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Abstract
OBJECTIVE—The effectiveness of intracranial aneurysm (IA) size as a predictor for rupture has
been debated. We recently performed a retrospective analysis of IA morphology and found that a
new index, namely, aneurysm-to-parent vessel size ratio (SR), was strongly correlated with IA
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rupture, with 77% of ruptured IAs showing an SR of more than 2, and 83% of unruptured IAs showing
an SR of 2 or less. As hemodynamics have been implicated in both IA development and rupture, we
examine how varying SR influences intra-aneurysmal hemodynamics.

METHODS—One sidewall and 1 terminal IA were virtually reconstructed from patient 3-
dimensional angiographic images. In 2 independent in silico experiments, the SR was varied from
1.0 to 3.5 by virtually changing either aneurysm size or vessel diameter while keeping the other
parameter constant. Pulsatile computational fluid dynamics simulations were performed on each
model for hemodynamics analysis.

RESULTS—Low SR (≤2) aneurysm morphology consistently demonstrated simple flow patterns
with a single intra-aneurysmal vortex, whereas higher SR (>2) aneurysm morphology presented
multiple vortices and complex flow patterns. The aneurysm luminal area that was exposed to low
wall shear stress increased with increasing SR. Complex flow, multiple vortices, and low aneurysmal
wall shear stress have been associated with ruptured IAs in previous studies.

CONCLUSION—Higher SR, irrespective of aneurysm type and absolute aneurysm or vessel size,
gives rise to flow patterns typically observed in ruptured IAs. These results provide hemodynamic
support for the existing correlation of SR with rupture risk.

Keywords
Intracranial aneurysm; Morphology; Parent vessel diameter; Rupture risk; Size ratio

Most clinical studies attempting to stratify the rupture risk of an intracranial aneurysm (IA)
have relied on absolute aneurysm size as the primary metric for IA morphology (18,20,31,
41). Recent large- scale studies, such as the International Study of Unruptured Intracranial
Aneurysms (18,41), have generated considerable controversy (2,9,10,12,21,26) as a result of
predicting extremely low rupture rates on the basis of IA size. Numerous studies have disputed
the application of size as a predictor of IA rupture risk, pointing out the frequency of
subarachnoid hemorrhage from small aneurysms (3,6,13,28).

Location-based studies have consistently shown that certain parts of the cerebral vasculature,
such as the posterior communicating artery and the anterior communicating artery (AComA),
have a higher incidence of ruptured aneurysms when compared with other locations, such as
the cavernous segment of the internal carotid artery (ICA) (3,6,13,28,35,39,40). It has also
been noted that specific locations on the cerebral vasculature (e.g., AComA) harbor a high
percentage of all small ruptured IAs; whereas at other locations (such as the ICA), small,
ruptured IAs are substantially less frequent (3,6,13,28). These observations suggest that IA
size loses relevance to rupture risk if location is not accounted for. Furthermore, it is likely that
the variability of the rupture risk of different locations may be related to the caliber of the
originating, or parent, vessel, resulting in higher risks for small- diameter vessels (e.g., AComA
or posterior communicating artery ) and lower risks for larger- diameter vessels (e.g., ICA)
(3,6,13,28,35,39,40). Evaluation of the contribution of parent vessel geometry to aneurysm
rupture risk may help resolve the above-noted conflicts regarding the use of IA size alone as
a predictor of rupture risk.

In a recent study, we proposed a new parameter, size ratio (SR), defined as maximum aneurysm
height/average parent vessel diameter, that incorporates the IA parent vessel geometry into a
morphological index (11). That study compared SR with previously identified parameters, such
as aneurysm size, aspect ratio, undulation index, ellipticity index, and non-sphericity index,
and found SR to have the strongest correlation with IA rupture.

It has been hypothesized that the mechanism by which IA morphology relates to IA rupture is
via the intra- aneurysmal hemodynamic environment created by a particular geometry (36).
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Several studies have evaluated the relationship between intra- aneurysmal hemodynamics and
IA growth rate and rupture risk (8,15–17,19,23–25,32,33,36). Computational fluid dynamics
(CFD) studies of intra- aneurysmal hemodynamics have identified certain flow characteristics
to be specific to ruptured aneurysms and, therefore, classified as potentially “dangerous” (8,
32,36). Regions of markedly low (<0.5 Pa) wall shear stress (WSS) on the IA inner wall,
focused flow impingement zones, and complex flow patterns with features such as multiple
vortices and creation and destruction of vortices during the cardiac cycle have all been
identified as being more prevalent in ruptured IAs (8,32,36).

