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ABSTRACT

The Normal Basilar Artery: Structural Properties
and Mechanical Behavior. (May 2007)
Bethany Kay Wicker, B.S., Texas A&M University

Chair of Advisory Committee: Dr. Jay Humphrey

The leading cause of death in patients who survive subarachnoid hemorrhage
(SAH) is stroke as a result of cerebral arterial vasospasm'. Such vasospasms involve a
vasoactive response, but they remain enigmatic and no clinical treatment has proven
effective in prevention or reduction’.

Arteries remodel in response to diverse mechanical loads and chemical factors.
Following SAH, the surrounding vasculature is exposed to a radically altered chemo-
mechanical environment. It is our hypothesis that chemical stimuli associated with the
formation of an extravascular blood clot dominates the maladaptive growth and
remodeling response early on, thus leading to important structural changes. However, it is
not clear which of the many chemical factors are key players in the production of
vasospasm. Before an accurate picture of the etiology of vasospasm can be produced, it is
imperative to gain a better understanding of the non-pathogenic cerebral vasculature. In
particular, the rabbit basilar artery is a well established model for vasospasm. However,
surprisingly little is known about the mechanical properties of the rabbit basilar artery.

Using an in vitro custom organ culture and mechanical testing device, acute and
cultured basilar arteries from male White New Zealand specific pathogen free rabbits

underwent cyclic pressurization tests at in vivo conditions and controlled levels of



v
myogenic tone. Sections of basilar arteries were imaged for collagen fiber orientation at
0, 40 and 80 mmHg at in vivo stretch conditions using nonlinear optical microscopy.

The nonlinear stress-strain curves provide baseline characteristics for acute and
short-term culture basilar arteries. The active and passive testing creates a framework for
interpreting the basal tone of arteries in our culture system. Nonlinear optical microscopy
second harmonic generation provides unique microstructural information and allows
imaging of live, intact arteries while maintaining in vivo geometries and conditions.
Collagen fibers were found to be widely distributed about the axial direction in the
adventitial layer and narrowly distributed about the circumferential direction in the
adventitial layer. The quantified collagen fiber angles within the artery wall further

support the development of accurate mathematical models.
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INTRODUCTION

The leading cause of death in patients who survive subarachnoid hemorrhage
(SAH) is stroke as a result of cerebral arterial vasospasm'. Cerebral vasospasm is the
delayed and prolonged constriction of cerebral blood vessels that typically occurs 3-5
days post SAH. Approximately 70% of patients presenting with SAH will experience
some level of vasospasm®. Such vasospasms involve a vasoactive response, but they
remain enigmatic and no clinical treatment has proven effective in prevention or
reduction”. Despite the latest treatments, nearly 50% of patients will develop infarction
and 15-20% will sustain a disabling stroke or die of progressive ischemia’.

Arteries remodel in response to diverse mechanical loads and chemical factors.
Following SAH, the surrounding vasculature is exposed to a radically altered chemo-
mechanical environment. Figure 1 is a schematic depiction of several of the alterations to
the chemical and mechanical environment seen in vasospasm. Changes in pressures and
axial loads result in dilations/constrictions as well as altered rates of growth and
remodeling. The cerebral spinal fluid (CSF) in vasospasm patients displays elevated
levels of many smooth muscle mitogens and vasoactive molecules, in large part due to
the extravascular clot formation. Amongst the key molecules associated with the clot are
thrombin, endothelin-1 (ET-1), and platelet-derived growth factor (PDGF)"”!°. These
factors are strong vasoconstrictors as well as smooth muscle mitogens; they promote, in
part, a maladaptive growth and remodeling of the vessels. In addition to the chemical
factors, vasospastic vessels are known to exhibit endothelial dysfunction and vascular

smooth muscle dedifferentiation and proliferation''.

This thesis follows the style of Journal of Vascular Research.
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Fig. 1: Schematic of post-SAH environment showing altered chemical and mechanical environment. Note
the heightened levels of growth factors and smooth muscle mitogens, as well as the disrupted endothelium
and altered wall stresses.

It is our hypothesis that chemical stimuli associated with the formation of an
extravascular blood clot dominates the maladaptive growth and remodeling response
early on, thus leading to important structural changes and prolonged constriction in the
vessels near the hemorrhage. The peak of vasospasm severity (4-7 days post SAH) and
the subsequent recovery of vasospastic vessels to near normal diameters (28 days post
SAH) coincide directly with the clot formation and dissolution’. It is this remodeling of
the vessel that we believe hinders the vessel’s reactivity to vasodilators (a commonly
used treatment) and its response to increased shear stresses. However, it is not clear
which of the many chemical factors are key players in the production of vasospasm.

There is a general consensus in the current literature implicating the involvement
of alterations in the stiffness of the passive structural components, the mechanical

responses of the vascular smooth muscle, and the elevated chemical factors in the



development of cerebral vasospasm. The exact etiology of the condition, however, has
yet to be fully established. The need to understand such a complex and dynamic
pathogenesis necessitates a more complete understanding of the non-pathogenic cerebral
vasculature. Numerous studies have focused on the cerebral vasculature, yet much
remains to be determined. In particular, the rabbit basilar artery is a well established
model for vasospasm. However, surprisingly little is known about the mechanical

properties of the rabbit basilar artery.



BACKGROUND

Proposed Vasospasm Mechanism

A proposed mechanism for cerebral arterial vasospasm is shown in Figure 2. Part
A of this diagram shows a normal artery. This artery is then exposed to blood from the
subarachnoid hemorrhage and the factors produced by the ensuing blood clot. Part B
shows the initially vasoconstricted configuration. The blood clot then progresses and the
artery remodels, possibly resulting in a thicker wall (part C). The vessel can then take two
different directions. One such path is where vessel undergoes further growth, remodeling,
and vasoconstriction (part D). This pathway can lead to stroke and death. The vessel
could also take the path to part E where the clot dissolves and allows the flow-induced
shear stresses to dilate the wall via an increased production of vasodilators. The vessel
could possibly even return to the normal configuration. In order to find a way to block the

path to part D we must first determine what mediates the progression from A to C.
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Fig. 2: Proposed mechanism for vasospasm. A shows the normal cerebral artery. B is the initially
vasoconstricted artery after exposure to the blood and mitogens. C shows a partially remodeled artery after
clot progression. D represents further constriction of the artery leading to stroke. E displays the opening of
the artery after the clot dissolves and the shear stresses are allowed to dilate the wall.

Mechanics and Vasospasm
The alteration in mechanical behavior of vasospastic vessels has been reported in

17,18
1.1

the literature over the last 30 years. In related studies, Nagasawa et a investigated

the stiffness, f (Equation 1), incremental elastic modulus, E; . (Equation 2), and the

tangential mid-wall stress and strain (Equations 3 and 4, respectively) of human
autopsied vasospasm patients as well as a canine SAH model. Pressure-diameter curves

were recorded under passive, basal, and maximally contracted conditions induced with 50

{Ary) o

mM KCI1'8,




Note P, is the intraluminal pressure, R, is the external radius, R; is the internal radius

and < is Poisson’s ratio (taken as 0.5). The stiffness parameter shown in Equation 2 was

evaluated only within the physiological pressure range of 60-180 mmHg, with P
representing the standard pressure (100 mmHg), and Ry as the external radius at the

standard pressure.

