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Cerebral Aneurysm Rupture

BACKGROUND AND PURPOSE: Hemodynamic factors are thought to play an important role in the
initiation, growth, and rupture of cerebral aneurysms. This report describes a study of the associations
between qualitative intra-aneurysmal hemodynamics and the rupture of cerebral aneurysms.

MATERIALS AND METHODS: Two hundred ten consecutive aneurysms were analyzed by using patient-
specific CFD simulations under pulsatile flow conditions. The aneurysms were classified into catego-
ries by 2 blinded observers, depending on the complexity and stability of the flow pattern, size of the
impingement region, and inflow concentration. A statistical analysis was then performed with respect
to the history of previous rupture. Interobserver variability analysis was performed.

RESULTS: Ruptured aneurysms were more likely to have complex flow patterns (83%, P < .001),
stable flow patterns (75%, P = .0018), concentrated inflow (66%, P = <.0001), and small impinge-
ment regions (76%, P = .0006) compared with unruptured aneurysms. Interobserver variability
analyses indicated that all the classifications performed were in very good agreement—that is, well
within the 95% ClI.

CONCLUSIONS: A qualitative hemodynamic analysis of cerebral aneurysms by using image-based
patient-specific geometries has shown that concentrated inflow jets, small impingement regions,
complex flow patterns, and unstable flow patterns are correlated with a clinical history of prior
aneurysm rupture. These qualitative measures provide a starting point for more sophisticated quanti-
tative analysis aimed at assigning aneurysm risk of future rupture. These analyses highlight the

potential for CFD to play an important role in the clinical determination of aneurysm risks.

ABBREVIATIONS: ACA = anterior cerebral artery; AcomA = anterior communicating artery; C =
complex (flow complexity), concentrated (inflow concentration); CFD = computational fluid dynam-
ics; Cl = confidence interval; D = diffuse; 3DRA = 3D rotational angiography; L = large; OR = odds
ratio; S = simple (flow complexity), stable (flow stability), or small (flow impingement); O1-02 =
observer 1-observer 2; U = unstable; V = velocity; WSS = wall sheer stress

Ithough unruptured cerebral aneurysms carry a relatively

low risk of rupture,"? preventive interventions are com-
monly considered because of the poor prognosis of intracra-
nial hemorrhage. Current treatments of intracranial aneu-
rysms carry a small but significant risk that can exceed the
natural risk of aneurysm rupture,”” making the development
of methods to better define the rupture risk of cerebral aneu-
rysms very valuable for clinicians. Current risk assessment is
mainly based on aneurysm size—that is, larger aneurysms are
more likely to rupture than smaller aneurysms.*> However,
small aneurysms do rupture; thus, aneurysm size alone may
not be enough for a reliable stratification of aneurysm rupture
risk. Hemodynamics is commonly thought to play an impor-
tant role in the mechanisms of aneurysm development, pro-
gression, and rupture.® It is reasonable to assume that rup-
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ture risk assessment can be improved by incorporating
hemodynamic information. Several researchers have consid-
ered a number of geometric measures, such as aspect ratio and
shape descriptors, as surrogates for hemodynamic informa-
tion.'”"> These parameters may be useful for improving risk
evaluation, but they are difficult to connect to the underlying
mechanisms. Others have focused on extracting hemody-
namic information from CFD models.'*'° So far, these stud-
ies have been limited to a small number of aneurysms, which
has prevented the establishment of statistical associations be-
tween hemodynamic characteristics and aneurysm rupture.
The purpose of this study was to statistically confirm previous
trends relating qualitative hemodynamic characteristics and
aneurysm rupture by using image-based CFD analysis.'”

Materials and Methods

Patients and Aneurysms

A total of 210 intracranial aneurysms in 128 consecutive patients re-
ferred to the Interventional Neuroradiology Service and imaged by
conventional catheter angiography and 3DRA were included in this
study. Patient ranged from 28 to 88 years of age, with a mean age of 54
years. Women accounted for 68% of the patients. The patients’ med-
ical and radiologic records were reviewed and evaluated for evidence
of aneurysmal intracranial hemorrhage. In patients with multiple an-
eurysms, the clinical and radiologic information was considered, and
a judgment of the most likely source of hemorrhage was made. The
other coincident aneurysms were classified as unruptured. Dissecting



