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Abstract

Intracranial aneurysms are pathological enlargements of brain arteries that are believed to arise
from progressive wall degeneration and remodeling. Earlier work using classical histological
approaches identified variability in cerebral aneurysm mural content, ranging from layered walls
with intact endothelium and aligned smooth muscle cells, to thin, hypocellular walls. Here, we
take advantage of recent advances in multiphoton microscopy, to provide novel results for
collagen fiber architecture in 15 human aneurysm domes without staining or fixation as well as in
12 control cerebral arteries. For all aneurysm samples, the elastic lamina was absent and the
abluminal collagen fibers had similar diameters to control arteries. In contrast, the collagen fibers
on the luminal side showed great variability in both diameter and architecture ranging from dense
fiber layers to sparse fiber constructs suggestive of ineffective remodeling efforts. The mechanical
integrity of eight aneurysm samples was assessed using uniaxial experiments, revealing two sub-
classes (i) vulnerable unruptured aneurysms (low failure stress and failure pressure), and (ii)
strong unruptured aneurysms (high failure stress and failure pressure). These results suggest a
need to refine the end-point of risk assessment studies that currently do not distinguish risk levels
among unruptured aneurysms. We propose that a measure of wall integrity that identifies this
vulnerable wall subpopulation will be useful for interpreting future biological and structural data.
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INTRODUCTION

Intracranial aneurysms (1As) are pathological dilatations of the cerebral arteries that have
serious consequences when they rupture.3! Cadaveric studies have demonstrated a large
incidence in the general population, between 5 and 8%.22:37 Although the rupture rate of
incidental aneurysms is very low (estimated at 0.3-3% per year),13:20.21.35 sybarachnoid
hemorrhage secondary to aneurysm rupture carries large morbidity and mortality rates (45%
fatality rate, and 64% long term disability rate).16:26 However, surgical and endovascular
interventions have associated risks. In fact, the hemorrhagic and ischemic risks associated
with aneurysm interventions can exceed the natural risk of rupture (the estimated combined
morbid-mortality rate is 10-14% during the first month).2:3> Therefore, clinicians and
patients often face the important question of whether to intervene or conservatively follow
the aneurysm. Anatomical information (size, location, and presence of blebs or blister
morphology), patient’s age, and clinical status (prior rupture, family history, and smoking)
provide some help in predicting the natural history of brain aneurysms.1® Currently,
aneurysm size is the main anatomical measure commonly used to assess rupture risk.
However, aneurysms below the identified size threshold (7 mm) still account for a
substantial number of ruptures.18:38 Improving current aneurysm assessment and the clinical
decision making process requires an understanding of the underlying mechanisms governing
the natural history of cerebral aneurysms.

It is generally accepted that the evolution of 1As is driven by flow-induced progressive
degradation of the wall.8:2:12 For example, based on histological analysis of resected human
aneurysm tissue, Frosen et al. suggested that aberrant aneurysmal flow conditions likely
cause endothelial dysfunction which induces accumulation of cytotoxic and pro-
inflammatory substances in the wall as well as thrombus formation, that in turn result in loss
of mural cells and wall degeneration.® However, the detailed mechanisms and interactions
between the many factors involved in the development, enlargement, and rupture of cerebral
aneurysms remain poorly understood.®

Most previous studies have focused on connecting clinical, geometric, and hemodynamic
information to the aneurysm rupture state in order to identify conditions that could be used
to assess the risk of rupture.® While these investigations have produced valuable information
and have guided the clinical decision making process, they have not significantly improved
our knowledge of the underlying mechanisms governing the natural history of I1As.
Therefore, in parallel to those studies, we believe it is important to identify other end points
in ex vivo studies (such as aneurysm failure characteristics) that could be used to assess the
vulnerability of cerebral aneurysms and connect them to patient status, anatomical
characteristics, flow conditions, and wall mechanical environment.

The aneurysm wall contains a heterogeneous population of cells types that are responsible
for the maintenance and repair of the underlying collagen matrix. The state of this matrix
determines the structural integrity of the aneurysm. Earlier work by Frdsen et al. evaluated
the cell content and extracellular matrix of human aneurysm domes resected during surgery
and proposed a histological categorization of four aneurysm wall types.8 While one
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subcategory was always associated with rupture, the other categories were associated with
both unruptured and ruptured aneurysms.

