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Abstract
Background and Purpose—To identify significant morphologic and hemodynamic
parameters that discriminate intracranial aneurysm (IA) rupture status using 3D angiography and
computational fluid dynamics (CFD).

Methods—119 IAs (38 ruptured, 81 unruptured) were analyzed from 3D angiographic images
and CFD. Six morphologic and seven hemodynamic parameters were evaluated for significance
with respect to rupture. Receiver-operating characteristic (ROC) analysis identified area under the
curve (AUC) and optimal thresholds separating ruptured from unruptured aneurysms for each
parameter. Significant parameters were examined by multivariate logistic regression analysis in 3
predictive models—morphology only, hemodynamics only, and combined—to identify
independent discriminants, and the AUC-ROC of the predicted probability of rupture status was
compared among these models.

Results—Morphologic parameters (Size Ratio [SR], Undulation Index, Ellipticity Index, and
Nonsphericity Index) and hemodynamic parameters (Average Wall Shear Stress [WSS], Maximum
intra-aneurysmal WSS, Low WSS Area, Average Oscillatory Shear Index [OSI], Number of
Vortices, and Relative Resident Time) achieved statistical significance (p<0.01). Multivariate
logistic regression analysis demonstrated SR to be the only independently significant factor in the
morphology model (AUC=0.83, 95% confidence interval [CI] 0.75–0.91), whereas WSS and OSI
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were the only independently significant variables in the hemodynamics model (AUC=0.85, 95%
CI 0.78–0.93). The combined model retained all three variables, SR, WSS, and OSI (AUC=0.89,
95% CI 0.82–0.96).

Conclusion—All three models—morphological (based on SR), hemodynamic (based on WSS
and OSI), and combined—discriminate IA rupture status with high AUC values. Hemodynamics is
as important as morphology in discriminating aneurysm rupture status.

Keywords
Hemodynamics; Intracranial aneurysm; Morphology; Rupture

Given the not-insignificant risk of treating unruptured intracranial aneurysms (IAs) as well
as the known severe morbidity of aneurysm rupture, deciding on those aneurysms that
require prophylactic treatment can be a quandary. Decision-making to treat an unruptured
aneurysm is largely based on the Size of the aneurysm; but recent studies have failed to
show significant correlation of Size with IA rupture,1 and many ruptured aneurysms are
small in Size.2 Consequently, shape-based morphologic metrics have been explored in
current investigations, and complex shapes have been correlated with rupture.1, 3 With the
advancement of 3D imaging and computational fluid dynamics (CFD) technology, patient-
specific hemodynamics analysis has become feasible.4–6 Intra-aneurysmal hemodynamic
factors, including wall shear stress (WSS), impingement regions, inflow jet sizes, and
oscillatory shear index (OSI), have been proposed as indicators for IA rupture risk.4–7 No
study has comprehensively examined both morphology-based and hemodynamics-based
parameters from a cohort of IA cases. Our aim was to identify significant morphologic and
hemodynamic parameters that correlate with aneurysm rupture status using 3D angiographic
image reconstruction and CFD analysis.

Methods
3D angiography images of patients with IAs that were diagnosed or treated during 2006–
2009 at Millard Fillmore Gates Hospital (a University at Buffalo affiliate) were reviewed.
All collected images were examined for suitability to be included in the study. Only cases in
which the 3D images were of sufficient quality for accurate segmentation and reconstruction
were included because CFD analysis critically depends on accurate 3D geometry.7, 8
Consequently, 119 aneurysms from 106 patients met these criteria and were used in this
study after obtaining Institutional Review Board (University at Buffalo) approval. Seventeen
of the 119 cases used for the current study were reported in our previous morphologic study.
9 The total dataset in the current study included 38 ruptured and 81 unruptured IAs.
Aneurysm locations and types (bifurcation/terminal or sidewall) are shown in Table 1. 3D
aneurysm geometries were reconstructed from DSA images, except for anterior
communicating artery (ACOM) aneurysms. All 24 ACOM aneurysms were reconstructed
from CTA images instead, because 1) capturing the 3D geometry of the ACOM region from
DSA would require fusion of images from bilateral ICA injections, and both injections were
not always available; 2) there may be differences in the luminograms obtained from each
side due to flow variations across the ACOM.

