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Morphological variables associated 
with ruptured basilar tip aneurysms
Jian Zhang1,2,12, Anil Can1,3,12, Pui Man Rosalind Lai1, Srinivasan Mukundan Jr.4, 
Victor M. Castro5, Dmitriy Dligach6,7, Sean Finan6, Vivian S. Gainer5, Nancy A. Shadick8, 
Guergana Savova6, Shawn N. Murphy5,9, Tianxi Cai10, Scott T. Weiss8,11 & Rose Du1,11*

Morphological factors of intracranial aneurysms and the surrounding vasculature could affect 
aneurysm rupture risk in a location specific manner. Our goal was to identify image-based 
morphological parameters that correlated with ruptured basilar tip aneurysms. Three-dimensional 
morphological parameters obtained from CT-angiography (CTA) or digital subtraction angiography 
(DSA) from 200 patients with basilar tip aneurysms diagnosed at the Brigham and Women’s 
Hospital and Massachusetts General Hospital between 1990 and 2016 were evaluated. We examined 
aneurysm wall irregularity, the presence of daughter domes, hypoplastic, aplastic or fetal PCoAs, 
vertebral dominance, maximum height, perpendicular height, width, neck diameter, aspect and 
size ratio, height/width ratio, and diameters and angles of surrounding parent and daughter vessels. 
Univariable and multivariable statistical analyses were performed to determine statistical significance. 
In multivariable analysis, presence of a daughter dome, aspect ratio, and larger flow angle were 
significantly associated with rupture status. We also introduced two new variables, diameter size ratio 
and parent-daughter angle ratio, which were both significantly inversely associated with ruptured 
basilar tip aneurysms. Notably, multivariable analyses also showed that larger diameter size ratio 
was associated with higher Hunt-Hess score while smaller flow angle was associated with higher 
Fisher grade. These easily measurable parameters, including a new parameter that is unlikely to be 
affected by the formation of the aneurysm, could aid in screening strategies in high-risk patients with 
basilar tip aneurysms. One should note, however, that the changes in parameters related to aneurysm 
morphology may be secondary to aneurysm rupture rather than causal.

Intracranial aneurysm formation and rupture are believed to be multifactorial, involving genetic, environmen-
tal, and geometric risk  factors1–3. Since hemodynamic stress—which is thought to play an important role in 
rupture by triggering focal degenerative mechanisms at the vessel wall—is affected by aneurysm anatomy and 
the geometry of the surrounding vasculature, investigating the effects of these parameters in a location specific 
manner could aid in understanding the risk of aneurysm  rupture4–13. We aimed to study the features associated 
with rupture in a large sample of 200 basilar tip aneurysms that were examined using morphological and clini-
cal variables. Since unruptured basilar tip aneurysms account for only 3% of all intracranial aneurysms, our 
study is unique in the large number of aneurysms, and the detailed inclusion of new variables that involve the 
surrounding vasculature which are not intrinsic to aneurysm morphology and therefore unlikely to be affected 
by the formation of the  aneurysm1.
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Methods
Patient selection. Patients diagnosed with an intracranial aneurysm at the Brigham and Women’s Hospital 
(BWH) and Massachusetts General Hospital (MGH) from 1990–2016 were identified using natural language 
processing (NLP) in conjunction with manual medical record review from the Partners Healthcare Research 
Patients Data Registry (RPDR)14. This registry includes 4.2 million patients who have received care from BWH 
and MGH. 5,589 patients with potential aneurysms were identified from the RPDR using a machine learning 
algorithm based on both codified and NLP  data14. Of these patients, 727 patients were also seen on clinical 
presentation from 2007–2013 with prospectively collected  data14. An additional 474 patients with prospectively 
collected data who were seen on clinical presentation from 2013–2016, were also included, resulting in a total 
of 6,063  patients14. By manually reviewing (AC and RD) the medical records of all 6,063 patients, 4,701 patients 
with definite saccular aneurysms were  identified14. Two-hundred patients with basilar artery aneurysms had 
available imaging of sufficient quality which were obtained using the mi2b2 open-source software to comply 
with research privacy requirements. Non-saccular (fusiform) aneurysms or aneurysms associated with arterio-
venous malformations were excluded from this study. Demographic and clinical information, including Hunt-
Hess score, tobacco and alcohol use, history of hypertension, and family history of intracranial aneurysms and 
subarachnoid hemorrhage, was retrieved from medical records. For patients with ruptured aneurysms, images 
were reviewed for Fisher grades. Patients who had no objective signs of subarachnoid hemorrhage by CT or 
lumbar puncture were considered unruptured. This study was approved by the Partners Institutional Review 
Board and considered minimal risk. Informed consent was therefore waived. All procedures performed were in 
accordance with the ethical standards of the institutional review board and with the 1964 Helsinki declaration 
and its later amendments or comparable ethical standards.

Reconstruction of 3D models. Using preoperative CTA via the Vitrea Advanced Visualization software 
(version 6.9.68.1, Vital Images, Minnetonka, MN), three-dimensional (3D) models of aneurysms and their sur-
rounding vasculature were  generated15. The software creates a spatial reconstruction of the vasculature from 
axial CTA images in the DICOM (Digital Images and Communication in Medicine) format. DSA studies with 
3D reconstructions were evaluated directly when a CTA of sufficient quality was  unavailable16. We manually 
measured lengths and angles. In order to ensure accurate measurements, windowing for the 3D reconstructions 
were validated against the multiplanar  reconstructions16. Measurements were performed by an attending neuro-
surgeon (JZ) and verified by a second (RD) when needed.

