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Abstract

Background—We previously established three logistic regression models for discriminating 

intracranial aneurysm rupture status based on morphological and hemodynamic analysis of 119 
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aneurysms (Stroke. 2011;42:144–152). In this study we tested if these models would remain stable 

with increasing sample size and investigated sample sizes required for various confidence levels.

Methods—We augmented our previous dataset of 119 aneurysms into a new dataset of 204 

samples by collecting additional 85 consecutive aneurysms, on which we performed flow 

simulation and calculated morphological and hemodynamic parameters as done previously. We 

performed univariate significance tests of these parameters, and on the significant parameters we 

performed multivariate logistic regression. The new regression models were compared against the 

original models. Receiver operating characteristics analysis was applied to compare the 

performance of regression models. Furthermore, we performed regression analysis based on 

bootstrapping resampling statistical simulations to explore how many aneurysm cases were 

required to generate stable models.

Results—Univariate tests of the 204 aneurysms generated an identical list of significant 

morphological and hemodynamic parameters as previously from analysis of 119 cases. 

Furthermore, multivariate regression analysis produced three parsimonious predictive models that 

were almost identical to the previous ones; with model coefficients that had narrower confidence 

intervals than the original ones. Bootstrapping showed that 10%, 5%, 2%, and 1% convergence 

levels of confidence interval required 120, 200, 500, and 900 aneurysms, respectively.

Conclusions—Our original hemodynamic-morphological rupture prediction models are stable 

and improve with increasing sample size. Results from resampling statistical simulations provide 

guidance for designing future large multi-population studies.
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Introduction

Intracranial aneurysms affect 5~8% of the entire population.1 Aneurysm rupture leads to 

subarachnoid hemorrhage (SAH), a devastating event with high morbidity and mortality.2 

Recent advancements in neurovascular imaging have increased the detection of 

asymptomatic unruptured aneurysms, placing more pressure on clinicians to decide which 

unruptured aneurysms to treat and which to observe, since treatments are fraught with 

complication risks and high costs. Currently, aneurysm size is the main quantitative 

discriminant used in evaluating rupture risk. However, small aneurysms still account for a 

large portion of rupture.3 Consequently, shape-based morphological parameters have been 

explored and correlated with rupture.3–5 On the other hand, hemodynamics is found to be 

associated with aneurysm rupture and plays a fundamental role in mechanisms of aneurysm 

rupture.6–12 Moreover, the recently released American Heart/Stroke Association guidelines 

for aneurysm management recommend that clinicians “consider morphological and 

hemodynamic characteristics of the aneurysm when discussing the risk of aneurysm 

rupture.”13

In a study of 119 aneurysms,8 we identified morphological and hemodynamic factors that 

discriminate ruptured from unruptured aneurysms and, through multivariate logistic 

regression analysis, built 3 aneurysm rupture probability models based on morphology only, 
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hemodynamics only and combined parameters. High probability of rupture status was found 

to be associated with larger size ratio (SR) in the morphological model, lower aneurysm-

averaged wall shear stress (WSS) and higher aneurysm-averaged oscillatory shear index 

(OSI) in the hemodynamic model, and all three in the combined model. In this follow-up 

study we asked the following questions: (1) Would these models be different if we increase 

the sample size? (2) How many samples are required to build stable statistical models? The 

objective of the current study is to evaluate the stability of these models by answering these 

questions.

Methods

Study Population

We collected a new cohort of 85 aneurysms (18 ruptured; 67 unruptured) in 74 consecutive 

patients imaged at Millard Fillmore Gates Hospital in Buffalo, NY between 2009 and 2010 

after the approval by University at Buffalo Institutional Review Board. The demographic 

information (age, gender, location and type) of the new cohort is shown in Table 1. This 

dataset was consecutive with the 119 aneurysms in our previous study.8

Morphological and Hemodynamic Parameter Extraction

Morphological and hemodynamic parameters for each aneurysm were calculated as 

previously described.5, 8 Briefly, DICOM images were segmented at the 3D region of 

interest, aneurysm lumen and adjacent vessels. An in-house Matlab code was used to 

calculate 6 morphological parameters:5 Aneurysm Size, SR, Aspect Ratio (AR), Ellipticity 

Index (EI), Non-Sphericity Index (NSI), and Undulation Index (UI). For computational fluid 

dynamics (CFD) simulations, finite volume meshes of 0.5–1 million elements were imported 

into the CFD solver to calculate time-resolved 3D velocity and pressure fields. Three 

pulsatile cycles were simulated, with the last cycle being taken as output to ensure that 

numerical stability had been reached. All data presented were time-averages over the third 

pulsatile cycle of flow simulation when applicable. From the flow solutions, we calculated 7 

hemodynamic parameters described in detail previously:8 WSS, Maximum WSS (MWSS), 

Low WSS Area Percentage (LSA), OSI, Relative Resident Time (RRT), WSS gradient 

(WSSG), and Number of Vortices (NV). WSS is tangential frictional stress caused by blood 

flow on the vessel wall. In the statistical analysis, we averaged WSS over a cardiac cycle, 

and further averaged over the aneurysm sac. MWSS is the maximum time-averaged 

aneurysmal WSS magnitude. LSA is defined as areas of the aneurysm wall exposed to WSS 

below 10% of the mean parent arterial WSS. OSI measures the direction change of WSS 

during the cardiac cycle, and is defined as aneurysm-averaged OSI for quantitative analysis. 