Morphologic Parameters Calculation
Previously studied morphology-based metrics9—Aneurysm Size, Aspect Ratio [AR], Size
Ratio [SR], Undulation Index [UI], Nonsphericity Index [NSI], and Ellipticity Index [EI]—
were calculated from 3D-angiography images that were acquired and reconstructed as
described previously.9

Xiang et al. Page 2

Stroke. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Computational Fluid Dynamics Modeling
Each IA model was meshed using ANSYS ICEM CFD software (ANSYS Inc., Canonsburg,
PA) to create 300,000–1 million finite volume tetrahedral elements and wall prism elements
(for accurate boundary layer resolution). The incompressible Navier-Stokes equations were
solved numerically under pulsatile flow conditions using Star-CD (CD Adapco, Melville,
NY). Published mean flow rates were used as inlet boundary conditions for given vessel
locations.10 The pulsatile velocity waveform was obtained from transcranial Doppler
ultrasound measurement on a normal subject with its magnitude scaled to the desired mean
flow rate. Traction-free boundary conditions were implemented at the outlet. The mass flow
rate through each outlet artery was proportional to the cube of its diameter based on the
principle of optimal work.11 As the non-Newtonian effect is generally negligible in medium
and large arteries (those harboring aneurysms),12 blood was modeled as a Newtonian fluid
with a density of 1056 kg/m3 and a viscosity of 0.0035 N·s/m2. Because the wall
distensibility contributes minimally to the aneurysmal flow pattern and requires
prohibitively expensive fluid-structure interaction modeling, a rigid-wall no-slip boundary
condition was implemented at the vessel walls.8

Three pulsatile cycles were simulated to ensure that numerical stability had been reached,
and the last cycle was taken as output. All data presented are time-averages over the third
pulsatile cycle of flow simulation.

Hemodynamic Parameters Calculation
From the simulated flow fields, we calculated the following hemodynamic parameters: WSS,
Maximum Intra-aneurysmal WSS (MWWS), Low WSS Area, WSS Gradient [WSSG],
Oscillatory Shear Index [OSI], Number of Vortices [NV], and Relative Residence Time
[RRT].

Wall Shear Stress (WSS)-Related Parameters—The concept of WSS refers to the
tangential, frictional stress caused by the action of blood flow on the vessel wall. For
pulsatile flow, the time-averaged WSS was calculated by integrating the WSS magnitude at
each node over the cardiac cycle:

(Eq.1)

where wssi is the instantaneous shear stress vector and T is the duration of the cycle. In this
study, WSS distributions were normalized by the average parent vessel WSS in the same
patient to allow comparison among different patients.13 We evaluated the following WSS-
based parameters:

WSS–Defined as WSS (already time-averaged, as in Eq.1), further averaged over dome
area (the entire luminal surface of the aneurysm sac).

MWSS–Defined as maximum intra-aneurysmal WSS magnitude normalized by the
parent vessel WSS.

Low WSS Area (LSA)–Defined as the areas of the aneurysm wall exposed to a WSS
below 10% of the mean parent arterial WSS and then normalized by the dome area.13

WSSG–The WSSG measures the change of WSS magnitude in the flow direction and is
calculated by taking the spatial derivative of WSS with respect to the streamwise
distance.14 The time-averaged WSSG was further averaged over the dome area.
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Oscillatory Shear Index (OSI)—OSI, a non-dimensional parameter, measures the
directional change of WSS during the cardiac cycle:15

(Eq.2)

where wssi is the instantaneous WSS vector and T is the duration of the cycle. OSI is often
used to describe the disturbance of a flow field.

OSI–Defined as OSI averaged over the dome area.

Number of Vortices (NV)—The number of vortices was counted based on the velocity
field of the representative cross-sectional plane for each aneurysm.

