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BACKGROUND AND PURPOSE: Patient-specific simulations of the hemodynamics in intracranial aneu-
rysms can be constructed by using image-based vascular models and CFD techniques. This work
evaluates the impact of the choice of imaging technique on these simulations.

MATERIALS AND METHODS: Ten aneurysms, imaged with 3DRA and CTA, were analyzed to assess the
reproducibility of geometric and hemodynamic variables across the 2 modalities.

RESULTS: Compared with 3DRA models, we found that CTA models often had larger aneurysm necks
(P � .05) and that most of the smallest vessels (between 0.7 and 1.0 mm in diameter) could not be
reconstructed successfully with CTA. With respect to the values measured in the 3DRA models, the flow
rate differed by 14.1 � 2.8% (mean � SE) just proximal to the aneurysm and 33.9 � 7.6% at the aneurysm
neck. The mean WSS on the aneurysm differed by 44.2 � 6.0%. Even when normalized to the parent
vessel WSS, a difference of 31.4 � 9.9% remained, with the normalized WSS in most cases being larger
in the CTA model (P � .04). Despite these substantial differences, excellent agreement (� � 0.9) was found
for qualitative variables that describe the flow field, such as the structure of the flow pattern and the flow
complexity.

CONCLUSIONS: Although relatively large differences were found for all evaluated quantitative hemo-
dynamic variables, the main flow characteristics were reproduced across imaging modalities.

ABBREVIATIONS: 3DRA � 3D rotational angiography; ACA � anterior cerebral artery; AN � aneu-
rysm neck area; BA � basilar artery; CFD � computational fluid dynamics; CTA � CT angiography;
� � relative difference between the 3DRA and CTA models with respect to the 3DRA model; ICA �
internal carotid artery; LWSSA � the portion of aneurysm wall under low WSS (�0.4 Pa) at end
diastole; M � number of cases for which the value in the CTA model was lower than in the 3DRA
model; MCA � middle cerebral artery; MCA M1 � MCA M1 segment; MCA M1-M2 � MCA
M1-M2 bifurcation; MWSSA � maximum WSS on the aneurysm wall at peak systole; NQA �
QA/QP; NWSSA � WSSA/WSSP; N90WSSA � 90WSSA normalized by the mean WSS on the
aneurysm at peak systole; OSI � oscillatory shear index; QA � flow rate into the aneurysm; QP �
flow rate in the parent vessel just proximal to the aneurysm; SE � standard error; VA � vertebral
artery; VA � aneurysm volume; 90WSSA � 90th percentile value of the WSS on the aneurysm at
peak systole; WSS � wall shear stress; WSSA � mean WSS on the aneurysm wall; WSSP � mean
WSS on a segment of the parent vessel just proximal to the aneurysm

Degradative biologic processes in the arterial wall that lead
to growth and rupture of intracranial aneurysms1 have

been related to intra-aneurysmal hemodynamics.2-4 CFD sim-
ulations have been used to gain insight into the patient-spe-
cific hemodynamics and could potentially assist rupture-risk
assessment5-9 and treatment planning.10-16

Vascular models can be constructed through segmentation
of 3DRA and CTA images. Compared with CTA, 3DRA pro-
duces images with higher contrast, higher spatial resolution,
and lower visibility of bone,17-19 which lead to better segmen-
tation results20 and superior anatomic accuracy.21-23 How-
ever, acquisition of 3DRA images involves the introduction of
a catheter into the cerebral vasculature to locally inject con-
trast agent, making it more invasive than CTA, in which con-
trast is injected in a peripheral vein.24,25 As a result of this
trade-off, 3DRA is often used before and during treatment,
whereas CTA is often used for diagnosis and follow-up
studies.26

To the best of our knowledge, the reproducibility of hemo-
dynamic simulations based on in vivo images from different
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modalities is yet unknown. Previous studies did show that
among all input parameters of the modeling pipeline, the vas-
cular geometry has the greatest impact on its output.27,28 Be-
cause the choice of imaging technique may affect the vascular
geometry, it could give rise to differences in hemodynamic
predictions. To investigate this issue, we conducted a study
comparing simulations with 3DRA- and CTA-based vascular
models of 10 aneurysms.

Materials and Methods

Patient Population
Clinical data were obtained at the department of radiology of the

Academic Medical Center, Amsterdam, the Netherlands, for a study

including 108 patients imaged with both 3DRA and CTA within a

3-day interval.29 Approval from the institutional review board was

obtained for review of anonymized medical records and images. As

part of this study, the quality of CTA images was rated by 2 experi-

enced clinicians. From a subgroup of 80 patients with the highest

quality images, 4 patients with 10 aneurysms were randomly chosen

for our study (Table 1).

