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ABSTRACT

BACKGROUND AND PURPOSE: Aneurysm progression and rupture is thought to be governed by progressive degradation and weakening
of the wall in response to abnormal hemodynamics. Our goal was to investigate the relationship between the intra-aneurysmal hemody-
namic conditions and wall mechanical properties in human aneurysms.

MATERIALS AND METHODS: A total of 8 unruptured aneurysms were analyzed. Computational fluid dynamics models were constructed
from preoperative 3D rotational angiography images. The aneurysms were clipped, and the domes were resected and mechanically tested
to failure with a uniaxial testing system under multiphoton microscopy. Linear regression analysis was performed to explore possible
correlations between hemodynamic quantities and the failure characteristics and stiffness of the wall.

RESULTS: The ultimate strain was correlated negatively to aneurysm inflow rate (P = .021), mean velocity (P = .025), and mean wall shear
stress (P = .039). It was also correlated negatively to inflow concentration, oscillatory shear index, and measures of the complexity and
instability of the flow; however, these trends did not reach statistical significance. The wall stiffness at high strains was correlated positively
to inflow rate (P = .014), mean velocity (P = .008), inflow concentration (P = .04), flow instability (P = .006), flow complexity (P = .019), wall
shear stress (P = .002), and oscillatory shear index (P = .004).

CONCLUSIONS: In a study of 8 unruptured intracranial aneurysms, ultimate strain was correlated negatively with aneurysm inflow rate,
mean velocity, and mean wall shear stress. Wall stiffness was correlated positively with aneurysm inflow rate, mean velocity, wall shear
stress, flow complexity and stability, and oscillatory shear index. These trends and the impact of hemodynamics on wall structure and
mechanical properties should be investigated further in larger studies.

ABBREVIATIONS: MPM = multiphoton microscope; WSS = wall shear stress

nderstanding cerebral aneurysm pathogenesis is extremely
U important for improving aneurysm evaluation and patient
management.'> Numerous previous studies have identified
many factors that potentially contribute to the development, en-
largement, and rupture of intracranial aneurysms.* However, the
links between these factors and the underlying mechanisms re-
sponsible for the formation, growth, and stabilization or rupture

of cerebral aneurysms is still poorly understood.”® It is generally
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accepted that the evolution of cerebral aneurysms is driven by
flow-induced progressive degradation of the wall.*”® It has been
suggested that aberrant aneurysmal flow conditions cause en-
dothelial dysfunction, which induces accumulation of cyto-
toxic and proinflammatory substances in the wall and throm-
bus formation that in turn result in the loss of mural cells and
wall degeneration.”'® This conjecture is supported by histo-
logic analysis of resected human aneurysm tissue.® Conversely,
on the basis of mechanical testing of tissue samples collected
after aneurysm clipping, Costalat et al'' conjectured that me-
chanical stiffness of the aneurysm wall may be associated with
rupture. Robertson et al'? recently studied human aneurysm
tissues by using a multiphoton microscope (MPM) and found
that mechanical properties and collagen architecture can dif-
fer, even among unruptured aneurysms. However, the connec-
tions between the hemodynamic environment within the an-
eurysm sac and the wall structure and mechanical behavior

have not been studied.
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FIG 1. Bottom, Stress-strain relationships. Examples of an aneurysm with stiff walls and low
ultimate strain and stress (CA15) and an aneurysm with softer walls and greater ultimate stress and
ultimate strain (CA26) are highlighted in red and green, respectively. Top, Picture of a sample with
grips before stretching (left) and after it fails (right). Note that the tear occurs near the middle of

the sample, not at the grips.

The purpose of this work was to investigate possible associa-
tions between aneurysmal hemodynamics and wall mechanical
properties in human intracranial aneurysms.