Because SR has been shown to correlate with IA rupture (11), we now investigate the effect
of SR on intra-aneurysmal hemodynamics to elucidate the specific flow patterns that are
prevalent in rupture- prone IAs. We performed pulsatile CFD simulations on 2 types of saccular
IAs (sidewall and terminal) while virtually modifying the relationship between the IA and
parent vessel, thereby allowing computational simulation of IA hemodynamics on preexisting
aneurysms with constant morphology—except for a varying SR. Each original IA model was
morphed to change only SR while keeping all other shape metrics constant. For the original
IA models, we used anatomically accurate geometries reconstructed from patient 3-
dimensional angiography rather than idealized models. Both original IAs were unruptured. The
intent of this virtual analysis was to gain insight concerning the relationship between SR and
hemodynamic environments associated with elevated IA rupture risk, thereby highlighting the
importance of considering both aneurysm and parent vessel anatomy when assessing IA rupture
risk.

MATERIALS AND METHODS
Selection of Aneurysm Geometries

From a cohort of 85 patients who underwent diagnostic 3-dimensional rotational angiography,
45 intracranial aneurysm images were reviewed that were of sufficient quality for accurate 3-
dimensional reconstruction using in- house software based on open- source Visualization
Toolkit libraries (http://www.vtk.org/). These 45 IAs, which included both ruptured and
unruptured IAs, formed the basis for our previous morphology- rupture risk analysis (11), and
they provided the model selection parameters for the current study as well. Morphological
metrics were calculated for these 45 IAs, including aneurysm size (maximum perpendicular
distance of the dome from the neck plane [30]), aspect ratio (ratio of the maximum
perpendicular height to the average neck diameter [36,39]), undulation index (30), ellipticity
index (30), nonsphericity index (30), and SR (maximum aneurysm height/average parent vessel
diameter [11]). In cases of a terminal aneurysm, the parent vessel diameter in the calculation
of SR was taken as the average of all 3 bifurcation branches (11). Averages of the above metrics
were obtained, and 2 representative IAs (1 saccular sidewall and 1 saccular terminal) with
morphologies that most closely approximated the averages were then chosen from the patient
group. The 2 selected IAs were chosen a priori, and the proceeding virtual analysis was
performed on these 2 aneurysms alone (i.e., these data do not reflect post-analysis selection
bias). Coincidentally, both aneurysms were originally in the posterior circulation. The chosen
sidewall IA was located on the posteroinferior cerebellar artery, and the chosen terminal IA
was located on the basilar tip. Approval for the collection and review of the angiogram data
was obtained from the Institutional Review Board at the University at Buffalo.

Original Geometries
The chosen original sidewall IA had a maximum height of 5.12 mm and an average parent
vessel diameter of 2.5 mm, thereby giving an SR of 2.0. The original terminal IA had a
maximum height of 3.6 mm with an average parent vessel diameter of 2.4, thereby giving an
SR of 1.5. Additionally, both cases had an aspect ratio of 1.4. Both aneurysms were unruptured.
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Parametric Modeling for Varying SR
To elucidate the relative importance of the parameter SR to the development of previously
defined “dangerous” intra-aneurysmal hemodynamics (8,32,36), we performed pulsatile CFD
analysis (detailed below) on the original 2 chosen representative IA cases and on a series of
additional models that were created from the 2 original cases and in which we virtually
manipulated the SR while keeping other morphological metrics (aspect ratio, undulation index,
nonsphericity index, and ellipticity index) constant. In this way, confounding influences from
other parameters were eliminated, and the influence of SR alone on hemodynamics could be
assessed. It is important to note that the virtual manipulation aims to create a series of
preexisting IAs of different size ratios. It does not aim to simulate a change in vessel size or
aneurysm size over time in a particular patient. Virtual manipulation was performed by
separating the IA sac and parent vessel using cutting tools on Ansys ICEM CFD software
(Ansys, Inc., Canonsburg, PA) and then scaling the IA and parent vessel sizes up or down
while holding their shapes constant. Once the newly scaled geometries were created, the models
of the IA and vessel were merged again using Pro/Engineer (PTC, Needham, MA) to generate
models of varying SRs for each patient case. Each IA model (terminal and sidewall) underwent
2 independent in silico experimental analyses. In experiment 1, the aneurysm size was kept the
same as the original IA. The vessel diameter was scaled up or down to generate a range of
different SRs. In experiment 2, the vessel diameter was kept the same as in the patient geometry.
The aneurysm size was scaled up or down to generate a range of different SRs.