(R, —R;)/2]
S (S V2 ®

G=( AR, (4)

RO_Ri)

In these equations I, and I, are the external radius and internal radius, respectively, at 0

i
mmHg under passive conditions.

The pressure-diameter curves of the human control arteries and the human SAH
arteries both shifted toward the pressure axis and had sharp flexion points after KCI-
induced vasoconstriction. The flexion point of the control arteries, however, was
significantly lower (~20 mmHg) than that of the SAH arteries (~180 mmHg). As the
intraluminal pressure increased, the E;, in the active control group did not decrease until
the pressure reached around 20-50 mmHg (near the flexion point). The SAH active
arteries had a much higher E;,. than the passive arteries but it began to decline around
100-150 mmHg, which is somewhat lower than its flexion point. In the canine model the
incremental elastic modulus was found to decrease dramatically on the second day after
induced SAH, then recover gradually'’. Inducing hypertension to a level above the
flexion point to prompt vessel relaxation has been integrated into some severe vasospasm

treatments(’.



In a double hemorrhage SAH canine model'®, basilar arteries were tested 8 days
post SAH to measure the variation in smooth muscle properties and to ascertain whether
enhanced passive structure rigidity contributes to vasospasm. Here, however, the basilar
arteries were not tested as cylindrical segments but as 4 mm long rings with and without
their endothelium. To determine the mechanics of the non-contractile component of the
vessel wall, the compliance was measured during incremental loading. Compliance
(Equation 5) is the inverse of the incremental elastic modulus discussed earlier and was

calculated via

Compliance = (L;L
(T-T)
In this equation, T is the tension at length L and T’ is the tension at length L’.

The compliance of the SAH group decreased significantly at 0.8 and 1.2 mm,
indicating a significant stiffening after vasospasm onset. The removal of the endothelium
caused a significant increase in the compliance of the control arteries, but not in the SAH
arteries.

The mechanical behavior of the vessel wall is dependent not only on the wall
constituents, but also on the contractile function of the smooth muscle cells. In evaluation
of the mechanical behavior alterations seen in vasospasm, it is essential to determine
whether the cause is changes in the arterial wall or altered vascular smooth muscle
contraction. The severe (>50%) reduction in diameter in vasospastic vessels extends
beyond the normal maximal contraction of the vascular wall (~30%), suggesting an
increase in contractile capacity/responsiveness; alterations that could be due to important
structural changes (growth and remodeling) or altered smooth muscle contractile

function.
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Diameter response (D—”‘ , Equation 6) can be used as an indicator of the smooth

m

muscle’s ability to constrict an artery at given pressure levels'®

s, |(0,), ~(Dy).]
D, (D). ©

D, is the mid-wall diameter, (D, ), . and (D, )SS are the mid-wall diameters in the Krebs-

krs
Ringer Solution (active) and the saline solution (passive), respectively. Maximum
diameter responses were generated at or near the flexion points of the pressure diameter
curves.

Nagasawa et al."”> sought to determine the contractility of the artery after SAH
through testing vessels from a canine vasospasm model in saline (passive), Krebs-Ringer
(active, basal), and serotonin (5-HT, 10° M, maximally contracted) solutions. Active

stresses (Equations 7 and 8) in both the Krebs-Ringer, Ao, and serotonin solution,

057, Were calculated via

with o, o, and o, as the wall stresses developed at given strain levels under

ss
Krebs-Ringer, saline, and 5-HT solution conditions, respectively. The canine model
produced a diameter response in Krebs-Ringer and 5-HT that increased, reaching a
maximum on the 7" day, thereafter recovering to the control value by the 28" day (Table
1). The 7™ day also saw the development of the maximum active stress. Concerning the
contractility of the vessel, spastic arteries were found to maintain their contractile

response to serotonin, but as the vasospasm advanced there was an increase in the



contractile capacity of the wall. The contraction of the wall was also found to be more
efficient when the arterial wall was less stiff. It was suggested that the initial decrease in
stiffness of the arterial wall seen early in vasospasm could be one of the vasospasm-
promoting factors. Kim et al.'® also reported contractile function alterations post SAH.
Tests on SAH arterial rings displayed considerably shorter lengths for maximal
contraction and an increase in resting tension. The maximal contractions in response to
KCI and UTP were also smaller in SAH arterial rings when compared to control rings,
suggesting either a higher tonic level of contraction or a decreased ability of the
contractile structure of the vessel wall to respond. Observed endothelial dysfunction
further complicates the balance between constriction and relaxation, inhibiting the vessels
ability to relax in response to vasodilators and increased shear''.

Like the mechanical aspects, the molecular contribution to vasospasm also
remains uncertain. After a subarachnoid hemorrhage, the blood introduced into the
cerebral spinal fluid has several effects. The coagulation of the blood into a clot results in
the activation of platelets and the subsequent release of potent growth factors.

It has been suggested that the structural changes exhibited in the cerebral blood
vessels during vasospasm (smooth muscle and myofibroblast proliferation, cellular
necrosis and remodeling, collagen deposition and fibrosis) are a possible cause of arterial
wall thickening and decreased vessel compliance, prolonging the vasospasm period'.
Vascular mitogens are at higher levels in the CSF after SAH in conjunction with the
perivascular clot presence and confirmed cellular proliferation'. Borel et al.' confirmed
significantly higher levels of PDGF-AB in the CSF of patients during the first week after

SAH. Endothelin-1 and thrombin are also present in higher levels during the critical
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period after SAH” '°. Smooth muscle dedifferentiation to the synthetic phenotype has
also been confirmed in vasospastic vessels'', indicating the importance of approaching
the vasospastic process as one of maladaptive growth and remodeling.

Motivated by the elevated immunoreactivity for PDGF-BB in endothelial cells
and smooth muscle after SAH, Yanamoto et al.'* further explored the role of PDGF in
vasospasm. This study suggested that timeline associated with the production and
accumulation of PDGF-BB in the smooth muscle post SAH could explain why
vasospasm is delayed as well as prolonged. Thrombin is also of some interest in
vasospasm as it is not only involved in the stimulation of cell proliferation, but is a
known potent vasoconstrictor. Molecular marker levels for thrombin in the CSF after
SAH correlate well with both the start of vasospasm and its clinical severityM. Knoepp et
al.” suggested a supercedence of thrombin-induced contraction of vascular smooth
muscle over transient vasorelaxants like nitric oxide (NO).

If vasospasm is to be approached and interpreted in the framework of a
maladaptive growth and remodeling process, careful attention must be placed on
structural alterations within the wall and their time-courses. Changes in the connective
tissues and smooth muscle cells can have important functional and mechanical
implications'’. Table 1 displays structural changes in vasospastic vessels from onset to

I'CCOVCI'y7’ ! 7.
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Table 1. Summary of diameter responses shown by Kuwayama et al.” and Nagasawa et al. '’, connective
tissue composition, wall thickness and internal radii.

