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Background and Purpose: Stability stratification of intracranial aneurysms (IAs) is crucial for individualized clinical management, especially for small IAs. We aim to develop and validate a nomogram based on clinical and morphological risk factors for individualized instability stratification of small IAs.

Methods: Six hundred fifty-eight patients with unstable (n = 293) and stable (n = 416) IAs <7 mm were randomly divided into derivation and validation cohorts. Twelve clinical risk factors and 18 aneurysm morphological risk factors were extracted. Combined with important risk factors, a clinical-morphological predictive nomogram was developed. The nomogram performance was evaluated in the derivation and the validation cohorts in terms of discrimination, calibration, and clinical usefulness.

Results: Five independent instability-related risk factors were included in the nomogram: location, irregularity, side/bifurcation type, flow angle, and height-to-width ratio. In the derivation cohort, the area under the curve (95% CI) of the nomogram was 0.803 (95% CI, 0.764–0.842), and good agreement between predicted instability risk and actual instability status could be detected in the calibration plot. The nomogram also exhibited good discriminations and calibration in the validation cohort: the area under the curve (95% CI) was 0.744 (95% CI, 0.677–0.812). Small IAs with scores <90 were considered to have low risk of instability, and those with scores of 90 or greater were considered to have high risk of instability.

Conclusions: The nomogram based on clinical and morphological risk factors can be used as a convenient tool to facilitate individualized decision-making in the management of small IAs.
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INTRODUCTION

Intracranial aneurysms (IAs) are common, with an estimated prevalence of 3.2 to 7% in the adult population (1, 2). However, the incidence of subarachnoid hemorrhage (SAH) caused by IAs rupture is <2%, which means that only a small portion of IAs will rupture (3). Nevertheless, acute IAs rupture is often associated with 30 to 67% mortality and 15 to 30% morbidity (4–6). Accordingly, the accurate identification of IAs stability is crucial to inform the management of patients with unruptured IAs. Size has been the most widely used surrogate for assessing IAs stability. The International Study of Unruptured Intracranial Aneurysms (ISUIA) and Unruptured Cerebral Aneurysm Study (UCAS) reported that the risk of IA rupture increases with its size, which led to the suggestion that small IAs (i.e., those <7 mm in diameter) are least likely to rupture than larger IAs (7, 8). However, in clinical practice, the percentage of ruptured small IAs in general is not low: according to numerous clinical reports, small IAs account for 35 to 50% of all ruptured IAs (9, 10). In addition, growing IAs are at high risk of rupture compared with those of stable size (11). As the number of incidental unruptured IAs increases, more treatment decisions are required. Thus, the stratification of IAs stability is meaningful, especially for small IAs.

Apart from size, many patient clinical characteristics (e.g., patient's age and hypertension) and IA morphology parameters [e.g., aspect ratio (AR) and size ratio (SR)] have been reported to be related to IA stability (12, 13). Because these pre-treatment clinical and morphological risk factors are easily accessible before administering treatment, they are ideal candidates to develop a predictive tool for IA instability assessment. Such a tool can provide valuable information that can help in the clinical decision-making process to determine the optimal treatment strategy, which may vary from conservative management to timely operation.

In this study, we aim to develop and validate a nomogram that incorporates both the clinical and morphological risk factors to enable personalized prediction of the stability of small IAs. Of all the available models, nomograms are easy to use and can provide an individualized, evidence-based, and highly accurate risk estimation. To our knowledge, this is the first attempt to develop a nomogram for instability stratification in small IAs.



MATERIALS AND METHODS


Patient Population

This study was approved by the Institutional Review Board of Beijing Tiantan Hospital, and written informed consent was waived because this is a retrospective study. All participants were recruited from the Beijing Tiantan Hospital of Capital Medical University, between June 2014 and June 2018. The patients' information were de-identified before conducting the analysis. The inclusion criteria included a confirmed diagnosis of small saccular aneurysm with a maximum diameter of 7 mm, availability of three-dimensional digital subtraction angiography (3D-DSA) data, and accessibility of clinical and radiological data. Patients with diagnoses of traumatic, infectious fusiform or dissecting aneurysms, malignant brain tumors, vascular malformations, arteriovenous fistulas, and moyamoya disease were excluded. The absence of clinical data or high-quality radiological data was also considered an exclusion criterion.