Relative Residence Time (RRT)—Himburg et al.16 reasoned that a combination of
WSS and OSI reflects the residence time of blood near the wall. Thus, a new metric termed
RRT was defined to quantify the state of disturbed flow.17 By incorporating Eq.1 and Eq.2
into the definition, RRT is inversely proportional to the magnitude of the time-averaged WSS
vector:

(Eq.3)

Statistical Analysis
Univariate analysis of differences between ruptured and unruptured groups—
The means and standard deviations of all morphological and hemodynamic parameters were
calculated for the ruptured and unruptured groups. A Jarque-Bera test for departure from a
normal distribution was performed to determine if a parameter was normally distributed. A
two-tailed independent Student’s t-test (for normally distributed data) or Wilcoxon rank-sum
test (for abnormally distributed data) was performed for each parameter to assess the
statistical significance of the observed difference between the mean values of ruptured and
unruptured groups. P-values from the two tests were calculated and statistical significance
was assumed for p<0.01. Receiver-operating characteristics (ROC) analysis was performed
on all parameters to determine the optimal thresholds separating ruptured and unruptured
groups by calculating the area under the ROC curve (AUC).

Multivariate logistic regression on the significant variables—The parameters
found to be significant (p<0.01) were further analyzed using multivariate logistic regression
(backward elimination) to identify those that retained significance when accounting for all
relevant variables. Before performing the regression, each variable was scaled to span a
range from 0–10, thereby easing odds ratio comparison by ensuring that a unit increase in
the parameter corresponded to 10% of its observed range.

Logistic regression was then performed on the significant variables (in the morphologic
category alone, hemodynamic category alone, and combined categories) to find final
parsimonious models that allowed calculation of the quantitative risk of aneurysm rupture.
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These three models would predict the probability of an aneurysm being ruptured on the basis
of morphology, hemodynamics, or both. To compare the ability of the individual regression
models to discriminate rupture status, we calculated the AUC-ROC on the predicted
probability of rupture status from these regression models. Results were analyzed for
statistically significant differences in the AUC-ROC values of the three models.

Statistical analyses were performed using Microsoft Excel, MATLAB (The MathWorks
Inc., Natick, MA) and SPSS (SPSS Inc., Chicago, IL).

Results
Descriptive flow characterization

Hemodynamic simulation showed that most ruptured aneurysms (61%) had complex flow
patterns with multiple vortices. In contrast, most unruptured aneurysms (75%) had simple
flow patterns with a single vortex. Figure 1 shows examples of time-averaged velocity fields
in the representative cross-sectional planes in ruptured and unruptured groups. Distributions
of WSS for ruptured and unruptured aneurysms are exemplified in Figure 2. In ruptured IAs,
WSS values were lower within the aneurysm than in the parent vessels, whereas in
unruptured IAs, they were comparable. Ruptured aneurysms had lower WSS magnitudes
and larger areas of low WSS than unruptured aneurysms. The distributions of OSI for
ruptured and unruptured aneurysms in Figure 3 show that ruptured IAs had a higher OSI
than unruptured IAs.

Differences between ruptured and unruptured groups from univariate analyses
Values for means and standard deviations for each variable are given in Table 2. From the
Jarque-Bera test, we found that WSS, MWSS, LSA, OSI, NV, and RRT were not normally
distributed, whereas the rest of the parameters were normally distributed. From the t-test and
rank-sum test, significant differences were found between the means for ruptured and
unruptured IAs for the four morphological parameters SR (p<0.0001), UI (p=0.0001), EI
(p=0.0003), and NSI (p<0.0001) and the six hemodynamic parameters WSS (p<0.0001),
MWSS (p=0.0002), LSA (p<0.0001), OSI (p<0.0001), NV (p=0.0002), and RRT (p<0.0001)
(Table 2). Parameters that were not significantly different between the two groups were
Aneurysm Size, AR, and WSSG.

