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ABSTRACT

BACKGROUND AND PURPOSE: Hemodynamics are thought to play an important role in the rupture of intracranial aneurysms. We tested
whether hemodynamics, determined from computational fluid dynamics models, have additional value in discriminating ruptured and
unruptured aneurysms. Such discriminative power could provide better prediction models for rupture.

MATERIALS AND METHODS: A cross-sectional study was performed on patients eligible for endovascular treatment, including 55 ruptured
and 62 unruptured aneurysms. Association with rupture status was tested for location, aneurysm type, and 4 geometric and 10 hemodynamic
parameters. Patient-specific spatiotemporal velocities measured with phase-contrast MR imaging were used as inflow conditions for computa-
tional fluid dynamics. To assess the additional value of hemodynamic parameters, we performed 1 univariate and 2 multivariate analyses: 1
traditional model including only location and geometry and 1 advanced model that included patient-specific hemodynamic parameters.

RESULTS: In the univariate analysis, high-risk locations (anterior cerebral arteries, posterior communicating artery, and posterior circula-
tion), daughter sacs, unstable inflow jets, impingements at the aneurysm body, and unstable complex flow patterns were significantly
present more often in ruptured aneurysms. In both multivariate analyses, only the high-risk location (OR, 3.92; 95% CI, 1.77– 8.68) and the
presence of daughter sacs (OR, 2.79; 95% CI, 1.25– 6.25) remained as significant independent determinants.

CONCLUSIONS: In this study population of patients eligible for endovascular treatment, we found no independent additional value of
aneurysmal hemodynamics in discriminating rupture status, despite high univariate associations. Only traditional parameters (high-risk
location and the presence of daughter sacs) were independently associated with ruptured aneurysms.

ABBREVIATIONS: CFD � computational fluid dynamics; 3DRA � 3D rotational angiography; PC � phase-contrast

The prevalence of intracranial aneurysms in the general popula-

tion is approximately 1%–5%.1,2 Although most aneurysms re-

main asymptomatic, a minority rupture, and this scenario is associ-

ated with high morbidity and case fatality rates.2 For unruptured

aneurysms, the risk of treatment complications has to be carefully

balanced against the future risk of rupture. At present, risk assess-

ment of unruptured intracranial aneurysms and the decision to treat

or observe are mainly based on patient age, family history, aneurysm

size, and location.3-5 However, the predictive value of these charac-

teristics is limited. For example, most ruptured aneurysms are

smaller than the recommended minimum of 7 mm for treatment.6

Several researchers have attempted to better stratify rupture

risk by assessments of the associations between local hemody-

namic features and aneurysm formation, growth, and rupture

by using computational fluid dynamics (CFD).7-10 In general,

due to the difficulty of obtaining patient-specific velocity mea-

surements, assumptions are made for the inflow boundary

conditions. However, several studies have shown a large inter-

patient variation of intracranial artery flow.11,12

The purpose of this study was to test whether estimation of

local hemodynamics has additional value in discriminating

ruptured and unruptured aneurysms. Thus, high-resolution 3D
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geometry and patient-specific measurements of local flow veloc-

ities in the afferent artery as boundary conditions for hemody-

namic simulations were used.13-15

MATERIALS AND METHODS
Patients with intracranial aneurysms were invited to participate in

this study by a consulting neurointerventionalist during a visit at

the outpatient clinic in our tertiary care referral center from Jan-

uary 2009 to October 2011. Patients with ruptured aneurysms

were invited to participate at their first consultation after dis-

charge from the hospital. Patients with unruptured aneurysms

were asked to participate during their work-up for aneurysm

treatment. Inclusion criteria were the following: aneurysm size of

�3 mm, 18 –75 years of age, and the ability to give informed

consent. Exclusion criteria were contraindications for 3T MR im-

aging and previous aneurysm clipping. One hundred thirty-eight

patients (with 172 aneurysms) agreed to participate. The study

was approved by the institutional review board. Written informed

consent was obtained from all patients.

We excluded 55 aneurysms (37 patients) for the following rea-

sons: missing 3D rotational angiography (3DRA) source data

(n � 24); insufficient quality of 3DRA due to vasospasm (n � 3);

missing (n � 13) or failed (n � 14) phase-contrast MR imaging

(PC-MR imaging) measurements due to inaccurate cardiac gat-

ing; or failed CFD simulation (n � 1) (Fig 1).