The criteria for unstable aneurysm were as follows: (a) ruptured aneurysm within 1 month and (b) growing aneurysm in a sequential imaging follow-up. Other unruptured aneurysms were categorized as stable. Thus, 709 IAs in 658 patients, including 293 unstable and 416 stable IAs, were included in this study.



Clinical and Morphological Characteristics

The following clinical characteristics were collected from the medical records of each patient: age, sex, smoking, drinking, hypertension, hyperlipemia, diabetes mellitus, coronary heart disease, and family history of IA. The multiplicity and location of the IA were also recorded. The location of each IA was categorized as (a) internal carotid artery (ICA), (b) middle cerebral artery (MCA), (c) anterior cerebral artery (ACA), (d) anterior communicating artery (AComA), (e) posterior communicating artery (PComA), or (f) posterior circulation (PC) IAs.

To acquire precise, objective, and consistent measurements, the IA morphological features were extracted and measured from the reconstructed 3D-DSA. A three-dimensional model of each IA was reconstructed from the DSA into a standard tessellation language (STL) format and refined, as described in detail previously (14). Then, the morphological features were calculated using GEOMAGIC 12.0 software (Geomagic, Morrisville, North Carolina, USA) and Matlab (The Math Works, Inc., Natick, Massachusetts, USA) by two interventionalists who were blinded to the patient information and stability status. Discordance between the two evaluators was resolved by a third evaluator who has more than 10 years of experience in neuroradiology. Eighteen morphological features comprehensively describe the IAs and parent vessel geometries. These features included the maximum height (the maximum distance of the dome from the neck center), perpendicular height (the maximum perpendicular distance of the dome from the neck plane), neck diameter, width (the maximum perpendicular distance of the dome from the maximum height), transverse diameter (the maximum perpendicular distance of the dome from the perpendicular height), maximal diameter (the largest distance within the aneurysm sac, which is used as the size), and volume. In addition, the aspect ratio (AR), size ratio (SR), undulation index (UI), non-sphericity index (NSI), volume-to-neck ratio (VNR), height-to-width ratio, and bottleneck factor were defined and calculated as described in previous studies (15–17). Two features related to the parent vessel—the flow angle (angle between the vector of the IAs size and vector of the centerline of the feeding parent vessel) and aneurysm angle (angle between the plane of the neck and maximum height)—were also calculated. Irregular-shaped IAs were defined based on the presence of small bleb(s), bi- or multi-lobular, or protruding bulge(s) from the IAs fundus. The relative location of the IA dome to the parent vessel was classified as either sidewall or bifurcation type. Detailed descriptions of all features are provided in the online Supplementary Material.



Statistical Analysis

For continuous variables, the differences between the groups were tested using the Student t-test or Mann–Whitney U-test. For categorical variables, a chi-square test was used to evaluate the differences between groups. Patient records were randomly divided into derivation (including 70% of the data) and validation data cohorts (including the remaining 30% of the data), which were used to develop and validate the nomogram, respectively. The ratio of unstable IAs to stable IAs was consistent between the derivation and validation cohorts.

In the derivation cohort, univariate and multivariate logistics regression analyses were used to screen the potential predictive factors. Statistically significant risk factors (p < 0.05) in the univariate analysis were considered for multivariate logistic regression analysis; then, risk factors with p-values under 0.05 in the multivariate logistic regression were distinguished for the model development. Moreover, according to Occam's law of razor, the best model for achieving optimal results is model with fewer variables. Accordingly, a receiver operating characteristic (ROC) curve and corresponding area under the curve (AUC) of each independent risk factor were calculated and compared to further simplify the model. As a result, a candidate nomogram model was formulated based on the most significant risk factors.

The predictive performance of the nomogram model to stratify IA instability was analyzed based on the ROC curve and corresponding AUC value. The fitness of the model was assessed by the Hosmer and Lemeshow test (p > 0.05 was considered to indicate a good fit) (18). Then, the nomogram was validated both internally in the derivation cohort and externally in the validation cohort. First, a calibration method with bootstrapping was utilized internally to illustrate the association between the actual IA status and the predicted instability probability. A calibration plot was created to show the apparent, bias-corrected, and ideal curves with bootstrapping samples. The external evaluation was carried out in the separate validation cohort based on the ROC curve and AUC and using the calibration plot. ROC curves were compared by the asymptotically exact method described by Delong et al. (19).

