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Abstract
Purpose The mechanisms of cerebral aneurysm rupture are not fully understood. We analyzed the associations of hemodynam-
ics, morphology, and patient age and gender with aneurysm rupture stratifying by location.
Methods Using image-based models, 20 hemodynamic and 17 morphological parameters were compared in 1931 ruptured and
unruptured aneurysms with univariate logistic regression. Rupture rates were compared between males and females as well as
younger and older patients and bifurcation versus sidewall aneurysms for different aneurysm locations. Subsequently, associa-
tions between hemodynamics and morphology and patient as well as aneurysm characteristics were analyzed for aneurysms at
five locations.
Results Compared to unruptured aneurysms, ruptured aneurysms were characterized by a more irregular shape and were exposed to
a more adverse hemodynamic environment described by faster flow, higher wall shear stress, more oscillatory shear, and more
unstable and complex flows. These associations with rupture status were consistent for different aneurysm locations. Rupture rates
were significantly higher in males at the internal carotid artery (ICA) bifurcation, ophthalmic ICA, and the middle cerebral artery
(MCA) bifurcation. At the anterior communicating artery (ACOM) andMCA bifurcation, they were significantly higher for younger
patients. Bifurcation aneurysms had significantly larger rupture rates at the MCA and posterior communicating artery (PCOM). In
these groups with higher rupture rates, aneurysms were characterized by adverse hemodynamics and more complex shapes.
Conclusion Hemodynamic and morphological differences between ruptured and unruptured aneurysms are consistent across
locations. Adverse morphology and hemodynamics are related to rupture as well as younger age, male gender, and bifurcation
aneurysms.
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CFD Computational fluid dynamics
ICA Internal carotid artery
VA Vertebral artery

ROC Receiver operating characteristic
ACOM Anterior communicating artery
ICA-OPH Ophthalmic segment of the ICA
ICA-BIF Internal carotid artery bifurcation
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PCOM ‘Posterior communicating artery
MCA Middle cerebral artery
MCA-DIST-PROX Without the MCA-bifurcation
WSS Wall shear stress
OSI Oscillatory shear index

Introduction

Cerebral aneurysms are a common vascular disease occurring
in about 2–3% of the population [1]. While remaining asymp-
tomatic in most cases, the rupture of an aneurysm leads to
hemorrhagic stroke which is associated with high mortality
and morbidity [2, 3]. Nowadays, an increasing number of
unruptured aneurysms is diagnosed as incidental findings
[4]. Treatment decisions of incidentally diagnosed aneurysms
require the assessment of a patient’s individual aneurysm rup-
ture risk. The mechanisms that lead to aneurysm rupture are
however not yet fully understood making treatment decisions
difficult. In recent years, computational fluid dynamics (CFD)
simulations have become more and more popular for the as-
sessment of hemodynamic factors associated with aneurysm
development, growth, and rupture [5]. Typically, these studies
are based on patient data from a single center and comprise
relatively small patient cohorts of often less than 200 patients
[6–9]. In the presented study, we used data of aneurysms ob-
tained from six hospitals of approximately 1900 cases.
Besides hemodynamic risk factors, it is known that the aneu-
rysm rupture risk differs by aneurysm location with a higher
rupture risk for aneurysms of the posterior circulation [10].
Furthermore, aneurysm hemodynamics are influenced by the
aneurysm geometry. In this context, several morphological
risk factors have previously been suggested [6, 8, 9]. The
aim of this study was the identification of hemodynamic and
morphological risk factors for aneurysm rupture as well as the
assessment of the association of gender and age with aneu-
rysm rupture rates using a large patient cohort. Based on our
previous study [11], we hypothesized that higher rupture rates
for one or the other population would be associated with more
adverse aneurysm hemodynamics characterized bymore com-
plex flows with concentrated wall shear stress (WSS) and
more complex aneurysm shapes. The analysis was stratified
by aneurysm location to avoid this potential confounding
factor.

Materials and methods

Patient and image data

After exclusion of fusiform aneurysms, data of 1265 patients
having 1931 saccular intracranial aneurysms with known rup-
ture status were available. They include 3-dimensional

rotational angiography (3DRA) images of the aneurysm and
the surrounding vasculature, as well as information about the
patient (age and gender) and the aneurysm location in the
cerebral vasculature. All the data has been anonymized.

