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A B S T R A C T   

Background: Wall shear stress (WSS) has been proved to be related to the formation, development 
and rupture of intracranial aneurysms. Aneurysm wall enhancement (AWE) on magnetic reso-
nance imaging (MRI) can be caused by inflammation and have confirmed its relationship with low 
WSS. High WSS can also result in inflammation but the research of its correlation with AWE is 
lack because of the focus on large aneurysms limited by 3T MRI in most previous studies.This 
study aimed to assess the potential association between high or low WSS and AWE in different 
aneuryms. Especially the relationship between high WSS and AWE in small aneurysm. 
Methods: Forty-three unruptured intracranial aneurysms in 42 patients were prospectively 
included for analysis. 7.0 T MRI was used for imaging. Aneurysm size was measured on three- 
dimensional time-of-flight (TOF) images. Aneurysm-to-pituitary stalk contrast ratio (CRstalk) 
was calculated on post-contrast black-blood T1-weighted fast spin echo sequence images. He-
modynamics were assessed by four-dimensional flow MRI. 
Results: The small aneurysms group had more positive WSS–CRstalk correlation coefficient dis-
tribution (dome: 78.6 %, p = 0.009; body: 50.0 %, p = 0.025), and large group had more negative 
coefficient distribution (dome: 44.8 %, p = 0.001; body: 69.0 %, p = 0.002). Aneurysm size was 
positively correlated with the significant OSI–CRstalk correlation coefficient at the dome (p =

* Corresponding author. Department of Neurosurgery, Beijing Neurosurgical Institute and Beijing Tiantan Hospital, Capital Medical University, 
Beijing, China. 
** Corresponding author. Center for Biomedical Imaging Research, Department of Biomedical Engineering, Medical School, Tsinghua University, 

Beijing, China. 
*** Corresponding author. Department of Neurosurgery, Beijing Neurosurgical Institute and Beijing Tiantan Hospital, Capital Medical University, 

Beijing, China. 
E-mail addresses: liyouxiang@mail.ccmu.edu.cn (Y. Li), leerui@tsinghua.edu.cn (R. Li), skeletonliu@sina.com (P. Liu).   

1 Yudi Tang, Haining Wei and Zihao Zhang have contributed equally to this work. 

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e30006 
Received 15 November 2023; Received in revised form 11 April 2024; Accepted 18 April 2024   

mailto:liyouxiang@mail.ccmu.edu.cn
mailto:leerui@tsinghua.edu.cn
mailto:skeletonliu@sina.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e30006
https://doi.org/10.1016/j.heliyon.2024.e30006
https://doi.org/10.1016/j.heliyon.2024.e30006
http://creativecommons.org/licenses/by-nc/4.0/


Heliyon 10 (2024) e30006

2

0.012) and body (p = 0.010) but negatively correlated with the significant WSS–CRstalk corre-
lation coefficient at the dome (p < 0.001) and body (p = 0.017). 
Conclusion: AWE can be mediated by both high and low WSS, and translate from high WSS- to low 
WSS-mediated pathways as size increase. Additionally, AWE may serve as an indicator of the 
stage of aneurysm development via different correlations with hemodynamic factors.   

1. Introduction 

Intracranial aneurysms are common [1,2]. Although many never rupture, ruptured aneurysms are the most common cause of 
subarachnoid hemorrhage [2–4], which is associated with high mortality and morbidity [3–5]. Inflammation in the aneurysmal wall 
has been found to be associated with aneurysm development and rupture [6,7]. Aneurysm wall enhancement (AWE) visualized on 
magnetic resonance imaging (MRI) of unruptured intracranial aneurysms (UIAs) is considered a biomarker of inflammation [8–10] 
and an indicator of higher risk of growth and rupture [11,12]. 

