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Abstract
Intracranial aneurysm (IA), a local outpouching of cerebral arteries, is present in 3 to 5% of the population. Once formed, 
an IA can remain stable, grow, or rupture. Determining the evolution of IAs is almost impossible. Rupture of an IA leads 
to subarachnoid hemorrhage and affects mostly young people with heavy consequences in terms of death, disabilities, and 
socioeconomic burden. Even if the large majority of IAs will never rupture, it is critical to determine which IA might be at 
risk of rupture. IA (in)stability is dependent on the composition of its wall and on its ability to repair. The biology of the IA 
wall is complex and not completely understood. Nowadays, the risk of rupture of an IA is estimated in clinics by using scores 
based on the characteristics of the IA itself and on the anamnesis of the patient. Classification and prediction using these 
scores are not satisfying and decisions whether a patient should be observed or treated need to be better informed by more 
reliable biomarkers. In the present review, the effects of known risk factors for rupture, as well as the effects of biomechanical 
forces on the IA wall composition, will be summarized. Moreover, recent advances in high-resolution vessel wall magnetic 
resonance imaging, which are promising tools to discriminate between stable and unstable IAs, will be described. Common 
data elements recently defined to improve IA disease knowledge and disease management will be presented. Finally, recent 
findings in genetics will be introduced and future directions in the field of IA will be exposed.

Keywords  Intracranial aneurysm · Subarachnoid hemorrhage · Risk factors · Vessel wall · Hemodynamics · Magnetic 
resonance imaging

Introduction

Three to 5% of the population hold an unruptured intracra-
nial aneurysm (IA) [98]. IAs, which result from the deforma-
tion and the enlargement of the arterial lumen, have usually a 
saccular form and are most often observed at bifurcations of 
cerebral arteries in the circle of Willis [15, 57]. The natural 
evolution of an unruptured IA may be its rupture immedi-
ately after its formation, its growth before rupturing, or it 

can remain stable. Predicting the evolution of an unruptured 
IA is very complex. The annual rupture rate of an IA is 
around 1%, inducing a prevalence of aneurysmal subarach-
noid hemorrhage (SAH) of 9 to 100.000 inhabitants per year 
[49]. SAH is a devastating form of stroke associated with a 
high level of mortality (50%) and morbidity causing depend-
ence (30–50%) [80]. As SAH affects mainly individuals 40 
to 60 years old, its socioeconomic burden is heavy. Due to 
the increased use of high-quality radiologic imaging, an 
increasing number of unruptured IAs are diagnosed, con-
fronting clinicians and patients more and more often to the 
difficult question whether to treat or not an unruptured IA. 
Procedural morbidity and mortality to occlude an unruptured 
IA by microsurgical or endovascular treatment is around 2 
to 5% [19]. Every time an unruptured IA is discovered, the 
risk of mortality and morbidity associated with the rupture 
of the IA has to be balanced with the incurred risks associ-
ated with its treatment.

In 2014 and 2015, two scores evaluating the risk of rup-
ture of an IA have been published to help clinicians in their 
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decision to observe or to treat an unruptured IAs: (1) the 
PHASES score [28] predicting the 5-years risk of IA rupture 
based on 6 sets of data routinely assessed in clinic: popula-
tion, hypertension, age, size of the aneurysm, early SAH 
from another IA, and the site of IA (Table 1), and (2) the 
unruptured IA treatment (UIAT) score [18] accounting for 
29 key factors on patients, IAs, and considering the risk 
associated with treatment (Table 1). In 2017, Backes et al. 
[1] proposed the ELAPSS score to predict the risk of growth 
based on 6 predictors (Table 1). Since their creation, the 
validity of these 3 scores has been tested in different cohorts 
showing that the PHASES, UIAT, or ELAPSS scores are 
indeed valuable for clinicians to help them in their deci-
sion to observe or treat an unruptured IAs, but they also 

highlight that additional information is needed to sustain 
decision [4, 6, 7, 20, 35, 64, 72, 77, 86]. In the first part of 
this review, the effects of some risk factors used in these 
three scores on the aneurysm wall composition will be pre-
sented. Aneurysm wall (in)stability is also influenced by 
biomechanical forces; their effects will be described in the 
second part of the review. As demonstrated in the differ-
ent validation studies, the specificities and sensitivities of 
the three scores are not strong. Additional clinical factors 
that might be considered in the decision to intervene or not, 
such as radiological vessel wall imaging, additional clinical 
information, or patient’s genetic profile, will be described in 
the third, fourth, and fifth parts of this review. Finally, tools 
under development to better define IA (in)stability and help 

Table 1   Clinical scores determining IA risk of rupture or growth (adapted from Greving et al. [28], Etminan et al. [18], and Backes et al. [1])

ACA​ anterior cerebral artery, AcomA anterior communicating artery, APKD autosomal-polycystic kidney disease, BasA basilar artery, IA intrac-
ranial aneurysm, ICA internal carotid artery, MCA middle cerebral artery, Pcom posterior communicating artery, SAH subarachnoid hemorrhage

PHASES score [28] UIAT score [18] ELAPSS score [1]

