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. Characterization of the rupture risk factors for small intracranial aneurysms (SIAs, <5 mm) is clinically

. valuable. The present study aims to identify image-based morphological parameters and anatomical

. locations associated with the rupture status of SIAs. Two hundred and sixty-three patients with single
SIAs (128 ruptured, 135 unruptured) were included, and six morphological parameters, including size,
aspect ratio (AR), size ratio (SR), height-width ratio (H/W), flow angle (FA) and aneurysm width—parent
artery diameter ratio, and the aneurysm locations were evaluated using three-dimensional geometry,
and were used to identify a correlation with aneurysm rupture. Statistically significant differences were
observed between ruptured and unruptured groups for AR, SR, H/W, FA, and aneurysm locations, from
univariate analyses. Logistic regression analysis further revealed that AR (p =0.034), SR (p=0.004),
H/W (p=0.003), and FA (p < 0.001) had the strongest independent correlation with ruptured SIAs after
adjustment for age, gender and other clinical risk factors. A future study on a larger SIA cohort need to
establish to what extent the AR, SR, H/W and FA increase the risk of rupture in patients with unruptured
SlAs in terms of absolute risks.

Intracranial aneurysm (IA) is a prevalent vascular disorder affecting 2-5% of the population worldwide'?, and IA
rupture frequently leads to fatal subarachnoid hemorrhage (SAH). With the widespread use of advanced imag-
ing scanning, unruptured IAs are incidentally discovered with an increasing frequency. In a 5,720 cohort study,
91% of the IAs were identified incidentally, and close to 50% of them are <5mm in diameter?, which are defined
as small IAs by published reporting standards**. Results from the large cohort studies, including those of the
International Study of Unruptured Intracranial Aneurysms (ISUIA), indicate that aneurysms smaller than 5 or
7 mm rarely rupture and thus surgical and endovascular treatments are rarely justified*®’. However, discrepant
data shown that small IAs account for 13% of all ruptured IAs by two independent studies long time ago®?, and
more recent studies also reported a higher percentage of small IAs among their ruptured cases'®"'"%. In addition,
most of the ruptured IAs seen in daily clinical practice are small IAs'**#, and small IAs are a common cause of
aneurysmal SAH'. To determine the most appropriate management plan for individual patients, we need to have
a better understanding of the rupture risk of small IAs.
: Numerous studies in analyzing the morphological characteristics of IAs have demonstrated that geometric
: parameters such as aspect ratio (AR)'®"7, size ratio (SR)'®'°, and aneurysm inflow angle (FA)* are associated
© with aneurysm rupture status. However, most of these previous studies were not focused on evaluating the
. rupture-associated morphological parameters specific to small IAs (<5mm). Additionally, reported results on
. the aneurysm locations associated with rupture status are conflicting for small IAs. Although most of the studies
agreed that the most prevalent location of ruptured small IAs was anterior communicating artery (AcoA)?"?, in
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Age (SD) 59.84 (7.26) 60.55 (7.11) 0.429
Female (%) 74 (54.8) 57 (44.5) 0.095
Smoking (%) 29 (23.2) 26 (20.3) 0.816
Hypertension (%) 52 (38.5) 62 (48.4) 0.105
SAH history (%) 6(4.4) 11(8.6) 0.171
Family history (%) 6(4.4) 4(3.1) 0.813

Table 1. Demographic information and clinical risk factors for patients with ruptured and unruptured small
intracranial aneurysms.

Size 4.21+0.43 4.28+0.42 0.191
AR 1.494+0.37 1.61+0.39 0.008
SR 1.70£0.33 1.86+0.34 <0.001
FA 112.19+16.523 123.68+17.10 <0.001
H/W ratio 1.43+0.24 1.50+0.18 <0.008
W/L ratio 1.50+0.32 1.58 +£0.40 0.061

Table 2. Univariate analyses for the morphological parameters measured for ruptured and unruptured small
intracranial aneurysms.

a 446 small IAs cohort study, the percentage of ruptured small IAs locating at AcoA was considerably lower than
those at internal carotid artery (ICA) and middle cerebral artery (MCA)*. Nahed. et al., reported in their 100
cohort study that the posterior communicating artery (PcoA) small IAs were 3.5 times more likely to rupture than
the AcoA ones?. Because location of an aneurysm has been approved to predict both surgical and endovascular
outcomes, the conflicting observations on the aneurysm locations associated with rupture status for the small IA
group warrants further investigation.