RRT reflects the residence time of blood near the wall and is inversely proportional to the 

magnitude of the time-averaged WSS vector. WSSG measures the change of WSS 

magnitude in the flow direction. NV is counted based on the velocity field of the 

representative cross-sectional plane for each aneurysm. As with our original paper,8 for 

aneurysm-averaged WSS, MWSS and RRT, we normalized them by parent vessel average 

values.
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Stability Testing of the Predictive Models

To test the stability of our previous rupture prediction models,8 we aggregated the new (85 

aneurysms) and original (119 aneurysms) cohorts into one dataset of 204 aneurysms. 

Univariate significant tests (Student t test for normally distributed data or Wilcoxon rank-

sum test for abnormally distributed data) of the 13 morphological and hemodynamic 

parameters identified significant parameters. The significant level p<0.01 was considered 

statistically significant with Bonferroni correction. Multivariate logistic regression using 

stepwise elimination was then applied to the significant morphological, hemodynamic, and 

combined parameters.8 The new multivariate logistic regression models were compared 

against the original models. We tested whether the new models were comprised of the same 

parameters. If so, we used the confidence interval (CI) at 95% level to examine how 

consistent these two sets of models were. Receiver operating characteristics (ROC) analysis 

was applied to compare the performance of the regression models through the area under the 

ROC (AUC-ROC) when applicable.

Resampling Statistical Simulation

In order to know how many aneurysm cases are required to generate sufficiently stable 

models for the benefit of future large population aneurysm rupture risk studies, we 

performed a simulation study for the logistic regression analysis based on the bootstrapping 

resampling statistical method to investigate the convergence of CI width of the coefficients 

in the regression models.14 This is conceptually similar to the grid convergence study 

commonly conducted in numerical simulations. Bootstrapping can assign measures of 

accuracy (e.g., CIs) to sample estimates.14 It evaluates a variability of an estimator through 

resampling, assuming that the collected data have the same distributional properties as the 

original population. We carried out statistical simulations where the same set of variable 

entries was used in the logistic regression models (SR in the morphological model, WSS and 

OSI in the hemodynamic model, all three in the combined model) in the following steps:

1. From the aggregated dataset of 204 aneurysms, we carried out random sample 

selection for increasing sample size n (n from 30 to 1000 with increment of 20). 

The case selection was random and thus some cases may have been selected for 

multiple times.

2. At each step (n aneurysms), we randomly generated 1000 samples from the 204 

aneurysms using bootstrapping replication. For each selection of n aneurysms, we 

performed the logistic regression and calculated CI width for the coefficients of the 

regression model.

3. At each step, the process was repeated 1000 times to calculate the average of CI 

width.

4. CI width (each step giving lower and upper limits) and relative change (difference 

of interval width with n aneurysms minus interval width with n−20 aneurysms, 

divided by interval width with n aneurysms) were plotted and analyzed.

All statistical analysis was done using SPSS 17.0 software (SPSS, Inc., Chicago, IL) and the 

R Project for Statistical Computing.
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Results

Figure 1 shows aneurysm geometry, flow streamlines, WSS distribution and OSI 

distribution of 4 representative ruptured (top) and 4 representative unruptured (bottom) 

aneurysms from the new cohort. WSS distribution in Figure 1 is the pointwise time-

averaged WSS distribution; while in our statistical analysis, WSS is further averaged over 

the aneurysm sac. Univariate testing of the 204 samples showed that aneurysm Size and the 

hemodynamic factor WSSG were not discriminators of rupture at the significance level of 

0.01, whereas all other parameters including SR, UI, NSI, EI, AR, WSS, MWSS, OSI, LSA, 

RRT, and NV were significant at distinguishing ruptured from unruptured aneurysms 

(p<0.001). This finding is consistent with previous findings based on the original cohort of 

119 aneurysms.8

Based on these significant parameters, multivariate logistic regression analysis of the 

aggregated cohort of 204 aneurysms generated three new risk stratification models: 

morphology only, hemodynamics only, and combined. The new hemodynamics-only 

regression model consisted of WSS and OSI as independent predictors, which is consistent 

with the original hemodynamic model.8 However, the new morphology-only model included 

both SR and UI, whereas in the original multivariate regression model only SR was 

significant.8

To investigate the contribution of UI to the morphological model, we used SR alone to build 

a univariate logistic regression model from the 204 samples and compared it against the 

model resulting from multivariate regression containing both SR and UI. The two models 

had very similar AUC-ROC values (0.831 and 0.835, respectively, Figure 2). This indicates 

that the contribution of UI to classification of aneurysm rupture status through 

morphological regression models is minimal. We therefore chose the SR-alone model as the 

parsimonious morphological predictive model from the 204 cases.