To adapt the model for clinical use, the total instability score of each IA was calculated based on the nomogram, and a ROC curve analysis was used to calculate the optimal cutoff values at which the Youden index (i.e., sensitivity + specificity −1) was maximized. The accuracy of the optimal cutoff value was assessed in terms of the sensitivity, specificity, and positive and negative predictive values.

Statistical analyses and figure plotting were carried out using R (version 3.6.1, R Foundation for Statistical Computing, Vienna, Austria). All tests were two-sided, and p ≤ 0.05 was considered statistically significant.




RESULTS


Study Population

During the study period, 960 consecutive patients had confirmed diagnoses of small saccular aneurysms at our hospital. Of these, 709 IAs in 658 patients who met the inclusion criteria were enrolled. Of the IAs, 293 IAs were unstable, including 269 that ruptured, and 24 that grew in imaging follow-up (median: 12.3 months; range: 3–27 months). Five hundred nine IAs (including 213 unstable IAs) were randomly assigned to the derivation cohort, and the remaining 200 IAs (including 80 unstable IAs) were assigned to the validation cohort. Unstable IAs comprised 41.0% of the derivation cohort and 40.0% of the validation cohort. The clinical and morphological risk factors of the patients in derivation and validation cohorts are shown in Supplementary Table 1. The baseline data were similar between the two cohorts.



Comparison of Clinical and Morphological Risk Factors of Stable and Unstable Aneurysms

The patient-related clinical risk factors of the derivation cohort and the whole population are shown in Supplementary Tables 1, 2, respectively. Hypertension, smoking, alcohol drinking, and multiplicity were common among those with unstable IAs (p < 0.05). Small IA instability was significantly associated with the IA location: the portions of unstable IAs located in the AComA and PC was higher than those of stable IAs in the same locations (31.5 vs. 8.8%, in the AComA; 6.1 vs. 2.7%, in the PC, respectively). In contrast, the stable IAs were more prevalent in the ICA than unstable ones (62.5 vs. 32.9% in the ICA). Further, 72.8% (155 of 242) of bifurcation IAs were unstable, representing higher instability in this subset than in the sidewall IAs subset.

The aneurysm-specific morphological risk factors of the derivation cohort and the whole population are shown in Supplementary Tables 1, 2, respectively. In the derivation cohort, the mean size of the unstable IAs was 5.06 ± 1.11 mm, which was not significantly different from that of the stable IAs (5.00 ± 1.16; p = 0.535). Other size indices (including the maximum height, width, and transverse diameter) and shape indices (such as the UI, NSI, VNR, and bottleneck factor) were significantly higher in the unstable IAs than in the stable IAs (p < 0.05). Moreover, a large proportion of unstable IAs had irregular shape compared with stable IAs (23.5 vs. 8.1%, p < 0.05). Compared with stable IAs, unstable IAs were more likely to be located at parent vessels with larger flow angles and smaller vessel diameters, which is consistent with the observed differences between rates of sidewall vs. bifurcation type and IAs location between the stable and unstable groups.



Feature Selection and Nomogram Construction Based on the Derivation Cohort

Based on the univariate logistic regression analysis, 19 risk factors were determined to be statistically associated with IA instability (Table 1), while in the multivariate logistic analysis in which only variables with statistical significance were included based on the results of univariate analysis, we found that only location, irregular, sidewall/bifurcation type, multiplicity, flow angle, and height-to-width ratio were directly and independently linked to the IA instability (Table 1).