Control | 2days | 4days | 7days | 14 days | 28 days
Decreased Angio-Diameter’ 0 37% 49% 20% 5% NA
Active Diameter Response'’ 2% 5% 6% 19% 6% 1%
Collagen to Elastin Ratio 5.1 1.6 2.1 2.7 3.5 4.3
h/a @100 mmHg 0.0588 | 0.0588 | 0.0488 | 0.0488 | 0.0525 | 0.0525
A @ 0 mmHg 0.8938 0.7737 0.9471 0.9738 0.8404 0.9471
H/A @ 0 mmHg 0.0988 | 0.1263 | 0.0875 | 0.0788 | 0.1075 | 0.1013

Note: basal collagen 25% and elastin 7%. Wall thickness and internal diameters of the vessels are digitized
data from Figure 3 in Nagasawa et al.'’. The numbers shown are therefore estimations from the digitized
image. The values are shown to four decimal places to portray the small relational differences between the
values, not as an indication of accuracy.

Constriction of the artery begins on the second day after treatment and coincides
with a drastic decrease in the collagen to elastin ratio (C:E). Both the collagen and elastin
increase during the post SAH period, but the elastin has a much higher accumulation rate
during the initial 2-day period than collagen. This causes the initial drop in the C:E ratio,
but the value recovers somewhat by the 28" day. The maximum contraction is seen on
day 7 in this study and on day 4 in a previous study conducted by Kuwayama et al.”. By
the 28" day the diameter response returned to the control value. Consistent with the
trends in the maximal constriction and C:E ratio, the incremental elastic modulus was
found to significantly decrease on day 2 and recover gradually by day 28. The wall
thickness to inner diameter ratio at 100 mmHg does not show any significant changes.
The wall thickness to inner diameter ratio of 0 mmHg does show slight differences in
values over the 28 days, as does the inner diameter at 0 mmHg.

Before a clear picture of vasospasm can be developed it is imperative to
understand the complex interplay between the mechanical behavior, contractile response,
structural components, and the chemo-mechanical signals. As vasospasm progresses,

pressure-diameter curves shift leftward (Figure 3), reaching a maximal stiffness at the
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peak of vasospasm then trending back toward ‘Normal’ behavior during recovery. Based
on the current (albeit incomplete) understanding of vasospasm, we feel the condition
must be examined as a growth and remodeling process. To rigorously interpret data in
any growth and remodeling process, a thorough understanding of the ‘normal’ conditions
is crucial. To date, the mechanics of the normal cerebral vasculature, and in particular

that of common animal models, has not been well-characterized.

3-Day 2-Day  1-Day

Pressure Mormal

1 [

0.5 1.0
Diameter (Mormalized)

Fig. 3: Predicted mechanical behavior of vasospastic vessel. As vasospasm progresses, the vessel will
increase in both stiffness and decrease in diameter. As the vessel moves to recovery the curve will shift
back toward the normal curve'”.

Mechanics in the Normal Cerebral Vasculature
In two related publications, Hayashi et al.'"”* evaluated the circumferential

structural stiffness, S (Equation 1) and elastic properties, E;. (Equation 2), of
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cannulated whole arteries retrieved from autopsies. The intracranial vertebral and basilar
arteries were tested as well as the extracranial vertebral, internal carotid, common carotid,
and femoral arteries. Alterations in both structural stiffness and the elastic properties
were evident between intracranial and extracranial arteries as well as ‘young’ and ‘old’
arteries. The intracranial arteries were generally stiffer than the extracranial arteries
across all ages, with the one exception of the femoral arteries of a middle-aged

person'®?. In addition to having significantly higher 4 values initially, the trend of

increasing stiffness with age in intracranial arteries begins soon after birth. Extracranial

arteries, however, have low £ values at birth and significant increases in stiffness do not

19,20

occur until after 40 years of age """ Intracranial arteries under 45 years of age also had a

much higher E,  than extracranial arteries. E;, decreased with age in the intracranial

arteries until it was similar to that of the extracranial arteries, which displayed no
significant alterations across all ages. Intracranial arteries were also found to experience
higher wall stresses in young arteries than old, the reduction of which in old arteries was
suggested to be a result of an increase in the wall thickness to inner radius ratio.
Historically, mechanical studies of cerebral vessels have largely focused on the
medial layer, ignoring the axial mechanical properties. In studies designed to investigate

the axial mechanical properties of cerebral blood vessels, Monson et al.*>*°

performed
axial static and dynamic failure testing on unpressurized, unperfused fresh human
cerebral blood vessels. The cerebral arteries were found to be significantly stiffer, failing
at much lower stretch values than extracranial arteries. As in the circumferential

19,20

stress/strain relationships 7, the axial stress/strain response was exponential with an

increasingly linear response at higher stretches until the point of yield and failure.
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Intracranial arteries failed on average at a stretch of 1.4 and an axial stress of 3-5 MPa®.
Cortical arteries specifically had a yield stretch of 1.38 and a yield stress of 3.6 MPa®.
However, as the vessels were not tested in an in vivo geometry, the resulting failure
values may not directly translate to the in vivo vessel characteristics.

To better interpret vasospasm experimentation, a more complete characterization
of the normal cerebral vasculature is required. Ring tests can provide insight into some
mechanical properties of arteries, however, it cannot be assumed to directly relate to the
in vivo behavior as rings are not under axial stretch seen in vivo. Biaxial vessel response
for vessels in physiologic conditions and orientations must be catalogued before the
accurate interpretation of complex pathogeneses mechanisms. Of particular interest for
vasospasm is the non-pathogenic axial and circumferential behavior of rabbit basilar
arteries, a common SAH model.

Contractility in the Normal Cerebral Vasculature

The normal cerebral vasculature contractile response is multi-faceted. Not only is
it tightly controlled by autoregulation mechanisms to prevent alterations in blood flow
that would impair normal brain function; it responds to vasoactive molecules differently
depending on method of application, concentration, transmural pressure and luminal flow
conditions. High levels of potassium stimulate maximal contraction, shifting the pressure-

diameter curves and ring length-tension curves to the left'**

. Dosing cerebral vessels
with high levels of potassium (in the form of KCI) provides a good estimate of the

contractile capability of the wall and can serve as an indicator of the viability of the

functional capability of the smooth muscle cells™.
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Effects of pressure and flow on cerebral arterial response to KCl and 5-HT were
evaluated by Vinall et al.*® and Ohta et al.**. High potassium induced contraction was
inversely sensitive to the transmural pressure, while 5-HT induced contraction showed no

1.2* verified the alterations in contractile response to

pressure dependence. Ohta et a
extraluminally applied KCI due to variation of flow rate in pressurized and stretched
rabbit basilar arteries. Serotonin contractions, though not pressure sensitive, did vary with
method of application. At low concentrations (below 10 M) intraluminally applied 5-HT
induced a stronger response than when applied extraluminally. KCl contraction is also
dependent on application site. A ‘transient phasic contraction’ is seen when KCI is
applied intraluminally, but extraluminal application results in only a ‘rapid transient

*2*_ Cerebral areteries also are capable of generating intrinsic (myogenic) tone

contraction
without application of vasoactive agents. Ohta et al.** confirmed basilar arteries
spontaneously developed intrinsic tone when the flow rate was elevated above 10 ml/min.
Vessel reactivity to mitogens and constrictors can also vary when multiple agents are
present at one time, as is true in vasospasm.
Normal Cerebral Vasculature Microstructure