The location of the ruptured or unruptured aneurysms was

determined (Table). Because aneurysms located at the anterior

cerebral arteries (anterior communicating artery, anterior cere-

bral artery, pericallosal artery), posterior communicating artery,

and in the posterior circulation (basilar artery, vertebral artery,

cerebellar arteries) are associated with a higher risk of rupture,4

dichotomization was performed by grouping these high-risk lo-

cations and comparing them with the other, lower risk locations.

In patients with multiple aneurysms with 1 rupture (6 pa-

tients), 2 experienced neuroradiologists (C.B.L.M.M., R.v.d.B.,

both with �10 years of experience) inspected all clinical and ra-

diologic data in consensus to select the most likely source of hem-

orrhage. The other aneurysms were classified as unruptured.

Imaging Protocols
Acquisition of 3DRA was part of the standard clinical work-up.

Images were acquired with either local (patients with unruptured

aneurysms) or general anesthesia (during endovascular treatment

in patients with ruptured aneurysms) by using a single-plane an-

giographic unit (Integris Allura Neuro; Philips Healthcare, Best,

the Netherlands) following institutional protocol. 3DRA was ac-

quired during a 6-second run, with 21 mL of contrast (iodixanol,

Visipaque; GE Healthcare, Piscataway, New Jersey), which was

administered at 3 mL/s, resulting in a 2563 isotropic image vol-

ume. The 3DRA was started 3 seconds after contrast injection.

FIG 1. Flow chart of patient and aneurysm inclusion.
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MR imaging was performed at 3T (Intera; Philips Healthcare)

and included a multiple overlapping thin-slab-acquisition 3D

TOF MRA sequence and a 3D PC-MR imaging sequence with

heart rate monitoring by electrocardiography or by a Peripheral

Pulse Unit (Siemens, Erlangen, Germany) for velocity measure-

ments in the afferent artery proximal to the aneurysm. The mul-

tiple overlapping thin-slab-acquisition 3D TOF had a scan reso-

lution of 0.39 � 0.6 � 1 mm. Other parameters were the

following: TE/TR/flip angle, 4.2/21.4 ms/20°; parallel imaging fac-

tor, 2.5; scanning time, 6 minutes and 16 seconds.

3D PC-MR imaging (time-resolved measurement of velocity

in 3 directions in a single plane perpendicular to the artery) was

performed with a resolution of 0.64 � 0.65 � 3 mm; TE/TR/flip

angle, 5.7/8.5 ms/10°; receiver bandwidth, 172 kHz; parallel im-

aging factor, 2. Velocity-encoding was 100 cm/s and could be

adjusted to 70 cm/s if needed. The velocity information was ac-

quired in 23–36 cardiac phases. We ensured that the location of

the 3D PC-MR imaging measurement was distal to any proximal

branching artery (�1 mm) to obtain the most accurate velocity

and flow information.

Patients with unruptured aneurysms were asked to undergo

an additional PC-MR imaging study before endovascular treat-

ment. In patients with ruptured aneurysms who were treated in an

acute setting, it was not possible to perform PC-MR imaging ve-

locity measurements before intervention, and these data were ob-

tained at follow-up 6 months after coiling. All unruptured aneu-

rysms were compared with previous imaging to detect possible

geometric changes during the time interval of 3DRA and MR

imaging. Postprocessing of the MR images was described in detail

previously (On-line Fig).16

Vascular Models and Vascular Model Correction
A level set algorithm was used to segment the vascular tree in

3DRA image data.17 The segmentations were converted into a

tetrahedral element mesh with �1,000,000 tetrahedral elements

(�3000 elements � mm�3). Neck size overestimation was re-

viewed by 2 neuroradiologists, by comparing the segmentations

with those in 2D DSA. Twenty-six of 117 aneurysm segmenta-

tions showed neck size overestimation and required modification

according to a previously described method.18

Hemodynamic Modeling and Visualization
Fluent 6.3 (ANSYS, Canonsburg, Pennsylvania) was used to

simulate hemodynamics. In-house-developed software was

used to impose PC-MR imaging–measured spatiotemporal ve-

locity profiles as inflow boundary conditions.16 In case of an-

terior communicating artery aneurysms, DSA images were re-

viewed by 2 neuroradiologists to determine the afferent artery.