Definition of morphological parameters. Both aneurysm related variables and measurements of the 
surrounding vasculature were used in our  study16, and are described briefly below (Figs. 1, 2). Basilar tip aneu-

Figure 1.  Illustrations of morphological parameters. Image was partially created by Vitrea Advanced 
Visualization software (version 6.9.68.1).
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rysms were categorized as smooth or irregular (non-smooth wall), and with or without daughter domes. If 
hypoplastic or aplastic posterior communicating arteries (PCoAs) and/or fetal PCoAs were present, the number 
of vessels with this anatomical variation was noted (e.g. single or double). A PCoA was considered hypoplastic if 
its diameter was less than half of the contralateral PCoA. A PCoA was considered aplastic if it was not visible on 
CTA. Vertebral artery dominance was defined as the presence of unequal vertebral artery diameters. Maximum 
aneurysm height was defined as the length between the center of the aneurysm neck and the greatest distance 
to the dome, whereas maximum perpendicular height was the largest perpendicular distance from the neck of 
the aneurysm to the dome of the aneurysm. We also measured the neck diameter, the width of the aneurysm 
(maximal diameter perpendicular to maximum height line), and the aspect ratio (AR) which was calculated as 
the ratio of the maximum perpendicular height of the aneurysm to the average neck diameter of the aneurysm. 
Height/width ratio was defined as the ratio of maximum perpendicular height to width. Size ratio was calculated 
by dividing the maximum height by the mean vessel diameter of all branches (parent and daughter arteries) 
associated with the aneurysm. Vessel diameters were measured by averaging the diameter of the cross-section of 
a vessel (D) just proximal to the neck of the aneurysm and the diameter of the cross-section at 1.5 times D from 
the neck of the aneurysm. Average diameters of the parent artery, larger daughter branch and the smaller daugh-
ter branches were calculated in this manner. The diameter size ratio was defined as the parent artery diameter 
divided by the sum of the diameters of both daughter branches, and the daughter diameter ratio was defined as 
the larger daughter artery diameter divided by the smaller daughter artery diameter. Daughter-daughter angle 
was defined as the angle formed between the daughter vessels, parent-daughter angle was the angle between 
the parent vessel and the daughter vessel, and the flow angle was the angle between the maximum height of the 
aneurysm and the parent vessel.

Statistical analysis. Differences in baseline characteristics between the ruptured and unruptured groups 
were calculated using the t-test for continuous variables and the Pearson’s chi-square test for categorical vari-
ables. Univariable and multivariable logistic regression models were used to test for effects of different morpho-
logical parameters on rupture status, with a backward elimination procedure to identify significant confounders. 
We used cut-off values of 0.1 in order to select the initial set of variables to be included in the initial multivariable 
model for backward elimination. Firth’s bias reduction was used to address the issue of complete  separation17. 
Adjusted odds ratios (OR) with 95% confidence intervals (CIs) were calculated and p < 0.05 was considered 
significant. All statistical analyses were performed using the Stata statistical software package (version 14, Stata-
Corp. College Station, TX) or  R18 (version 4.0.2).

Results
Two-hundred patients with basilar tip aneurysms were included in this study. Table 1 shows the demographic 
data and clinical risk factors of patient with ruptured and unruptured basilar tip aneurysms. The mean patient 
age was 57.0 (11.0 SD), and 75.5% of patients were female. Patients with ruptured aneurysms were younger, less 
frequently female, more frequently alcohol and tobacco users, and were less likely to have hypertension, although 
none of these differences were statistically significant (Table 1).

Figure 2.  Illustrations of morphological parameters. Image was partially created by Vitrea Advanced 
Visualization software (version 6.9.68.1).
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We then examined the predefined aneurysm characteristics of the ruptured and unruptured basilar tip aneu-
rysms (Table 2). Ruptured aneurysms were more frequently irregular (53% vs 20%) with daughter domes (63% 
vs 20%). In addition, ruptured aneurysms had a greater aspect ratio (1.5 vs 1.2), height/width ratio (1.01 vs 
0.92), and flow angle (142 vs 131). In contrast, ruptured aneurysms had a smaller diameter size ratio (0.69 vs 
0.73), and parent-daughter angle ratio (1.2 vs 1.3). There was no significant difference in posterior projection, 
maximum height, perpendicular height, diameter neck, aneurysm width, hypoplastic, aplastic or fetal PCoA, 
vertebral dominance, size ratio, daughter diameter ratio, parent artery diameter, and daughter-daughter angles 
between the ruptured and unruptured groups.

Table 3 shows the results of the univariable and multivariable analyses for rupture status of the basilar tip 
aneurysms. In the univariable analysis, irregularity (OR 4.46, 95% CI 2.39–8.57), presence of a daughter dome 
(OR 6.95, 95% CI 3.69–13.47), larger flow angle (OR 1.03, 95% CI 1.02–1.05), larger aspect ratio (OR 2.40, 95% CI 

Table 1.  Demographic data and clinical risk factors of patients with ruptured and unruptured basilar tip 
aneurysms (N = 200). SAH = subarachnoid hemorrhage.