The purpose of the current work is to assess the diversity of wall strength and extracellular
matrix in even unruptured human 1As. We take advantage of recent advances in multiphoton
microscopy to provide novel results for the architecture of collagen fibers in the intact
aneurysm samples without staining or fixation.11

MATERIALS AND METHODS

Aneurysm Tissue Retrieval and Handling

Aneurysm domes were harvested following surgical clipping in consented patients being
treated for unruptured aneurysms at the Allegheny General Hospital. The harvested tissue
was placed in a vial of 0.9% (w/v) saline solution, stored in an insulated cooler and
transported to the University of Pittsburgh. Mechanical testing was performed on aneurysm
samples within 48 h. The protocols for patient consent, handling of patient data, tissue
harvest, and analysis were approved by the institutional review boards (IRB) at both the
Allegheny General Hospital and the University of Pittsburgh. While 46 patients were
consented for the study, based on clinical decisions at the time of treatment, tissue was
harvested from 15 patients.

Human basilar arteries (n = 6) and internal carotid arteries (n = 6) were obtained from the
circles of Willis of human cadavers from patients that died from causes unrelated to cerebral
aneurysms (Brain Bank of the University of Pittsburgh). The Circles of Willis were
harvested from these cadavers during autopsy, snap frozen and stored at —80 °C. Prior to
testing, the tissue was thawed at room temperature and circumferential sections removed.

Patient Clinical Data

Clinical data was collected for each patient including gender, age, and family history of 1As.
Lifestyle and health information including cigarette smoking, hypertension, diabetes
mellitus and treatment with statins were obtained. Patients were considered positive for
hypertension if they were currently being treated for hypertension or if they were previously
diagnosed with hypertension but declined treatment. Smoking status was reported with
respect to packs of cigarettes per week. Patients were categorized as non-smokers if they had
never smoked cigarettes or had not smoked within the last 5 years. Patients who currently
smoked or who had quit within the last 5 years were categorized as smokers. Notation was
made of patients who used smokeless tobacco (snuff). Assessment of number of aneurysms,
SAH status and aneurysm location was made from CT. In cases of multiple aneurysms,
choice of aneurysm for tissue harvest was based on patient need. The control arteries were
obtained for eight males and four females with an average age of 80.8 £ 10.6.

Morphology Assessment

Vascular models of the aneurysm and connected arteries were constructed from 3D
rotational angiography images. Unstructured volumetric grids composed of tetrahedral
elements were generated to fill the interior of the vascular models. The mesh resolution was
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approximately 0.2 mm. The aneurysm neck was delineated by connecting points
interactively selected on the vascular reconstructions following paths of minimal geodesic
distance. The aneurysm orifice, defined by the neck contour, was triangulated and used to
label mesh points on each side as “aneurysm” or “parent artery”. The following geometric
quantities were then calculated (see Cebral et al. for further details of these definitions): (1)
aneurysm volume: computed by adding the volume of all tetrahedral elements within the
aneurysm region; (2) aneurysm surface area: computed by summing the area of all triangles
of the surface mesh within the aneurysm region; (3) equivalent sac diameter: diameter of a
sphere of volume equal to the aneurysm volume; (4) maximum aneurysm size: computed as
the maximum Euclidean distance between any two points in the aneurysm region; (5)
aneurysm depth (sometimes referred to as height): computed as the length of the maximal
path from any aneurysm point to the orifice surface; (6) neck area: computed by adding the
areas of all the triangles of the orifice surface; (7) neck maximum size: computed as the
maximum Euclidean distance between any two points on the orifice surface; and (8) aspect
ratio: defined as the ratio between the aneurysm depth over the maximum aneurysm neck
size.

Mechanical Testing Protocol

Aneurysm and artery wall samples were tested in a custom designed uniaxial loading system
compatible with an Olympus FV1000 MPE multiphoton microscope (Tokyo, Japan).11.23
Using this UA-MPM system, it is possible to simultaneously perform mechanical testing and
structural imaging under MPM (“Multiphoton Imaging and Post-processing” section).
Rectangular strips of the aneurysm were obtained in the meridional direction.
Circumferential strips of artery were cut from cerebral arteries from the human circles of
Willis. Unloaded wall thickness was measured at five positions using micro-calipers and
averaged. The test samples were gripped by mechanical clamps!! and placed in a bath of
0.9% (w/v) saline at room temperature in the UA-MPM system. Fine-grade sandpaper was
adhered to tissue-contacting surfaces on the UA-MPM device to avoid the need for
adhesives. Eight of the 15 samples met the minimum size of 4 mm x 5 mm necessary for
mechanical testing.