Imaging Protocols
3DRA images were acquired with a single-plane angiographic unit

(Integris Allura Neuro; Philips Healthcare, Best, the Netherlands).

Nonionic contrast agent (320 mg I/mL of iodixanol, Visipaque; GE

Healthcare, Cork, Ireland) was injected through a 6F catheter posi-

tioned in the ICA or VA. One hundred images were acquired during a

240° rotational run in 8 seconds with 15–21 mL of contrast agent at 3

mL/s. A 3D image of the region of interest was reconstructed with a

256 � 256 � 256 matrix on a dedicated workstation.

CTA images were acquired with a 4-section spiral CT scanner

(Somatom, Sensation 4; Siemens, Erlangen, Germany). Eighty to 100

mL of nonionic contrast agent (320 mg I/mL of iodixanol, Visipaque)

was injected in a cubital vein at a rate of 4 mL/s. Scanning delay was

automatically adjusted by a bolus-tracking technique. Parameters

were set as follows: 120 kV, 250 mAs, 4 � 1 mm detector collimation,

pitch of 0.875, section thickness of 1.3 mm, increment of 0.5 mm,

512 � 512 matrix, H30f reconstruction kernel.29

Vascular Modeling
Patient-specific vascular models were constructed from the image

datasets by using a completely automatic geodesic active regions seg-

mentation algorithm.20 This approach drives the evolution of geo-

metric deformable models toward the vascular boundaries on the

basis of minimal local curvature (internal force) and a combination of

region-based information and image-gradient maps (external force).

Region-based information is used to initialize the model and prevents

the leakage of the evolving front when the image gradient is weak. The

accuracy of the segmentation algorithm was recently investigated for

both 3DRA and CTA.20 In a study of 10 clinical datasets, the technique

compared favorably with other techniques, showing a high overlap

with respect to the ground truth (91.13% and 73.31% for 3DRA and

CTA, respectively) and an error distance to the ground truth close to

the in-plane resolution (0.40 and 0.38 mm, respectively).

The segmentation process outputs a surface mesh representing

the vascular boundaries. Subsequently, postprocessing operations

were applied manually to separate touching vessels, extrude poorly

segmented in- and outlets, smooth the surface, and improve the mesh

quality. Operations were executed with ReMESH, Version 2.0

(IMATI-GE/CNR, Genova, Italy).30

From this point on, we will refer to vascular models obtained from

3DRA or CTA images and their corresponding CFD simulations as

3DRA and CTA models, respectively.

Blood Flow Modeling
Unstructured meshes containing tetrahedral and prismatic elements

were created with ICEM CFD, Version 11.0 (ANSYS, Canonsburg,

Pennsylvania). Element sizes ranged between 0.1 and 0.2 mm, with

smaller elements in high curvature regions. Three prismatic boundary

layers with a total thickness of approximately 0.15 mm covered the

vessel wall to locally ensure an accurate definition of the velocity gra-

dient. On average, meshes consisted of 0.4 million nodes and 1.5

million elements.

Transient CFD simulations were created with CFX, Version 11.0

(ANSYS), which uses a finite volume approach to solve the Navier-

Stokes equations. Blood was modeled as an incompressible Newto-

nian fluid (� � 1060 kg/m3, � � 0.004 Pa � s). The vessel wall was

assumed to be rigid with a no-slip boundary condition. A straight

inlet extension was added to the image-based vasculature, and a par-

abolic velocity profile was imposed at the inlet of the extension. Be-

cause patient-specific flow information was not available, a flow rate

waveform from a healthy volunteer acquired with phase-contrast MR

imaging described the pulsatile flow conditions at the inlet. This

waveform was scaled to obtain a physiologically realistic mean WSS of

1.5 Pa near the inlet of the 3DRA model.31 To prevent hemodynamic

discrepancies further downstream due to a difference in inflow con-

ditions, we chose an equal inflow rate for the corresponding CTA

model. We will elaborate on this modeling choice further in the “Dis-

cussion”. Traction-free boundary conditions were prescribed at all

outlets. Time steps were chosen to be 0.003 seconds around peak

systole, when the time-derivative of the flow rate was relatively large,

and 0.02 seconds elsewhere. To reduce initial transients, we computed

2 complete cardiac cycles and data of the second cardiac cycle were

stored and analyzed.

