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Surrounding vascular geometry 
associated with basilar tip 
aneurysm formation
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*

Hemodynamic stress is thought to play an important role in the formation of intracranial aneurysms, 
which is conditioned by the geometry of the surrounding vasculature. Our goal was to identify 
image-based morphological parameters that were associated with basilar artery tip aneurysms 
(BTA) in a location-specific manner. Three-dimensional morphological parameters obtained from 
CT-angiography (CTA) or digital subtraction angiography (DSA) from 207 patients with BTAs and a 
control group of 106 patients with aneurysms elsewhere to control for non-morphological factors, 
who were diagnosed at the Brigham and Women’s Hospital and Massachusetts General Hospital 
between 1990 and 2016, were evaluated. We examined the presence of hypoplastic, aplastic or 
fetal PCoAs, vertebral dominance, and diameters and angles of surrounding parent and daughter 
vessels. Univariable and multivariable statistical analyses were performed to determine statistical 
significance. Sensitivity analyses with small (≤ 3 mm) aneurysms only and with angles excluded, 
were also performed. In multivariable analysis, daughter–daughter angle was directly, and parent 
artery diameter and diameter size ratio were inversely associated with BTAs. These results remained 
significant in the subgroup analysis of small aneurysms (width ≤ 3 mm) and when angles were 
excluded. These easily measurable and robust parameters that are unlikely to be affected by aneurysm 
formation could aid in risk stratification for the formation of BTAs in high-risk patients.

Although the pathogenesis of intracranial aneurysms (IA) has been studied extensively, it is still poorly under-
stood. Aneurysm formation is likely multifactorial, involving genetic predisposition and environmental factors 
such has hypertension and tobacco  use1–3. In addition to these factors, there is growing evidence that morphologi-
cal factors of the surrounding vasculature may play a key role in intracranial aneurysm formation, by triggering 
focal degenerative mechanisms at the vessel wall due to hemodynamic  stress4–13. In particular arterial bifurcations 
are believed to be susceptible to aneurysm  formation5. However, studies investigating the contribution of vascular 
geometry on aneurysm formation at the basilar apex are limited in the small number of patients with aneurysms 
included (varying from 8 to 59 patients with basilar tip aneurysms (BTA)), the lack of control groups harboring 
intracranial aneurysms elsewhere in order to control for genetic predisposition, and the very limited number of 
geometric variables included 5,14–16. Here we present the largest study to date with 207 basilar tip aneurysms and 
106 control patients with other intracranial aneurysms, in which we evaluated a wide variety of image-based 
morphological variables that correlate with BTA formation in a location-specific manner.
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Methods
Patient selection. We identified patients diagnosed with an intracranial aneurysm using natural language 
processing (NLP) in conjunction with manual medical record review from the Partners Healthcare Patients Data 
Registry (RPDR), which includes 4.2 million patients who have received care from the Brigham and Women’s 
Hospital (BWH) and Massachusetts General Hospital (MGH) between 1990 and 2016. Using a machine learning 
algorithm on both codified and NLP data, 5,589 patients with potential aneurysms were  identified17 of which 
727 patients were also seen on clinical presentation from 2007–2013 with prospectively collected data. 474 addi-
tional patients with prospectively collected data who were seen on clinical presentation from 2013–2016, were 
also included. This resulted in a total of 6,063 patients, which were then manually reviewed by AC and RD, lead-
ing to a final number of 4,701 patients with definite saccular aneurysms. 207 patients with basilar artery aneu-
rysms had available imaging of sufficient quality which were obtained using the mi2b2 open-source software 
to comply with research privacy requirements. An additional 106 patients with aneurysms in other locations 
who were selected randomly were included as a control (non-BTA) group in order to control for any non-mor-
phological risk factors for aneurysm formation. We excluded patients with non-saccular (fusiform) aneurysms 
or aneurysms associated with arteriovenous malformations. Demographic and clinical information, including 
gender, age, tobacco and alcohol use, history of hypertension, and family history of intracranial aneurysms and 
subarachnoid hemorrhage, was retrieved from medical records. This study was approved by the Partners Insti-
tutional Review Board which waived the requirement for informed consent. 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 generated. 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. We manually measured lengths and angles. In order to ensure accurate 
measurements, windowing for the 3D reconstructions were validated against the multiplanar reconstructions.

