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Three-dimensional aneurysm wall enhancement in fusiform intracranial aneurysms is associated with aneurysmal symptoms
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Background and purpose: Aneurysm wall enhancement (AWE) in high-resolution magnetic resonance imaging (HR-MRI) is a potential biomarker for evaluating unstable aneurysms. Fusiform intracranial aneurysms (FIAs) frequently have a complex and curved structure. We aimed to develop a new three-dimensional (3D) aneurysmal wall enhancement (AWE) characterization method to enable comprehensive FIA evaluation and to investigate the ability of 3D-AWE to predict symptomatic FIA.

Methods: We prospectively recruited patients with unruptured FIAs and received 3 T HR-MRI imaging from September 2017 to January 2019. 3D models of aneurysms and parent arteries were generated. Boundaries of the FIA were determined using 3D vessel diameter measurements. Dmax was the greatest diameter in the cross-section, while Lmax was the length of the centerline of the aneurysm. Signal intensity of the FIA was normalized to the pituitary stalk and then mapped onto the 3D model, then the average enhancement (3D-AWEavg), maximum enhancement (3D-AWEmax), enhancement area (AWEarea), and enhancement ratio (AWEratio) were calculated as AWE indicators, and the surface area of the entire aneurysm (Aarea) was also calculated. Areas with high AWE were defined as those with a value >0.9 times the signal intensity of the pituitary stalk. Multivariable logistic regression analyses were performed to determine independent predictors of aneurysm-related symptoms. FIA subtypes were defined as fusiform, dolichoectasia, and transitional. Differences between the three FIA subtypes were also examined.

Results: Forty-seven patients with 47 FIAs were included. Mean patient age was 55 ± 12.62 years and 74.5% were male. Twenty-nine patients (38.3%) were symptomatic. After adjusting for baseline differences in age, hypertension, Lmax, and FIA subtype, the multivariate logistics regression models showed that 3D-AWEavg (odds ratio [OR], 4.029; p = 0.019), 3D-AWEmax (OR, 3.437; p = 0.022), AWEarea (OR, 1.019; p = 0.008), and AWEratio (OR, 2.490; p = 0.045) were independent predictors of aneurysm-related symptoms. Dmax and Aarea were larger and 3D-AWEavg, 3D-AWEmax, AWEarea, and AWEratio were higher with the transitional subtype than the other two subtypes.

Conclusion: The new 3D AWE method, which enables the use of numerous new metrics, can predict symptomatic FIAs. Different 3D-AWE between the three FIA subtypes may be helpful in understanding the pathophysiology of FIAs.
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Introduction

Fusiform intracranial aneurysms (FIAs) account for 3 to 13% of intracranial aneurysms (IAs) (Park et al., 2008). Compared with saccular aneurysms, which account for the majority of IAs, FIAs have no definable neck, and are approximately 1.5 times the diameter of a normal vessel (Flemming et al., 2005). The pathophysiological processes underlying FIAs are complex. FIAs can be classified into fusiform, dolichoectatic, and transitional subtypes, each having a different natural history (Flemming et al., 2005). Inflammation plays a key role in the growth and rupture of IAs (Chalouhi et al., 2012, 2013). Aneurysmal wall enhancement (AWE) on high-resolution magnetic resonance imaging (HR-MRI) is a new imaging biomarker of aneurysmal wall inflammation (Quan et al., 2019) which has been associated with aneurysm-related symptoms and IA instability (Larsen et al., 2018; Samaniego et al., 2019).

In previous histopathological IA studies, AWE correlated with atherosclerosis, neovascularization, and macrophage infiltration (Shimonaga et al., 2018; Hudson et al., 2019). Atherosclerosis may be involved in FIA pathogenesis but the underlying mechanism remains unclear (Park et al., 2008). FIAs may represent a broad regional pathological process because they exhibit greater AWE in a larger vascular area than saccular aneurysms (Nakatomi et al., 2000; Liu et al., 2020; Sabotin et al., 2021). Therefore, a standardized method for quantifying AWE may improve objectivity and reliability for assessing FIA pathophysiology.