None of the anterior communicating artery aneurysms filled

from both A1s.

The outflow ratio of the distal arteries was calculated by

using the Murray law. A no-slip boundary was set at the vessel

wall, and rigid walls were assumed.19 Density and dynamic

viscosity were, respectively, 1060 kg � m�3 and 0.004 kg �

m�1 � s�1. Three complete cardiac cycles were calculated; the

third cycle was used for analysis. The flow patterns resulting

from the CFD simulations were visualized with streamlines

and isosurfaces as movie clips by using Paraview 3.6 (Kitware;

Los Alamos National Laboratory and Sandia National Labora-

tories, Los Alamos, New Mexico) (Fig 2).

Quantitative Parameter Assessment
The following geometric aneurysm parameters were deter-

mined from the 3D models by a research physician (J.J.S.): size

(largest diameter in millimeters),20 aspect ratio (height divided

by the neck size),21 and spheric or nonspheric nature of the

aneurysm (“spheric” defined as an aneurysm height within

80%–125% of its width).20 Quantitative hemodynamic param-

eters (mean wall shear stress, maximum wall shear stress, and

oscillatory shear index) were derived from the hemodynamic

data provided by CFD by using in-house-developed software.

The quantitative hemodynamic parameters were derived from

the surface of the aneurysm sac. Time-dependent indices (os-

cillatory shear index) were calculated with a time-averaged

method by using all the cardiac phases available.

Qualitative Parameter Assessment
Qualitative parameters were assessed by 2 interventional neuro-

radiologists (C.B.L.M.M., R.v.d.B.). Qualitative geometric pa-

rameters were assessed from the 3D model and included aneu-

rysm type (sidewall or bifurcation) and the presence or absence of

Location, aneurysm type, and rupture status of 117 aneurysms (101 patients)

Locationa No. of Cases

Total (n = 117) Bifurcation (n = 90) Sidewall (n = 27)

Unruptured Ruptured Unruptured Ruptured Unruptured Ruptured
High-risk location

PcomA 12 (10%) 4 8 3 3 1 5
BA 11 (9%) 8 3 8 2 0 1
VA 1 (1%) 0 1 0 0 0 1
ACA 8 (7%) 3 5 2 5 1 0
AcomA 28 (24%) 7 21 7 20 0 1
Subtotal 60 (51%) 22 38 20 30 2 8

Low-risk location
MCA 36 (31%) 27 9 23 9 4 0
ICA 21 (18%) 13 8 3 5 10 3
Subtotal 57 (49%) 40 17 26 14 14 3

Total 117 (100%) 62 55 46 44 16 11

Note:—AcomA indicates anterior communicating artery; PcomA, posterior communicating artery; VA, vertebral artery.
a ICA includes the internal carotid, ophthalmic, anterior choroidal arteries and the carotid tip; ACA includes the anterior cerebral and pericallosal arteries; BA includes the basilar,
PICA, and superior cerebellar arteries.
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daughter sacs. An aneurysm was classified as a sidewall aneurysm

when it originated from a major vessel trunk with either no or a

very small side branch (with a diameter of less than one-fifth of

the parent vessel).10 All other aneurysms were classified as bifur-

cation aneurysms.

Qualitative hemodynamic parameters were assessed from movie

clips and included the number of inflow jets (single or multiple),

inflow jet concentration (concentrated or diffuse), inflow jet stability

(stable or unstable), vortex complexity (simple or complex), vortex

stability (stable or unstable) flow pattern category according to Ce-

bral et al,9 and location of the impingement zone.