Cases with SRs of 1, 1.5, 2, 2.8, and 3.5 were thus created (Figs. 1 and 2). These SRs were
chosen to span the range of 1 to 3.5 that we observed in our source population of 45 IAs, as
well as to include the original 2 geometries from the representative patient sidewall (SR = 2.0)
and terminal (SR = 1.5) IAs.

Numerical Simulation
Finite volume tetrahedral meshes consisting of approximately 200 000 to 1 million tetrahedral
and wall prism elements (for accurate boundary layer resolution) were created for each model
using Ansys ICEM CFD software. Numerical solution of the incompressible transient Navier-
Stokes equations was obtained using the solver Star-CD (CD Adapco, Melville, NY). Inlet
flow Reynolds numbers (Re = ρUd/μ, where Re is the Reynolds number, ρ is the density, U is
the average inlet velocity, d is the vessel diameter, and μ is the viscosity) were calculated from
typical values of velocities and vessel diameters (1,6,38) at the locations of the 2 original IAs.
The resulting Reynolds number was 380 for the sidewall IA and 272 for the terminal IA. At
the model inlets for each patient case, pulsatile boundary conditions using this mean Reynolds
number were implemented as SR was varied. The shape of the pulsatile waveform was obtained
from transcranial Doppler ultrasound measurements on a normal subject. Although the shape
of the waveform was held constant for each of the simulations, its velocity magnitude was
scaled to the desired mean Reynolds number. It should be noted that the hemodynamic
comparisons that follow will focus on qualitative flow changes with varying SR. Exact flow
velocity values (and shape of the waveform) may vary based upon the assumptions of the
model; however, the observed trends are expected to be maintained across model assumptions.

Blood was modeled as a Newtonian fluid (4,7) with a density of 1056 kg/m3 and a viscosity
of 0.0035 kg/ms. To ensure that numerical stability had been reached, 3 pulsatile cycles were
simulated, with only the last cycle being used for output of results and post-processing. The
CFD solution was output at 46 equally spaced time points through the third cycle. Owing to
the lack of information on vessel properties such as elasticity and composition, the wall
distensibility was neglected, and rigid wall boundaries with no-slip conditions were
implemented at the vessel walls (7). This rigid wall assumption is acceptable for our analysis
because the influence of wall compliance on the aneurysmal flow pattern is insignificant
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compared with that of overall morphology (7). To provide a clear picture of the flow, all data
are presented as the time-average of the solution over the third pulsatile cycle. For additional
visualization, animations of the pulsatile flow field were also generated. Traction-free
boundary conditions were implemented at the outlet (7,33), and in the terminal IA case, the
flow was assumed to split according to the left and right posterior cerebral artery outlet areas,
respectively.

Wall Shear Stress Comparison
In experiment 1, vessel size was scaled up or down to generate the desired SR, and a constant
Reynolds number inlet boundary condition was imposed, which ensured similar flow patterns
in all parent vessels. Consequently, flow velocity in each vessel must vary, causing larger vessel
sizes to have lower velocities (and lower WSS) and vice versa for smaller vessels. To make
WSS comparable in experiment 1, we normalized the WSS in each simulation and then rescaled
it to the WSS level of the original patient IA case by defining

(Eq 1)

where ρ is the density, U is the average vessel velocity at the inlet (based on the mean Reynolds
number), and the subscript “p” denotes the original patient (baseline) case. Plotting the scaled
WSS, the parent vessels in all models assume the same value as in the original IA case, which
allows easy comparison of WSS between the models.

In experiment 2, the above Reynolds number scaling procedure was not necessary because the
vessel size was kept constant. Thus, all vessels had the same Reynolds number and the same
flow velocity, and we have WSS = WSSscaled.