Table 1. Univariate and multivariate analysis of the derivation cohorts.
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Next, to formulate an optimal nomogram model, the individual and combined performances of these six factors were then comprehensively evaluated using ROC analysis. Figure 1A shows that the individual AUCs of the sidewall/bifurcation type, flow angle, height-to-width ratio, location, irregularity, and presence of multiple IAs were 0.717, 0.665, 0.634, 0.628, 0.577, and 0.410, respectively. Then, ROC curves with two combinations of factors were compared: the combination 1 (multiple, location, irregular, sidewall/bifurcation, flow angle, height-to-width ratio) and combination 2 (location, irregular, sidewall/bifurcation, flow angle, height-to-width ratio) performed similarly (AUC = 0.811 vs. 0.803, p = 0.11). To simplify the model, multiple was excluded from the model because of its relatively small AUC value (AUC = 0.410), which is significantly lower than other predictive factors' AUC values (ranging from 0.577 to 0.717). Hence, a nomogram for predicting the instability of small IAs was preliminarily constructed with these five risk factors: location, irregularity, sidewall/bifurcation, flow angle, and height-to-width ratio (Figures 1, 2). The AUC value of the nomogram was 0.803 (95% CI, 0.764–0.842), which indicated that the model had good discriminatory ability. A Hosmer and Lemeshow test yielded a p-value of 0.092, indicating the model was also well-fitted. Furthermore, we did the calibration plot of the nomogram internally with bootstrap sampling with 1,000 iterations. The results in Figure 3A reveal good agreement between the actual instability status and predicted IA instability risk estimated by the nomogram.
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FIGURE 1. (A) ROC curves of the nomogram, nomogram combined with multiple, multiple, location, side/bifurcation type, irregular, height-width ratio, and flow angle in derivation cohort. (B) ROC curves in the derivation and validation cohorts for the nomogram. In the derivation cohort, the AUC of the nomogram model was 0.803 (95% CI = 0.764–0.842), and in the validation cohort the AUC was 0.744 (95% CI = 0.677–0.812).
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FIGURE 2. A nomogram to estimate the risk of small aneurysm instability based on preoperative clinical and morphological risk factors. The nomogram was developed in the derivation cohort based on five independent risk factors: location, irregularity, sidewall/bifurcation type, flow angle, and height-width ratio. To use the nomogram, find the position of each variable on the corresponding axis, draw a line to the points axis for the number of points, add the points from all of the variables, and draw a line from the total points axis to determine the risk of aneurysm instability at the lower line of the nomogram.
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FIGURE 3. Calibration curves of the nomogram model with derivation (A) and validation (B) cohorts, respectively. Calibration curves depict the calibration of predictive model in terms of the agreement between the predicted risk of aneurysm instability and observed actual status of aneurysm stability. The y axis represents the actual status of aneurysm stability. The x axis represents the predicted probability of instability. The diagonal dotted line represents a perfect prediction by an ideal model. The blue solid line represents the performance of the nomogram, of which a closer fit to the diagonal line represents a better prediction.




Nomogram Validation in the Validation Cohort

To further verify the efficacy and generalizability of the developed nomogram to predict IAs instability, we conducted comprehensive validations in a separate validation cohort. The result in Figure 1B indicates that the AUC value of the nomogram was 0.744 (95% CI, 0.677–0.812) in the validation cohort. Further, the calibration curve in Figure 3B indicates that there was a good agreement between the actual instability status and the IA instability risk estimated using the nomogram in the validation cohort. Finally, there was no statistically significant difference between the AUCs of the derivation and validation cohorts (p = 0.144). These results demonstrate that the good performance of the nomogram model is generalizable beyond the derivation cohort.



Clinical Use of Nomogram Scores to Predict Instability

Based on the derivation cohort, the optimal cutoff value of the nomogram scores was determined to be 90. Thus, the total scores calculated using the nomogram were used to categorized all IAs into two IA instability risk groups: the low-risk group (<90) and the high-risk group (>90). In the differentiation of unstable small IAs from unruptured small IAs, the sensitivity, specificity, positive predictive value, and negative predictive value were 82.6, 69.3, 65.9, and 84.7%, respectively, in the derivation cohort and 78.8, 52.5, 52.5, and 78.8%, respectively, in the validation cohort (Table 2).


Table 2. Accuracy of the prediction score of the nomogram for estimating the risk of IAs instability.
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DISCUSSION

In this study, we developed and validated a predictive nomogram based on five risk factors: location, irregularity, sidewall/bifurcation type, flow angle, and height-to-width ratio. The nomogram model provides accurate instability stratification, as evidenced by its discriminative ability and the calibration plots, and can be used to aid clinicians, patients, and families in decision-making in cases of small, unruptured IAs.