Data Analysis
Quantitative geometric and hemodynamic variables were measured

in both models. Unless otherwise stated, the time-averaged flow field

was analyzed. The aneurysm neck area and the volume of the aneu-

rysm were measured to quantify features of the aneurysm geometry.

The distribution of flow was described by measuring the flow rate in

the parent vessel just proximal to the aneurysm, the flow rate into the

aneurysm, and their ratio to normalize the flow rate into the aneu-

rysm. The WSS plays an important role in the development of aneu-

rysms.3 We, therefore, measured the mean WSS on a segment of the

Table 1: Clinical information of patient population

Patient Aneurysm

No. Sex Age (yr) No. Side Location Rupture
1 F 45 1 Right MCA M1-M2 Yes

2 Left MCA M1-M2 No
2 F 74 3 Left ICA Yes
3 F 37 4 Right MCA M1 No

5 Right MCA M1 No
6 Right MCA M1-M2 No

4 F 43 7 Left MCA M1 No
8 Right MCA M1 No
9 Right MCA M1-M2 Yes

10 Midline BA tip No
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parent vessel just proximal to the aneurysm, the mean WSS on the

aneurysm wall, and their ratio to normalize the WSS on the aneurysm

wall. Normalized measurements were included to differentiate dis-

crepancies in hemodynamic patterns from scaling of hemodynamic

variables as a result of differences in vessel size and differences in flow

divisions at proximal bifurcations. Furthermore, we evaluated 2 WSS-

derived quantitative variables that have been associated with a clin-

ical history of rupture: the portion of aneurysm wall under low

WSS (� 0.4 Pa) at end diastole8 and the maximum WSS on the

aneurysm wall at peak systole.5,9 In addition to the latter, 2 other

measures of high WSS were evaluated: the 90th percentile value of the

WSS on the aneurysm at peak systole and this percentile normalized

by the mean WSS on the aneurysm at peak systole.

For each variable, the relative difference between the 2 models

with respect to the 3DRA model was determined. The mean and SE of

this difference over all 10 cases were calculated. The number of cases

for which the value in the CTA model was lower than that in the 3DRA

model was determined for each variable. The Wilcoxon signed rank

test was used to test the significance of the differences between the 2

models. Differences were considered statistically significant for P � .05.

The intra-aneurysmal flow field was characterized using qualita-

tive variables that have been proposed by Castro et al5 and Cebral et

al,6 namely the location and size of the impingement region on the

aneurysm wall; the size of the inflow jet in the aneurysm; and the flow

complexity, stability, and pattern type in the aneurysm. Data were

obtained by 2 independent observers through inspection of stream-

lines color-coded with the magnitude of the velocity and color maps

of the WSS and the OSI. The OSI describes the oscillatory nature of

the WSS during the cardiac cycle with 0 and 0.5 representing mini-

mum and maximum oscillation, respectively.32 The hemodynamic

results were examined for the flow field at end diastole and peak

systole and for the time-averaged flow field. Agreement between the 2

imaging modalities and agreement between the 2 observers were

tested with free-marginal � statistics.33 Agreement was categorized as

poor (� � 0.20), fair (0.20 � � � 0.40), moderate (0.40 � � � 0.60),

good (0.60 � � � 0.80), or excellent (� � 0.80).

Results

Main Observations
The flow rate in the parent vessel, measured just proximal to
the aneurysm, differed by 14.1 � 2.8% (mean � SE) due to
geometric differences in proximal bifurcations that affected
their flow splits (On-line Table). In some cases, bifurcations to
smaller vessels, such as the ophthalmic artery or the anterior
choroidal artery, were missing in the CTA model but were
successfully reconstructed in the 3DRA model. Naturally,
these variations gave rise to differences in the flow split. Most
of the missing small vessels were �1 mm in diameter (mea-
sured in the 3DRA model), whereas the smallest vessels in
3DRA models were approximately 0.7 mm in diameter. The
segmentation algorithm failed to preserve these vessels due to
the lower spatial resolution of CTA and the presence of bone
tissue near vascular structures.

