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BACKGROUND AND PURPOSE: Hemodynamics are thought to play an important role in the mecha-
nisms of aneurysm pathogenesis, progression, and rupture. The purpose of this study was to define
quantitative measures related to qualitative flow characteristics previously analyzed and to investigate
their relationship to aneurysm rupture.

MATERIALS AND METHODS: The hemodynamic environments in 210 cerebral aneurysms were analyzed
by using image-based CFD under different flow conditions. Quantitative hemodynamic variables were
defined and extracted from the simulation results. A statistical analysis of the relationship to the previous
history of aneurysm rupture was performed, and the variability with flow conditions was assessed.

RESULTS: Ruptured aneurysms were more likely to have larger inflow concentrations, larger MWSS,
larger shear concentrations, and lower viscous dissipation ratios than unruptured aneurysms. Areas
under low WSS and measures of abnormally low shear force distributions of ruptured and unruptured
aneurysms were not statistically different. Although the values of hemodynamic quantities changed
with different flow conditions, the statistical differences or ratios between their mean values over the
ruptured and unruptured groups were maintained, for both pulsatile and steady flows.

CONCLUSIONS: Concentrated inflow streams and WSS distributions with elevated levels of MWSS
and low aneurysmal viscous dissipation are statistically associated with a clinical history of prior
aneurysm rupture. In contrast, the area and total viscous shear force applied in the aneurysm region
subjected to abnormally low WSS levels are not. This study highlights the potential for image-based
CFD for investigating aneurysm-evolution mechanisms and for clinical assessment of aneurysm risks.

ABBREVIATIONS: bpm � beats per minute; CFD � computational fluid dynamics; 3DRA � 3D
rotational angiography; HR � heart rate; ICI � inflow concentration index; KER � kinetic energy
ratio; LSA � low shear area; LSI � low shear index; MWSS � maximum WSS; SCI � shear
concentration index; VDR � viscous dissipation ratio; WSS � wall shear stress

Precise assessment of cerebral aneurysm rupture risk is very
valuable for clinicians because current treatments carry a

small but significant risk that can exceed the small natural risk of
rupture.1-3 Currently, aneurysm size is the main variable used to
assess aneurysm-rupture risk, with large aneurysms more likely
to rupture than smaller aneurysms.4,5 However, many small an-
eurysms do rupture; therefore, aneurysm size alone may not be
enough for a precise evaluation of the risk of rupture. Thus, sev-
eral researchers have attempted to better stratify the rupture risk
with more sophisticated geometric measures.6-9 However, plan-
ning elective interventions requires a better understanding of the
underlying mechanisms of aneurysm formation, progression,
and rupture so that a sound judgment between the risks and ben-
efits of possible therapies can be made. Although these processes
are not well-understood, hemodynamics and, in particular, flow-

induced WSS are thought to play a fundamental role.10-13 For this
reason, several investigators have used image-based CFD models
to extract patient-specific hemodynamic information.14-16 Al-
though these studies have suggested interesting relationships be-
tween hemodynamic characteristics and aneurysm rupture, sta-
tistically significant results have not been achieved because the
studies have been mostly limited to small numbers of aneurysms.
Only recently has it been shown that ruptured and unruptured
aneurysms had statistically different qualitative hemodynamic
characteristics.17 In particular, that study showed that ruptured
aneurysms were more likely to have concentrated inflow jets,
small impingement regions, and complex and unstable flow pat-
terns than unruptured aneurysms. The purpose of this study was
to define quantitative hemodynamic variables related to these
qualitative characteristics that can be objectively extracted from
patient-specific CFD models and to study their relationship to
aneurysm rupture.