To identify optimal thresholds for IA rupture, ROC analysis was performed for each
parameter; AUC values are given in Table 2. SR, LSA, OSI, RRT, and WSS and had the
highest AUC values (0.83, 0.81, 0.79, 0.79, and 0.78, respectively). Scatter plots and ROC
curve for key parameters are showed in Figure 4.

Multivariate logistic regression on the significant variables
To identify independent parameters having significant correlation with ruptured IA,
multivariate logistic regression analysis was performed separately on significant
morphological parameters–SR, UI, EI, and NSI–and significant hemodynamic parameters–
WSS, MWSS, LSA, OSI, NV, and RRT and combined significant morphologic and
hemodynamic parameters. Having regressed for the variables using a backward elimination
process, we obtained the final parsimonious models for discriminating rupture status from
the morphology-based model (OddM) and the hemodynamics-based model (OddH) as well
as the combined model (OddCombined):

(Eq.4)
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(Eq.5)

(Eq.6)

In the morphology-based model (Eq.4), only SR was retained as an independently significant
parameter (AUC=0.83, 95% CI 0.75–0.91). For a unit increase in the SR of an IA, the odds
of IA rupture increased by 2.96 times. In the hemodynamics-based model (Eq.5), both WSS
and OSI were retained as independently significant parameters (AUC=0.85, 95% CI 0.78–
0.93). For a unit increase in IA WSS, the rupture odds decreased by 2.08 times; for a unit
increase in OSI, the rupture odds increased by 17.4 times. When the regression was
performed on significant morphologic and hemodynamic parameters combined, using the
same backward elimination process, the composite model, Eq.6, consisted of SR, WSS and
OSI (AUC=0.89, 95% CI 0.82–0.96). The rupture odds increased by 2.08 and 8.90 times for
a unit increases in SR and OSI, respectively, and decreased by 1.56 times for a unit increase
in WSS. SR was inversely correlated with low WSS (with Pearson correlation coefficient of
0.001, R2 = −0.53).

When using a cutoff value of 0.5 for the predicted probability of rupture status, the
morphological model had a sensitivity of 71.4% and a specificity of 80.2%; the
hemodynamic model had 75.8% and 84.8%, respectively; and the combined model had
75.0% and 84.0%, respectively. There were no statistically significant differences among the
AUC-ROC values of the predicted probability of rupture status by these logistic regression
models (p=0.26 between morphological and combined models, p=0.63 between
morphological and hemodynamic models, and p=0.53 between hemodynamic and combined
models). In other words, all three models had very similar predictive capability for IA
rupture status.

Discussion
Morphological Measures

Of all the morphological parameters examined in this study, Aneurysm Size and AR had the
lowest AUC values (0.62 and 0.63, respectively) and were not significantly different
between the ruptured and unruptured groups (both had p=0.027). SR had the largest AUC
value (0.83) and the smallest p-value (p<0.0001), and therefore best separated the ruptured
and unruptured groups among the morphologic parameters. NSI, UI, and EI were also
significant morphologic parameters to separate the two groups by univariate analysis, with
AUC values of 0.73, 0.72, and 0.71, respectively, corresponding with p<0.0001, p=0.0001,
and p=0.0003, respectively. However, these parameters are cumbersome to calculate, as they
all involve volume calculation.

In the multivariate analysis of morphological parameters, only SR significantly separated the
two groups; all other morphological parameters lost their significance possibly due to
inherent correlations with the SR. SR is a relatively simple measure that considers aneurysm
maximum height in relation to the parent artery. Thus, SR captures the maximum shape
deformation to the parent vessel caused by the outpouching of an aneurysm and intuitively
reflects the degree of aneurysmal degradation to the vessel. IA location is a strong factor in
clinical decision-making (e.g., IAs on the ACOM – a smaller artery – rupture far more
frequently than IAs arising from the ICA).1, 2, 9, 18 Incorporating the parent vessel caliber
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in morphology parameters can, at least to some extent, capture the influence of IA location
as well.