MATERIALS AND METHODS

Clinical, Imaging, and Tissue Data

We analyzed 8 sufficiently large samples (larger than 4 X 5 mm) from
a series of 15 harvested unruptured intracranial aneurysm domes in
46 patients who underwent elective surgical clipping and provided
consent. Before intervention, each aneurysm was imaged with 3D
rotational angiography. During the intervention, after placing the
clip, the aneurysm dome was resected. Harvested tissue samples were
placed in a prepared vial with 0.9% (weight/volume) saline solution
and transported to the laboratory for analysis within 48 hours. Insti-
tutional review board approval was obtained for patient consent,
handling of patient data, tissue harvesting, and analysis.

Mechanical Testing of Wall Samples

The samples were mechanically tested to failure by using a
custom-designed uniaxial loading system compatible with a mul-
tiphoton microscope that allows simultaneous testing and struc-
tural imaging of tissue samples.'” In particular, because of their
capacity for second harmonic generation, collagen fibers can be
imaged without staining and traditional destructive techniques.
Collagen fibers in the samples were imaged from the luminal (me-
dial) and abluminal (adventitial) sides by using an FV1000 MPE
multiphoton laser scanning microscope (Olympus; Tokyo, Ja-
pan) equipped with a DeepSee Mai Tai Ti-Sapphire laser (Spec-
tra-Physics Mountain View, California) with a 1.12 numeric ap-
erture X25 MPE water-immersion objective at an excitation
wavelength of 870 nm. The second harmonic generation signal
was collected by using a 400-nm emission filter with a =50 spec-
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tral bin. All MPM images shown are in a
500- X 500-um scale. For mechanical
testing, rectangular strips of the aneu-
rysm were cut in the meridional direc-
tion (samples from all aneurysms were
cut to approximately the same size, 4 X 7
mm), gripped by mechanical clamps,
and placed in a bath of 0.9% (weight/
volume) saline at room temperature in
the uniaxial MPM system. Fine-grade
sandpaper was adhered to the grips to
avoid the need for adhesives.'” Speci-
mens were subjected to uniaxial exten-
sion at a speed of 20 wm/s, controlled by
a linear actuator (ANT-25LA; Aerotech,
Pennsylvania), and force was recorded
with a 5-1b load cell (MDB-5; Trans-
: | ducer Techniques, Rio Nedo Temecula,
0.6 0.7 California). Force-versus-displacement
curves were obtained after 5 cycles of
preconditioning to 0.3 N and used to
calculate Cauchy stress as a function of
strain. Strain was defined relative to the
configuration of the tissue under a load
0f 0.005 N. Additional details on the tis-
sue-handling  protocol, mechanical

tests, and MPM imaging were published in a separate article.'”

Hemodynamics Modeling

Subject-specific computational fluid dynamics models were con-
structed from preoperative 3D rotational angiography images.'*
All aneurysms were located in the anterior circulation. All recon-
structions included the internal carotid artery and were extended
proximally as much as possible to minimize the effect of inlet
boundary conditions on aneurysm hemodynamics. Pulsatile flow
conditions were derived from phase-contrast MR measurements
in healthy subjects.'® Flow waveforms were scaled with the inflow
vessel cross-sectional area to achieve a mean wall shear stress
(WSS) of 15 dyne/cm” according to the principle of minimum

work (Murray’s law)."®

Vessel walls were assumed rigid, and
blood was assumed to be a Newtonian fluid with a density of 1.0
g/cm’ and viscosity of 0.04 poise. The 3D incompressible Navier-
Stokes equations were numerically solved with finite elements on
unstructured grids with a resolution of 0.2 mm and a time step of

0.01 seconds.'*

Data Analysis

A number of variables were computed from the computational
fluid dynamics simulations to quantitatively characterize the an-
eurysm hemodynamic environment, including the aneurysm in-
flow rate, aneurysm mean velocity, inflow concentration index,
POD entropy (a measure of stability of the intra-aneurysmal flow
structure), vortex core-line length (a measure of complexity of the
intra-aneurysmal flow pattern), shear concentration index (a
measure of concentration of the WSS distribution), mean WSS,
mean oscillatory shear index, and percent area under low wall
shear stress relative to the parent vasculature. All quantities were