aneurysms or aneurysms with inconclusive clinical information or
with evidence of vasospasm were excluded. In addition to the symp-
toms associated with the intracranial hemorrhage in patients with
ruptured aneurysms, a relatively small number of patients (10%) pre-
sented with a variety of symptoms, including the following: aphasia (3
patients), bilateral peripheral weakness (1 patient), cranial nerve III
palsy (4 patients), right neck pain (1 patient), right-sided weakness (2
patients), brain arteriovenous malformations (2 patients), and sei-
zure disorder (1 patient). The aneurysms were distributed in various
locations: 53 in the internal carotid artery, 39 in the middle cerebral
artery, 52 in the posterior communicating artery, 28 in the AcomA, 4
in the ACA, 26 in the basilar artery, 2 in the superior cerebellar artery,
1 in the posterior cerebral artery, and 5 in the vertebral artery. A total
of 176 (83%) aneurysms were located in the anterior circulation, with
34 (17%), in the posterior circulation. The distribution of aneurysms
among morphologic categories was as follows: 67 bifurcation aneu-
rysms, 69 terminal aneurysms, 59 lateral aneurysms, 12 bilateral
AcomA aneurysms, and 3 fusiform aneurysms.

Image Data

All catheter angiograms were performed by standard transfemoral
catheterizations of the cerebral blood vessels. Digital subtraction an-
giography imaging was performed on an Integris biplane unit (Philips
Healthcare, Best, the Netherlands). Rotational angiograms were per-
formed during a 6-second contrast injection for a total of 24 mL of
contrast agent and a 180° rotation imaging at 15 frames per second
during 8 seconds, for an acquisition of 120 projection images. Bilat-
eral 3DRA images were acquired for aneurysms in the AcomA artery
accepting blood from both A1 segments of the ACAs. The projection
images were transferred to the Integris 3DRA Workstation (Philips
Healthcare) and reconstructed into 3D voxel data by using standard
proprietary software (XtraVision, Philips Healthcare).

Vascular and Hemodynamics Modeling

Patient-specific models of the cerebral aneurysms were constructed
by using a previously developed methodology.'®'® Briefly, 3D images
were filtered to reduce noise and segmented by using a seeded region-
growing algorithm to reconstruct the arterial network topology fol-
lowed by an isosurface deformable model to recover the vascular ge-
ometry. The vascular models were then smoothed, and vessel
branches were truncated perpendicularly to their axes. Unstructured
grids composed of tetrahedral elements were then generated for nu-
meric simulations with a minimum uniform resolution between 0.02
cm and 0.01 cm. The resulting grids contained between 1 and 5 mil-
lion elements.

Blood flows were approximated by the unsteady 3D Navier-Stokes
equations for an incompressible Newtonian fluid, and vessel walls
were assumed rigid. Because patient-specific blood-flow information
was not available, typical physiologic flow boundary conditions were
derived from phase-contrast MR imaging measurements of flow rates
in healthy subjects.’® The measured flow waveforms were scaled with
the areas of the inlet boundaries to achieve a mean WSS of 15 dyne/
cm? at the inlets, which were located in the internal carotid artery,
vertebral artery, or basilar artery for all models. Fully developed ve-
locity profiles were prescribed at the inlets by using the Womersley
solution.”! The governing equations were numerically solved by using
in-house—developed software based on an implicit pressure-projec-
tion algorithm.>** All numeric simulations were performed by using
100 time steps per cardiac cycle for a total of 2 cycles. All analyses and
visualizations were done for the second cycle.

Data Analysis

The computed blood flow fields were visualized by using a variety of
techniques, including the following: 1) isovelocity surfaces to depict
the aneurysm inflow stream, 2) streamlines to depict the intra-aneu-
rysmal flow structures, 3) velocity magnitudes on cut planes to depict
the inflow jets and velocity profiles at the neck, and 4) shaded surfaces
to depict the distribution of WSS magnitudes.

The hemodynamic visualizations were analyzed to classify blood
flows according the following characteristics:

Flow complexity. “Simple” flow pattern indicates flow patterns
consisting of a single recirculation zone or vortex structure within the
aneurysm. “Complex” indicates flow patterns exhibiting flow divi-
sions or separations within the aneurysm sac and containing more
than 1 recirculation zone or vortex structure.

Flow stability. “Stable” indicates flows patterns that persist (do
not move or change) during the cardiac cycle. “Unstable” indicates
flow patterns in which the flow divisions and/or vortex structures
move or are created or destroyed during the cardiac cycle.

Inflow concentration. “Concentrated” inflow streams or jets
penetrate relatively deep into the aneurysm sac and are thin or narrow
in the main flow direction. “Diffuse” indicates inflow streams that are
thick compared with the aneurysm neck and flow jets that disperse
quickly once they penetrate into the aneurysm sac.

