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Assessing the Risk of Intracranial Aneurysm Rupture  
Using Morphological and Hemodynamic Biomarkers  
Evaluated from Magnetic Resonance Fluid Dynamics  

and Computational Fluid Dynamics

Roshani Perera1, Haruo Isoda1,2*, Kenta Ishiguro1,3, Takashi Mizuno1,4,  
Yasuo Takehara5,6, Masaki Terada7, Chiharu Tanoi8, Takehiro Naito8,9,  

Harumi Sakahara10,11, Hisaya Hiramatsu12, Hiroki Namba12, Takashi Izumi13,  
Toshihiko Wakabayashi13, Takafumi Kosugi14, Yuki Onishi15, Marcus Alley16,  

Yoshiaki Komori17, Mitsuru Ikeda1, and Shinji Naganawa6

Purpose: Evaluate in vivo hemodynamic and morphological biomarkers of intracranial aneurysms, using 
magnetic resonance fluid dynamics (MRFD) and MR-based patient specific computational fluid dynamics 
(CFD) in order to assess the risk of rupture.
Methods: Forty-eight intracranial aneurysms (10 ruptured, 38 unruptured) were scrutinized for six mor-
phological and 10 hemodynamic biomarkers. Morphological biomarkers were calculated based on 3D time-of-
flight magnetic resonance angiography (3D TOF MRA) in MRFD analysis. Hemodynamic biomarkers were 
assessed using both MRFD and CFD analyses. MRFD was performed using 3D TOF MRA and 3D cine 
phase-contrast magnetic resonance imaging (3D cine PC MRI). CFD was performed utilizing patient 
specific inflow–outflow boundary conditions derived from 3D cine PC MRI. Univariate analysis was carried 
out to identify statistically significant biomarkers for aneurysm rupture and receiver operating characteristic 
(ROC) analysis was performed for the significant biomarkers. Binary logistic regression was performed to 
identify independent predictive biomarkers.
Results: Morphological biomarker analysis revealed that aneurysm size [P = 0.021], volume [P = 0.035] and 
size ratio [P = 0.039] were statistically significantly different between the two groups. In hemodynamic 
biomarker analysis, MRFD results indicated that ruptured aneurysms had higher oscillatory shear index 
(OSI) [OSI.max, P = 0.037] and higher relative residence time (RRT) [RRT.ave, P = 0.035] compared with 
unruptured aneurysms. Correspondingly CFD analysis demonstrated significant differences for both 
average and maximum OSI [OSI.ave, P = 0.008; OSI.max, P = 0.01] and maximum RRT [RRT.max, P = 
0.045]. ROC analysis revealed AUC values greater than 0.7 for all significant biomarkers. Aneurysm volume 
[AUC, 0.718; 95% CI, 0.491–0.946] and average OSI obtained from CFD [AUC, 0.774; 95% CI, 0.586–0.961] 
were retained in the respective logistic regression models.
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Conclusion: Both morphological and hemodynamic biomarkers have significant influence on intracranial 
aneurysm rupture. Aneurysm size, volume, size ratio, OSI and RRT could be potential biomarkers to assess 
aneurysm rupture risk.

Keywords: intracranial aneurysms, rupture risk, hemodynamics, magnetic resonance fluid dynamics (MRFD), 
4D Flow MRI, computational fluid dynamics (CFD)

Introduction
Intracranial aneurysms are pathological dilatations of the 
arterial walls and an estimated overall prevalence of 3.2% 
has been reported for a non-comorbid population.1 The most 
serious consequence of cerebral aneurysms is their rupture 
which is the most common cause of non-traumatic subarach-
noid hemorrhage (SAH).2 SAH is associated with high rates 
of mortality3 besides resultant cognitive and functional disa-
bilities.4 An annual rupture rate of 0.95% has been reported 
for unruptured cerebral aneurysms in a Japanese cohort 
which excluded patients who underwent treatment5 whereas 
an average annual rupture incidence of 1.1% has been 
reported for a Finnish population in which none of the intrac-
ranial aneurysms underwent treatment.6 Recent advance-
ments in neurovascular imaging and treatment techniques 
have increased the detection and thereby treatment of intrac-
ranial aneurysms. However, treatment of unruptured intrac-
ranial aneurysms carries the risk of associated morbidity and 
mortality rates regardless of their benefits. Hence, deciding 
which aneurysms should undergo treatment is of vital impor-
tance. Despite the claims of natural course of intracranial 
aneurysms to be depend on aneurysm size, shape, location, 
patient age, smoking status, hypertension, alcohol consump-
tion, family history and polycystic kidney disease5–9 the deci-
sion making in treatment is mainly based on the aneurysm 
size and location in the clinical setting. Nevertheless, the fact 
that small aneurysms also rupture and that some larger aneu-
rysms appear to be stable over time in follow-up studies 
makes these decisions controversial and necessitate system-
atic and profound analysis to be carried out with respect to 
rupture risk assessment.