Table 1: Material properties of harvested human aneurysm tissue samples

Thickness Transition Low-Strain High-Strain Ultimate Ultimate Ultimate
Sample No. (mm) Strain Stiffness (MPa) Stiffness (MPa) Strain Stress (MPa) Tension (kg/s?)
CAl 0.24 0.16 0.35 12.24 0.30 150 285
CATl 0.21 0.1 1.66 293 0.26 0.63 105
CAL2 0.20 0.28 0.58 14.09 042 216 320
CAl5 013 0.02 235 24.41 0.05 073 90
CA25 0.24 0.26 0.24 618 0.51 163 280
CA26 045 0.22 0.90 543 0.57 1.90 580
CA39 0.21 0.24 0.34 638 044 120 183
CA46 0.30 0.24 0.22 om 0.38 134 300
Table 2: Hemodynamic characteristics of cerebral aneurysms
Sample No. Q (mL/s) ICI VE (cm/s) podent corelen (cm) SCI WSS (dyne/cm?) osl LSA (%)
CAIl 152 2.00 9.53 0.31 2.86 439 19.57 0.019 493
CATl 0.58 0.48 6.68 0.30 1.68 1.58 n.13 0.010 79.7
CAI12 0.71 0.65 10.18 0.62 2.84 6.00 25.30 0.025 75.5
CAI5 3.52 2.28 23.62 1.03 5.65 3.92 42.87 0.056 59.5
CA25 0.09 0.21 0.98 0.36 0.30 2170 1.31 0.020 97.1
CA26 0.61 0.70 7.24 0.29 2.80 10.22 14.17 0.016 69.1
CA39 0.99 0.85 8.55 0.17 3.02 423 14.38 0.007 40.2
CA46 218 174 141 0.1 146 2.80 23.27 0.004 62.3

Note:—Corelen indicates vortex core-line length; ICI, inflow concentration index; LSA, area under low wall shear stress relative to the parent vasculature; OSI, mean oscillatory
shear index; podent, POD entropy; Q, aneurysm inflow rate; SCI, shear concentration index; VE, aneurysm mean velocity; WSS, mean wall shear stress.

calculated as spatial averages over the aneurysm cavity and time
averages over the cardiac cycle. For precise mathematical defini-
tions of these variables and a detailed description of the method-
ology used to compute them, see references 17 and 18.

The stress—strain curves for the aneurysm wall before failure
are largely exponential in nature.'” As such, the curves were clas-
sified into 1 of 4 regions, listed in order of increasing load (shown
in Fig 1): 1) low stress region, in which the wall is highly elastic
(toe region), 2) transition region, 3) high-stress region, with a
nearly linear response, or 4) subfailure region, marked by a de-
crease in slope of the stress—strain curve and ending with failure of
the tissue. The mechanical response was characterized in terms of
the following parameters: 1) low-stress stiffness (slope of a linear
fit for the low-stress region), 2) high-stress stiffness (slope of a
linear fit for the high-stress region), 3) transition strain (strain at
the intersection of the low- and high-stress-stiffness lines), 4) ul-
timate stress (maximum stress before failure), 5) ultimate strain
(the strain corresponding to ultimate stress), and 6) ultimate ten-
sion (engineering) (the product of ultimate stress [engineering]
and unloaded thickness). The ultimate tension provides a mea-
sure of the ability of the wall to withstand loading. In contrast, the
ultimate stress and strain are intrinsic material properties that
characterize failure behavior. Fiber orientation was quantified in
projected stacks of multiphoton images following the method in
reference 13.

Linear regression analysis was performed to explore possible
correlations between hemodynamic variables and wall mechani-
cal properties. All correlations were carried out by using the Py-
thon package SciPy (http://www.scipy.org/).