The inflow jet was considered unstable if its main direction

changed throughout the cardiac cycle. The inflow jet was consid-

ered concentrated if the inflow width was less than half the aneu-

rysm neck. Vortices were assessed for complexity (simple/com-

plex) and stability (stable/unstable). Vortices were considered

complex if there was �1 major flow structure; they were catego-

rized as unstable when �1 flow structure disappeared during a

cardiac cycle. The stability and complexity of intra-aneurysmal

flow were classified by assigning 1 of the following 4 flow types: 1)

stable-simple: stable direction of the inflow jet with a single asso-

ciated vortex, 2) stable-complex: stable direction of the inflow jet

FIG 2. Intra-aneurysmal hemodynamics in 3 typical aneurysms. Diastole is depicted in the top row; systole, in the bottom row. The columns
represent: A, Isosurface of the velocity. B, 3D streamlines colored by velocity magnitude. C, 2D slice of the velocity magnitude. D, Wall shear
stress distribution displayed on 3D geometry. The rows represent cases 1–3. Case 1: Ruptured anterior communicating artery aneurysm with a
concentrated inflow jet (A and C) and a stable-simple flow pattern: single vortex that is stable throughout the cardiac cycle (B). The impingement
zone is located at the body (D). Case 2: Unruptured posterior communicating artery aneurysm with a concentrated inflow jet (A and C) and a
stable-complex flow pattern: multiple flow structures that remain stable throughout the cardiac cycle (B). The impingement zone is located at
the dome (D) and 2 daughter sacs (D). Case 3: Ruptured anterior communicating artery aneurysm with a concentrated inflow jet (A and C) and
an unstable-simple flow pattern: a single flow structure that is unstable throughout the cardiac cycle. The primary direction of flow is different
between systole and diastole (B). The impingement zone is located at the neck (D) and 2 daughter sacs (D).
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with multiple associated vortices and no change in the number of

vortices during the cardiac cycle, 3) unstable-simple: changing

direction of inflow jet with the creation of a single vortex, and 4)

unstable-complex: changing direction of the inflow jet associated

with the creation or destruction of multiple vortices.9

Images of the wall shear stress magnitude were used to catego-

rize the location of the impingement zone as neck, body, dome, or

in a daughter sac.19 The “impingement zone” was defined as the

area on the aneurysm sac where the inflow jet deflects.

Statistical Analysis
The Shapiro-Wilk test was used to assess the normality of the

distribution of continuous variables (normally distributed if the

W statistic was �0.9). The normally distributed variable (size)

was expressed as mean with SD, whereas not normally distributed

variables were presented as medians with interquartile ranges (in-

terquartile range, 25%–75%).

To evaluate the relation between determinants and rupture

status, we performed univariate and multivariate analyses by us-

ing logistic regression analysis. Variables that were significantly

associated with rupture status in the univariate analysis were in-

cluded in the multivariate analysis by using manual backward

variable selection. To test for multicollinearity, we calculated the

variance inflation factor. We generated 2 multivariate models: a

“traditional” model including only the location and geometric

determinants, and an advanced model including location and

geometric and hemodynamic determinants. Interobserver agree-

ment of all parameters was assessed by calculation of the intraclass

correlation coefficient and the percentage of agreement. A P

value � .05 was considered statistically significant in all analyses.

All analyses were performed by using the SPSS, Version 20.0

(IBM, Armonk, New York).

RESULTS
In the analysis, 101 patients (63 women; mean age, 54.8 years)

with 117 aneurysms (62 unruptured, 55 ruptured) were included

(Fig 1). The distribution of aneurysm locations is depicted in the

Table. The unruptured aneurysms had a mean size of 7.4 � 3.7

mm; the ruptured aneurysms, 6.6 � 2.8 mm (On-line Table 1).

Eleven of the included patients had multiple aneurysms: 7 pa-

tients with 2 aneurysms, 3 with 3 aneurysms, and 1 with 4 aneu-

rysms. Multiple aneurysms per patient were included if specific

PC-MR imaging measurements were available for each aneurysm.

None of the unruptured aneurysms showed geometric changes

during the interval between 3DRA and MR imaging.

The univariate associations with aneurysm rupture status are

depicted in On-line Table 1. There was no indication of severe

multicollinearity. The interobserver agreement for qualitatively

scored hemodynamic parameters is displayed in On-line Table 2.