Flow impingement. The “flow impingement zone” is the region
of the aneurysm where the inflow stream is seen to impact the aneu-
rysm wall and change its direction and/or disperse. Typically this
region has an associated region of elevated WSS: a small impingement
if the area of the impingement region is small compared with the area
of the aneurysm (<<50%); a large impingement, if the area of impinge-
ment is large compared with the area of the aneurysm (>50%).

Two observers blinded to the clinical history of the patients inde-
pendently evaluated and classified the aneurysms into the categories
described above. The degree of agreement between the 2 observers
was quantified by using the k test.>* In cases in which the observers
disagreed, the models were re-examined by both observers and a con-
sensus was reached. The data were then analyzed to look for associa-
tions between the hemodynamic characteristics and the clinical his-
tory of aneurysm rupture. Statistical analysis was performed by using
2 X 2 contingency tables, and 2-tailed P values were calculated by
using the x* (Pearson uncorrected) test.** Associations were consid-
ered statistically significant if the P values were <.05 (95% CI).

Results

Numeric simulations were performed on the 210 patient-spe-
cific aneurysm geometries under pulsatile flows. Visualiza-
tions of the unsteady flow fields were composed of cine-loops
and were used to classify the aneurysms into the hemody-
namic categories described earlier. Examples of aneurysms
with simple and complex flow patterns are shown in Fig 1.
Examples of aneurysms with stable and unstable flow patterns
are shown in Fig 2. Examples of aneurysms with large and
small impingement regions are shown in Fig 3. Examples of
aneurysms with diffuse and concentrated inflow streams are
shown in Fig 4.

The number of aneurysms classified into each category by
each observer was counted and used to assess the degree of
agreement of the hemodynamic classification. The results are
presented in Table 1. This table shows, for each hemodynamic
characteristic, the agreement-disagreement table, the number
of aneurysms that were classified by both observers into the
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Fig 1. Examples of aneurysms with simple (A) and complex (B) flow patterns. From left to right, the visualizations show isovelocity surfaces, velocity magnitudes on a cut plane, streamlines,

and WSS distribution, all at peak systole.

same categories (agreements), the number of agreements ex-
pected by chance (random), the k value, and the 95% CI. The
agreement-disagreement tables list the number of aneurysms
that were classified into the same category by both observers
and the number of aneurysms classified into 1 category by
observer 1 and into another by observer 2. The k values ob-
tained indicate that all the classifications performed by both
observers were in very good agreement—that is, well within
the 95% CI.

The number of ruptured and unruptured aneurysms in
each category was then counted. These numbers along with
the results of the statistical analyses by using contingency ta-
bles are presented in Table 2. This table also lists the x* values,
2-tailed P values, and ORs computed from the 2 X 2 contin-
gency tables. The ORs indicate that ruptured aneurysms are
4.701 times more likely to have complex flow patterns, 2.733
times more likely to have unstable flow patterns, 3.975 more
likely to have concentrated inflows, and 3.005 more likely to
have small impingement regions. The corresponding P values
show that these associations reached a strong statistical signif-
icance, well above the 95% CI. On the other hand, unruptured
aneurysms are more likely to have diffuse inflows, but they are
roughly equally likely to have simple or complex, and stable or
unstable flow patterns, and large or small impingement re-
gions. In addition, the average size (maximum dome diame-
ter) of the ruptured-aneurysm group (9.3 mm) was larger than
that of the unruptured aneurysm group (6.5 mm). This differ-
ence was statistically significant, according to the Student ¢ test
with a 95% CIL

Discussion

The pathophysiology of cerebral aneurysms is complex and
poorly understood. Current theories implicate genetic factors,
perianeurysmal environment, and vascular wall biology in
combination with the hemodynamic environment as the de-
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terminants of whether aneurysms will progress and ultimately
rupture.” Although intravascular hemodynamics is widely
considered important in the process, there is no consensus on
which variables are most important. Great controversy exists
as to whether regions of low or high flow are the most critical
in promoting the events responsible for rupture. The presence
of alow-flow environment could potentially lead to changes in
the arterial wall that would weaken its structural integrity
through mechanisms related to wall inflammation. Low flows
lead to regions of low WSS, which can be detrimental to the
wall endothelium. In particular, stagnant blood flow promotes
thrombus formation which, when adjacent to the aneurysm
wall, can lead to the release of substances that promote inflam-
mation in the aneurysm wall.*>*” Inflammation can be asso-
ciated with structural degradation through the release of nu-
merous types of destructive enzymes.***

High intravascular blood flow causes an elevation of WSS.
At high levels of WSS, the endothelium releases nitrous oxide
that leads to remodeling of the arterial wall in a system that
seeks to maintain the WSS within an acceptable range.”*>* At
excessive levels of WSS, the endothelium becomes dysfunc-
tional and can be destroyed.>® Determining which hemody-
namic variables are most closely correlated to clinical progres-
sion and rupture may help us determine the relative influence
of these mechanisms. This knowledge may help in developing
further improvements in our treatment paradigms for cere-
bral aneurysms.