The aim of the present study is to identify image-based morphological parameters and anatomical locations
associated with the rupture status of SIAs.

Results

263 patients with small IAs (<5 mm) were included in the study with 128 ruptured and 135 unruptured aneu-
rysms. Demographic and clinical information of the study population is listed in Table 1. Mean age of the patients
was 60.19 +7.18 years (range, 41-81years), and 49.8% (131/263) were women. A total of 48.7% (128/263) SIAs
were ruptured. None of the clinical risk factors showed significant correlation with the rupture status (p > 0.05).

We used univariate analysis to examine pre-defined morphological parameters individually and compared
their values between the ruptured and unruptured groups (Table 2). Ruptured SIAs were associated with larger
flow angel (FA) (123.68 v5.112.19, p < 0.001), higher aspect ratio (AR) and size ratio (SR) (1.61 vs. 1.49, p=0.008
and 1.86 vs. 1.71, p < 0.001), and higher height-width ratio (H/W) and (1.50vs. 1.43, p=0.008). Aneurysm
size (4.28 mm vs.4.21 mm, p=0.191) and aneurysm width-parent artery diameter (W/L) ratio (1.58 vs.1.51,
p=0.061) did not significantly differ between the ruptured and unruptured groups.

In considering that the FA of side-wall aneurysm is different from that of end-wall one (Fig. 1), and the
percentages of each type SIAs were different between the ruptured and unruptured groups (71.6% vs. 49.3% for
side-wall SIAs, and 27.4% vs. 50.7% for end-wall SIAs), we further separately analyzed whether the ruptured SIAs
are associated with specific type of SIA. The results showed that a larger FA was associated with the end-wall
ruptured SIAs (p < 0.05).

The 2 test showed a significant relationship between the aneurysm location and aneurysm rupture
(x*=47.52, p<0.001) (Table 3). Especially, 41.4% (53) and 39.1% (50) of the 128 ruptured SIAs were located at
AcoA and PcoA, respectively. PcoA is usually defined as small arteries. However, we recognized that aneurysms
at the origin of internal carotid-posterior communicating artery (IC-PC) are internal carotid artery (ICA) aneu-
rysm, and these aneurysms’ SR is not so high because the ICA’s diameter is usually big. In checking our dataset, we
confirmed that the SR of aneurysms at PcoA was indeed higher in the ruptured group than that in the unruptured
groups (p < 0.05).

In the multivariate logistic regression model adjusted for both morphological and clinical risk factors, FA,
SR, H/W ratio and AR were evaluated as independent variables and the results were summarized in Table 4. The
analysis showed that greater SR (OR 3.586; 95% CI 1.518 to 8.474, p=0.004), larger FA (OR 1.045; 95% CI 1.026
to 1.064, p < 0.001), higher H/W ratio (OR 8.023; 95% CI 2.011 to 32.008, p=0.003), and AR (OR 2.241; 95%CI
1.065 to 4.715, p =0.034) had the strongest independent correlation with ruptured SIAs.
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A

Figure 1. Definition of the morphological parameters in end-wall aneurysm (A) and side-wall aneurysm

(B). Aneurysm size is defined as the maximum distance of the dome from the aneurysm neck plane (W). Aspect
ratio (AR) is defined as the maximum perpendicular height (H1) of the aneurysm divided by the average neck
diameter of the aneurysm (N). D1: the diameter of the parent vessel at the edge of the neck, perpendicular to
flow; D2: the diameter of the parent vessel perpendicular to flow, measured at 1.5D1 from D1; average diameter:
(D14 D2)/2; size ratio (SR) is defined as the maximum aneurysm height (H2) divided by the average diameter.
Height-width (H/W) ratio is defined as the ratio of H2/W. Aneurysm width-parent artery diameter ratio is the
ratio between W/D1. Flow angle (FA) is defined as the angle between the maximum height of the aneurysm and
the parent vessel (o).

ACoA 16 53 47.526 | <0.001
PCoA 56 50

BA 9 5

Ophthalmic artery | 30 4

MCA 8 3

ACA 8 6

Cavernous carotid

artery 4 3

Others 4 4

Table 3. Univariate analyses for the locations of the ruptured and unruptured small intracranial aneurysms.