Specimens were subjected to uniaxial extension at a speed of 20 um/s along the meridional
direction for aneurysm and circumferential direction for artery. Displacement was controlled
by a linear actuator (ANT-25LA, Aerotech, PA), and force was recorded with a 5 Ib load
cell (MDB-5, Transducer Techniques, Rio Nedo Temacula, CA). Force vs. displacement
curves were obtained after five cycles of preconditioning to 0.3 N and used to calculate
Cauchy stress as a function of stretch. Zero strain was defined as the configuration of the
tissue under 0.005 N load. Current area was calculated from the unloaded cross sectional
area and longitudinal strain assuming an isochoric deformation. For purposes of quantitative
comparison between samples, a simple exponential model for the strain energy function (per
unit volume) was fit to the mechanical data

7 & Co(I1-3)?
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The loading curves were broken into four regions, a nearly linear toe region (low stress
response), a transition region, a nearly linear post transition-pre-failure region (high stress
response), and a sub-failure region. Low stress stiffness was defined as the slope of a linear
fit for the toe region, and high stress stiffness as the slope of a linear fit for the high stress
region (in the post-transition and pre-failure region). The transition stretch was defined as
that corresponding to the point of intersection of the two fitted lines.

Imaging and Post-processing

Collagen and elastin content in the samples were assessed using multiphoton microscopy
(MPM). An Olympus FVV1000 MPE (Tokyo, Japan) equipped with a Spectra-Physics
DeepSee Mai Tai Ti—Sapphire laser (Newport, Mountain View, CA) with an 1.12NA 25x
MPE water immersion objective was used for all samples. The excitation wavelength was
870 nm. The second harmonic generation (SHG) signals from collagen were collected using
non-descanned, backscatter epi detectors and 400 nm Chroma emission filters with a 50
spectral bin (Brattleboro, VT). The dwell time was 10 ps/pixel at a scan pixel count of 1024
x 1024. An in plane resolution of 0.12 pm was achieved with this system.

The en face images were obtained for fresh samples loaded in the UA-MPM system.
Samples were imaged from both luminal and abluminal sides (termed luminal and abluminal
images, respectively), with stacks commencing from the layer furthest from the lens and
moving upward in 2 pm intervals. Fiber diameters were measured (Image J) at 15
randomized locations in superposed stacks (Imaris, Bitplane) of MPM images. In cases
where fibers were banded, diameters of individual fibers were used.

Images were obtained from some fixed samples that were sectioned in a cross sectional cut
in order to assess the collagen architecture across the wall thickness. These samples were
fixed in 2% paraformaldehyde in PBS at 4 °C for 4 h, and slowly frozen in liquid nitrogen.
Eight micron thick sections were obtained by slicing the sample with a cryostat (HM 505E,
Microm). Slides were kept at 20 °C until ready for use.

Statistical Analysis

RESULTS

Linear regression analysis was carried out to test for possible correlations between wall
thickness and other geometric parameters. The slope of the linear regression was considered
significantly different from zero if the corresponding p values were below 0.05. The non-
parametric Wilcoxon test was used to test whether the mean values of material properties of
different groups of tissue samples (e.g., aneurysms against control arteries) were statistically
different. Differences were considered statistically significant if the p values were less than
0.05 (95% confidence). All statistical analysis was performed using the Python SciPy
package.

Study Population

Fifteen unruptured 1As were included in this study of which ten were symptomatic, Table 1.
No patients had signs of subarachnoid hemorrhage. Eight of the patients were female and the
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mean and median patient ages were 56 and 57 respectively. Notably, the patient population
included a 27 year old, whose aneurysm was found incidentally and had no other identifiable
medical conditions and no reports of drug use. Nine of the patients had multiple aneurysms
and five had a family history of cerebral aneurysms. Of the resected aneurysms, 8 (53%)
were from the middle cerebral artery (MCA), 4 (27%) were from the internal carotid artery
(ICA), 2 (13%) were from the anterior cerebral artery ACA and 1 (7%) was from the
anterior communicating artery (AcomA).

Morphology of the Aneurysm Sac and Dome

The equivalent diameters of the aneurysms ranged from 4.4 to 11.1 mm, Table 2. No
correlation was found between wall thickness, which ranged from 130 to 450 pm and any
other geometric parameters of the sac in Table 2. In particular, the wall thickness was not
linearly related to the aneurysm equivalent diameter.