Definition of morphological parameters. We examined diameters and vessel-to-vessel angles of the 
main surrounding vessels around the basilar apex, including the distal basilar artery and P1 segment of the 
posterior cerebral arteries (PCAs) (Fig. 1). In case of hypoplastic or aplastic posterior communicating arteries 
(PCoAs) and/or fetal PCoAs, the number of vessels with this anatomical variation was noted (e.g. unilateral or 
bilateral). 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 pres-
ence of unequal vertebral artery diameters. 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. We calculated the average diameters of the parent (basilar) artery, 
larger daughter (P1) and the smaller daughter (P1) branches 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 diam-
eter. Daughter–daughter angle was defined as the angle formed between the daughter vessels and the parent–
daughter angle ratio was defined as the larger angle between the parent vessel and the daughter vessel divided by 
the smaller angle between the parent vessel and the daughter vessel.

Statistical analysis. Differences in baseline characteristics between the BTA and non-BTA groups were 
calculated using the t-test for continuous variables and the Pearson’s chi-square test for categorical variables. 
Univariable and multivariable logistic regression models were used to test for effects of different morphologi-
cal parameters on BTA presence, with a backward elimination procedure to identify significant confounders. 
Firth’s bias-reduced penalized-likelihood logistic regression was used to account for the problem of complete 
separation. 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. Adjusted odds ratios (OR) with 95% confidence intervals (CIs) 
were calculated and p < 0.05 was considered significant. In order to control for the possibility that aneurysm for-
mation could affect the surrounding vessel geometry (by increasing the P1–P1 angle for example), we included 
a subgroup analysis with small aneurysms only (≤ 3  mm) and a sensitivity analysis with the vascular angles 
excluded. Pearson’s correlation coefficient test was applied to assess the correlation between aneurysm width 
and daughter–daughter angle. All statistical analyses were performed using the Stata statistical software package 
(version 14, StataCorp. College Station, TX) and the logistf18 package in  R19 (version 4.0.0).

Results
Two hundred and seven patients with basilar tip aneurysms (BTA) and 106 patients with intracranial aneurysms 
elsewhere (non-BTA) were included in this study. Table 1 shows the demographic data and clinical risk factors 
of patients with BTA and non-BTA aneurysms. The mean patient age was 55.8 (12.0 SD), and 77.3% of patients 
were female. Patients with BTA aneurysms were significantly older than non-BTA patients. None of the other 
variables were significantly different between the two groups (Table 1).

We then examined the predefined vascular geometry characteristics of the BTA and non-BTA groups 
(Table 2). Unilateral aplastic PCoAs were frequent in the BTA group (3.9% vs 0.0%). Mean basilar artery diam-
eters were smaller in the BTA group (2.49 mm vs 2.64 mm) with smaller diameter size ratios (0.71 vs 0.80). 
Daughter–daughter angles were significantly larger in the BTA group compared to the non-BTA group (139.5 vs 
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95.5 degrees) and also parent–daughter angle ratios were larger (1.34 vs 1.15 degrees). Hypoplastic PCoAs, fetal 
PCoAs, vertebral dominance and daughter diameter ratios did not significantly differ between the two groups.

Table 3 shows the results of the univariable and multivariable analyses for BTA-presence. In the univariable 
analyses, age (OR 1.02, 95% CI 1.00–1.05), daughter–daughter angle (OR 1.11, 95% CI 1.08–1.13), parent–daugh-
ter angle ratio (OR 24.94, 95% CI 5.86–106.1), and unilateral aplastic PCoA (OR 9.26, 95% CI 1.14–1201) were 
significantly associated with BTA presence. In contrast, parent artery diameter (OR 0.49, 95% CI 0.29–0.83) and 

Figure 1.  Illustration of morphological parameters.

Table 1.  Demographic data and clinical risk factors of patients with and without basilar tip aneurysms 
(BTAs). SAH = subarachnoid hemorrhage.

