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ABSTRACT

The cerebrovasculature is vital in maintaining health in the brain, but can be
damaged by traumatic brain injury (TBI). Even in cases without hemorrhage, vessels are
deformed with the surrounding tissue. Subfailure deformation could result in altered
mechanical properties and dysfunction of these vessels. This dissertation aims to provide
a better understanding of the biaxial mechanical properties of cerebral arteries, as well as
determine mechanical stretch thresholds which produce ultimate failure and subfailure
alteration of mechanical properties or vessel function. Three in vitro studies were
undertaken. Passive biaxial mechanical properties under physiological loading, as well as
failure properties of rat middle cerebral arteries (MCASs), were measured and compared to
those of human pial arteries. Best fit parameters for a Fung type strain energy function
are provided for the biaxial mechanical properties. Rat MCAs are stiffer in the axial
direction than the circumferential, but less stiff in both directions than human arteries.
Rat MCAs also exhibit a lower ultimate failure stress but higher failure stretch. The effect
of subfailure axial overstretch on the contractile behavior of smooth muscle cells (SMCs)
in rat MCAs was investigated. Potassium dose response tests were conducted before and
after a single axial overstretch, with varying magnitude and strain rate. Overstretches
beyond a threshold of both magnitude and strain rate significantly reduced SMC
contraction relative to time-matched controls, mirrored by an increase in potassium

concentration required to evoke the half maximal contraction. The effect of subfailure



axial overstretch on passive mechanical properties in sheep MCAs was investigated.
Axial response was measured before and after a single quasi-static overstretch of various
magnitudes. Post-overstretch, samples showed persistent softening (lower stress values at
a given level of stretch). Softening was only observed above an overstretch threshold, and
then increased with overstretch severity until a second threshold was reached, above
which softening did not increase until failure. This dissertation provides improved
understanding of cerebrovascular mechanics and relationships between such data
acquired from animals and humans. It also provides insight into the potential role of
subfailure cerebrovascular damage in disease states associated with TBI, such as second

impact syndrome and stroke.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Obijective

Traumatic Brain Injury (TBI) is a devastating health issue with a huge societal
burden. Each year in the United States alone there are 2.4 million TBI cases (CDC, 2013)
resulting in 53,000 deaths (Coronado et al., 2011) and incidences of TBI are increasing
across the globe (Maas et al., 2008). The economic impact of TBI in the United States
has been estimated to be $60 billion per year (Finkelstein et al., 2006)

TBI is extremely complex, including injury to both nervous tissues as well as
cerebrovasculature. The final clinical impact of a TBI event is a combination of both the
initial mechanical injury and secondary complications caused by pathological processes
set in motion by the initial injury. The health of nervous tissue in the brain is of primary
importance. Damage to nervous tissue caused by the initial injury includes stretch-
induced diffuse axonal injury (Siedler et al., 2014) and concussion (McAllister et al.,
2012). However, mechanically-induced damage to cerebral blood vessels results in both
hemorrhage and cerebrovascular dysfunction, both of which can lead to devastating
secondary complications (Adelson et al., 1997; Bassan et al., 2007; Black, 1986; Burke et
al., 2013; Golding, 2002; Golding et al., 1999a). Hemorrhage leads to exposure of

nervous tissue to toxic blood products normally segregated from the nervous tissue by the



blood brain barrier, potentially resulting in neuronal death (Bell et al., 2014). Dysfunction
of the cerebrovasculature's ability to regulate cerebral blood flow can result in vasogenic
edema (Marmarou, 2007; Unterberg et al., 2004), and a myriad devastating complications
associated with inadequate circulation. Therefore, it is clear that damage to blood vessels,
resulting in structural or functional failure, leads to damage of nervous tissue.

The cerebrovasculature plays a vital role in the health and maintenance of the
brain. In order to maintain the appropriate level of cerebral blood flow to meet metabolic
needs, smooth muscle cells (SMCs) in the vessel wall modulate their level of contraction,
or tone, thus controlling the vessel internal diameter (Lassen, 1974; Ursino, 1994). This
process, known as autoregulation, has been shown to be disrupted following TBI
(Golding, 2002; Golding et al., 1999a; Kenney et al., 2016), resulting in unfavorable
clinical outcomes (Czosnyka et al., 1996; Robertson et al., 1992). Examples of disrupted
autoregulation following TBI include vasospasm (Compton and Teddy, 1987; Kramer et
al., 2013; Martin et al., 1992; Martin et al., 1997), secondary hypoxia or hypoperfusion
(Bramlett et al., 1999; Cherian et al., 1996; Chesnut et al., 1993), and decreased vascular
reactivity to hypercapnia in the surrounding brain tissue (Saunders et al., 1979). It is
important to note that cerebral autoregulation is dependent on both properly functioning
dynamic control mechanisms as well as the proper steady state mechanical properties
(Zhang et al., 2009).

Many experimental models have been used to investigate the trauma associated
with impact TBI ranging from rodents to primates and humans, including cadavers and
live volunteers (Goldsmith, 2001; Goldsmith and Monson, 2005). While the goal is

always to gain information about human trauma, only sub-injury level loading can be



ethically inflicted on a living human being. Cadavers are very expensive and their use can
result in inaccurate conclusions due to lack of vascular pressurization (Alem et al., 1977;
Stalnaker et al., 1977) or difficulty identifying vascular injury (Stalnaker et al., 1973), as
well as altered head-neck kinematics due to the lack of cadaveric muscle tone at the time
of impact (Bendjellal et al., 1987). Primates are the closest animal model to humans, but
cost and recent public opinion makes use of primate models prohibitive. Additionally, a
huge variety of potential loading conditions makes experimental definition of all possible
injury thresholds nearly impossible. Some examples of these various loading conditions
upon which the resulting injury is dependent include direction of loading (Gennarelli et
al., 1987; Post et al., 2015), head and neck orientation at the time of impact (Nusholtz et
al., 1986), and subject-specific anatomical differences such as thickness of skull (Melvin
et al., 1969). It has also been shown in surrogate models that strain distributions within
the brain are dependent on both peak acceleration a well as changes in acceleration with
time (Thibault et al., 1987). Further, it has been argued that injury thresholds should be
determined based on response of tissue rather than applied loading (King et al., 2003).
However, it is difficult to quantify the TBI-imposed strain field throughout the brain
during experimental closed head injury (Melvin et al., 1993), so computational models
have become a common tool for investigating head injury.

Computational models of head injury have advanced substantially in recent years,
but still have significant limitations. Models have grown in complexity to include many
of the specific tissue structures of the head such as skin, bone, cerebral spinal fluid (CSF),
distinct white vs. gray matter regions, and ventricles (Ji et al., 2014; Kleiven, 2007; Yang

et al., 2014). Some models also use increasingly accurate geometry such as the internal



features of the skull (Asgharpour et al., 2014; Tse et al., 2015). Results from various
independently validated complex computational head injury models often do not agree
with each other which is attributed in part to variations in the material parameters utilized
(Jietal., 2014).

Inclusion of vasculature in computational models has produced mixed results.
Inclusion of simplified blood vessel geometries in one computational TBI model showed
dramatically different strain distributions and peak stress levels within the brain as
compared to a similar model without any vasculature (Omori et al., 2000; Zhang et al.,
2002). Inclusion of more complex vascular structure in another model produced minimal
difference from a similar model without vasculature (Ho and Kleiven, 2007). However, it
should be noted that the model containing more complex vasculature did not account for
internal pressurization of vessels, and this model does not correlate well with injury
distributions within the brain (Fahlstedt et al., 2015).

Despite this apparent conflict, there is evidence that inclusion of vasculature in
computational models is necessary. Two-dimensional physical surrogate models with
vasculature have significantly different strain distributions than without (Parnaik et al.,
2004). Additionally, cadaver head impact studies show better correlation of loading to
injury when the vasculature is repressurized (Alem et al., 1977; Nahum and Smith, 1976;
Stalnaker et al., 1977). It is therefore plane to see that the vasculature plays a very
important role in stress concentrations when the brain is loaded (Omori et al., 2000), and
should be included in computational models of TBI.

A previous attempt to mathematically model vascular function and vasospasm

shows the potential of computational models incorporating vasculature to investigate both



mechanics and vascular function (Baek et al., 2007b). An equation was presented which
represented the mechanical behavior of cerebral arteries including underlying passive
mechanics and mechanical contributions from SMC contraction. The intention was that
the contribution from the portion of the equation representing SMC contraction would be
optimized such that the overall solution would model vascular mechanical behavior under
healthy and mechanically damaged conditions. However, by the authors' own admission,
their model better serves to highlight the current lack of experimental data showing what
types of vascular dysfunction are associated with mechanical injury.

In order to provide the highest accuracy and/or utility of future computational
models which incorporate the cerebrovasculature, a better understanding is needed of the
vessel specific material properties, including failure and subfailure properties, as well as
defined strain thresholds resulting in vascular injury. Additionally, low availability of
mechanical data measured from human tissue often necessitates translation of
experimental results acquired from animals to the human case, but these relationships are
often not well understood.

The objective of this dissertation is to better define the effect subfailure
mechanical loading has on the cerebrovasculature along with defining strain thresholds
that result in pathological changes. This information will both provide a better
understanding of the mechanically related mechanisms of vascular injury post-TBI as
well as allow future computational models to potentially predict subfailure vascular
damage based on the stains resulting from applied traumatic loading. This will improve
the correlation of TBI-related region specific strains within the brain with clinically

observed pathologies (Vossoughi and Bandak, 1995). When possible, these results are



compared to data acquired from human tissue to provide a better understanding for the
translation of animal vascular data to humans (Chapter 2). In order to provide context for
the current research, brief discussions are here provided for cerebral vessel anatomy and
structure, mechanics of cerebral arteries, as well as cerebrovascular autoregulation and

TBI-induced dysfunction.

1.2 Cerebral Vessel Anatomy and Structure

The organization and structure of the cerebral vascular system is unique compared
to other organs (Wolff, 1936). Tissues outside the arachnoid membrane are perfused with
vasculature that does not penetrate the arachnoid. Inside the arachnoid membrane,
perfusion is provided by the internal carotid and vertebral arteries, which enter at the base
of the skull and anastomose together to form the Circle of Willis. Six main cerebral
arteries (posterior, middle, and anterior cerebral arteries) branch off from this Circle and
run along the cortical surface of the brain, continuing to subdivide to form a network
along the surface. Along the length of these surface vessels, small arteries branch off and
penetrate the cortex at right angles. These further subdivide until they reach the capillary
level (Akima et al., 1986; Cassot et al., 2006; Cassot et al., 2010; Reina-De La Torre et
al., 1998).

There are several differences in the cerebral vasculature compared to peripheral
vessels. Once inside the arachnoid membrane, the vasculature is bathed in CSF, and is
enwrapped in an additional layer of pial-arachnoid tissue (Alcolado et al., 1988). This
extra layer of tissue continues along the length of the arterial branching until it nears the

capillary level; however, cerebral veins do not have this extra tissue layer within the



cortex of the brain (Yamashima and Friede, 1984). Additionally, capillaries in the brain
are lined with astrocyte end feet and pericytes which maintain the tight control of the
blood brain barrier, while still providing for the metabolic needs of the surrounding tissue
(Ballabh et al., 2004). The venous structure is also unique in that blood from the deep
brain regions drains via Galen's vein (Meder et al., 1994), while cortical veins merge
together to form large bridging veins which exit the subarachnoid space (Andrews et al.,
1989; Han et al., 2007; Oka et al., 1985). Blood then collects in the dural venous sinuses
and eventually drains through the jugular veins. There is also a great deal of redundancy
in the cerebral vasculature, ranging from the Circle of Willis itself, to numerous
anastomoses between adjacent vessels, without arteriovenous anastomoses (Duvernoy et
al., 1981). These anastomoses have been observed to be as large as 1 mm in diameter in
humans (Brozici et al., 2003; Duvernoy et al., 1981).

While sharing some common characteristics with peripheral arteries, cerebral
arteries also have distinct differences. An excellent review of the morphological
differences between peripheral and cerebral arteries is available (Lee, 1995). Briefly
however, cerebral arteries are muscular arteries where the primary mechanical
constituents are collagen and elastin fibers along with SMCs (Hayashi et al., 1980;
Holzapfel et al., 2000; Humphrey, 1995; Humphrey, 2002). The wall structure can be
divided into three main layers (Holzapfel et al., 2000; Humphrey, 2002), the intima,
media, and adventitia. The intima, the innermost layer, is composed primarily of
endothelial cells attached to the internal elastic lamina (IEL). The media is dominated by
helically oriented smooth muscle cells embedded in a network of collagen and elastin

fibers (Holzapfel et al., 2000). While primarily in the circumferential direction, the pitch



of this helix varies depending on the location within the vascular tree (Takahashi et al.,
1994). The adventitia, the outermost layer, is primarily composed of collagen fibers
embedded with fibroblasts and fibrocytes and is much less organized than the other two
layers (Holzapfel et al., 2000). The IEL is thicker in cerebral arteries than in peripheral
arteries, but the elastin content in the media and adventitia is much lower (Stehbens,
1972; Stephens and Stilwell, 1969). Also, in peripheral arteries, the media and adventitia
are separated by the external elastic lamina. While the external elastic lamina is present in

cerebral arteries in infancy, it disappears in adults (Hassler and Larsson, 1962).

1.3 Mechanics of Cerebral Arteries

As mentioned above, efforts to better prevent and treat cerebrovascular injury and
disease are, in part, dependent upon a more complete understanding of vessel mechanics.
This includes the definition of blood vessel injury thresholds for failure and subfailure
damage, as well as characterization of the relationship between applied forces and vessel
function. Reviews of overall head injury mechanics and material properties for cranial
tissues are available elsewhere (Goldsmith, 2001; Goldsmith and Monson, 2005; Meaney
et al., 2014). Additionally, a comprehensive discussion of the loading to the head during
TBI and the clinical manifestations of gross vascular injury are outside the scope of this
summary, but a good review of such is provided by Crooks (Crooks, 1991).

The scope of this section is limited to the mechanics of cerebral arteries. More
complete reviews of vascular mechanics in general can be found elsewhere (Holzapfel et
al., 2000; Humphrey, 1995; Humphrey, 2002). One of the reasons for this specific focus

is that cerebral arteries are stiffer than veins and fail at a lower level of stretch (Monson



et al., 2003). This indicates that they would have a greater impact on the traumatic
deformation of surrounding brain tissue, and would sustain injury at a lower regional
strain level. Cerebral arteries are several orders of magnitude stiffer than surrounding
brain tissue. For example, experimental measurements of rat cranial tissues show the
instantaneous elastic modulus of gray and white matter to be 0.29 kPa and 0.45 kPa,
respectively (Christ et al., 2010). However, the middle cerebral artery has an
instantaneous elastic modulus of 1.1 MPa and 0.7 MPa for the axial and circumferential
directions, respectively (Bell et al., 2013) (also Chapter 2). This has led some to compare
the mechanical contribution of cerebral arteries in brain tissue to that of rebar in concrete
(Zhang et al., 2002).

The mechanical behavior of cerebral arteries has common traits with other
biological soft tissues, with some additional considerations. In general, cerebral artery
mechanical response is nonlinear and anisotropic. The arterial wall is also considered to
be incompressible within the physiological loading range (Carew et al., 1968). Like other
biological soft tissues, cerebral arteries maintain a certain level of stretch in the in vivo
configuration. Finally, due to the presence and action of SMCs in the arterial wall, the
mechanical behavior is dependent on both the passive mechanics of the wall constituents
as well as SMC contraction.

Like many biological soft tissues, cerebral arteries exhibit nonlinear mechanical
behavior due to the proportion and organization of the various arterial wall constituents
(Fung, 1993). See Figure 1.1 for an example of this nonlinear behavior as measured from
a stretch test on a pressurized ewe middle cerebral artery (MCA) pulled axially to failure.

The shape of the lower portion of this curve, known as the toe region, is determined by
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Figure 1.1: Axial mechanical response of ewe middle cerebral artery pulled to
failure at internal pressure of 13.3 kPa (100 mmHg).

both elastin and collagen fibers in the wall (Chow et al., 2014; Weisbecker et al., 2013).
While the contribution of elastin is linear in nature, the slope increases as initially
crimped collagen fibers within the wall straighten out and become load bearing, a process
known as fiber recruitment (Chow et al., 2014; Schrauwen et al., 2012; Zeinali-Davarani
et al., 2015). The subsequent nearly linear portion of the curve reflects the elongation of a
majority of the collagen fibers in the artery (Chow et al., 2014; Zeinali-Davarani et al.,
2015). It is postulated that the somewhat discontinuous changes in slope in the upper
portion of the curve are due to failure of certain microstructural component prior to
ultimate failure (Bell et al., 2015; Converse and Monson, 2014), which will be discussed
in greater detail near the end of this section.

In addition to the conformation of microstructural components, like the initial
crimping of collagen, the orientation of these components also plays an important role in
the resultant anisotropy of cerebral arteries. For example, the unloaded orientation of

collagen fibers in the adventitia is somewhat random, while the collagen in the media is
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oriented in a primarily circumferential helical manner (Chow et al., 2014; Schrauwen et
al., 2012). In both human and rat cerebral arteries, the axial direction has been shown to
be stiffer than in the circumferential direction at in vivo stretch levels (Bell et al., 2013;
Monson et al., 2008). While cerebral arteries are stiffer in humans than rats, the ratio of
axial to circumferential stiffness is similar (Bell et al., 2013) (also Chapter 2). This
anisotropy results in the mechanical behavior in either direction being dependent on the
loading in the other. As a result, biaxial mechanical testing is required for the
characterization of cerebral arteries (Bell et al., 2013; Monson et al., 2008).

Avrteries in vivo are under a certain amount of stretch. This is easy to see as
arteries removed from the body retract axially (Fuchs, 1900). This is an example of
residual strain. The parallel concept of residual stress is simply stresses in a material or
object that is free from external loading. Residual stress in arteries was first taken into
consideration for mechanical analysis by Bergel (Bergel, 1961). However, residual stress
is not limited to the axial direction. Circumferential residual stress is shown by cutting a
ring cross section of an artery radially (Chuong and Fung, 1986). The cross section then
opens into a mostly circular arch with a greater diameter than the original cross section.
Circumferential residual strain is quantified by measuring the resultant opening angle (o)
(Figure 1.2). It is important to note, however, that this opening angle can vary
significantly along the length of the artery (Liu and Fung, 1988; Monson et al., 2008).
Additionally, residual shear strain has been observed and quantified in coronary arteries
(Wang and Gleason, 2010, 2014). Residual shear strain causes a resected thin
longitudinal strip of the arterial wall to coil into a helical configuration. Finally, the

different layers of arteries have been shown to have different amounts of residual stress in
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Figure 1.2: lllustration of the measurement of circumferential residual strain
opening angle (a) from a cross section of a human pial artery sliced open radially.
Opening angle is in radians and measured from the midpoint of the arc to the end.
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both the axial and circumferential directions (Holzapfel et al., 2007). For example, the
circumferential opening angle of the media could be much higher than that of the
endothelium. While this layer specific residual strain has been quantified in larger
peripheral arteries (Holzapfel et al., 2007), the small size of cerebral arteries make such
an attempt difficult. To account for residual stress and strain for stress analysis, one must
use the stress relieved configuration as the reference state as described in detail by
Holzapfel et al. (Holzapfel et al., 2000).

An important testing consideration related to residual strain is the experimental
determination of the in vivo length during in vitro vessel tests. In this regard, a discovery
by Van Loon (Van Loon, 1977) is particularly helpful. Van Loon found that when dog
arteries are stretched axially at varying levels of constant internal pressure, all the force
length plots overlap at a single vessel length. He further confirmed this by showing that at
this same length, corresponding to the sample's measured in vivo length, the axial force
stayed constant as the pressure was oscillated within the physiological pressure range.
Above the in vivo length, the axial force will rise with increasing internal pressure, while
the axial force will fall with increasing internal pressure below the in vivo length. This
phenomenon has since been confirmed experimentally in rats (Weizsacker et al., 1983)
and again in dogs (Brossollet and Vito, 1995).

The contribution of SMC contraction to the overall mechanical behavior of
cerebral arteries is an important consideration, especially considering that over half of the
arterial wall is composed of SMCs (Humphrey, 2002). Both active and passive
mechanical properties of cerebral arteries have been measured to a limited extent in

animals. For example, activation of SMCs in rabbit basilar arteries with the
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vasoconstrictor endothelin-1 (ET-1) (Wagner and Humphrey, 2011) during pressure
inflation tests at a fixed length shows that the axial force required to maintain a set axial
length decreases as SMC tone increases. This study also showed an increase in
circumferential stiffness with increased SMC activation. A second study, on rat MCA
(Coulson et al., 2004), showed that SMC contraction induced by increased internal
pressure also increased circumferential stress at a given level of circumferential stretch.
However, when the overall mechanical response is mathematically separated into the
individual contributions from passive structures and active SMC contraction, the passive
stiffness in both directions seems to decrease with increasing SMC contraction (Baek et
al., 2007a).

A large number of strain energy functions have been proposed to describe arterial
mechanical behavior (Holzapfel et al., 2000; Humphrey, 1995). Strain energy functions
are scalar mathematical relationships that relate the stored strain energy to the
deformation gradient. In other words, they relate the energy required to deform a material
to the matching level of stretch. Such a function can then be used to predict stress from
the applied stretch. The parameters for these functions are derived by iteratively
optimizing the function so that the mathematically predicted stresses best match
corresponding experimentally measured stress values. One important consideration in this
regard is, similar to many biological soft tissues, cerebral arteries exhibit hysteresis or a
loss of energy between the loading and unloading of the material. Therefore, current
strain energy functions can only be fitted to either the loading or the unloading portions
of the data, not both at once. Typically, the loading portion of the data is chosen resulting

in the psuedoelasticity assumption (Fung et al., 1979). There are two basic categories of
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strain energy functions, phenomenological and microstructurally-based. While
microstructurally-based functions have the potential to describe contributions from, and
changes in, various components in the arterial wall, they are more computationally
demanding and more difficult to validate (Holzapfel et al., 2000). However, while
phenomenological models may not be as versatile, they are significantly simpler and can
still potentially represent arterial mechanical behavior equally well (Bell and Monson,
2012).

Phenomenological strain energy functions simply utilize an optimized
mathematical expression to replicate stress response without regard to the underlying
microstructure. Examples of phenomenological functions have been based on exponential
(Delfino et al., 1997; Fung et al., 1979; Vaishnav et al., 1973) or logarithmic equations
(Takamizawa and Hayashi, 1987). One of the most commonly used phenomenological
models is the exponential Fung strain energy function (Bell et al., 2013; Bell and
Monson, 2012; Fung et al., 1979; Garcia et al., 2013; Keyes et al., 2013; Monson et al.,
2008). The Fung strain energy function as applied to cerebral arteries has only four
independent material parameters and is more fully described in Chapter 2 (Bell et al.,
2013).