The normal vasculature structure has received much attention in recent literature,
in part due to the need for information to motivate and improve mechanical models of
vessel behavior. Cerebral arteries are muscular arteries with very low levels of elastin and
no external elastic lamina®’. The overall structure of cerebral arteries is divided into three
layers: adventitia, media and intima. The adventitial layer is thought to be composed of

collagen primarily in an axial orientation, though possibly also with a slight pitch®. In

contrast, highly aligned circumferential collagen fibers and smooth muscle comprise the
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media. The intima includes a thin subendothelial layer, a distinct internal elastic lamina
and axially oriented endothelial cells®”. Walmsley et al.*” reported the basilar artery wall
by percent composition as 15 + 0.9% intima, 49 + 5.6% media, and 36 + 1.2% adventitia.
The smooth muscle cells dominate the medial layer, comprising 69% by volume®’. The
edge of the smooth muscle layer marks the boundary between the media and the
adventitia®. Generally cerebral vessels have higher C:E ratios when compared to
extracranial arteries, a difference attributed to lower levels of elastin in cerebral
arteries' "%,

Collagen fibers are the primary load-bearing constituent in the wall. To evaluate
collagen fiber contribution to the vessel’s mechanical behavior several groups have
investigated the orientation of adventitial collagen in human brain arteries at varying
levels of transmural pressure. Canham et al.’’ suggested that although the adventitia had
historically been dismissed as trivial for the mechanical function of the artery, it
contributed significantly to the mechanical behavior particularly at and above physiologic
pressures. The collagen in the adventitia would require a more thorough consideration in
vascular mechanics if the circumferential collagen fiber component could be confirmed
to adopt an ‘increasingly coherent organization’ with elevated transmural pressures.
Canham et al.’’ utilized polarized light microscopy to evaluate the birefringence of
collagen fibers in stained histological sections of cerebral arteries. With increasing
pressure, the authors found a significant increase in the circumferential component of the
adventitial collagen. However, the analysis of axially oriented fibers from traditional
sections, as well as errors introduced by dehydration, pressure fixation, sectioning, and

the unrecorded axial stretch make the extraction of meaningful fiber alignment
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measurements difficult, if not impossible. Also, data from the outer layers of the
adventitia also could not be analyzed.

Rowe et al.*” also assessed the collagen orientation in cerebral arteries with the
use of polarized light microscopy. Focusing mainly on the structural organization of the
bifurcation region, the authors pressure fixed middle cerebral, basilar, posterior cerebral,
and posterior communicating arteries. Analysis of the birefringence of the collagen in the
sections and prior orientation measurements’' led the authors to estimate the adventitial
collagen to contribute to 1/3 of the circumferential strength and all of the axial strength of
the arteries. Similar potential errors as Canham et al.”’ were noted.

To better assess the axial orientation of collagen fibers in the adventitia, Finlay et
al.’! utilized a tangential sectioning procedure prior to analysis with polarized light
microscopy. Mean fiber orientations for the adventitia and media of autopsied human
cerebral arteries were quantified at three pressures: 30, 120, and 200 mmHg. The authors
found medial collagen to have a highly aligned circumferential orientation and adventitial
collagen with a wider distribution about a mean axial orientation. However, the vessel
preparation techniques (paraffin embedding and sectioning) as well as no controlled axial
stretch could introduce error in the angle quantification.

The current methods of structural analysis do not allow for capture of collagen
fiber orientation of live, intact arteries in in vivo geometries, introducing complications
and analysis. To date a precise descriptor of fiber distribution and orientation in all layers
of cerebral arteries has not been catalogued, hindering the development of structurally-

based models of mechanical behavior.
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The work presented here will address several aspects of the mechanical and
structural properties of the normal cerebral vasculature, specifically that of the rabbit
basilar artery, that have not been fully characterized. Biaxial testing and the resulting
stress-stretch curves will outline properties for acute and short-term culture rabbit basilar
arteries. Maximally-contracted artery testing will provide a framework for interpreting
vessel basal tone and alterations in contractile capability. Quantifying collagen fiber
orientation as a function of radius will support the development of accurate mathematical

models connecting mechanical behavior and microstructural elements.
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METHODS

Using a custom ex vivo organ culture and mechanical testing device, acute and
cultured basilar arteries from male White New Zealand Specific Pathogen Free (SPF)
rabbits underwent cyclic pressurization tests at in vivo conditions and controlled levels of
smooth muscle tone. Sections of basilar arteries were also imaged for transmural collagen
fiber orientation at 0, 40 and 80 mmHg at in vivo stretch conditions using nonlinear
optical microscopy (NLOM). Combined mechanical and structural data allowed current
stress-strain relations for arteries to be assessed more completely than previously
possible.
Device

In order to control the chemical and mechanical environment, testing and culture
was carried out in a modified version of a ‘multiaxial computer-controlled organ culture
and biomechanical device’® (Figure 4). This organ culture device allows concurrent
biaxial mechanical testing and culture while small blood vessels are maintained in a
physiologic geometry and environment. The vessel culture chamber isolated the artery in
a sterile environment while still allowing the movement necessary for mechanical testing

(Figure 5).
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Vessel Extraction and Preparation

Within a laminar flow hood, the rabbit basilar artery was extracted from the base

of the skull with the surrounding brain tissue and spinal cord. The artery was then
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removed from the brain stem and cleaned under a microscope. The basilar artery was
divided into two equal sections (~5-6 mm length); the upper portion designated for
imaging and the lower portion for mechanical testing. Following ligation of the larger
branches in the lower portion of the basilar with sterile 7-0 suture, the artery was secured
using 6-0 ligatures onto custom glass cannula (~300 um tip) in the in vitro testing device.
The system was then sealed to protect against contamination. In order to stabilize and
control the intraluminal pressure, the numerous remaining small branches were occluded
via an injection of dextran microspheres (133 to 215 um in diameter, Cytodex 3, Sigma)
into the lumen. Microspheres, when injected while the artery is pressurized, move into

the unligated branches and prevent vessel leakage (black arrows, Figure 6).

Fig. 6. Image of a rabbit basilar artery at 7 mmHg captured with a Video Microscope/CCD. Note the suture
on the left holding the vessel onto the glass cannula tip, the ligated branches, the red lines marking the outer
diameter, and the microspheres occluding the unligated branches. The black arrows point to the
microspheres.