SR 3.586 (1.518-8.474) 0.004
FA 1.045 (1.026-1.064) <0.001
H/W ratio 8.023 (2.011-32.008) 0.003
AR 2.241 (1.065-4.715) 0.034
Age 1.023 (0.983-1.065) 0.255
Smoking 1.158 (0.579-2.315) 0.678
Hypertension 1.505 (0.849-2.668) 0.161
SAH history 1.978 (0.591-6.625) 0.269
Family history 0.922 (0.223-3.816) 0.911
W/L ratio 1.100 (0.482-2.509) 0.821
Female 0.625 (0.350-1.118) 0.113
Diameter 1.513 (0.770-2.974) 0.230

Table 4. Multivariate analysis (Logistic regression) after adjustment for clinical and morphological risk factors.
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Discussion

In this study, we identified that aneurysm FA, SR, AR and H/W ratio were significantly different between rup-
tured and unruptured SIAs. Moreover, ruptured SIAs were more likely to locate at AcoA. To our best knowledge,
there were only a few reports about morphological parameters of SIAs in evaluating the rupture risk, the results
of the current study may imply that, for SIAs that are equally suitable for observation or endovascular treatment,
having these morphological risks factors and being located at AcoA site may need closer monitoring or more
prompt intervention.

Controversy exists in the management of patients with unruptured SIAs, and one of the reasons is because
SIAs were generally considered benign or “safe” with a very low rupture risk (0-0.05% per year)>*’. However,
Pavis et al. recently did a cross-sectional hospital-based study of aneurysmal SAH in emphasizing the aneurysm
size at the time of rupture, and the results clearly indicate that SIAs are a common cause of aneurysmal SAH'.
In addition, extensive data have demonstrated that the rupture risk of a IA depends on a number of biological
factors in addition to aneurysm size?>~%, implying that the prevailing notion of “the larger the IAs, the greater
the rupture risks”, is not entirely true. From 2009 to 2017, we encountered total 310 ruptured IAs in our hospital,
and about 41.3% (128/310) of them are SIAs, also indicating the prevalence of rupture from SIAs in the Chinese
demographic setting. One possible explanation for the high rupture rate of SIAs is that aneurysm rupture occurs
relatively soon after formation when the aneurysm wall is weaker and before healing processes takes place. After
this initial stage, aneurysms may reach a somewhat stable condition. This is ascertained by the observation that
the rupture risk of unruptured IA is higher during the first year after diagnosis and decreases thereafter?>%.

Our study didn’t identify any significant known demographic and clinical risk factors for SIA rupture, includ-
ing age, gender, family history, smoking, hypertension and prior history of SAH. While focused studies on SIAs
are scarce, our results are concordant with the general conclusions from the 6,413 patients crossing 283 institu-
tions Japanese cohort study®. Still, reports on the SIA-associated demographic and clinical risk factors are con-
troversy. For example, Ohashi et al.** found that the proportion of ruptured IAs <5mm was significantly higher
among patients with poorly controlled hypertension. Lee, G. ] et al.>! also reported that hypertension was signifi-
cantly associated with SAH in a very small IAs group. These results, however, diverge from several other studies in
which the size of ruptured IAs was reported to have no association between hypertension®>*. It’s noted that inci-
dentally discovered SIAs are now frequent in clinic due to the widespread imaging scanning, and such emerging
SIA patient population is relative “healthy” lacking hypertension or prior history of SAH. But major presentations
of these patients often include overwork without having enough sleep and overstress. The associations between
SIA rupture with such social factors may worth further exploration. Overall, the lack of inconsistency in report-
ing the correlations with known demographic and clinical factors indicates the complex nature of SIAs, and also
justifies the seeking for other concomitant biological factors in predicting the rupture.

Among several known morphological parameters, we identified statistically significant independent correla-
tions for AR, SR, H/W ratio and FA with ruptured SIAs. The AR reflects the depth-to-neck ratio, and most of the
studies agreed that a higher AR is correlated with a higher risk of rupture®**. A commonly used threshold value is
AR = 1.6, above which the risk significantly increases. This relation can be explained that the smaller the neck, the
slower the flow, thus, a higher AR seems to reflect a lower intra-aneurysmal blood flow and subsequently a higher
risk of rupture®**. In our study, the average AR of ruptured aneurysm is 1.61 4 0.39; both univariate (p =0.008)
and multivariate logistic regression analysis (p = 0.034) revealed that AR had a strong independent correlation
with ruptured SIAs. The AR offers an advantage over the size that it remains significant regardless of the location,
so attentions should be taken for patients with unruptured intracranial aneurysms with AR more than 1.6.

