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Abstract: Objective: To identify risk factors associated with multiple intracranial aneurysm (MIA) rupture. Methods: This
retrospective study included patients with MIAs diagnosed at the center between February 2010 and December 2015. Patients
were grouped based on their history of aneurysmal subarachnoid hemorrhage (aSAH) into ruptured and unruptured categories.
In the ruptured group, aneurysms were further classified as ruptured MIAs (R-MIAs) and unruptured MIAs (U-MIAs). Patient-
and aneurysm-related factors were analyzed using univariate analysis to determine their significance in rupture risk. Receiver
operating characteristic (ROC) analysis was employed to calculate the area under the curve (AUC) and identify optimal
thresholds for five morphological parameters distinguishing R-MIAs from U-MIAs. Results: Of 368 enrolled patients, 327 (86
with ruptured aneurysms and 241 unruptured) were included in the analysis. Among the ruptured group, 66 patients had R-
MIAs and 96 had U-MIAs. Univariate analysis identified statistically significant factors associated with rupture, including BMI,
irregular aneurysm shape, size, aspect ratio, size ratio, and bottleneck (P < 0.05). Size, size ratio, and bottleneck exhibited high
AUC values (AUC > 0.7). ROC analysis determined an optimal threshold of 4.6 mm for MIA rupture size. Conclusions: Lower
BMLI, irregular aneurysm shape, larger size, larger size ratio, and bottleneck are associated with an increased risk of MIA rupture.

Notably, MIAs may rupture at smaller sizes compared to single intracranial aneurysms.
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1. Introduction

Unruptured intracranial aneurysms (UIAs) are increasingly detected in clinical practice due to the widespread
use of computed tomography (CT) and magnetic resonance imaging (MRI), with a prevalence of approximately
1-2% in the population . The rupture of intracranial aneurysms is the leading cause of subarachnoid
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hemorrhage (SAH) in 80-85% of cases, resulting in high morbidity and mortality rates of 40—50% and 10-20%,
respectively . Only about 40% of patients achieve independent recovery following SAH.

Studies indicate that 15-35% of patients with aSAH have multiple intracranial aneurysms (MIAs) "%, which
are more likely to rupture and result in poorer outcomes compared to single intracranial aneurysms. Although
several studies have explored the risk factors for aneurysm rupture, only two small-sample studies have
specifically focused on MIAs, comparing ruptured and unruptured patients, with inconclusive results "*.

To address this gap, this study investigates patient-related risk factors for MIA rupture using a larger
sample size and further examines aneurysm-related factors by comparing ruptured MIAs (R-MIAs) and
unruptured MIAs (U-MIAs) in the same patient cohort. Findings suggest that lower BMI, irregular shape, larger
aneurysm size, larger size ratio, and bottleneck are potential risk factors for MIA rupture, warranting further
investigation in prospective follow-up studies.

2. Methods
2.1. Study design and ethics

This retrospective study was approved by the Institutional Review Board of Beijing Tiantan Hospital. Written
informed consent was obtained from all patients, and privacy was strictly protected.

2.2. Patient selection

Data from consecutive patients with MIAs admitted to the institution between February 2010 and December
2015 were retrospectively collected. Diagnoses of aSAH were confirmed via CT, and aneurysm parameters
were measured using three-dimensional rotational angiography (3DRA).

Exclusion criteria included:

(1) Arteriovenous malformation, arteriovenous fistula, or Moyamoya disease.

(2) Dissecting aneurysms.

(3) Intracranial hemorrhage of unknown origin.

Additional exclusions for the ruptured group were:

(1) Inability to identify ruptured aneurysms.

(2) Inability to obtain imaging for aneurysms clipped during surgery.

2.3. Definition of parameters

Body mass index (BMI) was calculated as weight/height®>. According to Chinese standards, obesity is defined
as BMI > 28 kg/m?. Patients were categorized as obese (BMI > 28) or non-obese (BMI < 28). Cardio-cerebral
vascular incident (CCVI) was defined for patients with a history of acute coronary syndrome, transient ischemic
attack, or stroke.