The lower spatial resolution of CTA also made it difficult
for the segmentation algorithm to distinguish vascular struc-
tures that were in close proximity to each other. As a result, the
aneurysm neck was significantly wider in CTA models (� �
33.0 � 8.3%, P � .05). This affected the flow split at the aneu-
rysm neck, which is reflected in a 35.9 � 9.8% difference in the

normalized inflow into the aneurysm. The difference in mean
WSS on the aneurysm wall was relatively large (� � 44.2 �
6.0%, P � .43). However, the difference slightly decreased
after normalization, and this variable was found to be signifi-
cantly higher in CTA models (� � 31.4 � 9.9%, P � .04).
Regarding the 2 variables that have been associated with rup-
ture, the differences were relatively large for the maximum
WSS on the aneurysm wall at peak systole (� � 47.9 � 11.9%,
P � .85) and relatively small for the portion of aneurysm wall
under low WSS (� 0.4 Pa) at end diastole (� � 13.7 � 4.0%,
P � .11). As an alternative to quantify high WSS on the aneu-
rysm, N90WSS gave relatively small differences between both
modalities (� � 12.6 � 4.0%, P � .85).

Overall, differences in geometric and hemodynamic vari-
ables appeared to be relatively large and varied considerably
from one aneurysm to another (Fig 1). However, the main
blood flow characteristics were often the same for the 3DRA
and CTA models. Excellent agreement was found between the
3DRA and CTA models for all evaluated qualitative variables
(�-values ranging from 0.9 to 1.0) with the interobserver vari-
ability being slightly higher (�-values ranging from 0.8 to 1.0)
(Table 2). We qualitatively assessed the OSI distributions to be
moderately similar; although corresponding regions of high
OSI could often be recognized, there were clear differences in
more detailed features.

Representative Cases
To shed more light on the output of our experiments and to
better understand the relationship between geometric and he-
modynamic differences, we present 4 representative cases for
further discussion. Numeric data are provided in the On-line
Table and visualizations of the hemodynamic simulations are
presented in Fig 2.

Aneurysm 1 was located on the MCA M1-M2 and had rup-
tured before image acquisition. The flow rate in the parent
vessel and the inflow into the aneurysm were similar (16.1%
and 9.9%, higher in the CTA model, respectively). Also, agree-
ment was found for all studied qualitative variables. The mean
WSS on the aneurysm wall was 61.9% larger in the CTA

Fig 1. Boxplot showing the distribution of differences for each geometric and hemodynamic
variable among the 10 aneurysms. Outliers, marked with an asterisk, are defined as data
points that are �1.5 times the interquartile range above the upper or below the lower
quartile.
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model. After normalization to the WSS on the parent vessel
wall, this difference was 20.2%.

Aneurysm 6 was located on the MCA M1-M2 and was un-
ruptured at the moment of image acquisition. Compared with
the other 9 cases, the 24.5% lower flow rate in the parent vessel
of the CTA model was a relatively large difference. By measur-
ing the outflow through all outlets, we could deduce 2 main
geometric sources: First, the geometric difference in the bifur-
cation from the ICA to the ACA and MCA led to a larger
outflow through the ACA in the CTA model. Second, the out-
flow through the branching vessels near the 2 proximal aneu-
rysms was relatively much larger. Aneurysm 6 had a more
complex flow pattern in the 3DRA model. It appears that the
aneurysm shape in this model was more bottle-necked than
that in the CTA model, which disrupted the inflow and created
a high WSS area at the neck. When we reviewed the evolution
of the WSS distribution over the cardiac cycle, the 3DRA
model clearly showed a shift of the impingement region on the
aneurysm wall, whereas the impingement region in the CTA
model was spatially static. This instability of flow in the 3DRA
model was also apparent from the large region on the aneu-
rysm wall with high OSI values.

Aneurysm 9 was located on the MCA M1-M2 and had rup-
tured before image acquisition. In the CTA model, the flow
rate into the aneurysm was 34.2% larger and the mean WSS on

the aneurysm wall was 54.8% larger. Geometrically, the main
difference between the 2 models was the 66.0% larger aneu-
rysm neck area in the CTA model. This effectively led to the
partial elimination of a bulge at the distal end of the neck,
which was apparent in the 3DRA model. After the split at the
aneurysm neck, the main flow jet detached from the aneurysm
wall and created a second impingement region farther up the
aneurysm sac. As a result, the bulge formed a relatively large
region of low flow and low WSS. Due to the partial elimination
of the bulge, this low-flow region was much less pronounced
in the CTA model.

Aneurysm 10 was located on the basilar tip and was unrup-
tured at the moment of image acquisition. We found relatively
small differences of �35% for all quantitative hemodynamic
variables. For all qualitative hemodynamic variables, both ob-
servers found agreement between the 2 models. We did recog-
nize the imaging artifacts reported by Jou et al,34 in which the
top of the basilar tip aneurysm appeared to be flattened in the
3DRA image and, thus, in the 3DRA-model. However, besides
a slight disruption in the curve of the main flow jet at the
aneurysm top, which slightly increased the WSS magnitude at
that location, no major hemodynamic differences were ob-
served between the 2 models.

