little we do know, in particular with regard to the role of
mechanical constraints, may be a contributing factor to the large variance of

clinical outcomes.
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Clearly, a comprehensive understanding of the thermal damage process
remains elusive. The general characteristics of thermal damage to collagenous
tissues heated under various biaxial thermomechanical protocols have been
delineated well. However, a good kinetic model that accounts for the effects of
mechanical load, and constitutive formulations to describe the biaxial
mechanical behavior remain wanting. Though the collagenous tissues used for
thermal damage studies are simpler than most other tissue, they remain less
understood than the most complicated non-biological materials. We do not
understand fully the role of the secondary constituents such as proteoglycans,
fibroblasts, and elastin. Indeed, all thermal damage studies that utilize native
biological tissues yield the composite result of thermal damage to each
constituent. When manufacturing new materials, it is often the practice to start
with a single constituent (e.g. polystyrene) for which we can easily characterize
the behavior, and then add more constituents to alter the behavior for a specific
application (e.g. the application of rubber to polystyrene to make it more impact-
resistant). Similarly, we can ‘construct’ collagen matrices with varying amounts
and diversity of constituents, and potentially elucidate better the role of each
constituent. It may be that the bulk tissue response to thermal intervention can
be modeled as a mixture of the responses for each constituent. Therefore,
investigations similar to those herein, but on engineered tissues, is a prudent

next step to sorting out the biothermomechanics of thermal damage.
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APPENDIX A

EQUIBIAXIAL STRETCH

For a purely equibiaxial stretch, it can be shown that the angle between
any two line segments is unchanged upon deformation, and therefore fiber
orientations are unchanged relative to one another (note that rigid body rotation
may change the global orientations, but not the relative ones). Consider two
fibers in the referential configuration represented by line segments that have
orientations My and My, with magnitudes dS1 and dS,, respectively. Upon
deformation, the line segments (i.e. fibers) will have new orientations m1 and my,
with magnitudes dsi and ds,, respectively. The line segments are related
through the deformation gradient by

dsm,=F-dSM,,
(A.1)
ds,m, =F-dS,M,.

The inner product between the line segments in the deformed configuration is
given by

ds;m,-ds,m, = ds,ds, coso, (A.2)
where 6 is the angle between the fibers in the deformed configuration.
Substituting the relations (A.1) into equation (A.2) yields

F-dSM, -F-dS,M, =ds,ds, cos6
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=M,-C-M, =—"-—=cos6. (A.3)

Now, using the definition of the stretch ratio (cf. equation (2.11)), and for
simplicity taking M1 and M to lay along the primary stretching axes (cf. equation
(2.16)) we get,

C12
JFE+F2 2 +F2

=Cos6. (A.4)

Recall that C is free of rigid body motion (cf. equation (2.15)), and therefore for a
pure equibiaxial stretch, the off-diagonal components (C12 = Cz1) should equal

zero. Thus, 6 =7/2, and m4 and m; are orthogonal, just as My and M, were.
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