Hemodynamic modeling

Patient-specific CFD models were performed as previously
described [12]. In short, CFD models were constructed from
the angiographic images of the aneurysm and the surrounding
vasculature. In the models, arteries were cut perpendicularly
to their axes for subsequent inlet and outlet definition. The
vessels were modeled by unstructured grids with a maximum
element size of 0.2 mm.

For the CFD simulations, pulsatile flow conditions derived
from phase-contrast MR measurements in healthy subjects
were scaled with a power law to the inlet vessel area.
Depending on the location of the aneurysm, inflow boundary
conditions were applied at the internal carotid artery (ICA)
(for aneurysms in the anterior circulation) or the vertebral
artery (VA) (for aneurysms in the posterior circulation) using
the Womersly solution. Outflow boundary conditions consis-
tent with Murray’s law were applied. Blood was modeled as a
Newtonian fluid with a density of 1.0 g/cm3 and a viscosity of
0.04 P. Vessel walls were approximated as rigid. An in-house
finite element solver was used to numerically solve the 3D
incompressible Navier-Stokes equations. Two cardiac cycles
with a heart rate of 60 beats per minute were calculated with
100 time steps per cardiac cycle and results from the second
cycle were used for the hemodynamic characterizations.

Post processing

In the post processing step, 20 hemodynamic and 17 morpho-
logical variables, which have been described previously
[12–15], were calculated from the computed flow field and
the 3D geometrical model, respectively. They are presented in
Tab. 1 in the Online Suppl. Material.

Statistical analysis

To assess the influence of hemodynamic conditions and aneu-
rysm morphology on the aneurysm rupture risk, univariate
logistic regression was performed for each of the 37 variables
for subgroups of aneurysms stratified by aneurysm location.
Furthermore, multivariate models, each including a hemody-
namic or morphological variable, the categorical variable
Baneurysm location^ and a multiplicative interaction term of
the two variables were fitted to analyze whether the influence
of certain hemodynamic or morphological conditions on the
aneurysm rupture risk could vary by aneurysm location. The
statistical significance of the interaction term was assessed by
an ANOVA analysis applied to the fitted model.
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To identify whether the associations of the patient charac-
teristics gender and age with aneurysm rupture could differ for
aneurysms at different arteries, a test for an interaction term of
Bage^ or Bgender^ with the variable Baneurysm location^ was
applied in the same way as described above for the hemody-
namic and morphological parameters.

In order to compare rupture rates at different locations for
aneurysms harbored by young versus old patients, patients
were classified as Byoung^ or Bold^ by fitting a univariate
model for the variable Bage^ using the whole sample (all an-
eurysm locations) and selecting the optimal classification
threshold as the age corresponding to the point on the receiver
operating characteristic (ROC) curve with the smallest
Euclidean distance to (0.1).

Subsequently, for each of 13 specified aneurysm locations,
rupture rates were compared between aneurysms harbored by
young versus old patients and female versus male patients. For
the comparison, a Chi-square test was applied if the expected
frequencies for all categories were greater than five; other-
wise, Fisher’s exact test was used. Based on the results of
the Chi-square/Fisher’s exact test, aneurysm locations were
selected for further analysis of hemodynamic and morpholog-
ical parameters with respect to gender, age, and rupture status
by univariate logistic regression.

Similarly, differences in hemodynamics and morphology
between sidewall and bifurcation aneurysms were compared
at locations with significant differences in rupture rates for
ruptured versus unruptured aneurysms based on Chi-square
or Fisher/s exact test. For this analysis, only locations where
both lateral and bifurcation aneurysms occur, were consid-
ered. These were the ophthalmic segment of the ICA (ICA-
OPH), the anterior choroidal segment of the ICA (ICA-
ACHOR), the middle cerebral artery (MCA), and the anterior
cerebral artery and anterior communicating artery (ACA-
ACOM), and the posterior communicating artery (PCOM).
For PCOM aneurysms, aneurysms were classified as lateral
versus bifurcation based on their angioarchitecture [16]. For
all statistical analyses, a p value of 0.05 was considered as
significant. In order to account for multiple testing, p values
were also adjusted using the Benjamini-Hochberg procedure
to limit the false discovery rate (FDR) [17]. For the analyses
with respect to patient characteristics, the sample size was
reduced from 1931 to 1640 due to missing patient information
for a subset of cases. All statistical analysis was performed
with scripts written in the R language [18].

