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Background and purpose: Previous studies predicting the rupture risk of 
intracranial aneurysms (IAs) have predominantly utilized static imaging data, 
overlooking the dynamic blood flow and biomechanical properties of the 
aneurysm wall. Irregular pulsation detected by 4D-CTA is a potential predictor 
of aneurysm rupture, albeit with uncertain clinical significance. This study 
aimed to analyze the changes in morpho-hemodynamic characteristics of IAs 
during the cardiac cycle to elucidate the dynamic changes and the associated 
hemodynamic mechanisms.

Methods: A retrospective review was conducted on the 4D-CTA data of 
IA patients between January 2017 and September 2019. R-R intervals were 
segmented into 20-time phases, reconstructing 20 CT datasets to identify 
irregular pulsation and extract 3D aneurysm models. Computational fluid 
dynamics (CFD) simulations analyzed hemodynamic parameters such as 
oscillatory shear index (OSI) and relative residence time (RRT). Changes in 
morpho-hemodynamic characteristics were quantified in terms of the absolute 
change (parameter*) and relative change rate (parameter%). Rupture risk was 
assessed using the rupture resemblance model (RRS).

Results: Eleven UIAs from 10 patients were finally included, with five aneurysms 
showing irregular pulsation (45.45%). No significant differences in morpho-
hemodynamic characteristics were observed between aneurysms with or 
without irregular pulsation. More remarkable changes in aneurysm size 
(size*: 0.59  ±  0.14  mm vs. 0.32  ±  0.12  mm, p  =  0.010; size%: 10.49%  ±  1.43% vs. 
3.95%  ±  1.79%, p  <  0.001), volume (volume%: 13.72% vs. 6.39%, p  =  0.009), OSI 
(OSI*: 0.02  ±  0.01 vs. 0.004  ±  0.005, p  =  0.004; OSI%: 200% vs. 12.50%, p  =  0.004) 
and RRT (RRT%: 97.14% vs. 43.95, p  =  0.052) over the cardiac cycle were 
significantly linked to irregular pulsation. Aneurysms with irregular pulsation 
demonstrated a more unfavorable hemodynamic environment during the 
cardiac cycle, irrespective of the predicted rupture risk. Furthermore, irregular 
pulsation at the aneurysm dome exhibited higher hemodynamic instability than 
at the sidewall.
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Conclusion: Irregular pulsation may indicate hemodynamic instability within 
the aneurysm, leading to an increased rupture risk in the area where irregular 
pulsation occurs. This proof-of-concept study could enhance understanding 
of dynamic changes in UIAs during the cardiac cycle and the underlying 
hemodynamic mechanisms.
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Introduction

Accurately assessing the risk of rupture in unruptured intracranial 
aneurysms (UIAs) is essential for personalized management (1). IA is 
a cerebrovascular disease that results from changes to the arterial wall 
due to abnormal blood flow conditions (2), with hemodynamic stress 
playing an indispensable role in its formation, progression, and even 
rupture (3). Computational fluid dynamics (CFD) is a widely accepted 
method for simulating hemodynamics in vitro (4). While previous 
studies have used static imaging data like conventional computed 
tomography angiography (CTA) to analyze hemodynamics and predict 
aneurysm rupture risk (5, 6), the lack of consideration for dynamic 
blood flow and the biomechanical properties of the aneurysmal wall 
has limited the clinical translation of this knowledge (7).

Four-dimensional CTA (4D-CTA) is an advanced imaging 
technique that combines the non-invasiveness of traditional CTA 
with the dynamic acquisition of digital subtraction angiography 
(DSA) to provide detailed and comprehensive information about 
vascular structure and blood flow dynamics (8). Studies have 
demonstrated the ability of 4D-CTA to capture the cardiac cycle-
related motion of the aneurysm wall reliably and suggested irregular 
pulsation could be  a new risk indicator for aneurysm rupture 
(9–12). Inspired by the study of Ishida et al. (13), who proposed that 
the pulsatile motion of the aneurysmal wall detected by 4D-CTA 
may not only indicate changes in the shape of the aneurysm but also 
provide dynamic information about the hemodynamics within the 
aneurysm. Investigations on the morpho-hemodynamic dynamics 
of IAs may provide new insights into the hemodynamic mechanisms 
of aneurysm rupture. To the best of our knowledge, few studies have 
considered the effect of arterial and aneurysmal deformation, 
pulsatile pressure, and flow velocity on the results of CFD 
simulations. Hence, we  investigated the morpho-hemodynamic 
characteristics and their changes in aneurysms during the cardiac 
cycle using 4D-CTA and CFD techniques to understand better the 
relationship between the dynamic changes of IAs and hemodynamics.

Materials and methods

Patients

This retrospective study received approval from the Institutional 
Review Board of Changhai Hospital. The requirement for written 
informed consent was waived, and patient information was 
anonymized and de-identified before analysis.

Patients with IAs from January 2017 to September 2019 were 
reviewed. The inclusion criteria were: (1) UIAs, (2) patients with 
complete medical records, and (3) patients with 4D-CTA data. The 
exclusion criteria were: (1) patients reluctant to participate in this 
study, (2) ruptured or non-saccular (fusiform, dissecting, and 
infectious) IAs, and (3) patients presenting with compression 
symptoms due to the proximity of the aneurysm to surrounding 
tissues or large aneurysms. Based on the inclusion and exclusion 
criteria, the flowchart for the selection of patients is shown in 
Figure 1.

