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Abstract: Intracranial aneurysms (IAs) are usually asymptomatic with a low risk of rupture, but
consequences of aneurysmal subarachnoid hemorrhage (aSAH) are severe. Identifying IAs at risk of
rupture has important clinical and socio-economic consequences. The goal of this study was to assess
the effect of patient and IA characteristics on the likelihood of IA being diagnosed incidentally versus
ruptured. Patients were recruited at 21 international centers. Seven phenotypic patient characteristics
and three IA characteristics were recorded. The analyzed cohort included 7992 patients. Multivariate
analysis demonstrated that: (1) IA location is the strongest factor associated with IA rupture status
at diagnosis; (2) Risk factor awareness (hypertension, smoking) increases the likelihood of being
diagnosed with unruptured IA; (3) Patients with ruptured IAs in high-risk locations tend to be older,
and their IAs are smaller; (4) Smokers with ruptured IAs tend to be younger, and their IAs are larger;
(5) Female patients with ruptured IAs tend to be older, and their IAs are smaller; (6) IA size and age
at rupture correlate. The assessment of associations regarding patient and IA characteristics with
IA rupture allows us to refine IA disease models and provide data to develop risk instruments for
clinicians to support personalized decision-making.
Keywords: intracranial aneurysm; subarachnoid hemorrhage; risk factors; location; smoking; hypertension

1. Introduction
Approximately 3% of the population harbor an unruptured intracranial aneurysm (IA),
and the overall risk of aneurysmal rupture is about 1% per year [1]. Rupture of IA causes
aneurysmal subarachnoid hemorrhage (aSAH), and despite recent improvements in risk
stratification, imaging, surgical techniques, and intensive care treatment, functional outcome
after aSAH remains poor [1]. As ruptures often occur at a young age with high case fatality
(~50%), aSAH substantially reduces productive life-years [2]. Additionally, up to 76% of
patients who survive a hemorrhage have permanent cognitive deficits and remain dependent;
only 6–17% return to work [3]. Predicting aneurysm rupture allows for the possibility of
potentially preventing aSAH, an important clinical and socioeconomic goal.
Risk factors potentially associated with IA rupture include patient characteristics (i.e.,
family history of IA, previous history of aSAH, hypertension, and hypercholesterolemia), IA
characteristics (i.e., aneurysm location, aneurysm size, and number of aneurysm), patient
habits (i.e., smoking, and use of aspirin) and demographic characteristics (i.e., age, female
sex, and ethnicity) [4–14]. Although predictive models such as the PHASES score [6] have
been created to identify patients that would benefit from intervention, their clinical use is
limited. More refined modelling of the effects of patient and IA characteristics on IA rupture
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is needed. As longitudinal studies that assess the risks of IA rupture are inevitably biased
by case selection, are very resource intensive, and require multiple years of observation, we
decided to use retrospective data available to the International Stroke Genetics Consortium–
Intracranial Aneurysm Group (ISGC-IA) to perform an initial cross-sectional analysis that
may be followed by a complementary longitudinal study. For the present study, our aim
was to investigate differences in patient and IA characteristics that are routinely assessed in
clinical practice between patients diagnosed with unruptured IA versus patients diagnosed
in the context of aSAH, and to provide a multivariate logistic regression model to quantify
the magnitude and strength of association of the studied factors with the likelihood of
being diagnosed with an unruptured versus ruptured IA.
2. Materials and Methods
2.1. Patients
Data collected from several genetic studies on IA [15] were shared among the International Stroke Genetics Consortium–Intracranial Aneurysm Group (ISGC-IA) (Tables S1
and S5). Detailed cohort descriptions are given in Table S2. For all participating groups,
approval was received by their institutional or regional ethics committee [15]. Written
informed consent was obtained for all participating patients.
2.2. Data Collection, Patient and IA Characteristics
Initial assessment of the available data allowed identification of a minimal data set
of seven phenotypic patient characteristics (basis of recruitment (diagnosis of incidental
IA, symptomatic IA, or aSAH), sex, family history of IA, hypertension, smoking, age at
time of SAH, IA multiplicity) and three aneurysm characteristics (rupture status, maximum
diameter at rupture, IA location) that could be harmonized across all studies (Table S3).