Recently, aneurysm-to-pituitary stalk contrast ratio (CRstalk) was reported as the most reliable quantitative parameter of AWE (Roa et al., 2020). Growing aneurysms have a significantly higher CRstalk than stable ones (Omodaka et al., 2018). In our previous study, using a CRstalk with the maximum signal intensity (CRstalk-max) cut-off value of 0.90 had the highest sensitivity for identifying symptomatic FIAs (Peng et al., 2022). Most previous studies have been based on two-dimensional (2D) manual multiplanar reconstruction selection (Samaniego et al., 2019; Wang et al., 2019), however, the structure of most FIAs is complex with curved surfaces, so the aneurysm and its boundaries are difficult to characterize in just one plane. Therefore, three-dimensional (3D) AWE characterization of FIAs may be more comprehensive and accurate.

We recently developed a 3D AWE characterization method for saccular IAs (Fu et al., 2022). In the current study, we have modified the method for use with FIAs to enable quantitative analysis of AWE with determined boundaries in 3D space. We hypothesized that 3D AWE in FIAs predicts aneurysm-related symptoms and that 3D AWE characteristics differ between the three FIA subtypes.



Methods


Study population and data collection

Patients with unruptured FIAs detected by digital subtraction angiography (DSA), computed tomography angiography (CTA), or magnetic resonance angiography (MRA) were prospectively recruited at Beijing Tiantan Hospital from September 2017 to January 2019. Institutional ethics committee approval was obtained. All participants provided written informed consent. Patients with an MRI contraindication, MRI of poor quality, incomplete MRI, history of surgical or endovascular IA treatment, or coexisting saccular IA, vascular dissection, or other intracranial cerebrovascular disease were excluded. Aneurysm-related symptoms were defined as sentinel headache or oculomotor nerve palsy (Fu et al., 2021). Sentinel headache was defined as a sudden severe headache on the same side of the aneurysm during the recent 2 weeks without prior history of headache during the last 5 years, while oculomotor nerve palsy was defined as a sudden headache on the same side of the aneurysm accompanied by one or more symptoms such as disappearance of pupil light reflex, ptosis, or paralysis of the extraocular muscles during the recent 1 month (Fu et al., 2021). Two experienced neuroradiologists (20 and 8 years of experience in neuroradiology, respectively) determined whether the symptoms were related to the fusiform intracranial aneurysm (e.g., symptoms were consistent with the location and size of the FIA) by consensus. As in our previous studies, Dmax was defined as the greatest diameter in the cross-section (Peng et al., 2022). Specifically, our in-house tool automatically extracts the vessel centerline from the parent artery and aneurysm model based on the feature tree growth algorithm. The fusiform aneurysm was intercepted perpendicular to the centerline to obtain a cross-section, and the maximum diameter in all of the cross-sections was defined as Dmax. Lmax was defined as the length of the centerline of the fusiform aneurysm (Peng et al., 2022). Thrombus is defined as the intraluminal thrombus of the aneurysm (Cao et al., 2020). Atherosclerosis is defined as eccentric, calcified plaques located in the aneurysm (Sacho et al., 2014). Current smoker is defined as patients who smoked ≥100 cigarettes during the past year (Feng et al., 2018).



MRI protocol

MRI was performed using a 3.0 T Trio-Tim (Siemens Healthcare, Erlangen, Germany), Ingenia CX (Philips Healthcare, Best, Netherlands), or Discovery 750 (GE Healthcare, Milwaukee, WI, United States) system with a 32-channel head coil. FIAs were localized using 3D time-of-flight MRA. The HR-MRI protocol included 3D T1-weighted imaging (SPACE/VISTA/CUBE), 3D T2/proton density imaging (SPACE/VISTA/CUBE), and contrast-enhanced 3D T1-weighted imaging (SPACE/VISTA/CUBE). Images were acquired in the oblique coronal plane to cover the entire aneurysm. Voxel size was 0.7 × 0.7 × 0.7 mm3. Post-contrast T1-weighted images were obtained 6 min after injection of contrast (0.1 mmol/kg gadopentetate dimeglumine [Gd-DTPA]) using parameters identical to those of the pre-contrast T1-weighted images. Other sequence parameters are provided in Supplementary Table 1.