Microstructurally-based strain energy functions divide the overall mechanical
behavior into more basic components, such as an isotropic elastic base material and
reinforcing collagen fibers (Baek et al., 2007a; Holzapfel et al., 2000; Wicker et al.,
2008). Holzapfel et al. (Holzapfel et al., 2000) have also proposed treating the media and
adventitia as two connected materials with differing material properties. One previous

function, mentioned briefly above, has a third division in the total mechanical behavior to



16

represent the contribution from contracting SMCs (Eqg. 1.1) (Baek et al., 2007a).
W = W(elastin) + W(collagen) + W(active) (1.2)

This function (Eq. 1.2) accounts for 4 collagen fiber families, each having a unique
orientation, stiffness, and degree of nonlinearity, except that material parameters for
families 3 and 4 are defined as having equal stiffnesses and nonlinearity. Superscript k
signifies the fiber family where, in the reference configuration, family 1 is oriented along
the axial direction (a* = 0°), family 2 is oriented circumferentially (a? = 90°), and

families 3 and 4 are oriented helically (a® = a* and a* = —a*).

w=22a1, - 3)+2 {exp( (@° ‘1)) 1f

(1.2a)
1(Ay — 2g)*
+Kact {/10 + 5 (AM — 10)3
The stretch of the k™ fiber family is defined as
Ak = \/A%coszak + A%sinZak (1.2b)

and I, is the first invariant of the right Cauchy-Green stretch tensor. Parameter c; is a
material parameter for the elastin with units of stress. Parameters c¥ (stress units) and c¥

(unitless) are material parameters for the k™ fiber family. Parameter K., is an
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experimentally measured parameter related to the level of SMC activation. The various
other stretch measurements are current axial stretch (4,), current circumferential stress
(4g), stretch where SMC contraction is maximum (4,,), and stretch where SMC force
generation stops (4,). All four of these stretch metrics are experimentally measured. All
together, there are eight independent material parameters to optimize. The Baek function
has more capability than the Fung phenomenological model, but twice as many material
parameters. Therefore, when selecting a strain energy function for investigation of
cerebral artery mechanical behavior, one should bear in mind the two factors of what
does the function need to do, and the minimization of computational expense should it
later be utilized in a computational model of TBI.

There is a limited amount of data for mechanical characterization of human
cerebral arteries within the physiological loading range. Circumferential inflation tests on
vessels taken from autopsy have revealed that while cerebral vessels get stiffer with age,
they are stiffer than peripheral vessels at all ages (Busby and Burton, 1965; Hayashi et
al., 1980). Axial stretch tests on unpressurized cerebral vessels from autopsy (Chalupnik,
1971) and live surgical resection (Monson et al., 2003) have shown the mechanical
response is not strain rate dependent from quasi-static rates up to 500 s™*. However,
cerebral vessels from autopsy exhibit a higher stiffness than do fresh vessels from
surgical resection (Monson et al., 2005). Additionally, when biaxial loading is utilized,
the axial stress at any given level of axial stretch is higher than in previous unpressurized
tests (Monson et al., 2008). Unfortunately, limited availability of human tissue is a barrier
to additional research.

In order to try to make up for this shortfall in human cerebrovascular tissue,
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cerebral artery mechanics under physiological loading levels have been investigated in
various animal models. Circumferential active and passive mechanics have been
measured in rat MCAs (Coulson et al., 2004; Hogestatt et al., 1983). Certain pathological
conditions have been shown to change these mechanical properties. For example, both
ischemia (Coulson et al., 2002) and chronic hypertension has been shown to increase the
passive circumferential stiffness in large rat cerebral arteries (Hajdu and Baumbach,
1994). While the biaxial active and passive mechanical properties had been measured in
rabbit basilar arteries prior to this dissertation (Baek et al., 2007a; Wicker et al., 2008),
the rat is a far more common experimental model for TBI (DeWitt and Prough, 2003).
Previous measurements of mechanical properties in rodent cerebral vessels have been
limited to the circumferential direction (Coulson et al., 2002; Coulson et al., 2004; Hajdu
and Baumbach, 1994). Additionally, it has been argued previously that the primary mode
of loading experienced by cerebral vessels during TBI is axial stretch (Goldsmith, 2001,
Monson et al., 2003). To address this lack of axial rat mechanical data, Chapter 2 of this
dissertation (Bell et al., 2013) measured the passive biaxial mechanical properties of rat
MCA:s.

Since the initial mechanical loading of TBI commonly results in hemorrhage due
to vessel rupture, knowing the failure characteristics of cerebral vessels is critical to
determining strain injury thresholds. Failure properties of cerebral vessels have been
shown to be strain rate independent in humans (Chalupnik, 1971; Lee and Haut, 1989;
Monson et al., 2003) and ferrets (Lee and Haut, 1992) for rates ranging from quasi-static
up to 500 s and 200 s, respectively. However, near failure stretch levels the

incompressibility assumption is potentially no longer valid (Bell et al., 2013) due to the
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large strains involved. Unpressurized axial stretch tests to failure on human cerebral
vessels from autopsy display a higher failure stress but a lower failure stretch than did
fresh cerebral vessels (Monson et al., 2005). With this in mind, it is interesting to note
that axial failure stress and stretch from unpressurized human autopsy arteries are 1.06
MPa and 1.34, respectively (Steiger et al., 1989), while these values are 4 MPa and 1.4
for pressurized failure tests on fresh human cerebral arteries (Monson et al., 2008).
Considering the higher failure stress in human cerebral arteries from autopsy when
unpressurized, the higher failure stress in fresh cerebral vessels when pressurized is all
the more pronounced. This emphasizes the need for investigations of injury thresholds to
utilize biaxial loading. During the course of the work in this dissertation, axial failure
properties under biaxial loading were also defined for rat (Bell et al., 2013) and sheep
(Bell et al., 2015) MCAs. Rat MCAs fail at a higher failure stretch but lower failure stress
than human cerebral vessels do (Bell et al., 2013). The sheep failure properties were not
compared to humans in the study in Chapter 4. However, the sheep MCA failure stress
(3.44 MPa) is comparable to humans and the failure stretch (1.7) seems to be higher than
for human cerebral arteries.

In addition to injury thresholds that would lead to immediate structural failure,
strain thresholds resulting in subfailure cerebrovascular damage are also important to the
understanding of TBI. Prior experiments on aorta indicate that the endothelium ruptures
under mechanical stretch before other vascular layers (Vaishnav and VVossoughi, 1987).
Those authors postulate that this could be due to elevated initial strain in the endothelium
due to layer specific residual strains. While it has not yet been extensively studied,

preliminary observations in our lab show rupture of endothelium and/or IEL following
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subfailure axial overstretch (Figure 1.3 and Figure 1.4). Additionally, other preliminary
data show layer-specific alteration and/or damage to the collagen structure within the
wall of lamb cerebral arteries following subfailure mechanical overstretch (Figure 1.5)
(Walther, 2015). Prior to the work of this dissertation, supraphysiological stretch had
been shown to reduce the stiffness of peripheral arteries without obvious structural
damage in both the circumferential and axial directions, a phenomenon known as strain
softening (Alastrue et al., 2008; Holzapfel and Gasser, 2007; Horny et al., 2010; Maher et
al., 2012; Pefia et al., 2010), but not in cerebral arteries. This reduction in axial stiffness
following subfailure mechanical deformation has now been confirmed and characterized
in cerebral arteries as well (Bell et al., 2015) (see Chapter 4). Subsequent preliminary
data also indicates the presence of circumferential mechanical softening following axial
overstretch (Converse and Monson, 2014).

While this subfailure stretch induced strain softening would not necessarily affect
the deformation of the brain during the initial traumatic loading, it could play a role in
secondary complications. It has been shown that the contractile behavior of vascular
SMCs is dependent on the stiffness of the extracellular matrix (Steucke et al., 2015).
Furthermore, previous TBI is clinically correlated with an increased risk of stroke up to 5
years later (Burke et al., 2013; Chen et al., 2011; Hills et al., 2012). This may be due to a
persistent change in mechanical properties due to overstretch, or possibly be the result of
maladaptations to the vasculature due to the reduced axial stress following softening
(Humphrey et al., 2009). Finally, as is illustrated in the subfailure rupture of endothelium
mentioned above (Vaishnav and VVossoughi, 1987), mechanical overstretch also has the

potential to damage other vascular cells inducing autoregulatory dysfunction.
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Figure 1.3: Observed failure of endothelium in rat middle cerebral artery prior to
pressure loss or structural failure during pressurized (100 mmHg) axial stretch test
to failure. Intima was stained with nigrosin dye for contrast. It is unknown if IEL was

also ruptured in this image.
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Figure 1.4: Observed rupture of internal elastic lamina (IEL) following subfailure
axial overstretch of lamb middle cerebral artery. IEL imaged with confocal
microscopy. Image from unpublished preliminary data related to (Converse and Monson,

2014).
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Figure 1.5: Confocal images of lamb middle cerebral arteries subjected to subfailure
axial overstretch. White streaks indicate binding of collagen mimetic peptide to
damaged collagen. Axial direction is vertical and circumferential is horizontal. [C2,
control (no overstretch); S1 1 (Az = 1.3); S2 1 (Az = 1.4); S3_1 (Az = 1.6)]. (Walther,
2015) Reproduced with permission.

1.4 Cerebrovascular Autorequlation and TBI-Induced Dysfunction

Cerebrovascular autoregulation is the process by which the SMCs in cerebral
arteries alter their level of contraction so as to provide the needed level of cerebral blood
flow (CBF) in order to maintain homeostasis and match the regional metabolic needs in
the brain. In humans, autoregulation of CBF can be sustained within the range of mean
arterial blood pressure of approximately 50-150 mmHg (Humphrey, 2002; Phillips and
Whisnant, 1992). Above the upper pressure limit, CBF increases with increasing cerebral
perfusion pressure (CPP) as SMCs can no longer contract sufficiently to restrict flow
(Cipolla and Osol, 1998). Below the lower pressure limit, CBF decreases with decreasing

CPP as SMC can no longer dilate sufficiently to allow enough flow, resulting in
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hypoperfusion and ischemia (Hossmann, 1994). There are several autoregulatory
mechanisms in the cerebrovasculature, many of which are disrupted following TBI. More
complete reviews of normal cerebral autoregulation (Brian, 1998; Edvinsson et al., 1993;
Faraci and Brian, 1994; Kontos, 1981; Kulik et al., 2008; Meininger and Davis, 1992;
Paulson et al., 1990) and TBI-induced autoregulatory dysfunction (DeWitt and Prough,
2003; Golding, 2002; Golding et al., 1999a; Kenney et al., 2016; Kramer et al., 2013;
Kreipke et al., 2013; Rangel-Castilla et al., 2008) are available elsewhere.

The scope of this summary of cerebral autoregulation is limited to larger cerebral
arteries, such as the pial arteries utilized in this dissertation. These larger cerebral arteries
provide as much as 45-50% of the total resistance in the cerebral vasculature in rats
(Faraci and Heistad, 1990; Harper et al., 1984). Further, regulation of blood flow for
localized needs in the brain requires a vascular response in both the localized vasculature
as well as upstream vessels (Faraci and Heistad, 1990), allowing maintenance of local
blood flow without drastic alterations in local blood pressure. Therefore, this resistance in
the larger cerebral arteries is vital for the protection of the smaller vessels downstream
(Faraci and Heistad, 1990). While these larger vessels commonly rupture and bleed
during TBI, they can also become dysfunctional, exposing the more distal
microvasculature to supraphysiological pressures (Tsubokawa and Katayama, 1998),
resulting in diffuse injury such as vasogenic edema and hemorrhage of the
microvasculature, both of which are commonly observed post-TBI (Kenney et al., 2016;
Tsubokawa and Katayama, 1998). One potential way to clinically evaluate the degree of
autoregulatory dysfunction noninvasively post-TBI is the evaluation of blood flow in

large cerebral vessels, such as the MCA, using transcranial Doppler ultrasound
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(Panerai,1998) or near-infrared spectroscopy (Highton et al., 2015; Panerai, 1998).
Additionally, the effects evoked by various signals to the cerebrovasculature change
based on where in the vascular tree the signal is applied. For example, norepinephrine
causes contraction in pial arteries via interaction with SMC o1-adrenoceptors (Lincoln,
1995; Sandor, 1999), while causing dilation in subcortical arterioles via interaction with
-adrenoceptors which are predominate in these smaller arterioles (Lincoln, 1995;
Mayhan, 1994; Rosendorff et al., 1976). Also, the peak myogenic response occurs at
decreasing pressure levels as the diameter of the artery decreases (Golding et al., 1998b).
Therefore, a better understanding of mechanically-induced autoregulatory dysfunction of
larger cortical vessels, like the MCA, may contribute to the planning of treatments based
on noninvasive clinical measurements of blood flow within these vessels.
Cerebrovascular autoregulation takes place via the complex interplay of several
mechanisms which are here divide into four basic categories for discussion: neurogenic,

metabolic, endothelial, and myogenic.

1.4.1 Neurogenic autoregulation

Pial arteries receive nervous signals from nerves originating in the peripheral
nervous system (Hamel, 2006). These nerves are located in the adventitia, their density
begins to decrease as arteries enter the cortex, and they are not present in subcortical
arterioles (Handa et al., 1990). The role and importance of these pial artery perivascular
nerves is not well understood and is still an open debate (Sandor, 1999; Strandgaard and
Sigurdsson, 2008; van Lieshout and Secher, 2008). Additionally, while it has been shown

that these perivascular nerves do not have a significant effect on cerebral blood flow
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under physiological conditions, contraction of pial arteries due to sympathetic nerve
signals during hypertension do significantly reduce cerebral blood flow, protecting
downstream portions of the vasculature from damage (Tuor, 1992; Wahl, 1985).

These perivascular nerves are capable of releasing neurotransmitters that can
potentially alter the level of SMC contraction. Norepinephrine (NE) interacts with a1-
adrenoceptors in SMCs, and serotonin (5-HT) interacts with 5-HT1B receptors, both
leading to contraction of pial arteries (Hogestatt and Andersson, 1984b; Lincoln, 1995;
Sandor, 1999). Further, while interaction of acetylcholine (ACh) with muscarinic
receptors in SMCs can potentially lead to weak contraction, ACh evokes a much more
pronounced dilation in cerebral arteries by triggering the release of nitric oxide (NO)
from endothelial cells as explained in the endothelial autoregulation section below in
greater detail (Lee, 2002). The density and functionality of these perivascular nerves
varies by location within the brain, which may serve to accommodate the varied
metabolic needs in differing regions of the brain (Bleys et al., 1996; Handa et al., 1990;
Hogestatt and Andersson, 1984b). For example, perivascular nerve density is lower in
human anterior cerebral arteries than in posterior cerebral arteries (Bleys et al., 1996),
while reactivity to NE is higher in feline anterior cerebral arteries than in posterior
cerebral arteries (Hamel et al., 1988).

TBI leads to damage of this system in addition to altered response to signaling.
Perivascular nerves in the basilar and internal carotid arteries have been shown to be
physically damaged following impact TBI in rats (Ueda et al., 2006). Also, following
fluid percussion injury, 5-HT induced vasoconstriction is eliminated or even changed to

mild dilation (Kontos and Wei, 1992).
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1.4.2 Metabolic autoregulation

Metabolic autoregulation refers to alteration in SMC tone in response to the
chemical signals associated with metabolic needs. While metabolic signals exert some
influence on cerebrovascular tone regardless of pressure level, they are likely the primary
means of autoregulation at pressures below the autoregulatory pressure range (Kontos et
al., 1978). This section will briefly discuss the regulatory mechanisms associated with
maintenance of physiological levels of carbon dioxide (CO,) and oxygen (O,).

Either hypocapnia or hypercapnia in the brain result in compensatory responses
from cerebrovascular SMCs. The physiological partial pressure of CO, (PCO,) in CSF is
approximately 55 mmHg (Andrews et al., 1994). When PCO;, is elevated, SMC
vasodilation results in order to clear the excess CO,. The primary mechanism for this is
the SMC response to the associated change in the surrounding pH. Excess CO, reacts
with extracellular H,O to form carbonic acid (CO, + H,0 <> H,CO3; <> H® + HCO3).
This increases the concentration of extracellular H* which then interact with SMCs and
cause dilation (Kontos et al., 1977). The concept that this is the primary mechanism for
hypercapnic vasodilation is further supported by the finding that changes in PCO, or
bicarbonate concentrations alone do not affect vascular tone (Kontos et al., 1977).
Hypocapnia results in vasoconstriction due to the same relationship between the
concentration of extracellular H and the level of SMC contraction.

Levels of O, in the brain produce vasoactive responses independent of the level of
CO,. While the partial pressure of O, (PO;) varies dramatically from one region of the
brain to another (Masamoto and Tanishita, 2009), hypoxia-induced vasodilation typically

begins when mean arterial blood pressure (MAP) falls below 50 mmHg (Humphrey,
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2002; Masamoto and Tanishita, 2009). There are several factors which are released from
nonvascular brain tissues in response to hypoxia that can induce vasodilation and increase
blood flow (Pearce, 1995). While it is still a matter of debate which is the primary
mechanism for hypoxia mediated vasodilation (Masamoto and Tanishita, 2009; Pearce,
1995), a few of them are presented here. Neural cells release potassium ions (K*) under
hypoxic conditions. Small increases of extracellular K* lead to dilation of SMCs through
the action of inward rectifying potassium channels (Kj;) (Golding et al., 2000; Johnson et
al., 1998). Hypoxic neurons also release H, the effect of which was discussed above.
Adenosine is normally released by and then acts on endothelial cells to produce
vasodilation (Coney and Marshall, 1998). However, under hypoxic conditions,
nonvascular brain tissue also release adenosine which then interacts directly with SMCs
causing dilation. There is also a direct effect of hypoxia on SMCs. Reduced adenosine
triphosphate (ATP) levels in SMCs open ATP sensitive K* channels which result in
hyperpolarization and vasodilation (Taguchi et al., 1994). Under hyperoxic conditions,
the elevated levels of PO, have been shown to increase concentrations of ET-1, a potent
vasoconstrictor (Armstead, 1999). Also it is theorized that free floating NO, basally
acting as a vasodilator, is inactivated by superoxide anions that form during hyperoxia
resulting in decreased dilation (Zhilyaev et al., 2003).

TBI leads to impairment of metabolically-based autoregulatory mechanisms. It is
important to note here that the metabolic demand in the brain decreases post-TBI.
However, the decrease in CBF due to autoregulatory dysfunction is greater than would be
justified by this reduced metabolic demand (DeWitt and Prough, 2003). Decreased

vascular reactivity to elevated CO, in the brain following TBI has been observed
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experimentally (Golding et al., 1999b). Additionally, ATP sensitive K* channels in
SMCs, involved in the dilation associated with hypoxia, have been shown to be impaired

following fluid percussion injury (Armstead, 1997a).

1.4.3 Endothelial autoregulation

Vascular endothelial cells play a vital role in the regulation of CBF through the
action of both chemical and mechanical signals. Endothelial cells also provide a wide
variety of other essential functions such as acting as a selective barrier between blood and
brain, providing a nonthrombogenic surface, and facilitating blood clotting,
inflammation, and angiogenesis (Kropinski et al., 2013). Some examples of the
vasoactive substances produced by endothelial cells are NO, endothelial-derived
hyperpolarizing factor (EDHF), and endothelin.

Nitric oxide is a potent vasodilator and is consistently produced at a basal level by
endothelial cells. Production of NO is dependent on endothelial cytosolic calcium levels
(Szabo, 1996). Some examples of the stronger methods to increase cytosolic calcium are
shear stress applied by flowing blood (Mashour and Boock, 1999), interaction of NO
synthase (NOS) with the endothelial cell membrane, and binding of ACh to the cell
membrane (Szabo, 1996). The three sources of NOS are the endothelial cells themselves
(eNQOS), neurons (nNOS), and inducible NOS (iNOS) which is not normally present in
the healthy brain (Szabo, 1996) but can be expressed following TBI (Szabo, 1996;
Villalba et al., 2014).

Endothelial derived hyperpolarizing factor is the residual dilational effect

endothelial cells can exhibit on SMCs in the absence of chemical dilators like NO,
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prostaglandin, or cyclooxygenase. No specific chemical has been associated with this
effect to date. It is thought that when endothelial cytosolic calcium increases due to
various agonists, this opens calcium-mediated K* channels, hyperpolarizing the
endothelial cell membrane. This process then results in relaxation in adjacent SMCs
(Busse et al., 2002). This phenomenon is not fully understood, but some possible
explanations include direct transfer of membrane potential between endothelial and
SMCs via gap junctions (Busse et al., 2002; Griffith, 2004), and expulsion of K* from the
endothelium into the extracellular space inducing hyperpolarization of SMC via K*
channels or Na*- K* ATPase (Busse et al., 2002).

While endothelin peptides are produced by endothelial cells, there are also
significant amounts produced by astrocytes, and neurons under normal physiological
conditions (Petrov et al., 2002). The primary endothelin peptides produced in the brain
are ET-1 and ET-3, but ET-1 is thought to be the predominantly vasoactive of the two
(Kuwaki et al., 1997; MacCumber et al., 1990), and concentrations of ET-1 are typically
much higher in CSF than in plasma (Kuwaki et al., 1997). ET-1 has a complicated effect
on the vasculature causing dilation at low concentrations, and contraction at higher
concentrations (Armstead et al., 1989). Vasoconstriction induced by ET-1 is the result of
its interaction with ETA receptors on SMCs which activate of the G-protein cascade. This
results in the formation of inositol triphosphate which then binds to SMC calcium
channels to increase influx of calcium, leading to contraction (Hirata et al., 1988). The
contractile effects of ET-1 are long lasting, persisting for several hours after ET-1 is no
longer associated with the receptor (Clarke et al., 1989). The binding of ET-1 with ETB

receptors on endothelial cells evokes vasodilation by triggering eNOS and NO
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production. ETB receptors also activate cell survival pathways and providing clearance of
ET-1 (Kropinski et al., 2013; Touzani et al., 1997).