Hemodynamics is considered as a regulating factor of 
blood vessel structure and influences formation of vascular 
pathology such as atherosclerosis, aneurysms and arterio-
venous malformations.10 Many researchers have proposed that 
hemodynamics in and around intracranial aneurysms is a caus-
ative factor in aneurysm pathophysiology, which plays a fun-
damental role in the mechanisms of growth and rupture as 
well. Hemodynamics is mainly evaluated using computational 
fluid dynamics (CFD)11–12 for intracranial arteries and aneu-
rysms. However, another means of hemodynamic analysis is 
magnetic resonance fluid dynamics (MRFD)13–15 which is per-
formed utilizing 3D cine phase-contrast MR imaging (3D cine 
PC MRI), which is concurrently referred to as 4D Flow MRI.16 
Several recent studies have investigated morphological and 

hemodynamic parameters to assess the rupture risk of intracra-
nial aneurysms and have found significant results with respect 
to aspect ratio,17 size ratio,18 presence of blebs,5 nonsphericity 
index (NSI),19 inflow concentration index,20 energy loss,21 
pressure loss coefficient22 and wall shear stress derivatives.23–28 
However, all of these studies are based on CFD analysis and 
none of these studies had used patient specific inflow–outflow 
boundary conditions for the analysis which is a major limita-
tion. In addition, to our knowledge, no rigorous intracranial 
aneurysm rupture risk assessment study has been reported that 
utilizes MRFD analysis with representative larger samples 
rather than case reports. Thus, the aim of our study was to 
evaluate in vivo hemodynamic and morphological biomarkers 
of intracranial aneurysms, using MRFD and MR-based patient 
specific CFD in order to assess the risk of rupture.

Materials and Methods
This study was approved by relevant Institutional Review 
Boards and informed consent had been taken from the 
patients whose image data were utilized. 48 intracranial 
aneurysms (10 ruptured aneurysms and 38 unruptured aneu-
rysms) were retrospectively analyzed in the present study, 
with the intention of identifying morphological and hemody-
namic biomarkers for aneurysm rupture using MRFD and 
CFD utilizing patient specific vessel geometry and patient 
specific inflow–outflow boundary conditions.

Study subjects
Our data base consisted of 297 intracranial aneurysms of 203 
patients who had been followed up after the initial diagnosis. 
3D time-of-flight magnetic resonance angiography (3D TOF 
MRA) and 3D cine PC MRI data of intracranial aneurysms 
which had been followed up at our three affiliated institutes 
contributing to our database from 2005 to 2018 were 
reviewed in the current investigation. Each case had under-
gone 3D TOF MRA and 3D cine PC MRI at least once during 
the follow-up. Saccular intracranial aneurysms, consisting 
both lateral wall and bifurcation type were included in the 
study. Of 297 aneurysms, seven aneurysms had undergone 
3D cine PC MRI before rupture enabling the analysis of pre-
rupture status exclusively while four cases had undergone 
3D cine PC MRI immediately or few days after rupture. 
Careful inspection was carried out to confirm vasospasm or 
any geometric change caused by the rupture for these four 
cases. As a result, three cases were included in the study and 
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one case was excluded due to the presence of vasospasm. 
Thus 10 ruptured aneurysms were selected to “ruptured 
group”. Average time duration from image acquisition to 
rupture date was 56 months for the aneurysms which rup-
tured during follow-up and average time duration from aneu-
rysm rupture to imaging date was 3 days for the aneurysms 
without follow-up before rupture.

The aneurysms those did not rupture during the follow-
up were screened for inclusion to the “unruptured group”. 
Inclusion criteria for the “unruptured group” were the aneu-
rysms located in similar sites as the ruptured group with no 
evidence of SAH and with at least 20 months of follow-up 
time. This resulted in 182 aneurysms. Subsequent exclusion 
criteria were the aneurysms which underwent endovascular 
treatment (109), giant intracranial aneurysms (size >10 mm) 
or aneurysms of size <3 mm (27), aneurysms with arterio-
sclerotic changes (2), aneurysms with improper velocity 
encoding (VENC) settings or narrow FOV (6). Accordingly, 
144 aneurysms had to be excluded from the “unruptured 
group”, resulting in 38 aneurysms which met all the inclu-
sion and exclusion criteria. Average follow-up time for these 
38 unruptured aneurysms was 86 months. Patient clinical 
information on gender, ethnicity, history of prior subarach-
noid hemorrhage, presence of hypertension, diabetes, poly-
cystic kidney disease, connective tissue disease, family 
history of intracranial aneurysms or SAH, smoking status 
and alcohol use were acquired for known risk factors of 
aneurysm rupture for the 48 cases included in the study.

Imaging methods and parameters
1.5T MR scanner (Signa Infinity Twin speed with Excite, GE 
Healthcare) with 8-channel neurovascular array coil and two 
3T MR scanners (Signa HDx 3T, GE Healthcare and MAG-
NETOM Verio 3T, Siemens Healthcare) with 8- and 12-channel 
neurovascular array coils were utilized in image acquisition. 
Three ruptured and six unruptured aneurysms included in the 
study had been imaged using 1.5T MR scanner whereas 6 rup-
tured and 22 unruptured aneurysms had been imaged using 3T 
MR scanner with 8-channel neurovascular array coil. The 
other 3T MR scanner with 12-channel neurovascular array coil 
had been utilized in the image acquisition of one ruptured and 
10 unruptured aneurysms in the study. The imaging parameters 
of 3D TOF MRA and 3D cine PC MRI are shown in Table 1.