Discussion
The purpose of this study was to assess the impact of the im-
aging technique on image-based computational hemody-
namic simulations of intracranial aneurysms. To this end, we
conducted a study comparing simulations with 3DRA- and
CTA-based vascular models of 10 aneurysms. Although rela-
tively large discrepancies— exceeding normal physiologic
variation35—were found between 3DRA and CTA models for
quantitative hemodynamic variables, the visual categorization
of flow characteristics was mostly reproduced across modali-
ties and observers.

Hemodynamic simulations are believed to be sensitive to

Fig 2. Visualizations of hemodynamic results for aneurysms 1 (A), 6 (B ), 9 (C ), and 10 (D ). The view was chosen to most clearly present the main hemodynamic features. Displayed are
streamlines color-coded with the velocity magnitude representing the flow fields at end diastole (row 1) and peak systole (row 2), the time-averaged WSS magnitude (row 3), and the OSI
(row 4). Black arrows indicate the direction of flow.

Table 2: Intermodality and interobserver agreement for qualitative
hemodynamic variables

Variable
No. of

Categories

�modality �observer

� Agreement � Agreement
Impingement location 3 0.95 Excellent 0.76 Good
Impingement region

size
2 1 Excellent 1 Excellent

Jet size 2 1 Excellent 1 Excellent
Flow complexity 2 0.9 Excellent 1 Excellent
Flow stability 2 0.9 Excellent 0.81 Excellent
Flow pattern type 3 0.95 Excellent 0.76 Good
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the geometry of image-based vascular models,27,28 which in
turn depends on a number of aspects, including the imaging
technique, image quality, segmentation algorithm, and man-
ual postprocessing of surface meshes. To investigate the sensi-
tivity of hemodynamic simulations to the latter, Cebral et al27

let 3 modelers each reconstruct vascular models of 4 aneu-
rysms and compared the computed hemodynamics. With re-
sults similar to those of our current study, they found that the
differences in geometry did not alter the main flow character-
istics in most cases. In the same work, they reported that small
vessels branching off the parent vessel did not cause substan-
tial differences in the intra-aneurysmal flow patterns, and
Dempere-Marco et al36 came to the same conclusion after
comparing rigid and nonrigid wall conditions. However, as
demonstrated by Castro et al,37 including an anatomically re-
alistic parent vessel in the vascular model instead of a straight
extrusion did prove essential to reproduce the main flow
characteristics.

Besides the vascular geometry, the impact of the flow-rate
waveform has also received much attention.27,35,38-40 Hoi et
al41 found differences in ICA and VA waveform shapes be-
tween young and older adults but concluded on the basis of a
CFD study39 of the carotid bifurcation that the computed he-
modynamics are relatively robust to the assumed waveform
shape in comparison with assumptions made on the time-
averaged flow rate, and especially in comparison with geome-
try-related uncertainties. Venugopal et al38 similarly stressed
the relative importance of the assumed flow rate and the out-
flow ratios in comparison with the assumed heart rate. Other
studies evaluated the intra-aneurysmal hemodynamics during
rest and exercise conditions, which essentially combined the
change in waveform shape, flow rate, and heart rate. Bowker et
al35 found that the overall flow patterns did not significantly
change with a heart rate increase from 70 to 121 beats per
minute and a flow-rate increase of 8%. However, Jiang and
Strother40 increased the heart rate from 60 to 150 beats per
minute and the flow rate 21% and reported that the overall
flow patterns did change significantly. Both studies observed
large variations in hemodynamic changes for different aneu-
rysm geometries, which raises the interesting question of
whether hemodynamic differences between 3DRA and CTA
models would change under exercise conditions. The results
presented in the current work are based on rest flow condi-
tions, and caution is warranted with generalizations across
physiologic conditions. Future investigation may provide ad-
ditional value by comparing 3DRA and CTA models for exer-
cise flow conditions.

To describe the main flow characteristics, Castro et al5 in-
troduced and studied qualitative hemodynamic variables. In a
data base of 62 cases, these authors found that ruptured aneu-
rysms had complex unstable flow patterns, small impinge-
ment regions, and small inflow jet sizes, whereas unruptured
aneurysms had simple stable flow patterns, large impingement
regions, and large inflow jet sizes. Our study showed that these
variables are mostly independent of the choice for 3DRA or
CTA for construction of the vascular model. We, therefore,
suggest that CTA might suffice for risk assessment based on
predicted hemodynamics.