Subfailure Properties

The loading curves for the uniaxial loading tests to failure for eight aneurysm samples are
shown in Fig. 1 with a magnified insert to show the low stress region. These curves are
shown relative to the corresponding results for the control cerebral arteries in Fig. 2. The
loading curves for both the control arteries and aneurysm tissue are qualitatively exponential
in shape, with the exception of Sample CA-11, Fig. 1. This is consistent with the lower R?
value for the fit of the exponential hyperelastic strain energy function to the data for CA-11,
Table 3.

The toe region for the aneurysm tissue is noticeably shortened relative to the control arteries
with a stiffer response than that seen in the control arteries, Fig. 2, which is consistent with
the lack of internal elastic lamina in the aneurysm tissue (discussed below). The difference
in low stress stiffness between the aneurysm and all control arteries is statistically significant
with a p value of 0.021, whereas the high stress stiffness did not reach statistical significance
(p = 0.06). There was no statistical difference between the stiffness of the basilar and carotid
arteries (p = 0.784 for low strain stiffness and p = 0.632 for high strain stiffness).

Failure Properties

Failure stress values for the aneurysm tissue fell into distinct low and high failure stress
categories, Fig. 2. The failure stress (Cauchy) for the two low strength walls was 0.63 and
0.73 MPa, with an average of 0.68 + 0.08 MPa, Table 3. These two weaker samples (CA-11,
CA-15) were qualitatively quite different from each other, suggesting distinct failure modes.
CA-15 had the smallest toe region of any of the samples, while the response of CA-11 was
more linear than all other aneurysm samples, and comparatively stiffer at low stress and
softer at high stress. Samples CA-11 and CA-15 displayed the extremes of high stress
stiffness with values of 3.42 and 25.1 MPa, respectively. In contrast, the high strength
samples had a mean high stress stiffness of 11.8 + 4.6 MPa.

The high strength aneurysms (CA-1, CA-12, CA-25, CA-26, CA-39, CA-46) displayed a
more uniform response. The low stress stiffness had a mean of 0.46 + 0.28 MPa. The
Cauchy ultimate stress of the high strength aneurysms ranged from 1.2 to 2.2 MPa with an
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average of 1.6 = 0.36 MPa. The strength of even the high strength aneurysms was
significantly lower (p = 0.001) than that of the basilar arteries that ranged from 2.7 to 3.3
MPa with an average of 3.0 + 0.26 MPa and those of the internal carotid arteries from 2.6 to
3.5 MPa with an average of 3.0 = 0.29 MPa. Differences between the ultimate stress of
basilar and carotid arteries were not statistically significant (p = 0.908).

While the stress provides information about the material properties, failure tension, which is
equal to the product of the failure stress (engineering) and unloaded thickness, provides a
measure of the ability of the wall to withstand loading. For example, while the failure stress
of CA-25 and CA-26 are quite similar, the thickness of CA-26 is nearly twice that of CA-25,
resulting in a much larger ability to bear load. Namely, sample CA-26 has a failure tension
of 580 kg/s?, compared with 280 kg/s? for CA-25. This increased failure tension is
necessary, given the increased intramural loading in CA-26 due to its larger equivalent
diameter, Table 2. Following prior work,333 we use a simple equilibrium equation for
spherical membranes loaded under uniform pressure (Laplace’s Law) and estimate the
transmural pressure under which each aneurysm would fail APy,

3
APf:4UtBO (%) )

where ois the ultimate Cauchy stress, D is the effective (unloaded diameter), tq is the wall
thickness (unloaded) and d is the loaded diameter. If we conservatively estimate the failure
radius as 1.05 times the unloaded radius, then domes of CA-11, CA-15 would fail with AP
of 454 and 264 mmHg, respectively, whereas the estimated failure pressures of the higher
strength domes range from 945 to 3300 mmHg. During weight training, arterial pressures
can rise well above 200 mmHg.19 For example, in a study of five healthy males performing
leg press repetitions, the group mean for peak pressures was 320/250 mmHg and rose as
high as 480/350 mmHg in one individual.1? If we consider 180 mmHg as a design load, then
the factor of safety for CA-15 and CA-11 are 1.5 and 2.5, respectively, whereas the values
for the stronger group range from 5.25 to 18.4. Motivated by the reported pressures during
weight training, we might select a design load of 300 mmHg. In this case, the factor of
safety would drop to 1.5 for CA-11 and CA-15 would fail.