4D-CTA data acquisition

The imaging protocol for electrocardiogram (ECG)-gated CTA 
scanning involved the use of a 320-row CT scanner (Aquilion ONE, 
Toshiba, Japan) in volumetric imaging mode. Initially, a test bolus with 
a 10-mL non-ionic contrast medium was injected at a rate of 5 mL/s 
to determine the delay time. Subsequently, a 50 mL iodinated contrast 
medium was intravenously administrated at a rate of 5 mL/s, along 
with 20 mL saline. 4D-CTA scanning commenced after an appropriate 
delay time determined by the injection test. The scan parameters 
include a 120 kV tube voltage, 260 mA tube current, a gantry rotation 
speed of 0.275 s per turn, and a z-coverage of 160 mm. The scan time 
was at least one heartbeat, and the in-plane resolution was 0.31 mm.

The source data from the 4D-CTA were transferred to an image 
processing workstation (Vitrea 2 software 6.02, Toshiba, Japan) for 
ECG-gated reconstruction of the cardiac cycle. The R-R intervals were 
segmented into 20-time phases at 5% intervals to create 20 CT data 
packages with an image matrix size of 512 × 512 and a slice thickness 
of 0.5 mm. The reconstructed datasets were stored in DICOM format 
for subsequent processing.

Criteria for determining irregular pulsation 
in aneurysms

Irregular pulsation on the aneurysmal wall is a focal protuberance 
observed in at least three consecutive frames within the 20 CT images 
corresponding to the 20-time phases in the R-R interval obtained by 
4D-CTA (9, 10). Another form of aneurysm wall motion during the 
cardiac cycle, termed global dilation or overall dilation, was identified. 
A neuroradiologist and a neurosurgeon consistently confirmed the 
type of aneurysm wall motion through a comprehensive review of the 
4D-CTA images.
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Reconstruction of 3D models of 
patient-specific aneurysms

Figure 2 depicts the main workflow of this study is depicted. Each 
DICOM file was subjected to analysis using Mimics software 
(Materialise Inc.) to extract aneurysm models corresponding to each 
specific time phase of the cardiac cycle. A threshold of cerebrovascular 
tissue was established to differentiate the aneurysm from surrounding 
structures like the skull. In addition, redundant small branching 
arteries were eliminated, and ultimately, the aneurysm model was 
generated through 3D calculation (14, 15). The resulting 3D structure 
was exported in stereolithography (STL) format for further analysis.

Element meshing

The ICEM CFD 2020R2 (ANSYS Inc., Canonsburg, PA, 
United States) was used to generate volume grids for conducting 
fluid dynamics simulations. The aneurysm models were discretized 

using an unstructured tetrahedral mesh type. Boundary layer 
meshing was progressively encrypted in the fluid domains adjacent 
to the vessel wall. The initial boundary layer had a thickness of 
0.02 mm with a growth ratio of 1.2, resulting in 5 layers. The final 
number of meshes generated was in the range of 800,000 to 
1,200,000.

Boundary conditions

CFD analysis was performed using FLUENT 2020R2 (ANSYS Inc., 
Canonsburg, PA, United States). The calculations were based on the 
Navier–Stokes formulations. Blood was assumed to be an incompressible 
and Newtonian fluid, with a density of 1,056 kg m/ 3 and a dynamic 
viscosity of 0.0035  Pa s⋅ . Rigid wall boundaries with no-slip conditions 
were considered (16). Due to the low Reynolds number features of 
arterial blood flow, it was treated as laminar flow (17). The pulsatile flow 
at the inlet was derived from measurements obtained using transcranial 
Doppler ultrasound (TCD) from a healthy adult volunteer’s internal 

FIGURE 1

Flowchart of patient selection based on inclusion and exclusion criteria.
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FIGURE 2

The main workflow diagram of this study. The fundamental operations of this study were divided into five sections: the acquisition of 4D-CTA images 
of intracranial aneurysms, the determination of the type of aneurysm wall motion during the cardiac cycle, the reconstruction of 3D aneurysm models, 
the measurement of morphological features, and the CFD hemodynamic analysis.
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carotid arteries (ICA). The flow data was processed and fitted using 
MATLAB 2016b software. The outlets were defined with a zero static 
pressure condition. The entire cycle of 0.8 s was discretized using a time 
step size of 0.001 s. Three continuous cardiac cycles were simulated, and 
the output was taken from the last cycle.

Morphological and hemodynamic 
parameters

Rupture-related morphological and hemodynamic features were 
analyzed, including aneurysm size, volume, and SR (18), as well as 
blood flow velocity, flow pattern, pressure, wall shear stress (WSS), 
oscillatory shear index (OSI), and relative residence time (RRT) (19). 
Time-averaging was employed for each hemodynamic parameter to 
assess the hemodynamic variations in each aneurysm as a 
consequence of the morphological changes during the cardiac cycle.

Quantification of rupture-related 
parameters

We applied the quantification method to other morphological-
hemodynamic features based on the definitions of the expansion volume 
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cycle proposed by Kuroda et al. (20). Thus, changes in parameters over 
the cardiac cycle were quantified by (1) absolute change (*), which is the 
difference between the maximum and minimum values of the parameter 
over the cardiac cycle, and (2) relative rate of change (%), which is the 
ratio of the difference between the maximum and minimum values to 
the minimum value of the parameter over the cardiac cycle.

Rupture risk assessment

The rupture resemblance model (RRS) is a scoring system used 
to estimate the risk of aneurysm rupture, including morphological 
(RRSM), hemodynamic (RRSH), and combined morphological-
hemodynamic (RRSC) models (21). The RRS is calculated by 
dividing the odds by one plus the odds, and the odds are 
calculated below:
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In previous studies, each parameter used in the RRS was scaled 
from 0 to 10 based on the distribution of the previous population. The 
RRS threshold is considered to be 30%, with higher values indicating 
an increased risk of rupture (6).

Agreement test

Operator 1 and Operator 2 independently completed the 3D 
reconstruction of 5 aneurysms randomly selected from the 11 UIAs 
three months later. The intra- and inter-observers’ agreements were 
analyzed by calculating intra-class correlation coefficients (ICCs), to 
assess the reproducibility of 3D reconstruction in quantifying dynamic 
changes of aneurysms, which were good (ICC > 0.8).