Aneurysms located at high-risk locations were more often associ-

ated with rupture compared with the aneurysms at other loca-

tions (OR, 4.06; 95% CI, 1.88 – 8.81). The only geometric param-

eter that was significantly associated with rupture status was the

presence of a daughter sac (OR, 2.93; 95% CI, 1.37– 6.29). Regard-

ing the hemodynamic parameters, unstable inflow jet (OR, 13.56;

95% CI, 1.67–110), impingement zone location at the aneurysm

body (OR, 2.49; 95% CI, 1.00 – 6.19), and complex vortices (OR,

2.34; 95% CI, 1.11– 4.96) were significantly associated with rup-

tured aneurysms. In addition, an unstable-complex flow pattern

was present significantly more often in ruptured aneurysms (OR,

2.59; 95% CI, 1.05– 6.37) compared with a stable-simple flow pat-

tern. The presence of stable-complex and unstable-simple flow

patterns was not different in ruptured and unruptured

aneurysms.

In the traditional multivariate model, both high-risk location

(OR, 3.92; 95% CI, 1.77– 8.68) and the presence of daughter sacs

(OR, 2.79; 95% CI, 1.25– 6.25) were independently associated

with ruptured aneurysms (Nagelkerke R2 of 0.21; area under the

curve, 0.72; 95% CI, 0.63– 0.82). The advanced multivariate

model added (univariate significant) hemodynamic parameters:

unstable inflow jet, vortex complexity, flow-pattern category, and

location of the impingement zone. In this advanced model, high-

risk location and the presence of daughter sacs were indepen-

dently associated with ruptured aneurysms (OR values equal to

the traditional model), resulting in exactly the same area under

the curve (area under the curve, 0.72; 95% CI, 0.63– 0.82;

Nagelkerke R2 of 0.21). Thus, hemodynamic parameters did not

improve the traditional multivariate model.

DISCUSSION
In this study, which compared geometric and hemodynamic pa-

rameters in 117 aneurysms, no additional value of aneurysmal

hemodynamics for the characterization of ruptured-versus-un-

ruptured aneurysms was found. Rather, only the presence of

daughter sacs and location at the anterior cerebral arteries, poste-

rior communicating artery, or posterior circulation significantly

characterized ruptured aneurysms, and this was the case for mul-

tivariate models with or without inclusion of hemodynamics.

Various hemodynamic aspects of aneurysms have been impli-

cated as potential predictors of the risk of rupture, such as dis-

turbed flow patterns, small impingement regions, narrow jets,

wall shear stress, and oscillatory shear index.9,10,22 In addition,

these complex and unstable flow patterns have been correlated

with a clinical history of prior aneurysm rupture.8 This study does

not address the causality of hemodynamics and aneurysm rupture

and does not allow any statements considering causality. While

univariate analyses in the current work and previous studies

clearly argue for hemodynamic data as discriminators and candi-

date predictors for rupture, our multivariate models do not show

additional value when we account for geometric data.

The independent association of location at the anterior cere-

bral arteries, posterior communicating artery, and posterior cir-

culation with rupture is in accordance with a recently published

pooled analysis based on 6 prospective studies with 8382 patients

with unruptured aneurysms.4 That analysis, however, did not in-

clude hemodynamic parameters. Despite the evidence, several

studies on hemodynamic risk factors for aneurysm rupture did

not include location as a determinant in their analyses.8,10 A post

hoc analysis of the findings of Xiang et al10 indicates that also in

that study, location at the anterior cerebral arteries, posterior

communicating artery, and posterior circulation is positively as-

sociated with rupture, with 84% in the ruptured group, as op-

posed to 33% in the unruptured group. It is not clear whether the

1924 Schneiders Oct 2015 www.ajnr.org



shear parameters would remain significantly involved if location

had been included in their model.

Daughter sacs were present significantly more often in rup-

tured aneurysms compared with unruptured aneurysms. The im-

portance of aneurysm shape for the risk profile has previously

been acknowledged in a study comparing ruptured and unrup-

tured cerebral aneurysms, in which 10% of unruptured aneu-

rysms showed a multilobular appearance on DSA compared with

20% of ruptured aneurysms.23 In the Unruptured Cerebral An-

eurysm Study of Japan, daughter sacs were also associated with an

increased rupture rate.24 Aneurysm geometry and the presence of

daughter sacs may change before, during, or after rupture. Two

studies on 13 and 9 patients before and after rupture showed that

indeed geometry after rupture may be different due to growth and

displacements by hematoma.25,26 While rupture might have af-

fected the percentage of aneurysms with visible daughter sacs, the

Unruptured Cerebral Aneurysm Study of Japan underlines the

view that the significant association in our study with ruptured

aneurysms is not merely a consequence of rupture.