Variables All patients N = 200
Patients with ruptured aneurysms 
N = 73

Patients with unruptured 
aneurysms N = 127 P value

Age (SD) 57.0 (11.0) 56.6 (12.0) 57.1 (10.5) 0.75

Female (%) 151 (75.5) 53 (72.6) 98 (77.2) 0.58

Alcohol use (current) (%) 94 (47.0) 40 (54.8) 54 (42.5) 0.13

Tobacco use (current) (%) 80 (40.0) 31 (42.5) 49 (38.6) 0.70

Hypertension (%) 107 (53.5) 37 (50.7) 70 (55.1) 0.65

Family history of SAH (%) 23 (11.5) 9 (12.3) 14 (11.0) 0.96

Family history of aneurysms 40 (20.0) 14 (19.2) 26 (20.5) 0.97

Table 2.  Aneurysm characteristics stratified by rupture status of basilar artery aneurysms (N = 200). 
PCoA = posterior communicating artery.

Variables All N = 200 Ruptured N = 73 Unruptured N = 127 P value

Irregular (%) 65 (32.5) 39 (53.4) 26 (20.4)  < 0.01

Daughter dome (%) 71 (35.5) 46 (63.0) 25 (19.7)  < 0.01

Posterior projection (%) 54 (27.0) 15 (20.5) 39 (30.7) 0.16

Hypoplastic PCoA (%)

 No 119 (59.5) 46 (63.0) 73 (57.5) 0.62

 Unilateral 43 (21.5) 13 (17.8) 30 (23.6)

 Bilateral 38 (19.0) 14 (19.2) 24 (18.9)

Aplastic PCoA (%)

 No 189 (94.5) 70 (95.9) 119 (93.7) 0.43

 Unilateral 7 (3.5) 1 (1.4) 6 (4.7)

 Bilateral 4 (2.0) 2 (2.7) 2 (1.6)

Fetal PCoA (%)

 No 183 (91.5) 69 (94.5) 114 (89.8) 0.22

 Unilateral 12 (6.0) 4 (5.5) 8 (6.3)

 Bilateral 5 (2.5) 0 (0.0) 5 (3.9)

Vertebral dominance (%) 41 (20.5) 18 (24.7) 23 (18.1) 0.36

Maximum height in mm (SD) 6.69 (3.90) 7.20 (3.67) 6.4 (4.01) 0.15

Perpendicular height in mm (SD) 6.08 (3.77) 6.50 (3.65) 5.84 (3.83) 0.23

Diameter neck in mm (SD) 4.66 (2.20) 4.34 (1.38) 4.84 (2.55) 0.07

Width aneurysm in mm (SD) 6.52 (4.05) 6.55 (3.25) 6.51 (4.32) 0.94

Aspect ratio (SD) 1.30 (0.59) 1.49 (0.66) 1.20 (0.51)  < 0.01

Height/width ratio 0.95 (0.29) 1.01 (0.33) 0.92 (0.27) 0.03

Daughter diameter ratio (larger/smaller) (SD) 1.18 (0.22) 1.14 (0.16) 1.20 (0.24) 0.06

Parent artery (basilar artery) diameter in mm (SD) 2.50 (0.47) 2.44 (0.45) 2.53 (0.48) 0.22

Diameter size ratio (Parent/(D1 + D2)) 0.71 (0.11) 0.69 (0.13) 0.73 (0.10) 0.02

Size ratio (SD) 1.16 (0.76) 1.25 (0.74) 1.10 (0.76) 0.16

Daughter-daughter angle in degrees (SD) 139.9 (21.7) 142.0 (20.1) 138.6 (22.6) 0.27

Parent-daughter angle ratio (SD) 1.29 (0.29) 1.21 (0.22) 1.33 (0.31)  < 0.01

Flow angle in degrees (SD) 134.9 (19.6) 142.3 (18.3) 130.8 (19.2)  < 0.01
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1.42–4.29) and larger height/width ratio (OR 3.16, 95% CI 1.16–9.45) were significantly associated with aneurysm 
rupture. In addition, parent-daughter angle ratio (OR 0.18, 95% CI 0.05–0.56) and diameter size ratio (OR 0.02, 
95% CI 0.001–0.41) were significantly and inversely associated with ruptured status. In multivariable analysis, 
presence of a daughter dome (OR 5.53, 95% CI 2.67–11.45), larger aspect ratio (OR 2.39, 95% CI 1.18–4.86), and 
larger flow angle (OR 1.04, 95% CI 1.02–1.05) were significantly associated with rupture status. In contrast, diam-
eter size ratio (OR 0.01, 95% CI 0.00–0.35) and parent-daughter angle ratio (OR 0.08, 95% CI 0.02–0.38) were 
significantly inversely associated with ruptured basilar tip aneurysms. When stratified according to Hunt-Hess 
score and Fisher grade among ruptured aneurysms, higher diameter size ratio (β 6.19, 95% CI 2.42–9.95) was 
associated with higher Hunt-Hess score and lower flow angle (β − 0.03, 95% CI − 0.06—− 0.001) was associated 
with higher Fisher grade in the multivariable analyses (Table 4). Finally, when stratified by presence of multiple 
aneurysms, none of the morphological variables was significant.

Discussion
In this study, we showed that presence of a daughter dome, aspect ratio, and larger flow angle were significantly 
associated with basilar aneurysm rupture status. We also introduced two new robust parameters in this context, 
diameter size ratio and parent-daughter angle ratio, which were both significantly and inversely associated with 
ruptured basilar tip aneurysms. Of these parameters, the presence of daughter domes and aspect ratio are depend-
ent on the aneurysm itself, while flow angle and parent-daughter angle ratio give the relationship between the 
aneurysm and the surrounding vasculature.