Variables
All patients
N = 313

BTA
N = 207

Non-BTA
N = 106 P-value

Age (SD) 55.8 (12.0) 57.0 (11.3) 53.6 (13.2) 0.02

Female (%) 242 (77.3) 157 (75.8) 85 (80.2) 0.39

Alcohol use (current) (%) 150 (47.9) 96 (46.4) 54 (50.9) 0.49

Tobacco use (current) (%) 122 (0.39) 81 (39.1) 41 (38.7) 0.96

Hypertension (%) 160 (51.3) 110 (53.4) 50 (47.2) 0.30

Family history of SAH (%) 34 (10.9) 23 (11.1) 11 (10.6) 0.89

Family history of aneurysms (%) 65 (20.9) 40 (19.3) 25 (24.0) 0.34

History of ruptured aneurysm (%) 127 (40.6) 83 (40.1) 44 (41.5) 0.81
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diameter size ratio (OR 4.4 × 10−4, 95% CI 3.1 × 10−5–5.0 × 10−3) were significantly inversely associated with BTA 
presence. Gender, alcohol use, tobacco use, hypertension, family history of SAH or aneurysms, the presence of 
ruptured aneurysms, hypoplastic PCoAs, vertebral dominance and daughter diameter ratio were not statisti-
cally significant predictors of BTA presence. In multivariable analysis, daughter–daughter angle (OR 1.11, 95% 
CI 1.08–1.14) was significantly associated with BTA presence. In contrast, parent artery diameter (OR 0.18, 
95% CI 0.06–0.46) and diameter size ratio (OR 0.001, 95% CI 2.76 × 10−5–0.05) were significantly inversely 
associated with BTA presence. When we removed the angle-related variables from multivariable analysis, parent 
artery diameter and diameter size ratio retained significance in the same direction. In a subgroup analysis of 
small aneurysms (width ≤ 3 mm), daughter–daughter angle was still significantly associated with BTA presence 
(OR 1.10, 95% 1.06–1.15), as were parent artery diameter and diameter size ratio. Pearson’s correlation test for 
the association between daughter–daughter angle and aneurysm width was not significant (correlation = 0.06, 
p = 0.36) (Fig. 2).

Discussion
In this study, we showed daughter–daughter (P1–P1) angle to be associated with the presence of basilar artery tip 
aneurysms (BTAs), whereas parent artery diameter and diameter size ratio were inversely associated. Notably, the 
significance and direction of our results remained the same in the subgroup of small aneurysms (width ≤ 3 mm) 
and we found no correlation between daughter–daughter angle and the width of the aneurysm.

Intracranial aneurysm formation is associated with arterial wall deficiencies, and there is a growing evidence 
that wall shear stress (WSS)—a tangential frictional force exerted by flowing blood on the arterial endothelium—
is a crucial element in intracranial aneurysm initiation 20. In line with our finding that parent artery diameter 
was inversely associated with the presence of BTAs, Farnoush et al. showed in a computation fluid dynamic 
simulation of cerebral bifurcation aneurysms that a smaller parent artery diameter leads to higher wall shear 
stress (WSS) and more energy loss at the apex of the bifurcation 21. Furthermore, in a recent meta-analysis, we 
showed a high positive correlation between high WSS and location of aneurysm formation 22. Although the exact 
mechanisms are unknown, it is believed that in response to high WSS, mechanical receptors in endothelial cells 
sense this increase in tension and respond by arterial dilatation, eventually leading to sustained degradation 
of extracellular matrix and consequent aneurysm formation 23,24. In addition, it is thought that due to the high 
WSS, endothelial cell signaling results in macrophage infiltration which disrupts the internal elastic lamina and 
the collagen matrix 25. It should be noted, however, that the absolute difference in the basilar artery diameter 
between the BTA and non-BTA group in our study is very small (0.15 mm).