Aneurysm - Size of the aneurysm (< 7.0 mm, 
7.0–9.9 mm, 10.0–19.9 mm, ≥ 20.0 mm)

- Maximum diameter (≤ 3.9 mm, 
4.0–6.9 mm, 7.0–12.9 mm, 13.0–
24.9 mm, ≥ 25.0 mm)

- Size of the aneurysm (1.0–2.9 mm, 
3.0–4.9 mm, 5.0–6.9 mm, 7.0–
9.9 mm, ≥ 10.0 mm)

- Site of IA (ICA, MCA, ACA/Pcom/pos-
terior)

- Location (BasA bifurcation, vertebral/
basilar artery, AcomA or PcomA)

- Location of the IA (ICA/ACA/Acom, 
MCA, Pcom/posterior)

- Morphology (irregularity or lobulation, 
size ratio > 3 or aspect ratio > 1.6)

- IA growth on serial imaging
- IA de novo formation on serial imaging
- Contralateral steno-occlusive vessel 

disease

- Shape of the IA (regular or irregular)

Patient - Age (< or ≥ 70 years) - Age (< 40 years, 40–60 years, 
61–70 years, 71–80 years, > 80 years)

- Age (≤ or > 60 years)

- Early SAH from another IA (yes/no)
- Population (North American, European 

(other than Finnish), Japanese, Finnish)
- Hypertension (yes/no)

- Risk factor incidence (previous SAH 
from a different IA, familial IA or SAH, 
Japanese/Finnish/Inuit ethnicity, current 
cigarette smoking, hypertension, APKD, 
current drug and/or alcohol abuse)

- Earlier SAH (yes/no)
- Population (North American, China, 

Europe (other than Finland), Japan, 
Finland)

- Clinical symptoms related to unruptured 
IA (cranial nerve deficit, clinical or 
radiological mass effect, thromboembolic 
events from the IA, epilepsy)

- Reduced quality of life due to fear of 
rupture

- Aneurysm multiplicity
- Life expectancy due to chronic and/

or malignant diseases (< 5 years, 
5–10 years, < 10 years)

- Comorbid diseases (neurocognitive 
disorder, coagulopathies, thrombophilic 
diseases, psychiatric disorder)

Treatment - Age-related risk (< 40 years, 40–60 years, 
61–70 years, 71–80 years, > 80 years)

- Aneurysm size-related risk (< 6.0 mm, 
6.0–10.0 mm, 10.1–20.0 mm, > 20.0 mm)

- Aneurysm complexity-related risk (high/
low)

- Intervention-related risk (constant)
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clinical decision-making will be briefly presented in the last 
part of this review.

How do risk factors for intracranial 
aneurysm rupture or growth affect 
aneurysmal wall organization?

Cerebral arteries have a specific organization with loss of 
external elastic lamina and thinner supporting adventitial 
tissue [94]. IA formation is initiated by the disruption of the 

internal elastic lamina followed by the remodeling of the 
vessel wall. Processes of IA wall remodeling and degen-
eration have been extensively described in recent reviews 
[93, 94]. Briefly, during wall remodeling, extracellular 
matrix (ECM) turnover is balanced between its production 
by smooth muscle cells (SMCs) undergoing a phenotypic 
modulation from contractile to synthetic type, and its deg-
radation by metalloproteinases (MMPs) secreted by inflam-
matory cells. Thus, aneurysmal wall degeneration and weak-
ness leading to its rupture is linked to a high inflammatory 
cell infiltration, disappearance of SMCs, lipid accumulation, 
and calcification. Several classifications of the aneurysmal 

Table 2   Aneurysmal sac inner 
surface score (adapted from 
Kataoka et al. [41])

Score Histological observations

0 Normal endothelial cell layer inside the aneurysmal sac, possible adhesion of few leukocytes
1 Endothelial cells with various shapes, intercellular filaments and wider intercellular gaps
2 Damaged endothelial cell layer at some locations with blood cells adhesion
3 Extended damages of the endothelial cell layer and more blood cells adhesion
4 Extensive endothelial cell layer damages with blood cells adhesion
5 Almost entire endothelial cell layer damaged and covered with blood cells and a fibrin network

Table 3   Aneurysmal structural 
wall score (adapted from 
Kataoka et al. [41])

Score Histological observations

1 Dense wall with smooth muscle cells and regular layers of type IV collagen
2 Dense wall with smooth muscle cells and irregular layers of type IV collagen or scattered smooth 

muscle cells and relatively regular layers of type IV collagen
3 Scattered smooth muscle cells and irregular layers of type IV collagen
4 Presence of hyaline-like structures. Smooth muscle cells and collagen are still present
5 Hyaline-like structures in the entire aneurysmal wall. Smooth muscle cells and collagen are absent

Table 4   Aneurysmal wall inflammatory cell invasion score (adapted from Kataoka et al. [41])