It has been reported that AWE was negatively correlated with the spatial distribution of wall shear stress (WSS) and positively 
correlated with oscillatory shear index (OSI) [8]. Compared to non-enhanced areas, areas of AWE have lower WSS and higher OSI [8, 
13]. And this phenomenon is usually explained by local inflammation caused by low WSS [14]. However, aneurysmal wall inflam-
mation is also found to be associated with high WSS which induces destruction and weakening of vessel walls [15]. It seemed that AWE 
could be also caused by high WSS. 

Can et al. [16] conducted a systematic review and meta-analysis on the association between hemodynamic factors and the for-
mation and rupture of intracranial aneurysms. Their findings suggest that low WSS is significantly associated with an increased risk of 
aneurysm rupture. Furthermore, they observed that higher WSS and an elevated gradient oscillatory number may contribute to the 
formation of aneurysms. However, most aneurysms in previous studies [8,12,13,17,18] were large (size>4 mm). Small (size<4 mm) 
aneurysms, which seems to be associated with the formation stage, were lack of exploration individual. Therefore, positively corre-
lated between AWE and WSS in most small aneurysms might be ignored. 

Meng et al. [19]. reviewed previous studies, including hemodynamic and pathological specimens, and proposed that aneurysms 
could transition from high WSS mediated inflammation pathway to low WSS mediated inflammation pathway in anueyrsms formation, 
growth and rupture. And this phenomenon is predicted to be observed in changes in aneurysm size. Therefore, we assumed that AWE 
could be observed a transition from high-mediated to low WSS- mediated with aneurysm size increase. 

In this study, the 7T MRI was used to study the quantitative relationship between AWE distribution and hemodynamic parameters 
in UIAs, since the 7T MRI could provide better images with a higher signal-to-noise ratio and higher resolution than 3T MRI [4,20,21], 
which allows a better characterization of AWE and hemodynamics, especially in small aneurysms. In detail, the aneurysm-to-pituitary 
stalk contrast ratio (CRstalk) was utilized to quantify the AWE [22]. And a quantification workflow proposed by Fu et al. [8]. was used 
to explore the relationships among AWE, hemodynamics, and aneurysm size. 

2. Methods 

This study was approved by the local institutional ethics committee. 

3. Study population 

All participants provided written informed consent. Patients with UIAs were recruited from September 2020 through March 2023. 
UIAs were diagnosed by magnetic resonance angiography (MRA), computed tomography angiography, or digital subtraction angi-
ography. Inclusion criteria were as follows: 1) no contraindication to 7 T MRI, 2) ability to cooperate during the MR examination and 
3) no contraindication to gadolinium-based contrast agent. Patients with fusiform, dissecting, thrombosed aneurysms, or irregular 
aneurysms were excluded. Patients were also excluded with images of poor quality. Aneurysms located at the anterior cerebral artery 
(ACA) or anterior communicating artery (AComA) were excluded from this study since their special hemodynamic environment [23] 
and anatomical structure [24,25]. 

4. Imaging protocol 

MRI imaging was performed using a 7.0 T system (Magnetom Terra, Siemens, Munich, Germany) equipped with a Nova 32-channel 
head coil. Sequences included three-dimensional (3D) time-of-flight MRA (TOF-MRA), pre- and post-contrast black-blood SPACE (fast 
spin echo with variable flip angle trains [20]), and four-dimensional flow MRI (4D-flow MRI) [26]. 3D TOF-MRA was used to locate the 
aneurysm and assess its geometry. Imaging parameters were as follows: repetition time/echo time (TR/TE), 18/4.08 ms; field of view 
(FOV), 211 × 168 mm2; voxel size, 0.33 × 0.33 × 0.40 mm3; and flip angle, 23◦. Pre- and post-contrast high-resolution MRI imaging 
parameters were as follows: TR/TE, 1200/13 ms; FOV, 179 × 179 mm2; voxel size, 0.40 × 0.40 × 0.40 mm3; and echo train length 
(ETL), 40. Post-contrast high-resolution MRI was performed 15 min after injection of a gadolinium-based contrast agent (Omniscan 
TM; GE Healthcare, Chicago, IL, USA) into an antecubital vein (0.1 mmol/kg dose at 5 mL/s). 4D-flow MRI was acquired using a 
free-breathing, peripheral pulse-gated multi-shot turbo field echo sequence with the following parameters: TR/TE, 60.88/3.68 ms; 
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FOV, 192 × 192 mm2; voxel size, 0.60 × 0.60 × 0.80 mm3; flip angle, 15◦; and velocity encoding (VENC), 150 cm/s. Reformatting all 
sequences to any plane was possible during image processing. 