Diameter size ratio, defined as the parent artery diameter divided by the sum of the diameters of both 
daughter branches, is unlikely to be changed by the formation of the aneurysm itself, thus providing a more 
robust measure of the relative relationship between the diameter of the basilar artery and the daughter vessels. 
Flow within the basilar bifurcation depends on various geometric considerations, including the relative caliber 
of the daughter and parent branches and the bifurcation angle, and is believed to follow the vascular optimality 
principle (VOP) 26. VOP states that the radius of the parent vessel dictates the radii of its daughter branches, 
aimed at maintaining a constant WSS. In line with our findings, Baharoglu et al. previously demonstrated that 

Table 2.  Characteristics of the surrounding vasculature for basilar tip aneurysms (BTAs) and non-basilar 
tip aneurysms (non-BTAs) (N = 313). D1 = diameter of daughter vessel 1, D2 = diameter of daughter vessel 2, 
PCoA = posterior communicating artery.

Variables
All
N = 313

BTA
N = 207

Non-BTA
N = 106 P-value

Hypoplastic PCoA (%)

     No 194 (62.0) 121 (58.5) 73 (68.9) 0.07

     Unilateral 63 (20.1) 46 (22.2) 17 (16.0) 0.20

     Bilateral 56 (17.9) 40 (19.3) 16 (15.1) 0.36

Aplastic PCoA (%)

     No 301 (96.2) 195 (94.2) 106 (100.0) 0.02

     Unilateral 8 (2.6) 8 (3.9) 0 (0.0) 0.04

     Bilateral 4 (1.3) 4 (1.9) 0 (0.0) 0.15

Fetal PCoA (%)

     No 287 (91.7) 190 (91.8) 97 (91.5) 0.93

     Unilateral 20 (6.4) 12 (5.8) 8 (7.5) 0.56

     Bilateral 6 (1.9) 5 (2.4) 1 (0.9) 0.36

Vertebral dominance (%) 70 (22.4) 43 (20.8) 27 (25.5) 0.35

Daughter diameter ratio (larger/smaller) (SD) 1.19 (0.26) 1.18 (0.22) 1.22 (0.33) 0.18

Basilar artery diameter in mm (SD) 2.54 (0.46) 2.49 (0.46) 2.64 (0.44) 0.01

Diameter size ratio (Parent/(D1 + D2)) 0.74 (0.11) 0.71 (0.11) 0.80 (0.10) < 0.01

Daughter–daughter angle in degrees (SD) 124.58 (29.03) 139.5 (21.6) 95.5 (17.3) < 0.01

Parent–daughter angle ratio (SD) 1.27 (0.63) 1.34 (0.77) 1.15 (0.13) 0.01
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aneurysmal MCA bifurcations show a significantly lower diameter size ratio (radius ratio) compared to non-
aneurysmal bifurcations, which is a violation of the vascular optimality  principle27.

Another aspect of the optimality principle of work minimization is concerned with the bifurcation angle 
between parent and daughter  vessels28. It is suggested that the angles of daughter vessels follow this principle, 
and that the presence of an aneurysm would be associated with deviations from optimum bifurcation geometry 
5. We also found larger P1–P1 angles to be associated with BTA presence. These results are consistent with the 
findings by Lauric et al. that wide bifurcation angles are aneurysmogenic 29. In order to control for the possibil-
ity that aneurysm formation could affect the surrounding vessel geometry (by increasing the P1–P1 angle), we 
included a subgroup analysis with small (width ≤ 3 mm) aneurysms only and a sensitivity analysis with the vas-
cular angles excluded, and arrived at similar findings. In a case–control study of 45 patients with BTAs, Tutuncu 
et al. also found wider basilar bifurcation angles to be significantly associated with the presence of BTAs 15. The 
authors hypothesized that, based on their computational fluid dynamics studies, a wider bifurcation may lead 
to aneurysm formation by diffusing the flow impingement zone away from the protective medial band region 
at the bifurcation apex 15. Zhang et al. also found 59 BTAs to be significantly associated with wider bifurcation 
angles, compared to 136 control  subjects14. However, since their control subjects did not harbor any aneurysms 
they did not control for possible genetic predisposition and other risk factors.