Mechanical Testing Protocol
Once the pressure was stabilized and system setup completed, the unloaded length

of the artery and diameter were measured and recorded. ‘Unloaded’ conditions were set
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at a transmural pressure of 7 mmHg; pressures less than 7 mmHg did not consistently
prevent collapse. The unloaded length was denoted as an axial stretch of 1.0 (0%
extension from the unloaded length). From preliminary pressure-axial force data on the
rabbit basilar artery, the in vivo stretch was estimated to be 1.15 (15% extension from the
unloaded length) according to the method of van Loon et al.*’. A conservative estimate of
the in vivo transluminal blood pressure in the rabbit basilar is 80 mmHg, that is, the
difference between a mean arterial pressure of 85 mmHg and a cerebrospinal fluid
pressure of 5 mmHg. Following an acclimation period of 30 minutes, the artery
underwent a gradual preconditioning process (three cycles at 1.1 stretch: 7-60 mmHg, 7-
70 mmHg, 7-80 mmHg; three cycles at 1.2 stretch: 7-70 mmHg, 7-80 mmHg, 7-80
mmHg) to protect against damage of the tissue during testing and to minimize hysteresis.
Wall thickness measurements were taken from the preconditioned vessel at lengths of
1.1, 1.15, 1.2 and pressures of 7, 40, and 80 mmHg, which invoking the incompressibility
assumption allows wall thickness to be estimated during cyclic tests based on
measurements of one radius and the axial stretch. The unloaded length and diameters
were measured and recorded again following preconditioning. The mechanical testing
protocol consisted of cyclic pressure-fixed stretch tests at stretches of 1.1, 1.15, 1.2 and
pressures cycling from 7-80 mmHg. Pressure-diameter data were recorded along with
axial forces. The pressure was never lowered to 0 mmHg to prevent the microspheres
from dislodging from the branches. Our stretches of 1.1, 1.15 and 1.2 are also well below

the axial yield and failure values of 1.4 reported by Monson et al.>>*°,
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Viability Testing

To determine the viability of the basilar artery, a 60mM KCl solution was injected
into the adventitial bath and the decrease in diameter was measured over 15 minutes. A
contraction of 30% was considered a fully “viable’ artery. While maximally contracted in
the KCI solution, another cyclic pressure-fixed stretch testing protocol was executed on a
subset of arteries to record the artery behavior under high levels of smooth muscle tone.
KCI was chosen for the viability testing because it has been verified to have a reversible
response and is an indicator of both contractile capacity and smooth muscle cell
Viabilityzz. Following active testing, the KCl solution was washed out of the adventitial
bath three times with sterile saline prior to refilling the bath with the proper culture media
mixture. Once vessel relaxation to the pre-active testing diameter was verified, the culture
chamber was removed from the mechanical testing device and moved to an incubator.
Culture Conditions

While in the incubator, the basilar artery was subjected to physiologic pressure
and flow conditions. The following conditions were used to mimic the in vivo
environment for a rabbit basilar artery: 80+5 mmHg intraluminal pressure, 1.15 axial
stretch, 6 mL/min flow (2 Pa wall shear stress), 37° C temperature, 10% CO,. The culture
media consisted of Advanced DMEM (Invitrogen), 1% Penicillin/Streptomycin
(Invitrogen), and 1% Fetal Bovine Serum (Atlas Biologicals). The culture chamber was
removed from the incubator and re-connected to the mechanical testing device on days 1
and 2 of culture. The associated mechanical and viability testing followed the above
protocols with one exception: the artery did not undergo the initial preconditioning phase.

Preconditioning was deemed unnecessary considering the vessel was kept at estimated in
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vivo conditions throughout culture and re-connection time to the mechanical testing
device was modest (~5 minutes).
Imaging

A nonlinear optical microscopy (NLOM) system is capable of imaging structural
components throughout the thickness of a blood vessel wall while the vessel remains
alive and intact’®*2. Second harmonic generation (SHG) was used to image the fibrillar
collagen fibers in the adventitia and media in 1 micron steps through the thickness of the
wall* (Figure 7). Prior to imaging, the lower half of the basilar artery was also cleaned,
ligated, and cannulated in a custom imaging chamber. Using the imaging chamber, it was
possible to stretch, perfuse, and pressurize the artery while allowing the NLOM system to
be within the range for proper imaging. Pressure stabilization by ligation and microsphere
injection was implemented for imaging to ascertain fiber direction information under
physiologic pressure conditions (80 mmHg). The stretch of the artery also affects the
undulation of the collagen and the subsequent determination of fiber orientations, thus the
artery was stretched to the approximate in vivo condition of 1.15. For comparison, the

basilar was also imaged at 0 and 40 mmHg at the in vivo stretch.
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Fig. 7. Schematic drawing of an optical slice (1 pm thick) obtained with NLOM second harmonic generation. On the left the adventitia is solid gray, the media is
red, and the optical slice is black. Note that the curvature of the vessel can capture collagen in the adventitia and media within a single optical slice (right, medial
section boxed in red dashed line, adventitial section boxed in gray dotted line). This motivates a cropping of the images prior to analysis to minimize the effects
of curvature.
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Data Analysis

Since a direct optical measurement of the inner radius is difficult to obtain
automatically, the inner and outer radii were manually marked and measured at three
lengths and multiple pressures using the image capture setup and LabView software®.
This thickness data were used to calculate the deformed inner radius, a, using Equations
(9) and (10) and the assumption of incompressibility. Each recorded inner and outer
radius was used to calculate a volume for the artery using Equation (9) where b is the
outer radius, & is the inner radius, | is the length, and V is the volume of the artery.
These volumes were averaged, V , and used in Equation (10) for inner radius calculations
at any other condition, a.

V=zxb*-a»H O

a=+b>-V/d) (10

Equations (9) and (10), along with pressure-diameter-axial force data recorded during
testing were used to calculate the circumferential Cauchy stress and stretch. Equations
(11), (12, 13) are the mean circumferential stress and stretch, respectively, where P is

the transmural pressure, a is the inner radius, h is the wall thickness, and o, is the mean

circumferential stress.

-, = Fa (11)
h
. (a+b)/2
* = (A(0)+B0)2 12
(a+b)/2

(A(s)+B(s))/2 (13)
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A, is the circumferential strain with respect to the unloaded inner and outer diameters on
day 0, A(0) and B(0); and 4, is the circumferential strain with respect to the unloaded

inner and outer diameters on the day of testing, A(S) and B(S). The resulting stress-strain

curves were then used to identify, via nonlinear regression, values of the material and
structural parameters in a four-fiber family model'%.

Equation 14 is the strain energy function for a four fiber family Holzapfel-type

model of the passive behavior.

c c WIPTRVIAY
W=2(1-2)+ ¥ Sodexp|ci((2) -1 |-1p (4)
2 k=123.4 4C,
Note that |, is the first invariant of the right Cauchy-Green tensor and ¢ is an associated
material parameter; this term models the assumed isotropic contribution of the elastin.
Fiber families 1 and 2 are oriented diagonally, while family 3 is axial (0°) and family 4 is

circumferential (90°); these model predominantly the collagen fibers but the

circumferentially oriented family can also model passive smooth muscle — see Figure 8.

The superscript k denotes the k" fiber family and ¢, and c¢* are the material parameters

for the fiber families. For convenience, we let the material parameters for the diagonal

fibers be equal, ¢/ =c¢/ and ¢} =c;, and similarly for the parameters associated with the
axial and circumferential fibers, ¢’ =c¢and ¢ =c; (cf. Hu et al.'). Finally, A* is the

stretch of the k" fiber family (Equation 15), which is calculated as

A= \//13 sin’ @ + A7 cos’ & (15)
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where o represents the angle between the diagonal fiber family and the axial direction.

Note, for example, that one could also have o’ =0°, a* =90°, which yields the axial and

circumferential stretches for these families as expected.

(=0

Fig. 8. Illustration of the four fiber family Holzapfel-type model. Families 1 and 2 are oriented diagonally,
while family 3 is axial (0°) and family 4 is circumferential (90°).