To quantify “low” WSS regions in different cases, we compared the areas of the IA wall that
had a WSSscaled (experiment 1) or WSS (experiment 2) lower than 0.5 Pa, which has been
reported as a WSS value below which atherosclerotic degeneration, macrophage infiltration,
and wall tissue inflammation are likely to occur (22,32). It has been noted that a WSS of 2 N/
m2 is suitable to maintain the structure of arterial vessels (22). An excessively low WSS (<0.5
Pa) has also been previously identified as a possible reason for degeneration and structural
fragility of the aneurysm wall (32). All areas are reported in terms of percentage of the total
IA area, which allows for easy comparison between experiment 1 and experiment 2 (where
aneurysm sizes vary).

RESULTS
Experiment 1

For the models in experiment 1 (constant IA size), velocity vectors of the average flow were
plotted on representative planes cut through the aneurysm volume (sidewall IA [Fig. 3A] and
terminal IA [Fig. 3B]). The location of each cut plane was not constant but was chosen to best
illustrate the intra-aneurysmal flow patterns. For both aneurysm types, vortex structures in the
models with SRs of 1, 1.5, and 2 remained relatively simple, with a single prominent vortex
inside the aneurysm volume. However, for models with SRs of 2.8 and 3.5, the flow pattern
changed considerably, presenting more complex flow structures with multiple associated
vortices. Animations of the flow vectors over the pulsatile cardiac cycle (see Videos,
Supplementary Digital Content 1, http://links.lww.com/A779, and Supplementary Digital
Content 2, http://links.lww.com/A780) further illustrate the complexity of the transient flow
patterns. In a majority of the high SR cases, dynamically changing vortex patterns are observed
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over the cardiac cycle. The low SR cases, on the other hand, present a stable, single vortex.
This was consistent in both the sidewall and terminal IA cases.

Figure 4 shows the regions of low WSSscaled on the aneurysmal surface for sidewall IA (Fig.
4A) and terminal IA (Fig. 4B). As SR increased, so did the IA inner-wall area that experienced
low WSSscaled, regardless of aneurysm type. The area of WSSscaled of less than 0.5 Pa, given
as the percentage of total IA area, is shown in a bar plot for each aneurysm type as a function
of SR. This area increases sharply as SR increases beyond a value of 2, and it is interesting to
note that the plots for both sidewall and terminal IAs show a very similar qualitative trend
despite the vastly different aneurysm geometries.

Experiment 2
For the models in experiment 2 (constant vessel caliber), velocity vectors of the average flow
were again plotted on representative cut planes that best illustrated the intra-aneurysmal flow
structures (sidewall IA [Fig. 5A] and terminal IA [Fig. 5B]). Regardless of aneurysm type,
flow patterns changed with increasing SR from a simple, single vortex to multiple vortices
with an apparent threshold at an SR of 2, similar to the results observed in experiment 1. Online
animations show the flow vectors over 1 pulsatile cardiac cycle for the sidewall IA (see Video,
Supplementary Digital Content 3, http://links.lww.com/A781) and terminal IA (see Video,
Supplementary Digital Content 4, http://links.lww.com/A782). As in experiment 1, complex
and dynamic vortices are observed in the high SR cases, whereas the low SR cases present a
simpler flow with a single, stable vortex.

Figure 6 shows the regions of low WSS on the aneurysmal surface for sidewall IA (Fig. 6A)
and terminal IA (Fig. 6B). As the SR increases, we observe larger regions of low WSS,
consistent with the results of experiment 1. The percentage area of WSS of less than 0.5 Pa is
again shown in a bar plot, and as in experiment 1, the area increases sharply for both aneurysm
types as SR increases beyond a value of 2.

DISCUSSION
We demonstrate that, while holding all other morphological parameters constant (including IA
size, aspect ratio, and undulation index), modifying the SR alone is sufficient to create an intra-
aneurysmal hemodynamic environment associated with ruptured IAs. This strongly suggests
that the absolute size of an IA is less relevant to the development of dangerous intra- aneurysmal
hemodynamics than is the relationship between IA size and parent vessel caliber (quantified
by SR). The most widely studied morphological parameters, IA size and aspect ratio, account
for the aneurysm, but not for parent vessel anatomy (3,6,28,30,37,39). Our results indicate that
the relationship between IA size and parent vessel caliber is critical to the type of intra-
aneurysmal hemodynamics generated, even when absolute IA size and other IA- specific
morphological parameters are held constant.