The final parsimonious predictive models based on the aggregated 204 aneurysms for 

morphology only, hemodynamics only, and combined are:

(1)

(2)

(3)

where Odds=p/(1−p) is the odds and p is the probability of an aneurysm being ruptured. 

Comparing Equations 1–3 from 204 aneurysms against the original Equations 4–6 from the 

119 aneurysms in Xiang et al,8 we observe essentially the same 3 models with only slight 

differences in model coefficients. However, these coefficients have overlapping CIs for 

corresponding coefficients (Figure 3). Evidently, when the sample size increased from 119 

to 204, the CI width at 95% level drastically decreased from 0.88 to 0.58 for SR in the 

morphological model; from 0.72 to 0.57 for WSS, and from 3.18 to 2.19 for OSI in the 
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hemodynamic model; from 1.05 to 0.67 for SR, 0.79 to 0.61 for WSS, and 3.28 to 2.20 for 

OSI in the combined model. Because of the decreased variability (thus increased 

confidence), we suggest to use the updated rupture prediction models from the 204 samples 

(Eq.1–3), until they are replaced by future models extracted from larger datasets or with 

better performance.

Results by bootstrapping resampling simulations are given in Figure 4. Figure 4A shows 

reduction of CI at the 95% level as the number of samples was increased, while Figure 4B 

demonstrated the relative change of CI for the model coefficients. The model coefficients 

converged to their final values as more samples were added. We found that level of 10%, 

5%, 2%, and 1% CI convergences required 120, 200, 500, and 900 aneurysms, respectively. 

This information provided the insight for the future large sample and multi-center aneurysm 

rupture risk study.

Discussion

Increasing detection of unruptured aneurysms places more and more pressure on 

neurosurgeons and neurointerventionalists to weigh rupture risk against surgical 

complication risks before making treatment decisions. Aneurysmal morphology and 

hemodynamics show great promises for rupture risk stratifications.3–11, 15–18 The 

importance of aneurysmal morphology and hemodynamics for rupture risk assessment was 

also stressed by American Heart and Stroke Association.13 In our previous study of 119 

aneurysms, we found that SR, WSS and OSI are independent predictors and provided three 

regression models for aneurysm risk stratifications, based on hemodynamics only, 

morphology only, and hemodynamics and morphology combined. In the current study, we 

demonstrated the stability of the models by comparing regression models from an 

augmented sample of 204 aneurysms against those from the original 119 aneurysms. The 

three classification models are shown to be stable and, furthermore, improve with the 

increasing sample size.

In the morphology category, we found that aneurysm size was not significant while AR was 

significant, which is consistent with findings from many other studies.3, 5 In the final 

morphological model resulting from multivariate regression of the 204 samples, UI was also 

retained in addition to SR; however, ROC analysis indicated that the contribution of UI to 

the model was minimal. SR, a concept originally proposed by our group,5, 19 has been found 

in many recent studies to be a significant predictor of aneurysm rupture status, regardless if 

SR was defined on a 3D 5, 8, 20–22 or 2D bases, 15, 23 or which linear length was adopted to 

measure the aneurysm “size” in the ratio calculation.24 In a large study of 854 ruptured and 

180 unruptured aneurysms, Kashiwazaki et al discovered that SR, but not the absolute 

aneurysm size, highly predicted rupture status in the small aneurysms (< 5 mm).20

In the hemodynamics category, we found that low WSS and high OSI were independently 

correlated with ruptured aneurysms and that a model including these two parameters 

provided the odds of rupture. These were exactly the same findings as from our previous 

analysis of 119 aneurysms.8 Many studies have found a correlation between low WSS and 

ruptured aneurysms.4, 6, 7, 25, 26 Low WSS regions are typically located at aneurysm dome,11 
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where 84% of rupture occur.27 Low WSS and high OSI are related to “disturbed” flow,28 

which causes endothelial cells to decrease endothelial nitric oxide synthase activity, 

upregulates surface adhesion molecules and increases endothelial permeability. All of these 

promote atherogenesis and inflammatory cell infiltration.28 Inflammation has been thought 

as a key mechanism for IA rupture.29–31 Our results provide further statistical evidence 

supporting the association of low WSS and high OSI with rupture identified previously.6–8

Nevertheless, a potential role of high WSS in aneurysm rupture should not be excluded,7 

especially in small, conservatively followed aneurysms32 and aneurysms with jet 

impingement in the sac.33, 34 High WSS resulting from flow impingement on the wall has 

been shown to trigger aneurysm degradation as described in aneurysm initiation35 and 

progression36. In the aneurysm cohort of the current study, a few of the ruptured aneurysms 

appeared to be dominated by impinging flow, but high WSS or high maximum WSS did not 

contribute significantly to the predictive models.