5. Assessment of CRstalk and hemodynamics 

To examine the relationship between CRstalk and hemodynamic parameters, a workflow reported by Fu. et al. [8] was utilized to 
obtain the quantification results, as shown in Fig. 1 (A - F). Firstly, benefit from the high velocity-noise-ratio of 4D-flow MRI 

magnitude images, the 3D vessel model was generated using the time-averaged 4D-flow magnitude images, rather than 3D TOF- 
MRA in previous studies. Various algorithms such as threshold segmentation, region growth, connected domain selection and surface 

Fig. 1. Workflow for assessment of CRstalk and hemodynamic parameters. (A) 3D model of aneurysm was generated by threshold segmentation of 
time-averaged 4D flow magnitude. Manually select the appropriate threshold and keep the maximum component. (B) Registered post-contrast HR- 
MRI was used to obtain the pituitary intensity. (C) 3D velocity streamline calculated from 4D flow MRI. (D–F) Spatial distribution of CRstalk, WSS 
and OSI. 
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smoothing were applied to accomplish this step. Subsequently, in order to calculate CRstalk [22], we employed an automatic volu-
metric rigid registration method within 3D Slicer software (www.slicer.org) to align post-contrast HR-MRI scans with the 4D-flow MRI 
data. The image signal intensity from post-contrast HR-MRI was projected onto the 3D vessel model asaneurysm wall intensity. This 
projection was performed by the maximum signal intensity along a line perpendicular to each mesh node on vessel model. Meanwhile, 
the intensity of the pituitary stalk was also calculated through post-contrast HR-MRI. CRstalk was calculatedas the quotient of 
aneurysm wall signal intensity/pituitary stalk signal intensity. Finally, hemodynamic analysis was performed through 4D-flow phase 
imaging and corresponding velocity mask. The streamline was plotted to ensure the blood flow inner aneurysm had accurate velocity 
results. Then, the time-averaged WSS and OSI were calculated using the obtained WSS during a cardiac cycle. The measurement of 
CRstalk was shown in Fig. 2 (A - F). 

WSS was calculated by following equation, where μ means the dynamic viscosity and y means the distance to the wall. 

WSS − μ
(

∂υparallel

∂y

)

y= 0 

OSI, denoting the fluctuation of WSS was calculated with formula. 

OSI = 0.5

(

1 −

⃒
⃒
⃒
∫ T

0 WSSdt
⃒
⃒
⃒

∫ T
0 |WSS|dt

)

6. Aneurysm classification 

According to the correlation between WSS and CRstalk, aneurysms were divided into positive group, negative group, and non- 
significant (p < 0.05) group. Aneurysm morphology was measured on 7 T images using 3D Slicer 4.10.1 (http://www.slicer.org). 
The size of UIAs was defined as their largest diameter measured on the maximum intensity projection of TOF images. And the an-
eurysms were classified into small (≤4 mm) group and large (>4 mm) group. By the distance to the aneurysm neck, each aneurysm was 
subdivided into three subregions [27]: neck, body, and dome, as shown in Fig. 3 (A - B). The neck of aneurysms would not participate in 
the comparison because of the interference of the parent artery [28]. 