Results

Overall, 558 out of the 1931 aneurysms were ruptured (rup-
ture rate 0.29). The two locations with the highest rupture rates
were the anterior communicating artery (ACOM, 169 out of
278, rupture rate 0.61) and the posterior communicating artery

(144 out of 312, rupture rate 0.46). The lowest rupture rates
were found for aneurysms located at the ophthalmic segment
of the ICA (22 out of 280, rupture rate 0.07) and the MCA
without the MCA-bifurcation (MCA-DIST-PROX, 5 out of
72, rupture rate 0.07, see Table 1).

Hemodynamics and morphology

Table 1 summarizes the results for the comparison of hemo-
dynamic and morphological parameters by aneurysm loca-
tion. When combining aneurysms of all locations, almost all
of the 49 variables were associated with the aneurysm rupture
status. Compared to unruptured aneurysms, ruptured aneu-
rysms had a significantly larger inflow concentration index
(ICI, p < 0.001), inflow rate into the aneurysm (Q, p =
0.003), kinetic energy (KE, p < 0.001), mean velocity (VE,
p = 0.001), maximum wall shear stress (WSSmax,
p < 0.001), mean WSS (WSSmean, p = 0.009), shear concen-
tration index (SCI, p < 0.001), maximum oscillatory shear in-
dex (OSImax, p < 0.001), mean OSI (OSImean, p < 0.001),
WSS in the aneurysm parent vessel (WSSves, p < 0.001),
maximum normalized WSS (MWSSnorm, p < 0.001), vortex
coreline length (corelen, p < 0.001), temporal flow stability
(podent, p < 0.001), and peak velocity (Vmax, p < 0.001)).
Besides, they were larger (Asize, p < 0.001) and had a larger
aspect ratio (AR, p < 0.001), height (Aheight, p < 0.001),
height-to-width ratio (HWR, p < 0.001), bottle-neck-factor
(BF, p < 0.001), bulge location (BL, p < 0.001), size ratio
(SizeR, p < 0.001), volume-to-ostium ratio (VOR, p = 0.04),
convexity ratio (CR, p < 0.001), isoperimetric ratio (IPR,
p < 0.001), non-sphericity index (NSI, p < 0.001), and L2
norm of mean surface curvatures (MLN, p < 0.001). In con-
trast, ruptured aneurysms had a significantly lower minimum
WSS (WSSmin, p < 0.001), andmeanWSS normalized by the
WSS in the parent artery (WSSnorm, p < 0.001). With respect
to the shape parameters, ruptured aneurysms had a smaller
neck area (Narea, p = 0.02), diameter of the parent vessel
(Vdiam, p < 0.001), and ellipticity index (EI, p = 0.02).
When adjusting the p value for rejection of the null-
hypothesis for multiple testing, the same variables remained
significant (see Table 1). The p values and mean values in our
data for the analyzed variables can be found in Tab. 2 in the
Online Suppl. Material.

For the comparisons of hemodynamic and morphological
variables by location, fewer parameters were significantly as-
sociated with the rupture status. However, all significant var-
iables were consistently higher or lower for ruptured aneu-
rysms throughout all locations. With respect to the interaction
tests, significant interactions between the hemodynamic or
morphological variable and aneurysm location were found
for Vmax (p = 0.02), BL (p = 0.008), and MLN (p = 0.03,
see also Tab. 3 in the Online Suppl. Material). The interaction
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of the variables gender and aneurysm location was significant
at 94% (p = 0.06), for age the p value was 0.01.

Gender and age

Based on the ROC of the univariate model for age, the optimal
threshold was 55 years. Subsequently, patients having an age
greater than 55 were classified as Bold.^ Patients with an age of
55 or less were grouped as Byoung.^ Rupture rates were sig-
nificantly higher for aneurysms harbored by young compared
to old patients (37% vs. 25%, p < 0.001). When stratifying the
comparison by locations, aneurysms of younger patients had

significantly higher rupture rates at the ACOM (74% vs. 57%,
p = 0.01), trunk of the basilar artery (BA-DIST-PROX, 40%
vs. 10%, p = 0.04), bifurcation of the internal carotid artery
(ICA-BIF, 31% vs 0%, p = 0.002), superior hypophyseal seg-
ment of the internal carotid artery (ICA-SHYP, 25% vs. 8%,
p = 0.01), and the bifurcation of theMCA (MCA-BIF, 45% vs.
22%, p < 0.001, see Table 2). Only for the groups of aneurysms
at the ACOM and MCA-BIF, the minimum number of cases
per category (ruptured old, ruptured young, unruptured old,
unruptured young) exceeded six. Therefore, aneurysms at the
ACOM and MCA-BIF were selected for further comparison
with respect to age groups. For ACOM aneurysms, 84