2.3. Data Sources
We determined the distributions of sex, hypertension status and smoking status in
reference populations for comparison with the patients in our total cohort (n = 8560). According to United Nations data for 2010 (data.un.org export on 4th November 2018), the
proportion of females in the general population was 50.9%. In a reference population generated using data from the European Commission website [16] (extracted on 4th November
2018 for the year 2010 in relevant countries), the CoLaus Study [17], and other relevant
sources [18–21]), 19.4% self-reported high blood pressure (HBP), and HBP was prevalent in
50.9%. Smoking data in a reference population generated using data from the European
Commission website [16], the OCDE website [22] (extracted on 4th November 2018 for
2010), the CoLaus Study [17], and other relevant sources [23,24]) revealed that 19.8% were
current smokers, 31.8% were former smokers, and 48.4% were non-smokers.
2.4. Data Analysis
We performed a cross-sectional analysis of patient and IA characteristics associated
with IA rupture status at diagnosis. As age and size of IA at diagnosis in patients diagnosed
with unruptured aneurysm were considered of limited biological relevance, these two
parameters were not included in the analysis.
In Figures 1 and 2, the assessment of differences in the distribution of cases by categories of factors between groups is illustrated using mosaic plots in which the box size is
proportional to the number of people in the corresponding cells. Groups were compared
using Pearson Chi-square tests. Pearson residuals describe the overall agreement between
observed and fitted or expected values; they approximately follow a normal distribution,
which implies that two-sided p-values of 0.05, 0.01, 0.001, and 0.0001 correspond approximately to standardized residuals of 2.0, 2.6, 3.3, and 3.9, respectively. In Figure 3, the odds
ratio (OR) and relative risk of aneurysm rupture for each location category were calculated
using the MCA location as the reference category. The ORs were based on median-unbiased
estimates, and the 95% confident interval (CI) was determined using the mid-p method [25].

3. Results
3.1. Characteristics of Whole Cohort
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A total of 8560 patients were recruited among the various contributing studies. Data
regarding IA diagnosis (i.e., incidental, symptomatic, or aSAH) were missing or discord4 of 14
ant in 53 patients (0.6%). In addition, 94 (1.1%) had missing data for IA rupture status at
diagnosis, and 421 (4.9%) had missing data for IA location. Therefore, the analyzed cohort
included 7992 (93.4%) patients (Table S4).
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patients had normal blood pressure (NBP) or were not aware of HBP. Patients with known
HBP were more likely diagnosed with unruptured IA (1.4 (1.3–1.6), p < 0.001) (Figure 2B).
Current smokers were more likely diagnosed with aSAH (1.5 (1.3–1.6), p < 0.001) and former smokers with incidental IAs (2.1 (1.9–2.3), p < 0.001). Non-smokers were more frequently diagnosed with aSAH (1.2 (1.1–1.4), p < 0.001) (Figure 2C). The proportion of patients with unruptured and ruptured IA at diagnosis were similar in Finnish compared to
North American and/or European patients, in male and female, as well as in patients with
solitary and multiple IAs (Figure 2D–F).
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3.3. IA Location and Risk of Rupture
We arbitrarily defined IA locations with ruptures in more than 75% of the patients as
high risk for rupture, and we defined locations with ruptures in less than 25% of the patients as low risk for rupture. As illustrated in Figure 3A,B, PCA, Acom, A2, Pcom, and
VB locations may be classified as high risk for rupture, and Ophtl-ICA and Cav-ICA locations may be classified as low risk for rupture. MCA, ICA, Basilar, A1 and other locations
may be considered as medium risk.