Wall Structure

The passive load bearing components in healthy arteries are elastin and collagen, (e.g., Ref.
25). In cerebral vessels, the elastin is nearly confined to the internal elastic lamina, shown in
green in Fig. 3a. Medial collagen fibers are wavy in the unloaded vessel, Figs. 3b and 5. The
adventitial collagen fibers display a larger range of fiber angles and fiber diameters than the
medial collagen fibers, Fig. 3c. In contrast, no elastin is visible in the MPM images of the
aneurysm wall (not shown), consistent with prior reports of the aneurysm wall.1:31 When
viewed from the luminal side, there is a great variability in the fiber architecture and
diameter between aneurysm samples, Fig. 3. In some samples, the collagen fibers are
densely packed, for example CA-12 in Fig. 3 and CA-26 in Fig. 4a. In others, there is an
abnormal sparse structure, for example CA-21. When viewed in a cross-sectional slice under
MPM, the densely packed fibers of CA-26 can be seen to form a layered collagen structure,
Fig. 4b. The average wall thickness for sample CA-26 is 0.45 um, substantially thicker than

Ann Biomed Eng. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Robertson et al.

Page 8

the average of 0.277 um found for basilar arteries, Table 2. The average diameter of the
collagen fibers on the luminal side is 0.99 pm and is statistically different from the average
of 1.325 um in the media of the basilar artery (p = 0.001), suggesting a change in the fiber
maintenance and/or creation process, Fig. 5. In contrast, the average diameter of the collagen
fibers from the abluminal side of the aneurysm wall is not statistically different from that of
the basilar arteries (p = 0.42).

Recruitment of Abluminal Collagen

In order to better understand the role of adventitial collagen during loading, collagen fibers
were imaged from the abluminal side of a representative sample during uniaxial loading
with the UA-MPM system, Fig. 6. In the unloaded tissue, the abluminal collagen
architecture was relatively disorganized with a wide range of fiber orientations. With
increasing loads, fibers can be seen to be recruited to load bearing via two mechanisms—
fiber straightening and fiber reorientation, consistent with recruitment mechanisms in
healthy control arteries.1! The fibers are nearly aligned by a stretch of 1.3, in line with the
marked increase stiffness. At stretches lower than 1.2, the wall is approximately 30 times
more compliant than the response in the high stress region.

DISCUSSION

In this work, we have demonstrated that even the unruptured population of cerebral
aneurysms displays a diversity of mechanical properties and collagen architecture.
Moreover, the current results suggest the existence of distinct sub-populations in the group
of unruptured aneurysms: (1) more fragile aneurysms with failure properties similar to those
of ruptured aneurysms, and (2) those well suited for load bearing under physiological
conditions. The first group can be considered more vulnerable in that the estimated pressure
loading for failure was closer to physiological attainable levels with a safety factor for
loading to 180 mmHg of 1.5 and 2.5. In contrast, the second group could be considered
robust at the time of harvest. Even though they were found to be statistically weaker than
cerebral arteries, they were strong relative to expected physiological loads with safety
factors of 5.26 and higher.

The possibility that rupture of a vulnerable aneurysm can be triggered by mechanical loads
is supported by the fact that aneurysm rupture is often associated with strenuous physical
activity including weight training.10:28 For example, in a study population of 445 patients,
42.8% of the ruptures aneurysms were associated with physical or emotional stress (e.g.,
Ref. 28). This possibility is also consistent with the similarity between the failure strength of
the weaker group and reported strength of ruptured aneurysms.

A large spread in mechanical strength of unruptured aneurysms was also reported by Scott et
al.30 They evaluated the failure pressure for two unruptured human aneurysms (obtained at
autopsy) by pressurizing the domes with saline solution. A’ 5 mm aneurysm ruptured at 325
mmHg whereas a 6 mm aneurysm remained unruptured even during repeated loads up to
550 mmHg. Interestingly, the failure pressure of the weaker of these aneurysms lies between
the two values of the weaker group in our study, and the 6 mm aneurysm was at least as
strong as the weaker members of the robust group. The average values for the peak systolic
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and diastolic pressure was reported to be 320/250 mmHg during weight training, suggesting
this first aneurysm was vulnerable to rupture under extreme physiologically attainable
conditions.30