In a study previously performed by our group on the same 45 patient IA geometries, the
statistical correlation of various morphology parameters with IA rupture was investigated
retrospectively (11). Those parameters included absolute IA size, aspect ratio, undulation
index, ellipticity index, nonsphericity index, SR, and aneurysm/vessel angle. Among these, SR
was found to have the most significant correlation with IA rupture (P < 0.00026; odds ratio,
1.14; 95% confidence interval, 1.03–1.92). The optimal threshold of SR was found to be 2.05,
with 77.27% of all ruptured IAs having an SR of more than 2.05 and 83.21% of all unruptured
IAs having an SR of 2.05 or less. The current flow dynamics study does not attempt to
statistically correlate SR with rupture. However, we do note that the CFD results observed are
consistent with the findings of the previous statistical study and lend credence to the value of
SR as a morphological parameter. When SR exceeds 2, the simple, stable vortex patterns turn
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into complex patterns with multiple vortices that change dynamically during the course of a
cardiac cycle. Such complex flow patterns and dynamic creation and destruction of vortices
have previously been associated with ruptured IAs (8,36). In the current study, we also observed
a noticeable increase in the percentage of IA area exposed to low WSS or WSSscaled once SR
becomes greater than 2. This is consistent with studies that found large areas of low WSS to
correlate with IA growth (19) and rupture (32,36). The trends observed in our experiments are
similar for the sidewall and terminal models, indicating that SR remains relevant through large
variations in IA and environment morphologies.

Various studies have reported a rupture relationship with IA location (3,6,13,28,35,39,40),
fueling the arguments of those criticizing large clinical trials that stratified IAs at different
locations according to size alone. In particular, the AComA, which is a small- caliber vessel,
has been identified as a location portending high rupture risk, even for small aneurysms (3,6,
13,28). In fact, 94.4% of all AComA aneurysms have been found to be less than 10 mm in size
(13,40) but nevertheless comprise 30% to 32% (28,35) of all ruptured IAs. On the other hand,
it has been observed that the ICA, a large- caliber vessel, accounts for a large percentage of all
unruptured IAs (13,35,39,40). The high incidence of small ruptured IAs at the AComA is
consistent with the observation by Carter et al. (6) that the average size of ruptured IAs is
smaller on vessels of smaller sizes, because location is closely related to vessel diameter,
ranging from 1.25 mm at the AComA to 4 mm at the ICA on average (38). From these findings,
it is evident that size alone is insufficient to accurately predict IA rupture risk. To improve the
prediction of rupture risk, the IA location with its specific parent vessel diameter must also be
accounted for. A parameter like SR can potentially achieve this, because a high- risk IA of a
given SR will have a smaller absolute size on the AComA than on the ICA (i.e., an SR of 3
would typically correspond to an aneurysm size of approximately 3.75 mm on the AComA
versus approximately 12 mm on the ICA). In the current CFD study, an increased SR created
flow patterns previously associated with rupture, which supports SR as a promising parameter.
Additionally, we anticipate the applicability of SR to clinical practice to be aided by the relative
ease by which it is calculated. With only standard tools and simple arithmetic, the SR of an IA
can be generated in the space of a few seconds. This added benefit may encourage the use of
SR by a wide sampling of clinicians, in contrast to other more complex IA parameter
assessments.

It must be pointed out, however, that we only focused on the 2 main IA types (sidewall and
terminal) in the current study, while keeping location and all shape-related factors (aspect ratio,
undulation index, and so forth) constant. This procedure allows isolating the specific influence
of SR on hemodynamics. However, it limits the generalization of the results. AComA
aneurysms, in particular, have complicated inflow conditions, and the CFD results for terminal
IAs presented here may not fully reflect the complex flow in all AComA IAs. One sidewall
and 1 terminal case—i.e., the most common forms of IA—were chosen for a “first look” at
how SR can affect intra- aneurysmal flow. A more comprehensive parametric study could be
performed in the future by choosing a larger set of IAs from various locations and with varying
shapes and running CFD for a series of virtual SR variations for each IA. However, because
of the multitude of possible variations, this would be a large undertaking and exceeds the scope
of the present article.