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Figure 3C shows the distribution of IA size at rupture for the three location subgroups based on risk. Median IA size at rupture was significantly smaller in the high-risk
locations (6 mm (IQR 4–8)) compared with the medium-risk (7 mm (5–10), p < 0.001) and
low-risk locations (8.5 mm (6–13), p < 0.001). The sample size was insufficient to determine
a significant difference between the medium-risk and low-risk locations. One percent of
all ruptured IAs were smaller than 2 mm, 6.5% were < 4 mm, and 16% were < 7 mm. In
high-risk locations, 22% of IAs were < 4 mm, and 54% were < 7 mm. In medium-risk locations, 17% were < 4 mm and 41% were < 7 mm, and in low-risk locations, 12% were <4 mm
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p < 0.001) (Figure 4B). The age difference between patients with solitary and multiple aneurysms (52 (44–61) and 51.5 (44–61) years, respectively) was not significant (Figure 4C).
Median age at rupture was older for patients with known HBP (56 (47–65) years) compared with those who did not self-report HPB (i.e., had NPB or were unaware of HBP) (50
(42–58) years, p < 0.001) (Figure 4D), and it was younger for current smokers (50 (42–58)
years) compared with former smokers (54 (47–63) years, p < 0.001) and non-smokers (55 6 of 14
(45–64) years, p < 0.001) (Figure 4E). The age difference between former smokers and nonsmokers was not significant.
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sporadic IA (6.0 mm (4.0–8.0), p < 0.01) also did not meet our threshold (Figure 5B). Median
size at rupture was smaller for patients with solitary aneurysm (6.0 mm (4.0–8)) compared
with those with multiple IAs (7.0 mm (5.0–9.0), p < 0.001) (Figure 5C). IA size at rupture
did not differ between patients with known HBP or unknown HBP (both 6.0 mm (4.0–
9.0)) (Figure 5D). IA median size at rupture was larger for current smokers (6.0 mm (5.0–
9.0)) compared with non-smokers (5.5 mm (4.0–8.0), p < 0.001). The comparison between
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3.7. IA size and Risk of Rupture
Aneurysm diameter at rupture was available for 4091 patients (75%). Maximum diameters ranged from 0.2 mm to 68 mm, and median size at rupture was 6.0 mm (4.0–9.0).
Differences in size between females (6.0 mm (4.0–8.0)) and males (6.0 mm (4.5–9.0), p <
0.01) did not meet our threshold for statistical significance (Figure 5A). Differences in size
between patients with a positive family history of IA (6.8 mm (5.0–9.0)) and patients with
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(A), family history of IA (B), IA multiplicity (C), blood pressure (D), and smoking status (E).

3.8. Classifiers
Multiple logistic regression revealed that IA location, smoking status, and awareness
of HBP were the factors with the highest association with rupture status (Figure 6A). Being
aware of having HBP or being a former smoker was associated with a higher likelihood
of unruptured IA status at diagnosis. IAs located in high- or medium-risk locations, being
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an influence on patient age or IA size at rupture. ROC curve showing performances of the
7 of 14
MLoR is shown in Figure 6D. AUC was 0.73 (95% CI: 0.70–0.76), indicating an acceptable
discriminative ability between patients diagnosed with unruptured IA and aSAH.
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at rupture. * p < 0.05, **p < 0.01, *** p < 0.001. (D) ROC curve of the MLoR.
at rupture. * p < 0.05, **p < 0.01, *** p < 0.001. (D) ROC curve of the MLoR.

4. Discussion
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(4.9%)
missing
data
IA location. Therefore,
theshapes
analyzed
cohort
factors that are had
highly
influenced
by for
angio-architecture
and bifurcation
[29–32].
included 7992Vessel
(93.4%)
(Table S4).
wall patients
structure, influenced
by differences in angio- and vasculo-genesis, as well as
or perivascular environment
may also play
a rolethe
[33,34].