Best-fit values of the material and structural parameters can be determined using
nonlinear regression and the minimization of an objective function e that accounts for

differences between theoretically predicted and experimentally measured values, namely,

Theory — pExp 2 Theory = Exp 2
P P J +[F F j 16)

N
ezz ( PExp FExp

i=l i i
The superscript ‘Theory’ denotes the variable calculated using Equations 11-15 whereas
the superscript ‘Exp’ denotes the experimental data, with n the number of data points.
Using Matlab, the experimental data were fit using the fminsearchbnd function with six

parameters, C*,c,”, ¢’

,¢*, ¢, a. All parameters had a lower bound of 0, but only «
was bounded above by 90.
All imaging data were processed using ImagelJ (available vis the NIH), Continuity

(available from Prof. A McCulloch, UCSD), and Matlab. The curvature of the vessels

and the flat optical imaging necessitated cropping of the images to reduce error in
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interpretation. All images were cropped in ImagelJ to at most 200 microns in the direction
perpendicular to the axial direction. Continuity imports TIF images and outputs fiber
markings (Figure 9, left) and fiber orientations (Figure 9, right) in a tab delimited
spreadsheet. For each imaged slice through the wall, collagen fiber orientation was
compiled in Matlab and fit with a probability distribution in Microsoft Excel. The fiber
orientations obtained from imaging were then compared to those predicted using the four-

fiber family model.
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RESULTS
Mechanical Data

Pressure-diameter and circumferential stress-strain curves of mean data from 6
vessels at an axial stretch of 1.15 show the expected nonlinear response (Figure 10).
Diameter was normalized using data from the unloaded state, which eliminated variations
in vessel diameter and thus allowed data to be averaged and compared directly. Pressure-
diameter, axial force-pressure, and circumferential stress-strain graphs were used for
visual assessment (Figures 10-13).

Potassium chloride activation of the smooth muscle cells caused the active curve
to shift leftward with the appearance of a flexion point around 15 mmHg (Figure 11). At
higher pressures the active and passive curves had similar shapes and slopes.
Characteristic data from active / passive experiments are shown in Figure 11.

Data associated with all three stretches (1.1, 1.15, and 1.2) are plotted together for
comparison (Figure 12). As expected, increased axial stretch tended to stiffen the vessel
circumferentially as revealed by the curves shifting to the left.

When cultured at in vivo conditions, Day 0, 2 specimens have nearly identical
pressure-diameter and circumferential stress-strain curves (Figure 13). The vessel on Day

2 also met the viability criteria, exhibiting a 30% constriction in response to KCL.
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Fig. 10. Mean pressure-diameter, axial force-pressure, and circumferential stress-strain plots (N=6). (a)
Pressure and diameter curve at in vivo stretch (A, =1.15). Diameter is normalized using data from the
unloaded state. As pressure reaches physiologic values the vessel distends less, which can be seen in the

increasing slope. The data displays the expected nonlinear response. (b) Force and pressure data averaged
from 6 sets. (c) Circumferential stress and strain data. The data displays the expected nonlinear response.
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Fig. 11. Characteristic data from active/passive experiments. (a) Active and passive pressure diameter
curves at 1.15 stretch. At lower pressures the active curve is shifted to left and a flexion point can be seen
around 15 mmHg. As the pressure increases the active curve gets closer to passive curve and begins to have
a similar shape. (b)Active and passive force-pressure data at 1.15 stretch. Less axial force is generated by
the active vessel than the passive vessel at increasing pressures. (c) Active and passive circumferential
stress and strain data at 1.15 stretch. At lower pressures the active curve is shifted to left of the passive
curve, but a flexion point is not clearly visible. As the pressure increases the active curve gets closer to
passive curve and begins to have a similar shape and slope.
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Fig. 12. Characteristic pressure-diameter, axial force-pressure, and circumferential stress-strain plots at
three stretches (1.1, 1.15, 1.2). (a)Pressure diameter data. As the stretch increases the curve shifts to the left.
(b)Axial force-pressure data. The stretch of 1.2 has an increasing slope showing a slight over stretch. The
stretches of 1.15 and 1.1 have nearly identical slopes; however we choose to use a stretch of 1.15 due to the
vessels tendency to bend at higher pressures at a 1.1 stretch. (c)Circumferential stress-strain data. As the
stretch increases the curve shifts to the left. The curves near at lower stresses, but diverge at higher stresses.
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Fig. 13. Preliminary culture data. (a)Pressure diameter curves of preliminary culture data. Day 0 and 2 are
very similar showing that mechanical properties can be maintained in ex vivo culture. (b)Force pressure
from preliminary culture data. Both days have similar slopes. Unloaded length changed from 6.1mm to
6.3mm from day 0 to 3. (c)Circumferential stress strain curves from preliminary culture data. Day 0 and 2
show similar shapes showing that mechanical properties can be maintained in ex vivo culture.
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Imaging

[lustrative optical slices from the same vessel at three pressures and an axial
extension of 15% display the decrease in collagen undulation as the pressure increases
(Figure 14). Images are oriented so the horizontal and vertical directions correspond to
axial and circumferential orientations, respectively. Images (a) through (e) at each of the
three pressures represent the splay from adventitia to media. Image (d) at all three
pressures depicts a dramatic switchover from axially oriented fibers to circumferentially
oriented fibers. The black spaces between the circumferentially oriented fibers in images
(d) and (e) suggest the positions of smooth muscle cells, which cannot be imaged with
SHG. Note the almost undetectable undulation of collagen fibers at a transmural pressure
of 80 mmHg. Images (d) and (e) also motivate the image cropping during processing and
analysis. Note the vertical center of the images progress to the medial layer faster than the
top and bottom as a result of the vessel curvature in the circumferential direction.

Cropped imaging data for 6 basilar arteries at 80 mmHg and 1.15 stretch were
normalized for comparison and compiled. To normalize the data and provide a
meaningful comparison of fiber distribution between optical slices, fiber angles in each
optical slice were calculated and divided by the total number of angles marked by
Continuity within that slice. The resulting values represent the percent of fibers in that
slice at that angle, but do not correlate to mass fraction of collagen. Corresponding slices
in each of the six vessels were averaged together and plotted in a three dimensional
histogram (Figure 15). The normalized position through the wall (0 to 1) indicates
positions from the outer adventitia (0, and dark blue) to the inner media (1, and bright

red). Constituents in the intima, such as the internal elastic lamina and basement
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membrane, cannot be imaged using SHG and thus are not represented. The fibers in the
adventitial region are distributed primarily around the axial direction (0°), whereas the
fibers in the media are oriented nearly circumferentially (+90°). Characteristic slices from
the adventitial and medial regions (Figures 16 and 17) display the stark differences in
collagen orientation between the two layers. Each layer in the averaged 3D histogram
was fit individually with a probability distribution. As the medial slices were bimodal in
nature (£90°), and thus difficult to fit with a standard probability distribution function,
the negative angles in these slices were changed to positive with the addition of 180°. A
normal distribution was chosen for the adventitial layers (Figure 18) and a Student’s t
distribution was used for the medial layers (Figure 19). Figure 20 shows mean values for
each slice. For comparison with ‘helical angles’ in the literature®', seven characteristic
optical slices were chosen from the adventitial region and the angles in each slice
between 0° and 90° were averaged, resulting in a value of 19.8°. For comparison with
model-calculated values of alpha (cf. Equation 15), all angles from the averaged data
were averaged without angles from -85° to -90°, 85° to 90°, and -5° to 5° (which
corresponds to the circumferential and axial fiber families), resulting in a value of 43.6°.