Magnetic resonance fluid dynamic (MRFD) analysis
Blood flow analysis software, Flova, (Renaissance of Tech-
nology Corporation, Hamamatsu, Japan) was utilized for 
MRFD analysis. First patient-specific vascular geometries 
were obtained from 3D TOF MRA data. Region growing 
method and marching cube method were utilized to segment 
vessel wall geometry. Next 3D velocity vectors obtained 
from 3D cine PC MRI were loaded over the extracted vessel 
geometry using Flova. Phase correction processing was  
performed while registering velocity vectors and phase 
encoding directions were adjusted accordingly. Manual 

corrections of vessel surface position were made when and 
if there was spatial misregistration between the vessel sur-
face and flow velocity vectors. Once the optimum registra-
tion of 3D flow velocity vectors over the vessel geometry 
was attained (Supplementary Fig. 1; Supplementary mate-
rials are available online.) geometric measurements of the 
aneurysm and its parent artery were carried out. Subse-
quently, analysis planes for the biomarker calculation were 
set enabling the calculation of hemodynamic parameters 
(Supplementary Figs. 2 and 3).

Computational fluid dynamic (CFD) analysis
3D vascular geometries, which were reconstructed using 3D 
TOF MRA data utilizing Flova, were exported in STL format 
to create tetrahedral meshes using ICEM CFD version 14.5 
(ANSYS, Canonsburg, PA, USA). Maximum edge length 
was defined as 0.3 mm and minimal was 0.1 mm for each 
mesh. Surface prism mesh consisted of four prism mesh 
layers. The thickness of the outermost layer mesh was  
0.04 mm and spreading rate was 1.2. The inlet region of vas-
cular geometries were extended in order to obtain fully 
developed flow. Volume flow rates of vessels were obtained 
from MRFD analysis to be used as patient specific inlet and 
outlet boundary conditions. CFD solver software CFX  
version 14.5 (ANSYS, Canonsburg, PA, USA) was used to 
compute velocity biomarkers by solving Navier–Stokes 
equation. Liquid was set as incompressible Newtonian fluid, 
density was set to 1054 kg/m3 and dynamic viscosity was set 
to 3.8 mPa·s. Vascular walls were assumed to be rigid and 
non-slip. Intervals of cardiac cycles were divided into 100 
steps. Two cardiac cycles were simulated and the results of 
the second cycle were taken for the calculation of hemody-
namic biomarkers to ensure numeric stability. Analysis 
planes placement and hemodynamic biomarker calculation 
were proceeded using CFD-Post 14.5 (ANSYS, Canonsburg, 
PA, USA).

Morphological biomarkers
Six morphological biomarkers denoting aneurysm size and 
shape measures, namely size, volume, aspect ratio, size ratio, 
presence of blebs and NSI were investigated in this study. 
Size was defined as the maximum diameter of the aneurysm 
and both size and aneurysm volume were measured using 
MRFD analysis. Aspect ratio, a measure of aneurysm ellip-
ticity, which has been initially proposed by Ujiie et al.17 was 
defined as the ratio of the maximum perpendicular height to 
the neck diameter of the aneurysm in the present study. Size 
ratio, originally proposed by Dhar et al.,18 was defined as the 
ratio of the maximum aneurysm height to the parent vessel 
diameter. Aneurysm blebs were defined as irregular protru-
sions5 or lobulations of the aneurysm wall and the presence 
or absence of blebs were confirmed after careful examination 
of created 3D vessel geometries, by an experienced neurora-
diologist and the main investigator of the study. NSI, which 
was introduced by Raghavan et al.,19 is a collective measure 
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of undulations and ellipticity of the aneurysm and was calcu-
lated using the following equation:

NSI = -1 18 1 3
2 3

( ) /
/

p ×
V
S

where V and S are volume and surface area of the aneurysm. 
NSI was investigated in the present study to represent quan-
tification of aneurysm surface irregularity while taking the 
shape of aneurysm into account.

Hemodynamic biomarkers
Four main hemodynamic parameters were investigated in this 
study. One parameter, the inflow concentration index (ICI),20 
was chosen as a velocity biomarker. The other three parameters 
were derivatives of wall sheer stress (WSS), which is defined as 
the multiplication of fluid viscosity and shearing velocity of 
neighboring vascular wall.10 Shearing velocity is calculated by 
dividing velocity along the wall by distance from wall to the 
velocity measuring point. WSS related parameters evaluated in 
this study were time averaged wall shear stress (TAWSS),23–26 
oscillatory shear index (OSI)27 and relative residence time 
(RRT).28 TAWSS, OSI and RRT were further analyzed to obtain 
spatial average, spatial maximum and spatial minimum values. 
Supplementary Table 1 provides detailed descriptions of the 
evaluated hemodynamic biomarkers.