Aneurysm measurement parameters included neck width, height, aneurysm width, and parent artery
diameter, all measured in millimeters using 3DRA evaluations performed by two experienced neurosurgeons.
Aneurysm size was defined by its height. Morphological parameters included aspect ratio (AR), size ratio (SR),
height-to-width ratio (H/W), and bottleneck factor (BNF). Irregularly shaped aneurysms exhibited blebs, wall
protrusions, or multiple lobes. Aneurysms were classified as sidewall (SW) or bifurcation (Bif).

Potential patient-related risk factors included sex, age, BMI, smoking status, alcohol intake, hypertension,
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hyperlipidemia, diabetes mellitus, and history of CCVI. Aneurysm-related risk factors encompassed irregular
shape, location, type, and morphology.

2.4. Statistical analysis

Statistical analyses were conducted using SPSS software (version 20, Chicago, IL, USA). Categorical variables
were summarized as frequencies and percentages, while continuous variables were expressed as mean +
standard deviation (SD) or median (interquartile range). Comparisons between categorical variables were
performed using Pearson’s 2 test or Fisher’s exact test, and continuous variables were analyzed using Student’s
t-test or the Mann—Whitney U test.

Receiver operating characteristic (ROC) analysis was conducted to determine the area under the curve
(AUC) and optimal thresholds for morphological parameters. Statistical significance was set at P < 0.05.

3. Results

3.1. Study population

Out of 368 consecutive patients, 327 were included in the study: 86 with aSAH and 241 without aSAH.
Exclusions comprised cases with arteriovenous malformation, arteriovenous fistula, or Moyamoya disease (7
= 11); dissecting aneurysms (n = 20); and intracranial hemorrhage of unknown origin (n = 10). Among the 86
patients with aSAH, an additional 20 were excluded due to the inability to identify ruptured aneurysms (n = 17)
or the unavailability of imaging (n = 3). The remaining 66 patients presented with 66 R-MIAs and 96 U-MIAs.

3.2. Baseline characteristics

The analysis of MIA rupture risk factors was conducted in two steps. In the first step, patients were divided
into ruptured and unruptured groups, and univariate statistics were performed. Demographic characteristics and
results of the univariate analysis for patient-related factors associated with MIA rupture are presented in Table 1.

Table 1. Patient characteristics and univariate analysis for patient-related factors associated with MIA rupture

Variable Ruptured (n = 86) Unruptured (n = 241) Univariate analysis P-value
Gender 0.163

Female 69 (80.2) 175 (72.6)

Male 17 (19.8) 66 (27.4)
Age (years)

Mean £ SD 55.7+10.5 56.3+10.1 0.608

<45 11(12.8) 31(12.9) 0.341

45-60 47 (54.7) 111 (46.1)

>60 28 (32.6) 99 (41.1)

Body mass intake (kg/m?)

Mean + SD 24.6+2.9 253435 0.125
<28 78 (90.7) 182 (75.5) 0.003
>28 8(9.3) 59 (24.5)
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Table 1 (Continued)

Variable Ruptured (n = 86) Unruptured (n = 241) Univariate analysis P-value
Smoking 0.872
Yes 20(23.3) 54 (22.4)
No 66 (76.7) 187 (77.6)
Alcohol intake 0.202
Yes 20 (23.3) 41 (17.0)
No 66 (76.7) 200 (83.0)
Hypertension 0.137
Yes 54 (62.8) 129 (53.5)
No 32(37.2) 112 (46.5)
Hyperlipidemia 0.073
Yes 5(5.8) 31(12.9)
No 81(94.2) 210 (87.1)
Diabetes mellitus 0.915
Yes 10 (11.6) 27 (11.2)
No 76 (88.4) 214 (88.8)
Cardio-cerebral vascular incident 0.179
Yes 10 (11.6) 43 (17.8)
No 76 (88.4) 198 (82.2)

Abbreviation: SD, standard deviation.

In the ruptured group, characteristics were further compared between R-MIAs and U-MIAs.

3.3. Univariate analysis

Univariate analysis (Table 2) revealed significant associations between the rupture risk of MIAs and BMI (P =
0.014), irregular shape (P = 0.026), size (P < 0.001), AR (P =0.014), SR (P <0.001), and BNF (P < 0.001).