As part of the present study, we compared quantitative
variables that have been correlated to aneurysmal rupture to

illustrate the potential variability due to the choice of imaging
technique. Jou et al8 studied 26 aneurysms at the ICA and
observed that the portion of the aneurysm dome with a WSS
lower than 0.4 Pa at end diastole was significantly higher in
ruptured aneurysms. We evaluated this variable for our 10
aneurysms and found a 13.7% difference between the 3DRA
and CTA models (� � 13.7 � 4.0%, P � .11). Castro et al5

studied 26 aneurysms at the anterior communicating artery
and observed that the maximum WSS on the aneurysm at peak
systole was significantly higher in ruptured aneurysms. We
found a 47.9% difference between the 3DRA and CTA models
(� � 47.9 � 11.9%, P � .85). As an alternative measure of
high WSS, we proposed the 90th percentile value of the WSS
normalized by the mean WSS on the aneurysm at peak systole,
which had a higher reproducibility (� � 12.6 � 4.0%, P �
.85).

To prevent the difference in the inflow rate propagating to
the intra-aneurysmal hemodynamics, we chose to impose the
same inflow rate on the 3DRA and the CTA models. Because
patient-specific data were unavailable, the inflow rate was es-
timated on the basis of the inlet diameter so that the WSS near
the inlet was 1.5 Pa. Inlets of cerebral vascular models are
usually located on either the ICA or the VA, which both run
through the skull base. For 3DRA segmentation, proximity of
vasculature to bone poses no difficulty. However, in CTA im-
ages, the intensity values of bone and contrast agent overlap;
this overlap makes it challenging for the algorithm to segment
near-bone vasculature. As a result, CTA models are anatomi-
cally less accurate in the lower parts of the ICA and VA20 and,
therefore, should not be used to estimate the inflow rate. In
our study, we found that the inlet area of the CTA model was,
in 8 of 10 cases, smaller (� � 20.0 � 3.5%, P � .11), which
would lead to a significantly smaller inflow rate (� � 29.3 �
5.2%, P � .05). Instead, we chose to obtain a physiologic esti-
mation of the inflow rate on the basis of the 3DRA model and
used the same value for both models.

In this study, a 4-section CT scanner was used to acquire
the CTA data. However, the development of CT scanners is
advancing rapidly and 16-, 64-, or even 320-section CT scan-
ners are widespread or will become available soon. With the
increasing number of detector rows, larger volumes are cov-
ered in a single rotation and scanning times are reduced. Also,
the use of thinner sections leads to a higher out-of-plane res-
olution. However, the in-plane spatial resolution mainly de-
pends on the detector geometry and the convolution kernel
and is not substantially improved in 16- or 64-section CTA.42

Although some increase in anatomic accuracy has been
found,43 the minimal improvement in spatial resolution
will not substantially resolve the issues brought forward in
this study, such as the omission of small vessels, the widen-
ing of the aneurysm neck, and the bone-related segmenta-
tion issues.

Conclusions
The purpose of this study was to assess the impact of the im-
aging technique on image-based computational hemody-
namic simulations of intracranial aneurysms. We addressed
this by conducting a study comparing simulations with
3DRA- and CTA-based vascular models of 10 aneurysms. Dif-
ferences in quantitative hemodynamic variables were rela-

AJNR Am J Neuroradiol 32:581– 86 � Mar 2011 � www.ajnr.org 585



tively large, with mean values varying from 14.1% for the flow
rate in the parent vessel to 44.2% for the mean WSS on the
aneurysm sac. However, for qualitative variables such as the
flow pattern and the flow complexity, we found excellent
agreement (� � 0.9) between both image modalities. Al-
though hemodynamic simulations should ideally be avail-
able to clinicians at all stages of the patient care cycle and
throughout all imaging modalities, currently one can pos-
sibly reliably approximate and refer to only the main flow
characteristics.

Acknowledgments
We thank Marieke Romijn of the Academical Medical Center
in Amsterdam for kindly supplying image acquisition proto-
cols and clinical details of each aneurysm.