Although we demonstrated the significance of SR on intra- aneurysmal hemodynamics in the
current study, this is not to suggest that absolute IA size is irrelevant. In fact, numerous studies
have observed a connection between absolute IA size and rupture risk (18,20,31,41). However,
as experiment 2 confirms, absolute IA size likely acts as a surrogate marker for SR in vessels
of similar size and therefore would just as similarly predict intra-aneurysmal hemodynamics.
It is therefore probable that studies primarily utilizing absolute IA size to assess rupture risk
are using a nonideal categorization schedule should they stratify, for example, large-parent-
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vessel 6-mm IAs with small-parent-vessel 6-mm IAs. In such cases, the first IA (low SR) would
be grouped with the second IA (large SR), thereby overestimating the rupture risk of the former
and underestimating the rupture risk of the latter.

CFD studies of parametric variation of IA morphology and its effect on intra-aneurysmal
hemodynamics have been previously conducted (5,14,16,17,29). However, most of those
studies used idealized aneurysm models (whether virtual, mechanical, or surgically created in
animals), and the relevance of hemodynamics observed in idealized geometries to patient-
specific aneurysm cases is questionable. To avoid this potential confounder, we used aneurysm
models generated from actual human IAs, which provides an additional degree of confidence
in the relevance of the hemodynamic features observed. Additionally, our investigation is the
first, to our knowledge, to specifically evaluate the relationship of parent vessel size to aneu
rysm size through our virtual manipulation of the SR. Previous assessments of parent vessel
contribution to IA hemodynamics have focused on aneurysm orientation (i.e., sidewall,
sidewall with branching vessel, and terminal) (16,17), rather than the relationship between
parent vessel and aneurysm size.

Study Limitations
A significant limitation of this investigation is the small sample size. However, it is our intent
to provide an illustrative investigation into the effect of a novel IA morphological parameter,
SR, on hemodynamics—while holding other parameters constant. As a comprehensive
assessment of the myriad of anatomic variants would be prohibitive, we believe that such a
limited “first look” is an appropriate starting point. Additionally, we hope that these findings
encourage future investigation into the more expansive aspects of elucidating the relationship
between SR and IA rupture.

The original 2 aneurysm models (sidewall and terminal) were reconstructed from actual patient
IA geometries. Although this is preferable to using idealized IA shapes, we acknowledge that
our subsequent virtual manipulation (scaling of vessel caliber or aneurysm size) to create
models of varying SRs is a simplified approach and should only be considered as a first step.
In the future, the results from the present study need to be corroborated by analyzing a
considerable quantity of real patient geometries that naturally have different SRs and
performing CFD simulations on these subjects. This would be a huge undertaking, as other
morphology parameters (including aspect ratio, undulation index, and vessel and aneurysm
angles) would change along with SR in these geometries, and the influence of SR alone would
be hard to isolate. Thus, many more patient cases would be required, and statistical tools would
be needed to differentiate the influence of all parameters. We hope that the present findings
will provide the impetus to allow such further investigations.

An additional limitation of the present study is the use of a representative normal subject
waveform for our simulations. This was done because of the difficulty in obtaining waveforms
for vessel locations deep in the brain and because these waveforms will vary not only from
individual to individual but also owing to the physical, as well as the mental, activity of the
subject (27,34). However, it has been demonstrated that the CFD solution is less sensitive to
changes in the waveform than to changes in the overall aneurysm plus vessel geometry.
Therefore, the error involved in using a representative waveform in the current study is
expected to be small. Further simplifying model assumptions like Newtonian flow and the
choice of “typical” flow Reynolds numbers from the literature will also undoubtedly influence
quantitative CFD results. However, the current study investigates qualitative changes such as
flow patterns, vortex dynamics, and wall exposure to low WSS with varying SR. Such changes
are expected to follow the same trends, even if somewhat different flow parameters are chosen.
Because actual patient velocity measurements were not available to calculate Reynolds
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numbers in the present study, we believe that choosing values available in the literature was
the best alternative.