Table 2. Univariate analysis for aneurysm-related factors associated with MIA rupture [n (%)]

Variables R-MIAs (n = 66) U-MIAs (n =96) P-value
Irregular shape 0.026
Yes 20 (30.3) 15 (15.6)
No 46 (69.7) 81 (84.4)
Types 0.200
Bif 18 (27.3) 18 (18.8)
SwW 48 (72.7) 78 (81.2)
Locations 0.086
AC 51(77.3) 84 (87.5)
PC 15 (22.7) 12 (12.5)

Abbreviations: Bif, aneurysms located at major bifurcations in the cerebral vessel, SW, aneurysms originating from only one parent
vessel or from the origin of a small branch whose caliber was less than one-fifth of the parent vessel; AC, anterior circulation; PC,

posterior circulation.
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3.4. ROC analysis

ROC analysis for aneurysm morphological parameters is summarized in Table 3. Size (AUC = 0.722; 95%
CI, 0.640-0.803), SR (AUC = 0.735; 95% ClI, 0.656-0.815), and BNF (AUC = 0.708; 95% CI, 0.622-0.794)
emerged as superior morphologic predictors of MIA rupture compared to AR (AUC = 0.628; 95% CI, 0.540—
0.715) and H/W (AUC = 0.507; 95% CI, 0.416-0.598).

Table 3. Results from univariate and ROC analyses for aneurysm morphological parameters

Aneurysms ROC analysis
Variables

R-MIAs U-MIAs P-value AUC (95% CI) Threshold P-value

Size (mm) 6.5+3.8 4.1+3.0 <0.001 0.722 (0.640-0.803) 4.6 <0.001

AR 1.3+0.7 1.1+0.6 0.014 0.628 (0.540-0.715) 1.1 0.006
SR 20+1.3 1.1£0.8 <0.001 0.735 (0.656-0.815) 1.7 <0.001

H/W 1.1£0.6 1.1+0.6 0.877 0.507 (0.416-0.598) 1.4 0.875
BNF 1.2+04 1.0+0.3 <0.001 0.708 (0.622-0.794) 1.1 <0.001

Abbreviations: ROC, receiver operating characteristic; AUC, the area under the receiver operating characteristic curve; R-MIAs,
ruptured multiple intracranial aneurysms; U-MIAs, unruptured multiple intracranial aneurysms; AR, aspect ratio; SR, size ratio; H/W =
height/width; BNF, bottleneck factor.

4. Discussion

This study identifies lean BMI, aneurysms with an irregular shape, larger size, increased size ratio (SR), and
greater bottleneck factor (BNF) as significant predictors of MIA rupture. These findings suggest that patients
exhibiting these risk factors face an elevated risk of rupture, which is crucial for evaluating rupture risk and

guiding treatment decisions in clinical practice.

4.1. Patient-related factors of MIA rupture

Gender is a recognized risk factor for both aneurysm formation and rupture. Juvela et al. ' found that

aneurysms in females grow significantly more than those in males. Similarly, De Rooij et al. "”

reported a
higher incidence of aSAH in females, particularly those over 55 years old, likely linked to hormonal changes
affecting collagen formation in blood vessels. Consistent with prior studies on MIAs """, the findings confirm
that females experience higher rates of aSAH. However, no significant differences were observed in rupture
rates between sexes, possibly due to variations in age and geographical distribution among studies.

Smoking has been identified as a significant risk factor for ruptured aneurysms *""*"'*). Mechanisms for this
relationship include increased systemic coagulability, arterial inflammation, acute blood pressure spikes, and
elastin degradation "">'*'”. However, no association between smoking and MIA rupture was found in this study,

which may be attributed to information bias or confounding factors. Flor ez al. """

reported a strong positive
association between cigarette smoking and aSAH, especially in females, which was virtually eliminated within
a few years of smoking cessation. The proportion of female smokers and the confounding effect of current or
previous smoking may have influenced the results.

The relationship between hypertension and aneurysm formation or rupture remains controversial '),

While some studies suggest hypertension contributes to aneurysm rupture, others report no significant long-
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term impact . No significant differences in hypertension prevalence were observed between ruptured and
unruptured groups in this study, possibly reflecting improved management of hypertension in patients with
unruptured MIAs. Additionally, saccular lesions may form and rupture even in the absence of persistent
hypertension "*. Experimental studies by Signorelli et al. "’ demonstrated that sudden, temporary spikes in
blood pressure, rather than chronic hypertension, could be significant triggers for aSAH.