References
1. Frosen J, Piippo A, Paetau A, et al. Remodeling of saccular cerebral artery

aneurysm wall is associated with rupture: histological analysis of 24 unrup-
tured and 42 ruptured cases. Stroke 2004;35:2287–93

2. Gonzalez CF, Cho YI, Ortega HV, et al. Intracranial aneurysms: flow analysis
of their origin and progression. AJNR Am J Neuroradiol 1992;13:181– 88

3. Hashimoto T, Meng H, Young WL. Intracranial aneurysms: links among in-
flammation, hemodynamics and vascular remodeling. Neurol Res 2006;
28:372– 80

4. Kayembe KN, Sasahara M, Hazama F. Cerebral aneurysms and variations in
the circle of Willis. Stroke 1984;15:846 –50

5. Castro MA, Putman CM, Sheridan MJ, et al. Hemodynamic patterns of ante-
rior communicating artery aneurysms: a possible association with rupture.
AJNR Am J Neuroradiol 2009;30:297–302

6. Cebral JR, Castro MA, Burgess JE, et al. Characterization of cerebral aneu-
rysms for assessing risk of rupture by using patient-specific computational
hemodynamics models. AJNR Am J Neuroradiol 2005;26:2550 –59

7. Cebral JR, Hendrickson S, Putman CM. Hemodynamics in a lethal basilar
artery aneurysm just before its rupture. AJNR Am J Neuroradiol 2009;30:95–98

8. Jou LD, Lee DH, Morsi H, et al. Wall shear stress on ruptured and unruptured
intracranial aneurysms at the internal carotid artery. AJNR Am J Neuroradiol
2008;29:1761– 67

9. Castro M, Putman C, Radaelli A, et al. Hemodynamics and rupture of terminal
cerebral aneurysms. Acad Radiol 2009;16:1201– 07

10. Cebral JR, Lohner R. Efficient simulation of blood flow past complex endovas-
cular devices using an adaptive embedding technique. IEEE Trans Med Imag-
ing 2005;24:468 –76

11. Cha KS, Balaras E, Lieber BB, et al. Modeling the interaction of coils with the
local blood flow after coil embolization of intracranial aneurysms. J Biomech
Eng 2007;129:873–79

12. Kakalis NM, Mitsos AP, Byrne JV, et al. The haemodynamics of endovascular
aneurysm treatment: a computational modelling approach for estimating the
influence of multiple coil deployment. IEEE Trans Med Imaging 2008;27:
814 –24

13. Kim M, Levy EI, Meng H, et al. Quantification of hemodynamic changes in-
duced by virtual placement of multiple stents across a wide-necked basilar
trunk aneurysm. Neurosurgery 2007;61:1305–12

14. Larrabide I, Radaelli A, Frangi AF. Fast virtual stenting with deformable
meshes: application to intracranial aneurysms. In: Proceedings of Medical Im-
age Computing and Computer-Assisted Intervention, New York. September 6 –10,
2008:790 –97

15. Liou TM, Li YC. Effects of stent porosity on hemodynamics in a sidewall an-
eurysm model. J Biomech 2008;41:1174 – 83

16. Radaelli AG, Augsburger L, Cebral JR, et al. Reproducibility of haemodynami-
cal simulations in a subject-specific stented aneurysm model: a report on the
Virtual Intracranial Stenting Challenge 2007. J Biomech 2008;41:2069 – 81.
Epub 2008 Jun 25

17. Anxionnat R, Bracard S, Ducrocq X, et al. Intracranial aneurysms: clinical
value of 3D digital subtraction angiography in the therapeutic decision and
endovascular treatment. Radiology 2001;218:799 – 808

18. Sugahara T, Korogi Y, Nakashima K, et al. Comparison of 2D and 3D digital
subtraction angiography in evaluation of intracranial aneurysms. AJNR Am J
Neuroradiol 2002;23:1545–52

19. White PM, Wardlaw JM, Easton V. Can noninvasive imaging accurately depict
intracranial aneurysms? A systematic review. Radiology 2000;217:361–70

20. Hernandez M, Frangi AF. Non-parametric geodesic active regions: method
and evaluation for cerebral aneurysms segmentation in 3DRA and CTA. Med
Image Anal 2007;11:224 – 41. Epub 2007 Feb 25

21. Piotin M, Gailloud P, Bidaut L, et al. CT angiography, MR angiography and
rotational digital subtraction angiography for volumetric assessment of in-
tracranial aneurysms: an experimental study. Neuroradiology 2003;45:404 – 09

22. Tanoue S, Kiyosue H, Kenai H, et al. Three-dimensional reconstructed images
after rotational angiography in the evaluation of intracranial aneurysms: sur-
gical correlation. Neurosurgery 2000;47:866 –71

23. van Rooij WJ, Sprengers ME, de Gast AN, et al. 3D rotational angiography: the
new gold standard in the detection of additional intracranial aneurysms.
AJNR Am J Neuroradiol 2008;29:976 –79