AWE analysis

We previously described a method for semi-automatic analysis of 3D AWE in FIAs (Fu et al., 2022). In the current study, we aimed to establish an aneurysm model which can obtain both the aneurysm morphology and aneurysm wall enhancement. Based on post-contrast 3D T1-weighted images (Figure 1A), each aneurysm model and the parent artery were generated manually using 3D Slicer (http://www.slicer.org). The boundary of an FIA was defined as 1.5 times the diameter of the normal vessel (Figure 1B), which was measured based on our in-house software. Vessel wall segmentation and identification of aneurysm boundaries were performed by two neuroradiologists with 20 and 15 years of neurovascular imaging experience, respectively. Any disagreements were resolved by consensus.

[image: Figure 1]

FIGURE 1
 Procedure for measurement of three-dimensional aneurysmal wall enhancement (AWE) on high-resolution magnetic resonance imaging. (A) AWE in the two-dimensional plane was first observed. (B) Then, the two boundaries of the aneurysm (red ring) were defined as 1.5 times the normal vessel (yellow ring) diameter. (C) After the signal intensity (SI) of the post-contrast images was projected onto the model, the SI of the entire aneurysm was obtained. (D) Then, CRstalk was calculated using the SI of the entire aneurysm. (E) Areas with high AWE (>0.9 × SIstalk) were then observed. (F) Finally, five indicators in three dimensions were obtained: 3D-AWEavg, 3D-AWEmax, Aarea, AWEarea, and AWEratio.


To quantify the spatial distribution of the signal intensity of the entire aneurysm, the SI of HR-MRI images after contrast administration was projected onto the aneurysm model (Raghuram et al., 2021). An in-house tool programmed by Python mapped the signal intensity on the post-contrast T1 image to the aneurysm model. Specifically, for each vertex on the aneurysm model, probes were created perpendicular to the vertice. The signal intensity on the post-contrast T1 image is sampled on the probes, and the highest signal intensity on each probe is used to determine the signal intensity on the wall. Then, the average signal intensity was taken. Therefore, the distribution of aneurysmal wall enhancement in three dimensions was observed (Figure 1C).

To quantify FIA AWE, the previous 2D-CRstalk was calculated as the contrast ratio of the averaged SI of the aneurysm plane at the level of the maximal aneurysm size to the pituitary stalk (Roa et al., 2020). To compare with 2D-CRstalk, the aneurysm plane was replaced by the entire aneurysm. The SI of four points was randomly selected on the pituitary stalk and the mean value of these four points was defined as SIstalk, which followed the methods of our previous study (Peng et al., 2022). Specifically, SIstalk was determined by a blinded neuroradiologist with 20 years of neurovascular imaging experience using Horos (https://horosproject.org/). The SI of the aneurysm wall was then normalized to SIstalk to demonstrate 3D-CRstalk (Figure 1D). To identify areas with high AWE, based on our previous FIA study (Peng et al., 2022), a cut-off value of 0.90 was used in 3D-CRstalk to dichotomize high AWE and low AWE, as with 2D-CRstalk. Areas with high AWE (> 0.9 × SIstalk) were then observed (Figure 1E). Next, we defined and calculated the 3D-AWE parameters of the FIA: 3D-AWEavg was defined as the 3D-CRstalk using the average SI, while 3D-AWEmax was defined as the 3D-CRstalk using the maximum SI, and Aarea was defined as the sum of aneurysm wall areas. To quantify AWE area, AWEarea was defined as the sum of aneurysm wall areas with high AWE (>0.9 × SIstalk), and AWEratio was defined as the percentage of AWE area on the surface area of the entire aneurysm (Aarea). Then, using our in-house software, five FIA indicators in three dimensions were calculated: 3D-AWEavg, 3D-AWEmax, Aarea, AWEarea, and AWEratio (Figure 1F).