Few studies have investigated BMI as a risk factor for aSAH. Vlak et al. * found that lower BMI was
associated with a higher risk of aSAH, a conclusion supported by this research. A large population study
in Finland similarly reported that overweight (BMI 25.0-29.9) and obese (BMI > 30.0) individuals had a
lower risk of developing aSAH during follow-up, with hazard ratios of 0.6 and 0.7, respectively, compared to
individuals with a BMI of 18.5-24.9 "', Further studies are necessary to validate this relationship and explore
the underlying pathological mechanisms.

4.2. Aneurysm-related factors in MIA rupture

Previous studies have identified aneurysm-related factors associated with rupture by comparing ruptured
and unruptured aneurysms. However, patient-related factors such as sex and hypertension can introduce
confounding effects. This study mitigated such confounding by analyzing characteristics of ruptured and
unruptured aneurysms within the same cohort of MIA patients.

The irregular shape is widely recognized as a predictor of rupture risk. A follow-up study of 6,606
unruptured aneurysms in Japan reported that irregular aneurysms had a 1.48-fold higher rupture risk than regular
ones . Similarly, a self-controlled study ** found a 16.45-fold increase in rupture risk for irregularly shaped
aneurysms, even after controlling for demographic factors. Hemodynamic analyses ¥ have demonstrated that
blebs often localize in the inflow jet region, leading to lower wall shear stress and higher oscillatory shear
index, both of which contribute to the rupture process.

Aneurysm size is another critical factor in rupture risk. In this study, the mean sizes of ruptured MIAs
(R-MIAs) and unruptured MIAs (U-MIAs) were 6.5 mm and 4.1 mm, respectively, with a critical rupture size

of 4.6 mm. Jagadeesan et al.

reported that aneurysms < 7 mm accounted for 75.3% of ruptured MIAs, while
the International Study of Unruptured Intracranial Aneurysms (ISUIA) found only 2.5% of ruptured aneurysms
were < 7 mm . This suggests that MIAs may rupture at smaller sizes compared to single intracranial
aneurysms, a conclusion supported by additional studies """,

Among morphological parameters, size ratio, and bottleneck factor had the highest predictive value (AUC
> 0.7) **). Higher size ratios were associated with increased rupture risk, consistent with prior research "', The
bottleneck factor has also emerged as a promising parameter for rupture risk assessment. A larger bottleneck
factor may indicate a higher rupture risk, a finding corroborated by Pei ez al. "', Further studies are required to

validate the role of the bottleneck factor in intracranial aneurysms.

4.3. Strengths and limitations

This study benefits from a large patient cohort and detailed assessments of ruptured aneurysms by experienced
neurologists, ensuring representative and objective analyses. However, limitations must be noted. The
retrospective design and single-center nature of the study may introduce selection bias. Additionally, factors
such as size, aspect ratio, size ratio, height-to-width ratio, bottleneck factor, and irregularity could have been
altered by the rupture event itself. Nevertheless, previous research suggests that aneurysm size and shape remain
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largely unaffected by rupture ***’. Lastly, the calculation of size ratios may be influenced by parent vessel

vasospasm, leading to potential bias. Prospective, multicenter studies with larger sample sizes are necessary to

confirm these findings.

5. Conclusions

Lean BMI, irregular shape, larger size, increased size ratio, and greater bottleneck factor were identified

as significant predictors of MIA rupture. These risk factors require further validation through prospective,

multicenter studies with larger cohorts.

Disclosure statement

The authors declare no conflict of interest.

References

(1]

(2]

[7]

(8]

Deshmukh AS, Priola SM, Katsanos AH, et al., 2024, The Management of Intracranial Aneurysms: Current Trends and
Future Directions. Neurol Int, 16(1): 74-94. https://doi.org/10.3390/neurolint16010005

Claassen J, Park S, 2022, Spontaneous Subarachnoid Haemorrhage. Lancet, 400(10355): 846—862. https://doi.
org/10.1016/S0140-6736(22)00938-2

Werring DJ, Banerjee G, 2023, Convexity Subarachnoid Haemorrhage. Lancet, 401(10372): 193—-194. https://doi.
org/10.1016/S0140-6736(23)00004-1