Statistical analysis
IBM SPSS Statistics (version 25) was used for the statistical 
analysis in order to evaluate the biomarkers between ruptured 
and unruptured groups. The known risk factors for aneurysm 
rupture and the presence of blebs between the two groups were 
compared using Fisher’s Exact test. Unpaired Student’s t-test 
and Mann–Whitney U test were conducted as univariate anal-
ysis to detect any significant differences in the biomarkers 
between these two groups. Shapiro–Wilk test was used to test 
the normality of data; if the null hypothesis in Shapiro–Wilk 
test was rejected, Mann–Whitney U test was done and these 
data are reported as medians with interquartile range (IQR); 
and, if the null hypothesis in Shapiro–Wilk test was not rejected, 
unpaired Student’s t-test was done and these data are reported 
as means with standard deviation (SD). Furthermore, receiver 
operating characteristic (ROC) analysis was performed for the 
selected statistically significant biomarkers, and area under the 
curve (AUC) values and optimal threshold using Yuden index 
were calculated for them. Logistic regression analysis (using 
backward stepwise elimination method) was also conducted as 
multivariate analysis with aneurysm rupture status as the 
dependent variable for the biomarkers which attained statistical 
significance in the univariate analysis. Logistic regression was 
performed separately for the morphological biomarkers, the 
hemodynamic biomarkers derived from MRFD analysis, and 
for the hemodynamic biomarkers derived from CFD analysis. 
Correlations between MRFD and CFD based hemodynamic 
biomarkers were assessed by Spearman’s correlation coeffi-
cients. All reported P-values were two-sided, and P-values 

below 0.05 were considered to indicate statistical significance 
for all statistical tests.

Results
Forty-eight intracranial aneurysms categorized as ruptured 
(10 aneurysms) and unruptured (38 aneurysms) were included 
in the analysis. Ruptured group consisted of one anterior 
communicating artery (AComA) aneurysm, one middle cer-
ebral artery (MCA) aneurysm, three internal carotid-posterior 
communicating artery (ICPComA) aneurysms, one internal 
carotid-anterior choroidal artery (ICAnt.ChoA) aneurysm, 
one basilar artery tip (BA Tip) aneurysm, two basilar artery-
superior cerebellar artery (BASCA) aneurysms and one ver-
tebral artery-posterior inferior cerebellar artery (VAPICA) 
aneurysm (Supplementary Table 2). Unruptured group com-
prised seven AComA aneurysms, 16 MCA aneurysms, seven 
ICPComA aneurysms, two ICAnt.ChoA aneurysms, five BA 
Tip aneurysms and one BASCA aneurysm.

With respect to the clinically known risk factors for 
aneurysm rupture, our study did not reveal any statistical sig-
nificance for any of the assessed risk factors. All the subjects 
in this study belonged to one ethnicity and none of them have 
had prior SAH, connective tissue disease, polycystic kidney 
disease or family history of aneurysm rupture or SAH. Also, 
presence of hypertension, diabetes, alcohol intake and 
tobacco intake were not significant with reference to aneu-
rysm rupture. Although female gender was prominent in the 
ruptured group, gender did not gain statistical significance as 
a rupture risk discriminant in the present study (Table 2).

Morphological biomarkers
Results of univariate analysis for five morphological bio-
markers (size, volume, aspect ratio, size ratio and NSI) are 
presented in Table 3, where the biomarkers for which the null 
hypothesis in Shapiro–Wilk test was not rejected are listed as 
mean ± SD and the biomarkers for which the null hypothesis 
in Shapiro–Wilk test was rejected are as median (IQR). The 
aneurysm size (P = 0.021), volume (P = 0.035) and size ratio 
(P = 0.039) were found to be significantly different between 
the ruptured and unruptured aneurysms, whereas aspect ratio 
and NSI were not statistically significantly different. With 
respect to the presence of blebs, 15 aneurysms with blebs were 
found in the unruptured group and five aneurysms presented 
blebs in the ruptured group. Thus, Fishers exact test could not 
reveal a statistical significance (P = 0.721) for the presence of 
blebs in discriminating aneurysm rupture (Supplementary 
Table 3). ROC analysis (Fig. 1) revealed AUC values greater 
than 0.7 for the three significant morphological biomarkers 
which are presented in Supplementary Table 4 along with the 
identified optimal threshold, sensitivity and specificity values.

Hemodynamic biomarkers
The univariate analysis results for the hemodynamic bio-
markers are presented in Table 4, where the variables are 
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reported in the same way as in Table 3. The MRFD analysis 
results of hemodynamic biomarkers indicated that the ruptured 
aneurysms had significantly higher OSI (OSI.max, P = 0.037) 
and significantly higher RRT (RRT.ave, P = 0.035) compared 
with the unruptured aneurysms. Correspondingly, the CFD 
analysis results demonstrated statistically significant differ-
ences between the two groups with respect to OSI (OSI.ave,  
P = 0.008; OSI.max, P = 0.01) and RRT (RRT.max, P = 0.045). 
Figures 2 and 3 graphically illustrate the distribution of OSI 

Table 2  Comparison of clinically known risk factors between the 
ruptured and unruptured groups

Clinical characteristics
Unruptured 

group  
(n = 38)

Ruptured 
group  
(n = 10)

P-value

Gender Female 24 9 0.140

Male 14 1

Ethnicity All subjects belong to one ethnicity N/A

Prior SAH Present 0 0 N/A

Hypertension No 11 4 0.703

Present 27 6

Tobacco intake No 33 7 0.336

Yes 5 3

Diabetes No 35 9 1.000

Present 3 1

Alcohol intake No 32 9 1.000

Yes 6 1

Connective 
tissue disease

Present 0 0 N/A

Polycystic 
kidney disease

Present 0 0 N/A

Family history 
of aneurysm or 
SAH

Present 0 0 N/A

P-value corresponds to the Fisher’s Exact Test statistic and statistical 
significance is set at P < 0.05. N/A, not applicable. SAH, subarachnoid 
hemorrhage.