There is a number of studies showing endothelial autoregulatory pathways are
disrupted following TBI. NO-mediated dilation is impaired following subarachnoid
hemorrhage (SAH) as hemoglobin is a potent NO scavenger leading to vasoconstriction
(Szabo, 1996). Fluid percussion injury eliminates ACh-mediated dilation and even results
in mild vasoconstriction due to ACh interaction with muscarinic receptors on SMCs
(Ellison et al., 1989; Kontos and Wei, 1992). Toklu et al. (Toklu et al., 2015) have shown
that exposure to blast overpressure results in both a decrease to ACh mediated dilation, as
well as an increase in ET-1 induced contraction. Increased levels of ET-1 in plasma and
CSF following experimental (Foley et al., 1994; Petrov, 2009; Petrov et al., 2002) and
human (Beuth et al., 2001; Salonia et al., 2010) TBI have been linked to hypoperfusion
and ischemic brain damage. It should be noted that the increase in production of ET-1
following TBI is much more pronounced in macrophages, astrocytes, and neurons then in
endothelial cells (Petrov et al., 2002). Since experimental application of ET-1 to the
adventitia has a significantly stronger response than luminal application (Salom et al.,
1995), it is possible that elevated production of ET-1 by nonvascular cells post-TBI plays
a larger role in the post-TBI vasospasm than alterations to endothelial ET-1 production
do. However, the specific role of ET-1 in TBI-induced vasospasm is still not well defined

(Kropinski et al., 2013).
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1.4.4 Myogenic autoregulation

The myogenic response, also known as the Bayliss effect, involves alteration of SMC
contraction caused by changes in luminal pressure. It was first observed by Sir William
Bayliss over 100 years ago in dogs.

When the pressure was raised inside the artery it was seen at first to swell, but
immediately, and while the mercury was still kept at its height, a powerful
contraction took place, in which the artery appeared to writhe like a worm. If
pressure was suddenly lowered again the artery did not return merely to the state
corresponding to the lesser pressure, but underwent a considerable relaxation...
(Bayliss, 1902) (page 229; used with permission)

There are two main divisions to this effect, generation of basal tone (myogenic tone) and
regulation of tone thereafter (myogenic reactivity) (Osol et al., 2002). Both have been
shown to be affected by TBI (Armstead, 1997b; Mathew et al., 1999; Villalba et al.,
2014).

The development of myogenic tone takes place within the pressure range of 40-60
mmHg in rats (Osol et al., 2002). Luminal pressure stretches SMC membranes resulting
in depolarization caused in part by opening of stretch activated cation channels, such as
transient receptor potential channels (Welsh et al., 2002). SMC membrane depolarization
causes the opening of voltage sensitive calcium channels which facilitate influx of
extracellular calcium (Knot and Nelson, 1998; McCarron et al., 1997). Elevated
intracellular calcium increases myosin light-chain phosphorylation, resulting in SMC
contraction, and a decrease in vessel diameter (Somlyo et al., 1999). Additionally,
activation of calcium sensitive K* channels by increased intracellular calcium results in
membrane hyperpolarization, thus providing negative feedback to control the level of
stretch induced myogenic contraction (Jaggar et al., 2000).

The mechanisms of myogenic reactivity differ from those of myogenic tone
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development. The pressure range in which myogenic reactivity is dominant is 60-140
mmHg in rats (Osol et al., 2002) and 60-160 mmHg in humans (Phillips and Whisnant,
1992). It has been shown experimentally in rats that increases in luminal pressure within
this range produce increased wall tension, but the diameter is kept relatively constant
(Osol et al., 2002). Increased myosin light-chain phosphorylation in this case is due to
heightened sensitivity to calcium in SMCs, while the intracellular calcium levels do not
significantly increase (Lagaud et al., 2002; Somlyo et al., 1999). This increase in calcium
sensitivity is achieved by activation of Rho kinase and protein kinase C (Lagaud et al.,
2002; Osol et al., 1991; Schubert et al., 2002). The reverse of both these processes takes
place in response to decreased luminal pressure, resulting in decreased wall tension and
eventually, vasodilation (Bayliss, 1902; Osol et al., 2002).

Both myogenic tone and reactivity are affected by TBI. Specifically, controlled
cortical impact TBI in rats impairs both mechanisms (Golding et al., 1998a). Also,
myogenic tone development to increasing luminal pressure is impaired after fluid
percussion injury, which the authors attributed to expression of iNOS and elevated levels
of NO preventing contraction (Villalba et al., 2014). Additionally, calcium sensitive K*
channels, involved in the reduction of myogenic tone to decreased luminal pressure, have
been shown to be impaired following fluid percussion injury (Armstead, 1997b; Mathew
et al., 1999), possibly caused by inactivation by elevated oxygen free radicals (DeWitt et

al., 2001).
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1.4.5 Mechanisms of autoregulatory dysfunction (physical vs. chemical interplay)

Cerebrovascular autoregulatory dysfunction following TBI is a combination of
the repercussions from the initial injury and the subsequently altered chemical
environment in the injured brain. Good reviews on the combined initial mechanical and
secondary injury caused by TBI are available (Davis, 2000; Kreipke et al., 2013;
Ommaya, 1995). The importance of the interaction between these two comorbid factors
and the need to identify the specific role cerebrovasculature injury plays is well stated by
DeWitt.

It is somewhat artificial to separate traumatic injury to the brain from traumatic
injury to the vasculature since injury to the brain likely contributes to cerebral
vascular injury and vice versa. However, it may prove important to separate the
mechanisms of vascular and brain injury because different types of damage may
require different preventative or treatment strategies. (DeWitt and Prough, 2003)
(page 802; used with permission)

While the need for properly functioning cerebrovascular autoregulation is vital, aside
from altered chemical signaling, autoregulatory dysfunction could just as well be
influenced by subfailure mechanical damage to cerebral vessels. The need to better
understand the subsequent mechanically related pathology, and the potential of such
knowledge, was voiced by a foundational researcher of TBI, Ayub Ommaya.

If knowledge of the specific biomechanics of any head injury were available and
the clinical and physiopathologic boundary conditions in the earliest period were
also known and subsequently could be adequately controlled, then it would be
possible to predict the outcome of that head injury at a very early stage.
(Ommaya, 1995) (page 534; used with permission)

As a result, it is necessary to examine the effects to cerebral autoregulation resulting from
both the initial mechanical injury, as well as subsequent chemical insults, to the
cerebrovasculature associated with TBI.

The scope of this section is to focus specifically on a few examples of how
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mechanical and chemical insults may separately affect the functionality of
cerebrovascular autoregulation following TBI. There are other serious secondary
complications that follow TBI that are not necessarily directly related to vascular injury,
and are subsequently outside the scope of this dissertation, such as inflammation (Ziebell
and Morganti-Kossmann, 2010) and cytotoxic edema (Marmarou, 2007; Unterberg et al.,
2004). However, these conditions do play a part in the altered chemical milieu in the
brain post-TBI. Another such condition is the elevation of intracranial pressure (ICP)
frequently observed after TBI (Tang et al., 2015; Tasker, 2014). Given a constant MAP,
increased ICP leads to a drop in the CPP (CPP = MAP - ICP). This has been referred to
as false autoregulatory dysfunction as otherwise unimpeded CBF is restored when
elevated ICP is relieved (Enevoldsen and Jensen, 1977).

Several autoregulatory mechanisms are strongly related to the arterial mechanical
environment. Myogenic autoregulation is entirely driven by applied luminal pressure
(Bayliss, 1902). Shear forces caused by blood flow stimulate endothelial production of
NO (Mashour and Boock, 1999). It has also been shown that the behavior of vascular
SMCs are altered following mechanical stretch (Alford et al., 2011; Arutiunov et al.,
1974; Boock, 1991). Specifically, short-term cerebral vasospasm lasting less than 20
minutes has been produced experimentally by mechanically stretching connective tissue
attached to cerebral arteries, but not when stretch was applied to the vessel itself
(Arutiunov et al., 1974). Further, mechanical stretch applied directly to isolated femoral
arteries has led to vasospasm, but this was even shorter in duration, lasting 2 minutes or
less (Boock, 1991). Long-term increase in SMC contractility, lasting at least 24 hours,

has been observed following rapid stretch of cultured SMCs (Alford et al., 2011). In
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contrast however, the application of rapid in vitro axial overstretch to rat MCAs in
Chapter 3 led to a decrease in SMC contraction.

The intrinsic mechanical properties of cerebral arteries can also be effected by
TBI. As mentioned in the previous section, contractile behavior of SMCs is dependent on
the stiffness of the extracellular matrix (Steucke et al., 2015). Supraphysiological
deformation of arteries produces strain softening (Alastrue et al., 2008; Bell et al., 2015;
Holzapfel and Gasser, 2007; Horny et al., 2010; Maher et al., 2012; Pefia et al., 2010),
potentially due to changes in the stiffness of the ECM. Further, decreased wall tension in
cerebral vessels correlates clinically with impaired autoregulation (Varsos et al., 2014).
So even in the absence of chemically induced changes, cerebral autoregulation can be
negatively affected by the initial mechanical insult associated with TBI.

There are several aspects of the altered chemical environment post-TBI which
could play a role in autoregulatory dysfunction. Specifically, vasospasm leads to
hypoperfusion and subsequent ischemia (Kramer et al., 2013). Independent of any
mechanically-induced increase in contraction, several chemical changes take place
following TBI which can induce vasospasm. Following TBI, there is frequently an
increase in extracellular K™ concentrations released from neurons (Golding et al., 2000;
Katayama et al., 1990; Nilsson et al., 1993; Takahashi et al., 1981), potentially returning
to normal within an hour (Nilsson et al., 1993). Under physiological conditions, where
extracellular K™ concentrations are approximately 4 mM, slight increases in extracellular
K™ result in vasodilation (Golding et al., 2000; Johnson et al., 1998). However, the
increased concentration of extracellular K* post-TBI can reach 50-60 mM (Nilsson et al.,

1993; Takahashi et al., 1981) which evokes strong vasocontraction via direct
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depolarization of SMCs (Golding et al., 2000; Hogestatt and Andersson, 1984a).

Another change in the post-TBI chemical environment linked to vasospasm is the
clinically observed increase of ET-1 concentrations in CSF following SAH (Mascia et al.,
2001; Volker Seifert et al., 1995). Similar ET-1 increases are observed following
experimental weight drop TBI (Petrov, 2009). In humans, elevated ET-1 post-TBI has
been associated with unfavorable clinical outcomes (Salonia et al., 2010). Unfortunately,
while endothelin antagonists have been shown to reduce cerebral vasospasm after brain
injury (Armstead, 2004; Roux et al., 1999; Schubert et al., 2011), clinical outcomes and
mortality rates are not similarly improved (Kramer and Fletcher, 2009)

Concentrations of 5-HT are also increased in CSF following SAH (Cambj-
Sapunar et al., 2003). As discussed above, 5-HT normally leads to vasoconstriction by
interaction with SMCs, but following fluid percussion injury, 5-HT-induced
vasoconstriction has been shown to be eliminated, or even changed to mild dilation
(Kontos and Wei, 1992). This is interesting considering others have noted increased
sensitivity to both ET-1 and 5-HT after SAH (Edvinsson and Povlsen, 2011).

Chemical signals normally associated with vasodilation are also altered following
TBI. Concentrations of ACh in the brain following TBI are increased (Hayes et al., 1991;
Lyeth and Hayes, 1992). Following fluid percussion injury, Ach-mediated dilation is
eliminated and application of ACh produces mild contraction via interaction with
muscarinic receptors on SMCs (Kontos and Wei, 1992). In the case of hemorrhage,
hemoglobin that has breached the blood brain barrier scavenges free NO leading to
vasoconstriction (Szabo, 1996), as mentioned earlier. Oxygen free radicals, such as

superoxide, are dramatically increased in the brain following experimental TBI (Fabian et
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al., 1995; Kontos and Wei, 1986). It has been suggested that these free radicals could
inactivate NO leading to vasoconstriction (Szabo, 1996). However, experimentally
observed decreases in myogenic contraction following TBI have been attributed to
increased NO levels (also an oxygen radical) resulting from iNOS expression. It should
be noted that this latter conclusion was not confirmed with measured NO levels. This
increase in oxygen free radicals post-TBI can also lead to production of ONOO™ which
inhibit K* channels necessary for hyperpolarization of SMCs, thus increasing vascular

tone and reducing myogenic reactivity to decreasing pressure (DeWitt et al., 2001).

1.5 Summary of Chapters

This dissertation examined the biaxial mechanical and functional properties of
cerebral arteries, and how these properties are changed following determined thresholds
of axial stretch. The current research is presented in the following chapters as two
previously published and one in progress manuscript.

Chapter 2 presents a published study (Bell et al., 2013) which measured the
biaxial and failure properties of rat MCAs and then compared these properties to
previously collected data from human pial arteries (Monson et al., 2008). The dual
purpose of this study was to both better define the passive mechanical behavior of rat
cerebral arteries and to provide translatability between the measured cerebrovascular
mechanics of rat and human cerebral vessels. It was determined that the passive
mechanical behavior of rat and human cerebral arteries is qualitatively similar.
Specifically, they are both anisotropic with the axial direction being stiffer than the

circumferential. Also, the ratio between the stiffness in the axial vs. circumferential
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directions was statistically similar between the two species. This defined relationship
between the passive mechanics of rat and human arteries allows more accurate
application of the results from other rat studies to humans. Further, the failure stretch
levels measured in the study were also used to inform the target stretch levels in a
subsequent subfailure injury threshold study (Chapter 3).

The study in Chapter 3 (manuscript for publication in progress) investigates the
thresholds of axial stretch, as well as strain rate, that result in alterations to the SMC
function of rat cerebral arteries. Since proper functioning of the SMC in cerebral arteries
is vital for the regulation of CBF, this study focuses specifically on how the contractile
ability of these SMCs are affected by axial overstretch. This contractile behavior was
measured by observing the dose response relationship of extracellular K*-induced
contraction. While the applied overstretches in the study did not alter the baseline or
maximally induced levels of contraction in samples, the level of contraction for sub-
maximal doses of extracellular K* was reduced following axial overstretch. This was
reflected in an increase in the K™ concentration required to evoke half the maximum
contraction. This change in contraction was dependent on both the magnitude and strain
rate of the applied overstretch. These mechanically-induced changes to SMC contraction
could contribute to second impact syndrome (Cantu and Gean, 2010; Laskowski et al.,
2015) as well as highlight a potentially treatable mechanism of autoregulatory
dysfunction.

In Chapter 4 (Bell et al., 2015), the level of axial stretch which led to alterations
in the axial passive mechanical behavior of cerebral arteries was investigated.

Unfortunately, due to the small absolute value of forces associated with axial stretch of
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rat cerebral arteries, this study had to be conducted in MCAs taken from sheep, which are
much larger in size. It was shown that there is a threshold of axial overstretch below
which passive mechanical properties in cerebral arteries do not change. However, above
this threshold, the stiffness decreases as applied overstretch increases until a second
stretch threshold is reached. Beyond this second upper threshold, the change in stiffness
does not continue to decrease until a failure inducing axial stretch is reached.
Interestingly, neither the failure stress or stretch levels were significantly affected by
overstretch. These results demonstrate that subfailure levels of axial stretch can lead to
alterations in the passive mechanics of cerebral arteries, possibly due to alterations in the
underlying microstructure. These alterations to the cerebrovascular microstructure could
be a driving factor in the subsequent increased risk for stroke up to 5 years after a TBI
event (Burke et al., 2013; Chen et al., 2011; Hills et al., 2012). As a result, these results
could be used to inform treatments aimed to reduce these complications post-TBI as they
provide a greater understanding of the status of cerebral arteries at the initiation of the
biochemical cascades following TBI.

A discussion of the combined results and conclusions from all three studies is
contained in Chapter 5. The applicability of these results, along with limitations of the
work, are discussed. Additional unanswered questions related to these studies, and related
to the cerebrovasculature during TBI in general, are also discussed. Potential goals and

experimental methods for future studies are also presented.
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Rodents are commonly used as test subjects in research on traumatic brain injury and stroke. However,
study of rat cerebral vessel properties has largely been limited to pressure-diameter response within
the physiological loading range. A more complete, multiaxial description is needed to guide experi-
ments on rats and rat vessels and to appropriately translate findings to humans. Accordingly, we
dissected twelve rat middle cerebral arteries (MCAs) and subjected them to combined inflation and
axial stretch tests around physiological loading conditions while in a passive state. The MCAs were
finally stretched axially to failure. Results showed that MCAs under physiological conditions were
stiffer in the axial than circumferential direction by a mean ( £ standard deviation) factor of 1.72
( £0.73), similar to previously reported behavior of human cerebral arteries. However, the stiffness for
both directions was lower in rat MCA than in human cerebral arteries (p < 0.01). Failure stretch values
were higher in rat MCA (1.35 + 0.08) than in human vessels (1.24 + 0.09) (p=0.003), but corresponding
1st Piola Kirchhoff stress values for rats (0.42 £ 0.09 MPa) were considerably lower than those for
humans (3.29 4 0.64 MPa) (p<0.001). These differences between human and rat vessel properties
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should be considered in rat models of human cerebrovascular injury and disease.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Disruption of cerebral blood vessel function leads to stroke and
is a common outcome of traumatic brain injury (TBI). In the
United States, 52,000 deaths result from over 1.7 million cases of
TBI annually (Faul et al, 2010); the number of deaths is over
140,000 per year for stroke (Lloyd-Jones et al., 2010). Total annual
costs associated with TBI and stroke have been estimated at 60
(Faul et al., 2010) and 65.5 (Rosamond et al., 2008) billion dollars,
respectively.

Efforts to better prevent and treat cerebrovascular injury and
disease are, in part, dependent upon a more complete under-
standing of vessel mechanics. This includes definition of blood
vessel injury thresholds as well as characterization of relation-
ships between applied forces and vessel function. Experiments on
human cerebral vessels have revealed some characteristics of
these tissues (Busby and Burton, 1965; Hayashi et al., 1980;
Monson et al., 2008; Scott et al., 1972), but the limited availability
of human specimens is a barrier to additional research.

Rodents are commonly used as models for both TBI and stroke
(Coulson et al., 2002, 2004; Gonzalez et al., 2005; Hajdu and
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Baumbach, 1994; Hogestatt et al., 1983). Rodent cerebral vessels
have also been studied in isolation, but the mechanical properties
of these vessels have not been fully characterized. Emphasis has
mainly been on circumferential behavior within the physiological
loading range (Coulson et al., 2002, 2004; Hajdu and Baumbach,
1994). A more complete definition of these properties is an
important step toward addressing questions more specific to
cerebral vessel injury and disease. Accordingly, the aim of this
research was to define the biaxial and failure properties of passive
rat middle cerebral arteries (MCAs) and to compare these char-
acteristics to those of previously studied human cerebral vessels.

2. Methods
2.1. Vessel dissection and cannulation

The MCA was dissected from 12 male Sprague Dawley rats (389 =41 g). All
procedures met requirements established by the Institutional Animal Use and
Care Committee at the University of Utah. Rats were anesthetized with isaflurane
and exsanguinated via cardiac perfusion using Hank's Buffered Saline Solution
(HBSS: KC1 5.37, KH,PO4 0.44, NaCl 136.9, Na;,HPO4 0.34, p-Glucose 5.55, NaHCO3
4.17; concentrations in mM), followed by a 1% nigrosin dye (Sigma-Aldrich, St.
Louis, MQ) HBSS solution, The dye enhanced visibility of the artery and its
branches during dissection. MCA side branches were ligated with individual fibrils
from unwound 6-0 silk suture, and the vessel was cannulated with glass tip
needles and secured with 6-0 silk suture and cyanoacrylate glue. Lack of calcium
in the HBSS ensured a passive response.
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2.2, Experimental apparatus and methodology

Mechanical testing methodology was similar to that described previously
(Monson et al., 2008). Briefly, the needles on which the MCA were mounted, and
the associated fixtures, were attached to a custom vertical linear stage (Parker
Automation, Cleveland, OH). The upper fixture was suspended from a 250g
capacity load cell (Model 31 Low, Honeywell, Golden Valley, MN) through an
X-Y stage (MS-125-XY, Newport, Irvine, CA) that allowed for correction of any
needle misalignment. The lower fixture was mounted to the stage via a vertical,
low friction sled supported by a voice coil actuator (MGV52-25-1.0, Akribis,
Singapore). Displacement of this actuator moved the lower fixture vertically along
the sled track, axially stretching the MCA. A narrow, glass water bath, filled with
HBSS and surrounding the MCA and needles, was attached to the lower fixture.
Specimens were viewed via a digital video camera (PL-A641, Pixelink, Ottawa,
Canada) equipped with a zoom lens (VZM 450i, Edmund Optics, Barrington, NJ).
Vessels were perfused with HBSS originating from a syringe attached to a
computer-controlled linear actuator (D-A0.25-AB-HT17075-4-P, Ultra Motion,
Cutchogue, NY) and passing through the lower fixture, the mounted MCA, and
the upper fixture. Pressure was determined by averaging the signals of pressure
transducers (26PCDFM6G, Honeywell, Golden Valley, MN) located at each end of
the vessel. Test control, as well as data and video acquisition, were accomplished
using a custom LabVIEW program (National Instruments, Austin, TX). Actuator
positions were given by digital encoders (resolution 1.0 pm).

Following mounting of the MCA, it was preconditioned by oscillating the luminal
pressure (6.7-20 kPa; 50-150 mmHg) for five cycles while length was held constant
at various sub-failure axial stretch values up to A, 1.2. The zero-load length
(corresponding with A,=1.0) of each MCA was then estimated as that length where
the measured axial load began to increase during an unpressurized (025 kPa to
maintain an open lumen) axial stretch test. This was followed by a series of six sub-
failure, quasi-static, biaxial sequences, consisting of three inflation tests at constant
axial stretch (4~ 1.1, 1.15, 1.2) and three axial stretch tests at constant luminal
pressure (20, 13.3, and 6.7 kPa). Finally, the vessel was stretched axially to failure, at
a pressure of 13.3 kPa, to study deformations relevant to TBIL

2.3, Data analysis

Data from the encoders, load cell, and pressure transducers were recorded at
100 Hz. Noise observed in the load cell readings was smoothed using the SAE 211
filter (SAE, 1995). Images were acquired at 3 Hz, and current outer diameter (d.)
was measured via image analysis software (Vision Assistant; National Instru-
ments, Austin, TX). Similarly, the reference diameter (D) was measured from an
image taken from the zero load length test at A,=1.0. Since images were obtained
at a lower rate than the other signals, additional diameter data were defined using
interpolation to allow one-to-one correspondence. Following the method defined
by Wicker et al. (2008), wall volume was determined at six different configura-
tions (each combination of A;~ 1.1, 1.15, 1.2 and pressure p;=0.25,10.6 kPa) by
measuring inner diameter (d;), d., and vessel length (I) in the images and
calculating the associated wall volume of a tube. The average wall volume (V),
along with the inc ibility ption, was used to calculate d; from the
measured d. in subsequent analysis, including the reference inner diameter (D;)
from D, (Eq. (1)).

dy=+/d2—4v /(zl) [e))

Vessels were d to be h
stretch defined by Egs. (2)

circular cylinders, with mid-wall

do= (g @)
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where the subscripts # and z refer to the local cylindrical coordinates in the
circumferential and axial directions, respectively. Enforcing equilibrium in the two
directions results in the mean Cauchy stresses defined in Eqgs. (3)
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where F, represents the experimental axial force. Residual stresses were not
considered due to large variations in measured opening angle.