As it is likely
that
Femalesinflammation
were over-represented
(68.5%) compared
with
reference
population
small
unruptured
asymptomatic
IAs
are
underdiagnosed
[35]
and
IA
size
can
alter
when
(50.9%) (Figure 1A). Median age at aneurysm rupture was 52 years (range 10–92). Data on
they rupture, the probability of rupture depending on IA size was not evaluated.
family history were available for 91.4% of patients (Figure 1B). Information on aneurysm
multiplicity was available for 98.1% (Figure 1C). Patients with multiple aneurysms had
from 2 to 10 lesions (Figure 1D). Information on blood pressure, available for 97.2%, was
compared with an equal sample size of self-reported and expected prevalence of high blood
pressure (HBP) in the reference population (Figure 1E). Smoking status was available in
92.2% (Figure 1F). In the analyzed cohort, 44.3%, 23.3%, and 32.4% of the participants were
current smokers, former smokers, and non-smokers, respectively. This result represents a
significantly higher proportion of smokers compared with the reference population (19.8%,
31.8%, and 48.4%, respectively) (Figure 1F). Aneurysms located in the Acom (26.7%), MCA
(25.9%), and Pcom (14.7%) account for two-thirds of the total number of aneurysms in the
analyzed cohort.

3.2. Patient Characteristics and Likelihood of Being Diagnosed with aSAH
Patients in the analyzed cohort were diagnosed more often with aSAH than with
unruptured IAs (68%; Table S4). In contrast, patients with a positive family history
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were diagnosed more often with unruptured IAs (OR (95%CI): 2.2 (2.0–2.4), p < 0.001)
than sporadic cases, most likely due to IA screening. However, 52.7% of the patients
with a positive family history of IA were diagnosed only after IA rupture (Figure 2A).
Sixty percent of patients had normal blood pressure (NBP) or were not aware of HBP.
Patients with known HBP were more likely diagnosed with unruptured IA (1.4 (1.3–1.6),
p < 0.001) (Figure 2B). Current smokers were more likely diagnosed with aSAH (1.5 (1.3–1.6),
p < 0.001) and former smokers with incidental IAs (2.1 (1.9–2.3), p < 0.001). Non-smokers
were more frequently diagnosed with aSAH (1.2 (1.1–1.4), p < 0.001) (Figure 2C). The proportion of patients with unruptured and ruptured IA at diagnosis were similar in Finnish
compared to North American and/or European patients, in male and female, as well as in
patients with solitary and multiple IAs (Figure 2D–F).
3.3. IA Location and Risk of Rupture
We arbitrarily defined IA locations with ruptures in more than 75% of the patients
as high risk for rupture, and we defined locations with ruptures in less than 25% of the
patients as low risk for rupture. As illustrated in Figure 3A,B, PCA, Acom, A2, Pcom,
and VB locations may be classified as high risk for rupture, and Ophtl-ICA and Cav-ICA
locations may be classified as low risk for rupture. MCA, ICA, Basilar, A1 and other
locations may be considered as medium risk.
3.4. IA Location and Size at Rupture
Figure 3C shows the distribution of IA size at rupture for the three location subgroups
based on risk. Median IA size at rupture was significantly smaller in the high-risk locations
(6 mm (IQR 4–8)) compared with the medium-risk (7 mm (5–10), p < 0.001) and low-risk
locations (8.5 mm (6–13), p < 0.001). The sample size was insufficient to determine a
significant difference between the medium-risk and low-risk locations. One percent of all
ruptured IAs were smaller than 2 mm, 6.5% were <4 mm, and 16% were <7 mm. In highrisk locations, 22% of IAs were <4 mm, and 54% were <7 mm. In medium-risk locations,
17% were <4 mm and 41% were <7 mm, and in low-risk locations, 12% were <4 mm and
27% were <7 mm.
3.5. IA Location and Age at Rupture
Figure 3D shows the distribution of age at rupture for the low-, medium-, and highrisk IA location groups. Mean age at rupture was significantly higher in high-risk locations
(53 years (IQR 44–62)) compared with medium-risk (51 years (43–60), p < 0.001). The mean
age at rupture of low-risk locations was younger although not reaching our significance
threshold level (47 years (41–54), p = 0.0014). No relevant difference in age distribution at
rupture was found between medium- and low-risk locations.