Cebral et al'” reported a series of 62 aneurysms in which
CFD analysis was performed on patient-specific models and
CFD findings were correlated with a clinical history of prior
rupture. They found that unruptured aneurysms more com-
monly had simple stable flow patterns, large impingement re-
gions, and large jet sizes, while ruptured aneurysms had dis-
turbed flow patterns, small impingement regions, and narrow
jets. Of these characteristics, only impingement size reached
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Fig 2. Examples of aneurysms with stable (A) and unstable (B) flow patterns. Visualizations at peak systole (top row of each panel) and end diastole (bottom row of each panel) are shown
by using (from left to right) isovelocity surfaces, velocity magnitudes on a cut plane, streamlines, and WSS distribution.

statistical significance, possibly due to the small sample size.
The current study focuses on confirming the previous trends
observed. Our study incorporates a number of improvements
and extensions to previously reported analyses. First, the sam-
ple was large enough to achieve statistically significant results.
Second, the aneurysm population included aneurysms in the
anterior communicating complex, which had been previously
excluded because not all avenues of flow had been properly
imaged and therefore did not allow proper CFD modeling.
Third, the classification of intra-aneurysmal flow patterns was
simplified by considering flow complexity and flow stability
separately. These 2 characteristics now have become dichoto-
mous variables, which make both the aneurysm classification
and subsequent statistical analysis simpler and more robust.

Finally, the current study includes an interobserver variability
analysis showing a high degree of agreement between observ-
ers classifying aneurysms into the proposed hemodynamic
categories.

The statistical analysis indicates that the qualitative hemo-
dynamic characteristics considered are strongly correlated
with aneurysm rupture—namely, that ruptured aneurysms
are more likely to have complex and unstable flows, concen-
trated inflows, and small impingement regions. While most
unruptured aneurysms had diffuse inflows, many of them had
complex flows, unstable flows, and/or small impingement re-
gions. From the mechanistic perspective, the results seem to
point to regions of concentrated, more rapid flow as correlat-
ing with rupture rather than implicating the presence of a
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Fig 3. Examples of aneurysms with large (4) and small (B) impingement regions. From left to right, the visualizations show isovelocity surfaces, velocity magnitudes on a cut plane,

streamlines, and WSS distribution, all at peak systole.
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Fig 4. Examples of aneurysms with diffuse (A) and concentrated (B) inflows. From left to right, the visualizations show isovelocity surfaces, velocity magnitudes on a cut plane, streamlines,

and WSS distribution, all at peak systole.

low-flow environment. However, the simplified qualitative
analysis performed in this study does not specifically seek to
examine the probably complex interrelationship between low-
and high-flow hemodynamic variables. This would require a
more sophisticated quantitative multivariate analysis before
any strong conclusions should be drawn.

It is not surprising that both categories of aneurysms are
found in the unruptured group because this analysis is an ex-
amination of only a single point in time without a complete
knowledge of the final outcome of each aneurysm. Many un-
ruptured aneurysms may progress with time and become rup-
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tured. Therefore, many of the unruptured aneurysms with
complex and unstable flows, concentrated inflows, and small
impingement regions may join the ruptured category, leaving
a predominance of aneurysms with simpler, less concentrated
flows. A longitudinal study of these aneurysms would be nec-
essary to confirm this possibility. If confirmed, these CFD
characterizations could potentially improve our ability to as-
sign risk to an individual aneurysm and thereby improve the
judgments made on the need for treatment of asymptomatic
unruptured aneurysms.