Table 3  Morphological biomarkers - univariate analysis

Biomarker
Unruptured 

group
Ruptured  

group
P-value

An. size (mm) 4.975 (2.09) 7.66 (6.23) 0.021*

An. volume (mm3) 28.038 (42.01) 175.118 (288.66) 0.035*

Aspect ratio 0.601 (0.29) 0.849 (0.58) 0.121

Size ratio 1.048 ± 0.43 1.408 ± 0.62 0.039*

NSI 0.353 ± 0.06 0.329 ± 0.083 0.282
*Statistically significant at P < 0.05. Parametric variables are  
denoted with mean ± SD and nonparametric variables with median 
(IQR). An. size, size of the aneurysm; An. volume, volume of the 
aneurysm; NSI, nonsphericity index.

Fig. 1  ROC curves representing significant morphological bio-
markers to distinguish aneurysm rupture. ROC curves, receiver 
operating characteristic analysis curves; An. size, size of the aneu-
rysm; An. volume, volume of the aneurysm.

over the 10 ruptured aneurysms and selected unruptured aneu-
rysms with similar location and shape to match the ruptured 
aneurysms using MRFD and CFD analyses. However, the 
other hemodynamic biomarkers (ICI and TAWSS) were not 
statistically significantly different either in MRFD or in CFD 
analysis. For the hemodynamic biomarkers which indicated 
statistically significant differences between the two groups, 
ROC analysis (Fig. 4) revealed AUC curve values higher than 
0.7 and Supplementary Table 4 provides identified threshold 
values with respective sensitivity and specificity values.

Multivariate analysis
Binary logistic regression analysis was performed to identify 
independent predictive biomarkers for aneurysm rupture using 
backward stepwise method. Significant morphological bio-
markers and hemodynamic biomarkers were separately 
regressed in order to determine predictive models. With 
respect to the morphological biomarkers, the volume of aneu-
rysm (An.Vol) [OR, 1.015; 95% CI, 1.004–1.026] was the 
only significant predictor of aneurysm rupture which was 
retained in the model (AUC, 0.718; 95% CI, 0.491–0.946) and 
its odds of aneurysm rupture (OddM) was estimated to be:

OddM = -e0 015 2 652. ( ) .An.Vol

In the hemodynamic biomarkers derived from the CFD 
analysis, average OSI (OSI.ave) [OR, 1.942e+32; 95% CI, 
8706.389–4.333e+60] was the only significant predictor of 
aneurysm rupture which was retained in the logistic regres-
sion model (AUC, 0.774; 95% CI, 0.586–0.961) and its odds 
of aneurysm rupture (OddH) was estimated to be;

OddH = -e74 347 2 775. ( ) .OSI.ave

However, there were no any significant predictors of 
aneurysm rupture among the MRFD based hemodynamic 
biomarkers with respect to multivariate regression analysis.
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Table 4  Hemodynamic biomarkers using MRFD and CFD - univariate analysis

Biomarker
MRFD analysis CFD analysis

Unruptured group Ruptured group P-value Unruptured group Ruptured group P-value

ICI 0.436 (0.67) 0.791 (1.04) 0.310 0.842 (0.92) 1.140 (0.80) 0.477

TAWSS.ave 1.353 ± 0.39 1.157 ± 0.41 0.173 2.442 (2.72) 1.852 (2.05) 0.275

TAWSS.max 3.003 ± 1.04 2.868 ± 1.01 0.714 12.412 ± 5.98 13.687 ± 9.15 0.596

TAWSS.min 0.416 ± 0.15 0.331 ± .134 0.103 0.096 (0.24) 0.049 (0.12) 0.104

OSI.ave 0.075 (0.08) 0.120 (0.08) 0.141 0.011 (0.01) 0.026 (0.02) 0.008*

OSI.max 0.442 (0.08) 0.475 (0.05) 0.037* 0.288 (0.15) 0.405 (0.08) 0.010*

OSI.min 0.0019 (0.01) 0.0016 (0.003) 0.264 0.0001 (0.0001) 0.0001 (0.000) 0.879

RRT.ave 1.111 (0.58) 2.012 (1.26) 0.035* 0.879 (1.52) 1.533 (4.54) 0.187

RRT.max 12.377 (19.70) 28.453 (73.24) 0.054 20.277 (62.58) 100.477 (133.72) 0.045*

RRT.min 0.382 (0.20) 0.390 (0.21) 0.630 0.079 (0.07) 0.089 (0.08) 0.526
*Statistically significant at P < 0.05. Parametric variables are denoted with mean ± SD and nonparametric variables with median (IQR). 
MRFD, magnetic resonance fluid dynamics; CFD, computational fluid dynamics; ICI, inflow concentration index; TAWSS, time averaged 
wall shear stress; TAWSS.ave, spatially averaged TAWSS; TAWSS.max, spatially maximum TAWSS; TAWSS.min, spatially minimum 
TAWSS; OSI, oscillatory shear index; OSI.ave, spatially averaged OSI; OSI.max, spatially maximum OSI; OSI.min, spatially minimum 
OSI; RRT, relative residence time; RRT.ave, spatially averaged RRT; RRT.max, spatially maximum RRT; RRT.min, spatially minimum RRT. 
Unit of TAWSS is Pa.