7. Statistical analysis 

Statistical analyses were conducted using SPSS software version 26.0 (IBM Corp., Armonk, NY, USA). The normality of data dis-
tribution was tested using the Kolmogorov–Smirnov and Shapiro–Wilk methods. Correlation was examined using Pearson’s or 

Fig. 2. Illustration of CRstalk measurement. A: The maximum intensity projection from DICOM images. B:The 3D vessel model from time averaged 
4D-flow images. C: the norm vectors perpendicular to each mesh node on vessel model. D: Obtain the signal intensity of the pituitary stalk. The 
yellow arrow points to the pituitary stalk. E: Mapping the quotient of maximum signal intensity along norm vectors and pituitary stalk signal 
intensity to the vessel model. The yellow frame shows the post-contrast HR-MRI image. F: Corresponding distribution map of CRstalk. 
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Spearman’s method according to distribution type. Chi-Square Pearson test, correction for continuity and Fisher’s exact test were used 
to compare AWE and hemodynamic parameters between small and large aneurysms. P < 0.05 was considered significant. 

8. Results 

Finally forty-three UIAs in 42 patients were included in this study. 26 aneurysms were located at anterior circulation and 17 
aneurysms were located at posterior circulation. Patient characteristics are shown in Table 1. Data of mean CRstalk, mean WSS, mean 
OSI and aneurysm size were not distributed normally among all aneurysms. A flow chart was shown in Fig. 4. 

9. Inter- and intra-group relationship 

Correlation between hemodynamic parameters and CRstalk was significant in most aneurysms. WSS was significantly correlated 
with CRstalk at dome in 33 aneurysms (76.7 %) and at body in 34 aneurysms (79.1 %). At dome region, 20 aneurysms were classified 
into the positive group and 13 aneurysms were classified into the negative group. And at body region, 12 aneurysms were included in 
positive group and 22 aneurysms were included in negative group. The relationship between OSI and CRstalk was significant at dome 
in 31 aneurysms 72.1 % and at body in 34 aneurysms (79.1 %). Furthermore, it was shown that these relationships may differ at dome 
and body region even though on the same aneurysm. More details were shown in Supplemental Table 1. 

Among all aneurysms, mean OSI was positively associated with aneurysm size in dome and body regions, as shown in Table 2. It 
was also shown that there was a negative relationship between mean WSS and mean OSI in both two regions. However, neither mean 
WSS nor OSI was significantly correlated with CRstalk. 

Fig. 3. Subregions of each aneurysm. (a) Red plane represents the neck of aneurysm. The yellow arrow represent the maximum distance from the 
neck plane, and is divided into three equal parts. (b) According to the height of each section, the aneurysm is divided into three areas: neck, body, 
and dome. 

Table 1 
Patient characteristics of the study population (n = 42).  

Parameter  

Age ≥ 60 years, n (%) 23 (54.8 %) 
Gender-male, n (%) 22 (52.4 %) 
Gender-female, n (%) 20 (47.7 %) 
Hypertension, n (%) 34 (81.0 %) 
Diabetes, n (%) 6 (14.3 %) 
Smoking, n (%) 16 (38.1 %) 
Drinking, n (%) 12 (28.6 %) 
Mean LDL (±SD)*,mmol/L 2.30 (±0.73) 
Mean HDL (±SD)*,mmol/L 1.36 (±0.17) 
Mean TG (±SD)*,mmol/L 1.35 (±0.76) 
Mean TC (±SD)*,mmol/L 4.28 (±0.74) 
Mean aneurysm size (±SD), mm 6.07 (±2.99) 
Mean aneurysm neck width (±SD), mm 4.89 (±1.73) 

Abbreviations: SD:standard deviation; LDL:low-density lipoprotein; HDL: 
high-density lipoprotein; TG:triglyceride; TC:total cholesterol. 
*: Data provided by patients based on their last examination results before MRI 
scan. 
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10. Aneurysm size in positive, negative group and non-significant group 

As in Fig. 5 (A - B), the medium aneurysm size at aneurysm dome was 3.89 mm (25 %,75 %:3.50,6.60) in positive group, 6.33 mm 
(25 %,75 %:5.39,9.82) in negative group, and 4.76 mm (25 %,75 %:3.71,8.48) in non-significant group, respectively. And at aneurysm 
body, medium aneurysm size was 3.85 mm (25 %,75 %:3.49,4.91) in positive group,7.34 mm (25 %,75 %:6.05,8.97) in negative 
group, and 3.91 mm (25 %,75 %:3.72,4.96) in non-significant group. 