Table 1 Summary of univariate comparison of morphological and hemodynamic parameters by locations

ACA ACOM BA-DIST-
PROX

BA-TIP ICA-
ACHOR

ICA-BIF ICA-CAV ICA-OPH ICA-SHYP MCA-BIF MCA-DIST-
PROX

PCOM VA ALL

ICI R*
Q R R*
KE R R*
SR
VE R R*
VO
VD
WSSmax R R R R R* R* R*
WSSmin U* U* U*
WSSmean R*
LSA R
SCI R R R R* R*
OSImax R R R R* R* R*
OSImean R* R R*
WSSves R R* R* R*
WSSnorm U U* U*
MWSSnorm R* R R*
corelen R R R R* R*
podent R R*
Vmax R R R R R* R* R*
Avol
Asize R R R* R*
Nsize
Narea U*
AR R R* R* R R* R* R*
Aheight R R* R*
Awidth
HWR R* R R R R* R* R*
BF R R R* R*
BL R R R R* R*
Vdiam U U U*
SizeR R R* R R* R* R*
VOR R*
CR R R*
EI U*
NSI R R* R R R* R* R*
MLN R R* R* R R R* R* R*
Sample Size 65 278 56 80 49 72 167 302 151 282 72 312 45 1931
Rupture Rate 34% 61% 20% 38% 14% 17% 4% 7% 17% 30% 7% 46% 40% 29%

ACA anterior cerebral artery, ACOM anterior communicating artery, BA-DIST-PROX basilar artery other than tip, BA-TIP tip of basilar artery, ICA-
ACHOR internal carotid artery—anterior choroidal, ICA-BIF internal carotid artery bifurcation, ICA-CAV cavernous internal carotid artery, ICA-OPH
internal carotid artery—ophthalmic, ICA-SHYP superior hypophyseal segment internal carotid artery, MCA-BIF middle cerebral artery bifurcation,
MCA-DIST-PROX middle cerebral artery other than bifurcation, PCOM posterior communicating artery, VA vertebral artery. R and U indicate signif-
icantly positive and negative association of the variable with aneurysm rupture, respectively. Asterisks refer to significant difference after adjustment for
multiple testing. Empty cells indicate no statistically significant difference. ALL refers to the results when combining aneurysms from all locations for the
analysis
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aneurysms belonging to the subgroup of young patients were
ruptured, 30 were unruptured. Of the 114 aneurysms harbored
by older patients, 65 were ruptured and 49 unruptured. For
aneurysms located at the MCA-BIF, 33 and 116 aneurysms
of the older patients were respectively ruptured and
unruptured. In the subgroup of younger patients, 46 aneurysms
were ruptured and 56 aneurysms were unruptured.

Aneurysms harbored by male patients had a significantly
larger rupture rate compared to aneurysms of female patients
independent of location (41% vs. 26%, p < 0.001) as well as at
the ICA-BIF (45% vs. 13%, p = 0.03), the ICA-OPH (20% vs.
5%, p = 0.002), and the MCA-BIF (45% vs. 27%, p = 0.02,
see Table 3). Since for the ICA-BIF and ICA-OPH, the max-
imum subgroup size for each category was 5 and 9, respec-
tively, only aneurysms at the MCA-BIF were analyzed with

respect to differences in hemodynamic and morphological pa-
rameters by gender and rupture status. For aneurysms at this
location, 26 (32) male aneurysms were ruptured (unruptured)
and 53 female aneurysms were ruptured, 140 unruptured.