Statistical analysis

Statistical analyses were conducted using SPSS software version 26 (IBM Corp., Armonk, NY, United States). Variables are expressed as numbers with percentage or medians with interquartile range. Categorical data were compared using Pearson’s chi-square test. Continuous data were compared using the Mann–Whitney test or the Kruskal–Wallis H test. Variables with p < 0.10 in univariate analysis were entered into multivariate logistic regression model. To determine 3D-AWE predictors for symptomatic fusiform aneurysms, each 3D-AWE predictor was entered into the multivariate logistic regression models, respectively. In addition, to further identify the best predictor, all of the 3D-AWEavg, 3D-AWEmax, AWEarea, and AWEratio were entered into the multivariate logistic regression model. Differences in 3D-AWE between the three FIA subtypes were also investigated. Measurement of AWE was performed by two neuroradiologists with 5 and 10 years of neurovascular imaging experience, respectively. Both were blinded to patient data. Interobserver agreement was evaluated using the intraclass correlation coefficient (ICC) and classified as good (ICC 0.60–0.80) or excellent (ICC >0.80). Interobserver reliability for the CRstalk measurements was assessed using the ICC (two-way random effects, absolute agreement, single rater/measurement form; Koo and Li, 2016). p < 0.05 was considered significant.




Results

Fifty-nine patients with an FIA were recruited. We excluded six with poor quality or incomplete MRI, two with a history of endovascular or surgical aneurysm treatment, and four with other saccular IAs, dissections, or arteriovenous malformations. Finally, 47 patients with 47 FIAs were included for analysis (Figure 2). Mean patient age was 55 ± 12.62 years and 25.5% were female. Twenty-nine patients (61.7%) were asymptomatic. Among the 18 patients with symptoms (38.3%), 15 reported sentinel headache and three had an oculomotor nerve palsy. Among the three FIAs with oculomotor nerve palsy, two locate at the anterior circulation (both are internal carotid fusiform subtype FIAs with Dmax of 8 mm and 10 mm, respectively) and one locates at the posterior circulation (basilar transitional subtype FIA with Dmax of 28 mm). FIA subtype was fusiform in 35 patients (74.5%), dolichoectatic in seven (14.9%), and transitional in five (10.6%). Patient characteristics are shown in Table 1.
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FIGURE 2
 Study flow chart.




TABLE 1 Characteristics of patients grouped according to presence of symptoms.
[image: Table1]

Median age (p = 0.012) and prevalence of hypertension (p = 0.017) were significantly higher in the symptomatic group. FIA subtype significantly differed between the groups (p = 0.010). Lmax (13.00 vs. 20.58, p = 0.022), 3D-AWEavg (0.46 vs. 0.55, p = 0.001), 3D-AWEmax (1.01 vs. 1.23, p = 0.001), AWEarea (8.57 vs. 62.81, p = 0.002), and AWEratio (0.03 vs. 0.11, p = 0.003) were significantly higher in the symptomatic group. Dmax did not significantly differ between the groups (p = 0.743). Results of univariate logistics regression for the 3D-AWE parameters are shown in Table 2, we found that 3D-AWEavg [(odds ratio) OR = 4.110, p = 0.005], 3D-AWEmax [OR = 4.706, p = 0.004], AWEarea [OR = 1.017, p = 0.016], and AWEratio [OR = 2.853, p = 0.025] were all associated with symptomatic FIAs.



TABLE 2 Univariate logistic regression analysis of three-dimensional aneurysmal wall enhancement parameters for prediction of aneurysm-related symptoms.
[image: Table2]

After adjusting for age, hypertension, Lmax, and FIA subtype, the multivariate logistics regression models showed that 3D-AWEavg (OR = 4.029; p = 0.019), 3D-AWEmax (OR, = 3.437; p = 0.022), AWEarea (OR = 1.019; p = 0.008), and AWEratio (OR = 2.490; p = 0.045) were independent predictors of aneurysm-related symptoms (Table 3). To further identify the best predictor, all of the 3D-AWEavg, 3D-AWEmax, AWEarea, and AWEratio were entered into the multivariate logistic regression model, 3D-AWEavg remained to be the independent predictor (OR = 4.292; p = 0.018) of aneurysm-related symptoms (Table 3). Hypertension was also an independent predictor.