The main limitations of our study are due to its retrospective design. Aneurysm presence could have affected 
the morphology of the surrounding vasculature, although we tried to control for this by the subgroup analyses 
that included only small aneurysms and the sensitivity analyses that excluded angles. Although we included a 
control group of patients with aneurysms in other locations in order to (partially) control for genetic risk fac-
tors, most of these aneurysms are located in the anterior circulation, which may have a different embryological 
development than posterior circulation aneurysms, possibly with different genetic polymorphisms predispos-
ing to their formation 30. All inferences made about the parameters examined can be associated with aneurysm 
presence only and are not necessarily predictors of formation risk. Measurements were performed manually by 
a neurosurgeon (JZ) and if needed, verified by a second neurosurgeon (RD). The manual rather than automated 
analysis may have introduced some variability in the results, but it is a much more applicable technique in the 

Table 3.  Univariable and multivariable logistic regression for the presence of a basilar tip aneurysm (N = 313). 
a Subgroup analysis with small basilar tip aneurysms only (width ≤ 3 mm). b Sensitivity analysis without angles. 
D1 = diameter of daughter vessel 1, D2 = diameter of daughter vessel 2, PCoA = posterior communicating 
artery, SAH = subarachnoid hemorrhage.

Variables

Univariable
Multivariable
N = 313

Multivariablea

N = 139
Multivariableb

N = 313

OR (95% CI) P-val OR (95% CI) P-val OR (95% CI) P-val OR (95% CI) P-val

Age 1.02 (1.00–1.05) 0.02 – – – – – –

Female 0.78 (0.44–1.38) 0.39 – – – – – –

Alcohol use (current) 0.85 (0.53–1.36) 0.49 – – – – – –

Tobacco use (current) 1.01 (0.62–1.64) 0.96 – – – – – –

Hypertension 1.28 (0.80–2.05) 0.30 – – – – – –

Family history of SAH 0.76 (0.43–1.33) 0.34 – – – – – –

Family history of aneu-
rysms 1.06 (0.49–2.26) 0.89 – – – – – –

Ruptured aneurysm 0.94 (0.59–1.52) 0.81 – – – – – –

Hypoplastic PCoA

     Unilateral vs. no 1.63 (0.87–3.06) 0.13 – – – – – –

     Bilateral vs. no 1.51 (0.79–2.88) 0.21 – – – – – –

Aplastic PCoA

     Unilateral vs. no 9.26 (1.14–1201) 0.03 – –

     Bilateral vs. no 4.90 (0.52–652) 0.19 – –

Fetal PCoA

     Unilateral vs. no 0.77 (0.30–1.94) 0.57 – – – – – –

     Bilateral vs. no 2.55 (0.29–22.2) 0.40 – – – – – –

Vertebral dominance 0.77 (0.44–1.33) 0.35 – – – – – –

Daughter diameter ratio 
(larger/smaller) 0.56 (0.23–1.35) 0.20 – – – – – –

Parent artery (basilar 
artery) diameter in mm 0.49 (0.29–0.83)  < 0.01 0.18 (0.06–0.46)  < 0.01 0.17 (0.03–0.73) 0.02 0.52 (0.29–0.93) 0.03

Diameter size ratio (Parent/
(D1 + D2))

4.36 × 10−4 (3.06 × 10−5–
0.005)  < 0.01 0.001 (2.76 × 10−5–0.05)  < 0.01 6.80 × 10−6 (2.65 × 10−10–

0.04) 0.01 4.27 × 10−4 (2.87 × 10−5–
0.005) < 0.01

Daughter–daughter angle 
in degrees 1.11 (1.08–1.13)  < 0.01 1.11 (1.08–1.14)  < 0.01 1.10 (1.06–1.15) < 0.01 – –

Parent–daughter angle ratio 24.94 (5.86–106.1)  < 0.01 – – – – – –
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clinical setting. Furthermore, there may be other factors that may be associated with aneurysm formation, such 
as a history of chronic inflammatory disease and oral infections, that were not taken into account 31–33. Finally, 
the superior cerebellar arteries (SCA) which are proximally located to the basilar tip may contribute to the local 
hemodynamics and affect the results.