Materials and Methods

Patients and Imaging Data
A total of 210 cerebral aneurysms in 128 patients imaged by 3DRA were

included in this study for analysis, irrespective of aneurysm location, size,

or morphology. The patients’ medical and radiologic records were re-

viewed and evaluated for evidence of aneurysmal intracranial hemor-

rhage. In 27 patients with multiple aneurysms, the clinical and radiologic

information were considered and a judgment of the most likely source of
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hemorrhage was made. The other coincident aneurysms were classified

as unruptured. Cases with poor image quality (n � 8) or incomplete

filling of the vessels (n � 9), evidence of vasospasm (n � 6), or incom-

plete or inconclusive clinical information (n � 3) as well as dissecting

aneurysms (n � 2) were excluded from the study. All angiographic im-

ages were obtained under conventional transfemoral catheterization of

the cerebral blood vessels. Rotational angiograms were acquired during a

6-second contrast injection for a total of 24 mL of contrast agent on an

Integris biplane unit (Philips Healthcare, Best, the Netherlands). Bilateral

3DRA images were acquired for aneurysms of the anterior communicat-

ing artery accepting blood from the left and right A1 segments of the

anterior cerebral arteries. 3D voxel datasets were reconstructed from the

projection images by using standard proprietary software (XtraVision,

Philips Healthcare).

Computational Modeling
Patient-specific models of the cerebral aneurysms and connected ves-

sels were constructed from the 3DRA images by using seeded region-

growing algorithms that reconstruct the vascular topology, followed

by isosurface deformable models that recover the vascular geome-

try.18,19 As much of the proximal parent artery that was visible in the

3D images was included in the models to ensure proper representa-

tion of secondary flows and inflow to the aneurysms.20 Unstructured

tetrahedral grids were then generated with a resolution of 0.01– 0.02

cm for CFD simulation. Pulsatile blood-flow simulations were per-

formed by numerically solving the 3D Navier-Stokes equations for a

Newtonian incompressible fluid under the assumption of rigid vessel

walls. Because patient-specific flow conditions were not available,

typical flow waveforms derived from measurements on healthy sub-

jects at different heart rates were used to prescribe inlet boundary

conditions.21,22 The flow waveforms were scaled to achieve a given

mean WSS at the inlets, which were located in internal carotid, verte-

bral, or basilar arteries. A total of 5 simulations were carried out for

each aneurysm, 2 under pulsatile conditions corresponding to heart

rates of 60 and 100 bpm and a mean inlet WSS of 15 dyne/cm2 and 3

under steady flow conditions of “low,” “medium,” and “high” flow

rates corresponding to inlet WSS of 10, 15, and 20 dyne/cm2, respec-

tively. The unsteady flow solutions were advanced in time by using

100 time steps per cardiac cycle for 2 cycles with a fully implicit

scheme and efficient solution algorithms.23,24 Results of the second

cycle were used for hemodynamic aneurysm characterization.

Data Reduction and Analysis
To extract quantitative measures of the aneurysm hemodynamic en-

vironment, we first partitioned the vascular models into different geo-

graphic regions as follows: First, the aneurysm necks were interac-

tively delineated on the vascular models and the aneurysm orifices

were triangulated. The regions of the vascular models on each side of

the ostium surface triangulations were then classified as “aneurysm”

or “vessel.” The vessel regions were further subdivided into 2 subre-

gions labeled as “near vessel” and “far vessel,” corresponding to dis-

tances to the ostium surface less than or larger than 1.0 cm respec-

tively, as seen in Shojima et al.14 Similarly, the aneurysm region was

subdivided into “neck,” “body,” and “dome” subregions correspond-

ing to geodesic distances (distance measured along the surface) to the

ostium between 0% and 10%, 10% and 40%, and 50% and 100% of

the maximum aneurysm distance. The methodology is illustrated in

Fig 1 (top row). Using this geographic vascular subdivision, schemat-

ically illustrated in Fig 1, we defined a number of hemodynamic mea-

sures. The mathematic definition of the different vascular regions and

hemodynamic variables are detailed in the Appendix. The following

variables were defined.

ICI measures the degree of concentration of the flow stream en-

tering the aneurysm. It is defined as the percentage of the flow rate of

the parent artery that enters the aneurysm divided by the percentage

of the aneurysm ostium area that corresponds to positive inflow

velocity:

1) ICI �
Qin/Qv

Ain/Ao
,

where Qin is the flow rate into the aneurysm (inflow), Qv is the flow

rate in the parent artery, Ain is the area of the inflow region, and Ao is

the area of the ostium surface.

MWSS is the maximum wall shear stress computed over the an-

eurysm region.

SCI measures the degree of concentration of the WSS distribution.