TABLE 3 Multivariate logistic regression analysis of three-dimensional aneurysmal wall enhancement parameters for prediction of aneurysm-related symptoms.
[image: Table3]

Parameters differentiating three different FIAs were also investigated. Aneurysm-related symptoms (p = 0.010), Lmax (p < 0.001), Dmax (p = 0.004), 3D-AWEavg (p = 0.005), Aarea (p = 0.001), AWEarea (p = 0.002), and AWEratio (p = 0.049) significantly differed between the three FIA subtypes (Table 4). Notably, Dmax, and Aarea were larger and 3D-AWEavg, 3D-AWEmax, AWEarea, and AWEratio were higher with the transitional subtype than the other two. Dolichoectasia type FIAs showed higher Lmax [p = 0.022].



TABLE 4 Patient characteristics and imaging parameters according to aneurysm subtype.
[image: Table4]

Figure 3 presents a 45-year-old man with a left middle cerebral artery fusiform subtype FIA to demonstrate the difference between 2D and 3D AWE. The structure of the aneurysm has rotation and distortion in 3D space. While AWE can be only seen in one section on the 2D view, AWE of the entire aneurysm can be seen on the 3D view.

[image: Figure 3]

FIGURE 3
 Illustrative case comparing two-dimensional and three-dimensional aneurysmal wall enhancement (AWE). (A) A left middle cerebral artery fusiform subtype fusiform intracranial aneurysm with a rotational and distorted structure in three-dimensional space was identified in a 45-year-old man on magnetic resonance angiography. On two-dimensional non-contrast (B) and post-contrast (C) imaging, AWE can be only seen in one section. In contrast, the three-dimensional imaging (D) demonstrated AWE of the entire aneurysm.



Reproducibility of measurements

Interobserver agreement was excellent for the measurement of 3D-AWEavg (ICC, 0.86; 95% confidence interval, 0.78–0.92) and 3D-AWEmax (ICC, 0.92; 95% confidence interval, 0.87–0.95).




Discussion

Because the pathophysiology of FIAs is quite complex and differs from that of saccular IAs, they require a different standardized method for quantifying AWE. In this study, we developed a quantitative assessment protocol for FIAs that can observe AWE distribution in 3D space. We found that FIA 3D AWE is associated with aneurysm-related symptoms and that transitional subtype FIAs tended to be symptomatic, larger, and exhibit greater 3D AWE.