RESULTS

Mechanical behaviors of the aneurysms are listed in Table 1 and
Fig 1, and their corresponding flow characteristics are given in
Table 2. The correlations for both high-stress stiffness and ulti-
mate strain and hemodynamic variables reached statistical signif-

Table 3: Linear regression of hemodynamic variables against wall
ultimate strain and material stiffness at high stress (past the toe
region)

Wall Property and
Flow Variable Slope R? P Value
Ultimate strain
Q —0.12 0.617 .021°
VE —0.019 0.597 .025%
ICl —0.14 0.474 .059
podent —0.36 0.423 .081
corelen —0.067 0.412 .086
SCl 0.0m 0.186 287
WSS —0.010 0.535 .039°
Osl —6.44 0.414 .085
LSA 0.24 0.069 531
Material stiffness at high stress

Q 5.01 0.659 .014%
VE 120 0.717 .008*
ICl 6.44 0.531 .040%
podent 19.9 0.741 .006®
corelen 3.48 0.629 .019*
SCl —0.52 0.227 232
WSS 0.51 0.813 0.002°
Osl 369.3 0.772 0.004*
LSA —0.101 0.065 0.53

Note:—Corelen indicates vortex core-line length; ICl, inflow concentration index;
LSA, area under low wall shear stress relative to the parent vasculature; OSI, mean
oscillatory shear index; podent, POD entropy; Q, aneurysm inflow rate; SCI, shear
concentration index; VE, aneurysm mean velocity; WSS, mean wall shear stress.

2 Statistically significant.

icance. Table 3 lists the slope of the linear regression, the correla-
tion coefficient (R?), and the P value of the correlation between
each hemodynamic variable and the measured ultimate strain and
high-strain stiffness. For a P value of <.05, the slope of the corre-
sponding linear regression is significantly different from zero with
95% confidence.

The relationships between hemodynamic quantities and ultimate
strain and high-strain wall stiffness are shown in Figs 2 and 3, respec-
tively. The lines correspond to the straight lines fitted by the linear
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FIG 2. Relationships between hemodynamic variables and ultimate wall strain. Each correlation that reached statistical significance (95%
confidence) is marked with an asterisk. In the top-left panel, aneurysms CA26 and CAI15, exemplified in Figs 4 and 5, are marked with green and
red circles, respectively. corelen indicates vortex core-line length; ICl, inflow concentration index; LSA, area under low wall shear stress relative
to the parent vasculature; OSI, mean oscillatory shear index; podent, POD entropy; Q, aneurysm inflow rate; SCI, shear concentration index (a
measure of concentration of the wall shear stress distribution); VE, aneurysm mean velocity; WSS, mean wall shear stress.

regression (slope and intercept provided in Table 3). Each correlation
that reached statistical significance is indicated with an asterisk.

The ultimate strain was seen to decrease with increasing aneu-
rysm inflow rate, mean velocity, inflow concentration, flow instabil-
ity, flow complexity, WSS, and oscillatory shear index; whereas it
decreased with increasing concentration of the WSS distribution and
area under low WSS. However, only the associations with inflow rate,
mean velocity, and mean WSS reached statistical significance. Ultimate
stress followed the same trends but did not reach statistical significance
(data not shown).

High-stress wall stiffness increased with inflow rate, mean veloc-
ity, inflow concentration, flow instability, flow complexity, WSS, and
oscillatory shear index, whereas it decreased with the concentration
of the WSS distribution and area under low WSS. The relations to
velocity, flow instability, WSS, and oscillatory shear index reached
statistical significance.

Two aneurysms (CA26 and CA15), representing distinct me-
chanical behaviors, are considered in greater detail in Fig 4 to illus-
trate these trends. In particular, with respect to failure properties, the
wall of CA26 (Fig 1, green curve, and Figs 2 and 3, green circle) had
the largest ultimate strain, largest ultimate tension, and nearly the

4 Cebral @2015 www.ajnr.org

largest ultimate stress. The walls of CA15 (Fig 1, red curve, and Figs 2
and 3, red circle) had the lowest ultimate strain, lowest ultimate ten-
sion, and second lowest ultimate stress. With regard to the nature of
the loading curve, CA26 had nearly the lowest stiffness in the high-
stress region. In contrast, the walls of CA15 had the lowest transition
strain and the largest stiffness in the high-stress region. That is, CA26
was stronger with a softer response at high stress than was CA15.