The region of the aneurysm sac where the WSS is higher than the

mean WSS over the “near-vessel” region by 1 SD is defined as a region

of “high WSS.” If we denote Ah as the area of this region and Aa as the

area of the aneurysm sac, the SCI is defined as

2) SCI �
Fh/Fa

Ah/Aa
,

where Fh and Fa represent the total viscous shear forces computed

over the region of high WSS (Ah) and the entire sac (Aa):

3) Fh � �
Ah

���dA, Fa � �
Aa

���dA,

with � the shear stress vector. This index will take a value of zero if no

part of the aneurysm has abnormally high WSS and will become large

when the WSS distribution has a peak with high WSS concentrated on

a small region of the sac.

LSA measures the extent of the aneurysm that is subjected to an

abnormally low WSS. It is defined as the percentage of the area of the

aneurysm sac that has WSS below the mean WSS in the parent artery

by 1 SD:

4) LSA � Al/Aa,

where Al is the area under low WSS. This variable will tend to 1 if the

aneurysm is entirely under abnormally low WSS and to zero if there is

no region with abnormally low WSS.

Fig 1. Subdivision of the volumetric vascular domain and its surface into geographic
regions: aneurysm, near-parent vessel, far-parent vessel, and ostium surface.
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LSI measures the relative amount of the total shear force applied in

regions of abnormally low WSS:

5) LSI �
Fl � Al

Fa � Aa
,

where Fl represents the total shear force applied in the area of low

WSS (Al):

6) Fl � �
Al

���dA.

This variable changes from zero (no frictional force applied in regions

of abnormally low WSS) to 1 (total frictional force applied in region of

abnormally low WSS).

KER measures the kinetic energy content of the aneurysm relative

to that in the near-parent artery:

7) KER �

�
Va

1/ 2u2 dV/Va

�
Vnear

1/ 2u2 dV/Vnear

.

Fig 2. Hemodynamic data reduction. Top row, left to right: aneurysm neck delineation, aneurysm orifice triangulation, and vascular model geographic subdivision. Middle row: flow
visualization, left to right: flow streamlines, isovelocity surface, WSS distribution. Bottom row, left to right: normal velocity magnitude at the aneurysm orifice; inflow (red) and outflow
(blue) regions of the ostium; and regions of high (red), normal (gray), and low (blue) WSS.
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VDR measures the amount of dissipation of mechanical energy by vis-

cous effects in the aneurysm relative to that in the near-parent artery:

8) VDS �

�
Va

2�/��eijeij�dV/Va

�
Vnear

2�/��eijeij�dV/Vnear

,

where eij is the strain rate tensor:

9) eij �
1

2��ui

� xj
�

�uj

� xi
� .

For each aneurysm, the values of these variables were computed at each

instant of time and averaged over the cardiac cycle. Then, the average

values of these variables over the groups of ruptured and unruptured

aneurysms were computed and statistically compared by using the Stu-

dent t test. The differences in the mean values were considered statistically

significant if the 2-tailed P values were �.05 (95% confidence interval).

The methodology for extraction of hemodynamic quantities from the

CFD results is illustrated in Fig 2, with a patient-specific model.

Results
A total of 1050 CFD simulations, 420 pulsatile and 630 steady,
on 210 patient-specific aneurysm geometries were carried out.
Quantitative hemodynamic measures were obtained for each
geometry and flow condition as explained before. The results
are presented in Table 1. This Table lists, for each flow condi-
tion, the average of hemodynamic variables computed over
the ruptured and unruptured aneurysm groups, along with
the corresponding 2-tailed P values. These results are also
summarized in Fig 3. This figure shows the ratio of mean he-
modynamic variables computed over the ruptured group with
respect to the mean values computed over the unruptured
group, for each flow condition considered. The asterisks above
the bars indicate statistically significant differences between
the mean values of the ruptured and unruptured groups.

Ruptured aneurysms were statistically more likely to have
larger inflow concentration indices (ratio � 1.52 � 0.01, P �
.004), larger MWSS values (ratio � 1.41 � 0.03, P � .0039),
larger shear concentration indices (ratio � 1.54 � 0.14, P �
.0159), and lower viscous dissipation ratios (ratio � 0.38 �
0.02, P � .017) than unruptured aneurysms. They also tended
to have larger KERs (ratio � 1.31 � 0.01, P � .241); however,
this association did not reach statistical significance with the
current sample. We also observed that the areas under low
WSS (ratio � 1.08 � 0.04, P � .462) and the LSIs (ratio �
1.04 � 0.04, P � .741) of ruptured and unruptured aneurysms
were not statistically different.