Aneurysm size did not significantly contribute to characteriza-

tion of the rupture state, while it is a proved risk factor for aneu-

rysm rupture in longitudinal follow-up studies.3,5,24 The reason

for this finding is that in patients with ruptured aneurysms, 3DRA

was routinely performed in the standard work-up protocol in all

aneurysms regardless of size. However, patients with unruptured

aneurysms were only scheduled for treatment when aneurysm

size was �7 mm or when aneurysm growth was seen during fol-

low-up. Unruptured MCA aneurysms were over-represented in

our study compared with the patient population of the institu-

tion, though this number was comparable with that in a study by

Morita et al.24 This difference might have been related to the more

frequent application of 3DRA imaging in relation to decisions for

treatment.

In a recent study of Baharoglu et al,27 rupture risk factors were

assessed for sidewall and bifurcation aneurysms separately. This

approach is promising for dealing with multicollinearity. The de-

sign and number of included patients in this study did not allow

us to also compare all variables against these 2 aneurysm types.

Patient-specific inflow patterns for CFD, based on PC-MR

imaging, were not always obtained within a short interval of

3DRA. Patients with unruptured aneurysms were asked to partic-

ipate right before or after 3DRA, either in the pretherapeutic

work-up or during an elective coiling procedure. Patients with a

recent 3DRA (�1 year) were asked to participate during regular

checkups at the outpatient clinic. For ruptured aneurysms,

PC-MR imaging was performed 6 months after treatment. We do

not believe that these timing differences biased the estimation of

hemodynamic patterns. Cebral et al19 indicated that for variation

of inflow within a �25% range, calculated flow patterns remain

unchanged. In the absence of major events such as rupture or

stroke, no such variation is expected.

Data on flow changes after coiling are sparse. However, in a

pilot study, we found that flow changes in inlet and outlet vessels

before and after coiling are within this 25% range. These results,

therefore, allow the PC-MR imaging flow measurements per-

formed 6 months after coiling to serve as a boundary condition

for CFD simulating pretreatment hemodynamics.

Several assumptions for the CFD simulations had to be made,

including traction-free boundary conditions, rigid walls, and out-

let boundary conditions. However, these assumptions are be-

lieved to have relatively limited influence on the predicted flow

patterns.28 The influence of mesh resolution is reported in an

article by Valen-Sendstad and Steinman,29 in which they have

shown that lower resolution meshes can result in different oscil-

latory shear index values as opposed to higher resolution models.

Not using the very-high-resolution models may have disguised

the associations between oscillatory shear index and rupture sta-

tus; however, this issue was beyond the scope of this study.

A limitation of this study is the absence of other established

clinical risk factors for rupture, including multiple aneurysms,30 a

history of previous SAH,31 hypertension,4 female sex,5 and de-

scent.5 Including such factors was not possible because it would

have affected the power of tests for the hemodynamic parameters.

It remains to be established whether such clinical factors interact

with hemodynamics in risk prediction.

We reported the interobserver agreement for the classifica-

tions of our experts before consensus was reached. The agreement

of the variables flow concentration, inflow stability, and flow

complexity is, on average, 85%, compared with 99% in a previous

study.8 The lower agreement and relatively low intraclass correla-

tion coefficient for most variables may reduce the discriminating

power of the analysis. Therefore, in the final analysis, we used the

consensus of the 2 observers for all scored variables.

The current cross-sectional design does not allow straightfor-

ward estimation of rupture risk from the included parameters.

For example, unruptured aneurysms included in this study may

still have a high risk for future rupture, and this study cannot

discriminate between aneurysms that have not yet ruptured and

those that will never rupture.

The lack of additional value of hemodynamic parameters

raises the question of whether and how such hemodynamics

could be part of risk of rupture models. Larger longitudinal stud-

ies will provide more insight than could possibly be generated in

the current cross-sectional design.

CONCLUSIONS
In this study population of patients eligible for endovascular

treatment, we found no independent additional value of aneurys-

mal hemodynamics in discriminating rupture status, despite high

univariate associations. Only traditional parameters (high-risk

location and the presence of daughter sacs) were independently

associated with ruptured aneurysms.
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