Hemodynamic Measures
Past studies to associate hemodynamics with aneurysm rupture status have focused on
qualitative descriptions, wherein complex flow patterns and multiple vortices have been
associated with ruptured aneurysms.3, 5 Complex flow patterns have been thought to
increase inflammatory cell infiltration in the aneurysmal wall, thereby increasing rupture
risk.3 In our study, most ruptured aneurysms (61%) had complex flow patterns with multiple
vortices, whereas most unruptured aneurysms (75%) had simple flow patterns with a single
vortex.

Our hemodynamic analysis, however, has focused on quantitative hemodynamic metrics
that could be used to assess IA rupture risk in clinical settings. All of the analyzed
parameters are based on well-characterized definitions and are straightforward to measure
from CFD-generated flow fields. Furthermore, these parameters have underlying physical
and biological implications. For example, NV (the number of vortices) was used to measure
the complexity of the flow pattern. WSS, MWSS, WSSG, and OSI are well-known and well-
defined hemodynamic factors related to endothelial sensing mediated vascular remodeling
and pathology.3, 4, 14 LSA13 and RRT17 are recently emerged, additional hemodynamic
factors to describe the slow flow motion near the aneurysm wall.

We found that the examined hemodynamic variables, except for WSSG, can significantly
separate ruptured from unruptured aneurysms, with p<0.0001 and an AUC value
approximating 0.8 for LSA, OSI, RRT, and WSS; and p=0.0002 and AUC value
approximating 0.7 for MWSS and NV. Rupture status correlated with low WSS and MWSS
values and high OSI, LSA, RRT, and NV numbers. In multivariate analysis of the significant
hemodynamic parameters, only WSS and OSI remained as significant metrics correlating
with ruptured aneurysms, whereas MWSS, LSA, NV, and RRT lost significance, likely due to
inherent correlation of these parameters with WSS or OSI.

We can speculate how these parameters might be inherently correlated with WSS or OSI.
Under conditions of complex aneurysmal flow with multiple vortices (a large NV value), the
flow near the wall tends to be recirculating, slow, and oscillatory; thus, the average WSS and
MWSS tend to be low and the oscillatory component (OSI) tends to be large. Likewise, the
area exposed to low shear stress (LSA) is likely to be large, and fluid particles tend to spend
a longer time (RRT) near the wall.

Wall shear stress, the frictional force of viscous blood, plays a role in aneurysm initiation,
growth, and rupture.3, 4, 6, 13, 14 The WSS converts the biological signals through
mechanoreceptor on endothelial cells and modulates gene expressions and the cellular
functions of vessel walls.4 In vitro studies have found that when endothelial cells are
exposed to low and oscillatory fluid shear stress, the atherogenic and pro-inflammatory
signal pathways are activated.19, 20 In the current study, we have found that low WSS and
high OSI correlate with aneurysm rupture, consistent with findings from Jou et al.,13

Shojima et al.,4 and Boussel et al.6 Low WSS and high OSI are known to upregulate
endothelial surface adhesion molecules, cause dysfunction of flow-induced nitrous oxide,
increase endothelial permeability, and thus, promote atherogenesis and inflammatory cell
infiltration.21 This atherosclerotic and inflammatory pathway triggered by these
hemodynamic conditions may cause degradation of the aneurysm wall that could ultimately
lead to rupture.3, 4, 21
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Our dataset in this study includes 49 terminal aneurysms, and in some of these cases, we
have observed impingement of a flow-jet from the neck into the aneurysm during flow
visualization. We did not perform statistics on flow patterns and size of impingement5
because in such highly complex 3D flows flow fields, we found it difficult to decide on the
impingement path, location, and size, both objectively and reproducibly. We did, however,
analyze MWSS.22 We found that the ruptured group had lower MWSS than the unruptured
group, and the difference was significant (p <0.0001) with a clinically useful AUC value
(0.72); however, in multivariate analysis, MWSS dropped out.