Fig. 4. Flowchart of this study.  

Table 2 
Correlations between size, mean hemodynamics and CRstalk in the dome and body.  

Correlation Dome p Body p 

Size and individual WSS-CRstalk* − 0.591 <0.001 − 0.406 0.017 
Size and individual OSI-CRstalk* 0.447 0.012 0.435 0.010 
mean WSS and mean CRstalk 0.055 0.727 − 0.027 0.866 
mean OSI and mean CRstalk − 0.120 0.444 − 0.080 0.611 
mean WSS and mean OSI − 0.823 <0.001 − 0.826 <0.001 
Size and mean CRstalk 0.165 0.291 0.230 0.138 
Size and mean WSS − 0.206 0.184 − 0.76 0.073 
Size and mean OSI 0.367 0.016 0.350 0.021 
Size and individual WSS-CRstalk − 0.499 0.001 − 0.506 0.001 
Size and individual OSI-CRstalk 0.443 0.003 0.410 0.006 

*non-significant(p ≥ 0.05) individual hemodynamics-CRstalk were excluded. 
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Aneurysm size in positive group was significantly smaller than that of negative group at both dome region (p = 0.008) and body 
region (p < 0.001). Although the aneurysm size in non-significant group was smaller than in negative group at body (p = 0.009), there 
was no significant difference with in negative group at dome (p = 0.172), and positive group at dome (p = 0.344) and body (p = 0.522) 
region. 

11. Relationship in aneurysms with different size 

Based on the above-mentioned results, it was hinted that there may be a significant association between the WSS– and OSI–CRstalk 
correlation coefficients and aneurysm size. As shown in Table 3, the small group had more positive WSS–CRstalk correlation coefficient 
distribution (dome: 78.6 %, p = 0.009; body: 50.0 %, p = 0.002) and large group had more negative coefficient distribution (dome: 
51.7 %, p = 0.001; body: 69.0 %, p = 0.002). In contrast, the OSI–CRstalk correlation coefficient was usually negative in small an-
eurysms (dome: 64.3 %, p = 0.002; body: 50.0 %, p = 0.025) and positive in large ones (dome: 51.7 %, p = 0.025, body: 69.0 %, p =
0.009). 

Fig. 5. Distribution of the aneurysm maximum diameter in negative group, non-significant group and positive group at dome and body. A: Dis-
tribution at aneurysm dome. B: Distribution at aneurysm dome. 

Table 3 
Comparison of dome and body between the small (≤4 mm) group and large (>4 mm) group.  

subregion Hemodynamics-CRstalk correlation size≤4 mm (n = 14) size>4 mm (n = 29) p p* 

dome WSS-CRstalk Negative 0.0 % 44.8 % 0.002 0.001 
Positive 78.6 % 31.0 % 0.009 
Non-significant 21.4 % 24.1 % 1.000 

OSI-CRstalk Negative 64.3 % 20.7 % 0.005 0.005 
Positive 7.1 % 51.7 % 0.013 
Non-significant 28.6 % 27.6 % 1.000 

body WSS-CRstalk Negative 14.3 % 69.0 % 0.002 0.002 
Positive 50.0 % 17.2 % 0.025 
Non-significant 35.7 % 13.8 % 0.122 

OSI-CRstalk Negative 50.0 % 17.2 % 0.018 0.025 
Positive 21.4 % 65.5 % 0.017 
Non-significant 28.6 % 17.2 % 0.649 

p: Compare the distribution of three correlations between the two groups. 
P*:Compare the distribution of correlation between the two groups. 
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12. Correlation between size and hemodynamics-CRstalk correlation-coefficient 

As shown in Fig. 6 (A - D), the aneurysm size was positively correlated with the significant OSI–CRstalk correlation-coefficient at 
the dome (r = 0.447, p = 0.012) and body (r = 0.435, p = 0.010) but negatively correlated with the significant WSS–CRstalk 
correlation-coefficient at the dome (r = − 0.591, p < 0.001) and body (r = − 0.406, p = 0.017). 

