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Background: Previous studies have hypothesized that intracranial aneurysm (IA) morphology interacts 
with hemodynamic conditions. Magnetic resonance imaging (MRI) provides a single image modality solution 
for both morphological and hemodynamic measurements for IA. This study aimed to explore the interaction 
between the morphology and hemodynamics of IA using black-blood MRI (BB-MRI) and 4D flow MRI.
Methods: A total of 97 patients with unruptured IA were recruited for this study. The IA size, size ratio (SR), 
and minimum wall thickness (mWT) were measured using BB-MRI. Velocity, blood flow, pulsatility index 
(PI), and wall shear stress (WSS) were measured with 4D flow MRI. The relationship between hemodynamic 
parameters and morphological indices was investigated by linear regression analysis and unpaired two-sample 
t-test. To determine the independent interaction, multiple linear regression analysis was further performed.
Results: The findings showed that mWT was negatively correlated with IA size (r=−0.665, P<0.001). 
Maximum blood flow in IA (FlowIA) was positively correlated with IA size (r=0.458, P<0.001). The average 
WSS (WSSavg) was negatively correlated with IA size (r=−0.650, P<0.001). The relationships remained 
the same after the multivariate analysis was adjusted for hemodynamic, morphologic, and demographic 
confounding factors. The WSSavg was positively correlated with mWT (r=0.528, P<0.001). In the unpaired 
two-sample t-test, mWT, WSSavg, and FlowIA were statistically significantly associated with the size and SR 
of IAs.
Conclusions: There is potential for BB-MRI and 4D flow MRI to provide morphological and 
hemodynamic information regarding IA. Blood flow, WSS, and mWT may serve as non-invasive biomarkers 
for IA assessments, and may contribute to a more comprehensive understanding of the mechanism of IA.
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Introduction

Intracranial aneurysm (IA) refers to the local dilatation of 
a cerebral artery. IAs often occur in the circle of Willis, 
especially at arterial bifurcations (1). Rupture of IA, which 
is the most common cause of non-traumatic subarachnoid 
hemorrhage (SAH), carries a mortality rate of 50% (2). 
With the development of advanced imaging techniques, 
such as digital subtraction angiography (DSA), computed 
tomography angiography (CTA), and magnetic resonance 
angiography (MRA), IA can be detected before rupture 
occurs. Previous studies have suggested that morphological 
indices, including IA size (3) and IA size ratio (SR) (4), may 
serve as biomarkers of IA rupture. However, IA size and 
IA SR may not provide a comprehensive evaluation of IA 
rupture risk, because other characteristics, such as condition 
of the vessel walls (5) and hemodynamics (6), have been 
reported to play an important role in aneurysm rupture.

Previous studies have hypothesized that IA morphology 
interacts with hemodynamic conditions. The variation 
of morphology can change the hemodynamic conditions, 
including blood flow, velocity, pulsatility index (PI), and 
more advanced parameters, such as wall shear stress  
(WSS) (7). Moreover, hemodynamic conditions also affect 
IA size (8), IA wall thickness (9), size ratio (10), and other 
morphological parameters. However, most of these studies 
were performed on animal models or using computational 
fluid dynamics (CFD) simulation. Both the morphological 
and hemodynamic characteristics of IA need to be observed 
with advanced imaging techniques in a large group of IA 
patients. Recently, it has been reported that black-blood 
magnetic resonance imaging (BB-MRI) can be used to 
characterize IA size and wall thickness (WT) (11,12). 
Moreover, the popularity of 4D flow MRI, which combines 
time-resolved 3D phase contrast MRI with postprocessing 
strategies,  for the measurement of  hemodynamic 
parameters in IA has increased (13-15). MRI provides a 
single image modality solution for both the morphological 
and hemodynamic measurements of IA.

Therefore, the purpose of this study was to analyze the 
interaction of morphology and hemodynamics in a large 
group of IA patients using BB-MRI and 4D flow MRI 
techniques. 

Methods

Study population

This study involved 97 patients  [26 male and 71 

females; age, 57.7±11.6 years (range, 20–81 years)] with 
unruptured IA detected by DSA, CTA, or MRA who 
were recruited between April 2014 and October 2018. 
Patients with saccular IAs >4 mm were included. Patients 
with contraindications to MRI, including pregnancy or 
breastfeeding, claustrophobia, or existing MRI-incompatible 
implants were excluded, as were patients whose MRI scans 
were incomplete or had poor image quality.