Statistical analysis

Statistical analysis was conducted using IBM SPSS Statistics 26 
software. Measured variables were expressed in numbers. The 
normality of continuous parameters was determined using the 
Shapiro–Wilk test. The values were presented as mean ± standard 
deviation (SD) or median values with the range, depending on 
whether they followed a normal distribution. The independent-sample 
t-test or the Mann–Whitney U test was used for correlation analysis. 
Set ± = 0.05 as the significance level and p < 0.05 (two-sided) as 
statistically different.

Results

A total of 10 patients with 11 UIAs were finally included in this 
study. Table  1 concludes the basic characteristics of patients and 
aneurysms. Of the ten patients, there were six females and four males, 
and the ages ranged from 38 to 76 years, with a mean age of 62.20. Of 
the 11 UIAs, 5 showed cardiac cycle-related irregular pulsation 
(45.45%). Five aneurysms were located at the middle cerebral artery 
(45.45%), three at the vertebral artery (27.27%), one at the internal 
carotid artery (9.09%), one at the posterior communicating artery 
(9.09%), and one at the anterior communicating artery (9.09%). The 
basic characteristics were not correlated with irregular pulsation.

Differences in morpho-hemodynamic 
characteristics between aneurysms with 
irregular pulsation and global dilation

As shown in Table 2, there were no differences in aneurysm size, 
volume, pressure, WSS, OSI, and RRT between aneurysms with 
irregular pulsation and those with overall dilatation. Moreover, the 
RRS models were also not significantly associated with 
irregular pulsation.

Differences in cardiac cycle-related 
morpho-hemodynamic changes between 
aneurysms with irregular pulsation and 
global dilation

As Table  2 illustrates, irregular pulsation was significantly 
correlated with more remarkable changes in aneurysm size (size*: 
0.59 ± 0.14 mm vs. 0.32 ± 0.12 mm, p = 0.010; size%: 10.49 ± 1.43% vs. 
3.95% ± 1.79%, p < 0.001), volume (volume%: 13.72% vs. 6.39%, 
p = 0.009), OSI (OSI*: 0.02 ± 0.01 vs. 0.004 ± 0.005, p = 0.004; OSI%: 
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200% vs. 12.50%, p = 0.004), and RRT (RRT%: 97.14% vs. 43.95%, 
p = 0.052) during the cardiac cycle.

Subgroup analysis

In this part, the hemodynamics and their variations during the 
cardiac cycle of four UIAs were compared, based on the presence of 
irregular pulsation and rupture risk stratification, to examine the 
hemodynamics of different types of aneurysms and their changes 
throughout the cardiac cycle. They were: (1) high rupture risk without 
irregular pulsation, (2) high rupture risk with irregular pulsation, (3) 
low rupture risk without irregular pulsation, and (4) low rupture risk 
with irregular pulsation.

Figure  3 was an unruptured MCA aneurysm without cardiac 
cycle-related irregular pulsation, assessed as a high risk of rupture 
(RRSM = 75.52%, RRSH = 34.28%, RRSC = 58.74%). Morphologically, 
this was a large aneurysm (size = 9.30 mm) with a high SR (SR = 3.76) 
but without shape irregularity. Regarding hemodynamics, neither 
blood flow nor pressure was significantly abnormal, and they varied 
smoothly throughout the cardiac cycle. However, the region with a 
more protruding aneurysmal wall exhibited markedly lower WSS, 
higher OSI, and higher RRT (shown as black snowflakes). In 
particular, this region consistently presented throughout the 
cardiac cycle.

Figure  4 was an unruptured MCA aneurysm exhibiting 
irregular pulsation during the cardiac cycle. RRS suggested a high 
rupture risk (RRSM = 53.51%, RRSH = 42.67%, RRSC = 47.68%). The 
pulsation occurred at the aneurysm dome (indicated by the red 
arrow). Although it was a small aneurysm (size = 6.55 mm), it 
featured an irregular shape and a high SR (SR = 2.88). Significant 
changes in aneurysm size and geometry were observed during the 
cardiac cycle. The blood flow within the aneurysm sac was complex 
and unstable. Slow blood flow and vortex flow were presented. The 
wall of the aneurysm dome (i.e., the area of irregular pulsation) 
was characterized by significantly higher pressure, lower WSS, 
higher OSI, and higher RRT than the rest of the aneurysm wall. 

Particularly towards the end of the cardiac cycle, the pressure in 
the aneurysm reached its peak, and so did in the aneurysm dome 
(as indicated by the black snowflakes).

Figure 5 was an unruptured AcomA aneurysm (Dmax = 3.59 mm, 
SR = 1.41) that was considered a relatively low risk of rupture 
(RRSM = 18.90%, RRSH = 33.27%, RRSC = 19.73%), and no irregular 
pulsation presented over the cardiac cycle. From a morphological 
perspective, the aneurysm carried a low risk of rupture and a low 
degree of dynamic variation over the cardiac cycle. From a 
hemodynamic perspective, the blood flow velocity was high, and there 
were relatively intense and concentrated inflow jets with high pressure 
at the inflow impingement. The aneurysm wall covered high WSS, low 
OSI, and low RRT throughout the cardiac cycle, with 
minimal variation.

Figure 6 was an unruptured MCA aneurysm (Dmax = 4.56 mm, 
SR = 1.34) with irregular pulsation (as the red arrows show), which 
was estimated to have a relatively low risk of rupture 
(RRSM = 17.64%, RRSH = 32.90%, RRSC = 18.67%). The blood flow 
velocity was high, but the flow pattern was not complex. The 
inflow jets were strong and concentrated, and the inflow 
impingements to the aneurysm wall were characterized by higher 
pressure and substantially higher WSS. This aneurysm held low 
and smoothly varying pressure and RRT, while WSS and OSI were 
substantially higher and more variable. The hemodynamic 
environment was not significantly worse at the irregular pulsation, 
as indicated by only a higher WSS.