Gender and age by aneurysm location

When comparing hemodynamic and morphological parame-
ters for aneurysms located at the ACOM and MCA-BIF sep-
arately, ruptured aneurysms had a larger maximumWSS (p =
0.03 and 0.04 for ACOM and MCA-BIF aneurysms, respec-
tively), SCI (p = 0.04 and 0.01), maximum OSI (p = 0.04 and
0.002), vortex coreline length (p = 0.02 and 0.03) and, Vmax
(p = 0.03 and 0.01) (Table 4). Furthermore, they had a larger
AR (p < 0.001 and 0.003), SizeR (p = 0.003 and 0.007), NSI

Table 2 Results of comparison of
rupture rates in age groups by
location

Rupture
rate young

Rupture
rate old

p value Method Signf. Sample size
(young/old)

ACA 0.4 0.31 0.68 ChiSq 57 (25/32)

ACOM 0.74 0.57 0.01 ChiSq * 228 (114/114)

BA-DIST-PROX 0.4 0.1 0.04 Fis * 45 (15/30)

BA-TIP 0.5 0.38 0.50 ChiSq 61 (24/37)

ICA-ACHOR 0.23 0.07 0.23 Fis 41 (26/15)

ICA-BIF 0.31 0 0.002 Fis * 58 (35/23)

ICA-CAV 0.02 0.04 1 Fis 129 (44/85)

ICA-OPH 0.08 0.07 0.96 ChiSq 275 (149/126)

ICA-SHYP 0.25 0.08 0.01 ChiSq * 133 (59/74)

MCA-BIF 0.45 0.22 < 0.001 ChiSq * 251 (102/149)

MCA-DIST-PROX 0.13 0.05 0.36 Fis 61 (23/38)

PCOM 0.52 0.45 0.29 ChiSq 265 (109/156)

VA 0.62 0.3 0.11 ChiSq 36 (16/20)

ChiSq refers to a comparison of rupture rates by a Chi-squares test, Fis to a comparison using Fisher’s exact test

Table 3 Results of comparison of
rupture rates for subgroups of
female and male aneurysms by
location

Rupture
rate female

Rupture
rate male

p value Method Signf. Sample size
(female/male)

ACA 0.31 0.44 0.48 ChiSq 57 (39/18)

ACOM 0.64 0.67 0.78 ChiSq 228 (143/85)

BA-DIST-PROX 0.17 0.33 0.35 Fis 45 (36/9)

BA-TIP 0.43 0.42 1 ChiSq 61 (49/12)

ICA-ACHOR 0.19 0 0.57 Fis 41 (36/5)

ICA-BIF 0.13 0.45 0.03 Fis * 58 (47/11)

ICA-CAV 0.02 0.09 0.13 Fis 129 (107/22)

ICA-OPH 0.05 0.2 0.002 Fis * 275 (231/44)

ICA-SHYP 0.17 0.09 0.53 Fis 133 (110/23)

MCA-BIF 0.27 0.45 0.02 ChiSq * 251 (193/58)

MCA-DIST-PROX 0.06 0.18 0.22 Fis 61 (50/11)

PCOM 0.48 0.5 0.89 ChiSq 265 (221/44)

VA 0.44 0.45 1 Fis 36 (25/11)

ChiSq refers to a comparison of rupture rates by a Chi-squares test, Fis to a comparison using Fisher’s exact test
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(p < 0.001), and MLN (p < 0.001). For aneurysms located at
the ACOM, additionally a larger MWSSnorm (p = 0.004),
larger BF (p = 0.01), and smaller WSSmin (p = 0.004) were
associated with rupture. In case of the MCA-BIF, ruptured
aneurysms had a larger mean OSI (p < 0.001), WSS in the
parent vessel (p = 0.009) and were larger (p = 0.03; see Tab.
4 and 6 in the Online Suppl. Material).

For aneurysms at the ACOM, compared to older patients,
younger patients had aneurysms that were subjected to a lower
minimumWSS (p = 0.05), had a larger HWR (p = 0.007), NSI
(p = 0.004), and MLN (p = 0.03). At the MCA-BIF, aneu-
rysms of younger patients had a larger mean OSI (p = 0.04)
and smaller neck diameter (p = 0.03) and parent vessel diam-
eter (p = 0.03). When comparing ruptured and unruptured an-
eurysms in the subgroup of young and old patients, most of

the parameters that had been associated with rupture for the
overall comparison irrespective of age group, were also asso-
ciated with rupture for the subgroup-analyses (see Tab. 4–7 in
the Online Suppl. Material).