13. Discussion 

The association between CRstalk and hemodynamics in UIAs was variable and seemed to have no constant value of correlation 
coefficient. Compared with previous studies [8,13,28], our findings in large aneurysms were similar; however, they were different in 
small aneurysms. In our study, AWE was stronger in regions with lower WSS and higher OSI in large aneurysms but was stronger in 
regions of higher WSS and lower OSI in small aneurysms. However, these findings were not contradictory, but rather consistent with 
the two different WSS-inflammation pathway. Furthermore, the results that the hemodynamics were associated with the aneurysm size 
met the previous studies [29–31] and the assumption in our study. 

The region with higher WSS in small aneurysms had higher CRstalk, indicating that AWE in these aneurysms can be mediated by 
high WSS. This result was not surprising and can be explained by the high WSS theory. High WSS could cause endothelial injury, wall 
remodeling and degeneration, and overproduction of nitric oxide (NO), which results in decreased arterial tone and apoptosis of 
smooth muscle cells in vessel walls [32,33]. The combination of increased NO, wall stretching, and high WSS could result in 
inflammation [15,32], which appears as AWE on imaging. Meng et al. [19] reported that small aneurysms usually had uniformly thin, 
smooth, hypocellular, and translucent walls and hypothesized a high WSS-driven mural cell-mediated pathway. Induction of high WSS 

Fig. 6. Correlation between size and the r value of hemodynamics-CRstalk. A: Correlation between size and the r value of WSS-CRstalk at aneurysm 
dome. B: Correlation between size and the r value of WSS-CRstalk at aneurysm body. C: Correlation between size and the r value of OSI-CRstalk at 
aneurysm dome. D: Correlation between size and the r value of OSI-CRstalk at aneurysm body. 
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could initiate UIA formation [34,35] and maintain their development [15,36]. We hypothesized that the aneurysmal wall inflam-
mation caused by high WSS may be a mediating mechanism, as the positive correlation found between CRstalk and WSS in the samll 
aneurysms. 

The negative correlation between WSS and AWE in large aneurysms can be explained by low WSS theory. Low WSS and high OSI is 
known to elicit an inflammatory response in the endothelium [19,32] and thicken the aneurysm wall [19,37–39]. In our study, it was 
found that CRstalk was higher in regions with lower WSS in large aneurysms. Therefore, it was believed that these findings were 
consistent with the phase of UIA development. In addition, the non-significant relationship may reflect the conversion or mixing of 
positive correlation and negative correlation in such aneurysm regions, especially the non-significant group seems larger than positive 
group and smaller than negative group and the opposite WSS-CRstalk relationship can be found in the same aneurysm. However, this 
hypothesis needs further exploration. 

Previous studies usually focused on large aneurysms and believed that lower WSS was associated with AWE. Fu et al. [8] found that 
the spatial distribution of WSS was negatively correlated with AWE and OSI was positively correlated with AWE in most aneurysms 
with AWE. However, aneurysms smaller than 4 mm were excluded in this study. Zhang et al. [9]. had the similar result that a low WSS 
and low average vorticity were independently associated with a high AWE grade for IAs larger than 4 mm. Obviously, their researchs 
lack the relationship between hemodynamics and AWE in small aneurysms. In addition, many previous studies [13,17,18] have mixed 
large and small aneurysms to study the relationship between hemodynamics and AWE, which will mask the different hemodyna-
mics–AWE correlation in small aneurysms especially with much more large aneurysm than small aneurysm. 