Discussion

This study used 4D-CTA and CFD techniques to simulate the 
hemodynamics and quantified hemodynamic changes during the 
cardiac cycle in 11 UIAs to investigate the hemodynamic 
mechanism of aneurysm dynamic changes. Ishida et al. argued 
that the pulsatile motion of the aneurysm wall depicted by 
4D-CTA is the result of visualizing the interaction between the 
aneurysm wall and hemodynamics (13), taking into account not 

TABLE 1 Basic characteristics of the patients and aneurysms.

Patients 
(No.)

Aneurysm 
(No.)

Age 
(Year)

Gender Location Dmax 
(mm)

Volume 
(mm3)

SR RRSM RRSH RRSC Irregular 
pulsation

1 1 52 M MCA 9.30 ± 0.08 339.70 3.76 75.52% 34.28% 58.74% N

2 2 71 F MCA 6.55 ± 0.18 86.08 2.88 53.51% 42.67% 47.68% Y

3 3 60 F AcomA 3.59 ± 0.07 44.56 1.41 18.90% 38.95% 22.25% N

4 4 72 M MCA 6.32 ± 0.08 178.42 2.21 36.51% 31.69% 29.88% N

5 5 76 F MCA 4.56 ± 0.14 68.55 1.34 17.64% 32.90% 18.67% Y

6
6

69 F
ICA 16.50 ± 0.14 961.16 3.40 67.11% 41.79% 56.57% N

7 PcomA 7.72 ± 0.06 68.14 1.61 22.52% 36.84% 23.71% N

7 8 71 F MCA 13.85 ± 0.10 1022.90 4.84 90.71% 44.78% 80.03% N

8 9 49 F VA 3.94 ± 0.14 33.96 1.12 14.75% 43.11% 20.59% Y

9 10 64 M VA 8.48 ± 0.25 74.96 1.73 24.70% 43.91% 28.79% Y

10 11 38 M VA 6.41 ± 0.17 86.17 1.55 21.55% 45.25% 27.08% Y

M, male; F, female; MCA, middle cerebral artery; AcomA, anterior communicating artery; ICA, internal carotid artery; PcomA, posterior communicating artery; VA, vertebral artery; Dmax, 
aneurysm maximum diameter; SR, size ratio; RRSM, rupture resemblance model using morphological parameters; RRSH, rupture resemblance model using hemodynamic parameters; RRSC, 
rupture resemblance model using morphological-hemodynamic parameters; Y, yes (indicating aneurysms with irregular pulsation); N, no (indicating aneurysms with global dilation).
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only the biomechanical properties of the aneurysm wall but also 
the effects of pulsatile blood flow. Given that the hemodynamics 
depend on aneurysm morphology under the rigid-wall 
assumption, and TCD data from a healthy volunteer was employed 
as the inlet condition in the CFD boundary conditions, time 
averaging was conducted for each hemodynamic parameter to 
analyze the hemodynamic differences in each aneurysm resulting 
from morphological changes throughout the cardiac cycle. As far 
as we know, this is the first study to explain the dynamics of UIAs 
during the cardiac cycle by 4D-CTA and CFD simulations and to 
explore the morpho-hemodynamic mechanisms of 
aneurysm dynamics.

It was found that aneurysms with irregular pulsation exhibited 
significantly greater changes in aneurysm size, volume, OSI, and 
RRT over the cardiac cycle. The findings suggest that the 
morphological and hemodynamic characteristics of aneurysms 
indeed change during the cardiac cycle, and the degrees of 

changes vary considerably between aneurysms with and without 
irregular pulsation.

In addition, the hemodynamics and their variations over the 
cardiac cycle of four aneurysm categories based on the types of 
aneurysm wall motion and the rupture risk estimated by RRS were 
further analyzed. We found no correlation between irregular pulsation 
and RRS. Even though aneurysms were assessed with a higher rupture 
risk, those without irregular pulsations exhibited a more stable 
hemodynamic condition than those with irregular pulsations during 
the cardiac cycle. In cases of UIAs with irregular pulsation, two small 
and bifurcated MCA aneurysms were analyzed. In the aneurysm with 
a higher rupture risk, irregular pulsation occurred at the top of the 
aneurysm wall. The region with irregular pulsation featured an 
adverse hemodynamic environment with higher pressure, lower WSS, 
higher OSI, and higher RRT. Several CFD studies have demonstrated 
a correlation between low WSS (or larger area of low WSS) at the 
aneurysm dome and the subsequent aneurysm rupture (22, 23). Low 
WSS and high OSI may trigger inflammatory cell-mediated 
destructive remodeling of the aneurysm wall (24). Kadasi et al. (25) 
combined surgical findings and discovered that thin walls were linked 
to low WSS. Therefore, irregular pulsation at the aneurysm dome may 
disrupt normal blood flow patterns, resulting in areas of lower WSS, 
which can lead to the development of inflammation, endothelial 
dysfunction, and weakening of the aneurysm wall, which may 
increase the risk of aneurysm rupture. In contrast, irregular pulsation 
in aneurysm with a lower rupture risk occurred at the sidewall. The 
hemodynamic condition was not worse, but only the WSS was 
increased. Meng et al. (24) hypothesized that high WSS could cause 
cellular matrix degeneration and apoptosis degeneration, so even tiny 
aneurysms may rupture. Notably, the aneurysm was directly impacted 
by the strong and concentrated inflow against the aneurysmal wall. 
Cebral et al. (26, 27) reported that a more significant concentrated 
inflow and small impingement regions were associated with ruptured 
IAs. Thus, the rupture risk of this type of aneurysm should not 
be  ignored. Nevertheless, the present study failed to investigate 
whether the aneurysm dome, susceptible to direct impingement of 
blood inflow or irregular pulsation in the sidewall, may have a higher 
rupture risk because of the limited datasets.