The current study has a number of limitations that should



Table 1: Interobserver variability analysis of hemodynamic
characterization

95% Cl
1.0-1.0

01-02 Agreements Random  «
Flow complexity S-S C-S 210(100%) 113(54%) 1
76 0
S-C CC
0 134
Flow stability S-S US
79 4
S-U uU-u
0 127
Inflow concentration D-D C-D
107 2
D-C C-C
2 99
Impingement size L S-L
79 7
[-S S-S
1 123

206 (98%)  110(53%) 0.96 0.921-0.999

206 (98%)

105(50%) 0.962 0.952-0.999

202(96%) 109 (52%) 0.92 0.866-0.974

Table 2: Statistical analyses of the associations hetween
hemodynamic categories and aneurysm rupture

Unruptured Ruptured  »? P OR
Flow complexity
Simple 62 14 22190 <.0001 4.701
Complex 65 69
Flow stability
Stable 59 20 10.694 0018 2.733
Unstable 68 63
Inflow concentration
Diffuse 85 28 22.252 <.0001 3.975
Concentrated 42 55
Impingement size
Large 62 20 12.890 0006  3.005
Small 65 63

be considered when interpreting the results. Similar to previ-
ous studies focusing on geometric characteristics of cerebral
aneurysms (which are the basis of current rupture-risk assess-
ment), in the current study, a retrospective analysis of a pop-
ulation including both unruptured and ruptured aneurysms
was performed. This does not allow us to confirm whether
unruptured aneurysms in the high-risk categories (those more
likely to occur in ruptured aneurysms) will indeed rupture.
However, recent case studies of cerebral aneurysms imaged
just before their rupture are in very good agreement with the
predictions of our current study.***> In addition, this study
relies on an assumption that the aneurysm anatomy is little
changed by the event of rupture; however, an aneurysm may
undergo a variety of structural changes during and immedi-
ately after a hemorrhage. For example, a portion of the aneu-
rysm may be filled with thrombus or a new daughter sac may
form. Small changes in the geometry can have significant ef-
fects on intra-aneurysmal patterns. Therefore, it may be nec-
essary to conduct prospective natural history studies of CFD-
analyzed unruptured aneurysms to evaluate conclusively the
association of a predetermined hemodynamic factor to risk of
aneurysmal rupture.

As in most CFD analyses, a number of assumptions and
approximations were made during the modeling process.
These include the following: Blood was modeled as a Newto-
nian fluid, vessel wall compliance was neglected, physiologic

flow conditions were not patient-specific but derived from
flow measurements in the cerebral arteries of healthy subjects,
and the vascular geometries were approximated from 3D im-
ages with limited resolution. Previous sensitivity analyses by
using a small number of aneurysm models suggested that the
most important factor for a realistic representation of the in
vivo hemodynamics is the vascular geometry.'®® With differ-
ent flow conditions,”” non-Newtonian viscosity models or
compliant models®® did not substantially affect the qualitative
hemodynamic characteristics. In the current study, careful at-
tention was paid to the reconstruction of vascular models
from the 3DRA images. Images that failed to properly depict
the parent vessel because of incomplete filling or images that
were too noisy due to low contrast dose were discarded. The
entire portion of the proximal parent artery visible in the im-
ages was included in the models to properly capture the sec-
ondary and swirling flows created by the curving geometry of
the parent vessel. Despite all these limitations and approxima-
tions, it has been shown that these CFD models are capable of
realistically representing the in vivo intra-aneurysmal hemo-
dynamic patterns observed with conventional angiography.*®
During the past decade, great progress has been made in
image-based CFD modeling of blood flows. Simulation soft-
ware has become more accessible and easier to use. However,
these techniques are still challenging, and models must be con-
structed carefully. The choice of boundary conditions, mesh
and time resolution, segmentation methods and parameters,
location of vessel truncation, inclusion of side arterial
branches, and so forth can affect the quantitative hemody-
namic results. For this reason, before attempting the quantifi-
cation of hemodynamic variables, we proposed a qualitative
characterization of aneurysmal flows based on observations of
gross flow features and we investigated possible relationships
with aneurysm rupture. The current study showed that these
qualitative characteristics are indeed related to aneurysm rup-
ture and thus justify the search for quantitative variables that
objectively describe these hemodynamic categories. Perhaps
some of the gross hemodynamic characteristics could be de-
termined by using simplified models in an efficient manner,
for instance by using steady flows, truncated models, coarse
computational grids, and so forth. This could allow a quick
computerized clinical evaluation of cerebral aneurysms and
could potentially improve current patient management.

Conclusions

A qualitative hemodynamic analysis of cerebral aneurysms by
using image-based patient-specific geometries has shown that
concentrated inflow jets, small impingement regions, complex
flow patterns, and unstable flow patterns are correlated with a
clinical history of prior aneurysm rupture. These qualitative mea-
sures provide a starting point for more sophisticated quantitative
analysis aimed at assigning aneurysm risk of future rupture.
These analyses highlight the potential for CFD to play an impor-
tant role in the clinical determination of aneurysm risks.
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