The average including all angles was 44.9°.



Fig. 14. Second harmonic generation (SHG) optical slices (uncropped) of a representative basilar artery held at 15% extension and imaged at 0, 40 and 80
mmHg. Images (a) through (e) for each pressure represent a sampling of slices from the adventitia to the media (too many slices to show each step). The images
are oriented so that the horizontal direction is the axial direction of the artery and the vertical direction is the circumferential direction of the artery. In particular,
note: the increased undulation with decreased pressure; the black ‘holes’ in the media, which are the smooth muscle cells; and the dramatic shift from axial to
circumferential fibers. Finally, note the need for image cropping to get a more consistent measurement of fibers within the same layer.
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Fig. 15. Three dimensional histogram of normalized and averaged data sets (N=6) at 15% axial extension
and 80 mmHg. The ‘Position Through Wall’ begins with 0 (blue), marking the outer adventitia, and ends
with 1 (red), marking the inner media. Note: Constituents in the intima were not captured with second
harmonic generation and are not represented. The ‘Fiber Angle’ axis is oriented so that 0° is axial and &+ 90°
is circumferential. Note the relative heights of the columns in respective layers do not correlate to fractional
composition of collagen at that slice. For example, the higher columns in the medial layer slices seem to
suggest the presence of higher levels of collagen in this layer, however, the opposite is true.
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Fig. 16. A characteristic slice from the adventitial layer of the three dimensional histogram (Figure 15).
The ‘Angles’ axis is oriented so that 0° corresponds to the axial direction and + 90° is the circumferential
direction.
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Fig.17. A characteristic slice from the medial layer of the three dimensional histogram (Figure 15). The
‘Angles’ axis is oriented so that 0° is the axial direction and +90° is the circumferential direction.
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Adventitial Fiber Distribution with Normal Distribution
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Fig. 18. Characteristic normal distribution fit on an adventitial slice. The normal distribution was chosen as
an appropriate approximation across all optical slices in the adventitia.
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Fig. 19. Characteristic student’s t distribution fit on a medial slice with modified angles. The student’s t
distribution was chosen as an appropriate approximation across all optical slices in the media. The ‘Angles’
axis is oriented so that 0° and 180° correspond to the axial direction and 90° is the circumferential
direction.
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Mean Angle vs Wall Position
100.00
"‘0000000000"
= 80.00 Fooe0eee
]
o
> 60.00
=)
o 40.00 -+
(@]
<
- 20.00
@
Q .
= - g
“’0"000“”" ‘ ‘
D 10 30 40
(20.00)
Distance Through Wall (Microns)

+ Mean Angle

Fig. 20. Mean angle as a function of distance through the wall. 1 on the x axis corresponds to 1 micron
depth into the wall from the outside of the adventitia. 0 corresponds to the outer adventitia and 45
corresponds to the inner media. The ‘Mean Angle’ axis is oriented so that 0° is the axial direction and 90°

is the circumferential direction.

Model Fitting

Best-fit parameters (cf. Equations 14, 15) for the four fiber family model can be

found in Table 2. Curves were then calculated using the parameters from the data fitting

and plotted alongside the raw data (Figure 21).

Table 2. Best-fit material parameters for the 4-fiber Holzapfel-type model with mean and standard

deviation of each parameter listed below.

) Material Parameters

Specimen = qpay | ¢ (kPa) c\? ¢ (kPa) c>* | a(degrees)
1 4.56E-08 27.19 13.96 56.27 9.86E-04 40.83

2 7.27E-08 30.82 12.85 38.11 1.08E-03 42.10

3 6.34E-08 21.53 15.49 73.71 3.54E-04 38.76

4 1.16E-07 15.85 15.78 32.05 1.11E-03 44.86

5 2.32E-07 16.06 26.01 24.92 6.41E-04 48.17

6 1.18E-07 19.79 21.32 12.29 1.32E-03 47.15
AVE 1.08E-07 21.87 17.57 39.56 9.15E-04 43.65
+SD 6.73E-08 6.05 5.06 22.19 3.53E-04 3.70
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Fig. 21. Representative experimental data and model fits of the four fiber Holzapfel-type model at a stretch
of 1.15. (a) Pressure-diameter plot. (b) Axial force-diameter plot.
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DISCUSSION

Mechanical Testing

19,20 25,26
1.7 1.7

Hayashi et a and Monson et a reported important differences between
intracranial and peripheral arteries: higher stiffness parameters, unique stiffness trends
with aging, and less axial extensibility. However, to gain an accurate perspective on the
mechanics of the cerebral vasculature from which to interpret normal function and
pathogeneses, it is necessary to catalogue the biaxial response for vessels in physiologic
conditions and orientations. The generated circumferential stress-stretch and force-
pressure curves verify that pressure, diameter, and axial force measurements can be
consistently recorded in our system for intact basilar arteries (Figures 10-13). Recorded
circumferential stress values for vessels at 80 mmHg and 1.15 stretch were on the order
of 120 kPa. Hayashi et al.” reported values for the human basilar artery at 100 mmHg to
be around 196 kPa, though there was no mention of axial load.

One obstacle to maintaining control of the vessel’s in vitro environment and
accurate data measurement was the extensive branching of the basilar artery. The
developed procedure for combining ligation with microsphere injection for occlusion of
branches (cf. Figure 6) successfully stabilized the transmural pressure and isolated the
intraluminal from the extraluminal environment. This method for pressure stabilization is
faster and less detrimental to the live tissue when compared to cauterization or ligation
alone. Less manipulation of the tissue and time under a microscope reduces the chances
of tissue death or damage.

Extraluminal application of 60 mM KCl at 7 mmHg and no flow proved effective

in producing maximum contraction of 30% and served as a quick and reversible way to
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judge vessel viability. The 30% contraction in response to high KCI at low transmural
pressure correlates well with contraction trends recorded by Vinall et al.” in bovine
middle cerebral arteries. Mechanical testing under maximal contraction gives a
framework for interpreting the contractile capacity of the wall. Quantification of
contractile capacity and alterations therein will prove necessary for data interpretation in
vasospastic vessel testing, but was beyond the current scope.

Axial force measurements verify in vivo stretch conditions and enhance our
understanding of the vessel’s axial mechanical properties. At in vivo stretches, axial force

33,34,35
=2 Careful assessment of

remains nearly constant despite increases in pressure
unloaded lengths each day prior to testing is important for accurate stretch calculations. It
is possible for vessels to remodel axially to a new unloaded length during culture®.
Testing at an increased or decreased stretch from the designated ‘in vivo’ stretch can shift
the pressure-diameter curve (Figure 12) and result in inaccurate interpretation of data.