The shape of aneurysms changes during the cardiac cycle due to 
the interaction between arterial blood flow and the aneurysm wall. 
Thus, the type and extent of wall motion may reflect the degree of 
damage and vulnerability to aneurysmal walls (28). It has been 
reported that irregular pulsation observed on 4D-CTA may be  a 
dependable indicator for early detection of impending aneurysm 
rupture and locating the rupture point (11). Nonetheless, few studies 
have quantified aneurysm dynamic changes over the cardiac cycle. In 
line with our previous study (29), we  found that small UIAs 
(size < 7 mm) with irregular pulsation exhibited significant degrees of 
morphological change during the cardiac cycle when compared to 
larger aneurysms, which tend to show an overall dilation. It is 
acknowledged that aneurysm rupture occurs when the impact of 
blood flow on the aneurysm wall exceeds its capacity. The larger the 
aneurysm, the higher the risk of rupture (30). This interesting paradox 
highlights a current controversy: the aneurysm size, the most 
commonly used factor in clinical practice, cannot be relied on alone 
to evaluate aneurysm rupture risk. Furthermore, irregular pulsation 
during the cardiac cycle may serve as a promising factor in estimating 
the rupture risk of small UIAs.

TABLE 2 Differences in hemodynamic characteristics and their changes 
over the cardiac cycle between aneurysms with irregular pulsation and 
global dilation.

Group 
parameters

Irregular 
pulsation (N  =  5)

Global dilation 
(N  =  6)

p

Size (mm) 5.99 ± 1.80 9.55 ± 4.82 0.141

Size* (mm) 0.59 ± 0.14 0.32 ± 0.12 0.010

Size% 10.49% ± 1.43% 3.95% ± 1.79% <0.001

Volume (mm3) 74.96 (33.96, 86.17) 259.06 (44.56, 1022.90) 0.247

Volume* (mm3) 9.55 (4.34, 23.72) 15.98 (4.21, 53.77) 0.537

Volume% 13.72% (11.44, 30.67%) 6.39% (3.98, 11.49) 0.009

Pressure (Pa) 464.55 ± 120.20 479.45 ± 259.24 0.909

Pressure* (Pa) 353.56 ± 169.63 211.62 ± 128.74 0.148

Pressure% 114.87% ± 57.09% 60.65% ± 28.57% 0.105

TAWSS (Pa) 0.39 ± 0.32 0.59 ± 0.30 0.327

TAWSS* (Pa) 0.32 ± 0.16 0.38 ± 0.19 0.605

TAWSS% 147.25% ± 39.54% 103.26% ± 32.54% 0.083

OSI 0.02 (0.01, 0.03) 0.01 (0.01, 0.04) 0.429

OSI* 0.02 ± 0.01 0.004 ± 0.005 0.004

OSI% 200% (100, 275%) 12.50% (0, 33.33%) 0.004

RRT 0.46 (0.16, 1.81) 0.26 (0.12, 0.78) 0.247

RRT* 0.34 (0.07, 3.01) 0.09 (0.02, 0.43) 0.247

RRT%
97.14% (52.63, 

376.25%)
43.95 (18.18, 70.49%) 0.052b

RRSM 21.55% (14.75, 53.51%)
51.81% (18.90, 

90.71%)
0.126

RRSH 41.57% ± 4.94% 38.04% ± 4.44% 0.243

RRSC 28.56% ± 11.50% 45.32% ± 23.58% 0.166

Continuous values conforming to a normal distribution are expressed as mean ± SD, whereas 
those that deviate from a normal distribution are represented by the median (range). 
TAWSS, time-averaged wall shear stress; OSI, oscillatory shear index; RRT, relative residence 
time; (parameter)*, the absolute change of the parameter during the cardiac cycle; 
(parameter)%, the relative change rate of the parameter; RRSM, rupture resemblance model 
using morphological parameters; RRSH, rupture resemblance model using hemodynamic 
parameters; RRSC, rupture resemblance model using morphological-hemodynamic 
parameters. The bold values indicate statistical significance, and superscript ‘b’ indicates a 
statistically significant trend.
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Accurate segmentation and extraction of patient-specific 3D 
models from medical images is a crucial step in CFD simulation. The 
output of the geometric model can be influenced by the manipulation 
of the multimodal images and the subjective bias of the operators, 
which may impact the hemodynamic results. DSA is considered the 
gold standard for diagnosing intracranial aneurysms, with high spatial 

resolution and the ability to provide dynamic blood flow information. 
Still, the invasive nature of examination limits its widespread clinical 
use. Cancelliere et al. (31) compared the geometric and hemodynamic 
features of 16 aneurysm models extracted from DSA and 
4D-CTA. They found that the ability of 4D-CTA to characterize the 
geometry and hemodynamics of aneurysm models was satisfactory 

FIGURE 3

Hemodynamics and their variations during the cardiac cycle of an MCA aneurysm with a high rupture risk but no irregular pulsation. (a–f) are the 
aneurysm size, volume, blood flow velocity, pressure, WSS, OSI, and RRT, respectively, for the aneurysm during the cardiac cycle (black snowflakes 
indicate the area of aneurysm wall with unfavorable hemodynamic conditions). MCA, middle cerebral artery; WSS, wall shear stress; OSI, oscillatory 
shear index; RRT, relative residence time.
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(31). Their study results established a foundation for the reliability of 
the experimental methods employed in the present study. 4D-CTA 
was used to acquire CT data of aneurysms at 5% intervals throughout 
the cardiac cycle, and 20 corresponding 3D aneurysm models were 
reconstructed for CFD simulation. The simulation outcomes are 
dependable and informative.