The SR, by including the parent vessel geometry, reflects combined information of aneurysm size and location.
For two aneurysms of the same size, a high SR indicates a small-sized parent artery®. In our study, logistic regres-
sion analysis showed that ruptured SIAs higher SR than the unruptured ones (p =0.004). It’s well recognized
that aneurysms arising from smaller vessels have thinner walls, and thus have lower resistance to rupture under
a given pressure®’. This indicates that those aneurysms with a small size of parent artery are smaller and always
rupture at a smaller size than those at other locations®®*. In our analysis of SIAS’ location, the results showed
that 11.9% and 41.4% of the total SIAs located at PcoA and AcoA, respectively, and SIAs at these two locations
had high rupture rates (41.4% and 39.1%, respectively). The location and SR data are in accordance with each
other, because the PcoA and AcoA are defined as relative small arteries in brain, and previous studies consistently
showed that IAs located at the AcoA and PcoA had a high SR and ruptured IAs at these same locations were of
smaller size?>40-%4,

Flow angle is another parameter that incorporates the relation of the aneurysm dome to the parent vessel,
for which their spatial relationship has been shown to be an important determinant of flow patterns inside the
aneurysm dome?**, Merih et al. did a computational fluid dynamics modeling and showed that increasing inflow
angle would lead to a deeper migration of the flow recirculation zone into the aneurysm, and result in higher
inflow velocity and wall shear stress in both the inflow zone and dome, thus causing rupture’. In our study, both
univariate and multivariate logistic regression analysis revealed that inflow angle had a strongest independent
correlation with ruptured SIAs. Taken together, these results indicate that the relationships with parent vessels,
i.e., locating at small parent vessels (PcoA and AcoA) and having a big flow angle, are very critical in determining
the rupture behavior of small IAs.

The H/W ratio usually indicates the shape complexity of an aneurysm, which has been reported to be a signif-
icant predictor of rupture although not focusing on SIAs*. Fusiform aneurysms typically exhibit high H/W ratios
whereas lateral aneurysms exhibit low H/W ratios. Regular or lateral aneurysms exhibit a simple flow dynamic
of unchanging flow jet direction with a single associated vortex. In contrast, irregular aneurysms or those with a
daughter sac have a complex flow dynamic showing changes in the direction of the inflow jet with the generation
or destruction of a single vortex or multiple vortices*’. Thus, aneurysms with high H/W ratios or daughter sacs
are likely to rupture®®. In the present study, we didn’t observe any SIAs with obvious daughter sacs, but many
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of them were irregular shape, and the average H/W ratio of the ruptured SIAs was significant higher than that of
the unruptured ones (p =0.003), indicating the potential value of using H/W ratio as a clinical predictor for SIA
rupture risk.

Our study has important implications for clinical practice. Small IAs are more and more incidentally discov-
ered in clinical screening, and they are not rare to rupture as underestimated before, but they were undervalued
for proper management. Our study focused on identifying imaging-based measurable risk factors associated with
rupture of SIAs, thus will provide clinical guidance in further differentiating the high-risk patients and make most
appropriate management plan for individual patients. A future study on a larger SIA cohort need to establish to
what extent the AR, SR, H/W ratio and FA increase the risk of rupture in patients with unruptured SIAs in terms
of absolute risks.

Materials and Methods

The study was conducted in accordance with relevant guidelines and regulations, and was approved by the Ethics
Committee of Affiliated Luoyang Central Hospital of Zhengzhou University. Written informed consent was
obtained from each study patient.

Patient Population. From January 2009 to March 2017, angiography images of patients with single IAs that
were diagnosed or treated and present in our database were carefully reviewed. The largest aneurysm size was
measured by 2D or 3D angiography, and only patients with aneurysm size <5mm were included in the present
study. Such criteria was based on the reporting standards of small As in most published studies®*. Subsequently,
263 patients with small IAs were included with 128 ruptured and 135 unruptured aneurysms. Medical records
were reviewed to obtain demographic and clinical information, including age, gender, family history, smoking
status, hypertension and prior history of SAH. Re-operated aneurysms, fusiform aneurysms, blood blister-like
aneurysms, or those associated with arteriovenous malformations were excluded from the study.

Reconstruction of 3D models. Three-dimensional (3D) models of SIAs were reconstructed from digital
subtraction angiography using Siemens Artise Zee software or TOSHIBA AQUILION ONE 320 CTA. Detailed
methods of constructing and refining the 3D models have been described previously™. All measurements were
obtained independently by two observers, and the average value was used for subsequent statistical analyses.

Definition of parameters and calculation.  Six morphological parameters and aneurysm locations were
examined in 3D aneurysm models.