Fig. 2  Distribution of OSI for the 10 ruptured aneurysms using MRFD and CFD analyses. Larger areas of elevated OSI are noticeable in 
these ruptured aneurysms compared with the representative unruptured aneurysms demonstrated in Fig. 3. MRFD, magnetic resonance 
fluid dynamics; CFD, computational fluid dynamics; OSI, oscillatory shear index; AComA An., anterior communicating artery aneu-
rysm; ICPComA An., internal carotid-posterior communicating artery aneurysm; ICAnt.ChoA An., internal carotid-anterior choroidal artery 
aneurysm; MCA An., middle cerebral artery aneurysm; BA Tip An., basilar artery tip aneurysm; BASCA An., basilar artery-superior cerebel-
lar artery aneurysms; VAPICA An., vertebral artery-posterior inferior cerebellar artery aneurysm. *Denotes the aneurysms which underwent 
3D cine PC MRI before rupture enabling the assessment of pre-rupture hemodynamics.
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Fig. 3  Distribution of OSI for rep-
resentative unruptured aneurysms 
with similar location and geom-
etry as the ruptured aneurysms 
using MRFD and CFD analy-
ses. Unruptured group included 
only one BASCA An. and did not 
include any VAPICA An. due to 
non-availability. MRFD, magnetic 
resonance fluid dynamics; CFD, 
computational fluid dynamics; 
AComA An., anterior communi-
cating artery aneurysm; ICPComA 
An., internal carotid-posterior 
communicating artery aneurysm; 
ICAnt.ChoA An., internal carot-
id-anterior choroidal artery aneu-
rysm; MCA An., middle cerebral 
artery aneurysm; BA Tip An., bas-
ilar artery tip aneurysm; BASCA 
An., basilar artery-superior cere-
bellar artery aneurysms; VAPICA 
An., vertebral artery-posterior infe-
rior cerebellar artery aneurysm.

Fig. 4  ROC curves representing significant hemodynamic biomarkers to distinguish aneurysm rupture. Panel (a) represents the significant 
hemodynamic biomarkers obtained from MRFD and (b) represents the significant hemodynamic biomarkers obtained from CFD. ROC curves, 
receiver operating characteristic analysis curves; MRFD, magnetic resonance fluid dynamics; CFD, computational fluid dynamics; OSI, oscil-
latory shear index; RRT, relative residence time; OSI.max-MRFD, spatially maximum OSI obtained using MRFD; RRT.ave-MRFD, spatially 
averaged RRT obtained using MRFD; OSI.ave-CFD, spatially averaged OSI obtained using CFD; OSI.max-CFD, spatially maximum OSI obtained 
using CFD; RRT.max-CFD, spatially maximum RRT obtained using CFD.

a b

Correlations between MRFD and CFD based 
hemodynamic biomarkers
Spearman’s rank correlation coefficients revealed strong posi-
tive monotonic correlations between MRFD and CFD for ICI, 
and moderate positive monotonic correlations for TAWSS.

ave, TAWSS.min, OSI.ave, OSI.max, RRT.ave, and RRT.max 
(Supplementary Table 5). The other biomarkers were unable 
to reveal such significant correlations. However, all the bio-
markers which were found to be significant risk factors for 
aneurysm rupture showed moderate correlations between 
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MRFD and CFD. Scatterplots denoting the correlations 
between MRFD and CFD for the hemodynamic biomarkers 
are presented in Supplementary Fig. 4.

Discussion
Intracranial aneurysm rupture risk assessment using morpho-
logical and hemodynamic biomarkers has been the focus of 
many recent studies. Despite the fact that treatment decisions 
are mainly based on aneurysm size and location in the clinical 
setting, increased attention has been given to hemodynamics 
in and around aneurysms in research. Our study investigated 
both morphological and hemodynamic biomarkers with the 
aim of identifying possible rupture risk discriminants. 
Although there are many studies which had assessed intrac-
ranial aneurysm rupture risk assessment using CFD, no pub-
lished evidence is found for a comprehensive study that 
utilized MRFD in this context, to the best of our knowledge. 
Also, no published evidence can be found for intracranial 
aneurysm rupture risk assessment study which had utilized 
patient specific inflow-outflow boundary conditions for CFD 
analysis together with MRFD analysis besides few studies 
which had compared inflow hemodynamics of intracranial 
aneurysms using patient specific CFD and MRFD.29,30 
Hence, we analyzed hemodynamic biomarkers using MRFD 
analysis in addition to CFD analysis which utilized patient 
specific vessel geometry as well as patient specific inflow–
outflow boundary conditions derived from 3D cine PC MRI. 
Our study results revealed that the ruptured aneurysms had 
significantly larger aneurysm size, volume, and size ratio, 
OSI and RRT compared with the unruptured aneurysms. 
Specifically, in terms of hemodynamic analysis, MRFD 
showed statistically significant differences in OSI and RRT 
comparable with CFD analysis.