In the present study, although the IAs in the unstable cohort were larger than those in the stable cohort, this factor was not retained in the nomogram as the other important risk factors were. A possible reason is that the instability of small IAs may be closely related to their shape and locations relative to the parent vessels rather than size. As the nomogram indicated, the irregular shape and height-to-width ratio are the two most important risk factors of the 18 morphological characteristics evaluated here. Those two factors are commonly used indicators of IAs shape complexity and have been consistently proven to be consistently associated with IAs instability in previous studies (17, 20). Ryu et al. reported that ruptured IAs typically exhibited higher height-width ratio (near 1.0) (15). From the perspective of the hemodynamic analysis, regular IAs and those with low height-to-width ratio exhibit simple flow dynamics, involving a constant flow jet direction with a single associated vortex; in contrast, irregular IAs and those with higher height-to-width ratio tend to have a complex flow dynamics, involving a varied inflow jet with multiple vortices. This difference may reflect a possible mechanism underlying instability in small IAs (21). The flow angle and sidewall/bifurcation type are two other independent risk factors that were found to be associated with relationship between the IAs dome and the parent vessels, for which their spatial relationship has been shown to be an important determinant of flow patterns inside the IA dome (22, 23). Computational fluid dynamic analysis showed that larger flow angel and bifurcation location are always associated with stronger blood flow and elevated hemodynamic stress, both of which constantly damage the arterial wall and accelerate the deterioration and remodeling process of the arterial wall and ultimately cause the IA to grow or rupture (24, 25).

Considering the IA location, we found that IAs located at the ICA have decreased instability propensity than those in other locations, while IAs located in the PC are more likely to be unstable. These findings are consistent with previous studies (26). Varble et al. suggested that IAs in locations other than the ICA are subjected to lower wall shear stress compared with those at the ICA, which may result in higher rupture risk of those IAs (27).

The use of nomogram for IAs instability stratification is a new concept. Previous studies have attempted to build prediction models based on clinical and morphological risk factors for IAs stratification. Scoring systems, such as the PHASES (population, hypertension, age, size, early hemorrhage history, and sites) score and UIATS (unruptured intracranial aneurysm treatment score) score, have been reported (26, 28). Although these scoring systems are based on clinical and morphological factors and could be easily used in typical clinical settings, it is necessary to improve their performances. Moreover, those scoring systems were not designed specifically for small IAs. Given the distinctive pathophysiological presentations between large and small IAs (29, 30). It is important to develop a sized-specific model for instability stratification separately. Several studies have investigated the use of machine learning (ML) algorithms to assess the instability of small IAs. Liu et al. developed an ML model based on clinical risk factors and PyRadiomics-derived morphological features, and the AUC value of this ML model reached 0.853 (31). Kim et al. constructed a system to predict IA instability from 3D-DSA images based on a convolutional neural network; the system exhibited a sensitivity of 78.76%, a specificity of 72.15%, and an AUC value of 0.755 (32). However, further clinical validation is required before these ML algorithms can be implemented. Furthermore, the use of ML algorithms requires specific computer software, and it cannot be run on handheld devices, thus limiting its widespread use. Among the currently available prediction tools, nomograms are highly accurate, offer good discriminatory ability, and are easy to use. In the present study, the developed nomogram that incorporated five easily accessible and comprehensive factors performed well, as evidenced by AUC values of 0.803 and 0.744 in the derivation and validation cohorts, respectively, and calibration curves demonstrating good agreements between the predicted IA instability risk and actual IA status.

To demonstrate the potential for this nomogram to be used clinically, the sensitivity, specificity, positive predictive value, and negative predictive value in estimating the instability of small IAs using an optimized cutoff value of 90 are summarized in Table 2. IAs with scores of 90 or higher are considered to have high risk of instability. In addition, using 90 as the cutoff value, the sensitivity (82.6%) prioritizes the corresponding specificity (69.3%), demonstrating another advantage of the nomogram model, because high sensitivity is especially important for a stratification model intended to identify IAs, as they have high morbidity and mortality of aneurysmal SAH. However, it is important to note that the IA management decision-making process is multifactorial and complicated. Thus, in clinical practice, the ideal choice of cutoff value for treatment decision-making depends on the preferences and judgement of the surgeons and the patient's specific conditions. This nomogram serves as an easy-to-use supportive tool that can facilitate individualized stratification of IA instability and assist the decision-making process for small IAs management.