Rigante L, Boogaarts HD, Bartels RHMA, et al., 2021, Factors Associated with Subsequent Subarachnoid Hemorrhages
in Patients with Multiple Intracranial Aneurysms. World Neurosurg, 154: e185—e198. https://doi.org/10.1016/
j-wneu.2021.07.014

Chen C, Wang C, Zhang C, et al., 2023, Prognostic Risk Factors of One-stage Surgical Clipping in aSAH Elderly
Patients with MIAs. J Craniofac Surg, 34(7): 2071-2076. https://doi.org/10.1097/SCS.0000000000009387

Dinger TF, Darkwah Oppong M, Park C, et al., 2022, Development of Multiple Intracranial Aneurysms: Beyond the
Common Risk Factors. J Neurosurg, 137(4): 1056—1063. https://doi.org/10.3171/2021.11.JNS212325

Pei Y, Wang Z, Hao S, et al., 2023, Analysis of Independent Risk Factors for Aneurysm Rupture Based on Carotid
Tortuosity Index and Morphological Parameters of Single Intracranial Aneurysms in Anterior Circulation. Clin Neurol
Neurosurg, 234: 107993. https://doi.org/10.1016/j.clineuro.2023.107993

Chen R, Zhang S, Xiao A, et al., 2022, Risk Factors for Intracranial Aneurysm Rupture in Pediatric Patients. Acta
Neurochir (Wien), 164(4): 1145—1152. https://doi.org/10.1007/s00701-021-04957-2

Juvela S, Poussa K, Porras M, 2001, Factors Affecting Formation and Growth of Intracranial Aneurysms: A Long-Term
Follow-Up Study. Stroke, 32(2): 485-491. https://doi.org/10.1161/01.str.32.2.485

De Rooij NK, Linn FH, van der Plas JA, et al., 2007, Incidence of Subarachnoid Haemorrhage: A Systematic Review
with Emphasis on Region, Age, Gender and Time Trends. J Neurol Neurosurg Psychiatry, 78(12): 1365-1372. https://
doi.org/10.1136/jnnp.2007.117655

Jabbarli R, Dinger TF, Darkwah Oppong M, et al., 2018, Risk Factors for and Clinical Consequences of Multiple
Intracranial Aneurysms: A Systematic Review and Meta-Analysis. Stroke, 49(4): 848-855. https://doi.org/10.1161/
STROKEAHA.117.020342

126 Volume 8; Issue 6



[12]

[15]

[16]

[17]

[22]

(23]

[26]

[27]

(28]

Wang GX, Yang Y, Liu LL, et al., 2021, Risk of Rupture of Small Intracranial Aneurysms (< 5 mm) Among the Chinese
Population. World Neurosurg, 147: e275—e281. https://doi.org/10.1016/j.wneu.2020.12.034

Vlak MH, Rinkel GJ, Greebe P, et al., 2013, Risk of Rupture of An Intracranial Aneurysm Based on Patient
Characteristics: A Case-Control Study. Stroke, 44(5): 1256—1259. https://doi.org/10.1161/STROKEAHA.111.000679
Florez WA, Martinez-Perez R, Deora H, et al., 2023, An Update of Predictors of Cerebral Infarction After Aneurysmal
Subarachnoid Hemorrhage: Systematic Review and Meta-Analysis. Journal of Neurosurgical Sciences, 67(1): 1-9.
https://doi.org/10.23736/s0390-5616.22.05445-5

Lu J, Li M, Burkhardt JK, et al., 2021, Unruptured Giant Intracranial Aneurysms: Risk Factors for Mortality and Long-
Term Outcome. Transl Stroke Res, 12(4): 593-601. https://doi.org/10.1007/s12975-020-00861-6

Lin H, Yin Y, Li J, et al., 2024, Exploring the Causal Links Between Cigarette Smoking, Alcohol Consumption, and
Aneurysmal Subarachnoid Hemorrhage: A Two-Sample Mendelian Randomization Analysis. Front Nutr, 11: 1397776.
https://doi.org/10.3389/fnut.2024.1397776

Flor LS, Anderson JA, Ahmad N, et al., 2024, Health Effects Associated with Exposure to Secondhand Smoke: A
Burden of Proof Study. Nat Med, 30(1): 149-167. https://doi.org/10.1038/s41591-023-02743-4. Erratum in Nat Med,
30(4): 1213. https://doi.org/10.1038/s41591-024-02832-y