Inflammation of the aneurysm wall is a key factor in the growth and rupture of aneurysms (Meng et al., 2014; Turjman et al., 2014). Furthermore, intracranial AWE on HR-MRI correlates well with aneurysm wall inflammation (Larsen et al., 2018). Therefore, AWE is a potential imaging biomarker for unstable aneurysms. Most studies reporting quantification of AWE have been based on 2D planar imaging. Cao et al. studied the AWE features of vertebrobasilar artery nonsaccular aneurysms and found that enhancement ratio using a cut-off value of 0.8 was an independent predictor of aneurysm-related symptoms (Cao et al., 2020). In our previous study (Peng et al., 2022), CRstalk-max had the highest sensitivity for identification of symptomatic FIAs when a cut-off value of 0.90 was used. However, the pathophysiology of FIAs is complex (Nasr et al., 2018) and predicting their stability may require a comprehensive and objective approach based on 3D space. Current research on 3D-AWE in FIAs is still limited (Raghuram et al., 2022). In this study, we extracted the SI on the T1-weighted sequence using probes perpendicular to the aneurysm wall. To compare with CRstalk, the most reliable objective 2D AWE parameter, FIA enhancement was objectively quantified, visualized, and normalized using the pituitary stalk SI. Then, four 3D-AWE parameters were proposed: 3D-AWEavg quantified the overall level of enhancement on the aneurysm wall; 3D-AWEmax quantified the highest degree of focal AWE on the aneurysm wall; AWEarea was considered a quantification of enhanced aneurysm wall area; and AWEratio was obtained by normalizing the total area of the aneurysm wall. These attempts may not only be convenient for comparison between different aneurysms but also may be conducive to the classification and quantification of AWE in the entire aneurysm. Raghuram et al. proposed a method to quantify AWE using histograms and 3D heatmaps and reported that FIAs have more focal enhancement areas (Raghuram et al., 2022). In contrast, we defined the area with SI > (SIstalk × 0.9) as the high AWE area for quantifying focal enhancement because (SIstalk × 0.9) is the cutoff value that discriminates aneurysm-related symptoms. We also found that high AWE area independently associated with symptomatic FIAs. Such associations may indicate that more extensive aneurysmal wall inflammation may underly aneurysm-related symptoms, as AWE is considered a biomarker of aneurysm inflammation (Quan et al., 2019). Considering AWE on HR-MRI correlates well with aneurysm wall inflammation (Larsen et al., 2018; Quan et al., 2019), different AWE parameters may demonstrate different degrees or ranges of aneurysm wall inflammation. Therefore, 3D-AWEmax may demonstrate the most severe inflammatory area of the aneurysm wall. AWEarea may indicate total areas with severe aneurysm wall inflammation. While AWEratio may reflect the proportion of areas with severe aneurysm wall inflammation, or to say, the burden of aneurysm wall inflammation. Therefore, these parameters may provide a more comprehensive evaluation and prediction of aneurysmal symptoms, aneurysm stability, and risk of rupture than traditional factors, although they need further validation.

Notably, Gd-DTPA enhancement for arterial wall was none specific for inflammation. Fusiform aneurysms often incorporate intraluminal thrombus or atherosclerotic plaque. Meanwhile, FIAs often present complex morphological (thickness) and hemodynamic characteristics, which may affect the enhancement of the aneurysm wall (Sabotin et al., 2021). In this study, 18 (38.3%) FIAs presented with thrombus and 25 (53.2%) FIAs presented with atherosclerosis. The complex morphology of the FIAs may be associated with nonuniform hemodynamics, for example, slow turbulent flow may occur where there are focal widening of the aneurysm, which cause low wall shear stress and promote aneurysm wall inflammation (Cao et al., 2020).

Even using multiplanar reconstruction, AWE analysis in 2D space may not sufficiently reflect 3D structure. First, tracking AWE in one plane may miss focal enhancement, leading to an underestimation of enhancement level. Second, some FIAs are morphologically distorted and their AWE cannot be characterized in a single plane. Third, in 2D planar analysis, regions of interest (ROIs) are typically determined by visual inspection and manual delineation of HR-MRI sequences, which may introduce selection bias and decrease repeatability. Our 3D-AWE protocol enables objective quantitative analysis of the entire aneurysm wall, which may assess FIA more comprehensively and reproducibly and contribute to a better understanding of the pathophysiological processes underlying FIAs. The 3D-AWE protocol in this study has shown its potential for predicting aneurysm-related symptoms. Symptomatic FIAs tended to exhibit a greater level of AWE and larger areas of high AWE, which shows that symptoms may indicate greater aneurysmal wall inflammation. In addition, wall areas that enhance in 3D space may be relatively weak. Therefore, the 3D-AWE protocol described here may help stratify the risk of FIA patients in clinical practice.

Determining FIA boundaries based on 2D imaging is difficult. Flemming et al. defined the FIA boundary as arterial dilation greater than 1.5 times the normal diameter (Flemming et al., 2005). Vessel diameter measurement may have errors when performed in the 2D plane, especially if the measurement plane is not perpendicular to the vessel or the vessel section is not circular. In contrast, vessel centerline and diameter extraction based on the 3D FIA mask can provide diameter measurement of the entire segment containing both the FIA and parent artery, which is helpful to determine FIA boundaries more objectively and accurately. The measurement of vessel centerline length can also more accurately reflect the length of the FIA and generate more reliable 3D morphological parameters in future studies.