Flow visualizations of CA26 and CA15 along with MPM im-
ages of the collagen fibers of each aneurysm in their unloaded
configurations are shown in Fig 4. Isovelocity surfaces (top-left
frame of each panel) show a stronger inflow stream and larger
intrasaccular velocity in CA15. Flow streamlines (top-center
frame of each panel) also show stronger intrasaccular flow pene-
trating deeper into the cavity of CA15. Vortex core lines (top-right
frame of each panel) indicate a more complex and unstable flow
pattern within CA15. The WSS distribution (bottom-left frame of
each panel) shows higher values and a more irregular WSS distri-
bution in CA15.

The collagen fiber architectures of these 2 aneurysms are
qualitatively different. On the luminal (medial) side, CA26
shows a denser distribution resulting in a smoother and more
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FIG 3. Relationships between hemodynamic variables and wall stiffness at high stress. Each correlation that reached statistical significance (95%
confidence) is marked with an asterisk. In the top-left panel, aneurysms CA26 and CA15, exemplified in Figs 4 and 5, are marked with green and
red circles, respectively. Corelen indicates vortex core-line length; ICI, inflow concentration index; LSA, area under low wall shear stress relative
to the parent vasculature; OSImean, mean oscillatory shear index; podent, POD entropy; Q, aneurysm inflow rate; SCI, shear concentration

index; VE, aneurysm mean velocity; WSSmean, mean wall shear stress.

homogeneous appearance under the MPM than CA15. On the
abluminal (adventitial) side, the fibers of CA26 appear to have
more than one preferred orientation direction. The fibers seem
to form an interlaced mesh pattern and exhibit a larger degree
of waviness. In contrast, the fibers of CA15 close to the ablu-
minal surface appear to follow approximately a single orienta-
tion without much interlacing, whereas the fibers deeper in the
wall are not unidirectional. Fibers of CA15 exhibit less wavi-
ness and, in general, are thicker. The wall thicknesses were 450
pm in CA26 and 130 wm in CA15.

DISCUSSION

Although it is generally accepted that aneurysm evolution is gov-
erned by progressive degradation of the wall in response to abnormal
hemodynamics,”® the detailed mechanisms that drive the degenera-
tion and weakening of the wall remain unknown.” Previous studies
have identified possible associations between different hemody-
namic factors and aneurysmal rupture.* However, it is unclear which
parameters are responsible for the mechanisms controlling wall deg-
radation and aneurysm rupture or stabilization.'” Determining the
influence of intra-aneurysmal hemodynamics on wall structure and
strength has the potential to resolve this issue.

A previous study found that rupture site could best be ex-
plained in 8 of 9 aneurysms through an association of thinner
and stiffer walls with regions of abnormally high WSS.*° Re-
sults from our current study seem to support the idea that large
flow activity within the aneurysm, as characterized by high
velocity and inflow rates; high WSS and oscillatory shear index;
and complex unstable flow structures tend to be associated
with lower ultimate strains and stiffer walls. Although trends
with respect to ultimate stress did not reach statistical signifi-
cance, they were in agreement with the trends with respect to
ultimate strain and warrant further study. In addition, the
trends found in this study suggest that increasing the area ex-
posed to low WSS increases the ultimate strain and decreases
the high strain stiffness of an aneurysm wall.

In the low-stress region, collagen fibers are found to straighten
and reorient as they are recruited to load bearing.'” This reorien-
tation can be seen in Fig 5, which displays MPM images of tissue
from CA26 under increasing uniaxial loads and corresponding
histograms of the distribution of fiber orientations calculated af-
terward.”’ In the toe region, fibers straighten as the tissue is
loaded. As loading progresses through the transition region, in-
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FIG 5. Abluminal view of collagen fiber recruitment during uniaxial loading of aneurysm sample CA26 (green in Figs 1-3) obtained by using the
uniaxial MPM system. The images were obtained at stretches of 1.0 (A), 115 (B), 1.3 (C), and 1.4 (D) and were formed from a projection of stacks over
an approximately 95-um depth of tissue. E-H, Histograms of fiber-orientation distribution of the MPM images at stretches of 1.0,1.15,1.3,and 14,
respectively. The horizontal direction on the image is 0°, and the vertical direction is 90° (as shown in A).