3.6. Patient Age at IA Rupture
Age at IA rupture was available for 5419 patients. Median age at aneurysm rupture was older for females (53 (IQR 45–62) years) compared with males (50 (42–58),
p < 0.001) (Figure 4A). Median age at rupture was younger for patients with a positive
family history of IA (49 (41–59) years) compared with those with sporadic aneurysms (52
(44–61) years, p < 0.001) (Figure 4B). The age difference between patients with solitary and
multiple aneurysms (52 (44–61) and 51.5 (44–61) years, respectively) was not significant
(Figure 4C). Median age at rupture was older for patients with known HBP (56 (47–65)
years) compared with those who did not self-report HPB (i.e., had NPB or were unaware of
HBP) (50 (42–58) years, p < 0.001) (Figure 4D), and it was younger for current smokers (50
(42–58) years) compared with former smokers (54 (47–63) years, p < 0.001) and non-smokers
(55 (45–64) years, p < 0.001) (Figure 4E). The age difference between former smokers and
non-smokers was not significant.
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3.7. IA Size and Risk of Rupture
Aneurysm diameter at rupture was available for 4091 patients (75%). Maximum
diameters ranged from 0.2 mm to 68 mm, and median size at rupture was 6.0 mm
(4.0–9.0). Differences in size between females (6.0 mm (4.0–8.0)) and males (6.0 mm (4.5–9.0),
p < 0.01) did not meet our threshold for statistical significance (Figure 5A). Differences in
size between patients with a positive family history of IA (6.8 mm (5.0–9.0)) and patients
with sporadic IA (6.0 mm (4.0–8.0), p < 0.01) also did not meet our threshold (Figure 5B).
Median size at rupture was smaller for patients with solitary aneurysm (6.0 mm (4.0–8))
compared with those with multiple IAs (7.0 mm (5.0–9.0), p < 0.001) (Figure 5C). IA size at
rupture did not differ between patients with known HBP or unknown HBP (both 6.0 mm
(4.0–9.0)) (Figure 5D). IA median size at rupture was larger for current smokers (6.0 mm
(5.0–9.0)) compared with non-smokers (5.5 mm (4.0–8.0), p < 0.001). The comparison between current smokers and former smokers (6.0 mm (4.0–9.0), p < 0.01) did not meet our
threshold for significance (Figure 5E). The difference between former and non-smokers
was not significant.
3.8. Classifiers
Multiple logistic regression revealed that IA location, smoking status, and awareness
of HBP were the factors with the highest association with rupture status (Figure 6A). Being
aware of having HBP or being a former smoker was associated with a higher likelihood of
unruptured IA status at diagnosis. IAs located in high- or medium-risk locations, being
aware of HBP, or being female was associated with IA rupture at an older age, whereas
being a current smoker or having Finnish background was associated with IA rupture
at a younger age (Figure 6B). Other factors appeared to have either no effect or only a
small effect on age at IA rupture. IA located in high- or medium-risk locations or IA in
females ruptured at smaller sizes (Figure 6C). IA in smokers (current and former) ruptured
at larger sizes (Figure 6C). IA multiplicity and positive family history did not seem to have
an influence on patient age or IA size at rupture. ROC curve showing performances of the
MLoR is shown in Figure 6D. AUC was 0.73 (95% CI: 0.70–0.76), indicating an acceptable
discriminative ability between patients diagnosed with unruptured IA and aSAH.
4. Discussion
Our cross-sectional analysis of aneurysm status at diagnosis showed that IA location
is the principal factor associated with IA rupture. Awareness regarding HBP and smoking
cessation increase the likelihood of incidental diagnosis with unruptured IA. Females,
despite being more likely to be diagnosed with IA than males, are proportionally as likely
as males to be diagnosed with ruptured IAs. Our observations regarding the effect of IA
location on IA rupture status at diagnosis is comparable to previous reports [11,27,28].