In light of the controversy and confusions surrounding whether low WSS or high WSS 

better predicts rupture, we have recently proposed a unified hypothesis that both low WSS 

and high WSS could be responsible for aneurysm growth and rupture via two independent 

hemodynamically driven biological pathways.6, 7 However, it appears that more ruptured 

aneurysms are driven by the low WSS mechanism than the high WSS mechanism, based on 

many more reports of low WSS correlation with rupture 8, 10, 11, 17, 18, 25, 26, 37–40 than high 

WSS.9, 33, 41, 42

This study has also investigated how many samples are required for building stable 

statistical models at different convergence levels of CI. We performed regression analyses 

using bootstrapping resampling of 30 to 1000 aneurysms from the aggregated pool of 204 

aneurysms. We have demonstrated that an increasing level of CI convergence requires an 

increasing numbers of aneurysm samples. The resampling statistical simulation sheds light 

on future multicenter and multi-population studies. It provides the guidance on the numbers 

of aneurysms needed to achieve certain level of convergence for CI width. For example, in 

order to achieve 1% convergence level for the CI width of the models, the target sample size 

should be around 1000 aneurysms.

This study has several limitations. First, our dataset may have a population bias, and hence 

our conclusions may not be valid for different patient populations. In the future, multicenter 

studies with larger multi-population datasets are needed to validate these models and may 

derive new models.43 Secondly, our current models are limited to image-derived 

morphological and hemodynamic parameters. In the future, comprehensive aneurysm 

rupture risk statistical models should also consider other risk factors including demographic, 

genetic, wall-biomechanical and medical factors. Thirdly, the rupture probability calculated 

from our predictive models does not involve time because, like most other aneurysm rupture 

risk studies, ours were based on cross-sectional data and not prospective longitudinal data. 

Finally, aneurysm geometries may have been affected by the rupture event, although 

increasing evidence indicates that aneurysms do not shrink when they rupture.5, 44
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Conclusions

The hemodynamic and morphological models for aneurysm rupture status prediction are 

stable and statistically significant. Augmenting the dataset improves the model coefficient 

estimation. Regression analysis from bootstrapping resampling statistical simulation sheds 

light on the design of future large and multi-center aneurysm rupture risk studies.
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Abbreviations

ACOM anterior communicating artery

AR aspect ratio

AUC-ROC area under the receiver-operating-characteristic curve

BA basilar artery

CFD computational fluid dynamics

CI confidence interval

EI ellipticity index

ICA internal carotid artery

LSA low wall shear stress area percentage

MCA middle cerebral artery

MWSS maximum wall shear stress

NSI nonsphericity index

NV number of vortices

OSI oscillatory shear index

PCOM posterior communicating artery

PICA posterior inferior cerebellar artery

RRT relative residence time

SAH subarachnoid hemorrhage

SR size ratio

UI undulation index

WSS wall shear stress
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WSSG wall shear stress gradient

VA vertebral artery
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Figure 1. 
Aneurysm geometry, flow streamlines, WSS distribution and OSI distribution of 4 

representative ruptured (top) and 4 representative unruptured (bottom) aneurysms from the 

new cohort. Ruptured aneurysms showed significant higher SR, UI, AR, OSI and lower 

WSS than unruptured aneurysms.
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Figure 2. 
ROC curves of probabilities from multiple logistic regression models based on SR alone, SR 

and UI, using size and null predictor as references.
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Figure 3. 
CIs for the coefficients of the three regression models in the previous 119 aneurysms and 

aggregated 204 aneurysms. M1 = Morphological Model; M2 = Hemodynamic Model; M3 = 

Combined Model.
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Figure 4. 
A: CI width (each step giving lower and upper limits); B: Relative change of CI in the three 

regression models from the resampling statistical simulations.
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Table 1

Demographic information for the testing cohort

Parameter Ruptured Unruptured

Age (yrs, mean±SD) 60.3±15.8 58.9±12.8

Gender 13F/5M 50F/17M

Location Sidewall Birfucation Sidewall Birfucation

 ICA 1 31 4

 PCOM 5 3

 MCA 1 2 2 6

 ACOM 7 13

 BA 4

 PICA 2 3

 VA 1

 Total 18 67
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