The association between multilobed aneurysms and rupture status has been shown before, and it is believed 
that multilobed aneurysms are to be in a more advanced stage of development with a greater risk of  rupture19–31. 
We found a threefold increase in the association of multilobed aneurysms with rupture compared to non-
multilobed aneurysms (63.0% vs. 19.7%), which is similar to previous  reports32,33.

We also found diameter size ratio, one of the new parameters we introduced in this context, defined as the 
parent artery diameter divided by the sum of the diameters of both daughter branches, to be inversely associated 
with ruptured basilar tip aneurysms. Importantly, this parameter is unlikely to be changed by the formation of the 
aneurysm itself. Although we previously showed that an absolute smaller basilar artery diameter was significantly 
associated with aneurysm formation, we now provide a much more robust measure of the relative relation-
ship between the diameter of the basilar artery and the daughter  vessels34. Flow within the basilar bifurcation 
depends on a variety of geometric variables, including the relative caliber of the parent and daughter branches. 

Table 3.  Univariable and multivariable logistic regression for rupture status (N = 200). PCoA = posterior 
communicating artery.

Variables

Univariable Multivariable

OR (95% CI) P value OR (95% CI) P value

Daughter dome 6.95 (3.69–13.47)  < 0.01 5.53 (2.67–11.45)  < 0.01

Aspect ratio 2.40 (1.42–4.29)  < 0.01 2.39 (1.18–4.86) 0.02

Flow angle 1.03 (1.02–1.05)  < 0.01 1.04 (1.02–1.05)  < 0.01

Parent-daughter angle ratio 0.18 (0.05–0.56)  < 0.01 0.08 (0.02–0.38)  < 0.01

Diameter size ratio (Parent/(D1 + D2)) 0.02 (0.001–0.41) 0.01 0.01 (0.00–0.35) 0.01

Irregular 4.46 (2.39–8.47)  < 0.01 – –

Posterior projection 0.58 (0.29–1.14) 0.12 – –

Hypoplastic PCoA

 Unilateral (vs. no) 0.69 (0.32–1.43) 0.33 – –

 Bilateral (vs. no) 0.93 (0.43–1.95) 0.84 – –

Aplastic PCoA

 Unilateral (vs. no) 0.28 (0.01–1.71) 0.25 – –

 Bilateral (vs. no) 1.70 (0.20–1.42) 0.60 – –

Fetal PCoA

 Unilateral (vs. no) 0.87 (0.24–2.74) 0.82 – –

 Bilateral (vs. no) 0.15 (0.001–1.35) 0.10 – –

Vertebral dominance 1.48 (0.73–2.97) 0.27 – –

Maximum height in mm 1.05 (0.98–1.14) 0.16 – –

Perpendicular height in mm 1.05 (0.97–1.13) 0.23 – –

Diameter neck in mm 0.89 (0.75–1.02) 0.13 – –

Width aneurysm in mm 1.00 (0.93–1.08) 0.95 – –

Height/width ratio 3.16 (1.16–9.45) 0.03 – –

Daughter diameter ratio (larger/smaller) 0.25 (0.04–1.11) 0.09 – –

Parent artery (basilar artery) diameter 1.30 (0.89–1.91) 0.17 – –

Size ratio 1.31 (0.90–1.91) 0.16 – –

Daughter-daughter angle 1.01 (0.99–1.02) 0.29 – –
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It is believed that a smaller basilar artery diameter compared to the posterior cerebral arteries (e.g. a smaller 
diameter size ratio) provides a higher jet flow at the apex of the bifurcation, leading to a region of maximum 
hemodynamic stress, structural fatigue of the aneurysm wall, and consequent  rupture34–36. Interestingly, we also 
found that higher diameter size ratio is associated with higher Hunt-Hess score, which is consistent with having 
a higher jet flow at the basilar apex.

Aspect ratio, which was calculated as the ratio of the maximum perpendicular height of the aneurysm to the 
average neck diameter of the aneurysm, was also significantly associated with ruptured basilar tip aneurysms. 
This finding is in line with Ambekar et al., which showed in a study of 31 ruptured and 17 unruptured basilar 
bifurcation aneurysms, that aneurysms with an aspect ratio of ≥ 1.9 were 6.3 times more likely to be ruptured 
than those with smaller aspect ratios. This association was also observed in middle cerebral artery aneurysms 
in other  studies9,24,37,38.

We also showed that a larger flow angle (e.g. the angle between the maximum height of the aneurysm and the 
parent vessel) was significantly associated with aneurysm rupture. This finding was also observed by Ambekar 
et al. who showed that basilar bifurcation aneurysms that have their long axis in line with the basilar artery are 
more likely to be ruptured than those directed at an angle. It has been hypothesized that an increasing flow angle 
causes a higher inflow jet into the aneurysm, resulting in growth in the specific  direction39. On the other hand, 
we found that smaller flow angle was associated with higher Fisher grade. This may be due to the effects of wall 
shear stress on platelet adhesion at the site of rupture, however further studies are required to elucidate  this40.

Interestingly, we further found parent daughter angle ratio, another new variable we previously introduced 
for middle cerebral artery  aneurysms41, to be inversely associated with ruptured basilar tip aneurysms suggest-
ing that symmetry of daughter angles is associated with a higher risk of rupture. We hypothesize that increasing 
daughter branch asymmetry would be beneficial by converting a bifurcation aneurysm to sidewall configuration, 
leading flow to be diverted away from the aneurysm neck. Indeed, bifurcation aneurysms are thought to have 
a higher rupture risk than sidewall aneurysms, irrespective of  location42. However, further research is needed 

Table 4.  Univariable and multivariable logistic regression for Hunt-Hess score and Fisher grade in ruptured 
basilar artery aneurysms (N = 71*). *71 patients with available Hunt-Hess scores and Fisher grades. **No 
ruptured aneurysm had bilateral fetal PCoAs.