Although both high WSS and low WSS can cause inflammation and lead to instability of the aneurysm wall, WSS cannot be 
considered irrelevant. High and low WSS can cause inflammation through different mechanisms, resulting in different phenotypes. 
Meng et al. [19]. reviewed previous research data and found that there are two basic type aneurysm. At one extreme is the small 
thin-walled phenotype; at the other extreme is the large thick-walled phenotype; and in between is a continuum representing an 
amalgamation of these 2 basic types. Small thin-walled phenotype is associated with high WSS and large thick-walled phenotype 
usually associated with low WSS. According to intraoperative observations [19,40], UIAs gradually change from small (<4 mm) 
thin-walled aneurysms to large (>10 mm) thick-walled ones. In addition, this continuous change in appearance with size is consistent 
with the CRstalk–WSS correlation with size in our study. Therefore, we have enough reason to believe that the gradual transformation 
of WSS-CRstalk correlation from positive correlation to negative with increasing size is not a numerical coincidence. 

The mechanism that AWE mediated by high WSS transfer to low WSS during UIAs size increase may be related to hemodynamic 
changes caused by size increase. Meng et al. [34]. submited a concept that aberrant hemodynamics including both high WSS and low 
WSS can tip the balance between maintains vascular homeostasis and drive destructive remodeling and show us corresponding 
manifestation aneurysm until ruptured or a new balance is created. At the iniation of aneurysms, high WSS plays a important role in 
formation and matain, and show us positive WSS-CRstalk correlation. As the size of intracranial aneurysms increases, WSS usually 
decreases [41] and may tip the balance, resulting in AWE correlated with low WSS in most aneurysms. However, the variability of 
hemodynamic changes between aneurysms is large and not absolutely consistent [30]. This may also explain why AWE is positively 
correlated with WSS in some large aneurysms and negatively correlated with WSS in some small aneurysms. In addition, there is no 
widely accepted threshold for determining whether WSS is high and low. Therefore, measuring the correlation between WSS and 
CRstalk is a reliable method to evaluate the development trend and risk of aneurysms. Furtermore, different relationships can exist at 
different regions of the same aneurysm. Accurate assessment of regional WSS-CRstalk correlation may help us predict the rupture point 
or growth area of aneurysms. 

ACA and AcomA aneurysms are different from those in other locations, as they are characterized by small size and lower WSS at the 
time of rupture [42–44]. Castro et al. [45] studied the relationship between hemodynamics and rupture of AcoA aneurysms >4 mm in 
size and found that WSS was higher in ruptured aneurysms than unruptured ones. The unique hemodynamic environment and 
anatomical structure of ACA and AcoA aneurysms may explain their differences from other aneurysms [19,23–25]. Compared with the 
hemodynamics of the aneurysmal dome and body, hemodynamics at the neck are more similar to those of the parent artery [28,46]. 
For similar reasons, the correlations were stronger between WSS– and OSI–CRstalk correlations and size at the dome than at the body. 

14. Limitations 

This study has several limitations. Firstly, the inclusion criteria were strict and therefore the findings may do not apply to all 
aneurysms. Secondly, aneurysmal wall enhancement in MRI images can not only be caused by aneurymal inflammation. In serval 
studies, aneurysmal pseudo-enhancement signals could be caused by the near-wall slow flow and interfered with the results. Although 
the method of sampling signal intensities outward aneurysmal wall [17] was taken to reduce the such impact of pseudo-enhancement, 
a more refined approach was needed to eliminate this confusion in further study. Lastly, the pathological examination of aneurysms 
was not performed to confirm the conjecture. 

15. Conclusion 

AWE can be mediated by both high and low WSS, and translate from high WSS- to low WSS-mediated pathways as size increase. 
Additionally, AWE may serve as an indicator of the stage of aneurysm development via different correlations with hemodynamic 
factors. 
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