Conclusions
We examined the contributions of the surrounding vasculature to the formation of BTAs. To minimize con-
founding by genetic and environmental factors, we included a control group with patients harboring aneurysms 
elsewhere. We found that P1–P1 angle was significantly associated with BTA presence, whereas diameter size ratio 
and parent artery diameter were inversely associated with BTA presence. These morphological parameters specific 
to the basilar apex are practical and straightforward, and support the growing body of evidence that vascular 
geometry may have a significant effect on aneurysm formation risk beyond other clinical factors. Assessment 
of these variables when examining 3D-reconstructions of high-risk patients, such as those with a strong family 
history, could contribute to the risk assessment of these patients.

Received: 6 July 2020; Accepted: 17 September 2020

References
 1. Wermer, M. J., Greebe, P., Algra, A. & Rinkel, G. J. Incidence of recurrent subarachnoid hemorrhage after clipping for ruptured 

intracranial aneurysms. Stroke 36, 2394–2399 (2005).
 2. Schievink, W. I. Intracranial aneurysms. N. Engl. J. Med. 336, 28–40 (1997).
 3. Ronkainen, A. et al. Familial intracranial aneurysms. Lancet 349, 380–384 (1997).
 4. Kasuya, H. et al. Angles between a1 and a2 segments of the anterior cerebral artery visualized by three-dimensional computed 

tomographic angiography and association of anterior communicating artery aneurysms. Neurosurgery 45, 89–93 (1999) (discus-
sion 93-84).

 5. Ingebrigtsen, T. et al. Bifurcation geometry and the presence of cerebral artery aneurysms. J. Neurosurg. 101, 108–113 (2004).
 6. Kim, D. W. & Kang, S. D. Association between internal carotid artery morphometry and posterior communicating artery aneurysm. 

Yonsei Med. J. 48, 634–638 (2007).
 7. Yu, M., Huang, Q., Hong, B., Qiao, F. & Liu, J. Morphological differences between the aneurysmal and normal artery in patients 

with internal carotid-posterior communicating artery aneurysm. J. Clin. Neurosci. 17, 1395–1398 (2010).
 8. Mehinovic, A., Isakovic, E. & Delic, J. Variations in diameters of vertebro-basilar tree in patients with or with no aneurysm. Med. 

Arch. 68, 27–29 (2014).

5 10 15 20 25

60
80

10
0

12
0

14
0

16
0

18
0

Width

D
au

gh
te

r−
D

au
gh

te
r A

ng
le

Figure 2.  Plot of aneurysm width vs. daughter–daughter angle. Pearson’s correlation test for the association 
between aneurysm width and daughter–daughter angle was not significant (correlation = 0.06, p = 0.36).



7

Vol.:(0123456789)

Scientific Reports |        (2020) 10:17928  | https://doi.org/10.1038/s41598-020-74266-8

www.nature.com/scientificreports/

 9. Charbel, F. T., Seyfried, D., Mehta, B., Dujovny, M. & Ausman, J. I. Dominant a1: angiographic and clinical correlations with 
anterior communicating artery aneurysms. Neurol. Res. 13, 253–256 (1991).

 10. Tarulli, E. & Fox, A. J. Potent risk factor for aneurysm formation: termination aneurysms of the anterior communicating artery 
and detection of a1 vessel asymmetry by flow dilution. AJNR Am. J. Neuroradiol. 31, 1186–1191 (2010).

 11. Flores, B. C., Scott, W. W., Eddleman, C. S., Batjer, H. H. & Rickert, K. L. The a1–a2 diameter ratio may influence formation and 
rupture potential of anterior communicating artery aneurysms. Neurosurgery 73, 845–853 (2013) (discussion 852-843).

 12. Can, A. et al. Association between vascular anatomy and posterior communicating artery aneurysms. World Neurosurg. 84, 
1251–1255 (2015).

 13. Can, A., Ho, A. L., Dammers, R., Dirven, C. M. & Du, R. Morphological parameters associated with middle cerebral artery aneu-
rysms. Neurosurgery 76, 721–726 (2015) (discussion 726-727).

 14. Zhang, X. J. et al. Association of basilar bifurcation aneurysms with age, sex, and bifurcation geometry. Stroke 49, 1371–1376 
(2018).