The variability with respect to the different flow conditions
of the average hemodynamic variables over ruptured and un-
ruptured groups is presented in Table 2. This Table lists the
maximum relative difference of each hemodynamic variable
obtained with the different flow conditions. Additionally, this
Table shows the maximum relative difference of the ratio of
ruptured-to-unruptured averaged hemodynamic variables
obtained with the different flow conditions. It can be seen that
as expected, hemodynamic measures change with the flow
conditions while the ratio of ruptured-to-unruptured aver-
aged values has a relatively low variability (�10%, except for
the SCI, which reaches a maximum of a 17% relative differ-
ence). The data thus suggest that though the values of hemo-
dynamic quantities change with the flow conditions, the sta-
tistical differences or ratios between their mean values over the

Fig 3. Ratio of mean hemodynamic variables of ruptured aneurysms to unruptured
aneurysms for each flow condition considered. The green bars represent the mean values
over the unruptured aneurysm group used as reference values (ie, normalized to 1). The
asterisks indicate that the differences in mean values between ruptured and unruptured
groups are statistically significant (for all flow conditions).

Table 1: Mean values of hemodynamic variables computed over the ruptured and unruptured groups for each of the flow conditions
considereda

Flow Condition Aneurysm Group ICI MWSS (dyne/cm2) SCI VDR KER LSA LSI
Pulsatile flow (HR � 60 bpm) Ruptured 1.012 384 9.97 0.36 0.232 60% 0.26

Unruptured 0.66 277 6.47 0.951 0.176 56% 0.25
P value .0035 .0034 .0154 .0123 .2226 .3716 .6630

Pulsatile flow (HR � 100 bpm) Ruptured 1.001 545 10.14 0.4156 0.259 60% 0.27
Unruptured 0.651 402 6.39 1.0321 0.197 56% 0.25
P value .0034 .0039 .0073 .0065 .1836 .4317 .6837

Steady flow, low Ruptured 1.031 271 8.26 0.399 0.25 54% 0.216
Unruptured 0.682 191 5.90 1.081 0.19 52% 0.216
P value .0029 .0026 .0490 .0102 .2410 .0953 .9800

Steady flow, medium Ruptured 1.001 187 9.88 0.341 0.226 60% 0.26
Unruptured 0.662 130 6.36 0.914 0.170 56% 0.25
P value .0035 .0026 .0159 .0174 .2362 .4621 .7407

Steady flow, high Ruptured 0.951 108 12.77 0.236 0.168 68% 0.333
Unruptured 0.622 74 7.52 0.571 0.129 63% 0.308
P value .0040 .0037 .0092 .0105 .3492 .2357 .5029

a The (2-tailed) P values indicate the statistical significance of the difference of the mean values between the ruptured and unruptured groups, computed using a Student t test.
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ruptured and unruptured groups are maintained for both pul-
satile and steady flows.

Discussion
The natural history of intracranial aneurysms consists of 3 stages:
genesis, enlargement, and rupture. It is generally accepted that the
pathogenesis is associated with abnormally high hemodynamic
stresses.25,26 Rupture occurs when wall stress exceeds wall
strength. Enlargement of aneurysms appears to be governed by
the interaction between hemodynamic loads and mechanobio-
logic responses of the cellular elements of the wall, resulting in a
weakening of the wall.27-29 However, there is significant contro-
versy regarding the mechanisms responsible for growth and ulti-
mate rupture of cerebral aneurysms, which can be divided into 2
theories: high- and low-flow effects. The distinguishing feature
between the 2 schools of thought is in the mechanisms responsi-
ble for wall weakening. The high-flow theory focuses on the ef-
fects of elevation of WSS, which can cause endothelial injury and
thus initiate wall remodelling and potential degeneration,30-33

which would result in an imbalance between the blood pressure
and the internal wall stresses and subsequent local dilation of the
arterial wall. The resulting abnormal blood WSS field is the driv-
ing factor for further progression of the aneurysm geometry. On
the other hand, the low-flow theory points to localized stagnation
of blood flow against the wall in the dome as causing a dysfunc-
tion of the endothelium, as well as accumulation and adhesion of
platelets and leukocytes along the intimal surface, which then
induce intimal damage and inflammation and subsequent wall
degradation.34-36 The aneurysm wall would progressively thin
and may result finally in a tearing of the tissue.