As a first step in characterizing response in the axial and circumferential
directions, stress-stretch data around approximate in vivo conditions were
examined. Axial in vivo length was determined for each sample by observing
the pressure-axial force response during preconditioning tests (Van Loon, 1977).
Circumferential in vivo stiffness was defined as the slope of the stress—stretch
curve in the inflation test with an axial stretch value closest to the axial in vivo

stretch. An exponential function was fit through the data around the point
corresponding to a pressure of 13.3 kPa (100 mmHg), and the value of the
function’s derivative at 13 kPa was taken as circumferential stiffness. Axial
in vivo stiffness was defined in a similar manner from the axial stretch test
conducted at a luminal pressure of 13.3 kPa, with the location where stiffness was
calculated corresponding to the in vivo length, Note that stiffness is used here as a
measure of the resistance of the vessel structure to deformation, rather than as an
intrinsic tissue property.

A hyperelastic constitutive model, based on a phenomenological approach, was
additionally applied to parameterize the biaxial response of the vessels based on the
data from inflation tests. Data from axial stretch tests were not included since they

d in slight ding in the circ jal direction during axial stretch,
inconsistent with requirements of pseudoelasticity (Humphrey et al, 1990). We
applied the Fung-type strain energy function with the zero-load state as the reference
configuration shown in Eq. (4) (Fung, 1993)

= Jc(e?-1) @

whereQ = c1E§9 + czl:',%z + 2c3EggEz, W represents the strain energy per unit mass of
the material, Egp and E., refer to the Green strains in the circumferential and axial
directions, and ¢ (units kPa), ¢;, ¢; and ¢; are material parameters. Shear strains were
ignored owing to the axisymmetric loading conditions and observed response.
Incompressibility was enforced directly (Humphrey, 2002). The associated mean
Cauchy stress values are shown in Eq. (5)

W
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where fgy and t, correspond to the theoretical Cauchy stress values in the
circumferential and axial directions, respectively. Radial stresses were assumed to
be small based on findings from our previous work on human arteries (Monson et al.,
2008). Mean values of ts and t,, were calculated for comparison to experimentally
derived stresses (Egs. (3)). Material parameters c, ¢;, ¢; and ¢; that best fit the
experimental data were computed by employing a nonlinear regression routine
(fminsearch) in MATLAB (Mathworks, Natick, MA) to minimize the objective function
f(Eq. (8))
N [/toe—To\?  [t=—T:\?
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where N represents the total number of data points, and the stresses are defined in
Egs. (3) and (5). Previously collected data from human cerebral arteries were similarly
fit for comparison.

Two-tailed, unpaired t-tests were used to determine the significance of any

differences between determined values, with p<0.01 indicating statistical
significance,

3. Results

Twelve arteries were successfully tested. Mean ( + standard
deviation) unloaded outer diameter and length of these speci-
mens were 0.25 (+0.02) and 2.11 (+0.51) mm, respectively.
Typical response is shown in Figs. 1 and 2 and is qualitatively
similar to what we have previously reported for biaxial behavior
of human cerebral arteries.

Rat MCA in vivo stretch was 1.10 ( +0.03) and 1.27 ( + 0.11) for
the axial and circumferential directions, respectively. At these
stretch levels, axial stiffness was 1.14 ( + 0.37) MPa and circumfer-
ential stiffness was 0.73 ( £ 0.29) MPa (p=0.006), resulting in a
ratio of 1.72 ( + 0.73) between the two directions; the ratio ranged
from 1.05 (M5, Fig. 4) to 3.30 (M6, Fig. 4). For clarity, the rat data
used to determine the axial and circumferential in vivo stiffnesses
are identified as Sy3 and the inflation test having the lowest value
of axial stretch, respectively, in Figs. 3 and 4. The inflation test
having the lowest value of axial stretch was selected as it was
consistently closest to the in vivo stretch. However, in maost cases it
was not exactly at the in vivo axial stretch since this value could
only be precisely determined during post-processing.

The Fung-type constitutive model fit the rat MCA data well, as
shown for a representative data set in Fig. 5. Further, best-fit
material parameters showed that ¢, was consistently larger than
¢1 (p <0.001) (Table 1). These best fit parameters, along with the



in vivo stiffness measurements, indicate that the mechanical
behavior in the axial direction was consistently stiffer than in
the circumferential direction in the rat MCA. Requirements
imposed by energy conservation for orthotropic symmetry
(c1, €2, c3>0 and /C1%c; > c3) were met by the determined
material parameters (excepting M2 and M4) (Holzapfel et al.,
2000); it is unclear why cswas negative for M2 and M4.

The responses of rat MCA and human cerebral arteries were
qualitatively similar. The ratio of in vivo stiffness values, with
means ( + standard deviation) 1.72 ( 4 0.73) for rat MCA and 1.87
( £ 0.84) from human pial arteries (Monson et al., 2008), were not
statistically different (p=0.67), indicating that the difference
between the stiffness in the axial and circumferential directions
in the rat MCA (Fig. 3) is proportional to the difference in human
pial arteries. However, the magnitude of the in vivo stiffness was
lower for both directions in rat MCAs compared to human
cerebral arteries, with axial stiffnesses of 1.1 (+0.4) and 2.9
(£ 1.4) MPa for rat and human arteries, respectively (p=0.005),
and circumferential stiffnesses of 0.7 ( + 0.3) and 1.6 ( + 0.5) MPa
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for the two tissues (p < 0.001) (Fig. 3). This trend is also supported
by best fit values for ¢; and ¢, reported in Table 1, but since the fit
of the Fung-type model was poor for the human cerebral arteries,
a statistical comparison of these fitted parameters between the
vessel types was not considered to be meaningful. Additionally,
the mean axial in vivo stretch for the rat MCAs, 1.10 ( + 0.03), was
larger than that for human arteries, 1.07 ( + 0.04). This difference
approached statistical significance (p=0.04) but was above our
threshold of p < 0.01. The circumferential in vivo stretch was not
statistically different between rat MCAs, 1.27 (+0.11), and
human arteries, 1.33 (£ 0.17) (p=0.37).

Failure values for the twelve tested MCA samples, along with
those from human cerebral arteries tested in our laboratory, are
plotted in Fig. 6. For rat MCAs, the mean axial stretch at failure
was 1.35 ( £ 0.08) and the corresponding axial 1st Piola—Kirchhoff
stress (F,/A) was 0.42 ( + 0.09) MPa. These two values for human
vessels were 1.24 (4+0.09) and 3.29 ( + 0.64) MPa, respectively,
indicating that the rat MCAs had a lower failure stress (p < 0.001)
but a higher failure stretch (p=0.003) as compared to human
cerebral arteries. Five rat vessels failed near a suture tie-off, while
seven failed in mid-section. Failure values were not a function of
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Fig. 1. Axial force (F_Sp) and luminal pressure (P_S,,) for a representative MCA
sample (M1) during axial stretch tests. Label subscript m indicates the approx-
imate luminal pressure for these axial stretch tests.

Pressure (kPa)
Fig. 2. Outer diameter (D_P,) and axial force (F_P,) responses for a representative

MCA sample (M1) during inflation tests. Label subscript n indicates the axial
stretch for these inflation tests.
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Fig. 3. Cauchy stress-stretch response curves for representative rat MCA (M1) and
human cerebral artery (Monson et al., 2008) samples in the axial (S;,) and circumfer-
ential (P,) directions. Label subscript m indicates the luminal pressure during axial
stretch tests while subscript n indicates the axial stretch during inflation tests.

failure location (p > 0.50) (Fig. 6). Stress values are reported in 1st
Piola—Kirchhoff form because the incompressibility assumption
commonly yielded a complex number for inner diameter in the
current configuration, suggesting that large vessel deformations
are not isochoric.

4. Discussion

The present study aimed to characterize the biaxial mechanical
properties of passive rat MCAs and to compare them to those of
human cerebral arteries. Qualitatively, rat MCA response was similar
to that of the human vessels. Stiffness around the in vivo config-
uration was also found to be higher axially than circumferentially, as
in human arteries, but the human vessels were stiffer in both
directions compared to rat arteries. Additionally, failure stretch
values were slightly higher and failure stresses were considerably
lower for rat arteries. These similarities and differences should be
considered in the translation of knowledge gained from rat models
of TBI and stroke to the human system.
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Fig. 4. Cauchy stress-stretch response curves for remaining rat MCAs in the axial (S,,) and circumferential (P,) directions. Label subscript m indicates the luminal pressure
during axial stretch tests while subscript n indicates the axial stretch during inflation tests.

Based on the observed rat MCA stress—stretch response and
the corresponding material parameter values, it is clear that
axial and circumferential responses are statistically different.
This agrees with our previous work showing that behavior is
considerably stiffer axially than circumferentially in human
cerebral arteries (Monson et al., 2008). Reasons for the observed
differences between rat and human arteries are unknown, but it is
important to note that rat data were obtained from MCAs while
human data were collected from pial arteries on the surface of the
temporal lobe, two different locations in the cerebral circulation.
Our previous work comparing these two sites in humans (Monson
et al.,, 2005) indicated that differences between them were not
significant, but any similarity between rat MCA and pial artery is
currently undefined. Dissimilarities in the general structure of rat
and human cerebral arteries may also contribute to the observed
differences (Lee, 1995) and should be further investigated
through histological studies.

It is interesting to note the good quality of fit obtained here for
the rat MCAs using the Fung-type strain energy function, in

contrast to our previous efforts to fit this function to human
data (Monson et al., 2008). It should be emphasized that the
function was here fitted to data from inflation tests only,
whereas the previous effort also included data from axial stretch
tests. Initial efforts to fit Eq. (4) to the rat MCA data included
results from both types of test, and the quality of that combined
fit was also poor, consistent with our previous experience. This
was also the case for a more complex, microstructure-based
strain energy function (Baek et al., 2007; Wagner and
Humphrey, 2011; Wicker et al., 2008) that we initially fitted to
both the human and rat MCA data. This more complex model did
not provide a substantial increase in the quality of fit to either
data set so its performance is not reported here. The decision to
limit the data used for fitting was based on the recognition that
the circumferential direction unloads slightly during axial
stretch tests, inconsistent with requirements of pseudoelasticity
(Humphrey et al., 1990). Despite the use of this limited data set,
it is interesting that the resulting fit of the human data was
still poor.
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Table 1

Rat MCA best-fit material parameters computed for inflation tests (Eq. (4)), with
mean and standard deviation shown for each. Corresponding summary of human
cerebral artery inflation tests also shown (Monson et al., 2008).

Sample No. Fung-type material parameters
c (kPa) [ [ [ f

Rat MCAs
M1 1498 1.87 12.60 1.56 5.74
M2 5.95 134 2533 —0.55 3.00
M3 8.79 346 2747 1.44 1.62
M4 6.58 437 25.29 -1.65 5.67
M5 4.94 8.71 40.78 0.85 5.75
M6 12.71 3.06 18.08 0.75 134
M7 21.13 3.02 19.30 1.22 421
M8 13.32 393 16.93 2,86 143
M9 6.26 585 33.95 423 1.28
M10 13.19 3.12 12.47 0.48 2.14
M11 359 858 37.39 0.14 063
M12 5.59 1225 37.03 6.16 197

Summary
Mean 9.75 4.96 25.55 1.46 290
Std. Dev. 528 328 994 211 1.93

Human cerebral arteries

Summary
Mean 2.88 5.14 179.29 2.66 19.17
Std. Dev. 263 335 199.63 14.59 18.20

The primary challenge with conducting the current experi-
ments, relative to previous work on human vessels, was the small
size of the specimens, and errors related to size could lead to
some of the differences observed here. Forces measured were not
far above the specified error of the load cell in some tests, but
results for axial stretch tests at different pressures were discern-
ible from one another and were consistent with the multi-axial
behavior observed in other vessels. Also, filtered force traces were
always compared to raw data to ensure fidelity.

Despite the significance of the stress—strain relationship in
cerebrovascular mechanics, previous studies on rat cerebral
vessels have mostly focused on analyzing the pressure-diameter
response for different purposes (Coulson et al., 2002, 2004; Hajdu
and Baumbach, 1994). Coulson et al. (2004) have examined the
rat MCA mechanical behavior in both a myogenically active state
and a drug-induced passive state, but they limited their study
to uniaxial circumferential testing only. Our circumferential

Axial Stretch

Fig. 6. 1st Piola-Kirchhoff ultimate failure stress-stretch values for rat MCAs and
human cerebral vessels.

findings compare well with theirs, i.e. the pressure-diameter
relationship is non-linear and lies within a similar range. Apart
from that, other related studies have either examined rat cerebral
arteries in a different state or have focused on a different aspect.
As far as we know, no researchers have conducted multiaxial
testing and analysis of rat middle cerebral arteries.

While our findings shed light on the mechanical behavior of rat
cerebral arteries and their relationship to those of human cerebral
arteries, further work is needed to more completely define both
types of vessels. In particular, the use of the zero-load state as the
reference configuration ignores contributions from residual stresses
(Chuong and Fung, 1986). Further investigation including through-
wall stress distribution is needed to better identify conditions
associated with disease development and injury, and should utilize
the zero-stress state as reference. Future work should also address
the multiple layers present in any vessel and how specific compo-
nents of these layers are loaded, especially during injury. Based on
preliminary fits of the current data to more advanced models that
incorporate arterial microstructure (Baek et al., 2007; Holzapfel
et al., 2000; Wagner and Humphrey, 2011; Wicker et al., 2008), the
more complex functions do not currently provide substantial fitting
advantages over the simpler Fung-type model, but functions that
accurately simulate microstructure have intrinsically greater poten-
tial to capture the complex behavior of these tissues and should
continue to be developed. Additionally, cerebral artery response
varies with smooth muscle tone (Coulson et al., 2004; Wagner and
Humphrey, 2011), and our study focused only on passive properties.
The nature of this contribution needs further attention, as do other
questions related to tethering (Steelman et al, 2010) and the
influence of fluid flow, in order to more completely define cere-
brovasculature function in health and disease.
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CHAPTER 3

CEREBROVASCULAR DYSFUNCTION FOLLOWING

SUBFAILURE AXIAL STRETCH

3.1 Abstract

Cerebral vessels are vital to maintaining health in the brain. Failure of cerebral
vessels to maintain homeostasis in the brain, or autoregulatory dysfunction, can occur
following traumatic brain injury (TBI), but mechanisms are not understood. Even in cases
without cerebral hemorrhage, vessels are deformed with the surrounding brain tissue.
This subfailure deformation could affect the contractile behavior of smooth muscle cells
(SMCs). Further, the level of autoregulatory dysfunction has been shown to be dependent
on the rate of loading in closed head impacts. This study investigates the effect of
overstretch on the contractile behavior of SMCs in middle cerebral arteries, with the
hypothesis that this contractile behavior will be altered above a threshold of stretch and
strain rate.

Twenty-four MCAs from Sprague Dawley rats were tested. Following
development of basal SMC tone, vessels were subjected to increasing levels of isosmotic
extracellular potassium (K™) to characterize the SMC contractile response. Samples were
then subjected to a target levels of axial overstretch of either 1.2*A;y or 1.3*),y, at target

strain rates of 0.2 s or 20 s™. After overstretch, SMC contractile behavior was again
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characterized, via repeated K* dose response tests, both immediately and 60 minutes after
overstretch. Control vessels were subjected to the same protocol except no overstretch
was imposed between the first two characterization tests. SMC contractile behavior was
defined via both percent contraction (%C) relative to the fully dilated inner diameter and
the K* dose required to evoke the half maximal contractile response (EC50). Control
vessels exhibited increased sensitivity to K* in successive characterization tests so all
effects were quantified relative to the time-matched control response.

Samples exhibited the typical biphasic response to extracellular K*, dilating to
small K" increases and contracting to larger K* increases. As hypothesized, axial
overstretched altered SMC contractile behavior, as seen in a decrease in %C for sub-
maximal contractile K* doses (p<0.05) and an increase in EC50 (p<0.01), but only for the
test group stretched rapidly to 1.3*Ay. While the change in %C was only significantly
different immediately after overstretch, the change to EC50 persisted for 60 minutes.
These results indicate that mechanical injury can alter SMC contractile behavior and thus
play a role in cerebrovascular autoregulatory dysfunction independent of the pathological

chemical environment in the brain post-TBI.

3.2 Introduction

Traumatic brain injury (TBI) is a devastating cause of disability, leading to an
estimated 53,000 deaths annually in the United States alone (Coronado et al., 2011), with
the incidence of TBI increasing significantly across the globe (Maas et al., 2008). While
this death toll is staggering, the majority of the estimated 2.4 million annual cases in the

United States (CDC, 2013) result in survival, highlighting the importance of clinical
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methods to reduce the risk of secondary complications.

The cerebrovasculature plays a critical role in the maintenance of the healthy
brain. Specifically, the ability of the cerebral vessels to generate intrinsic tone in the
smooth muscle cells (SMCs) (Ursino, 1994), and then alter that level of tone to maintain
appropriate cerebral blood flow (CBF), is vital to the maintenance of homeostasis in the
brain (Lassen, 1974; Ursino, 1994). This process, known as autoregulation, has been
shown to be disrupted following TBI (Golding, 2002; Golding et al., 1999a; Martin et al.,
1992; Zubkov et al., 2000), resulting in unfavorable clinical outcomes (Czosnyka et al.,
1996; Robertson et al., 1992). A few examples of disrupted autoregulation following TBI
include vasospasm (Compton and Teddy, 1987; Kramer et al., 2013; Martin et al., 1992;
Martin et al., 1997), secondary hypoxia or hypoperfusion (Bramlett et al., 1999; Cherian
et al., 1996; Chesnut et al., 1993), and decreased vascular reactivity to hypercapnia in the
surrounding brain tissue (Saunders et al., 1979).

There are a number of autoregulatory mechanisms in healthy cerebrovasculature
(Johnson, 1986; Udomphorn et al., 2008). Endothelial cells can produce both vasodilation
and vasoconstriction. For example, endothelial cells can release nitric oxide (a potent
SMC dilator) in response to mechanical signals, such as shear from luminal flow (Seals et
al., 2011), and certain chemical signals like acetylcholine (Hamel, 2006). Endothelin-1, a
potent vasoconstrictor, is also produced by endothelial cells (Armstead, 1999). Smooth
muscle cells can also be directly affected by mechanical and nonendothelial chemical
signals. As luminal pressure changes within the autoregulatory range, the SMCs contract
in response to increased pressure and dilate with decreased pressure (Bayliss, 1902;

Davis, 1993; Osol et al., 2002), a process known as myogenic contraction. Further, SMCs
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dilate in direct response to increased extracellular H”, associated with hypoxia (Kontos et
al., 1977), and with exposure to nitric oxide released from neurons (Talman and Nitschke
Dragon, 2007). Finally, potassium (K*) in surrounding tissue interacts directly with
SMCs to produce either dilation or contraction. Mild increases in K result in SMC
dilation in MCAs via the action of inward rectifying potassium channels (Kj;) (Golding et
al., 2000; Johnson et al., 1998), while larger increases in K* result in a strong contraction
via direct depolarization of the SMCs (Golding et al., 2000; Hogestatt and Andersson,
1984).

A number of previous studies have carefully investigated vascular dysfunction
following TBI. Investigations performed in vivo have shown that both endothelial cell-
mediated dilation (Ellison et al., 1989; Kontos and Wei, 1992; Toklu et al., 2015) and
myogenic pressure response (Golding et al., 1998a; Mathew et al., 1999) are impaired
following TBI. However, other studies testing cerebral vessel function in vitro have
shown no change in some autoregulatory mechanisms when the vessel was removed
quickly from the brain post-TBI. Bukoski et al. (Bukoski et al., 1997) showed lack of
deficits in both endothelial cell-mediated dilation and K*-induced force generation in rat
posterior and middle cerebral arteries isolated 30 minutes after midline fluid percussion.
One hour after controlled cortical impact, Golding et al. (Golding et al., 1999b) showed
altered reactivity to CO, in rat vessels originating at the impact site when tested in vivo,
but not when tested in vitro. This has led some to conclude that dysfunction following
TBI is not due to mechanical damage to the vessels, but is instead associated with the
milieu of the injured brain following TBI. However, it should be noted that the vessels

tested in vitro which did not show dysfunction were taken from a portion of the brain
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either far removed from the site of injury (Bukoski et al., 1997) or where the mechanical
deformation experienced by the tested samples was not well understood (Golding et al.,
1999h). Therefore, these studies do not directly address mechanical damage as a potential
contributor to autoregulatory dysfunction.

Mechanical injury of the cerebrovasculature might be expected to both alter
passive mechanical properties and cause cellular dysfunction, through damage to the
extracellular matrix and cells, respectively. We have previously shown that the passive
mechanical properties of cerebral vessels are altered following in vitro axial stretch above
a threshold beyond the in vivo length (Bell et al., 2015). Additionally, the degree of TBI-
induced autoregulatory dysfunction in rats, along with the time frame for the onset of that
dysfunction, has been shown to be dependent on impact velocity in closed head injury
(Prat et al., 1997). This further suggests a role for mechanics in cellular dysfunction but
may also simply indicate that more dysfunction results from a more severe injury.

In order to better define the role of mechanics in cerebrovascular dysfunction, the
objective of the current study was to evaluate the contractile behavior of isolated rat
middle cerebral arteries (MCAS) before and after axial overstretch. We hypothesized that
subfailure mechanical deformation would induce a change in the contractile behavior of
rat MCAs that would be dependent upon both the level and rate of applied overstretch.
This study focused on the response of SMCs to increasing levels of isotonic extracellular

potassium (K*), a pathway independent of the endothelium (Golding et al., 2000).
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3.3 Methods

3.3.1 Sample acquisition and preparation

The right MCA was dissected from 24 male Sprague Dawley rats (371 + 24
grams). All procedures met the requirements established by the Institutional Animal Use
and Care Committee at the University of Utah. Rats were euthanized via isoflurane
overdose and decapitation. The brain was immediately removed and placed ina 5 C
physiological saline solution (PSS; NaCl 144.9; KCI 4.7; CaCl, 2; MgSO4 1.2; NaH,PO4
1.2; D-Glucose 5; Pyruvic Acid 2.5; MOPS 3.3; EDTA 2.2; BSA 0.15; concentrations in
mM; pH 7.4) (Donato et al., 2007) for dissection of the MCA. MCA side branches were
ligated with individual fibrils from unwound 6-0 silk suture. The MCA was then
cannulated with glass needles approximately 200 um in diameter and secured with 11-0
monofilament nylon suture. Ceramic coated forceps (Roboz Surgical Instruments,
Gaithersburg, MD) were utilized for dissection and mounting in order to prevent any

depolarization of SMCs via environmental static electricity.