LIMITATIONS

Our study had several limitations. First, this study involved only a Chinese single-center population. Some studies indicate Japanese and Finnish populations have a higher rupture risk (26). Consequently, the model's performance could be different in test data from these populations. Future work therefore will aim at evaluating the nomogram performance with such data. Second, this study was retrospective, which is associated with an inherent risk of bias; a prospective study is required to further confirm the reliability of the nomogram. Third, the event of rupture itself may directly affect the IA morphology, which may also generate a possible bias in our analysis. Finally, the model was based only on clinical and morphological risk factors, but other promising risk factors, such as the vessel wall parameters observed by other imaging studies, may be incorporated in the future to further improve the model performance.



CONCLUSIONS

Our findings suggest that the constructed nomogram based on clinical and morphological risk factors can be used for instability stratification of small IAs. This model can be conveniently used to facilitate the individualized decision-making process to manage IAs.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Institutional Review Board of Beijing Tiantan Hospital. The requirement for written informed consent was waived due to the retrospective nature of the study.



AUTHOR CONTRIBUTIONS

JL and XY: conceptualization. WL and MZ: data collection. YinZ and YisZ: data curation. ZT: investigation. WZ: methodology and writing. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by National Key Research and Development Plan of China (Grant No: 2016YFC1300800), the National Natural Science Foundation of China (Grant Nos: 82072036, 81801156, 81801158, and 81671139), the Special Research Project for Capital Health Development (Grant No: 2018-4-1077), and Beijing Hospitals Authority Youth Programme (code: QML20190503).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2020.598740/full#supplementary-material



ABBREVIATIONS

IA, intracranial aneurysm; SAH, subarachnoid hemorrhage; ROC, receiver operating curve; AUC, area under the curve; CI, confidence interval; ICA, internal carotid artery; MCA, middle cerebral artery; ACA, anterior cerebral artery; AComA, anterior communicating artery; PComA, posterior communicating artery; PC, posterior circulation.



REFERENCES

 1. Li MH, Chen SW, Li YD, Chen YC, Cheng YS, Hu DJ, et al. Prevalence of unruptured cerebral aneurysms in Chinese adults aged 35 to 75 years: a cross-sectional study. Ann Intern Med. (2013) 159:514–21. doi: 10.7326/0003-4819-159-8-201310150-00004 

 2. Vlak MH, Algra A, Brandenburg R, Rinkel GJ. Prevalence of unruptured intracranial aneurysms, with emphasis on sex, age, comorbidity, country, and time period: a systematic review and meta-analysis. Lancet Neurol. (2011) 10:626–36. doi: 10.1016/S1474-4422(11)70109-0

 3. Katati MJ, Santiago-Ramajo S, Pérez-García M, Meersmans-Sánchez Jofré M, Vilar-Lopez R, Coín-Mejias MA, et al. Description of quality of life and its predictors in patients with aneurysmal subarachnoid hemorrhage. Cerebrovasc Dis. (2007) 24:66–73. doi: 10.1159/000103118

 4. Schievink WI. Intracranial aneurysms. N Engl J Med. (1997) 336:28–40. doi: 10.1056/NEJM199701023360106

 5. Hop JW, Rinkel GJ, Algra A, van Gijn J. Case-fatality rates and functional outcome after subarachnoid hemorrhage: a systematic review. Stroke. (1997) 28:660–4. doi: 10.1161/01.STR.28.3.660

 6. Raaymakers TW, Rinkel GJ, Limburg M, Algra A. Mortality and morbidity of surgery for unruptured intracranial aneurysms: a meta-analysis. Stroke. (1998) 29:1531–8. doi: 10.1161/01.STR.29.8.1531

 7. Morita A, Kirino T, Hashi K, Aoki N, Fukuhara S, Hashimoto N, et al. The natural course of unruptured cerebral aneurysms in a Japanese cohort. N Engl J Med. (2012) 366:2474–82. doi: 10.1056/NEJMoa1113260

 8. Wiebers DO, Whisnant JP, Huston J III, Meissner I, Brown RD Jr, Piepgras DG, et al. Unruptured intracranial aneurysms: natural history, clinical outcome, and risks of surgical and endovascular treatment. Lancet. (2003) 362:103–10. doi: 10.1016/S0140-6736(03)13860-3

 9. Froelich JJ, Neilson S, Peters-Wilke J, Dubey A, Thani N, Erasmus A, et al. Size and location of ruptured intracranial aneurysms: a 5-year clinical survey. World Neurosurg. (2016) 91:260–5. doi: 10.1016/j.wneu.2016.04.044