In addition, IA size at rupture is strongly associated with IA location: IAs in high-risk
locations are smaller upon rupture compared with medium- and low-risk locations. Only
1% of ruptured IAs were <2 mm regardless of the location. Interestingly, approximately
one out of four aneurysms ruptured at <7 mm in low- (27%), <5 mm in medium- (26%),
and <4 mm in high-risk locations (22%). This observation suggests that an IA size 4–7 mm
might be critical depending on the IA location. This finding is in agreement with previous
longitudinal studies such as ISUIA, UCAS, and PHASES [5,6,8].
Several hypotheses that explain differences in disease initiation and evolution at
different locations exist. Blood flow and associated wall shear stress seem to be important
factors that are highly influenced by angio-architecture and bifurcation shapes [29–32].
Vessel wall structure, influenced by differences in angio- and vasculo-genesis, as well as
inflammation or perivascular environment may also play a role [33,34]. As it is likely that
small unruptured asymptomatic IAs are underdiagnosed [35] and IA size can alter when
they rupture, the probability of rupture depending on IA size was not evaluated.
Our study highlighted that being aware of risk factors increases the likelihood of
being diagnosed with an unruptured IA rather than aSAH. Indeed, awareness of HBP was
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more frequently associated with unruptured IA. Diagnosis of IA rupture in patients with
HBP occurs at an older age. No association between HBP awareness and aneurysm size at
rupture was seen.
Smoking is considered as one of the strongest and most consistent risk factors for
aneurysm formation and rupture [36–38]. In our cohort, the proportion of current smokers
was higher in patients diagnosed with IA, compared with the reference population. This
confirms the effect of active smoking on disease initiation. Moreover, the proportion of
current smokers was higher in patients diagnosed with aSAH compared with patients
diagnosed with unruptured IA; this suggests an effect of smoking on disease evolution as
well. Current smokers tend to have smaller aneurysms at rupture, indicating early rupture
in these patients [9]. The proportion of former smokers in the IA cohort was smaller
than the proportion in the reference population. In addition, former smokers were less
frequently diagnosed with aSAH compared with unruptured IA. This might indicate that
smoking cessation leads to a decrease in risk of IA rupture. This again is in line with most
previous studies [36]. The fact that non-smokers had a similar likelihood of developing
aSAH compared with the combined group of current and former smokers suggests that
smoking reversibly activates the disease. Therefore, recommendation for current smokers
diagnosed with an IA to stop smoking is crucial.
In accordance with previous studies, a positive family history of IA increases the likelihood of being screened and consequently diagnosed with an unruptured IA. Therefore,
positive family history is a protective factor for aneurysm rupture as it raises disease awareness,
triggers early intervention and increases detection of modifiable factors such as hypertension.
However, it is important to note that in subjects with a positive family history who would
have warranted screening, most IAs were diagnosed only after aSAH. Moreover, we cannot
exclude that patients with a positive family history might have died prematurely and would
consequently not have been included in the present study, resulting in a bias in the number of
patients having a positive family history for IA and affected by aSAH. Such an observation
suggests room for improvement with regard to aneurysm screening.
Although IA multiplicity is a marker of IA susceptibility, IA multiplicity was not associated with IA rupture, IA size at rupture, or patient age at rupture. These observations
support the hypothesis that disease initiation and evolution do not share the same underlying
pathophysiological mechanisms. Patients with multiple IAs are more prone to aneurysm
initiation, but their aneurysms might have a risk of rupture similar to that of solitary IAs, and
the overall risk is determined by the lesion located at the highest-risk location.
In line with previous studies [39–41], women are overrepresented in our cohort of patients affected by IAs. However, the proportions of females in the ruptured and unruptured
IA subgroups are similar, which suggests that females are more likely to develop IAs but
their aneurysms do not rupture more frequently. Some studies report no difference between
males and females < 50 years of age, but incidence of unruptured IA and aSAH increases
in postmenopausal women, which suggests a hormonal element [42,43]. Interestingly,
females in our cohort had a higher median age at rupture compared with males. Therefore,
although females have a higher prevalence of unruptured IA, their aneurysms might be
more stable. We previously showed in a small cohort that endothelial cell coverage of the
intraluminal surface of IA domes was higher in females [44], which could add to a higher
stability of the IA dome.