Our findings are different from those from a previous study of 42 terminal IAs in which the
average peak WSS in the ruptured group (188 dyn/cm2) was higher than the value in
unruptured group (118 dyn/cm2).22 To examine whether terminal (bifurcation) aneurysms
could have skewed the results, we ran the statistical analysis on only the 49 terminal
aneurysms (24 ruptured and 25 unruptured) from our cohort. Our results showed that
ruptured aneurysms still have lower MWSS (2.15±2.18) than unruptured aneurysms
(3.36±1.56), and the difference is significant (p=0.001) with a high AUC value of 0.77.
These findings need to be tested in much larger cohorts in the future. We believe that high
WSS/MWSS with flow impingement could evoke a different pathway to wall degradation
than low-WSS-mediated inflammation and atherosclerotic pathways and thus should be
explored for its association with rupture.

Relationship between Morphological and Hemodynamic Parameters
Even though they are analyzed by different modalities (3D angiography and CFD,
respectively), aneurysm morphology and flow dynamics are intricately related to each other.
Low WSS and high OSI—the flow characteristics significantly associated with rupture status
in this study—are common in aneurysms of complex or elongated shapes described by large
SR, AR, EI, and UI values, These morphological features have been shown in association
with growth6 and rupture.9 Using a virtual computational experiment, Tremmel et al.23 have
demonstrated that, with increasing SR, aneurysmal flow pattern becomes more complex and
the area of low WSS increases. Furthermore, as the SR value exceeds 2, the single
aneurysmal vortex splits into multiple vortices and LSA increases drastically in both sidewall
and terminal aneurysm models. This trend is consistent with our current data, where SR was
inversely correlated with WSS (Pearson correlation coefficient of 0.001), albeit the
correlation was weak (R2 =−0.53).

On the basis of the demonstrated conceptual correlation between high SR and low WSS, we
had conjectured that multivariate logistic regression of SR, WSS and OSI together might
eliminate either SR or one of the hemodynamic factors. However, ultimately, all remained in
the combined model. All three models had high AUC value of 0.83–0.89 in discriminating
rupture status (AUC >0.7 is considered clinically significant). There was considerable
overlap between the 95% CIs of the three models, and differences among the predicted
probability from these models were not statistically significant.

The similarity of the three models suggests that the relationship between morphology and
hemodynamics may be complex, interwoven, and dynamic. From an aneurysm evolution
point-of-view, we can at least appreciate the mutually contributive roles of “unfavorable”
aneurysm morphology and “unfavorable” aneurysm hemodynamics. Hemodynamics of low
WSS–high OSI is conducive for atherosclerotic change and inflammatory responses, which
could drive heterogeneous remodeling of the aneurysm wall and aneurysm growth. Such
growth could lead to an increasing SR and a more complex shape. Complex geometry and
high SR values, in turn, would lead to more complex flow patterns with low and oscillatory
WSS.9, 23

Xiang et al. Page 8

Stroke. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Given that many factors may be playing a role in aneurysm growth, remodeling,
degradation, and rupture, it is remarkable that one (SR) or two (WSS and OSI) simple
markers based on geometry or hemodynamics could be such significant discriminants (with
sensitivity of 71.4% and specificity of 80.2% for the morphologic model, 75.8% and 84.8%
for hemodynamic model when using 0.5 cutoff for the predicted probability). In future
studies, it is important to include both morphology and hemodynamics parameters and test
them in larger cohorts. There is also a need for studies that identify the interrelationships
between morphology and hemodynamic parameters and the mechanistic pathways by which
these surrogates contribute to aneurysm rupture.