3.3.2 Test apparatus

The needles on which the MCA sample was mounted were oriented horizontally
in a temperature controlled bath, filled with PSS, and maintained at 37" C. This bath had a
glass window in the bottom for light and a submersible glass viewing window above the
MCA. One needle was stationary and mounted to an X-Y stage (MS-125-XY, Newport,
Irvine, CA) that allowed for correction of any needle misalignment. The other needle was
mounted to the tester via a horizontal, low friction sled which was connected to a voice

coil actuator (MGV52-25-1.0, Akribis, Singapore). Movement of the actuator moved the
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proximal needle horizontally along the sled track, axially stretching the MCA. Actuator
position was given by a digital encoder (resolution 1.0 um). The MCA was viewed via a
digital video camera (PL-A641, Pixelink, Ottawa, Canada) mounted to a light microscope
(Ziess 2000C, Carl Zeiss Microscopy, Thornwood, NY) in order to record vessel
dimensions during testing. The MCA was perfused with warm PSS originating from an
open syringe hanging at the appropriate height to provide static fluid pressure. The fluid
path passed through the proximal needle, mounted MCA, and the distal needle. Inline
pressure transducers (26PCDFM6G, Honeywell, Golden Valley, MN) were located both
proximal and distal to the mounted MCA, equidistant from the vessel. The average
between these two transducers was taken to be the pressure inside the MCA, or the
luminal pressure. Data and video acquisition, as well as control of the test set-up, were

accomplished by a custom LabVIEW program (National Instruments, Austin, TX).

3.3.3 Test procedure

Four test groups (n=4 or 5 each), and one time-matched control group (n=5), were
included in the study, as detailed below. Briefly, samples were subjected to K* dose
response tests to characterize the sample specific baseline response. Following this initial
characterization test, an axial stretch beyond the in vivo length was applied using group
specific stretch levels and strain rates. The K* characterization test was then repeated
both immediately and 60 minutes following overstretch. Time-matched control samples
were subjected to the same schedule of K* characterization tests without any applied
overstretch.

After mounting the MCA, the luminal pressure was slowly raised from 2 kPa to
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the testing pressure of 6.65 kPa (50 mmHg) in approximately 0.5 kPa increments every 5
minutes. During this period, the length of the vessel was also gradually increased to
approximately in vivo length (A)v), corresponding to an axial stretch of A, = 1.1 (Bell et
al., 2013). Once the MCA was up to pressure, it was allowed to equilibrate for 40 minutes
in order to develop basal smooth muscle tone. VVessels which failed to develop basal tone
or that leaked were discarded. Throughout the entire duration of MCA testing, the PSS in
the bath was changed at least every 20 minutes.

In order to determine the baseline level of contractile functionality of the SMCs,
MCAs were subjected to K* dose response tests. Serially increasing doses of K* were
applied externally by changing the PSS in the bath for PSS with altered K* concentrations
but equivalent osmolarity. After 5 minutes of exposure to each K* concentration (10, 30,
40, 60, and 100 mM), the inner diameter was measured from images. Following a
complete K* dose response test, the bath was rinsed and the MCA allowed to equilibrate
for 30 minutes to allow the basal tone to redevelop.

Following the baseline characterization via K™ dose response tests and subsequent
re-equilibration period, MCAs were stretch beyond the in vivo length to one of two target
peak stretch levels (A, = 1.2*Ay or 1.3%)y) at one of two target strain rates (0.2 or 20 s™),
giving 4 overstretched sample groups. The K™ dose response test was then repeated twice
more with a 30 minute equilibration period between them, providing a characterization of
SMC contractility initiated both immediately as well as 60 minutes after overstretch.
After the final dose response test, the bath PSS was switched for an isosmotic calcium
free PSS (NaCl 146.9; KCI 4.7; MgSO,4 1.2; NaH,PO,4 1.2; D-Glucose 5; Pyruvic Acid

2.5; MOPS 3.3; EDTA 2.2; BSA 0.15; concentrations in mM; pH 7.4) (Donato et al.,
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2007), and the MCA was allowed to dilate for 30 minutes to obtain a maximum diameter
measurement. Finally, to ensure complete dilation, sodium nitroprusside (SNP: 10 mM)
was added to the bath. The fully dilated inner diameter was measured from images once

the diameter was stable, approximately 3 minutes after SNP exposure. To ensure that any
changes following overstretch were not simply due to degradation of the MCA in the test

system, time-matched control tests were performed without overstretch.

3.3.4 Data analysis
The results of K* dose response tests were quantified using percent contraction

(%C), calculated as (Eq. 3.1):

o6c = 2n D) 109 (3.1)
Dy
where Dy is the maximum dilated inner diameter, and D¢ is the current measured inner
diameter. Percent contraction, %C, would register as 100% for a closed lumen and 0%
for a fully dilated lumen. The baseline levels of contraction observed varied dramatically
from sample to sample. Accordingly, the change in the %C (A%C) observed relative to

the sample specific pre-overstretch response at that K™ dosage was also calculated (Eq.

3.2) to assist in comparing how overstretch affected contraction across multiple samples.

A%C = (Post-overstretch %C) — (Pre-overstretch %C) (3.2)

Additionally, the K™ dosage resulting in the half maximum contraction (EC50)

was also calculated by fitting the normalized dose response data (excluding baseline
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values) to a four-parameter logistic function (Eq. 3.3) (Finney, 1976; Jiang and Kopp-

Schneider, 2014).

(max — min)

Hillslope (3.3)
X
<1 + abs (G5 Trzs0) )

y =min +

The parameters min and max correspond to the minimum and maximum level of
contraction, while x and y represent the logso applied K™ concentration and resulting
normalized %C, respectively. Hillslope is the slope of the central portion of the curve.
Units for EC50 are in mM. To normalize between groups (Control group, 1.2*Ay rapid
overstretch group, etc.), all %C data gathered were adjusted such that 0% still
corresponded to the fully dilated diameter and 100% corresponded to the median
maximally observed contraction over all tests performed in that group (pre- or post-
overstretch). Further, for fitting of dose response data to Eq. 3.3, the parameters min,
max, and Hillslope were enforced to be constant over all three dose response tests
performed on that test group. The appropriateness of this constraint on the fitting
parameters was confirmed with an F-test for parallelism between curves, as
recommended by SigmaPlot (San Jose, CA), which showed the reduction did not
statistically affect the resulting EC50 values. Finally, the percent change of EC50
(%AECS50) for post-overstretch dose response tests was calculated relative to the vessel
specific pre-overstretch EC50 value (Eq. 3.4), where EC50p,e and EC50p,; are the EC50

values for the sample specific pre-overstretch and post-overstretch tests, respectively.
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EC50p,s; — Ecso,,re)

%AEC50 = 100 (
& i EC50,,,

(3.4)
For statistical comparison of A%C, a Levene test was first used to determine if
the variances of interest were statistically different. When variances were not different, a
one way ANOVA, followed by a Tukey-Kramer post-hoc test, was performed. For
comparisons with statistically different variances, Welsh's ANOVA followed by Games-
Howell post-hoc tests were performed to determine significance. The significance
threshold used for the Levene tests, as well as the various ANOVAs and post-hoc tests,
was p<0.05. Both the EC50 values within a test group over time, as well as the %AEC50
between groups, were compared using one way ANOVA tests followed by post-hoc two
way t-tests utilizing a Bonforroni correction factor, with p<0.05 indicating significance.
The EC50 and %AEC50 post-hoc tests required a resulting corrected p-value below 0.01

for significance.

3.4 Results
Twenty-four arteries were successfully tested. Mean (x standard deviation) in
vivo length and fully dilated inner diameter of these specimens were 0.61 (= 0.13) and
0.25 (% 0.02) mm, respectively. The overstretch parameters and number of samples for
each of the test groups are detailed in Table 3.1.
As the increasing doses of K™ were applied to the mounted samples in each dose

response test, the level of observed contraction followed the previously observed biphasic



79

Table 3.1

Summary of overstretch parameters (mean + standard deviation) and group sizes
for each test group.

Test Groups N Overstretch Level (X*\y) Strain Rate (s™)
Control 5 N/A N/A
1.2*)\y Slow 4 1.18 £ 0.02 0.28 £ 0.02
1.2%)\y Fast 5 1.20 £ 0.02 20.63 +0.59
1.3*\y Slow 5 1.32+£0.02 0.33+0.09
1.3*\y Fast 5 1.31+0.02 2449 +1.90

potassium response for rat cerebral vessels (Figure 3.1) (Golding et al., 2000; Johnson et
al., 1998), dilating to the lower concentration (10 mM KCI) and exhibiting increasing
levels of contraction to the higher doses (30 - 200 mM KCI). In the control group, the
observed levels of %C at a given K" dosage increased with successive dose response tests
for all but the dilatory dose (10 mM) and the maximal dose (100 mM) (Figure 3.2(A)).
This change in sub-maximal %C for subsequent K* tests was attributed to sensitization of
the SMCs to potassium evoked contraction.

Following overstretch, the K* dose response tests typically showed a change from
group specific pre-overstretch values, as shown by the non-zero values in Figure 3.2 (B)
- (E). However, neither of the test groups pulled to 1.2*)\,y , or the slowly stretched
1.3*Nv group, showed a statistically different response from the time-matched control
measurement as quantified by A%C (Figure 3.2 (B) - (D)). The response of the rapidly
stretched 1.3*\v group (Figure 3.2 (E)) was statistically different for all of the sub-

maximal contractile doses (30 - 60 mM KCI) immediately following overstretch.
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Figure 3.1: Representative K™ dose response for mounted rat MCA sample (A) as
represented by percent contraction (%C), and (B) as viewed by the camera.
Characteristic biphasic response exhibits dilation to small increases of K* and contraction
to high K* concentrations. Note: Baseline KCI concentration is 4.7 mM.



(A) Control Group

20
c
0o
& 10
g %
o
L F1 Py
<

-10

SN N

N
R 2O Al a0 DD
KCI Concentration

A 0 min Post-Stretch
60 min Post-Stretch

A% Contraction

(B) 1.2*2,,, Slow Group

(C) 1.3*2,, Slow Group

20 20
10
0
-10
PRI U SR » S S S S
u’-‘<° o %06‘ o 606‘@6(“ u,.\@ o %Q@ o€ @6\'&0@
(D) 1.2*1,, Fast Group (E) 1.3*A,, Fast Group
20 20
10 10 ;é
%
7
0 0 Z
s * N
-10 -10
RN PR PA AN
D‘f\"o o= Qp@ @‘0 & QQ‘° b".\® N ,,_,Q<° @6\ S P

KCI Concentration

Figure 3.2: Data for A%C from each test group displayed as mean + standard error. (*) indicates statistical difference from the

time-matched control group measurement.

18



82

However, while the A%C remained rather consistent between the two post-overstretch
dose response tests, the values 60 minutes post-overstretch were no longer considered
statistically different from the time-matched control response.

The four-parameter logistic function (Eq. 3.3) was successful at calculating EC50
for the various test groups, but the deviations within the groups were large (Table 3.2).
Similar to the effect observed over time in the A%C results, the EC50 values for the
sequentially applied dose response tests in the control group resulted in progressively
lower values for EC50. However, these differences in EC50 between subsequent control
tests were not statistically significant (p=0.67). Further, the direct comparison of the
EC50 mean values for all test groups relative to the group-specific pre-overstretch values
also did not show statistical differences post-overstretch, which may be due to large
deviations in EC50 between samples within a group.

In order to overcome these sample specific variations, %AEC50 values were
calculated. The only overstretch group that showed a statistical difference relative to the
time-matched control %AEC50 values was the 1.3*\y fast group (p<0.01) (Figure 3.3),
which agrees well with the observed levels of A%C immediately post-overstretch.
However, in contrast to the A%C statistical analysis, the %AEC50 values were
considered statistically different both immediately (p=0.0046) and 60 minutes (p=0.0072)
post-overstretch. Considering the consistency of A%C between the two post-overstretch
response tests, and that the %AEC50 remained significantly different over the 60 minute
time period for the 1.3*A;y fast group, it is possible that the lack of statistical significance
in A%C 60 minutes post-overstretch could simply be due to the larger deviation present

in the time-matched control A%C data.
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Table 3.2

Best fit parameters for the four parameter logistic function used to calculate EC50
values.

Best Fit Parameters

Shared Parameters EC50 (mM)

Test Groups Min Max  Hillslope Pre-OS 0 min Post-OS 60 min Post-OS

Control 8.44 99.97 3.22 Mean 27.57 25.25 23.90
St.Dev. 748 674 528

1.2*ny Slow | 0.16  100.59 4.48 Mean 27.29 26.60 25.05
St.Dev. 727 723 576

1.2%)ny Fast | -0.27  101.32 2.82 Mean  30.69 28.38 28.16
St.Dev. 965 645 561

1.3%\y Slow | 453  104.47 2.85 Mean  33.23 35.09 36.57
St.Dev. 841 98 1280

1.3*AIV Fast | -5.10 107.09 2.24 Mean 27.26 31.54 33.01
St.Dev. 1307 1497 1735
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standard deviation. (*) indicates statistical difference from the time-matched control
group measurement.

3.5 Discussion

The goal of the present study was to determine if the contractile behavior of
cerebral SMCs is altered following axial mechanical stretch. The results show that axial
overstretch did not affect the baseline or maximum contraction levels. However, there
was a decrease in %C in the sub-maximal contraction levels, shown by a decrease in
A%C and mirrored by an increase in EC50 for K*-induced contraction. These changes
were only significant above thresholds of both axial stretch and strain rate. Over the 60-
minute time period of testing, there was no recovery for the EC50 values following
overstretch. This observed decrease in SMC sub-maximal contractile response due to a
purely mechanical insult is counter to the typically observed vasospasm post-TBI
(Compton and Teddy, 1987; Kramer et al., 2013; Martin et al., 1992; Martin et al., 1997).
However, coupled with the increase in the corresponding K™ EC50 values, these results
indicate that axial mechanical stretch does alter the cerebral SMC function. Therefore,

this study lends support to the concept that clinically observed autoregulatory dysfunction
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post-TBI may be influenced by mechanical insult to the cerebrovasculature in addition to
the altered chemical milieu in the brain associated with TBI (DeWitt and Prough, 2003).

The observed decrease in A%C following overstretch was only significantly
different from time-matched control values immediately after an overstretch to the
1.3*\v stretch level at the rapid strain rate. Correspondingly, the EC50 value was
significantly increased relative to time-matched controls for this test group only.
However, this increase in EC50 remained significantly different for the 60 minutes post-
overstretch test as well. The fact that the change in the EC50 values for the tests 60
minutes post-overstretch remained statistically different than pre-overstretch baseline
values suggests that the lack of significance in the A%C changes 60 minutes post-
overstretch may be due to the large deviation in the associated A%C time-matched
control data (Figure 3.2A).

Results also indicate a dependence on loading rate for the observed changes in
both A%C and EC50. These parameters were significantly different than time-matched
controls for the test group stretched to 1.3*Ay rapidly (= 20 s™) but not in the group
overstretched to the same level at a much slower rate (= 0.2 s™); while there does appear
to be a similar trend in the low rate data, it was not statistically significant. It thus appears
that the vasculature is more sensitive to higher loading rates, such as those associated
with a closed head impact. However, in a previous study (Toklu et al., 2015), where the
K™ dose response of a rat basilar artery was examined following overpressure-induced
TBI, no significant difference was detected in %C or EC50 values compared to control
vessels. There are a number of possible reasons for the discrepancy between those results

and the current study. In the current investigation, %C was calculated based on the
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maximum dilated diameter, while Toklu et al. used the baseline partially contracted
diameter. Further, the previous study used three dose levels of KCI for their dose
response curve, with a 2-minute equilibration time between application of a dose and
measurement of diameter; the current study used 5 doses for the dose response curve
(including the 10mM dilatory dose), with a 5-minute equilibration time between
application and diameter measurement. It has been stated previously (Hogestatt and
Andersson, 1984), and was observed in this study, that contraction in rat cerebral arteries
following KCI application requires just under 5 minutes to reach a stable diameter. It is
also possible that the larger number of measurement points in the dose response curve, as
well as a longer equilibration time between dose application and diameter measurement,
are responsible for the observed differences in %C and EC50 following overstretch.
Additionally, in the previous study (Toklu et al., 2015), the response of injured vessels
was compared to the behavior of control arteries from different animals rather than using
a time-matched control test on the same vessel. Finally, the mode, magnitude, and rate of
loading in the described overpressure exposure was almost certainly different from the
controlled axial overstretch in the current study.

Following overstretch, all test groups had unchanged levels of A%C for the
baseline as well as the 10 mM K™ dilational response. At lower concentrations of K, it
has been shown that the K, channels (responsible for dilation) dominate the SMC
response (Golding et al., 2000; Johnson et al., 1998). While Kj, channel impairment has
been observed following ischemia reperfusion injury (Bastide et al., 1999; Marrelli et al.,
1998), it has been suggested that this observed impairment may be due to lower density

of these channels rather than reduced channel function (Bastide et al., 1999). Further,
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there are no studies to-date linking K;; channel dysfunction with the mechanical insult
associated with TBI. The current study lends more solid evidence for the lack of a
connection between Kj, channel dysfunction and mechanical overstretch.

It was also observed that the A%C at the maximum K" dosage was unaffected by
overstretch, but the sub-maximal levels of contraction were decreased in the test group
exposed to the 1.3*)\,y fast overstretch. At higher extracellular K* concentrations, the
contractile behavior of vascular SMCs is primarily induced by the action of voltage
sensitive calcium channels (VSCCs). These VSCCs have an opening probability that is a
continuous function of membrane potential, rather than having a set membrane potential
opening threshold (Smirnov and Aaronson, 1992). This function of opening probability
would dictate the level of contraction observed at sub-maximal levels, while both VSCC
behavior as well as the structural integrity of the contractile mechanisms in the SMCs
would dictate the maximal level of contraction. The fact that the sub-maximal contractile
behavior was affected by overstretch, while the maximal A%C was not, suggests that
axial overstretch alters the specifics of the opening probability function for these VSCCs
without necessarily damaging the underlying contractile structures, such as the myosin
actin complexes.

Overstretch of cerebral arteries has been shown previously to result in an increase
in mechanical compliance, also known as softening (Bell et al., 2015). While that
previous study only investigated the effect of axial overstretch on the axial passive
mechanical properties, the helical nature of collagen fibers in MCAs suggests that axially
induced microstructural damage could also affect the circumferential direction. The

confirmation of this hypothesis is currently an active area of research in our lab. The
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concept of axial overstretch affecting circumferential behavior is further supported by the
observed decrease in sub-maximal contractile response in the current study; which is
attributed to altered contractile behavior in helically oriented SMCs. One aspect of
mechanical softening is that greater applied forces lead to proportionately higher stretch
levels. While it is possible that the observed changes in sub-maximal contraction could be
due to mechanical softening, the use of the low luminal pressure (50 mmHg) minimizes
the contribution of any potential circumferential softening in the results of the current
study.

As noted above, the observed decrease in %C at sub-maximal levels appears to be
contrary to the vasospasm commonly observed following TBI (Compton and Teddy,
1987; Kramer et al., 2013; Martin et al., 1992; Martin et al., 1997). Short-term cerebral
vasospasm lasting less than 20 minutes has been produced experimentally by
mechanically stretching connective tissue attached to cerebral arteries, but not when
stretch was applied to the vessel itself (Arutiunov et al., 1974). Further, mechanical
stretch applied directly to isolated femoral arteries has led to vasospasm, but this was
even shorter in duration, lasting 2 minutes or less (Boock, 1991). However, longer term
effects have been observed in cultured SMCs exposed to rapid mechanical stretch, lasting
at least 24 hours (Alford et al., 2011). Additionally, we are not aware of any studies
linking clinical post-TBI vasospasm to specific regions of significant deformation, but it
is not clear that the question has ever been addressed. Rather, clinically observed
vasospasm post-TBI is most often attributed to exposure to extravascular blood products
(Martin et al., 1992; Zubkov et al., 2000). However, vasospasm has been observed post-

TBI in the absence of hemorrhage, suggesting a second underlying cause (Martin et al.,
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1992; Zubkov et al., 2000). Either way, the results of the current study indicate that
mechanical damage alone, when present, is not likely the major cause of pathological
post-TBI vasoconstriction.

The goal of the present study was to investigate the effect of mechanical
overstretch on SMC function using isosmotic elevated extracellular K* concentrations.
Following TBI, there is frequently an increase in extracellular K* in the brain released by
neurons (Golding et al., 2000; Katayama et al., 1990; Nilsson et al., 1993; Takahashi et
al., 1981), potentially returning to normal within an hour (Nilsson et al., 1993). This TBI-
related increase in extracellular K* is hyperosmotic. It has been shown previously that the
observed dilation and contraction evoked by hyperosmotic K* increases are endothelium
dependent, whereas isosmotic K" increases lead to endothelium-independent dilation and
contraction (Golding et al., 2000). Therefore, isosmotic K* doses were used in the present
study, rather than the clinically observed hyperosmotic K* increase, in order to prevent
any potential mechanically-induced endothelial damage from corrupting the evaluation of
SMC function.

It should be noted that while the MCA was used here to determine the effect of
mechanical overstretch on SMC function, pial arteries would typically experience larger
deformations than the MCA during a head impact due to the interaction of the brain with
the interior of the skull (Goldsmith and Monson, 2005). However, displacements of the
MCA on the order of 2-3 mm have been observed via high speed cineflourography during
primate closed head impact studies (Shatsky et al., 1974). Also, large cerebral arteries
such as the MCA provide approximately 45-50% of the overall resistance in the cerebral

circulation in rats (Harper et al., 1984), and evaluation of flow in the MCA via
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transcranial Doppler ultrasound (Panerai, 1998) or near-infrared spectroscopy (Highton et
al., 2015) are used clinically as noninvasive methods of monitoring cerebral
autoregulation post-TBI. Use of the MCA in the present study is also helpful for
comparison with other animal models of TBI autoregulatory dysfunction where the MCA
is commonly characterized (Bell et al., 2013; Bukoski et al., 1997; Golding et al., 1998a;
Golding et al., 1998b; Golding et al., 2000; Mathew et al., 1999).

In the current study, the internal pressure for the mounted samples was 6.65 kPa
(50 mmHg). While this pressure is below the mean arterial pressure of 80 mmHg
previously measured in rats (Barry et al., 1982), it is still within the pressure range of
autoregulation for these vessels (Golding et al., 1998b). Further, since the myogenic
response of vascular smooth muscle results in greater baseline contraction at higher
pressures (Bayliss, 1902; Golding et al., 1998b), the lower pressure of 50 mmHg allows
for a larger range of observable contraction upon application of elevated extracellular K.
This lower pressure is also similar to that used in previous TBI studies of 90 cm H20 (or
~ 66 mmHg) (Toklu et al., 2015) and 60 mmHg (Golding et al., 1999b). Additionally,
preliminary tests in the current study confirmed that a higher pressure of 10.5 kPa (80
mmHg) produced higher levels of basal %C without changing the maximal level of %C.
Therefore, the higher pressure did not allow as wide of a range on %C over which to
observe stretch related changes. As this smaller range would make subtle changes in post-
overstretch contraction more difficult to detect, the lower pressure level (6.65 kPa or 50
mmHg) was selected for testing.