Standard protocol approvals, registrations, and patient 
consents

All protocols were reviewed and approved by the local 
institutional ethics committee, and written informed 
consent was obtained from all participants.

In vivo MR imaging

All MR imaging was performed using a 3.0T MR scanner 
(Achieva TX, Philips, Best, The Netherlands) with a 
32-channel head coil. First, a 3D black-blood T1-weighted 
volumetric isotropic turbo spin echo acquisition (T1-
VISTA) sequence (12) was used to investigate IA size 
and wall conditions. The imaging parameters were TR/
TE =800/21 ms, FOV =200×180×40 mm3, voxel size 
=0.6×0.6×0.6 mm3, echo train length (ETL) =30, 2 startup 
echoes, and number of averages =1. The variable flip angle 
scheme was set according to a previously reported study (16).  
Further, 4D flow MRI data was acquired by a free-
breathing, peripheral pulse-gated, multi-shot turbo field 
echo sequence for hemodynamic parameters evaluation. 
The scan parameters were TR/TE =8.0/3.6 ms, FOV 
=160×160×30 mm3, voxel size =1×1×1 mm3, velocity 
encoding (VENC) =120 cm/s for all 3 directions, flip angle 
=20°, turbo factor=3, 4 startup echoes, and number of 
averages =1. Parallel imaging was applied to accelerate the 
acquisition for T1-VISTA and 4D flow, with a sensitivity 
encoding (SENSE) factor of 2 and 3 in a right-to-left 
direction, respectively.

Morphological analysis

The IA size measured by BB-MRI was defined as the largest 
value of: (I) aneurysm neck width, which was the virtual 
line separating the aneurysm from the parental artery; (II) 
maximum aneurysm height, which was the maximum height 
from the neck to the dome tip; or (III) maximum aneurysm 
width, which was perpendicular to maximum aneurysm 
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height, as illustrated in Figure 1. 
The IA SR was calculated by dividing the maximum 

aneurysm height by the mean parent artery diameter on 
BB-MRI (10,17). The minimum wall thickness (mWT) 
of the IA was measured in the same geometry as BB-MRI 
as WSS measurements (in hemodynamic analysis), which 
will be introduced in the next section. If the mWT of the 
IA > voxel size, the wall thickness was directly measured 
manually. For aneurysm walls that were thinner than voxel 
sizes, wall thickness was calculated using the following 
equation (18):

0

wSw d
S

=  [1]

where Sw is the voxel signal, d is the voxel size, S0 is the 
voxel signal completely filled with vessel wall.

Hemodynamic analysis

All preprocessing, visualization, and quantification of 4D 
flow data were performed using GTFlow, version 2.2.15 
(GyroTools LLC., Zurich, Switzerland). Preprocessing 
steps, including eddy current correction, velocity mask 
application, and vessel segmentation, were performed prior 
to data visualization and quantification. Velocity-weighted 
masks were adopted to segment the IA, and streamlines 
were provided for visualization and quantification of blood 
flow. 

Hemodynamic parameters including velocity, blood flow, 
PI, and WSS were measured at the peak systole, (when peak 
velocity appears) on 4D flow MRI scan. A cross-sectional 
plane was created perpendicular to the streamline containing 

the maximum velocity point with IA (Figure 2) and contours 
were drawn manually. By evaluating all pixels within the 
contours, maximum through-plane velocity (VIA, cm/s)  
and blood flow through the cut-plane (FlowIA, mL/s) were 
measured, and PI was calculated as follows: 

peak valley

mean

V V
PI

V
−

=  [2]

where Vpeak/Vvalley/Vmean are peak/valley/mean values of 
maximum through-plane velocity (cm/s) over all time 
indices in 1 cardiac cycle in the same cross-sectional plane 
as defined previously. Furthermore, WSS was defined as 
the velocity gradient along the perpendicular path of the IA 
wall (19,20). Average WSS (WSSavg, N/m2) magnitude along 
the contour was calculated. The hemodynamic parameters 
in the adjacent parent artery (APA) of the aneurysms, 
including maximum through-plane velocity (VAPA, cm/s), and 
maximum blood flow (FlowAPA, mL/s), were also explored at 
the cross-sectional plane where maximum velocity appeared 
(Figure 2) (21). All definitions of hemodynamic parameter 
measurements are summarized and illustrated in Figure 3. 