Mechanical data of acute and cultured vessels (Figure 13) validate the ability of
our system to maintain physiologic conditions during the culture period. The data on Day
2 of culture closely resembled the acute data (Day 0), suggesting no alterations in
mechanical properties of the vessel due to culture conditions. Any alterations recorded in
cultured vasospastic vessels can therefore be attributed to the mechanisms of vasospasm
and not as a result of stimulation from the culture system.
Imaging

As predictive models of arterial behavior continue to advance in complexity, there

is an increasing need to include accurately the microstructural components of the artery

wall. Not only can the microstructure of the artery provide important mechanical
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information about the normal wall, it can also play an important role in disease conditions
and pathological growth and remodeling. The distribution and orientation of collagen
fibers throughout the artery wall, in particular, remains an important puzzle piece in the
development of mathematical models. Collagen fibers are a key structural component of
the arterial wall as they are the primary load-bearing constituent’. Hariton et al.> and
Gasser et al.' note the importance of including collagen fiber orientation in the
constitutive relations for remodeling analyses. The collagen fibers are thought to be
primarily axially oriented in the adventitia, while in the medial layer a circumferential
orientation dominates. A more precise descriptor of fiber distribution, however, is
needed.

Nonlinear optical microscopy second harmonic generation provides unique
microstructural information and allows imaging of live, intact arteries while maintaining
in vivo geometries and conditions. The ability to image sequential layers throughout the
thickness of the vessel wall at multiple pressures provides a way to quantify the collagen
fiber orientation as a function of radius. The subsequent extraction of fiber angles from
the images with Continuity is simple and elegant in comparison to polarized light
microscopy (cf. Canham et al.®®) Finlay et al.’', and Hu et al.'?). Fiber orientation
quantification depends strongly upon the pressure and stretch, variables that cannot be
confirmed with high levels of accuracy in polarized light microscopy techniques such as
pressure fixation, embedding, and sectioning. Validation of nonlinear optical microscopy
for the imaging of collagen fibers motivates further exploitation of the technique to
provide insight into structural adaptations both normal and pathogenic. Utilization of

NLOM in culture is ideal as the vessel remains intact and requires no staining. Until now,
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detailed information regarding the specific orientation of collagen fibers in the media and
particularly in the adventitia has never been fully catalogued for the basilar artery.

A clear demarcation in fiber orientations between the media and the adventitia is
clearly shown in the three dimensional histogram (Figure 15). The layers just past the 1/3
mark of the normalized position through the wall seem to suggest ‘transition layers’
between the adventitia and the media where there are both axial and circumferential
fibers. We propose that this is an artifact of the curvature of the vessel. Visual inspection
of the images shows a clear separation of the two layers with little, if any, transition zone.
Also, the angle distributions of the adventitial layers did not get increasingly
circumferential as the layers neared the media as certain mechanical models have
suggested’. The dramatic difference in the mean angles further supports the structural
distinction between the adventitia and media with no ‘transition zone’ (Figure 20). The
mean fiber angle throughout the medial layer, near 90° at every slice, correlates well with
the mean helical orientation (a value similar to o, Figure 8) of 88° reported in Finlay et
al.’! (angle value reference orientation altered for comparison). The authors, however,
report a mean helical orientation for the adventitial layer of 37° at 120 mmHg, quite
different from our mean helical calculation of 19.8°. This discrepancy could be an artifact
of the previously discussed potential errors in pressure fixation and sectioning.

Modeling

The four fiber family model is preferred over purely phenomenological models'?

with its attention to microstructural components. Nevertheless, the fit to our data proved

only fair (Figure 21). The parameters ¢, ¢/*, c)*, and ¢* compare well with those of

Back et al.*' and Hu et al.'*, however, ¢3* is significantly different. The low value of ¢
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12 ,
1. “ and ¢}’ in

in comparison to ¢, reported here and to the similar parameter in Hu et a
Back et al.*' may suggest that the collagen in the axial and circumferential directions
could have a higher degree of undulation in comparison to the diagonal fibers in the
pressure range of 7-80 mmHg. Visual inspection of the imaging data (Figure 14),
however, contradicts this conclusion as the circumferential fibers at 40 mmHg and 80
mmHg (seen in images (d) at both pressures) has no detectable undulation. The
discrepancies between reported parameters may also be a function of testing conditions,
for example, higher pressure ranges during testing could result in altered model fitting.
The parameter of particular interest for our experimental data comparison is « , the pitch
of the diagonal fiber families. One assumption in the four fiber family model is that the
same fiber orientations hold throughout the thickness of the vessel wall, an assumption
that does not match the observations of the imaging data presented here. Thus, for
comparison, we averaged all angles in all layers of the averaged imaging data, excluding
all angles in a £5° range from axial and circumferential. The resulting average of 43.6°,
which compares favorably to the mean model-predicted value of « , 43.65°. Baek et al. *!
reported an o value of 50.92°, which is comparable to our model predicted a, however,
the average o value in Hu et al.'” was 21.42°. Until now it has not been possible to
compare the fiber orientations and distributions predicted by mathematical models to
quantified orientations throughout the vessel wall of live, intact arteries. Such a
comparison here suggests that although the current structural models can closely fit the

mechanical data, an improvement in the modeling of the structural components is

necessary.
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Although one-layer constitutive models have the potential to incorporate detailed
structural informati0n3’4, we feel that the clear fiber distinctions between the adventitia
and media support the development of a structurally-motivated two layer model of the
vascular wall. Layer-specific modeling has been explored in the literature®™*"*. A two-
layer cylindrical model describing the elastic properties of carotid arteries was developed

by von Maltzahn et al.*’

. The inner layer (medial) was treated as isotropic, while the outer
layer (adventitial) was treated as anisotropic. Demiray et al.’® presented a layered
cylindrical shell model of the aorta, with an isotropic elastic adventitial layer and an
orthotropic elastic medial layer. Holzapfel et al.*® formulated a structure-based model,
characterizing the vascular tissue as a collagen fiber-reinforced composite with two
distinct fiber orientations in the media and the adventitia. Medial fibers were oriented at
+10° and adventitial fibers at +40° (0° = circumferential). We propose an extension of the
layered modeling of a fiber-reinforced material to include a more accurate description of
collagen fiber orientation and distribution. Gasser et al.* proposed a von Mises
distribution (a circular version of a normal distribution) of collagen fibers in their recent
structural model, but noted the necessity of more detailed information on the vessel
microstructure to assess the accuracy of the model. The imaging data presented here
supports the approximation of collagen in the adventitial layer as normally distributed

(Figure 18), while the narrow distribution in the media (Figure 19) suggests the collagen

in this layer can be modeled by one circumferential fiber family (Figure 22).
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Fig. 22. Schema of proposed two layer model. The adventitial layer is in gray and has a normal fiber
distribution. The media is in red and has one circumferential fiber family.
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CONCLUSION

In addition to vasospasm, many pathogenic conditions involve structural and
functional adaptation of the cerebral vasculature: cerebral aneurysm formation,
arteriosclerosis, hypertension, and traumatic head injury. The work presented here will
support a better understanding of the disease conditions through a more careful
characterization of normal vascular mechanics and structural elements. The stress-stretch
curves provide baseline characteristics for acute and short-term culture rabbit basilar
arteries. The testing of maximally contracted arteries provides a framework for
interpreting vessel basal tone in the culture system as well as a reference level of
maximum activation to assess any alterations in contractile capability of vasospastic
vessels (i.e. changes due to growth and remodeling). The quantified collagen fiber
orientation has significantly contributed to the characterization of the normal vasculature
microstructure and will support the development of accurate mathematical models
connecting mechanical behavior and microstructural elements. Alterations in collagen

fibers seen during growth and remodeling processes can also now be investigated.
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