Limitations

This study has several limitations. First, the uncommon use of 
4D-CTA for routine clinical examination of IAs resulted in 
challenges in obtaining data, leading to limited sample size and 
potential selective bias. Four types of aneurysms based on RRS 

FIGURE 4

Hemodynamics and their variations during the cardiac cycle of an MCA aneurysm with a high rupture risk and irregular pulsation. (a–f) are the 
aneurysm size, volume, blood flow velocity, pressure, WSS, OSI, and RRT, respectively, for the aneurysm during the cardiac cycle (red arrows indicate 
the location of irregular pulsation, and black snowflakes denote the region with significantly high pressure). MCA, middle cerebral artery; WSS, wall 
shear stress; OSI, oscillatory shear index; RRT, relative residence time.
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and cardiac cycle-related irregular pulsation were proposed in this 
study. Still, the conclusions may not be universally applicable due 
to the limited number of cases. Secondly, due to the absence of 
patient-specific TCD data, this study failed to accurately simulate 

aneurysm hemodynamics at different time phases of the cardiac 
cycle, which may compromise the investigation of the correlation 
between irregular pulsation and hemodynamics, consequently 
restricting the depth of the discussion and the broader 

FIGURE 5

Hemodynamics and their variations during the cardiac cycle of an AcomA aneurysm with a low rupture risk and no irregular pulsation. (a–f) are the 
aneurysm size, volume, blood flow velocity, pressure, WSS, OSI, and RRT, respectively, for the aneurysm during the cardiac cycle. AcomA, anterior 
communicating artery. WSS, wall shear stress; OSI, oscillatory shear index; RRT, relative residence time.
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applicability of the study findings. Additionally, this is a single-
center retrospective study, necessitating follow-up studies to 
validate the clinical significance of irregular pulsation in assessing 
rupture risk. Last but not least, the lack of a universally accepted 
standard for quantifying aneurysm pulsation and the subjective 
nature of determining irregular pulsation could also impact the 
study results.

Conclusion

Regardless of the assessed rupture risk by RRS for UIAs, irregular 
pulsation during the cardiac cycle may indicate an increased risk of 
rupture, especially for small aneurysms. The localized area of the 
aneurysm wall, where irregular pulsation occurs, could be a potential 
rupture point due to its vulnerable structure. This study would aid in 

FIGURE 6

Hemodynamics and their variations during the cardiac cycle of an MCA aneurysm with a low rupture risk but irregular pulsation. (a–f) are the aneurysm 
size, volume, blood flow velocity, pressure, WSS, OSI, and RRT, respectively, for the aneurysm during the cardiac cycle (red arrows indicate the location 
of irregular pulsation). MCA, middle cerebral artery; WSS, wall shear stress; OSI, oscillatory shear index; RRT, relative residence time.
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comprehending the dynamic changes of UIAs during the cardiac cycle 
and the associated hemodynamic mechanisms, to pave the way for the 
clinical significance of aneurysm dynamics in assessing rupture risk.

Data availability statement

The original contributions presented in the study are included in 
the article/supplementary material, further inquiries can be directed 
to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and 
approved by the Institutional Review Board of Changhai Hospital. 
Written informed consent from the patients/participants or patients/
participants’ legal guardian/next of kin was not required to participate 
in this study in accordance with the national legislation and the 
institutional requirements.

Author contributions

SC: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Software, Visualization, Writing – 
original draft, Writing – review & editing. WZ: Data curation, 
Software, Validation, Writing – review & editing. YC: Funding 
acquisition, Project administration, Supervision, Writing – review & 
editing. GW: Funding acquisition, Project administration, 
Supervision, Writing – review & editing. NL: Conceptualization, Data 

curation, Methodology, Project administration, Resources, 
Supervision, Validation, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by the Shanghai Municipal Health Commission's special 
plan for clinical research in the health industry (20194Y0131), funded 
by the Shanghai Engineering Research Center of Interventional 
Medical Device (18DZ2250900).

Conflict of interest

GW was employed by Shanghai HeartCare Medical Technology 
Corporation Limited.

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
 1. Komotar RJ, Mocco J, Solomon RA. Guidelines for the surgical treatment of 

unruptured intracranial aneurysms: the first annual J. Lawrence pool memorial research 
symposium—controversies in the management of cerebral aneurysms. Neurosurgery. 
(2008) 62:183–94. doi: 10.1227/01.NEU.0000311076.64109.2E

 2. Frösen J, Tulamo R, Paetau A, Laaksamo E, Korja M, Laakso A, et al. Saccular 
intracranial aneurysm: pathology and mechanisms. Acta Neuropathol. (2012) 
123:773–86. doi: 10.1007/s00401-011-0939-3

 3. Etminan N, Rinkel GJ. Unruptured intracranial aneurysms: development, rupture 
and preventive management. Nat Rev Neurol. (2016) 12:699–713. doi: 10.1038/
nrneurol.2016.150

 4. Murayama Y, Fujimura S, Suzuki T, Takao H. Computational fluid dynamics as a 
risk assessment tool for aneurysm rupture. Neurosurg Focus. (2019) 47:E12. doi: 
10.3171/2019.4.FOCUS19189

 5. Salimi Ashkezari SF, Mut F, Chung BJ, Yu AK, Stapleton CJ, See AP, et al. 
Hemodynamics in aneurysm blebs with different wall characteristics. J NeuroIntervent 
Surg. (2021) 13:642–6. doi: 10.1136/neurintsurg-2020-016601