Though the failure stresses for the walls of the vulnerable group in our study were similar,
the loading curves were qualitatively different, suggesting different pathologies. The high
strength aneurysms displayed a greater uniformity in mechanical response with smaller
variation of failure stresses, high stress stiffness and toe region. Sample CA-11 was resected
from the only diabetic patient. This patient was asymptomatic and the aneurysm walls were
of normal thickness, relative to the control arteries. The loading curve for this sample was
qualitatively different from all others with a relatively poor fit to the exponential constitutive
model. In contrast, sample CA-15 had one of the thinnest walls and a greatly shortened toe
region relative to the other samples. Further, the abluminal collagen fibers of CA-15
demonstrated a morphology that was markedly different from all other samples.

A healthy cerebral artery is composed of three distinct wall layers. Moving from the lumen
to the abluminal side, these layers are the intima which is separated from the medial layer by
an internal elastic lamina (IEL), followed by the adventitia, Fig. 3a. Collagen fiber
diameters, measured from MPM images of the control arteries demonstrated a statistical
difference in the collagen fiber diameter in the adventitial and medial layers with larger fiber
diameters being located in the adventitial layer, consistent with the differences in collagen
types found in these layers. For example, collagen I fibers are nearly entirely confined to the
adventitial layer of cerebral arteries, with small amounts in the basement membrane of the
endothelial cells. In contrast, collagen type 111 is largely restricted to the medial layer. With
the exception of one sample (CA-9), distinct collagen diameters were also identified from
the luminal and abluminal views of the aneurysm tissue. In all other samples, the collagen
layer on the luminal side was significantly different between aneurysm and control,
suggesting the normal turnover of collagen fibers on the luminal (media originating) side is
substantially impacted relative to the control artery. This is consistent with the large range of
abnormal collagen architecture seen in this layer. In contrast, the diameter of the abluminal
collagen fibers were similar to those found in the adventitia of the control arteries,
suggesting an adventitial origin of this tissue. The findings for collagen fiber diameter in
CA-9 appear to be of entirely adventitial type and suggest a different mechanism of
remodeling. Differences in load bearing capacity in the medial layer across samples is
certainly a contributing factor for the diversity in the adventitial remodeling and warrants
further investigation (e.g., Ref. 29).

Consistent with other reports, there was no IEL seen in any of the aneurysm samples. The
loss of the IEL has structural implications as seen in the reduced toe region of the aneurysm
tissue relative to the control cerebral arteries. The IEL also acts as a barrier or impediment to
cellular movement and other transport between the endothelium and medial layers. The
absence of this barrier might be expected to have a substantial impact on the cellular
activities related to wall maintenance.

Recently, it has been reported that ruptured aneurysms have diminished stiffness relative to
unruptured aneurysms, when separated by gender.’ Further, it has been suggested that the
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larger deformations arising from the diminished wall stiffness could possibly be used to
identify aneurysms at risk for rupture, when improved clinical imaging modalities become
available.2” This conjecture addresses the important issue of identifying a clinically
accessible metric for identifying at risk aneurysms. The range of strains considered in those
uniaxial loading studies was less than 15%, and corresponds to the magnified region in Fig.
1. It can be seen that the two vulnerable aneurysms in the current study had the highest low
stress stiffness, in contrast to this earlier study. The present results suggest that aneurysms
that are stiffer at low stress are not stronger. In fact, the more robust aneurysm walls
displayed values of low stress stiffness that were closer to control arteries wall. Namely both
were softer at low loads than the vulnerable aneurysms studied in this work. Further
investigations are warranted on this subject.

Uniaxial loading was used to assess the failure properties of the cerebral aneurysm tissue.
While uniaxial testing is commonly used for failure testing, it should be recognized that in
vivo loading of cerebral aneurysm walls is closer to equibiaxial than uniaxial. As shown in
Fig. 6, under uniaxial loading, collagen fibers experienced large reorientation up until
stretches of approximately 1.25. Under equibiaxial loading, reorientation of this kind would
not be seen. Therefore, the low stress regions shown in Fig. 1 provide information about the
ability of the fibers to reorient and uncrimp rather than providing information about collagen
load bearing relevant to physiological biaxial loading conditions. We caution against using
material properties obtained from low stress, uniaxial loading to model biaxial aneurysm
deformations. The aneurysm wall is an anisotropic material, and therefore, the anisotropic
response cannot be determined from uniaxial experiments, in the absence of other
information about the fiber structure. We emphasize that material properties were obtained
in this work for a relatively simple phenomenological model for the purpose of
characterizing the mechanical response. The use of a structurally motivated model that
incorporates fiber recruitment and fiber orientation such as was introduced in Hill et al.11 is
the subject of an ongoing investigation.