Regarding the clinically known risk factors for aneurysm 
rupture, our study did not show any statistical significance 
comparable to the study results of the UCAS Japan study.5 The 
average size of a ruptured aneurysm in our study was 7.91 mm 
and the most common location for rupture was ICPComA. 
UCAS Japan investigators had reported that aneurysms larger 
than 7 mm and the ones located in the posterior and anterior 
communicating arteries were more prone to rupture. Despite 
the fact that our study sample is too small because our ruptured 
group consisted of only 10 ruptured aneurysms and the unrup-
tured group 38 aneurysms, we could observe similar pattern in 
epidemiological characteristics in comparison to the UCAS 
Japan study. However, these epidemiological characteristics 
could have been affected by the fact that presumably higher 
risk aneurysms have already undergone treatment resulting an 
inadequate representation in the rupture risk assessment.

With reference to the morphological biomarkers investi-
gated in the present study, aneurysm size, volume and size 
ratio showed statistically significant differences between the 
ruptured and unruptured aneurysms in the univariate analysis, 
while only aneurysm volume became a significant predictor of 

aneurysm rupture in multivariate analysis. These results 
imply that larger aneurysm size and volume can have a sig-
nificant effect on aneurysm rupture. However, our ruptured 
group consisted of two aneurysms of size <5 mm and five 
aneurysms of size <7 mm (Supplementary Table 2). Further-
more, despite our ruptured group included three aneurysms 
of size greater than 10 mm, giant aneurysms were excluded 
from the unruptured group to avoid segmentation and hemo-
dynamic analysis restrictions due to the parent artery obstruc-
tion caused by the aneurysm. This might have induced some 
sort of under representation for the medium or small size 
aneurysms in the ruptured group. Nevertheless, similar find-
ings with respect to size and size ratio of aneurysms as rup-
ture discriminants have been reported by Jing et al.,23 Chung 
et al.,24 Xiang et al.25 and Amigo and Valencia.26 The aneurysm 
volume, which had the most significant effect on rupture risk 
assessment in our study, have not been studied as an inde-
pendent morphological biomarker in most of the studies. The 
aspect ratio, presence of blebs and NSI did not gain statistical 
significance in our study comparable to Amigo and Valencia26 
but in contrast to several other studies.17–19,23–25

In relation to the investigated hemodynamic biomarkers, 
OSI and RRT were significantly different between the rup-
tured group and the unruptured group of aneurysms sug-
gesting higher blood oscillations and longer resident times 
near aneurysm wall can distinguish aneurysm rupture. The 
longer the time blood spends inside the aneurysm, the slower 
and circulatory its flow. Hence, these two biomarkers are 
interrelated. According to the multivariate analysis, OSI was 
the only significant biomarker for predicting aneurysm rup-
ture risk. It can be speculated that higher blood oscillations 
for longer time inside the aneurysm is triggering aneurysm 
wall degeneration and thereby instigate rupture. Meng et al.31 
has proposed that this aneurysm wall degeneration due to 
high OSI could have been triggered by an inflammatory-cell-
mediated destructive remodeling. Similar results have been 
found by Xiang et al.25 and Amigo and Valencia,26 with 
respect to OSI and RRT as rupture discriminants. Despite the 
fact that both OSI and RRT are derivatives of WSS, our study 
was unable to reveal any statistical significance with refer-
ence to WSS. However, several studies have reported WSS 
in the aneurysm as a significant parameter in the rupture risk 
assessment.23–26 In addition, ICI was unable to show a sig-
nificant effect on the aneurysm rupture risk in the present 
study in contrast to the initial findings reported by Cebral  
et al.20 With respect to another two hemodynamic bio-
markers, although we attempted the analysis of EL21 and 
PLc,22 confounding results were observed possibly due to the 
distinctive ways of approximation of static pressure variable 
by the fluid dynamic analysis software. Those results are not 
presented in this study as further scrutiny is warranted 
regarding the biomarker definitions and way of analysis.

With respect to the observed correlations in hemodynamic 
biomarkers between MRFD and CFD analyses, TAWSS.ave, 
TAWSS.min, OSI.ave, OSI.max, RRT.ave, and RRT.max 
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exhibited moderate positive monotonic correlations whereas 
ICI verified strong correlation (Supplementary Table 5). How-
ever, the rest of the three hemodynamic biomarkers could not 
reveal such correlations. van Ooij et al.15 has reported that 
WSS magnitude estimated by PC MRI is lower compared with 
CFD and the effect to be more pronounced in systole. This 
could have affected the correlation results of WSS related bio-
markers in our study as well. It should be noted that ICI, which 
mainly depends on flow velocity, had revealed strong correla-
tion between MRFD and CFD. The spatial minimum values of 
both OSI and RRT could not reveal any correlation possibly 
due to the fact that CFD simulations are able to output very 
small numbers compared with MRFD software. Furthermore, 
it can be reflected that increased spatial resolution in MRFD 
along with larger sample size would result better correlations 
between MRFD and CFD.