We acknowledge that in our assessment of the WSS results, the value of 0.5 Pa chosen as a
threshold for “low” WSS is somewhat arbitrary (although supported in the literature) (22,32)
and should only be viewed as a tool for comparing the various models. If a different value (e.g.
1.0 Pa) had been chosen, the bar plots in Figures 4 and 6 would have different absolute values,
but the qualitative trend (greater area of low WSS with increasing SR) would be the same.

It should also be noted that, although this study was prospective and experimental in nature,
much of the supportive literature regarding the relationship of IA morphology and IA
hemodynamics with IA aneurysm rupture is retrospective and, as a result, is dependent on
critical assumptions. These include the assumption that postrupture aneurysm morphology is
the same, or comparable, to prerupture morphology, as well as the assumption that an
unruptured aneurysm is not in a state of imminent rupture. Although these assumptions do not
directly confound our experimental investigation, they are fundamental to the referenced
literature as well as to the suggested implications of our findings.

Finally, it must be pointed out that biological and environmental factors (such as smoking,
hypertension, sex, and age) play an important role in the pathological history of aneurysms.
The goal of the current study was to examine variation in hemodynamics when a specific
morphological metric, SR, was varied. Studies of the effects of the above- listed additional
factors on IA rupture can provide valuable insight into IA behavior; however, they are beyond
the scope of this study.

CONCLUSION
Previous large clinical investigations have focused on IA size as being critical to rupture risk.
The interpretation of the results of these studies may be confounded owing to the grouping of
small aneurysms on large vessels with those of small aneurysms on small vessels. In this study,
we demonstrated that aneurysm- to- parent vessel SR has a significant effect on IA
hemodynamics and may be a potential parameter to resolve the confusing trends observed when
relating IA rupture risk with absolute IA size.
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ABBREVIATIONS
AComA anterior communicating artery

CFD computational fluid dynamics

IA intracranial aneurysm

ICA internal carotid artery

SR size ratio

WSS wall shear stress
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FIGURE 1.
Drawings showing geometry models of experiment 1 (constant intracranial aneurysm [IA] size
and varying size ratio [SR]). A, sidewall IA case; B, terminal IA case.
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FIGURE 2.
Drawings showing geometry models of experiment 2 (constant vessel size and varying SR).
A, sidewall IA case; B, terminal IA case.
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FIGURE 3.
Drawings showing intra- aneurysmal flow patterns (time averaged) from experiment 1
illustrated by vector plots on planes cutting through the aneurysm volume for sidewall IA
(A) and terminal (B) IA cases. Velocities are normalized with the corresponding inlet velocity,
thereby allowing comparison of A and B. Vector lengths have been held constant to enhance
visibility of vortex structures; color scales indicate velocity magnitude. Flow patterns change
from a simple, single vortex to multiple vortices when SR is more than 2. Time-dependent
animations of the intra-aneurysmal flow over a cardiac cycle have been included as
supplemental files (see Videos, Supplementary Digital Content 1,
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http://links.lww.com/A779, and Supplementary Digital Content 2,
http://links.lww.com/A780). Dynamics of the vortices observed can be seen in the animations.
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FIGURE 4.
Surface plots of scaled wall shear stress (WSS scaled) on the aneurysmal walls in experiment 1
showing an increase in the area exposed to low WSSscaled (<0.5 Pa) with increasing SR for
sidewall (A) and terminal (B) IA cases.
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FIGURE 5.
Drawings showing intra-aneurysmal flow patterns (time averaged) from experiment 2
illustrated by vector plots on planes cutting through the aneurysm volume for sidewall IA
(A) and terminal (B) IA cases. Vector lengths have been held constant to enhance visibility of
vortex structures; color scales indicate velocity magnitude. Flow patterns change from a simple,
single vortex to multiple vortices when SR is more than 2. Time- dependent animations of the
intra- aneurysmal flow over a cardiac cycle have been included as supplemental files (see
Videos, Supplementary Digital Content 3, http://links.lww.com/A781, and Supplementary
Digital Content 4, http://links.lww.com/A782). Dynamics of observed vortices can be seen in
the animations.
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FIGURE 6.
Surface plots of WSS on aneurysmal walls in experiment 2 showing an increase in the area
exposed to low WSS (<0.5 Pa) with increasing SR for sidewall (A) and terminal (B) IA cases.
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