Variables

Hunt-HESS score Fisher grade

Univariable Multivariable Univariable Multivariable

Coef (95% CI) P value Coef (95% CI) P value Coef (95% CI) P value Coef (95% CI) P value

Daughter dome − 0.02 (− 0.88 to 0.83) 0.96 – – − 1.05 (− 2.03 to − 0.06) 0.04 − 0.95 (− 1.96 to 0.06) 0.06

Aspect ratio 0.18 (− 0.47 to 0.84) 0.59 – – 0.60 (− 0.25–1.44) 0.17 - -

Flow angle − 0.01 (− 0.04 to 0.01) 0.37 - – − 0.03 (− 0.06 to − 0.004) 0.03 − 0.03 (− 0.06 to − 0.001) 0.04

Parent-daughter angle ratio 2.05 (0.08 to 4.03) 0.04 1.99 (− 0.08 to 4.06) 0.06 0.16 (− 1.94 to 2.27) 0.88 – –

Diameter size ratio (Parent/
(D1 + D2)) 6.32 (2.52 to 10.1)  < 0.01 6.19 (2.42–9.95)  < 0.01 3.02 (− 0.95 to 6.98) 0.14 – –

Irregular 0.32 (− 0.52 to 1.16) 0.45 – – 0.01 (− 0.89 to 0.91) 0.98 – –

Posterior projection 0.15 (− 0.89 to 1.18) 0.78 – – 0.44 (− 0.74 to 1.63) 0.46 – –

Hypoplastic PCoA 

 Unilateral (vs. no) − 0.44 (− 1.60 to 0.71) 0.45 – – − 0.89 (− 2.04 to 0.25) 0.13 – –

 Bilateral (vs. no) 0.61 (− 0.52 to 1.74) 0.29 – – − 0.41 (− 1.62 to 0.80) 0.51 – –

Aplastic PCoA

 Unilateral (vs. no) − 15.6 (− 3002 to 2971) 0.99 – – − 3.49 (− 6.97 to − 0.01) 0.049 – –

 Bilateral (vs. no) − 1.37 (− 3.8 to 1.12) 0.28 – – 0.10 (− 2.43 to 2.62) 0.94 – –

Fetal PCoA

 Unilateral (vs. no) 0.20 (− 1.78 to 2.17) 0.84 – – − 0.24 (− 2.13– to 0.64) 0.80 – –

 Bilateral (vs. no)** – – – – – – – –

Vertebral dominance 0.02 (− 0.98 to 1.02) 0.97 – – 0.32 (− 0.79 to 1.43) 0.58 – –

Maximum height in mm 0.05 (− 0.07 to 0.17) 0.40 – – 0.02 (− 0.10 to 0.15) 0.72 – –

Perpendicular height in mm 0.03 (− 0.08 to 0.15) 0.57 – – 0.02 (− 0.11 to 0.15) 0.74 – –

Diameter neck in mm 0.17 (− 0.42 to 0.23) 0.56 – – − 0.36 (− 0.71 to − 0.02) 0.04 – –

Width aneurysm in mm 0.02 (− 0.12 to 0.15) 0.80 – – − 0.05 (− 0.20 to 0.09) 0.47 – –

Height/width ratio − 0.23 (− 1.41 to 0.95) 0.70 – – 1.18 (− 0.64 to 3.00) 0.21 – –

Daughter diameter ratio (larger/
smaller) 2.62 (0.01–5.23) 0.049 – – 1.60 (− 1.34 to 4.54) 0.29 – –

Parent artery (basilar artery) 
diameter − 0.35 (− 1.37 to 0.67) 0.50 – – − 0.24 (− 1.25 to 0.76) 0.64 – –

Size ratio 0.25 (− 0.37 to 0.87) 0.43 – – 0.05 (− 0.57 to 0.67) 0.88 – –

Daughter-daughter angle 0.002 (− 0.02 to 0.02) 0.82 – – − 0.01 (− 0.03 to 0.02) 0.56 – –
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to elucidate the exact mechanisms of aneurysm formation and rupture, which is a complex interaction of fluid 
dynamics, cellular biology, and structural mechanics.

The retrospective design is a main limitation of this study. Aneurysm rupture could have changed the aneu-
rysm morphology, as suggested by Skodvin et al.43 Therefore, some of the associations found may be a result of 
rupture rather than causal risk factors. The association of rupture status with smaller basilar artery diameter 
(compared to daughter branches) may be the result of vasospasm due to rupture. Parameters were measured 
manually which may affect their accuracy. However, this would be more reflective of actual clinical practice. 
Assessment of these morphological variables in the clinical setting, possibly in combination with other imaging 
modalities such as vessel wall MRI, could contribute to the risk evaluation in these  patients44–48. Finally, smoking 
status was obtained via medical records review and may not be completely accurate.