In the view of hemodynamic analysis methods, although 
CFD is recognized as the standard criterion, it depends on 
many assumptions and substantial time is needed for the 
simulations to be run in addition to the considerable time and 
effort needed in the pre- and post-analysis methods in 
obtaining biomarkers. On the other hand, MRFD needs lesser 
time and personnel effort despite its low resolution compared 
with CFD in assessing arteries with small caliber.32 It is 
reflected that MRFD is more feasible in the clinical setting 
whereas CFD would be appropriate for the experimental and 
research setting. In the present study, the statistically signifi-
cant hemodynamic biomarkers between the ruptured and 
unruptured groups showed the same pattern in both MRFD 
and CFD-based results. Hence, in the context of assessing 
intracranial aneurysm rupture risk, MRFD could be utilized.

In comparison to the available published data on intrac-
ranial aneurysm rupture risk assessments, an important merit 
of the present study is utilizing both MRFD and CFD anal-
yses for the hemodynamic biomarker assessment. Moreover, 
the use of patient specific inflow–outflow boundary condi-
tions validates our CFD results in contrast to using repre-
sentative normal subject’s velocity profile along with 
additional assumptions for all the cases. Also, despite the fact 
that current study is not a case control study like the ones 
reported by Skodvin et al.33 and Chung et al.24 our unruptured 
group was scrutinized to match the locations with the rup-
tured group. Yet the unruptured group was unable to repre-
sent VAPICA aneurysm, due to non-availability of an 
unruptured aneurysm in the same location in our data base.

Even though 3D rotational angiography (3DRA) and 
computed tomography angiography (CTA) have been gener-
ally used for vessel geometry in morphological and hemody-
namic analyses of intracranial aneurysms due to its high spatial 
resolution, we utilized 3D TOF MRA for vessel geometry 
creation. For one reason, the noninvasiveness and compara-
tively low cost of 3D TOF MRA has made it the most widely 
used imaging method for intracranial aneurysms during 
follow-up and on the other hand published evidence not only 
suggest that CT, MRI and 3DRA adequately reproduce 

aneurysm geometry and allow meaningful CFD analysis but 
also revealed that MRI is 2.5 times better than CT with respect 
to mean reconstruction errors.34 In addition, Ren et al.35 has 
reported that CTA and MRA have no significant differences in 
reproducing intracranial aneurysm geometry. We did not use 
magnitude images derived from 3D cine PC MRI as the vessel 
geometry and rather opted for 3D TOF MRA for two reasons. 
First, the spatial resolution and signal intensity of vessels of 
3D TOF MRA were superior than those of magnitude images 
derived from 3D cine PC MRI. Second, we used thicker slab 
3D TOF MRA data, as CFD analysis necessitates geometric 
information of upper and lower stream vessels. However, the 
use of 3D TOF MRA instead of magnitude image of 3D cine 
PC MRI resulted in occasional misregistration of velocity vec-
tors, which had to be manually corrected.

Although seven out of the ten ruptured aneurysms had 
undergone 3D cine PC MRI before rupture, the rest of the 
three aneurysms were imaged immediately or few days after 
rupture. In spite of our careful scrutiny to exclude any geo-
metric change or vasospasm for these three cases, this could 
be a limitation of our study. Another limitation of our study 
could be not discriminating stable and unstable aneurysms in 
the unruptured group. However, according to a recent study 
carried out by Chung et al.,24 which compared the hemody-
namics and geometries of stable, unstable, and ruptured 
aneurysms, collectively analyzing stable and unstable aneu-
rysms together as unruptured aneurysms against ruptured 
aneurysms permit the characterization of biomarkers due to 
higher prevalence of stable aneurysms in an unruptured pop-
ulation. One more limitation of our study could be incorpo-
rating MR imaging obtained at both 1.5 and 3T field strengths 
for the hemodynamic analysis. The fact that quality of 3D 
cine PC MRI performed at 3T field strength is higher than  
3D cine PC MRI at 1.5T36 might have affected the quantita-
tive comparison of hemodynamic biomarkers to some extent.

Conclusion
Both morphological and hemodynamic biomarkers have sig-
nificant influence on intracranial aneurysm rupture. Aneu-
rysm size, volume, size ratio, OSI and RRT could be potential 
biomarkers to assess aneurysm rupture risk where aneurysm 
volume and OSI are the most significant predictors of aneu-
rysm rupture.
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Illustration of geometric measurements of an aneurysm for 
biomarker calculation: aneurysm volume. Aneurysm volume 
is denoted by the red highlighted voxels, which represents 
the vessel volume above the neck plane.

Supplementary Fig. 4
Scatterplots of hemodynamic biomarkers obtained from 
MRFD and CFD. (a–j), represents scatterplots denoting the 
correlations obtained for ICI, TAWSS.ave, TAWSS.max, 
TAWSS.min, OSI.ave, OSI.max, OSI.min, RRT.ave, RRT.

max and RRT.min between MRFD and CFD respectively. 
MRFD, magnetic resonance fluid dynamics; CFD, compu-
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TAWSS, time averaged wall shear stress; TAWSS.ave, spa-
tially averaged TAWSS; TAWSS.max, spatially maximum 
TAWSS; TAWSS.min, spatially minimum TAWSS; OSI, 
oscillatory shear index; OSI.ave, spatially averaged OSI; 
OSI.max, spatially maximum OSI; OSI.min, spatially min-
imum OSI; RRT, relative residence time; RRT.ave, spatially 
averaged RRT; RRT.max, spatially maximum RRT; RRT.
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