Statistical analysis

Statistical analysis was conducted with MedCalc (version 
15.2, MedCalc Software bvba, Mariakerke, Belgium) 
and MATLAB (version 8.5.0 (R2017a), MathWorks Inc., 
Natick, MA, USA). The relationship between IA size and 
other factors including the morphological indices of mWT, 
hemodynamic parameters VIA, VAPA, FlowIA, FlowAPA, PI, 
and WSSavg, and the demographic parameters of sex, age, 
smoking history, hypertension, diabetes, and hyperlipidemia 
was investigated by linear regression analysis (r). The 
variables which P<0.2 were selected for multivariate logistic 
regression analysis (partial correlation r). The relationship 
between WSSavg and mWT was also investigated by linear 
regression analysis (r). Furthermore, the unpaired two-
sample t-test was used to investigate the association between 
IA size, IA SR, and hemodynamic parameters. The level of 
statistical significance was set at P<0.05.

Results

Of the 97 patients examined in the study period, 27 
participants were excluded due to incomplete MRI scans 
or poor image quality. Therefore, 70 patients (mean age, 

Figure 1 Measurement of IA size using BB-MRI. IA size was 
defined as the largest of three measurements. IA, intracranial 
aneurysm; BB-MRI, black-blood magnetic resonance imaging.
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53.8±11.7 years) with 72 aneurysms were included.
The re la t ionsh ip  between morphologica l  and 

hemodynamic parameters with potentially demographic 
confounding factors such as sex, age, smoking history, 
hypertension, diabetes, and hyperlipidemia are summarized 
in Table 1. A negative correlation was found between mWT 
and IA size (r=−0.665, P<0.001) and WSSavg and IA size 
(r=−0.650, P<0.001). A positive correlation existed between 
FlowIA and IA size (r=0.458, P<0.001). The relationship 
still existed when the multivariate analysis was adjusted for 
confounding factors. The WSSavg were positively correlated 
with mWT (r=0.528, P<0.001). Furthermore, scatter plots 
and regression lines were used to demonstrate those three 
relationships (Figure 4). 

The unpaired two-sample t-test was used to further 
analyze the association between morphological and 
hemodynamic parameters. The relationships between IA 

diameter (abscissa) and 7 features (ordinate) are summarized 
in Figure 5A. The relationships between IA SR (abscissa) 
and 7 features (ordinate) are summarized in Figure 5B. The 
participants were divided into 2 subgroups based on the 
features. For 7 non-binary features (PI, FlowIA, VIA, FlowAPA, 
VAPA, WSSage, and mWT), the median was chosen as the 
threshold. As shown in Figure 5A, FlowIA, WSSavg, and mWT 
were statistically significantly associated with the IA size. 
These results were consistent with the linear regression in 
Figure 4, in which mWT, as well as WSS avg, were negatively 
correlated with IA size, whereas FlowIA was positively related 
to the IA size. Figure 5B shows that FlowIA, WSSavg, and 
mWT were statistically significantly associated with IA SR. 

Figure 6 shows two examples of patients with small  
(Figure 6A,B) and large (Figure 6C,D) IAs, respectively. 
The large IA had a thinner mWT, smaller WSS, and faster 
maximum blood flow than the small IA.

Figure 2 Illustration of 4D flow data analysis using dedicated software in different IA. Flow pattern visualization of the (A,B) APA and (C,D) 
IA were performed by streamlines, and hemodynamic measurements within contours were conducted in a defined cross-sectional plane of 
the APA and IA. APA, adjacent parent artery; IA, intracranial aneurysm. 

A B

C D
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Discussion

In this study, BB-MRI and 4D flow MRI were applied 
to acquire multiple imaging biomarkers of IAs, and the 
relationships between morphological and hemodynamic 
parameters were analyzed. 

First, we found that blood flow in IAs was positively 
correlated with size, even after multivariate analysis was 
adjusted for confounding factors. Previous studies have 
reported that hemodynamics play an important role in the 
pathogenesis and treatment of IA (22,23). Some of these 
studies found that the formation of aneurysms relied on 
an increase in blood flow (24), hinting that an increase in 
blood flow may also be required to increase the IA size. 
Also, by leading to an increment of IA pressure, increased 
blood flow might contribute to growth in the size of the 
IA; a recent study suggested that aneurysm pressure was 
positively correlated with aneurysm size (25). Since IA 
size has been considered as a predictor of IA rupture, it is 
reasonable to state that hemodynamics, especially for large 
blood flow, may also be taken as an important parameter 
for the risk evaluation of IA rupture. Second, we found 
that WSSavg was negatively correlated with IA size. Our 
findings support the results of a previous study (7) in which 
the WSS showed a negative linear correlation with the 
aneurysm dome size, suggesting that the WSS may decrease 