The reported experiments show that axial overstretch changes the contractile

behavior of primarily circumferentially oriented vascular SMCs, independent of the
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altered chemical environment in the injured brain. While these observed differences are
small, when combined with the mechanical softening that follows overstretch (Bell et al.,
2015), especially at higher physiological pressures, these changes could contribute to
second impact syndrome (Cantu and Gean, 2010; Laskowski et al., 2015) as well as play
a role in potential treatments for autoregulatory dysfunction. Ongoing studies in our lab
are seeking to better define the effects of axial overstretch on the biaxial mechanical
properties and underlying microstructure of cerebral blood vessels. Additionally, the
hypothesis suggested above that the observed change in sub-maximal contraction is due
to alteration in the opening probability function of VSCCs should be confirmed. Finally,
these mechanically-induced changes to the contractile behavior of SMCs emphasize the
need to consider the interplay between mechanical and chemical insults to the cerebral

vasculature associated with TBI.
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Cerebral blood vessels are critical in maintaining the health of the brain, but their function
can be disrupted by traumatic brain injury (TBI). Even in cases without hemorrhage, vessels
are deformed with the surrounding brain tissue. This subfailure deformation could result in
altered mechanical behavior. This study investigates the effect of overstretch on the pas-
sive behavior of isolated middle cerebral arteries (MCAs), with the hypothesis that axial
stretch beyond the in vivo length alters this response. Twenty nine MCA sections from 11
ewes were tested. Vessels were subjected to a baseline test consisting of an axial stretch
from a buckled state to 1.05* in vivo stretch (\;y) while pressurized at 13.3 kPa. Specimens
were then subjected to a target level of axial overstretch between 1.05*\;y (A;=1.15)
and 1.52%*\,y (Az; = 1.63). Following overstretch, baseline tests were repeated immediately
and then every 10 min, for 60 min, to investigate viscoelastic recovery. Injury was defined
as an unrecoverable change in the passive mechanical response following overstretch.
Finally, pressurized MCAs were pulled axially to failure. Post-overstretch response exhib-
ited softening such that stress values at a given level of stretch were lower after injury. The
observed softening also generally resulted in increased non-linearity of the stress-stretch
curve, with toe region slope decreasing and large deformation slope increasing. There was
no detectable change in reference configuration or failure values. As hypothesized, the mag-
nitude of these alterations increased with overstretch severity, but only once overstretch
exceeded 1.2*\y (p <0.001). These changes were persistent over 60 min. These changes
may have significant implications in repeated TBI events and in increased susceptibility to

stroke post-TBI.

Keywords: traumatic brain injury, stroke, sheep cerebral arteries, arterial softening, tissue damage

INTRODUCTION

In the United States, in 2009, there were an estimated 2.4 million
cases of traumatic brain injury (TBI) (CDC, 2013). Annual esti-
mates of death from TBI and stroke are 53,000 (Coronado et al.,
2011) and 130,000 (Go et al., 2014), respectively, with correspond-
ing treatment costs of 76.5 (CDC, 2013) and 36.5 (Go et al., 2014)
billion dollars. Cerebral hemorrhage is a common outcome of
TBI, but blood vessels that are not deformed enough to rupture
and bleed may also be damaged. Such damage may progress to
pathological conditions, including stroke (Chen et al., 2011; Hills
et al., 2012; Burke et al., 2013) that significantly increase over-
all morbidity and mortality following TBI (CDC, 2013). A more
complete understanding of vessel response to supra-physiological,
subfailure deformations is needed to better define the progression
of TBI.

The mechanical properties of cerebral vessels that experience
large deformations may be altered. Blood vessels from other areas
in the body have been shown to experience strain softening, a
reduction in stress at a given level of strain, following overstretch
in both the circumferential and axial directions (Holzapfel and
Gasser, 2007; Alastrue et al., 2008; Horny et al., 2010; Pefia et al.,
2010; Maher et al., 2012a). The extent of softening following

overstretch has been shown to be dependent on location within the
arterial tree, possibly due to regional variations in the amounts of
collagen and elastin (Maher et al., 2012b). Softening has also been
observed in several other soft tissues, including ligament (Pol-
lock et al., 2000; Quinn et al., 2007), tendon (Duenwald et al.,
2009; Duenwald-Kuehl et al., 2012), and intestine (Gregersen
et al., 1998). Several constitutive models have been proposed to
predict softening behavior in blood vessels (Pefia et al., 2010;
Maher et al., 2012a; Weisbecker et al., 2012). Despite the poten-
tial value of these models, it has been noted that more experi-
mental data are needed for these models to be useful for many
regions of the vascular tree (Pefia et al., 2010; Weisbecker et al.,
2012).

Little has been done to explore softening in cerebral vessels.
Accordingly, our objective was to characterize this phenome-
non in cerebral arteries at various levels of overstretch rele-
vant to TBI. Because these vessels commonly rupture and bleed
with trauma, it is clear that they may experience deformations
ranging from the physiological state to ultimate failure. While
the detailed loading conditions they experience are yet unde-
fined, the vessels are expected to align themselves with defor-
mations imposed on the surrounding brain tissue. Therefore,
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alterations of cerebral artery mechanical properties resulting
from a large range of axial overstretch values were explored.
We hypothesized that even small levels of overstretch would
alter vessel response but that the magnitude of the imposed
changes would increase with extent of overstretch. Changes in
properties were also evaluated over time following overstretch
to differentiate persistent changes from temporary viscoelastic
alterations.

MATERIALS AND METHODS

SAMPLE ACQUISITION AND PREPARATION

A total of 29 middle cerebral artery (MCA) sections were dissected
from 11 adult ewes. All procedures met requirements established
by the Institutional Animal Care and Use Committee at the Uni-
versity of Utah. Eight of the animals were pregnant Columbia-
Rambouillet ewes, and the remaining three (Columbia ewes) were
obtained from a local slaughterhouse. Pregnant ewes were euth-
anized via an overdose of Beuthanasia (MWI Veterinary Supply,
Boise, ID, USA), and the brain was immediately removed from
the skull and placed in 5°C Hanks buffered saline solution (HBSS;
KCl 5.37, KH,PO4 0.44, NaCl 136.9, Na;HPOy 0.34, p-Glucose
5.55, NaHCOj3 4.17; concentrations in mM) for transport back
to the lab. Slaughterhouse ewes were euthanized via a humane
stunner applied to the occipital lobe (not in the vicinity of the
MCA tested), and the head was placed on ice for transport back to
the lab where the brain was immediately removed and placed in
5°C HBSS until testing. Brains from slaughterhouse animals were
removed from the skull within 2 h of death. As in previous studies
(Bell et al., 2013), branches were ligated, vessels were secured to
stainless steel needles attached to the testing apparatus, and black
glass beads were spread over the adventitia to be used as fiducial
markers (GL-0760, size 25-53 pm, MO-SCI Specialty Products,
Rolla, MO, USA). Lack of calcium in HBSS ensured a passive
response. All samples were tested within 48 h of death (Humphrey,
1995; Stemper et al., 2007; Amin et al., 2011; Weisbecker et al.,
2013).

EXPERIMENTAL APPARATUS AND METHODOLOGY

The mechanical testing apparatus was similar to that described
previously (Bell et al., 2013). Briefly, the displacement of the
needles on which the MCAs were mounted was controlled
using a vertical custom linear stage (Parker Automation, Cleve-
land, OH, USA). Vessels were perfused with HBSS, and lumi-
nal pressure was controlled through a syringe attached to a
computer-controlled linear actuator (D-A0.25-AB-HT17075-4-P,
Ultra Motion, Cutchongue, NY, USA). Axial load and pressure
were measured with an inline 250 g capacity load cell (Model 31
Low, Honeywell, Golden Valley, MN, USA) and pressure trans-
ducers (26PCDFM67G, Honeywell, Golden Valley, MN, USA)
corresponding to the vessel inlet and outlet, respectively. Actua-
tor positions were given by digital encoders (resolution 1.0 wm).
The specimen was bathed in HBSS during testing, and its defor-
mations were monitored with a digital video camera (PL-A641,
Pixelink, Ottawa, ON, Canada) attached to a zoom lens (VZM
450i, Edmund Optics, Barrington, NJ, USA). Test control and data
acquisition were performed with a custom LabVIEW program
(National Instruments, Austin, TX, USA).

Following mounting of the MCA, it was preconditioned by
oscillating the luminal pressure (6.7-20 kPa; 50-150 mmHg) for
five cycles while length was held constant. Preconditioning tests
were repeated at gradually increasing lengths until the in vivo
length was identified (Van Loon et al., 1977). A final precondition-
ing test was conducted at a stretch level of 1.05 times the in vivo
length. Each MCA was then subjected to an unpressurized axial
stretch test to determine its unloaded length.

Following preconditioning, a five step protocol was con-
ducted. Step 1: undamaged, baseline response was defined through
a quasi-static, axial stretch test to ~1.05*\ry. Step 2: vessels
were subjected to a single quasi-static, axial overstretch to one
of six target levels ranging from 1.05%*Av (control vessels) to
1.5%A1y. Overstretch values were chosen to explore the full
range of vessel axial stretch possible during TBIL. Each over-
stretch group included 4-6 specimens. Step 3: to investigate any
viscoelastic recovery in the sample after overstretch, each ves-
sel was subjected to a baseline response test (Step 1) immedi-
ately following overstretch and then every 10min for 60 min.
Step 4: following the final repeated baseline test, an unpres-
surized axial stretch test to the previous maximum overstretch
level was conducted to determine any changes in the unpres-
surized stress-stretch response. Step 5: finally, the vessel was
axially stretched to failure. Luminal pressure was maintained
at 13.3kPa throughout the procedure, except during Step 4 as
described.

DATA ANALYSIS
Data collected during experiments were processed as previously
described (Bell et al., 2013). Interpolation was used to produce
one-to-one correspondence between current diameter (d.) mea-
surements obtained from video at 3 Hz and other data collected
at 100 Hz. Reference diameter (D,) and cross sectional area (A)
were measured from unloaded vessel cross-sections cut from the
end of each sample. Reference inner diameter (D;) was computed
from these values. Current inner diameter (d;) during tests was
calculated by assuming incompressibility (Eq. 1).
di = /&2 — 44 /() M

Axial stretch (A;) was determined separately using actuator dis-
placements and adventitial marker displacements, with reference
length L taken at the unloaded configuration in both cases. Sub-
sequent analysis showed that axial stretch values obtained from
marker positions were highly variable, particularly during tests
with high overstretch levels (see Discussion). As a result, reported
axial stretch values are based on actuator position only.

Vessels were assumed to be homogeneous circular cylinders,
with mid-wall stretch defined by Eqs 2 and 3

_(di+d.
o= (Di+De> @

he = (%) 3

where subscripts 6 and z refer to the local cylindrical coordinates
in the circumferential and axial directions, respectively. Enforcing
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equilibrium in the two directions results in the mean Cauchy
stresses defined in Egs 4 and 5

d;
T6=Pi(d —d~) (©)
Az T
To= 7 (B + g pidd) 5)

where F, represents the experimental axial force, and p; is the
luminal pressure. Residual stresses were not considered.

To quantify the effect of overstretch, five parameters derived
from the pre- and post-damage stress-stretch curves were com-
pared: in vivo stiffness, tare load stretch, baseline stretch, strain
energy, and failure values. I vivo stiffness was calculated as the
slope of the curve at in vivo stretch in pressurized axial stretch
tests (Monson et al., 2008; Bell et al., 2013). Tare load stretch
was defined as the stretch value associated with an axial load of
0.0005 N, a force value consistently outside the noise range of the
load cell, intended to help identify possible changes in reference
length. Additionally, baseline stress was defined as the axial stress
level corresponding to 1.03*\y in the pre-overstretch baseline
test (Figure 1A). The corresponding stretch level was defined as
the baseline stretch and was quantified in both the overstretch test
(Az1) and the post-overstretch failure test (Az2) since both always
included the baseline stress level (Figure 1B). The initial mea-
surement of baseline stress was taken at 1.03*\v rather than the
maximum applied stretch (1.05*A1y) in order to avoid any artifacts
in the data caused by deceleration of the actuator near the peak
stretch level. The percent change in axial stretch for both the tare
load stretch and the baseline stretch was calculated using (Eq. 6).

N M
M

%A\, = 100 * (6)

where A\ and \, are the relevant pre- and post-damage stretch
values. Similar to work by others (Maher et al., 2012b), softening
was also quantified using percent change in strain energy (%AU)
(Eq. 7), where A; and A, are the areas under the curve to the

overstretch level before and after damage, respectively, except in
the case of repeated baseline tests where the maximum stretch was
1.05%\N1y.

Ay

A —
%AU=100*IT
1

@)

One way ANOVA, followed by a two-tailed ¢-test with a Bon-
ferroni correction, was used to determine the significance of
differences between groups, with p <0.05 indicating statistical
significance for ANOVA. Post hoc tests between groups required a
p-value below 0.00625 for significance. Additionally, data acquired
from the pregnant and slaughter house ewes were compared using
analysis of covariance (ANCOVA) to determine if there was any
statistical difference between the groups.

RESULTS

Twenty nine arteries were successfully tested. Mean (4SD)
unloaded length and outer diameter of these specimens were
3.63 (40.58) and 0.98 (40.09) mm, respectively. Mean axial
in vivo stretch was 1.12 (£0.04). The undamaged axial response
of the arteries was qualitatively similar to what we have previously
reported for other cerebral arteries (Figure 1A) (Monson et al.,
2008; Bell et al., 2013). Post-overstretch response exhibited soften-
ing such that stress values at a given level of stretch were lower after
injury (Figure 2). The observed softening also generally resulted in
increased non-linearity of the stress-stretch curve, with toe region
slope decreasing and large deformation slope increasing. There
was 1o detectable change in reference configuration or failure val-
ues. As hypothesized, the magnitude of change increased with
overstretch severity.

In vivo axial stiffness was shown to decrease with overstretch
(Figure 3). However, this change in stiffness was non-linear,
with less difference between adjacent groups with higher over-
stretch. Mean pre-overstretch in vivo stiffness was 0.65 (£0.13)
MPa. In vivo stiffnesses from the control (non-overstretched) and
LI*\v overstretch groups were not significantly different from
the pre-damage value (Table 1). However, the measure was sig-
nificantly reduced following each of the higher overstretch levels,

A B
0.14 W=7 —
»:-‘; Pre-Overstretch Baseline Test P:;:tr' s(;'r:;:s“;::‘ Test .
o 0124 =e=e- Baseline Stress (MPa) 08 ssssninss Baseline Stress (MPa) y
= Ve
0.10
B 00 e 06 4 il
o 7
& 0.08 | Vi
- | 0.4 1 s
£ o08 : '
3 I e
© ] 0.2 4 e
S o004 i o
= | I sk,
% o002 I 0.0 1 I |
1.03*%pyq Mol R
0.00 L+ . . — . . 2l 7l . .
1.00 105 110 1.15 1.20 1.0 11 12 13 14 15
Axial Stretch
FIGURE 1 | Data from a representative sample showing the definitions of  test; A; max=1.3*\y) and )\ (from the post-overstretch failure test;
{A) the basellne stress from the Inltlal pre-overstretch baseline test (at pped data sk ) ponding to the basellne stress. (®) indicates
1.03*\y) and (B) the baseline stretch levels )\, (from the overstretch the undamaged in vivo stress-stretch state.
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FIGURE 2 | Data from representative samples showing axlal
st retch for tests and post-
overstretch failure tests for the (A) control vessels, (B) 1.1*\
overstretch group, {C) 1.2¥)\, overstretch group, (D) 1.3%)y

Axial Stretch
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overstretch group, (E) 1.4*\y overstretch group, and (F) 1.5%)\y
overstretch group. Note: there is increased softening as the
overstretch applied increases. (@) indicates the undamaged in vivo
stress-stretch state.

with reductions of 40 and 80% following overstretches of 1.2 and
1.5, respectively. None of the large overstretch groups was found to
be different from the adjacent group at a lower stretch level. How-
ever,the 1.3*\v (p < 0.001) and 1.4*\1v (p = 0.0058) groups were
statistically different from the overstretch group two levels lower.
The 1.5*\ v group was not significantly different from the 1.3*\rv
group (p =0.16).

The tare load stretch was also affected by overstretch, but only
once a threshold was surpassed, as shown in Figure 4. Mean
tare load stretch in undamaged vessels was h;=1.01 (£ 0.03)
(Table 1). Stretch values were not statistically different from this
value in overstretch groups below 1.3*\1y (note that this mea-
sure was not explored in controls other than undamaged speci-
mens). Tare load stretch in the 1.4*\y and 1.5%A[y groups was
significantly increased relative to the pre-overstretch mean, but
the two groups were not statistically different from each other
(p=0.59). Also, the 1.4*\1y (p = 0.003) group was the only group

statistically different from the adjacent group subjected to a lower
overstretch.

As illustrated in Figure 5, the baseline stretch increased with
overstretch. Measurements from the 1.1*\v group were not sig-
nificantly different from controls, but each of the higher over-
stretch groups demonstrated significance (Table 1). The 1.2*\rv,
1.3*\1y, and 1.4*\1y groups were all significantly different from
their adjacent lower group (p <0.001). Statistical analysis also
showed a difference between the 1.4*\ry and 1.5%\y groups
(p <0.0001), but there was concern about the higher variance in
the 1.5%\v group, despite the baseline stretch data, as a whole,
passing the Levene’s test for the equality of variances for the
groups (p =0.09 > 0.05). Subsequently, a basic two-tailed ¢-test
was conducted solely between the 1.4*Ay and 1.5*\1y groups
resulting in p = 0.11, suggesting that the groups were not statis-
tically different. Accordingly, the more conservative of these two
statistical results was used in this case, leading to the conclusion

h
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The observed changes appear to be enduring, rather than pas- g2
sively recoverable due to viscoelasticity (Figure 8A). In order to 5 %6
measure any time dependence in the observed changes, the strain 10 14 12 13 14 15

energy from the repeated baseline tests was calculated and com- Overstretch Level (X*Ay)
pared to that of the pre-overstretch baseline test (Figure 8B). While
the magnitude of the % AU following overstretch increased asthe | poupe7 | Utdmats stress (A) and stretch (B for the varlous

imposed overstretch increased, it did not change significantly over overstretch groups, as measured from the final pressurized axial

the 60 min it was measured. Preliminary tests extended this time h test (pulled to failure). Red error bars indicate SD for each group.
frame up to 6 h without a change in the result. Blue line connects group means to clarify trends. (o) indicates individual
data points.

In order to determine if there was any effect in the data imposed
by either the source of the tissue or the time from death, ANCOVA
tests were conducted on the change of baseline stretch following tissue sources (pregnant ewes vs. slaughter house ewes) were not
overstretch, as this was the most sensitive metric taken. Accord- significantly different (p=0.498). Also, data sets were divided
ingly, it was determined that the data acquired from the two into bins defined by how long after death the vessels were tested

h
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for the various test groups and how these values evolved over time.

A 014 - B
Pre-Overstretch Baseline Test 100 1
— 30 sec. Post-Overstretch
& 0121 __. 20 min Post-Overstretch 804 = = = = =2
= —++= 40 min Post-Overstretch
@ 0.10 1 — - 60 min Post-Overstretch l
60 1 v
o
= 0.08 ) I [
= = W -
£ 006 = 2
2
O 0.04 01 « 5 & 5 5 F 5
ﬁ > v - B =
0.00

0 10 20 30 40 50 60
Time After Overstretch (mins)

Note, there was no significant recovery of strain energy following
overstretch at any of the tested overstretch levels. [Symbols:

(® Control Group, n=5), (¢ 1.1*\y Group, n=5) (x 1.2*\y Group,
n=5), (¥v1.3*\y Group, n=6), (A 1.4*\y Group, n=4), (l 1.5%\y
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(<8, 822, 25-44h after death). These bins also roughly coin-
cide with differing amounts of time the samples were refrigerated.
This comparison also showed no significant effect in the data
(p=0.313).

DISCUSSION

The present study aimed to characterize stretch-induced softening
in cerebral arteries. Results show that axial overstretches increased
the amount of stretch required to obtain a target level of stress.
Overstretch also reduced strain energy and in vivo stiffness. These
effects were only significant above a certain threshold of over-
stretch. There was no recovery of properties over a 60-min period.
These changes may have important implications in repeated TBI
events and in increased susceptibility to stroke post-TBI (Chen
etal., 2011; Hills et al., 2012; Burke et al., 2013).

In order to see how overstretch would alter the mechanical
behavior of cerebral arteries at physiological levels, both in vivo
stiffness and baseline stretch were determined. The in vivo stiff-
ness quantifies how the physiological stiffness of the vessel would
change following overstretch, assuming the surrounding brain tis-
sue returned to a similar configuration after injury. This stiffness
value was significantly affected by overstretches above 1.2*\1y,
with a decrease in stiffness of over 40% at 1.2*\y. The baseline
stretch allows estimation of vessel length under similar loading
after an injury. Given the observed decrease in stiffness, it is not
surprising that baseline stretch was also significantly affected by
overstretch, starting at the same threshold (1.2*A1y). These two
metrics together show that the mechanical behavior of the lower
end of the mechanical response is dramatically altered by even
mild levels of overstretch, Since it has been shown that a higher
stiffness in arteries is associated with improved stability (Cyron
et al., 2014), it is reasonable to theorize that the inverse would also
be true. Thus, these observed low end mechanical changes could
cause the cerebral vessels to be more susceptible to subsequent
pathologies, including stroke and aneurysm.

The mean tare load stretch prior to injury coincided with
~1% axial strain, or A; =1.01 (£0.03). As a result, the percent

change in tare load stretch used here is comparable to metrics
referred to in previous studies as either permanent set (Pena et al.,
2010; Pefia, 2011) or residual inelastic strain (Alastrue et al., 2008;
Maher et al.,, 2012a,b; Weisbecker et al., 2012), In the current
study, increased levels of overstretch resulted in an increase in
the tare load stretch, similar to a previous arterial softening study
by Maher et al. (2012b). However, as the goal of Maher et al. was to
quantify differences between different arteries, they did not report
statistical differences between loading levels applied to the same
artery type. In the present study, the change in tare load stretch
did not become significant until overstretch exceeded ~1.3*\1y to
1.4*\v. The change in tare load stretch then ceased to significantly
change beyond the 1.4*\y overstretch level. In contrast, Maher
etal, (2012b) observed a linear increase in residual inelastic strain
up to the highest tested overstretch, corresponding to A, = 1.6 (or
~21.45*\1v) in this study. While this level of overstretch was lower
than the highest level investigated here, the magnitude of change
in tare load stretch at 1.4*\v for the cerebral arteries falls between
the magnitudes of inelastic residual strain measured in carotid and
femoral arteries reported by Maher et al. (2012b). This is consistent
with their conclusions that this effect would be increased in more
muscular arteries. This change in tare load stretch may indicate a
change in the unloaded reference configuration or may just be a
result of a reduction of slope in the stress-stretch curve between
the reference and tare load configurations.