Our study has several limitations. It is a cross-sectional study that compares the
status of patients and aneurysms at time of diagnosis and therefore needs to be interpreted
with caution regarding the effects of factors on aneurysm evolution and risk of rupture
that can only be formally assessed using a longitudinal study design. Nevertheless, a
significant fraction of the cohort of patients was recruited prospectively and consecutively
on a population basis, reducing case-selection bias (n = 1164, 14.6%). Case-selection bias is
a major limitation of longitudinal studies as cases identified at risk of rupture are mostly
treated and excluded. In addition, patients with severe aSAH are more likely to die and are
thus less likely to be included in studies, resulting in overoptimistic models. We therefore
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propose to combine observations from both cross-sectional and longitudinal studies into
an integrated disease model. The longitudinal observations would be reported as soon as
sufficient follow-up is available on that sub-cohort of cases.
Basis of recruitment differed among the various sub-cohorts. Although some subcohorts recruited their patients prospectively and consecutively, recruitment was mainly
retrospective, and some sub-cohorts limited their study to patients who contributed DNA
samples. Nevertheless, when we performed the same analyses limited to the group of
prospectively, consecutively recruited population-based sub-cohorts, we were able to
replicate all reported findings. However, the CIs were larger and power to detect statistical
significance was reduced.
Retrospective harmonization of data may introduce some mapping problems and
missing data. Mapping IA locations was unequivocal with the exception of ICA and ophtlICA, which were not separate location categories in one cohort that focused only on aSAH.
This may have contributed to underestimating the relative risk of rupture of ICA aneurysms.
However, excluding this study from analysis resulted in a relative risk that remained within
the CI range. Another harmonization limitation is that exact blood pressure measurements
were recorded only for a small subgroup of patients. Most sub-cohorts recorded diagnosis
of HBP as yes/no responses from questionnaires, and only a few collected data on blood
pressure control by medication, limiting the possibility to accurately assess the impact of
HBP on IA rupture. It is important that blood pressure is systematically evaluated in future
prospective studies.
Our study also has considerable strengths. We present the largest cohort to date of
patients with ruptured and unruptured IAs. Special care in the methodology has been taken
to reduce the impact of potential bias. We have limited our analysis to factors that could
be robustly harmonized across different data sources, and we confirmed the consistency
of our results among different sub-cohorts. Finally, our statistical significance threshold
was set conservatively to reduce the risk of false-positive signals. Despite some limitations,
this study defines and contextualizes IA patients who will be recruited and followed up in
longitudinal studies to address the highly relevant question of which unruptured IA goes
on to rupture and has to be treated.
5. Conclusions
This cross-sectional analysis of patient and IA characteristics produced a MLoR classifier and two MLiR models that quantify the magnitude and strength of associations
between the studied factors and IA rupture status at diagnosis, as well as the association of
factors with IA size and patients’ age at rupture. It establishes locations in the brain that
are most strongly associated with rupture risk and finds that the association of IA location
with HBP awareness and smoking habit are the most relevant factors to estimate the odds
of IA rupture. We showed that IA location, HBP awareness, sex, smoking habit, and ethnic
background have significant associations with age at IA rupture, and that IA location, sex,
and smoking habit are associated with IA size at rupture. These factors as well as genetics,
IA geometry and environment, blood viscosity, cerebrovascular autoregulation, and vessel
wall composition should be assessed more precisely and followed-up over time to refine
the IA disease model and provide risk assessment instruments that support personalized
decision-making. We do believe that the classifier proposed in this study can be used in
longitudinal patient cohorts in order to develop a model to identify unruptured IAs with a
substantial rupture risk.
Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jpm12091410/s1, Table S1: International Stroke Genetics ConsortiumIntracranial Aneurysm Groups, Table S2: Characteristics of the different cohorts, Table S3: Categories
and definitions of the descriptors used to characterize patients and intracranial aneurysms, Table S4:
Number of patients with ruptured intracranial aneurysm enrolled in the study following coherent
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