Conclusion
We showed that presence of a daughter dome, aspect ratio, and larger flow angle were significantly associated with 
ruptured basilar tip aneurysms. In contrast, diameter size ratio and parent-daughter angle ratio were significantly 
inversely associated with rupture. Finally, we showed that vessel morphology, namely diameter size ratio, may 
influence the severity of the hemorrhage.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

Received: 28 May 2020; Accepted: 6 January 2021

References
 1. Vlak, M. H., Algra, A., Brandenburg, R. & Rinkel, G. J. Prevalence of unruptured intracranial aneurysms, with emphasis on sex, age, 

comorbidity, country, and time period: a systematic review and meta-analysis. Lancet Neurol. 10, 626–636. https ://doi.org/10.1016/
S1474 -4422(11)70109 -0 (2011).

 2. 2van Gijn, J., Kerr, R. S., Rinkel, G. J. Subarachnoid haemorrhage. Lancet 369, 306–318, doi:https ://doi.org/10.1016/S0140 
-6736(07)60153 -6 (2007).

 3. 3Zanaty, M. et al. Aneurysm geometry in predicting the risk of ruptures A review of the literature. Neurol Res 36, 308–313, doi:https 
://doi.org/10.1179/17431 32814 Y.00000 00327  (2014).

 4. Wiebers, D. O. et al. Unruptured intracranial aneurysms: natural history, clinical outcome, and risks of surgical and endovascular 
treatment. Lancet 362, 103–110 (2003).

 5. Alnaes, M. S. et al. Computation of hemodynamics in the circle of Willis. Stroke 38, 2500–2505. https ://doi.org/10.1161/STROK 
EAHA.107.48247 1 (2007).

 6. Cebral, J. R., Mut, F., Weir, J. & Putman, C. Quantitative characterization of the hemodynamic environment in ruptured and 
unruptured brain aneurysms. AJNR Am. J. Neuroradiol. 32, 145–151. https ://doi.org/10.3174/ajnr.A2419  (2011).

 7. Qin, H. et al. Morphological and Hemodynamic Parameters for Middle Cerebral Artery Bifurcation Aneurysm Rupture Risk 
Assessment. J. Korean Neurosurg. Soc. 60, 504–510. https ://doi.org/10.3340/jkns.2017.0101.009 (2017).

 8. Lin, N. et al. Differences in simple morphological variables in ruptured and unruptured middle cerebral artery aneurysms. J. 
Neurosurg. 117, 913–919. https ://doi.org/10.3171/2012.7.JNS11 1766 (2012).

 9. 9Sadatomo, T. et al. Morphological differences between ruptured and unruptured cases in middle cerebral artery aneurysms. 
Neurosurgery 62, 602–609; doi:https ://doi.org/10.1227/01.NEU.00003 11347 .35583 .0C (2008).

 10. Wang, G. X. et al. Risk factors for the rupture of middle cerebral artery bifurcation aneurysms using CT angiography. PLoS ONE 
11, e0166654. https ://doi.org/10.1371/journ al.pone.01666 54 (2016).

 11. Lin, N. et al. Analysis of morphological parameters to differentiate rupture status in anterior communicating artery aneurysms. 
PLoS ONE 8, e79635. https ://doi.org/10.1371/journ al.pone.00796 35 (2013).

 12. 12Can, A., Ho, A. L., Dammers, R., Dirven, C. M. & Du, R. Morphological parameters associated with middle cerebral artery 
aneurysms. Neurosurgery 76, 721–726; discussion 726–727, doi:https ://doi.org/10.1227/NEU.00000 00000 00071 3 (2015).

 13. Ho, A. et al. Morphological parameters associated with ruptured posterior communicating aneurysms. PLoS ONE 9, e94837. https 
://doi.org/10.1371/journ al.pone.00948 37 (2014).

 14. Castro, V. M. et al. Large-scale identification of patients with cerebral aneurysms using natural language processing. Neurology 
88, 164–168. https ://doi.org/10.1212/WNL.00000 00000 00349 0 (2017).

 15. Zhang, J. et al. Vascular geometry associated with anterior communicating artery aneurysm formation. World Neurosurg. https ://
doi.org/10.1016/j.wneu.2020.11.160 (2020).

 16. Zhang, J. et al. Surrounding vascular geometry associated with basilar tip aneurysm formation. Sci. Rep. 10, 17928. https ://doi.
org/10.1038/s4159 8-020-74266 -8 (2020).

 17. 17logistf: Firth’s Bias-Reduced Logistic Regression v. 1.23 (2018).
 18. 18R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, Vienna, Austria, 2020).
 19. Hademenos, G. J., Massoud, T. F., Turjman, F. & Sayre, J. W. Anatomical and morphological factors correlating with rupture of 

intracranial aneurysms in patients referred for endovascular treatment. Neuroradiology 40, 755–760 (1998).
 20. 20Beck, J. et al. Difference in configuration of ruptured and unruptured intracranial aneurysms determined by biplanar digital 

subtraction angiography. Acta Neurochir (Wien) 145, 861–865; discussion 865, doi:https ://doi.org/10.1007/s0070 1-003-0124-0 
(2003).

 21. Kang, H. et al. Aneurysm characteristics associated with the rupture risk of intracranial aneurysms: a self-controlled study. PLoS 
ONE 10, e0142330. https ://doi.org/10.1371/journ al.pone.01423 30 (2015).

 22. Mehan, W. A. Jr. et al. Unruptured intracranial aneurysms conservatively followed with serial CT angiography: could morphology 
and growth predict rupture?. J Neurointerv Surg 6, 761–766. https ://doi.org/10.1136/neuri ntsur g-2013-01094 4 (2014).