These parameters have been defined previously'®* and are described briefly below (Fig. 1). Aneurysm size
was defined as the maximum distance of the dome from the aneurysm neck plane. Aspect ratio (AR) was calcu-
lated from the maximum perpendicular height of the aneurysm divided by the average neck diameter of the aneu-
rysm. Size ratio (SR) was calculated from the maximum aneurysm height divided by the mean vessel diameter of
all branches associated with the aneurysm. The maximum height is the maximum distance from the cross-section
of the aneurysm neck to any point on the aneurysm dome. In the case of a terminal aneurysm, the average diam-
eter of the feeding artery and the other branching vessels was used for the ‘average vessel diameter’ in our study.
Height-width (H/W) ratio was defined as the ratio of height (the maximum perpendicular distance of the aneu-
rysm dome from the neck plane) to the width of aneurysm, where the aneurysm width was the maximum width
parallel to the neck. Aneurysm width-parent artery diameter (W/L) ratio is the ratio between the aneurysm
diameter and the associated vessel diameter. Flow angle (FA) was defined as the angle between the maximum
height of the aneurysm and the parent vessel. In our study the SIAs were divided into eight location groups: PcoA,
AcoA, MCA, ACA, Cavernous carotid artery, ophthalmic artery (OA), basilar artery (BA) and other locations.

16-20

Statistical Analysis. Data are presented as mean and SD for quantitative parameters, and as frequency for
categorical parameters. The Kolmogorov-Smirnov test for normal distribution was performed for all quantitative
parameters. Student’s t-test was used if a parameter was normally distributed; otherwise, a Mann-Whitney U
test was used to compare differences between ruptured and unruptured lesions. For categorical parameters, the
chi-square test was used to analyze the data. Univariate analysis was performed to compare the value of each
morphological parameter between the ruptured and unruptured groups. Multivariate logistic regression was used
to calculate the odds ratios (ORs) and 95% confidence intervals (95% CI) for the likelihood of aneurysm rupture
after adjusting for age, sex, smoking status, family history, hypertension, and prior history of SAH. Results were
considered statistically significant at p < 0.05. Statistical analysis was carried out using SPSS, Version 17.0 (SPSS,
Chicago, IL, USA).

References

1. Rinkel, G. J., Djibuti, M., Algra, A. & van Gijn, J. Prevalence and risk of rupture of intracranial aneurysms: a systematic review.
Stroke; a journal of cerebral circulation 29, 251-256 (1998).

2. Vernooij, M. W. et al. Incidental findings on brain MRI in the general population. The New England journal of medicine 357,
1821-1828, https://doi.org/10.1056/NEJM0a070972 (2007).

3. Investigators, U. J. et al. The natural course of unruptured cerebral aneurysms in a Japanese cohort. The New England journal of
medicine 366, 2474-2482, https://doi.org/10.1056/NEJMoal113260 (2012).

4. Meyers, P. M. et al. Reporting standards for endovascular repair of saccular intracranial cerebral aneurysms. ] Neurointerv Surg 2,
312-323, https://doi.org/10.1136/jnis.2010.002337 (2010).

5. Stetler, W. R. Jr et al. Conventional endovascular treatment of small intracranial aneurysms is not associated with additional risks
compared with treatment of larger aneurysms. ] Neurointerv Surg 7, 262-265, https://doi.org/10.1136/neurintsurg-2014-011133
(2015).

6. Unruptured intracranial aneurysms-risk of rupture and risks of surgical intervention. International Study of Unruptured
Intracranial Aneurysms Investigators. The New England journal of medicine 339, 1725-1733, https://doi.org/10.1056/
NEJM199812103392401 (1998).

SCIENTIFICREPORTS | (2018) 8:6440 | DOI:10.1038/s41598-018-24732-1 5


http://dx.doi.org/10.1056/NEJMoa070972
http://dx.doi.org/10.1056/NEJMoa1113260
http://dx.doi.org/10.1136/jnis.2010.002337
http://dx.doi.org/10.1136/neurintsurg-2014-011133
http://dx.doi.org/10.1056/NEJM199812103392401
http://dx.doi.org/10.1056/NEJM199812103392401

www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

. Wiebers, D. O. et al. Unruptured intracranial aneurysms: natural history, clinical outcome, and risks of surgical and endovascular

treatment. Lancet 362, 103-110 (2003).