It should be noted that the control cerebral arteries used in this study were stored at —80 °C
prior to testing. Stemper et al. reported that the uniaxial mechanical properties, including
high-strain stiffness and ultimate stresses of porcine aortas were not significantly different
between fresh samples and those stored at =80 °C for 3 months.34

For a given hemodynamic waveform, the nature of the local mechanical loads on the
aneurysm wall (both surface shear and intramural stresses) are largely a function of the
geometry of the parent vasculature and aneurysm sac. Intramural loads that vary too greatly
from physiological levels can negatively impact the cellular health. It is believed that some,
as yet unidentified aspect, of the intra-saccular flow leads to a degeneration of the
endothelium, that can in turn negatively influence the wall cellular content and ultimately
interfere with the normal process of collagen renewal and maintenance (e.g., Refs. 9,14,17,
and 32). Prior efforts to identify clinically useful methods for risk stratification, have
therefore focused on identifying correlations between rupture status and clinically accessible
quantities such as sac geometry and intra-saccular hemodynamics, Fig. 7. Work is ongoing
to identify a clinically useful metric that goes beyond the current use of aneurysm size. More
recently, efforts have been made to correlate intramural cell content and rupture status.8
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Frosen et al. have clearly demonstrated the great variability in cell content in aneurysm
walls. The intramural content of even an unruptured aneurysm was found to vary from an
endothelialized wall with linearly organized smooth muscle cells (SMCs) to a hypocellular
wall 8.2

The current findings complement these earlier studies, demonstrating a variability in
collagen content and mechanical properties within even the unruptured population that is
consisted with this range of intramural cell content. Namely, given the large range of cell
content in unruptured walls, we would expect the collagen fabric that is maintained by these
cells should also vary, as should the mechanical properties which are dependent on the
collagen fabric.

To date, a definitive rupture index using hemodynamic, geometric or biological markers has
not been identified.4915.24 The existence of a subpopulation of unruptured aneurysms with
failure properties similar to those of ruptured aneurysms underlines the challenge in using
rupture status as an endpoint to interpret data. Namely, if the objective is to predict whether
an aneurysm is vulnerable to rupture, then categorizing a vulnerable unruptured aneurysm as
safe can confound the interpretation of the data, since this aneurysm may soon rupture under
suitable triggers. In cases where it is possible to obtain resected aneurysm tissue, we can
overcome this limitation in classification by looking for correlations with an index of wall
integrity rather than rupture status, Fig. 7. Such an index would account for the combined
effect of material properties (e.g., failure stress), geometry (e.g., wall thickness, shape, and
diameter), and expected loads through, for example, a factor of safety. While such an
integrity index is not yet useful in the clinic, we believe it will be valuable for future studies
of wall biology and provide a more solid framework for understanding the mechanisms
responsible for aneurysm wall degradation. Insights gained from studies using an index of
wall integrity may enable more effective use of clinically available data such as aneurysm
hemodynamics. Ultimately, an improved understanding of the mechanisms responsible for
the progressive degeneration or stabilization of cerebral aneurysms will be useful for
development of improved treatment strategies.

CONCLUSIONS

This work is the first to combine MPM imaging with mechanical testing for studying the
pathology of human cerebral aneurysms. Using this approach, we found substantial
variability in collagen architecture and mechanical response even within walls of unruptured
aneurysms. This variability is consistent with earlier studies using classical histological
approaches that found a large variability in mural content, even within unruptured human
aneurysms domes.®

The collagen architecture on the luminal side of the aneurysms was generally quite different
from the healthy artery and showed a great variability between samples. Some samples
displayed a dense fiber network, likely produced through remodeling mechanisms. Others
had a sparse, inhomogeneous fiber architecture suggestive of impaired remodeling. Fibers
from the luminal side were nearly always thinner compared with medial fibers in normal
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arteries. In contrast, the abluminal side was more similar to the adventitia of healthy arteries
with respect to fiber diameter and orientation.