 23. Raghavan, M. L., Ma, B. & Harbaugh, R. E. Quantified aneurysm shape and rupture risk. J. Neurosurg. 102, 355–362. https ://doi.
org/10.3171/jns.2005.102.2.0355 (2005).

 24. 24Ujiie, H., Tamano, Y., Sasaki, K. & Hori, T. Is the aspect ratio a reliable index for predicting the rupture of a saccular aneurysm? 
Neurosurgery 48, 495–502; discussion 502–493 (2001).

 25. Lv, N. et al. Morphological and hemodynamic discriminators for rupture status in posterior communicating artery aneurysms. 
PLoS ONE 11, e0149906. https ://doi.org/10.1371/journ al.pone.01499 06 (2016).

https://doi.org/10.1016/S1474-4422(11)70109-0
https://doi.org/10.1016/S1474-4422(11)70109-0
https://doi.org/10.1016/S0140-6736(07)60153-6
https://doi.org/10.1016/S0140-6736(07)60153-6
https://doi.org/10.1179/1743132814Y.0000000327
https://doi.org/10.1179/1743132814Y.0000000327
https://doi.org/10.1161/STROKEAHA.107.482471
https://doi.org/10.1161/STROKEAHA.107.482471
https://doi.org/10.3174/ajnr.A2419
https://doi.org/10.3340/jkns.2017.0101.009
https://doi.org/10.3171/2012.7.JNS111766
https://doi.org/10.1227/01.NEU.0000311347.35583.0C
https://doi.org/10.1371/journal.pone.0166654
https://doi.org/10.1371/journal.pone.0079635
https://doi.org/10.1227/NEU.0000000000000713
https://doi.org/10.1371/journal.pone.0094837
https://doi.org/10.1371/journal.pone.0094837
https://doi.org/10.1212/WNL.0000000000003490
https://doi.org/10.1016/j.wneu.2020.11.160
https://doi.org/10.1016/j.wneu.2020.11.160
https://doi.org/10.1038/s41598-020-74266-8
https://doi.org/10.1038/s41598-020-74266-8
https://doi.org/10.1007/s00701-003-0124-0
https://doi.org/10.1371/journal.pone.0142330
https://doi.org/10.1136/neurintsurg-2013-010944
https://doi.org/10.3171/jns.2005.102.2.0355
https://doi.org/10.3171/jns.2005.102.2.0355
https://doi.org/10.1371/journal.pone.0149906


8

Vol:.(1234567890)

Scientific Reports |         (2021) 11:2526  | https://doi.org/10.1038/s41598-021-81364-8

www.nature.com/scientificreports/

 26. Lv, N. et al. Morphological risk factors for rupture of Small (<7 mm) posterior communicating artery aneurysms. World Neurosurg. 
87, 311–315. https ://doi.org/10.1016/j.wneu.2015.12.055 (2016).

 27. Sola, T. et al. Clinical and radiological features of posterior communicating artery aneurysms. Interv. Neuroradiol. 14, 247–251. 
https ://doi.org/10.1177/15910 19908 01400 304 (2008).

 28. Matsukawa, H. et al. Morphological and clinical risk factors for posterior communicating artery aneurysm rupture. J. Neurosurg. 
120, 104–110. https ://doi.org/10.3171/2013.9.JNS13 921 (2014).

 29. Meng, H. et al. Mathematical model of the rupture mechanism of intracranial saccular aneurysms through daughter aneurysm 
formation and growth. Neurol. Res. 27, 459–465. https ://doi.org/10.1179/01616 4105X 25171  (2005).

 30. Bjorkman, J. et al. Irregular Shape Identifies Ruptured Intracranial Aneurysm in Subarachnoid Hemorrhage Patients With Multiple 
Aneurysms. Stroke 48, 1986–1989. https ://doi.org/10.1161/STROK EAHA.117.01714 7 (2017).

 31. Zhang, Y. et al. Hemodynamic analysis of intracranial aneurysms with daughter blebs. Eur. Neurol. 66, 359–367. https ://doi.
org/10.1159/00033 2814 (2011).

 32. Huhtakangas, J. et al. CTA analysis and assessment of morphological factors related to rupture in 413 posterior communicating 
artery aneurysms. Acta Neurochir. (Wien) 159, 1643–1652. https ://doi.org/10.1007/s0070 1-017-3263-4 (2017).

 33. Lindgren, A. E. et al. Irregular shape of intracranial aneurysm indicates rupture risk irrespective of size in a population-based 
cohort. Stroke 47, 1219–1226. https ://doi.org/10.1161/STROK EAHA.115.01240 4 (2016).

 34. 34Can, A., Mouminah, A., Ho, A. L. & Du, R. Effect of vascular anatomy on the formation of basilar tip aneurysms. Neurosurgery 
76, 62–66; discussion 66, doi:https ://doi.org/10.1227/NEU.00000 00000 00056 4 (2015).

 35. Farnoush, A., Qian, Y. & Avolio, A. Effect of inflow on computational fluid dynamic simulation of cerebral bifurcation aneurysms. 
Conf. Proc. IEEE Eng. Med. Biol. Soc. 1025–1028, 2011. https ://doi.org/10.1109/IEMBS .2011.60902 38 (2011).

 36. Qiu, T., Jin, G., Xing, H. & Lu, H. Association between hemodynamics, morphology, and rupture risk of intracranial aneurysms: 
a computational fluid modeling study. Neurol. Sci. 38, 1009–1018. https ://doi.org/10.1007/s1007 2-017-2904-y (2017).