Esmaeeli S, Valencia J, Buhl LK, et al., 2021, Anesthetic Management of Unruptured Intracranial Aneurysms: A
Qualitative Systematic Review. Neurosurg Rev, 44(5): 2477-2492. https://doi.org/10.1007/s10143-020-01441-w
Signorelli F, Pailler-Mattei C, Gory B, et al., 2018, Biomechanical Characterization of Intracranial Aneurysm Wall: A
Multiscale Study. World Neurosurg, 119: ¢882—e889. https://doi.org/10.1016/j.wneu.2018.07.290

Vlak MH, Algra A, Brandenburg R, et al., 2011, Prevalence of Unruptured Intracranial Aneurysms, with Emphasis on
Sex, Age, Comorbidity, Country, and Time Period: A Systematic Review and Meta-Analysis. Lancet Neurol, 10(7):
626-636. https://doi.org/10.1016/S1474-4422(11)70109-0

Kesav P, Manesh Raj D, John S, 2023, Cerebrovascular Fibromuscular Dysplasia — A Practical Review. Vasc Health
Risk Manag, 19: 543-556. https://doi.org/10.2147/VHRM.S388257

Tominari S, Morita A, Ishibashi T, et al., 2015, Prediction Model for 3-Year Rupture Risk of Unruptured Cerebral
Aneurysms in Japanese Patients. Ann Neurol, 77(6):1050—1059. https://doi.org/10.1002/ana.24400

Huang YW, Wang XY, Li ZP, et al., 2023, The Rupture Risk Factors of Mirror Intracranial Aneurysms: A Systematic
Review and Meta-Analysis Based on Morphological and Hemodynamic Parameters. PLoS One, 18(6): €0286249.
https://doi.org/10.1371/journal.pone.0286249

Nishiwaki T, Tkedo T, Kushi Y, et al., 2024, Hemodynamic Differences Determining Rupture and Non-Rupture in
Middle Cerebral Aneurysms After Growth. PLoS One, 19(8): €0307495. https://doi.org/10.1371/journal.pone.0307495
Jagadeesan BD, Delgado Almandoz JE, Kadkhodayan Y, et al., 2014, Size and Anatomic Location of Ruptured
Intracranial Aneurysms in Patients with Single and Multiple Aneurysms: A Retrospective Study from A Single Center. J
Neurointerv Surg, 6(3): 169—174. https://doi.org/10.1136/neurintsurg-2012-010623

Schirmer CM, Bulsara KR, Al-Mufti F, et al., 2023, Antiplatelets and Antithrombotics in Neurointerventional
Procedures: Guideline Update. J Neurointerv Surg, 15(11): 1155-1162. https://doi.org/10.1136/jnis-2022-019844

Axier A, Rexiati N, Wang Z, et al., 2022, Effect of Hemodynamic Changes on the Risk of Intracranial Aneurysm
Rupture: A Systematic Review and Meta-Analysis. Am J Transl Res, 14(7): 4638-4647.

Guo KK, Liu CY, Li GH, et al., 2024, Differences and Correlations of Morphological and Hemodynamic Parameters
between Anterior Circulation Bifurcation and Side-wall Aneurysms. Curr Med Sci, 44(2): 391-398. https://doi.
org/10.1007/s11596-024-2846-6

127 Volume 8; Issue 6



[29] Backes D, Vergouwen MD, Velthuis BK, et al., 2014, Difference in Aneurysm Characteristics Between Ruptured
and Unruptured Aneurysms in Patients with Multiple Intracranial Aneurysms. Stroke, 45(5): 1299-1303. https://doi.
org/10.1161/STROKEAHA.113.004421

[30] Zhang W, Xiang C, Liu B, et al., 2024, The Value of Systemic Immune Inflammation Index, White Blood Cell to
Platelet Ratio, and Homocysteine in Predicting the Instability of Small Saccular Intracranial Aneurysms. Sci Rep, 14(1):
24312. https://doi.org/10.1038/541598-024-74870-y

Publisher’s note

Bio-Byword Scientific Publishing remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

128 Volume 8; Issue 6