Figure 3 Illustration of hemodynamic and morphological parameter measurements. All hemodynamic measurements were implemented 
at the peak systolic phase. Cut-planes were created in the largest cross-sectional plane of APA and IA containing the maximum velocity 
vector. Maximum through-plane velocity in the APA (VAPA, cm/s) and maximum blood flow in the APA (FlowAPA, mL/s) were automatically 
measured. Maximum through-plane velocity in the IA (VIA, cm/s), maximum blood flow in the IA (FlowIA, mL/s), and average WSS of the IA 
(WSSavg) were also automatically measured. In the meantime, mWT was also measured in the same geometry from BB-MRI. APA, adjacent 
parent artery; IA, intracranial aneurysm; mWT, minimum wall thickness; WSS, wall shear stress.
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Table 1 The relationship between IA size and other factors 
including morphological index 

Factors
Univariate analysis

Multivariate analysis 
(R

2
=0.647, P<0.0001)

r P rpartial P

mWT (mm) −0.665 <0.001* −0.334 0.006*

FlowIA (mL/s) 0.458 <0.001* 0.276 0.025*

FlowAPA (mL/s) 0.217 0.067 0.157 0.207

VIA (cm/s) 0.101 0.400 − −

VAPA (cm/s) 0.037 0.756 − −

WSSavg (N/m
2
) −0.650 <0.001* −0.522 <0.001*

PI −0.112 0.350 − −

Sex 0.042 0.727 − −

Age −0.230 0.053 −0.166 0.184

Smoking history −0.070 0.559 − −

Hypertension −0.078 0.513 − −

Diabetes −0.183 0.124 0.080 0.524

Hyperlipidemia −0.222 0.062 −0.008 0.950

mWT hemodynamic parameters: ViA, VAPA, FlowIA, FlowAPA, PI, 
and WSSavg, and demographic parameters: sex, age, smoking 
history, hypertension, diabetes, and hyperlipidemia. *, P<0.05. 
IA, intracranial aneurysm; VIA, velocity of IA; VAPA, velocity of 
adjacent parent artery; WSSavg, average wall shear stress; PI, 
pulsatility index.
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as the IA grows. Third, we found that WSSavg was positively 
correlated with mWT. It is still unclear whether high or low 
WSS is associated with aneurysm wall degeneration (26-29)  
or IA growth/rupture (30). Our findings support that low 
WSS may be associated with the process of aneurysm 
wall degeneration. This finding is similar to that of a 
previous study (9), which reported that thin-walled regions 
of unruptured cerebral aneurysms colocalize with low 
WSS. Researchers have also theorized that low WSS may 
contribute to wall degradation through a static deleterious 
endothelial phenotype (31,32), which has been indirectly 
illustrated by our results.  

A similar relationship to that between IA size and 
hemodynamics was found in the relationship between IA 
SR and hemodynamics (Figure 5), with SR representing 

the ratio between IA size and parent artery diameter. 
These results indicated that the parent artery diameter 
had a minimal effect on the hemodynamic condition of 
aneurysms. This is consistent with the fact that FlowAPA 
and VAPA are not associated with IA size (Table 1, Figure 5). 
Although Kashiwazaki et al. (17) showed that IA SR was a 
predictive factor for rupture, their criteria included patients 
with small IAs (IAs <5 mm), whereas our analysis included 
patients with IAs >4 mm. This difference in entry criteria 
may be the primary reason for the different conclusions.

Interestingly, we also found that blood flow velocity was 
not associated with IA size. Considering that blood flow is 
the integral of velocity with respect to contour area, and 
contour area is determined by IA size, it is reasonable to 
state that VIA may not be a risk factor for aneurysm rupture. 

Figure 4 Scatter plots illustrating the relationship between morphological indices and hemodynamic parameters. (A) mWT was negatively 
correlated with IA size; (B) maximum FlowIA was positively correlated with IA size; (C) WSSavg was negatively correlated with IA size; (D) 
WSSavg was positively correlated with mWT. mWT, minimum wall thickness; WSS, wall shear stress.
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Additionally, PI was not associated with morphological 
indices, which demonstrated that PI may not be a risk factor 
for aneurysm rupture.