With respect to gender differences, male aneurysms at the
MCA-BIF were characterized by a larger inflow rate (p =
0.001), kinetic energy (p = 0.005), mean velocity (p = 0.005),
vorticity (p = 0.04), maximum and mean WSS (p = 0.01 and
0.02), vortex coreline length (p = 0.04), and Vmax (p =
0.002). Besides, they were larger (p = 0.04), had a larger neck
size and area (p = 0.03and 0.006), and were less spherical (p =
0.006) compared to aneurysms of female patients. Figure 1
illustrates the observed associations: The left, ruptured male
aneurysm is characterized by a complex, non-spherical shape
and a high, complex flow field. In contrast, the unruptured

Table 4 Summary of univariate comparison of morphological and hemodynamic parameters by subgroup for ACOM and MCA-BIF aneurysms

ACOM MCA-BIF

Comparison All_R_U All_Y_O Young_R_U Old_R_U All_R_U All_Y_O Young_R_U Old_R_U All_M_F Fem_R_U Male_R_U

ICI
Q M*
KE O_R M*
SR
VE O_R M*
VO M
VD
WSSmax R O_R R* O_R M M_R
WSSmin U* O Y_U
WSSmean M
LSA
SCI R R*
OSImax R Y_R R* Y_R M_R
OSImean R* Y Y_R O_R F_R M_R
WSSves O_R R* M_R
WSSnorm U Y_U F_U
MWSSnorm R* O_R M_R
corelen R Y_R R M
podent
Vmax R R* O_R M* M_R
Avol
Asize R Y_R M
Nsize M
Narea M*
AR R* Y_R* O_R R* Y_R* F_R M_R
Aheight
Awidth
HWR R* Y Y_R O_R R* Y_R* O_R F_R* M_R
BF R Y_R*
BL Y_R*
Vdiam U O_U* O
SizeR R* Y_R R* Y_R
VOR Y_R
CR
EI
NSI R* Y Y_R* O_R* R* Y_R O_R* M* F_R* M_R*
MLN R* Y Y_R* O_R* R* Y_R O_R* F_R* M_R*
Sample Size 278 233 114 115 282 259 102 149 261 193 60

R and U indicate significantly positive and negative association of the variable with aneurysm rupture, respectively. Asterisks refer to significant
difference after adjustment for multiple testing. O, Y, M, and F refer to a significant association of the variable with aneurysm rupture for older and
younger, male and female patients, respectively. Empty cells indicate no statistically significant difference
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female aneurysm shown at the right has a spherical shape and
a low, non-complex flow field.

Similar to the analysis for the subgroups of age, when com-
paring parameters between ruptured and unruptured aneu-
rysms in the subgroups of male and female patients, overall
the same associations with rupture were found as for the com-
parison of all ruptured and unruptured aneurysms irrespective
of gender (see Tab. 6, 8, and 9 in the Online Suppl. Material).

Bifurcation versus sidewall aneurysms

Rupture rates between sidewall and bifurcation aneurysms
were significantly different at the MCA (rupture rates 0 vs.
0.27, p = 0.02) and the PCOM (0.37 vs. 0.54, p = 0.006, see
Table 5). When looking at the hemodynamics, bifurcation
aneurysms at the MCA had a larger inflow concentration in-
dex (ICI, p = 0.02), inflow (Q, p = 0.03), velocity (p = 0.02),
MWSSnorm (p = 0.01), and Vmax (p = 0.01), but a lower
LSA (p = 0.04). PCOM bifurcation aneurysms had a signifi-
cantly larger SCI (p = 0.02), OSImax (p = 0.003),
MWSSnorm (p = 0.01), and podent (p = 0.03, see Table 6).
With respect to the morphology, bifurcation aneurysms both
at the MCA and PCOM were larger (p = 0.03 for MCA, p =
0.01 for PCOM) and had a larger MLN (p = 0.04 and
p < 0.001) compared to sidewall aneurysms. Bifurcation an-
eurysms at the MCA were further characterized by larger
necks (Nsize, p = 0.004, Narea, p = 0.03). For the PCOM, bi-
furcation aneurysms had a larger height (p = 0.01), HWR
(p < 0.001), BL (p = 0.004), and were less spherical (NSI,
p = 0.003).

Discussion

The analysis of hemodynamic, morphological, and patient-
related parameters in 1931 aneurysms showed associations
of several of the considered variables with aneurysm
rupture.

Hemodynamic conditions and aneurysm
morphologies associated with rupture

Ruptured aneurysms were overall exposed to a hemody-
namic environment of larger and more complex flows char-
acterized by a larger mean velocity, mean and maximum
WSS, mean and maximum OSI, podent, and corelen.
Interestingly, when normalizing the meanWSS with respect
to the WSS in the parent artery, it was significantly lower in
ruptured aneurysms, which is in agreement with previous
studies [6, 8]. Regarding morphology, ruptured aneurysms
were overall larger and more irregular in shape indicated by
a larger AR, NSI, and MLN, which is consistent with data
from the literature [6, 8].