 10. Zhao L, Zhang L, Zhang X, Li Z, Tian L, Wang YX. An analysis of 1256 cases of sporadic ruptured cerebral aneurysm in a single Chinese institution. PLoS One. (2014) 9:e85668. doi: 10.1371/journal.pone.0085668

 11. Brinjikji W, Zhu YQ, Lanzino G, Cloft HJ, Murad MH, Wang Z, et al. Risk factors for growth of intracranial aneurysms: a systematic review and meta-analysis. AJNR Am J Neuroradiol. (2016) 37:615–20. doi: 10.3174/ajnr.A4575

 12. Nahed BV, DiLuna ML, Morgan T, Ocal E, Hawkins AA, Ozduman K, et al. Hypertension, age, and location predict rupture of small intracranial aneurysms. Neurosurgery. (2005) 57:676–83; discussion 676–83. doi: 10.1227/01.NEU.0000175549.96530.59

 13. Raghavan ML, Ma B, Harbaugh RE. Quantified aneurysm shape and rupture risk. J Neurosurg. (2005) 102:355–62. doi: 10.3171/jns.2005.102.2.0355

 14. Zhang Y, Jing L, Liu J, Li C, Fan J, Wang S, et al. Clinical, morphological, and hemodynamic independent characteristic factors for rupture of posterior communicating artery aneurysms. J Neurointerv Surg. (2016) 8:808–12. doi: 10.1136/neurintsurg-2015-011865

 15. Ryu CW, Kwon OK, Koh JS, Kim EJ. Analysis of aneurysm rupture in relation to the geometric indices: aspect ratio, volume, and volume-to-neck ratio. Neuroradiology. (2010) 53:883–9. doi: 10.1007/s00234-010-0804-4

 16. Dhar S, Tremmel M, Mocco J, Kim M, Yamamoto J, Siddiqui AH, et al. Morphology parameters for intracranial aneurysm rupture risk assessment. Neurosurgery. (2008) 63:185–96; discussion 196–7. doi: 10.1227/01.NEU.0000316847.64140.81 

 17. Hoh BL, Sistrom CL, Firment CS, Fautheree GL, Velat GJ, Whiting JH, et al. Bottleneck factor and height-width ratio: association with ruptured aneurysms in patients with multiple cerebral aneurysms. Neurosurgery. (2007) 61:716–22; discussion 722–3. doi: 10.1227/01.NEU.0000298899.77097.BF

 18. Hosmer DW, Hosmer T, Le Cessie S, Lemeshow S. A comparison of goodness-of-fit tests for the logistic regression model. Stat Med. (1997) 16: 965–80. doi: 10.1002/(SICI)1097-0258(19970515)16:9<965::AID-SIM509>3.0.CO;2-O

 19. DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under two or more correlated receiver operating characteristic curves: a nonparametric approach. Biometrics. (1988) 44:837–45. doi: 10.2307/2531595

 20. Lindgren AE, Koivisto T, Björkman J, von Und, Zu, Fraunberg M, Helin K, Jääskeläinen JE, et al. Irregular shape of intracranial aneurysm indicates rupture risk irrespective of size in a population-based cohort. Stroke. (2016) 47:1219–26. doi: 10.1161/STROKEAHA.115.012404

 21. Cebral JR, Castro MA, Burgess JE, Pergolizzi RS, Sheridan MJ, Putman CM. Characterization of cerebral aneurysms for assessing risk of rupture by using patient-specific computational hemodynamics models. AJNR Am J Neuroradiol. (2005) 26:2550–9. 

 22. Baharoglu MI, Schirmer CM, Hoit DA, Gao BL, Malek AM. Aneurysm inflow-angle as a discriminant for rupture in sidewall cerebral aneurysms: morphometric and computational fluid dynamic analysis. Stroke. (2010) 41:1423–30. doi: 10.1161/STROKEAHA.109.570770

 23. Liu Q, Jiang P, Jiang Y, Li S, Ge H, Jin H, et al. Bifurcation configuration is an independent risk factor for aneurysm rupture irrespective of location. Front Neurol. (2019) 10:844. doi: 10.3389/fneur.2019.00844