Currently, the most widely used IA rupture risk 
evaluation method in clinical practice is the aneurysm size-
based standard, as established by the International Study 
of Unruptured Intracranial Aneurysms (ISUIA) (33). One 
major drawback of the aneurysm size-based ISUIA standard 
is that some small aneurysms may still rupture. Orz et al. (34) 
investigated 34 patients who had small, as well as medium 
or large-sized aneurysm(s); of the 34 participants, 9 (26.5%) 
displayed rupture of the small aneurysms. Their data 
suggest that small aneurysms (≤6 mm in size, ISUIA grade 1)  
are prone to rupture. In this study, larger aneurysms were 

observed to have increased blood flow, smaller WSS, and 
smaller mWT. However, some small aneurysms (ISUIA 
grade 1, size ≤7 mm) were found to have a faster blood 
flow, smaller WSS, and smaller mWT. These results 
suggest that other than size, blood flow, WSS, and mWT 
may be monitored to provide additional information about 
aneurysm instability. 

A benefit of the high resolution of BB-MRI is that it can 
be used to provide detailed morphological information of 
IAs (18). By measuring IA size and mWT simultaneously, 
BB-MRI has demonstrated these two parameters to be 
negatively correlated. Moreover, 4D flow MRI can provide 
a more versatile depiction of IA hemodynamics than 
other imaging techniques, and its accuracy and stability 

Figure 5 (A) The relationship (A) between IA diameter (abscissa) and 7 features (ordinate) and (B) between IA size ratio (abscissa) and 7 
features (ordinate). For each feature, patients were separated into two subgroups based on the feature. Mean IA diameter, mean IA size ratio 
(SR), and 95% CI are shown for all subgroups. Vertical dashed lines show the mean IA diameter and mean IA SR from 72 patients. Two 
sample t-test. *, P<0.05; **, P<0.01. IA, intracranial aneurysm.
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on hemodynamic measurements have been acknowledged 
(10,35,36). Another alternative to 4D Flow MRI is using 
hemodynamic software based on CFD simulations, such as 
the analysis system (ANSYS). The CFD software calculates 
hemodynamic parameters based on flow model, boundary 
conditions, and simulation. It has several disadvantages, 
including: (I) simulation modeling is hypothetical and 
uncertain (37); (II) low sensitivity of reconstructed geometry 
to imaging modality (38); (III) segmentation variability (39);  
and (VI) unrealistic modeling of flow data (10). On the 
contrary, 4D flow MRI and related post-processing 
software provide velocity in three directions at each voxel 
during a cardiac cycle measured with the principle of phase 
contrast MRI measures velocity using MRI physics, and 
is not restricted by model precision, boundary conditions, 
or fluid structure interaction (FSI). By combining BB-
MRI and 4D flow MRI, the relationship between the 
morphology and hemodynamics of IA can be further 
illustrated. More importantly, BB-MRI and 4D flow MRI 
may help to characterize the aneurysm wall and abnormal 

hemodynamics overlooked by conventional imaging 
modalities, which may further guide treatment selection.

This study has some limitations. First, the measurement 
of morphological parameters (mWT, IA size, and IA SR) 
was conducted manually, which increases the chance of 
error. Also, due to the limited spatial resolution of 4D flow 
MRI, patients with IA sizes <4 mm were not included; our 
conclusions may not be generalizable on small aneurysms. 
Moreover, longitudinal studies are required to investigate 
the relationship between imaging biomarkers and rupture 
risk of IA.

Conclusions

In summary, by utilizing BB-MRI and 4D flow MRI, four 
associations between morphology and hemodynamics of 
IA were found. First, mWT was negatively correlated with 
IA size; second, blood flow in IA was positively correlated 
with IA size; third, WSS was negatively correlated with IA 
size; and fourth, WSS was positively correlated with mWT. 

Figure 6 Two representative cases of IA. Example of a patient with: (A,B) IA size =8.74 mm, mWT =0.82 mm, maximum FlowIA =5.866 mL/
s, WSSavg =0.447 N/m2, and another patient with (C,D) IA size =20.4 mm, mWT =0.66 mm, FlowIA =13.548 mL/s, WSSavg =0.056 N/m2. 
The giant IA has a thinner wall thickness, smaller WSS, and faster maximum blood flow than the small IA. IA, intracranial aneurysm; mWT, 
minimum wall thickness; WSS, wall shear stress.
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Blood flow, WSS, and mWT measured by 4D flow and BB-
MRI may be used as non-invasive biomarkers to assess IAs, 
and contribute to a more comprehensive characterization of 
the IA mechanism.
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