. Freytag, E. Fatal rupture of intracranial aneurysms. Survey of 250 medicolegal cases. Arch Pathol 81, 418-424 (1966).
. Kassell, N. E. & Torner, J. C. Size of intracranial aneurysms. Neurosurgery 12, 291-297 (1983).
. Weir, B., Disney, L. & Karrison, T. Sizes of ruptured and unruptured aneurysms in relation to their sites and the ages of patients.

Neurosurg 96, 64-70, https://doi.org/10.3171/jns.2002.96.1.0064 (2002).

Juvela, S., Poussa, K., Lehto, H. & Porras, M. Natural history of unruptured intracranial aneurysms: a long-term follow-up study.
Stroke 44, 2414-2421, https://doi.org/10.1161/STROKEAHA.113.001838 (2013).

Wardlaw, J. M. & White, P. M. The detection and management of unruptured intracranial aneurysms. Brain 123(Pt 2), 205-221
(2000).

Winn, H. R, Jane, J. A. Sr., Taylor, J., Kaiser, D. & Britz, G. W. Prevalence of asymptomatic incidental aneurysms: review of 4568
arteriograms. ] Neurosurg 96, 43-49, https://doi.org/10.3171/jns.2002.96.1.0043 (2002).

Beck, J., Rohde, S., Berkefeld, J., Seifert, V. & Raabe, A. Size and location of ruptured and unruptured intracranial aneurysms
measured by 3-dimensional rotational angiography. Surg Neurol 65, 18-25, discussion 25-17 https://doi.org/10.1016/j.
surneu.2005.05.019 (2006).

Dolati, P, Pittman, D., Morrish, W. E, Wong, J. & Sutherland, G. R. The Frequency of Subarachnoid Hemorrhage from Very Small
Cerebral Aneurysms (<5 mm): A Population-Based Study. Cureus 7, €279, https://doi.org/10.7759/cureus.279 (2015).

Ujiie, 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).

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

Rahman, M. et al. Size ratio correlates with intracranial aneurysm rupture status: a prospective study. Stroke; a journal of cerebral
circulation 41, 916-920, https://doi.org/10.1161/STROKEAHA.109.574244 (2010).

Dhar, S. et al. Morphology parameters for intracranial aneurysm rupture risk assessment. Neurosurgery 63, 185-196, discussion
196-187, https://doi.org/10.1227/01.NEU.0000316847.64140.81 (2008).

Baharoglu, M. I, Schirmer, C. M., Hoit, D. A., Gao, B. L. & Malek, A. M. Aneurysm inflow-angle as a discriminant for rupture in
sidewall cerebral aneurysms: morphometric and computational fluid dynamic analysis. Stroke; a journal of cerebral circulation 41,
1423-1430, https://doi.org/10.1161/STROKEAHA.109.570770 (2010).

Forget, T. R,, Jr. et al. A review of size and location of ruptured intracranial aneurysms. Neurosurgery 49, 1322-1325, discussion
1325-1326 (2001).

Jeong, Y. G., Jung, Y. T, Kim, M. S., Eun, C. K. & Jang, S. H. Size and location of ruptured intracranial aneurysms. ] Korean Neurosurg
Soc 45, 11-15, https://doi.org/10.3340/jkns.2009.45.1.11 (2009).

Sonobe, M., Yamazaki, T., Yonekura, M. & Kikuchi, H. Small unruptured intracranial aneurysm verification study: SUAVe study,
Japan. Stroke; a journal of cerebral circulation 41, 1969-1977, https://doi.org/10.1161/STROKEAHA.110.585059 (2010).

Nahed, B. V. et al. Hypertension, age, and location predict rupture of small intracranial aneurysms. Neurosurgery 57, 676-683,
discussion 676-683 (2005).

Zhang, Y. et al. Bifurcation Type and Larger Low Shear Area Are Associated with Rupture Status of Very Small Intracranial
Aneurysms. Front Neurol 7, 169, https://doi.org/10.3389/fneur.2016.00169 (2016).

Zheng, Y. et al. Assessment of intracranial aneurysm rupture based on morphology parameters and anatomical locations. J
Neurointerv Surg, https://doi.org/10.1136/neurintsurg-2015-012112 (2016).

Zanaty, M. et al. Aneurysm geometry in predicting the risk of rupture. A review of the literature. Neurological research 36, 308-313,
https://doi.org/10.1179/1743132814Y.0000000327 (2014).

Sato, K. & Yoshimoto, Y. Risk profile of intracranial aneurysms: rupture rate is not constant after formation. Stroke; a journal of
cerebral circulation 42, 3376-3381, https://doi.org/10.1161/STROKEAHA.111.625871 (2011).