Different FIA subtypes have significant differences in the mode of enhancement, which may be due to their different pathological processes (Nasr et al., 2016). In this study, the dolichoectasia subtype had the longest Lmax and the transitional subtype had the largest Dmax. In addition, it is reported that hemodynamics were also differentiated by different FIA subtypes (Sabotin et al., 2021). As per AWE, AWEarea and AWEratio were all significantly higher in the transitional subtype than the other two subtypes, which indicates the transitional subtype may have more significant aneurysmal wall inflammation. As reported in an imaging follow-up study, the transitional subtype was found to be an independent predictor of instability (Nasr et al., 2016). Therefore, the transitional subtype FIA may grow and rupture more easily (Mangrum et al., 2005). In contrast, the dolichoectasia subtype has a lower risk of rupture than the fusiform subtype or transitional subtype (Mangrum et al., 2005; Passero et al., 2005; Passero and Rossi, 2008), but is significantly longer and may involve more areas of the culprit artery. This may be because its pathological processes markedly differ from those of the fusiform or transitional subtypes (Del Brutto et al., 2021). As we can see, there are significantly different pathological processes among the three FIA subtypes.


Strengths and limitations

This is the first study to accurately obtain the AWE characteristics of FIAs based on 3D space. In future studies, 3D AWE parameters may provide more information regarding aneurysmal wall inflammation when investigating the associations between AWE and smoking, anti-inflammatory drug use, and other factors. The study has several limitations, however. First, the sample size was small and it was conducted in a single center. With the limited sample size (N = 47), the multivariate logistic model allows for 3 to 4 variables. However, the multivariate logistic model has incorporated 5 to 8 variables, so the statistical model may not allow for so many variables, which is a major statistical concern. Future large-scale multicenter studies are warranted. Second, three different MRI scanners were used, which may have introduced bias and need further validation of the comparability in the future, although the parameters were adjusted consistently. Third, more complex 3D-AWE parameters are needed in the future to explore the pathophysiological mechanisms underlying the different FIA subtypes. Fourth, there may be some limitations about this new 3D-AWE model to evaluate fusiform intracranial aneurysms, such as inadequate spatial resolution, intramural hemorrhage, aneurysm wall thickness, slow-flow, and further pathological validation is required in future studies. Fifth, each aneurysm model was based on post-contrast T1 images, which may introduce some deviations in morphology measurement. Sixth, at bifurcations, normal arteries would be excluded by manual segmentation, which may also cause potential bias. Seventh, because the highest signal intensity on each probe is used to determine the signal intensity on the wall, 3D-AWE in this model may exaggerate the AWE degree and lead to a high false positive rate. Eighth, sentinel headache is more suitable for the warning symptom of saccular aneurysms, and there may be false positives in the diagnosis of symptomatic fusiform aneurysms in this study. Ninth, “enhancement” indicates the signal intensity change after the injection of contrast, while the current study only included post-contrast T1 images. If the aneurysm wall has high signal intensity on the pre-contrast T1 images, the high intensity on the post-contrast images cannot surely indicate “enhancement.” Among all the cases included, there are only 2 aneurysms presented with high signal intensity on pre-contrast images (4.3%, 2 in 47). Although the incidence is low, future studies should incorporate the pre-contrast images. Finally, this study did not exclude the patients withaspirin/stain use, which may suppress the aneurysms wall enhancement (Roa et al., 2020; Kang et al., 2022).




Conclusion

3D-AWE can predict aneurysm-related symptoms in patients with an FIA. The transitional subtype FIA is associated with a larger cross-sectional size and higher AWE and may grow and rupture more easily than the fusiform and dolichoectasia subtypes. This new AWE analysis method is more accurate and enables use of numerous new metrics which can provide more detailed information for assessing FIA pathophysiology.
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