 24. Kang HG, Kim BJ, Lee J, Kim MJ, Kang DW, Kim JS, et al. Risk factors associated with the presence of unruptured intracranial aneurysms. Stroke. (2015) 46:3093–8. doi: 10.1161/STROKEAHA.115.011351

 25. Wang J, Tan HQ, Zhu YQ, Li MH, Li ZZ, Yan L, et al. Complex hemodynamic insult in combination with wall degeneration at the apex of an arterial bifurcation contributes to generation of nascent aneurysms in a canine model. AJNR Am J Neuroradiol. (2014) 35:1805–12. doi: 10.3174/ajnr.A3926

 26. Greving JP, Wermer MJ, Brown RD Jr, Morita A, Juvela S, Yonekura M, et al. Development of the PHASES score for prediction of risk of rupture of intracranial aneurysms: a pooled analysis of six prospective cohort studies. Lancet Neurol. (2014) 13:59–66. doi: 10.1016/S1474-4422(13)70263-1

 27. Varble N, Rajabzadeh-Oghaz H, Wang J, Siddiqui A, Meng H, Mowla A. Differences in morphologic and hemodynamic characteristics for “PHASES-based” intracranial aneurysm locations. AJNR Am J Neuroradiol. (2017) 38:2105–10. doi: 10.3174/ajnr.A5341

 28. Etminan N, Brown RD Jr, Beseoglu K, Juvela S, Raymond J, Morita A, Torner JC. The unruptured intracranial aneurysm treatment score: a multidisciplinary consensus. Neurology. (2015) 85:881–9. doi: 10.1212/WNL.0000000000001891

 29. Kadasi LM, Dent WC, Malek AM. Cerebral aneurysm wall thickness analysis using intraoperative microscopy: effect of size and gender on thin translucent regions. J Neurointerv Surg. (2013) 5:201–6. doi: 10.1136/neurintsurg-2012-010285 

 30. Kataoka K, Taneda M, Asai T, Kinoshita A, Ito M, Kuroda R. Structural fragility and inflammatory response of ruptured cerebral aneurysms. A comparative study between ruptured and unruptured cerebral aneurysms. Stroke. (1999) 30:1396–401. doi: 10.1161/01.STR.30.7.1396

 31. Liu Q, Jiang P, Jiang Y, Ge H, Li S, Jin H, et al. Prediction of aneurysm stability using a machine learning model based on pyradiomics-derived morphological features. Stroke. (2019) 50:2314–21. doi: 10.1161/STROKEAHA.119.025777

 32. Kim HC, Rhim JK, Ahn JH, Park JJ, Moon JU, Hong EP, et al. Machine learning application for rupture risk assessment in small-sized intracranial aneurysm. J Clin Med. (2019) 8:683. doi: 10.3390/jcm8050683

Conflict of Interest: The 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.

Copyright © 2021 Zhu, Li, Tian, Zhang, Zhang, Wang, Zhang, Yang and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-11-598740-t002.jpg
Variable

Area under the curve
Cutoff score

Sensitivity

Specificity

Positive prediictive value

Negative predictive value

Derivation cohort

0.803(0.764, 0.842)
£
82.6%
69.3%
65.9%
84.75%

Validation cohort

0.744(0.677,0.812)
90
78.8%
52.5%
52.5%
78.8%





OPS/images/fneur-11-598740-g003.gif





OPS/images/fneur-11-598740-t001.jpg
Variables Univariate Multivariate

OR (95% Cl) p-value OR (95 % CI) p-value
Age, years 0.990 (0.974, 1.007) 0253 - -
Gender (female), n (%) 0.787 (0.546, 1.135) 0.200 - =
Hypertension, n (%) 1.933 (1.352, 2.762) 0,001 1.484 (0.944,2.333) 0.087
Hyperiipidemia, n (%) 1,508 (0.817,2.783) 0.189 . -
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Size 1.051(0.899, 1.227) 0534 = -
Maximum height 1.215 (1.021, 1.445) 0.028 0623 (0.192, 2.018) 0.430
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Irregularity 3.476 (2,059, 5.871) <0001 2.707 (1.484, 4.938) 0.001

ICA, interal carotid artery; MCA, middle cerebral artery; ACA, anterior cerebral artery; AComA, anterior communicating artery; PComA, posterior communicating artery; AR, aspect
ratio; SR, size ratio; U, undulation index; NSI, nonspherical index; VNR, volume-to-neck ratio.
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