24. Cloft HJ, Joseph GJ, Dion JE. Risk of cerebral angiography in patients with
subarachnoid hemorrhage, cerebral aneurysm, and arteriovenous malfor-
mation: a meta-analysis. Stroke 1999;30:317–20

25. Willinsky RA, Taylor SM, TerBrugge K, et al. Neurologic complications of
cerebral angiography: prospective analysis of 2,899 procedures and review of
the literature. Radiology 2003;227:522–28

26. Brisman JL, Song JK, Newell DW. Cerebral aneurysms. N Engl J Med
2006;355:928 –39

27. Cebral JR, Castro MA, Appanaboyina S, et al. Efficient pipeline for image-based
patient-specific analysis of cerebral aneurysm hemodynamics: technique and
sensitivity. IEEE Trans Med Imaging 2005;24:457– 67

28. Thomas JB, Milner JS, Rutt BK, et al. Reproducibility of image-based compu-
tational fluid dynamics models of the human carotid bifurcation. Ann Biomed
Eng 2003;31:132– 41

29. Romijn M, Gratama van Andel HA, van Walderveen MA, et al. Diagnostic
accuracy of CT angiography with matched mask bone elimination for detec-
tion of intracranial aneurysms: comparison with digital subtraction angiog-
raphy and 3D rotational angiography. AJNR Am J Neuroradiol 2008;29:134 –39

30. Attene M, Falcidieno B. ReMESH: an interactive environment to edit and re-
pair triangle meshes. In: Proceedings of IEEE International Conference on Shape
Modeling and Applications, Matsushima, Japan. June 14 –16, 2006:271–76

31. Reneman RS, Arts T, Hoeks AP. Wall shear stress, an important determinant
of endothelial cell function and structure, in the arterial system in vivo: dis-
crepancies with theory. J Vasc Res 2006;43:251– 69

32. Ku DN, Giddens DP, Zarins CK, et al. Pulsatile flow and atherosclerosis in the
human carotid bifurcation: positive correlation between plaque location and
low oscillating shear stress. Arteriosclerosis 1985;5:293–302

33. Brennan RL, Prediger DJ. Coefficient kappa: some uses, misuses, and alterna-
tives. Educ and Psychol Meas 1981;41:687–99

34. Jou LD, Mohamed A, Lee DH, et al. 3D rotational digital subtraction angiog-
raphy may underestimate intracranial aneurysms: findings from two basilar
aneurysms. AJNR Am J Neuroradiol 2007;28:1690 –92

35. Bowker TJ, Watton PN, Summers PE, et al. Rest versus exercise hemodynamics
for middle cerebral artery aneurysms: a computational study. AJNR Am J
Neuroradiol 2010;31:317–23

36. Dempere-Marco L, Oubel E, Castro MA, et al. CFD analysis incorporating the
influence of wall motion: application to intracranial aneurysms. In: Proceed-
ings of Medical Image Computing and Computer-Assisted Intervention, Copenha-
gen, Denmark. October 1– 6, 2006:438 – 45

37. Castro MA, Putman CM, Cebral JR. Computational fluid dynamics modeling
of intracranial aneurysms: effects of parent artery segmentation on intra-
aneurysmal hemodynamics. AJNR Am J Neuroradiol 2006;27:1703– 09

38. Venugopal P, Valentino D, Schmitt H, et al. Sensitivity of patient-specific nu-
merical simulation of cerebral aneurysm hemodynamics to inflow boundary
conditions. J Neurosurg 2007;106:1051– 60

39. Hoi Y, Wasserman BA, Lakatta EG, et al. Carotid bifurcation hemodynamics in
older adults: effect of measured versus assumed flow waveform. J Biomech Eng
2010;132:071006

40. Jiang JF, Strother C. Computational fluid dynamics simulations of intracra-
nial aneurysms at varying heart rates: a “patient-specific” study. J Biomech Eng
2009;131:091001

41. Hoi Y, Wasserman BA, Xie YJ, et al. Characterization of volumetric flow rate
waveforms at the carotid bifurcations of older adults. Physiol Meas 2010;
31:291–302

42. Lell MM, Anders K, Uder M, et al. New techniques in CT angiography. Radio-
graphics 2006;26:S45– 62

43. McKinney AM, Palmer CS, Truwit CL, et al. Detection of aneurysms by 64-
section multidetector CT angiography in patients acutely suspected of having
an intracranial aneurysm and comparison with digital subtraction and 3D
rotational angiography. AJNR Am J Neuroradiol 2008;29:594 – 602

586 Geers � AJNR 32 � Mar 2011 � www.ajnr.org