 37. Ambekar, S., Madhugiri, V., Bollam, P. & Nanda, A. Morphological differences between ruptured and unruptured basilar bifurca-
tion aneurysms. J. Neurol. Surg. B Skull Base 74, 91–96. https ://doi.org/10.1055/s-0033-13336 22 (2013).

 38. Bhogal, P. et al. Difference in aneurysm characteristics between ruptured and unruptured aneurysms in patients with multiple 
intracranial aneurysms. Surg. Neurol. Int. 9, 1. https ://doi.org/10.4103/sni.sni_339_17 (2018).

 39. Baharoglu, M. I., Lauric, A., Gao, B. L. & Malek, A. M. Identification of a dichotomy in morphological predictors of rupture status 
between sidewall- and bifurcation-type intracranial aneurysms. J. Neurosurg. 116, 871–881. https ://doi.org/10.3171/2011.11.JNS11 
311 (2012).

 40. Ruggeri, Z. M. Platelet adhesion under flow. Microcirculation 16, 58–83. https ://doi.org/10.1080/10739 68080 26514 77 (2009).
 41. Zhang, J. et al. Morphological variables associated with ruptured middle cerebral artery aneurysms. Neurosurgery 85, 75–83. https 

://doi.org/10.1093/neuro s/nyy21 3 (2019).
 42. Liu, Q. et al. Bifurcation configuration is an independent risk factor for aneurysm rupture irrespective of location. Front. Neurol. 

10, 844. https ://doi.org/10.3389/fneur .2019.00844  (2019).
 43. Skodvin, T. O., Johnsen, L. H., Gjertsen, O., Isaksen, J. G. & Sorteberg, A. Cerebral aneurysm morphology before and after rupture: 

nationwide case series of 29 aneurysms. Stroke 48, 880–886. https ://doi.org/10.1161/STROK EAHA.116.01528 8 (2017).
 44. Santarosa, C. et al. Vessel wall magnetic resonance imaging in intracranial aneurysms: Principles and emerging clinical applica-

tions. Interv. Neuroradiol. 26, 135–146. https ://doi.org/10.1177/15910 19919 89129 7 (2020).
 45. Bhogal, P. et al. Vessel wall enhancement of a ruptured intra-nidal aneurysm in a brain arteriovenous malformation. Interv. Neu-

roradiol. 25, 310–314. https ://doi.org/10.1177/15910 19918 82479 6 (2019).
 46. Alexander, M. D. et al. High-resolution intracranial vessel wall imaging: imaging beyond the lumen. J. Neurol. Neurosurg. Psychiat. 

87, 589–597. https ://doi.org/10.1136/jnnp-2015-31202 0 (2016).
 47. Edjlali, M. et al. Vessel wall MR imaging for the detection of intracranial inflammatory vasculopathies. Cardiovasc. Diagn. Ther. 

10, 1108–1119. https ://doi.org/10.21037 /cdt-20-324 (2020).
 48. Mandell, D. M. et al. Vessel wall MRI to differentiate between reversible cerebral vasoconstriction syndrome and central nervous 

system vasculitis: preliminary results. Stroke 43, 860–862. https ://doi.org/10.1161/STROK EAHA.111.62618 4 (2012).

Author contributions
All authors critically reviewed the manuscript. Study concept and design: JZ, AC, RD. Acquisition of data: JZ, 
AC, PL, VC, DD, SF, VG, RD. Analysis and interpretation of data: JZ, AC, PL, SMJr, NS, GS, SM, TC, SW, RD. 
Drafted the manuscript: AC.

Funding
This study was supported by Partners Personalized Medicine (RD), the National Institutes of Health (U54 
HG007963: TC and SM, U01 HG008685: SM, and R01 HG009174: SM), and National Natural Science Founda-
tion of China (81571121).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to R.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1016/j.wneu.2015.12.055
https://doi.org/10.1177/159101990801400304
https://doi.org/10.3171/2013.9.JNS13921
https://doi.org/10.1179/016164105X25171
https://doi.org/10.1161/STROKEAHA.117.017147
https://doi.org/10.1159/000332814
https://doi.org/10.1159/000332814
https://doi.org/10.1007/s00701-017-3263-4
https://doi.org/10.1161/STROKEAHA.115.012404
https://doi.org/10.1227/NEU.0000000000000564
https://doi.org/10.1109/IEMBS.2011.6090238
https://doi.org/10.1007/s10072-017-2904-y
https://doi.org/10.1055/s-0033-1333622
https://doi.org/10.4103/sni.sni_339_17
https://doi.org/10.3171/2011.11.JNS11311
https://doi.org/10.3171/2011.11.JNS11311
https://doi.org/10.1080/10739680802651477
https://doi.org/10.1093/neuros/nyy213
https://doi.org/10.1093/neuros/nyy213
https://doi.org/10.3389/fneur.2019.00844
https://doi.org/10.1161/STROKEAHA.116.015288
https://doi.org/10.1177/1591019919891297
https://doi.org/10.1177/1591019918824796
https://doi.org/10.1136/jnnp-2015-312020
https://doi.org/10.21037/cdt-20-324
https://doi.org/10.1161/STROKEAHA.111.626184
www.nature.com/reprints


9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:2526  | https://doi.org/10.1038/s41598-021-81364-8

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Morphological variables associated with ruptured basilar tip aneurysms
	Methods
	Patient selection. 
	Reconstruction of 3D models. 
	Definition of morphological parameters. 
	Statistical analysis. 

	Results
	Discussion
	Conclusion
	References