Previously, Cebral et al37 analyzed a series of 62 cerebral aneu-
rysms and found that ruptured aneurysms were more likely to
have concentrated inflow jets, small flow impingement regions,
and complex unstable intra-aneurysmal flow patterns than un-
ruptured aneurysms. These results were recently statistically con-
firmed with a larger series of aneurysms.17 The current study thus
focused on defining quantitative hemodynamic variables that at-
tempt to capture some of these qualitative characteristics as well
as new variables that can help discriminate among theories of
aneurysm progression based on low- or high-flow effects.

The statistical analysis indicates that the concentration of the
inflow stream, determined by the ICI; the MWSS; the concentra-
tion of the WSS distribution determined by the SCI; and the vis-
cous dissipation of the aneurysm with respect to that on the par-
ent artery assessed by the VDR are all strongly correlated with
aneurysm rupture. In particular, these associations suggest that
ruptured aneurysms tend to have more concentrated inflows and
WSS distributions, larger MWSS, and lower viscous dissipation.
Note that as suggested in Speelman et al,38 the use of the 99th

percentile may yield more robust and reproducible results than
the peak WSS used here. On average, ruptured aneurysms also
had larger kinetic energy contents than their parent artery as de-
termined by the KER, but this trend did not reach statistical sig-
nificance. In contrast, the percentage of the aneurysm area under
low WSS (measured by the LSA) as well as the percentage of the
viscous shear forces applied over this area (measured by the LSI)
did not correlate with rupture. Mechanistically, these results seem
to point to regions of concentrated rapid-flow activity as corre-
lating with rupture rather than to regions of low or stagnant flows.
However, establishing the dependence or independence of the
hemodynamic measures considered requires a more sophisti-
cated multivariate analysis than the simplistic analysis performed
in this study and will be part of future research.

During the modeling process, a number of assumptions and
approximations were made that need to be considered when in-
terpreting the results. The most important approximations are
perhaps the vascular geometry, the flow boundary conditions, the
blood rheology, and the wall compliance. In this study, blood was
approximated by a Newtonian model, and the vessel walls were
considered rigid. Previous sensitivity analyses on a small number
of aneurysms indicated that these 2 factors are secondary with
respect to the geometry and flow conditions.18,20 Vascular geom-
etries were obtained from 3D rotational angiograms with special
attention paid to the reconstruction of the parent artery to prop-
erly represent the swirling flows that determine the way blood
flows into the aneurysms.39 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. Because pa-
tient-specific flow conditions were not available, the models were
run under a range of physiologic flow conditions derived from
measurements performed on healthy subjects, including both
pulsatile and steady flows. The results of this study indicate that
though the values of the hemodynamic measures considered do
change with different flow conditions as expected, the statistical
differences between ruptured and unruptured groups as well as
their ratios are mostly unaffected. In other words, the same asso-
ciations between hemodynamic quantities and rupture would be
obtained if one decided to use 1 set of flow conditions or another.
In particular, this conclusion implies that one could use steady
flow conditions to extract some hemodynamic measures that are
related to aneurysm rupture. This could allow the use of image-
based CFD models for quick evaluation of cerebral aneurysms
during clinical examinations to enhance current risk assessment
and ultimately improve patient care.

Conclusions
A hemodynamic analysis of a series of cerebral aneurysms by
using image-based CFD has shown that concentrated inflow
streams and WSS distributions with elevated levels of MWSS
and low aneurysmal viscous dissipation are statistically asso-
ciated with a clinical history of prior aneurysm rupture. In
contrast, the area and total viscous shear force applied in the
aneurysm region subjected to abnormally low WSS levels did
not correlate with rupture. These results seem to favor theories
of aneurysm progression based on high-flow effects; however,
further multivariate analyses are necessary to establish the de-
pendence of the high- or low-flow measures defined in the
current study and to shed further light onto these mecha-
nisms. This study also highlights the potential for image-based

Table 2: Variability with flow conditions of average hemodynamic
measures and ratios of ruptured to unruptured aneurysms