Yonekura, M. Small unruptured aneurysm verification (SUAVe Study, Japan)-interim report. Neurol Med Chir (Tokyo) 44, 213-214
(2004).

Ohashi, Y., Horikoshi, T., Sugita, M., Yagishita, T. & Nukui, H. Size of cerebral aneurysms and related factors in patients with
subarachnoid hemorrhage. Surg Neurol 61, 239-245, discussion 245-237, https://doi.org/10.1016/S0090-3019(03)00427-0 (2004).
Lee, G. ], Eom, K. S., Lee, C., Kim, D. W. & Kang, S. D. Rupture of Very Small Intracranial Aneurysms: Incidence and Clinical
Characteristics. ] Cerebrovasc Endovasc Neurosurg 17, 217-222, https://doi.org/10.7461/jcen.2015.17.3.217 (2015).

Tada, Y. et al. Roles of hypertension in the rupture of intracranial aneurysms. Stroke 45, 579-586, https://doi.org/10.1161/
STROKEAHA.113.003072 (2014).

McCormick, W. E. & Schmalstieg, E. J. The relationship of arterial hypertension to intracranial aneurysms. Arch Neurol 34, 285-287
(1977).

Nader-Sepahi, A., Casimiro, M., Sen, J. & Kitchen, N. D. Is aspect ratio a reliable predictor of intracranial aneurysm rupture?
Neurosurgery 54, 1343-1347, discussion 1347-1348 (2004).

Tateshima, S., Chien, A., Sayre, J., Cebral, J. & Vinuela, F. The effect of aneurysm geometry on the intra-aneurysmal flow condition.
Neuroradiology 52, 1135-1141, https://doi.org/10.1007/s00234-010-0687-4 (2010).

Kashiwazaki, D. & Kuroda, S. & Sapporo, S. A. H. S. G. Size ratio can highly predict rupture risk in intracranial small ( 5 mm)
aneurysms. Stroke 44, 2169-2173, https://doi.org/10.1161/STROKEAHA.113.001138 (2013).

Carter, B. S., Sheth, S., Chang, E., Sethl, M. & Ogilvy, C. S. Epidemiology of the size distribution of intracranial bifurcation
aneurysms: smaller size of distal aneurysms and increasing size of unruptured aneurysms with age. Neurosurgery 58, 217-223,
discussion 217-223, doi:https://doi.org/10.1227/01.NEU.0000194639.37803.F8 (2006).

Varble, N. et al. Differences in Morphologic and Hemodynamic Characteristics for “PHASES-Based” Intracranial Aneurysm
Locations. AJNR Am ] Neuroradiol 38, 2105-2110, https://doi.org/10.3174/ajnr.A5341 (2017).

Mocco, J. et al. Aneurysm Morphology and Prediction of Rupture: An International Study of Unruptured Intracranial Aneurysms
Analysis. Neurosurgery. https://doi.org/10.1093/neuros/nyx226 (2017).

Lai, H. P. et al. Size, location, and multiplicity of ruptured intracranial aneurysms in the Hong Kong Chinese population with
subarachnoid haemorrhage. Hong Kong Med J 15, 262-266 (2009).

Matsukawa, H. et al. Morphological and clinical risk factors for the rupture of anterior communicating artery aneurysms. J
Neurosurg 118, 978-983, https://doi.org/10.3171/2012.11.JNS121210 (2013).

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).

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/s10072-017-2904-y (2017).

Cai, W,, Hu, C,, Gong, J. & Lan, Q. Anterior Communicating Artery Aneurysm Morphology and the Risk of Rupture. World
Neurosurg 109, 119-126, https://doi.org/10.1016/j.wneu.2017.09.118 (2018).

Xiang, J. et al. Initial Clinical Experience with AView-A Clinical Computational Platform for Intracranial Aneurysm Morphology,
Hemodynamics, and Treatment Management. World Neurosurg 108, 534-542, https://doi.org/10.1016/j.wneu.2017.09.030 (2017).
Hobh, B. L. et al. Bottleneck factor and height-width ratio: association with ruptured aneurysms in patients with multiple cerebral
aneurysms. Neurosurgery 61, 716-722, discussion 722-713, doi:https://doi.org/10.1227/01.NEU.0000298899.77097.BF (2007).