Strain energy was significantly affected by overstretch. The met-
ric % AU quantifies the progression of damage averaged over the
entire overstretch range. Interestingly, the magnitude of %AU
ceases to significantly change once the overstretch level exceeds
1.3*\1y. Thus, it is possible that some aspect of microstructural
damage is mostly complete by this overstretch level. A previ-
ous study of arterial softening investigated a similar parameter,
referred to as “% stress softening” (Maher et al., 2012b), where the
upper limit of the area quantified was a common axial force rather
than a common level of stretch. This difference likely describes
why Maher et al. (2012b) did not observe any significant change
in strain energy with overstretch, while we did. We limited the
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analysis of strain energy to the region bounded by the previously
applied overstretch level since subsequent loading clearly showed
additional damage prior to reaching the previous peak load. This
damage behavior was observed in the form of temporary drops
in axial stress as the stretch continued to increase toward ultimate
failure, as seen in the failure curve of (Figure 2E).

It is interesting to note that significant changes were seen in
the in vivo stiffness, baseline stretch, and strain energy as low
as the 1.2*\v level. The range at which these various measure-
ments of damage are significantly altered coincides well with a
previous study of microstructural damage in rabbit aorta, which
showed that repeated strains corresponding to 1.3 times in situ
length resulted in a significant increase in microstructural damage
relative to their control group (Austin et al., 2010),

The observed decreasing level of change in the various metrics
at higher overstretch levels has not been previously reported in
experiments, and the cause for it is not entirely clear. However, it is
interesting to note that this phenomenon appears to be predicted
by a constitutive damage model that includes both continuous
and discontinuous softening (Pefia et al., 2009). In this model, the
inclusion of continuous damage resulted in an overall “damage”
parameter having a decreased change at higher levels of stretch.
The parameter did not have such a decreasing change when only
considering discontinuous damage. This is due to the fact that the
contribution from continuous damage in their model could reach
a saturation point associated with a certain stretch level, where
any additional damage at higher stretches would have increas-
ing levels of discontinuous damage but a constant contribution
from continuous damage. As the data in the current study does
not show roll-off in the measured changes until overstretch levels
approach failure, the application of such a damage model to these
data would require a continuous damage saturation parameter
that would ensure this contribution would level off near, yet prior
to, ultimate failure. Comparison to models like this could lend
insight into microstructural changes responsible for the softening
phenomena observed here.

Interestingly, ultimate failure values were not significantly
affected by overstretch. While the literature is lacking in com-
parable data for arteries following overstretch, these results are
similar to what has been observed in ligaments (Panjabi et al.,
1996). Panjabi et al. investigated failure values in undamaged and
overstretched samples. They showed that the axial force and dis-
placement, as well as the “energy to failure,” were unchanged after
an overstretch to 80% of failure (approximately corresponding to
the 1.3*\qv stretch level in this study). While the current study did
not measure strain energy to failure, it is suspected, based on the
softening observed at the lower end of the mechanical response
that strain energy to failure would be reduced following over-
stretch in the ewe MCAs. However, it is perhaps less surprising
that the failure properties would be unchanged provided there
was no gross damage applied to the sample beforehand. The ulti-
mate stress and stretch in a fibrous biological tissue would be
associated with the highest values that can be sustained when all
the fibers are maximally aligned in the direction of stretch. Any
stretch beyond the point where fibers actually begin to fail on a
large scale would naturally support less stress, thus occurring after
the point where the ultimate stress was measured. Accordingly, it

is logical to suspect that the overstretch-induced changes in this
study are primarily due to rearrangement of the microstructural
components rather than large-scale ruptures in the fibrous com-
ponents, but additional analysis is needed to relate damage and
microstructural change.

We did not observe any significant recovery of mechanical
properties over the hour between overstretch and failure tests.
Previous studies of viscoelastic recovery in tendons and ligaments
show significant recovery in as little as 100s (Duenwald et al.,
2009,2010), Maher et al. (2012a) discussed preliminary data inves-
tigating viscoelastic recovery in porcine arteries over a period
of 1-2 h, without observing significant recovery. They suggested
that a much longer period of time could be needed for recovery.
While this is certainly possible, our preliminary studies showed no
quantifiable recovery for 6 h post-overstretch.

Arterial softening has been shown to be dependent on location
in the vascular tree (Maher et al., 2012b), but this is the first study
known to quantify this effect in cerebral arteries. These location-
specific differences are theorized to be due to variations in the
proportions and arrangement of collagen and elastin fibers mak-
ing up the arterial microstructure (Pefia et al., 2010; Maher et al.,
2012b; Weisbecker et al., 2013). The structure of cerebral arteries is
different from other muscular arteries, as is evidenced by the lack
of an external elastic lamina (Lee, 1995). Previously, Maher et al.
(2012b) tested several non-cerebral arteries with varying propor-
tions of collagen and elastin in the vessel wall. As mentioned briefly
above, they subsequently concluded that overstretch of more mus-
cular arteries results in greater inelastic strains. Their results agree
well with the measurement of tare load axial stretch in this study.

Given the significance of location in the vascular tree, it should
be noted that the present study was conducted on sheep MCA,
though TBI-induced deformations are likely more relevant in
smaller vessels. Previous work from our lab has shown that the
microstructure and mechanical properties of human MCA and
pial arteries are very similar (Monson et al., 2005). As a conse-
quence, it seems reasonable to expect similar softening patterns for
the two vessels. Use of the MCA here is also helpful for compari-
son with different animal models of both TBI and stroke where the
MCA characterization is common (Hégestitt et al., 1983; Coulson
et al., 2002, 2004; Gonzalez et al., 2005; Bell et al., 2013). Trauma-
induced softening is likely also important in smaller arteries and
arterioles, as well as in veins, venules, and perhaps even capillaries,
but findings from this study are not expected to translate directly
to these various vessel types due to significant microstructural
differences.

As noted in the Section “Materials and Methods,” black glass
beads were placed on the adventitial surface in order to track
local strain. However, the stretch values measured from markers
were often inconsistent with observed overall vessel motion. For
example, when samples were overstretched to relatively high over-
stretch levels, it was common to see a decrease in marker-derived
axial stretch well before the overall overstretch was concluded.
Based on this observation, it is likely that local sites of damage
did not correspond with marker placement in a way that allowed
reliable measurement of strains corresponding to that damage.
Duringtesting at high overstretch values, local sites of damage were
observed to occur unpredictably at various locations throughout
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the specimen. Measurements from markers could not then be
expected to yield consistent measurements of deformation. As a
result, average stretch values were calculated from actuator dis-
placement in order to provide a more consistent basis for analysis
between specimens.

There are some potential limitations to the current study.
First, while the human system is of primary interest to our
group, these tests were conducted in sheep cerebral vessels. How-
ever, overstretch-induced softening behavior has been observed
in human systemic arteries (Weisbecker et al., 2012, 2013). Also,
preliminary testing in human cerebral arteries has confirmed the
presence of softening behavior in these vessels, though a detailed
characterization has not been performed (Monson, 2001). So
while the data in the current study are not directly translat-
able to human tissue, it does provide a greater understanding of
the progression of softening in cerebral vessels associated with
overstretch.

Second, while the majority of the sheep MCAs were obtained
from pregnant ewes, some were acquired from non-pregnant ewes
through a local slaughterhouse. It has been shown (Griendling
et al., 1985) that arteries close to the fetus during pregnancy
can have altered mechanical properties. However, this same study
showed that arteries further away, such as the carotid arteries, do
not have any pregnancy-induced changes in the mechanical prop-
erties. It was reasoned for this study that since the MCA is further
along the arterial tree than the carotid arteries, it would be similarly
unaffected by pregnancy. As reported, statistical testing showed no
difference between the two groups.

The third limitation has to do with the quasi-static rate used
in the present study. Deformations associated with TBI take place
at a high rate. This quasi-static loading rate was chosen in order
to enable comparison to pre-damage mechanical behavior (Mon-
son et al., 2008; Bell et al., 2013). Further, the quasi-static loading
rate allowed for more precise control of the levels of overstretch
applied to samples in this study. Mechanical properties of cere-
bral vessels have been shown to be relatively insensitive to loading
rates ranging from 0.001 to 50 s~! (Chalupnik, 1971) and 0.01 to
524 s~! (Monson et al., 2003). However, the possibility exists that
the progression of softening may be altered at higher loading rates.
This should be explored further.

The final limitation is related to the fact that specimens were
stored at 5°C prior to testing. The duration of this refrigerated
storage ranged from a few hours to as much as 40h. It has been
observed that refrigeration of tissue prior to testing can poten-
tially alter material properties (Stemper et al., 2007; Chow and
Zhang, 2011). However, refrigeration of arterial tissue samples
prior to testing is a common practice (Humphrey, 1995; Amin
etal., 2011; Maher et al., 2012b) and has been determined by other
studies to have little effect on both the active and passive properties
of arteries, with up to 48 h of storage at 5°C (Herlihy and Mur-
phy, 1973; Cox, 1978; Dobrin, 1984). While Stemper et al. (2007)
showed that subfailure stresses and the ultimate failure stress can
be lower following refrigeration than in fresh tissue samples, sub-
failure strains, and ultimate failure strains were not significantly
different between fresh and refrigerated tissues in their study. As
all of our samples were similarly refrigerated, if there was any
refrigeration-induced effect on the failure properties, it would be

expected to have been similar for all samples, thus, not chang-
ing the relationship of the failure properties between overstretch
groups. Finally, as mentioned above, no statistical difference was
found for refrigeration time.

Overall, results demonstrate that sheep cerebral arteries expe-
rience a persistent change in properties as a result of isolated
overstretch. Itis currently unknown whether similar changes occur
in vivo, but it is known that the brain and its supporting vascula-
ture are deformed during trauma. While TBI is complex, including
a number of factors that could promote blood vessel dysfunc-
tion, changes in vessel mechanical properties would likely play
an important role in any acute, and potentially chronic, vessel
impairment. Further work is needed to more fully characterize
changes induced by overstretch. In particular, this study focused
on changes in axial behavior, but alterations to circumferential
response are surely also important physiologically and should
be explored. However, even without direct study of circumferen-
tial changes, multiaxial considerations suggest that the observed
increase in axial laxity will lead to a less stiff response circum-
ferentially. At least in an isolated vessel, these changes could lead
to disturbances in blood pressure and flow due to both buckling
and circumferential expansion. It is not yet clear how forces from
surrounding tissue may influence this, especially in an injured
brain, but changes to vessel properties are likely an important
consideration in the progression of TBIL.

Because vessels likely do not experience axial stretch alone dur-
ing head trauma, additional work is also needed to define the
influence of circumferential overstretch on properties in both
directions. While this information is expected to lead to a better
understanding of TBI, it may be even more useful in improving
surgical interventions. Finally, the vasculature is not passive, with
both active regulation of its circumference (through smooth mus-
cle cell contraction) and remodeling of the wall to adapt to both
physiological and mechanical changes. Future investigation of how
these active processes are affected by, or how they impose an effect
upon, softening would also be beneficial.
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CHAPTER 5

CONCLUSION

5.1 Take Away Summary

The work contained in this dissertation investigated the effect mechanical stretch at
physiological and supraphysiological levels has on the cerebrovasculature as pertaining to
traumatic brain injury (TBI). The findings herein are relevant to a variety of applications.
They provide an improved understanding of cerebral artery mechanical properties, and
the relationship between such data acquired from animal and human cerebral arteries. In
addition, these data could lead to improvement of computational models of TBI, as well
improved interpretation and planning for studies of cerebrovascular dysfunction. Finally,
these studies provide insight into the potential role of subfailure cerebrovascular damage
in disease states associated with TBI, such as second impact syndrome and stroke.
Discussions of the specific conclusions taken from this dissertation within each of these
areas, along with their associated applicability and the resulting outstanding questions,

are here provided.

5.1.1 Cerebral artery mechanical properties
When applying measured mechanical behavior of animal tissue to the human

case, whether at physiological or supraphysiological levels of loading, it is important to
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keep in mind the intrinsic differences between species. While scaling of mechanical and
failure properties according to the relative brain masses of the two species in question are
often used to translate animal tissue data to the human case (Holbourn, 1943; Ljung,
1975; Rafaels et al., 2012), it is best if these assumptions are confirmed experimentally.
For example, it is normally assumed that the threshold of TBI-related impact loading a
subject can endure before injury occurs increases with the mass of the brain (Holbourn,
1943; Ljung, 1975). In general, this is a logical assumption when one considers that a
larger brain would have more inertia and thus it would require a larger impact force to
produce the same relative motion between the brain and the skull, stretching bridging
veins. However, when one wishes to use interpolated animal data in a computational
model of human head injury in order to calculate local strains, these brain mass-based
scaling assumptions do not provide an accurate estimate of local tissue mechanical
response. The work in this dissertation showed that rat middle cerebral arteries (MCAS)
have a similar level of anisotropy to human cerebral vessels at physiological loading
levels (Chapter 2). However, rat MCAs are less stiff in both the axial and circumferential
directions. Additionally, while rat MCAs failed at a lower ultimate stress, the failure
stretch was significantly higher than for human cerebral arteries. In contrast, while sheep
MCA:s also fail at a seemingly higher level of axially stretch, the ultimate stress is
comparable to that of human cerebral arteries. Therefore, these results show that scaling
based on species brain mass does not provide an accurate estimate of cerebrovascular
mechanical properties. These data emphasize the need to define the similarities and
differences of mechanical properties of tissues from animal models and humans.

Specifically, the similarity of the failure stresses for sheep and human cerebral vessels
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highlights the fact that the biaxial mechanical properties for sheep cerebral vessels have
not yet been defined in order to allow for comparison of physiological level loading
between these two species.

This dissertation also shows that axial mechanical overstretch leads to strain
softening of cerebral arteries, as measured in sheep (Chapter 4). When these data are
considered in light of the fact that both rat and sheep MCA:s fail at a higher axial stretch
than humans, it would logically follow that human cerebral vessels could experience
strain softening, and associated subfailure damage, following a mechanical stretch below
the threshold measured in sheep. One area where these results are particularly relevant is
the ongoing efforts to map the strain field within a living brain during a TBI event.
Recently, gated magnetic resonance imaging (MRI) has been used in an attempt to
measure these strains (Bayly et al., 2006). However, since gated MRI is unable to scan
the entire brain with sufficient speed, this method requires the loading to be repeated
several times to get a complete strain map. Controlled cortical impacts of perinatal rats
were imaged during either 64 or 128 repeated impacts on any given animal.
Unfortunately, this method completely ignores the potential for strain softening of the
tissues due to repeated deformation. In addition to the strain softening behavior observed
in this dissertation, it has also been observed previously that repeated loading on living
brain tissue has a preconditioning like effect (Gefen and Margulies, 2004). This could be
due to softening of the associated cerebral arteries, but also may indicate the potential for
strain softening of neuronal tissue itself, and should be studied further. Another area
where cerebrovascular strain softening could be a factor is the clinical practice of using

balloon angioplasty to restore blood flow for cerebral arteries in vasospasm following
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TBI (Miley et al., 2011). If the arterial wall is indeed more compliant circumferentially
following injury (Converse and Monson, 2014), the normally accepted balloon inflation

parameters may lead to accidental vessel rupture, and do more damage than good.

5.1.2 Computational models of TBI

This work provides data that have the potential to improve the accuracy and
functionality of computational models of TBI. Specifically, as mentioned above, herein is
provided a more complete characterization of biaxial passive mechanical and failure
properties for cerebral vessels as well as a better understanding of how cerebral arteries in
rats, in particular, compare to those of humans. This improved understanding also
includes strain threshold information relative to subfailure mechanical damage and
autoregulatory dysfunction. Here are two examples of how this more complete
understanding of these properties could improve computational models. First, accident
reconstruction computational models could better calculate the strain experienced by
cerebral vessels during a given injury, and subsequently determine if this strain level was
high enough to possibly lead to subfailure autoregulatory dysfunction or strain softening.
This analysis could be utilized for the guidance of clinical treatments, or be incorporated
into a legal argument should the TBI event be related to a court case. Second, TBI models
being utilized to prevent injury, using a defined threshold for subfailure cerebrovascular
damage, can be used more effectively in the development of superior protective
equipment such as helmets or automotive airbags.

In conjunction with computational models, this dissertation also provides needed

data for strain energy functions representing cerebrovascular behavior. The strain
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thresholds for alteration of smooth muscle cell (SMC) contractility (Chapter 3) and
alteration of passive mechanical properties via strain softening (Chapter 4) better informs
strain energy functions, such as the those from Baek et al., which seeks to represent
active mechanical behavior (Baek et al., 2007a) as well as the subsequent tissue
remodeling (Baek et al., 2007b). These strain energy functions, as well as the data in this
dissertation, emphasize the current lack of experimental data defining strain thresholds
leading to endothelial dysfunction or other layer specific damage within the wall of

cerebral arteries. Determination of these thresholds should be the subject of further study.

5.1.3 Investigation of cerebrovascular dysfunction

Mechanical stretch above a certain threshold leads to both alteration of SMC
contractility and strain softening, as discussed above. Similar to the argument made for
strain softening above, since rat and sheep cerebral arteries fail at a higher stretch than
humans, it is possible that SMC contractility is altered at a lower stretch level in humans
than was measured in rats. It is also possible that overstretch induced strain softening and
altered SMC contractility are related. This possibility is supported by the fact that SMC
contractility depends on the stiffness of the extracellular matrix (Steucke et al., 2015).
This leads to the question, if autoregulation can be impaired by a change in the
underlying mechanical properties, how can this be corrected clinically? One potential
method is proposed in the next section in relation to stroke prevention.

In regard to the observations in this dissertation that mechanical overstretch above
a threshold resulted in alteration of SMC contraction, it is believed that the results from

the study in Chapter 3 are not due solely to potential circumferential strain softening, but
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rather alteration in the contractility of the SMCs themselves. This is based on the fact the
study in Chapter 3 was done at a low internal pressure which would minimize the effect
of circumferential strain softening on the results. This conclusion is further supported by
the fact that the baseline, dilated, and maximum levels of contraction were not
statistically affected by overstretch. However, at higher physiological pressures, strain
softening could play a larger role in the SMC response post-TBI. Therefore, the potential
for mechanically-induced alteration of SMC function should be taken into account when
conducting studies of cerebrovascular autoregulation that involve contractile agents. A
good practical example of this is a study by Toklu et al. (Toklu et al., 2015) which
showed increased contraction to endothelin-1 (ET-1) following blast TBI. They
confirmed this was not a result of changes in the intrinsic SMC contractility by also
measuring the unchanging contraction evoked by exposure to elevated extracellular K.
The helical orientation of collagen and SMCs in cerebral arteries suggest that
axial overstretch could lead to softening of the cerebral vessels in both the axial and
circumferential directions. Considering additional preliminary data from our lab which
supports the idea that axial overstretch leads to circumferential softening (Converse and
Monson, 2014), strain softening alone could be an aggravating factor in the proper
function of autoregulatory mechanisms post-TBI. This should be taken into account in
future studies investigating the active function of vessels from TBI animal models. For
example, consider a hypothetical study of autoregulatory dysfunction following TBI
where an injury is imposed on the intact animal and vessels are then removed for in vitro
testing. This hypothetical study uses the fully dilated diameter of the removed vessel at

100 mmHg internal pressure for the reference diameter in quantifying the myogenic



114

response at the same pressure. However, unknown to the investigator, this vessel has
undergone circumferential strain softening during the applied injury. Prior to the injury,
this vessel had a fully dilated diameter of 150 pm and would have produced a myogenic
contraction resulting in a diameter of 100 pm under an internal pressure of 100 mmHg (a
33% contraction). However, what the investigator observes is a fully dilated diameter of
190 pum which changes to 125 pm when 100 mmHg internal pressure is applied (a 34%
contraction). The investigator therefore concludes that the applied injury did not produce
any significant effect to the autoregulation. While it may be true that the myogenic
response specifically was not affected by the injury, this study produces a false
conclusion that the vessel itself was not affected. In reality, the diameter of the artery is
increased by 25% relative to what it should be under those conditions. This hypothetical
scenario would result in elevated arterial pressures being propagated to smaller arterioles
downstream, potentially leading to secondary hemorrhage or vasogenic edema (Faraci
and Heistad, 1990; Tsubokawa and Katayama, 1998). Therefore, the false impression
given by the study that the vessel is unaffected would ignore a potentially treatable
mechanism of injury. Many TBI animal studies of cerebrovascular autoregulation use the
assumption that vessels tested from the injured brain have comparable baseline
parameters to samples taken from uninjured brains (Bukoski et al., 1997; Golding et al.,
1998; Golding et al., 1999; Mathew et al., 1999; Toklu et al., 2015). While it is not
always possible to measure pre-injury baseline properties of a particular vessel, such as
with a closed head impact animal model, some consideration should be made for these
potential changes due to strain softening in the analysis of the collected data.

The data in this dissertation showing cerebrovascular SMC function is affected by
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mechanical overstretch also lend support to the concept that TBI induced injury to the
cerebrovasculature is a combination of mechanical and chemical effects (DeWitt and
Prough, 2003), rather than just resulting from post-TBI chemical insults as has also been
proposed (Golding et al., 1999). The previous studies of autoregulatory dysfunction cited
near the end of the previous paragraph do not all agree. Some show TBI-induced
dysfunction of various pathways (Golding et al., 1998; Mathew et al., 1999; Toklu et al.,
2015) while others do not (Bukoski et al., 1997; Golding et al., 1999). These seemingly
contradictory results have been attributed to the effect the altered chemical environment
in the post-TBI brain has on cerebrovascular function (DeWitt and Prough, 2003;
Golding et al., 1999). While the altered chemical milieu in the injured brain can certainly
affect cerebrovascular function, the potential contribution of mechanically-induced
changes in SMC function should not be ignored, and future studies should be planned

accordingly.

5.1.4 Cerebrovascular damage in post-TBI disease states

Stretch-induced strain softening and autoregulatory dysfunction could play a role
in second impact syndrome. Second impact syndrome refers to the situation where a head
injury is sustained before the symptoms from a previous head injury have yet to be fully
resolved. A minor injury during this vulnerable period combines with lingering
cerebrovascular autoregulatory dysfunction to subsequently produce significant brain
damage, resulting in a mortality rate of up to 50% (Cantu and Gean, 2010; Laskowski et
al., 2015). Considering the mechanical contribution of pressurized cerebral vessels within

to the brain, a reduction in the stiffness of these vessels due to a previous injury could
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make the brain susceptible to minor impacts producing much larger strains then they
otherwise would. Additionally, mechanically-induced autoregulatory dysfunction could
persist after the chemical environment in the brain returned to normal as it would require
biological remodeling of the vessel wall to be corrected.