Variable Ruptured Unruptured Ratio
ICI 7.8% 8.8% 1.6%
MWSS 80.2% 81.6% 7.1%
SCI 35.3% 21.5% 17.5%
VDR 43.2% 47.1% 10.7%
KER 20.5% 17.4% 2.0%
LSA 20.5% 17.4% 3.7%
LSI 35.1% 29.8% 7.5%

AJNR Am J Neuroradiol 32:145–51 � Jan 2011 � www.ajnr.org 149



CFD for investigating aneurysm-evolution mechanisms and
in the clinical assessment of aneurysm risks.

Appendix
This Appendix lists the mathematic definitions of the vascular
regions of Fig 1 as well as fluid dynamic (Table 3), geographic
(Table 4), and hemodynamic (Table 5) variables used for
analysis.

Table 3: Fluid dynamic variables

Flow
Variables Description
u Flow velocity field
� Blood viscosity
� Blood density

� �
�ut

�n

WSS vector (ut � velocity along wall tangential
direction, n � normal to the wall)

eij �
1
2 ��ui

�xj

�
�uj

�xi
� Strain rate tensor

Table 4: Vascular regions and geographic variables

Geographic Variables Description

� � �a � �v Total vascular domain
�a Aneurysmal domain

Va � �
�a

d� Volume of aneurysm region

�v � �near � �far Vessel domain
	 � �� � 	a � 	v Surface (boundary) of

vascular domain
��a � 	a � 	o Surface (boundary) of

aneurysmal domain
	o � 	in � 	out Ostium surface
n � �	o Normal to ostium surface

pointing toward aneurysm
interior

	in � {x � 	o /u � n 
 0} Inflow portion of ostium
surface

	out � {x � 	o /u � n � 0} Outflow portion of ostium
surface

Ao � �
	o

d	 Ostium area

Ain � �
	in

d	 Area of inflow region

Qin � �
	in

(u � n)d	 Aneurysm inflow rate

Qv Parent artery inflow rate
	v � 	near � 	far Vessel surface
	near � {x � 	v /dist (x, 	o) � 1cm} Near-vessel surface

[	near � 	(�near)]
	far � {x � 	v /dist (x, 	o) 
 1cm} Far-vessel surface

[	far � 	(�far)]

Anv � �
	nv

d	 Area of near-vessel region

�nv �
1

Anv
�
	nv

���d	
Average WSS in near-vessel

region

�nv � stdevA
nv

(�) SD of WSS in near-vessel
region

�near � {x � �v /dist(x, 	o) � 1cm} Near-vessel domain

�far � {x � �v /dist(x, 	o) 
 1cm} Far-vessel domain

Vnear � �
Qnear

d� Volume of near-vessel
region

	a � 	h � 	l � 	n Aneurysm (sac) surface
	h � {x � 	a /�(x) 
 �nv � �nv} Region of aneurysm surface

with high WSS
	l � {x � 	a /�(x) � �nv � �nv} Region of aneurysm surface

with low WSS
	n � {x � 	a /�nv � �nv � �(x) � �nv � �nv} Region of aneurysm surface

with normal WSS

Aa � �
	a

d	 Aneurysm area

Ah � �
	h

d	
Area of region with high

WSS

Al � �
	l

d	
Area of region with low

WSS

Fa � �
	a

���d	
Total viscous shear force

applied over aneurysm
region

Fh � �
	h

���d	 Total viscous shear force
applied over region with
high WSS

Fl � �
	l

���d	 Total viscous shear force
applied over region with
low WSS
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Table 5: Aneurysm hemodynamic variables

Aneurysm Hemodynamic
Variables Description

MWSS � maxA
a
����� MWSS over aneurysm

region

ICI �
Qin/Qv

Ain/Aa

ICI

SCI �
Fh/Fa

Ah/Aa

SCI

LSA �
Al

Aa

LSA (in percentage of
aneurysm area)

LSI �
Fl � Al

Fa � Aa

LSI

KER �

�
�a

1/2�u2d�/Va

�
�nv

1/2�u2d�/Vnv

KER
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�
�a

2�/�(eijeij)d�/Va

�
�nv

2�/�(eijeij)d�/Vnv

VDR
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