SCIENTIFICREPORTS | (2018) 8:6440 | DOI:10.1038/s41598-018-24732-1 6


http://dx.doi.org/10.3171/jns.2002.96.1.0064
http://dx.doi.org/10.1161/STROKEAHA.113.001838
http://dx.doi.org/10.3171/jns.2002.96.1.0043
http://dx.doi.org/10.1016/j.surneu.2005.05.019
http://dx.doi.org/10.1016/j.surneu.2005.05.019
http://dx.doi.org/10.7759/cureus.279
http://dx.doi.org/10.3171/jns.2005.102.2.0355
http://dx.doi.org/10.3171/jns.2005.102.2.0355
http://dx.doi.org/10.1161/STROKEAHA.109.574244
http://dx.doi.org/10.1227/01.NEU.0000316847.64140.81
http://dx.doi.org/10.1161/STROKEAHA.109.570770
http://dx.doi.org/10.3340/jkns.2009.45.1.11
http://dx.doi.org/10.1161/STROKEAHA.110.585059
http://dx.doi.org/10.3389/fneur.2016.00169
http://dx.doi.org/10.1136/neurintsurg-2015-012112
http://dx.doi.org/10.1179/1743132814Y.0000000327
http://dx.doi.org/10.1161/STROKEAHA.111.625871
http://dx.doi.org/10.1016/S0090-3019(03)00427-0
http://dx.doi.org/10.7461/jcen.2015.17.3.217
http://dx.doi.org/10.1161/STROKEAHA.113.003072
http://dx.doi.org/10.1161/STROKEAHA.113.003072
http://dx.doi.org/10.1007/s00234-010-0687-4
http://dx.doi.org/10.1161/STROKEAHA.113.001138
http://dx.doi.org/10.1227/01.NEU.0000194639.37803.F8
http://dx.doi.org/10.3174/ajnr.A5341
http://dx.doi.org/10.1093/neuros/nyx226
http://dx.doi.org/10.3171/2012.11.JNS121210
http://dx.doi.org/10.1016/j.wneu.2015.12.055
http://dx.doi.org/10.1007/s10072-017-2904-y
http://dx.doi.org/10.1016/j.wneu.2017.09.118
http://dx.doi.org/10.1016/j.wneu.2017.09.030
http://dx.doi.org/10.1227/01.NEU.0000298899.77097.BF

www.nature.com/scientificreports/

47. Cebral, J. R. et al. Characterization of cerebral aneurysms for assessing risk of rupture by using patient-specific computational
hemodynamics models. AJNR Am ] Neuroradiol 26, 2550-2559 (2005).

48. Abboud, T. et al. Morphology of Ruptured and Unruptured Intracranial Aneurysms. World Neurosurg 99, 610-617, https://doi.
org/10.1016/j.wneu.2016.12.053 (2017).

49. 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/STROKEAHA.115.012404 (2016).

50. 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.JNS111766 (2012).

Acknowledgements
This work was supported by the Research Funds for Young Physician Scientist of Luoyang Central Hospital to ZD.

Author Contributions
Conceived and designed the experiments: Z.D., Y.L., ].L., and Z.Y. Performed the experiments: Z.D., S.G., Y.L,,
C.M,, Y.H. Analyzed the data: Z.D., X.R., L.W., W.L. Wrote the paper: Z.D., Y.L, and J.L.

Additional Information
Competing Interests: The authors declare no competing interests.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
SEE ] icense, 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:6440 | DOI:10.1038/s41598-018-24732-1 7


http://dx.doi.org/10.1016/j.wneu.2016.12.053
http://dx.doi.org/10.1016/j.wneu.2016.12.053
http://dx.doi.org/10.1161/STROKEAHA.115.012404
http://dx.doi.org/10.3171/2012.7.JNS111766
http://creativecommons.org/licenses/by/4.0/

	Morphological parameters and anatomical locations associated with rupture status of small intracranial aneurysms

	Results

	Discussion

	Materials and Methods

	Patient Population. 
	Reconstruction of 3D models. 
	Definition of parameters and calculation. 
	Statistical Analysis. 

	Acknowledgements

	Figure 1 Definition of the morphological parameters in end-wall aneurysm (A) and side-wall aneurysm (B).
	Table 1 Demographic information and clinical risk factors for patients with ruptured and unruptured small intracranial aneurysms.
	Table 2 Univariate analyses for the morphological parameters measured for ruptured and unruptured small intracranial aneurysms.
	Table 3 Univariate analyses for the locations of the ruptured and unruptured small intracranial aneurysms.
	Table 4 Multivariate analysis (Logistic regression) after adjustment for clinical and morphological risk factors.