creasing numbers of fibers are straightened and recruited to load
bearing. Finally, in the high-stress region, small changes in stretch
require large increases in load, consistent with the extensive state
of recruitment of the collagen fibers. Hence, the high-strain stift-
ness of the tissue reflects the properties of recruited fibers. Stiffer
behavior in the aneurysm wall would suggest a higher density of
collagen fibers or a stiffer collagen fabric, perhaps caused by in-
creased cross-linking. The larger waviness of collagen fibers in
CA26 may explain its increased toe region relative to CA15, which
showed little waviness. The magnitude of ultimate strain is influ-
enced by a number of factors, including the size of the toe region,
high-stress stiffness, and ultimate stress. CA15 failed at a lower
strain relative to that of other samples, consistent with the com-
bined effects of a smaller toe region, greater high-strain stiffness,
and lower ultimate stress. The increased stiffness at high stress in
this sample is consistent with a higher density of abluminal colla-
gen fibers. In contrast, CA26 failed at a higher strain, which is
consistent with its longer toe region, lower high-strain stiffness,
and greater ultimate stress.

Our results suggest that the hemodynamic environment
within the aneurysm sac influences the mechanical behavior of

the aneurysm wall, which in turn strongly depends on the archi-
tecture and quality of collagen fibers. The direct connection be-
tween hemodynamic conditions and collagen architecture has not
yet been explored and is the focus of our ongoing research.

We assessed the connection between global hemodynamic
variables and wall mechanical and failure properties. Such global
hemodynamic characteristics are appealing, because they are less
sensitive to local geometric features. Although this is a sound ap-
proach, local flow properties may cause focal changes to the wall
in some aneurysms, which in principle can be the cause of failure.
Although some of the hemodynamic parameters considered here,
such as shear concentration index, reflect local features, the anal-
ysis was not performed locally. In the future, it would be valuable
to find ways to directly map local mechanical properties to local
hemodynamics to extend the current study.

In this study we considered unruptured aneurysms. Although in
this study we focused on unruptured aneurysms, the unruptured
population seems to harbor a subpopulation of aneurysms vulnera-
ble to rupture.'? Thus, studies of already ruptured aneurysms would
be valuable to determine if the vulnerable subpopulation and rup-
tured aneurysms share the same trends identified in this study.
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Among ruptured aneurysms, some are known to include a subpop-
ulation with thin hypocellular walls devoid of endothelial cells.**
Hence, this subpopulation of aneurysms may represent a later stage
of aneurysm progression in which the role of hemodynamics is fun-
damentally different from that for the unruptured aneurysm
population.

The current study suffers from some limitations. The trends
reported here need to be confirmed with larger datasets. A num-
ber of idealizations, such as modeling the aneurysm wall as rigid
and blood as a single-phase fluid with constant viscosity, were
imposed in the hemodynamics studies. Our flow conditions were
derived from healthy subjects and scaled with patient-specific in-
flow vessel sizes, but the effects of comorbidities such as hyper-
tension were not considered. Although our assumptions may
have been reasonable,”” the effects of other comorbidities should
be investigated in future studies. In addition, we considered uni-
axial loading, recognizing that in vivo loading is closer to equibi-
axial. This choice was motivated largely by the desire to test the
tissues to failure coupled with the small size of the aneurysm sam-
ples. Nevertheless, to our knowledge, our preliminary results are
the first to show the link between hemodynamics and aneurysm
wall properties and suggest several provocative hypotheses about
the relationship between in vivo hemodynamics, wall structure,
and wall mechanical properties that need to be tested with larger
series of human aneurysm tissue samples.

CONCLUSIONS

In unruptured intracranial aneurysms, wall ultimate strain was
correlated negatively with aneurysm inflow rate, mean velocity,
and mean wall shear stress. Wall stiffness in the high-stress region
was positively correlated with aneurysm inflow rate, mean veloc-
ity, wall shear stress, flow complexity, and in stability.
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