 6. Zhu Y, Zou R, Sun X, Lei X, Xiang J, Guo Z, et al. Assessing the risk of intracranial 
aneurysm rupture using computational fluid dynamics: a pilot study. Front Neurol. 
(2023) 14:1277278. doi: 10.3389/fneur.2023.1277278

 7. Berg P, Roloff C, Beuing O, Voss S, Sugiyama SI, Aristokleous N, et al. The 
computational fluid dynamics rupture challenge 2013—phase II: variability of 
hemodynamic simulations in two intracranial aneurysms. J Biomech Eng. (2015) 
137:121008. doi: 10.1115/1.4031794

 8. Stam LB, Aquarius R, de Jong GA, Slump CH, Meijer FJA, Boogaarts HD. A review 
on imaging techniques and quantitative measurements for dynamic imaging of cerebral 
aneurysm pulsations. Sci Rep. (2021) 11:2175. doi: 10.1038/s41598-021-81753-z

 9. Kato Y, Hayakawa M, Sano H, Sunil MV, Imizu S, Yoneda M, et al. Prediction of 
impending rupture in aneurysms using 4D-CTA: histopathological verification of a real-
time minimally invasive tool in unruptured aneurysms. Minim Invasive Neurosurg. 
(2004) 47:131–5. doi: 10.1055/s-2004-818492

 10. Hayakawa M, Tanaka T, Sadato A, Adachi K, Ito K, Hattori N, et al. Detection of 
pulsation in unruptured cerebral aneurysms by ECG-gated 3D-CT angiography 
(4D-CTA) with 320-row area detector CT (ADCT) and follow-up evaluation results: 
assessment based on heart rate at the time of scanning. Clin Neuroradiol. (2014) 
24:145–50. doi: 10.1007/s00062-013-0236-8

 11. Hayakawa M, Maeda S, Sadato A, Tanaka T, Kaito T, Hattori N, et al. Detection of 
pulsation in ruptured and unruptured cerebral aneurysms by electrocardiographically 
gated 3-dimensional computed tomographic angiography with a 320-row area detector 
computed tomography and evaluation of its clinical usefulness. Neurosurgery. (2011) 
69:843–51. doi: 10.1227/NEU.0b013e318225b2d3

 12. Ishida F, Ogawa H, Simizu T, Kojima T, Taki W. Visualizing the dynamics of 
cerebral aneurysms with four-dimensional computed tomographic angiography. 
Neurosurgery. (2005) 57:460–71. doi: 10.1227/01.NEU.0000170540.17300.DD

 13. Matsumoto M, Sasaki T, Suzuki K, Sakuma J, Endo Y, Kodama N. Visualizing the 
dynamics of cerebral aneurysms with four-dimensional computed tomographic 
angiography. Neurosurgery. (2006) 58:–E1003. doi: 10.1227/01.NEU.0000217323.32623.
F7

 14. Leemans EL, Cornelissen BMW, Said M, van den Berg R, Slump CH, Marquering 
HA, et al. Intracranial aneurysm growth: consistency of morphological changes. 
Neurosurg Focus. (2019) 47:E5. doi: 10.3171/2019.4.FOCUS1987

 15. Lombarski L, Kunert P, Tarka S, Piechna A, Kujawski S, Marchel A. Unruptured 
intracranial aneurysms: relation between morphology and wall strength. Neurol 
Neurochir Pol. (2022) 56:410–6. doi: 10.5603/PJNNS.a2022.0053

 16. Cebral JR, Castro MA, Appanaboyina S, Putman CM, Millan D, Frangi AF. 
Efficient pipeline for image-based patient-specific analysis of cerebral aneurysm 
hemodynamics: technique and sensitivity. IEEE Trans Med Imaging. (2005) 24:457–67. 
doi: 10.1109/TMI.2005.844159

 17. Rostam-Alilou AA, Jarrah HR, Zolfagharian A, Bodaghi M. Fluid–structure 
interaction (FSI) simulation for studying the impact of atherosclerosis on 
hemodynamics, arterial tissue remodeling, and initiation risk of intracranial aneurysms. 
Biomech Model Mechanobiol. (2022) 21:1393–406. doi: 10.1007/s10237-022-01597-y

https://doi.org/10.3389/fneur.2024.1436086
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1227/01.NEU.0000311076.64109.2E
https://doi.org/10.1007/s00401-011-0939-3
https://doi.org/10.1038/nrneurol.2016.150
https://doi.org/10.1038/nrneurol.2016.150
https://doi.org/10.3171/2019.4.FOCUS19189
https://doi.org/10.1136/neurintsurg-2020-016601
https://doi.org/10.3389/fneur.2023.1277278
https://doi.org/10.1115/1.4031794
https://doi.org/10.1038/s41598-021-81753-z
https://doi.org/10.1055/s-2004-818492
https://doi.org/10.1007/s00062-013-0236-8
https://doi.org/10.1227/NEU.0b013e318225b2d3
https://doi.org/10.1227/01.NEU.0000170540.17300.DD
https://doi.org/10.1227/01.NEU.0000217323.32623.F7
https://doi.org/10.1227/01.NEU.0000217323.32623.F7
https://doi.org/10.3171/2019.4.FOCUS1987
https://doi.org/10.5603/PJNNS.a2022.0053
https://doi.org/10.1109/TMI.2005.844159
https://doi.org/10.1007/s10237-022-01597-y


Chen et al. 10.3389/fneur.2024.1436086

Frontiers in Neurology 13 frontiersin.org

 18. Dhar S, Tremmel M, Mocco J, Kim M, Yamamoto J, Siddiqui AH, et al. Morphology 
parameters for intracranial aneurysm rupture risk assessment. Neurosurgery. (2008) 
63:185–97. doi: 10.1227/01.NEU.0000316847.64140.81