Limitations of This Study
First, all the IA cases came from a single center and the number of cases is small (although it
is currently the largest for a CFD study). Further three-dimensional studies with larger IA
populations from multiple centers will be required to verify the findings. Second, as with all
retrospective studies, the images of the ruptured IAs may have been affected by the event of
the rupture itself. Although there is no study that examines whether the shape of an
aneurysm changes after rupture, there is a theoretical possibility that this could bias our
results. Third, the morphologic parameters could be affected by the imaging methods.
Fourth, all morphologic parameters were calculated from 3D angiograms that give
essentially a luminogram and do not account for thrombus. Correlation with high-resolution
CTA or magnetic resonance angiography could have eliminated this deficit, but we did not
routinely perform CTA or magnetic resonance angiograms on our aneurysm patients. Fifth,
more than 50% (21/38) of the ruptured IAs in the current cohort were ACOM aneurysms
and more than 50% (43/81) of the unruptured IAs were found in ICA aneurysms. Although
this represents the typical distribution of ruptured and unruptured aneurysms treated at a
hospital, it could have caused a bias in the results. Our numbers were not large enough to
conduct an analysis by location, and such an analysis may require pooling of data from
multiple centers.

There are several limitations related to CFD. Patient-specific flow-velocity measurements
were not available. Instead, velocity values for specific vessels that were available in the
literature were chosen for flow-rate calculations, and a representative inlet velocity
waveform from a normal subject was used as boundary condition for CFD simulations.
Traction-free boundary conditions were implemented at the outlet in the current study, and
the flow-rate splits proportional to the cube of the diameter were specified at each outlet.11

As assumptions for outlet boundary conditions vary among different investigators
performing CFD,13, 22, 24 outlet boundary condition assumptions need to be further studied
and standardized in the future to make the results of these studies comparable. Another
limitation is that the choice of 10% of parent artery WSS as a threshold for low WSS was
arbitrary, although supported in the literature4, 13, 21. If a different value (e.g., 20%) had
been chosen, LSA would have different values, but the qualitative trend would be the same.
Another current limitation of CFD is the substantial time and personnel required to perform
a CFD analysis, which makes it an impractical option for decision-making in the clinical
setting.

Although CFD has these multiple limitations at present and has not been shown to
significantly outperform morphology in rupture status discrimination, we should understand
that CFD technology is in its infancy for prediction of aneurysm rupture risk and is poised to
advance continuously. Multiple research groups in the academic environment and in the
industry are trying to automate and accelerate the process of CFD analysis to determine
aneurysm rupture risk. These efforts may standardize CFD for prediction of rupture risk and
may make it a practical option for decision-making in the clinical setting. Moreover, detailed
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flow dynamics from CFD is helpful to understanding the rupture mechanisms and thus can
help clinicians to choose optimal treatments for patients.

Conclusion
All three models—morphological (based on SR), hemodynamic (based on WSS and OSI),
and combined (based on all three parameters)—are clinically useful discriminants of IA
rupture status with high AUC values (between 0.83 and 0.89), and there is no significant
distinction among the predictive capacities of these models. This shows that hemodynamics
is as important as morphology in association with IA rupture. The relative contributions of
morphology and hemodynamics, their possible correlation, and the ability of these markers
to predict rupture risk need to be assessed in large prospective studies that include follow up
of patients with unruptured aneurysms.
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Figure 1.
Flow patterns for 8 representative ruptured (top) and 10 unruptured (bottom) intracranial
aneurysms (IAs). On each of the middle cross-sectional plane flow pattern visualizations,
the cross-sectional velocity vector plane has been overlapped on top of the corresponding
aneurysm geometry to clearly show the cutting plane. ACA=anterior cerebral artery,
ACOM=anterior communicating artery, BA=basilar artery, ICA=internal carotid artery,
MCA=middle cerebral artery, PCA=posterior cerebral artery, PCOM=posterior
communicating artery.
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Figure 2.
Wall shear stress (WSS) distributions for 8 representative ruptured (top) and 10 unruptured
(bottom) IAs.
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Figure 3.
Oscillatory shear index (OSI) distribution for 8 representative ruptured (top) and 10
unruptured (bottom) IAs.
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Figure 4.
Scatter plots (A) showing the distribution of key parameters in unruptured and ruptured
cases. Red square represents ruptured aneurysm data and blue triangle represents unruptured
aneurysm data and receiver-operating characteristic (ROC) curve (B) for key parameters
size ratio (SR), WSS, and OSI.
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