Even unruptured aneurysms displayed a wide range of mechanical behaviors. Two sub-
categories were identified: (i) vulnerable aneurysms with lower failure stress and lower
estimated failure pressure, and (ii) more robust aneurysms with higher failure stress and
higher estimated failure pressure. Although the stronger aneurysm walls were weaker than
control arteries, they were strong relative to estimated physiological loads with a safety
factor of 5.2 and higher, suggesting an effective remodeling process. In contrast, the failure
stress of the vulnerable aneurysms was similar to values reported for ruptured aneurysms
and had factors of safety of 2.5 and less. Such a sub-categorization of unruptured aneurysms
is therefore an important consideration when using rupture as an end-point of risk
assessment studies.

This work suggests a structural integrity index will be useful for interpreting biological and
hemodynamic data in future investigations of the mechanisms responsible for the
progressive degeneration of the wall of IAs.
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First P-K Stress(MPa)
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FIGURE 1.
Results for stress (1st Piola-Kirkoff) vs. stretch for the uniaxial loading tests to failure for

eight aneurysm samples. A magnified insert is included to enlarge the low stress region.
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Results for the uniaxial loading tests for eight human aneurysm samples (unruptured) and
twelve human control (basilar and internal carotid) arteries. All tissues were tested to failure.
In (a) the stress (Cauchy) vs. stretch is shown. The loading curves for the more vulnerable
aneurysm samples are qualitatively different from the stronger samples. All aneurysm
samples are weaker than the control arteries and displayed a greatly shortened toe region. In
(b) the average failure stress (Cauchy) and standard deviation are shown for aneurysms and

control arteries.
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FIGURE 3.
Images of the aneurysm and basilar wall structure. In (a) fluorescence microscopy image of

cross sectional preparation of the human left vertebral artery (cerebral) fixed at 30% stretch.
The immunohistochemical staining of the arterial wall reveals elastin (green) localized in the
internal elastic lamina, cell nuclei (blue, DAPI stain), type 111 collagen fibers (red). (b) and
(c) display collagen fibers in projected stacks of multiphoton images of the media and
adventitia, respectively, for a basilar control artery. Projected stacks of multiphoton images
for collagen fibers seen in the luminal and abluminal sides of the aneurysm are shown in (d)
and (e), respectively. Substantial variability in the collagen fiber architecture can be seen in
the luminal images. Scale bars in all figures are 50 um. ((a) is obtained from Robertson et
al.23 with permission from Springer).
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(a) (b)

luminal view cross-section

FIGURE 4.
Luminal view (a) from sample CA-26 displaying an abnormally dense collagen signal

relative to that from the control artery. A cross sectional view of this sample (b), showing
increased layering of collagen fibers and increased wall thickness relative to control arteries
for example seen in Fig. 3a. Scale bars in all figures are 50 um.
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FIGURE 5.
Results for collagen fiber diameter obtained for projected stacks from cerebral aneurysm and

cerebral artery tissue. The bars show average fiber diameter for a single location along with
standard deviation.

Ann Biomed Eng. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Robertson et al.

Page 20
! Abluminal side
ﬁ(i.R 1
: I (40 pm) { }ii (40
% 0.6 ]
7 Hm)
§ 0.4 - Luminal side

1} 5

/

B 7 1.2 g
3(!\'1:! ch -

o ~— e

" (b) *(0) *(d) (o)
| .....
FIGURE 6.

Recruitment of collagen fibers during uniaxial loading of a single sample obtained using the
UA-MPM system for CA-25 at stretches of (a) 1.0; (b) 1.1; (c) 1.2; (d) 1.26; (e) 1.3. Images
are obtained from a projection of stacks over an approximately 40 pm width of tissue. The
images in rows | and Il are obtained at a depth of approximately 40 and 80 um, respectively,
relative to the abluminal surface. Scale bars 50 pm.
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FIGURE 7.
Schematic of the coupled factors driving aneurysm progression toward stabilization or

growth, illustrating how the mechanical loading drives cellular response which in turn drives
the collagen production/turnover process (either pathological or normal), that in turn
determines the mechanical properties of the wall. These properties then determine the
geometry of the aneurysm wall under the given loads. At a given point in time, the status of
the aneurysm is either ruptured or unruptured. Using a structural integrity index, the
unruptured aneurysms can be categorized as low risk (strong) or high risk (vulnerable). The
high risk aneurysms have the potential to shift to the ruptured category given an appropriate
trigger event such as rise in blood pressure. When the subcategorization in unruptured status
is available, correlations can be explored between wall structure and cell content and strong
vs. vulnerable/ruptured walls.
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