Subfailure mechanical damage, measured in this dissertation as strain softening,
could also play a role in stroke following TBI. It has been shown that a person is
significantly more susceptible to stroke following a TBI event, even 5 years later (Burke
etal., 2013; Chen et al., 2011; Hills et al., 2012). It is possible that this increased
susceptibility could be due to altered mechanical properties of cerebral arteries. For
example, greater circumferential stretch in response to physiological pressures would
lead to increased arterial pressure in smaller downstream arteries and thus potentially lead
to rupture of smaller vessels. Additionally, it should be noted that axial failure properties
did show a decreasing trend following overstretch in vitro, but this was not found to be
significant (Chapter 4). However, it is possible that the observed increase in subfailure
passive mechanical compliance combined with natural repair mechanisms, such as matrix
metalloproteinase (MMP) upregulation following injury (Asahi et al., 2001; Chase and
Newhby, 2003) could result in further altered mechanical properties (Monson et al., 2011),
potentially resulting in decreased failure properties over time. These potentially
decreased failure properties would make a subject more likely to have vascular failure
(stroke) at a later time.

This leads to the question of how such TBI-induced subfailure mechanical
damage to the cerebrovasculature could be treated. Methods of surgical intervention have

been developed for other cerebrovascular problems, such as aneurysm coils (Rezek et al.,
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2013) or the use of balloon angioplasty for reopening cerebral arteries that are constricted
due to vasospasm (Miley et al., 2011). However, a major roadblock with the development
of surgical interventions to treat strain softened cerebral arteries is the clinical
identification of such arteries in order to treat them. One possible method of treatment is
pharmaceutical rather than surgical, and may remove this need to clinically identify sites
of vascular strain softening prior to treatment. Preliminary data from our lab indicates
that strain softening is associated with the presence of unwound collagen fibrils
(Converse and Monson, 2014) which can be labeled preferentially by collagen mimetic
peptides (CMPs) (Li et al., 2012; Walther, 2015). If a pharmaceutical agent that either
promotes collagen deposition or reduces collagen degradation (Akbik et al., 2014;
Banerjee et al., 2015) was to be bound to CMP rather than the fluorophores used in our
preliminary studies, it could lead to improved mechanical properties in these softened

vessels and reduce the subsequent risk of stroke and second impact syndrome.

5.2 Looking Forward

In addition to the outstanding questions mentioned above, there are several
questions still to be answered regarding cerebrovascular mechanics under both
physiological and supraphysiological loading. These questions are separated here into
two categories for discussion, based on the relevant loading level. Some potential
methods for addressing these questions are also proposed. Following the discussion of
supraphysiological loading, a broader question pertaining to the deformation of the

cerebrovasculature during head injury is also discussed.
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5.2.1 Cerebrovascular mechanics under physiological loading

Properly accounting for residual strain is important to correctly analyzing the
mechanical behavior of cerebral arteries. To do this, the zero stress state, rather than the
zero load state, should be utilized as the reference configuration (Chuong and Fung,
1986). All three studies in this dissertation used the zero load state as the reference.
Specifically, residual strain in the circumferential direction was ignored. This was done
due to two different problems associated with the measurement of the circumferential
residual strain opening angle, which would need to be overcome. First, for smaller
vessels, such as rat MCAs, the force attracting the sample to the bottom of the dissection
dish seemed to be stronger than the forces within the tissue which would cause a radially
sliced cross section to spring open. The result was that the cut cross section would not
open as it should, but rather would remain in whatever configuration it was in when it
touched the bottom. It is unknown if this was due to van der Waals forces between the
sample and the dish or some other attractive force, but measurement of opening angle
was attempted using dissection dishes where the bottom was polystyrene, glass, or
silicone without improvement of the result. The second hurdle for properly accounting
for circumferential residual strain is that the opening angle of larger vessels varies
dramatically along the length of a given sample (Monson et al., 2008). A way to account
for this variation along the length of a sample would need to be developed. In addition to
circumferential residual strains, it should also be determined if cerebral vessels also
exhibit any other types of residual strain observed in some peripheral arteries. For
example, as discussed in the introductory chapter, coronary arteries have been shown to

exhibit residual shear strain (Wang and Gleason, 2014), while the levels of
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circumferential and axial residual strains in aorta differ greatly from layer to layer within
the vessel wall (Holzapfel et al., 2007).

In addition to layer-specific residual strain, the mechanical response of the
individual layers of cerebral arteries should be accounted for (Holzapfel et al., 2000),
especially during injury. When using larger cerebral arteries, such as from sheep or
human, it would be possible to physically separate these layers for traditional mechanical
testing in order to define the layer-specific mechanical properties. Additionally, the
strength of the connection between adjacent layers could be measured when they are
separated, which would be useful as boundary conditions for through wall stress analysis.
However, this physical separation for layer-specific mechanical characterization would
be prohibitively difficult with smaller arteries such as rat MCAs due to the small scale
and subsequent fragility of the individual layers. For these small vessels, perhaps layer-
specific mechanical differences could be inferred from measured layer-specific strains.
Marker tracking could be employed to track the strains in the adventitial and the intimal
layers. Markers of one type or color could be attached to the adventitia while other
markers could be perfused through the sample in order for them to adhere to the
endothelial cells. These measured strains could then be used in a finite element model of
the mounted vessel in order to calculate the through wall stresses and strains.

The effect of tethering by adjacent connective tissues in vivo on the vessel
response, both active and passive, is another poorly understood consideration. It has been
shown in cerebral arteries that the passive circumferential response is altered when such
tethering is in place (Steelman et al., 2010). Specifically, the artery circumference

becomes elliptical rather than circular at pressures above and below physiological levels.
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Such an elliptical diameter could result in further decreased blood flow at sub-
physiological pressures, compounding any autoregulatory problems. Additionally,
mechanical interaction of the associated connective tissues can also affect the active
response. This is illustrated by the presence of vasospasm following mechanical stretch
applied to associated connective tissue, but not when applied to the cerebral arteries
themselves (Arutiunov et al., 1974). It has also been noted previously (Zhang et al., 2002)
that there is a current lack of sufficient data describing the mechanical interaction
between cerebral vessels and the nervous tissue of the brain. One possible way to
determine these properties is to excise a piece of cortex (to simplify the geometry) and
apply subdamage level deformations to a pial artery still attached to the surface. During
this deformation, the surface strains on both the vessel and the surrounding brain tissue
would be tracked via strain markers. Next, the vessel in question would be dissected and
the isolated biaxial mechanical properties determined. These vessel-specific properties,
along with the combined surface strains, could be incorporated into a finite element
model of the excised cortical section. The boundary conditions between the vessel and
surrounding brain tissue would then be iteratively optimized in order to find a best fit
between the surface strains calculated by the model and those measured experimentally.
The relative mechanical contribution of active SMCs between animal and human
cerebral arteries is also poorly understood. As discussed at some length in the
introductory chapter, the mechanical contribution of active SMCs is an important factor
in the mechanical behavior of cerebral arteries. Various methods to measure this
contribution have been described previously (Coulson et al., 2004; Wagner and

Humphrey, 2011) utilizing SMC tone generated by either the myogenic response or
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pharmacological agents. However, the relative mechanical contribution of SMC tone
between species has not been previously investigated. Building on the work in this
dissertation, comparing the biaxial passive mechanical properties of rat MCA and human
pial arteries (Bell et al., 2013), such comparison studies could be done which also

incorporate active SMC tone.

5.2.2 Cerebrovascular mechanics under supraphysiological loading

Active SMCs could potentially affect the failure properties of cerebral arteries, in
addition to the mechanical response to physiological level loading discussed in the
previous section. In contrast to subfailure contributions of SMC tone, a complete
investigation of this contribution to failure properties should incorporate both myogenic
tone and chemically induced SMC tone. This is because the active state of cerebral
arteries is different for an initial traumatic event than for repeated impacts shortly
thereafter. In order to measure how SMC tone affects failure properties related to an
initial traumatic event, a protocol that utilizes myogenic tone would be more
representative of the level of SMC tone under physiological conditions prior to injury. On
the other hand, investigation of SMC tone effect on the failure properties relative to a
repeated injury event may be better accomplished with pharmacologically-induced
contraction. These elevated levels of chemically-induced SMC tone would be more
indicative of the state of cerebral vessels shortly after an initial injury due to the elevated
levels of several contractile agents present in the brain post-TBI, such as ET-1 and
extracellular K*.

Layer-specific deformation and damage from supraphysiological subfailure level
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loading is another important topic for further investigation. As mentioned previously,
preliminary data from our lab show that subfailure loading can cause layer-specific
ruptures (Converse and Monson, 2014) as well as layer-specific alteration and/or damage
to collagen (Walther, 2015). This microstructural rearrangement or damage is likely
related to the strain softening observed in Chapter 4 (Bell et al., 2015). In order to more
fully understand the consequences of overstretch on specific layers of cerebral arteries, it
would be ideal to measure the layer-specific deformation during an overstretch in real
time. Similar to the physiological loading discussion above, the attachment of different
strain markers to the adventitia and luminal surfaces would enable quantification of the
inner and outer layers. However, deformations to the media would still not be directly
measured. While not in real time, multiphoton confocal microscopy can be used to
preferentially image collagen and elastin through the depth of the vessel wall (Zoumi et
al., 2004). Through wall deformation could be measured in this microstructural imaging.
The vessel testing system developed for the study in Chapter 3 has the capability of being
mounted to the stage of a confocal microscope. While this capability was not used in that
study, it could be implemented in order to image the fiber geometry through the vessel
wall while under various static loading levels. Such a protocol could also be used to
image the through wall microstructure before and after overstretch to detect damage. The
biggest hurdle to such an effort would be the observed alteration in tare load length
following overstretch in Chapter 4, making it challenging to confirm subsequent scans
are imaging the same tissue region in the sample in order to compare the scans.

A better understanding of vessel branch mechanics and how they may affect failure

and subfailure behavior of cerebral vessels is also needed. The geometry of vessel branch
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points suggests that these areas would experience stress concentrations during
deformation. Additionally, unpublished human vessel data from our lab indicates that
failure is more likely to occur at branch points than in unbranched regions during isolated
vessel tests. The role of branch mechanics in failure should be further investigated by
both observation of sites of failure during axial testing as well as tests which directly
apply tension to branches to measure the failure stress associated with separation of
branches from the main vessel.

While the development of strain energy functions to describe arterial mechanical
behavior, as described in the introduction chapter, has made good progress in recent
years, there is still no microstructurally-based strain energy function that is applicable to
both physiological and injury level loading. One group has proposed a strain energy
function using separate fiber families to represent the different microstructural
components, the parameters for which can be changed to account for fiber degradation
(Zeinali-Davarani et al., 2013). A function such as this is a good step in the right
direction, but the value of corresponding function parameters related to microstructural
reorganization or damage due to mechanical insult have yet to be determined.
Additionally, a strain energy function accounting for damage should account for the
properties intrinsic to specific layers of the vessel so as to account for layer-specific
failure as well. One limiting factor to typical strain energy functions is the commonly
used psuedoelasticity assumption (Humphrey et al., 1990). This typically results in only
using data where vessel loading is increasing to determine the function parameters. For
example, in Chapter 2 (Bell et al., 2013), data from the circumferential inflation tests, but

not the axial stretch tests, were used to determine the reported function parameters. This
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was because axial test data were very poorly represented by the function due to the
circumferential stretch decreased during increasing axial stretch. Since it has been
previously argued that the primary mode of loading to cerebral vessels during impact TBI
is axial stretch (Goldsmith, 2001; Monson et al., 2003), any strain energy function meant
to represent such responses would ideally be able to overcome this weakness. One
solution for this would be the development of a piecewise strain energy function which
uses one set of parameters when the stretch is increasing, and another set when the stretch
is decreasing. Unfortunately, since both types of deformations can happen simultaneously
along different axes as just explained, the complexity of such a function could potentially
require prohibitively high computational power in order to utilize it in computational
models of TBI.

There are also additional questions related to stretch-induced autoregulatory
dysfunction that have yet to be investigated. First of all, in Chapter 3, discussion of the
results led to the hypothesis that the observed change in SMC function was due to altered
function in voltage sensitive calcium channels in the membrane of the SMCs. This
hypothesis could be indirectly tested by repeating the tests conducted in Chapter 3 while
using a blocking agent for voltage sensitive calcium channels, such as tamoxifen (Song et
al., 1996). While this inhibitor also results in reduced extracellular K* evoked SMC
contraction, if the level of SMC tone following the injurious level of overstretch is still
reduced by a similar percentage to that in Chapter 3, relative to a tamoxifen-treated
baseline test, than alteration of voltage sensitive calcium channel function as the cause
would be proven incorrect. There are also other autoregulatory mechanisms which could

be affected by mechanical overstretch. For example, since it has been observed that the
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endothelium ruptures prior to failure in peripheral arteries (Vaishnav and VVossoughi,
1987), it is logical to assume that subfailure mechanical stretch could also lead to
dysfunction of endothelial cell-mediated dilation. This could be tested using a protocol
similar to that in Chapter 3 that measures the level of vasodilation evoked by the
application of acetylcholine, an endothelial cell-dependant dilator, before and after
overstretch.

The phenomenon of strain softening in cerebral arteries is still not fully understood.
As discussed previously, any potential circumferential softening due to axial overstretch
needs to be better defined, and this work is currently underway in our lab (Converse and
Monson, 2014). Additionally, the question of rate dependence on overstretch-induced
strain softening of cerebral arteries should be investigated. Failure properties of human
cerebral vessels have been shown to be strain rate independent up to 500 s™ (Chalupnik,
1971; Monson et al., 2003). However, while the failure properties of the sheep MCAs in
Chapter 4 (Bell et al., 2015) were also not affected by previous strain softening, the
subfailure alteration to SMC function of rat vessels in Chapter 3 was strain rate
dependent. These combined results suggest that while the failure properties of cerebral
arteries may not be rate dependent, the subfailure strain softening might be. This can be
investigated further using testing methods similar to those in Chapter 4, while
incorporating varied strain rates.

The question of a potential correlation between strain softening and altered SMC
function following overstretch should be further investigated. Ideally, tests should be
conducted that incorporate measurement of circumferential strain softening as well as

SMC function before and after overstretch. It would, of course, be best to conduct these
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tests on human cerebral arteries. However, due to the low availability of viable human
cerebral vessels, larger cerebral vessels from animals, like sheep, would be suitable. This
would also allow for direct comparison of new results to data from Chapter 4 and current
investigations into axial overstretch-induced circumferential softening which utilize
sheep cerebral arteries (Converse and Monson, 2014). It is possible that the repeated
baseline axial stretches applied in Chapter 4 may be detrimental to the viability of SMC
function in an in vitro sample. Additionally, the current investigation of circumferential
softening includes correlation of softening with microstructural damage following
overstretch (Converse and Monson, 2014). As such, an investigation of potential
correlations between overstretch-induced alteration of SMC function and strain softening
could be accomplished by using imaging of microstructural damage as a measurement of
softening, rather than repeated mechanical stretch tests. This future study should
therefore avoid pulling samples to failure so the level of overstretch-induced
microstructural damage can be measured. The basic structure of such a protocol would be
to measure the SMC response of a vessel in vitro, apply an overstretch and then repeat
the evaluation of SMC response again. Finally, the vessel would be carefully dismounted
from the test system and the microstructural damage analyzed via staining with CMP and
confocal microscopy (Li et al., 2012; Walther, 2015).

In order to better understand the long-term consequences of subfailure damage to
cerebral blood vessels, the subsequent remodeling of damaged vessels should be studied.
Such studies in vitro would require an organ culture system similar to one previously
used to measure changes in arterial contraction due to hypertension over a seven day time

period (Han and Ku, 2001). While the strain softening observed in Chapter 4 (Bell et al.,
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2015) persisted for the 60 minutes of testing, and as long as 6 hours in preliminary data,
an organ culture system could determine if such changes persisted over much longer time
periods. In addition to just looking at how damaged vascular tissue remodels in a healthy
chemical environment, the contents of such an organ culture bath could be altered to
mirror specific aspects of the chemical environment present in the brain following TBI.
For example, concentrations of ET-1 (Foley et al., 1994; Petrov, 2009; Petrov et al.,
2002) and acetylcholine (Hayes et al., 1991; Lyeth and Hayes, 1992) in the brain are
increased following TBI. By exposing subfailure overstretched vessels to elevated
concentrations of specific compounds in the organ culture, the effect those specific
compounds have on the vessel remodeling process could be established. Such studies
would provide a better understanding of what the specific targets for clinical intervention
should be in order to ensure proper healing of the cerebral vasculature after injury.
Additionally, it has been shown that the levels of matrix metalloproteinase (MMP-2 and
MMP-9), which degrade collagen, are significantly elevated in isolated peripheral veins
following a sustained axial overstretch (Meng et al., 1999). The levels of MMP that
develop in an acutely overstretched cerebral artery should be investigated, along with the
effects these compounds have on the remodeling of injured vessels. Methods to
investigate the specific effects MMP degradation of vascular extracellular matrix has on
the properties of cerebral arteries have been proposed by our lab, but are not yet

published.
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5.2.3 Traumatic deformation of cerebrovasculature

One major outstanding issue on the subject of mechanical injury to
cerebrovascular during impact TBI is the fact that the actual deformation experienced by
the cerebrovasculature during an impact event is poorly understood. Without this
information, any attempt to determine injury strain thresholds is still not going to be
directly applicable for clinical applications or the development of protective equipment.
One previous method to measure strain within the brain during an impact event utilized
high-speed tracking of radio-opaque strain markers in cadaver heads (Hardy et al., 2001).
Unfortunately, while this method does provide a general strain distribution during impact,
the mechanical properties of living and cadaver brains are quite different (Gefen and
Margulies, 2004). In addition to the mechanical differences due to the loss of vascular
pressurization at death, which potentially could be overcome by repressurizing the
cadaver brain (Alem et al., 1977; Stalnaker et al., 1977), the mechanical properties of
brain tissue are significantly different only 24 hours after death as compared to
immediately postmortem (Vappou et al., 2008). A more recent attempt to measure strains
in the living brain during TBI utilized gated MRI during controlled cortical impact on rats
(Bayly et al., 2006), as was discussed in the first section of this chapter. Again briefly, the
limitations of the scanning speed for gated MRI made it incapable of scanning the entire
brain fast enough to capture the event in real time with sufficient resolution. Accordingly,
it was required that the cortical impact be repeated over one hundred times on some
animals, ignoring any effects from repeated loading such as strain softening or
preconditioning. A somewhat improved version of this MRI strain tracking has been used

to track deformations within the brain during low-level head impacts on live human
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volunteers (Knutsen et al., 2014), which required only scanning eight repeated impact
events to capture the desired strain distribution. However, since this study was conducted
on human volunteers, injury level loading could not be imposed. Also, if this method was
used on animals where injury level impacts could be used, the need for repeated scans to
capture the desired deformations still has the same pitfalls as the rat study just discussed.
Therefore, there is a pressing need to develop a method by which high resolution, real-
time strain distributions can be measured in a living brain during a single injury level
loading event. It is possible that the strains on the cortical surface could at least be
measured by tracking the pial vasculature itself. Two potential methods to do this are
here proposed.

Deformations of the pial vasculature on the superior cortical surface could be
visually tracked during an injurious impact event using an animal model where the top of
the skull has been replaced with a transparent skull cap. Such a model has been used on
rhesus monkeys in the past in order to measure rotation of the brain within the skull
during TBI (Hirsch et al., 1970). Multiple high-speed cameras at differing viewing angles
could be used to record the three-dimensional motion of the pial arteries during impact.
Individual branch points could then be used as strain markers to calculate the resulting
surface strains. While these measurements of strains on the cortical surface would not
provide direct information about strains elsewhere in the brain, they could be used to
better validate finite element head injury models capable of then better estimating
subcortical strains.

Another possible method to track pial artery motion during head impact takes

advantage of the fact that these vessels are innervated by perivascular nerves originating



130

outside the cranium. Therefore, tracking these nerves would indirectly track the
deformation experience by the pial arteries. Since these perivascular nerves are present in
all pial arteries at varying density, and since they are not present in subcortical arteries
(Hamel, 2006; Handa et al., 1990), if a method could be developed to inject these nerves
with a radio-opaque agent, strains over the entire cortical surface could be tracked in a
living brain during impact using high-speed radiography (Lavrinovich et al., 2013).
Several methods have been developed to preferentially label the length of a living optic
nerve (Kanamori et al., 2010), and at least short segments of other nerve fibers
(Kuwabara, 2012; Progatzky et al., 2013), but these are primarily fluorescent markers not
visible to X-ray. One labeling method that may provide a basis for the development of
this perivascular nerve staining utilizes infusion of gadolinium-labeled albumin into
nerve fibers (Lonser et al., 1998). In sufficiently high concentrations, gadolinium is
visible on X-ray and the infusion method in peripheral nerves described by Lonser et al.
resulted in the gadolinium being distributed along the axonal fibers for long distances,
contained within the epineurium. One additional complication would be the need to
selectively label some perivascular nerves, but not all. Due to the high vascular density in
the brain, staining all the perivascular nerves in this way would result in X-ray images
that are just a cloud of indistinguishable signal. One way to avoid this is to only stain
perivascular nerves in certain regions, like just the inferior surface of the left hemisphere.
This would allow high rate radiographic deformation tracking on the surface of these
selected structures during an impact. Impact strains in other regions would then be
obtained from similar impacts to other animals (to avoid repeated impacts on a single

animal). The combined results from tracking the various cortical surface regions
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individually would produce a complete strain map over the surface of the living brain
during an impact TBI event. Again, these surface strains could then be used to better
validate finite element models of TBI which would then be used to calculate subcortical

strains.

5.3 Final Thoughts

Traumatic brain injury is frequently referred to as a silent epidemic since many of
the associated problems that result from it are not always visible via outwardly
observable symptoms. While this dissertation has focused on the effect of mechanical
stretch of the larger cerebral arteries associated with impact TBI, this is only one of many
aspects of TBI worth investigating. Just a few examples of some additional important
topics of investigation related to TBI are autoregulatory dysfunction in smaller arterioles,
effects of blast TBI on cerebrovascular autoregulation, generation of diffuse axonal
injury, concussion, chronic traumatic encephalopathy, as well as the resulting brain
damage and impaired social functionality that often result from TBI. Another important
area of research is TBI resulting from head acceleration without head impact, such as
occurs in contact sports or during car accidents with whiplash. While the narrow focus of
this dissertation is not intended any way to downplay the importance of these other
aspects of TBI, in the end the important thing to remember is that injury to the
cerebrovasculature can lead to additional injury or death of neural tissue in the brain. As
such, it is this author's sincere hope that the work contained in this dissertation will be a
meaningful addition to the utterly vast amount of knowledge still needed to fully

understand TBI and adequately treat those who suffer from it.
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