The interaction test indicated a possibly different influence
of Vmax, BL, and MLN on the rupture risk depending on
aneurysm location. For all other parameters, the association
with aneurysm rupture risk was independent of the aneurysm
location. When comparing aneurysm hemodynamics and
morphology by location, the results were consistent with the
overall comparison. Variables that had significantly larger
values for ruptured aneurysms at one location were not signif-
icantly lower for aneurysms at another location. At the same

Fig. 1 Results of CFD simulations for two MCA bifurcation aneurysms. The left two images show the WSS distribution and streamlines for a non-
spherical, ruptured male aneurysmwith high flow conditions, the right two images for a spherical, unruptured female aneurysmwith low flow conditions

Table 5 Results of comparison of
rupture rates for subgroups of
bifurcation versus sidewall
aneurysms by location

Rupture rate
sidewall

Rupture rate
bifurcation

p value Method Signf. Sample size
(sidewall/bifurcation)

ACA-ACOM 0.19 0.39 0.24 ChiSq 75 (26/49)

ICA-ACHOR 0.11 0.15 1 Fis 49 (9/40)

ICA-OPH 0.09 0.04 0.10 ChiSq 301(171/130)

MCA 0 0.27 0.02 Fis * 348 (16/332)

PCOM 0.37 0.54 0.006 ChiSq * 293 (98/195)

ChiSq refers to a comparison of rupture rates by a Chi-squares test, Fis to a comparison using Fisher’s exact test
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time, the varying sample sizes for different locations could
partly explain why some parameters were significantly differ-
ent at some locations, but not at others. These results indicate
that overall, the same mechanisms seem to be leading to an-
eurysm rupture independent of the aneurysm location.

Age

In our data, aneurysms harbored by patients younger than
55 years had a significantly higher rupture rate compared to
aneurysms of older patients. In the literature, the influence of
patient’s age on aneurysm rupture risk is not clear. Whereas
some studies report a higher risk for older patients [19, 20]
others are in agreement with the findings reported here
[21–23]. Based on the indication of an influence of the of
aneurysm location on the association between age and rupture
risk, five aneurysm locations were identified with significantly
higher rupture rates for younger patients. The analysis of he-
modynamics and morphology at two of these locations
(ACOM and MCA-BIF) revealed that hemodynamic and
morphological characteristics being overall associated with a
higher rupture rate, were also associated with a higher rupture
rate in the subgroups of aneurysms harbored by younger or
older patients, respectively. Furthermore, for ACOM aneu-
rysms, younger age was associated with a more complex an-
eurysm shape, which was in turn related to ruptured aneu-
rysms. Similarly, the two hemodynamic parameters that were
associated with younger age (WSSmin for ACOM aneurysms
and OSImean for MCA-BIF aneurysms) were related to rup-
ture. Hence, aneurysms of younger patients show similar
trends as ruptured aneurysms, which could explain the higher
rupture rate for younger patients.

Gender

While females have a higher prevalence of cerebral aneurysms
[1], the association between the risk of their rupture and gen-
der remains unclear with one meta-analysis describing a
higher rupture risk for females [24] and a population based
study stating no association between gender and rupture risk
[23]. Moreover, similar ratios of females to males in two au-
topsy studies including patients with ruptured and unruptured
aneurysms, respectively, indicate that a higher rate of SAH
patients among females is related to a higher prevalence of
aneurysms and not to a higher rupture rate [25, 26]. With
respect to gender-related risk factors for formation and rupture
of aneurysms, also results from studies investigating the influ-
ence of hormone replacement therapy or oral contraceptives
remain conflicting [27–30]. In our data, we found a signifi-
cantly higher rupture rate for male aneurysms. When stratify-
ing by aneurysm location, significant differences in rupture
rates between genders were found at the ICA-BIF, ICA-
OPH, and MCA-BIF. The analysis of hemodynamics and
morphology of aneurysms at theMCA-BIF revealed that male
aneurysms were exposed to an environment of high flow con-
ditions described by higher inflow, kinetic energy, mean ve-
locity, vorticity, maximumWSS, mean WSS, vortex core line
length, and peak velocity. Besides, they were larger and less
spherical. Interestingly, they also had a larger neck, which was