 15. Tutuncu, F. et al. Widening of the basilar bifurcation angle: association with presence of intracranial aneurysm, age, and female 
sex. J. Neurosurg. 121, 1401–1410 (2014).

 16. Can, A., Mouminah, A., Ho, A. L. & Du, R. Effect of vascular anatomy on the formation of basilar tip aneurysms. Neurosurgery 
76, 62–66 (2015) (discussion 66).

 17. Castro, V. M. et al. Large-scale identification of patients with cerebral aneurysms using natural language processing. Neurology 
88, 164–168 (2017).

 18. Heinze, G. & Ploner, M. Logistf: Firth’s Bias-Reduced Logistic Regression (2018).
 19. Team RC. R: A Language and Environment for Statistical Computing (2020).
 20. 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 (2011).
 21. 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. 2011, 1025–1028 (2011).
 22. Can, A. & Du, R. Association of hemodynamic factors with intracranial aneurysm formation and rupture: systematic review and 

meta-analysis. Neurosurgery 78, 510–520 (2016).
 23. Chen, H. et al. Investigating the influence of haemodynamic stimuli on intracranial aneurysm inception. Ann. Biomed. Eng. 41, 

1492–1504 (2013).
 24. Le, W. J. et al. New method for retrospective study of hemodynamic changes before and after aneurysm formation in patients with 

ruptured or unruptured aneurysms. BMC Neurol. 13, 166 (2013).
 25. Frosen, J., Cebral, J., Robertson, A. M. & Aoki, T. Flow-induced, inflammation-mediated arterial wall remodeling in the formation 

and progression of intracranial aneurysms. Neurosurg. Focus 47, E21 (2019).
 26. Zamir, M. Optimality principles in arterial branching. J. Theor. Biol. 62, 227–251 (1976).
 27. Baharoglu, M. I., Lauric, A., Wu, C., Hippelheuser, J. & Malek, A. M. Deviation from optimal vascular caliber control at middle 

cerebral artery bifurcations harboring aneurysms. J. Biomech. 47, 3318–3324 (2014).
 28. Murray, C. D. The physiological principle of minimum work: II. Oxygen exchange in capillaries. Proc. Natl. Acad. Sci. USA 12, 

299–304 (1926).
 29. Lauric, A., Hippelheuser, J. E. & Malek, A. M. Induction of aneurysmogenic high positive wall shear stress gradient by wide angle 

at cerebral bifurcations, independent of flow rate. J. Neurosurg. 131, 442–452 (2018).
 30. Frosen, J. & Joutel, A. Smooth muscle cells of intracranial vessels: from development to disease. Cardiovasc. Res. 114, 501–512 

(2018).
 31. Hallikainen J, Keranen S, Savolainen J, Narhi M, Suominen AL, Ylostalo P, et al. Role of oral pathogens in the pathogenesis of 

intracranial aneurysm: review of existing evidence and potential mechanisms. Neurosurg Rev. (2020).
 32. Shikata, F. et al. Potential influences of gut microbiota on the formation of intracranial aneurysm. Hypertension 73, 491–496 (2019).
 33. Pyysalo, M. J. et al. The dental infections in patients undergoing preoperative dental examination before surgical treatment of 

saccular intracranial aneurysm. BMC Res. Not. 11, 600 (2018).

Author contributions
All authors critically reviewed the manuscript. Study concept and design: J.Z., A.C., R.D. Acquisition of data: 
J.Z., A.C., P.L., V.C., D.D., S.F., V.G., R.D. Analysis and interpretation of data: J.Z., A.C., P.L., S.M.Jr., N.S., G.S., 
S.M., T.C., S.W., R.D. Drafted the manuscript: A.C.

Funding
This study was supported by Partners Personalized Medicine (RD), the National Institute 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.

www.nature.com/reprints


8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:17928  | https://doi.org/10.1038/s41598-020-74266-8

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) 2020

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

	Surrounding vascular geometry associated with basilar tip aneurysm formation
	Methods
	Patient selection. 
	Reconstruction of 3D models. 
	Definition of morphological parameters. 
	Statistical analysis. 

	Results
	Discussion
	Conclusions
	References