 19. Lv N, Karmonik C, Chen S, Wang X, Fang Y, Huang Q, et al. Wall enhancement, 
hemodynamics, and morphology in unruptured intracranial aneurysms with high 
rupture risk. Transl Stroke Res. (2020) 11:882–9. doi: 10.1007/s12975-020-00782-4

 20. Kuroda J, Kinoshita M, Tanaka H, Nishida T, Nakamura H, Watanabe Y, et al. 
Cardiac cycle-related volume change in unruptured cerebral aneurysms: a detailed 
volume quantification study using 4-dimensional CT angiography. Stroke. (2012) 
43:61–6. doi: 10.1161/STROKEAHA.111.626846

 21. Xiang J, Natarajan SK, Tremmel M, Ma D, Mocco J, Hopkins LN, et al. 
Hemodynamic–morphologic discriminants for intracranial aneurysm rupture. Stroke. 
(2011) 42:144–52. doi: 10.1161/STROKEAHA.110.592923

 22. Detmer FJ, Chung BJ, Jimenez C, Hamzei-Sichani F, Kallmes D, Putman C, et al. 
Associations of hemodynamics, morphology, and patient characteristics with aneurysm 
rupture stratified by aneurysm location. Neuroradiology. (2019) 61:275–84. doi: 10.1007/
s00234-018-2135-9

 23. Omodaka S, Sugiyama S, Inoue T, Funamoto K, Fujimura M, Shimizu H, et al. Local 
hemodynamics at the rupture point of cerebral aneurysms determined by computational 
fluid dynamics analysis. Cerebrovasc Dis. (2012) 34:121–9. doi: 10.1159/000339678

 24. Meng H, Tutino VM, Xiang J, Siddiqui A. High WSS or low WSS? Complex 
interactions of hemodynamics with intracranial aneurysm initiation, growth, and 
rupture: toward a unifying hypothesis. AJNR Am J Neuroradiol. (2014) 35:1254–62. doi: 
10.3174/ajnr.A3558

 25. Kadasi LM, Dent WC, Malek AM. Colocalization of thin-walled dome regions 
with low hemodynamic wall shear stress in unruptured cerebral aneurysms: clinical 
article. JNS. (2013) 119:172–9. doi: 10.3171/2013.2.JNS12968

 26. Cebral JR, Mut F, Weir J, Putman C. Quantitative characterization of the 
hemodynamic environment in ruptured and unruptured brain aneurysms. AJNR Am J 
Neuroradiol. (2011) 32:145–51. doi: 10.3174/ajnr.A2419

 27. Cebral JR, Mut F, Weir J, Putman CM. Association of hemodynamic characteristics 
and cerebral aneurysm rupture. AJNR Am J Neuroradiol. (2011) 32:264–70. doi: 10.3174/
ajnr.A2274

 28. Illies T, Saering D, Kinoshita M, Fujinaka T, Bester M, Fiehler J, et al. Feasibility of 
quantification of intracranial aneurysm pulsation with 4D CTA with manual and 
computer-aided post-processing. PLoS One. (2016) 11:e0166810. doi: 10.1371/journal.
pone.0166810

 29. Chen S, Lv N, Qian Y, Zhang M, Zhang T, Cheng Y. Relationships between 
irregular pulsation and variations in morphological characteristics during the cardiac 
cycle in unruptured intracranial aneurysms by 4D-CTA. Front Neurol. (2024) 
15:1302874. doi: 10.3389/fneur.2024.1302874

 30. The International Study of Unruptured Intracranial Aneurysms Investigators. 
Unruptured intracranial aneurysms—risk of rupture and risks of surgical intervention. 
J Neurosurg Anesthesiol. (1999) 11:218. doi: 10.1097/00008506-199907000-00016

 31. Cancelliere NM, Najafi M, Brina O, Bouillot P, Vargas MI, Lovblad KO, et al. 4D-
CT angiography versus 3D-rotational angiography as the imaging modality for 
computational fluid dynamics of cerebral aneurysms. J NeuroIntervent Surg. (2020) 
12:626–30. doi: 10.1136/neurintsurg-2019-015389

https://doi.org/10.3389/fneur.2024.1436086
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1227/01.NEU.0000316847.64140.81
https://doi.org/10.1007/s12975-020-00782-4
https://doi.org/10.1161/STROKEAHA.111.626846
https://doi.org/10.1161/STROKEAHA.110.592923
https://doi.org/10.1007/s00234-018-2135-9
https://doi.org/10.1007/s00234-018-2135-9
https://doi.org/10.1159/000339678
https://doi.org/10.3174/ajnr.A3558
https://doi.org/10.3171/2013.2.JNS12968
https://doi.org/10.3174/ajnr.A2419
https://doi.org/10.3174/ajnr.A2274
https://doi.org/10.3174/ajnr.A2274
https://doi.org/10.1371/journal.pone.0166810
https://doi.org/10.1371/journal.pone.0166810
https://doi.org/10.3389/fneur.2024.1302874
https://doi.org/10.1097/00008506-199907000-00016
https://doi.org/10.1136/neurintsurg-2019-015389

	Quantification of morpho-hemodynamic changes in unruptured intracranial aneurysms with irregular pulsation during the cardiac cycle using 4D-CTA
	Introduction
	Materials and methods
	Patients
	4D-CTA data acquisition
	Criteria for determining irregular pulsation in aneurysms
	Reconstruction of 3D models of patient-specific aneurysms
	Element meshing
	Boundary conditions
	Morphological and hemodynamic parameters
	Quantification of rupture-related parameters
	Rupture risk assessment
	Agreement test
	Statistical analysis

	Results
	Differences in morpho-hemodynamic characteristics between aneurysms with irregular pulsation and global dilation
	Differences in cardiac cycle-related morpho-hemodynamic changes between aneurysms with irregular pulsation and global dilation
	Subgroup analysis

	Discussion
	Limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