Table 6 Summary of univariate comparison of morphological and
hemodynamic parameters by for bifurcation versus sidewall PCOM and
MCA aneurysms

PCOM MCA

ICI BIF

Q BIF

KE

SR

VE BIF

VO

VD

WSSmax

WSSmin

WSSmean

LSA LAT

SCI BIF

OSImax BIF*

OSImean

WSSves

WSSnorm

MWSSnorm BIF BIF

corelen

podent BIF

Vmax BIF

Avol

Asize BIF BIF

Nsize BIF

Narea BIF

AR

Aheight BIF

Awidth

HWR BIF*

BF

BL BIF*

Vdiam

SizeR

VOR

CR

EI

NSI BIF*

MLN BIF* BIF

BIF and LAT refer to a significant association of the variable with aneu-
rysm rupture for bifurcation and sidewall aneurysms, respectively.
Asterisks refer to significant difference after adjustment for multiple test-
ing. Empty cells indicate no statistically significant difference
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in the overall cohort related to unruptured aneurysms. The
adverse hemodynamic environment as well as the more com-
plex shape were also characteristics of ruptured aneurysms.
The higher rupture rate found in male MCA bifurcation aneu-
rysms is therefore associated with high flow conditions in
those aneurysms. The underlying morphology of larger, more
complexly shaped aneurysms might be related to such hemo-
dynamic environment.

Bifurcation versus sidewall aneurysms

For aneurysms at the MCA and PCOM, bifurcation aneu-
rysms had a significantly larger rupture rate compared to side-
wall aneurysms. The larger rupture rates were associated with
a more adverse hemodynamic environment characterized by
more concentrated and more complex flows for bifurcation
aneurysms at those two locations. Furthermore, bifurcation
aneurysms were more complex in shape.

Implications

Overall, we found higher rupture rates at certain locations for
aneurysms harbored by males vs. females (ICA-BIF, ICA-
OPH, MCA-BIF), aneurysms harbored by younger vs. older
patients (ACOM, BA-DIST-PROX, ICA-BIF, ICA-SHYP,
MCA-BIF), and bifurcation vs. sidewall aneurysms (MCA,
PCOM). At the same time, in general ruptured aneurysms
were associated with an adverse hemodynamic environment
and more complex aneurysm shapes. Based on our findings, it
seems that those conditions are more likely to occur for aneu-
rysms harbored by younger, male patients and for bifurcation
aneurysms, which leads to the higher rupture rates observed
for these subgroups. Although the findings of a more adverse
hemodynamic environment and more complex shapes for rup-
tured aneurysms were generally consistent throughout differ-
ent aneurysm locations, these mechanisms seem to be partic-
ularly important at certain locations, resulting in significantly
different rupture rates for the analyzed subgroups at those
locations.

Limitations

This study is subject to several limitations. Regarding the
CFD simulations, blood was modeled as a Newtonian fluid
and vessel wall motion was neglected. Besides, it was as-
sumed that aneurysms do not largely change in shape due to
the event of rupture.

Regarding the differences associated with gender, the
higher rupture rate in male aneurysms could potentially be
related to a selection bias. Females have for instance a higher
prevalence of migraine headache [31] and might undergo di-
agnostic cerebral imaging more often resulting in a higher
number of discovered unruptured aneurysms compared to

males. The same aspect could potentially also apply to older
patients who might receive diagnostic angiographic imaging
more often than younger patients. Apart from a selection bias,
the higher rupture rate in males might also be related to a
higher occurrence of smoking and alcohol consumption in this
population [32], which are associated with a higher rupture
risk [2]. The effect of smoking on the rupture risk could also
depend on gender [33]. In the presented study, information
about alcohol consumption was not available. For a subset
of 411 aneurysms with known information about the patient’s
classification as smoker or non-smoker, 12 aneurysms were
harbored by smoking patients. All of them were females, in-
dicating that at least for this subset, the significantly higher
rupture rate of male aneurysms was not related to the smoking
status.

Conclusion

The presented analysis of data from a large patient cohort
shows that high flow conditions and a more complex aneu-
rysm shape are associated with rupture. A higher rupture risk
and similar hemodynamic and morphological characteristics
were also found for younger and male patients as well as
bifurcation aneurysms.
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