Score Histological observations

0 Presence of few macrophages. Absence of positive staining for cathepsin G. Cathepsin D signal can be observed
1 Presence of macrophages. Cathepsin D is detected
2 Presence of macrophage clusters. Strong signal for cathepsin D. Scattered smooths muscle cells and disrupted 

collagen layer. Presence of leukocytes
3 Diffuse invasion of macrophages in the aneurysmal wall. Strong signal for cathepsin D may be present. Pres-

ence of leukocytes and eventual signal for cathepsin G

Table 5   Aneurysm wall type classification (adapted from Frösen 
et al. [21])

Wall type Histological observations

A Endothelialized wall and linearly organized smooth 
muscle cells

B Thickened wall with disorganized smooth muscle cells
C Hypocellular wall with either intimal hyperplasia or 

organized luminal thrombosis
D Extremely thin thrombosis-lined hypocellular wall

Table 6   Wall classification according to the presence of calcification 
and lipid pools (adapted from Gade et al. [24])

Wall type Histological observations

I Wall containing calcification without any lipid pools
II Wall containing both calcification and lipid pools though 

never co-localized
III Wall containing calcification co-localized with lipid pools
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wall from the little to high risk of rupture have been pro-
posed. In 1999, Kataoka et al. [41] have proposed three 
scores characterizing the integrity of the inner surface of 
the aneurysmal sac (Table 2), the structure of the aneurysmal 
wall (Table 3), and the inflammatory cell invasion into the 
aneurysmal wall (Table 4). In 2004, Frösen et al. [21] pro-
posed a unique classification taking into account the entire 
aneurysmal wall (Table 5). In our cohort of patients treated 
in the Geneva University Hospitals (the Swiss AneuX study) 
[55], we sorted 48 IAs according to this classification, and 
we showed that ruptured IAs present a higher percentage 
of wall type C and D, i.e., degenerative histological pheno-
types, in comparison to unruptured IAs. More recently, Gade 
et al. [24] have proposed a new classification according to 
calcification and lipid pools (Table 6).

These different classifications clearly show that IA wall 
integrity is dependent on the presence and on the properties 
of endothelial cells (ECs), SMCs and inflammatory cells, 
and on the homogeneity/heterogeneity of the IA wall. Pres-
ence and properties of these cells can be affected by the 
different risk factors for IA rupture and growth used in the 
clinical scores described above. The effects of some of these 
risk factors on the IA wall composition have been investi-
gated in human IAs or in experimentally induced IAs in 
animals by performing histological analyses. The results of 
such studies are described below.

Aneurysm morphology characteristics 
and intracranial aneurysm wall composition

Irregularities in IA wall morphology have been associ-
ated with wall instability [22, 38, 55]. Links between IA 
morphology characteristics and activation of intracellular 
pathways have been investigated in different studies. For 
example, presence of phospho-mitogen-activated protein 
kinases (MAPKs) has been demonstrated in SMCs of rup-
tured and unruptured IAs [45]. MAPKs are a family of 
intracellular signaling proteins playing an important role 
in cell growth, proliferation, differentiation, and death. 
MAPK family is constituted of c-jun N-terminal kinases 
(JNKs), p38 MAPKs, and extracellular signal-regulated 
kinases (ERKs). To be activated, MAPKs have to be phos-
phorylated by upstream kinases. Laaksamo et al. [45] have 
shown that ruptured IAs have a higher content of phospho-
rylated p54 JNK whereas other MAPKs are not affected. 
Currently, IA maximal diameter is the main anatomic 
factor used by clinicians to assess the risk of rupture. 
Interestingly, covariance analysis showed that the level of 
phospho-p54 JNK, or the level of total p38, was associated 
with IA size but not with rupture status. The level of phos-
pho-p38 was associated with IA size and rupture status. 
No correlation between IA size and ERK levels has been 
found. Moreover, sex or age of the patients does not affect 

the level of MAPKs phosphorylation [45]. In addition 
to maximal IA size, other size indexes can be used such 
as fundus length, neck diameter, IA volume, or surface 
area. Moreover, shape indexes such as aspect ratio (fun-
dus length/neck diameter), bottleneck factor (maximum 
dome diameter/neck diameter), bulge location (distance 
from neck to maximum dome diameter as a fraction of fun-
dus length), undulation index (presence of irregularities, 
lobulations, or daughter sacs), ellipticity index (deviation 
of the IA shape from that of a perfect hemisphere), and 
non-sphericity index (aggregate of undulation index and 
ellipticity index) can also help to determine the risk of 
rupture of an IA. Laaksamo et al. [44] found associations 
between some of these indexes and total and/or phospho-
rylated levels of JNK or p38. Moreover, they analyzed 
downstream targets of MAPKs. Their main observations 
were that maximal IA size was positively correlated with 
levels of phospho-p54 JNK, phospho-p38, and phospho-
Akt, that ellipticity index and non-sphericity index were 
associated with phospho-CREB (c-AMP response ele-
ment-binding protein) levels, and that undulation index 
was negatively correlated with phospho-p38 and phospho-
Akt. As CREB is a regulator of cell growth and prolifera-
tion, its activation may contribute to intimal hyperplasia. 
Akt is a cell survivor promoter which can be involved 
in protective repair processes. No associations between 
morphological indexes and the apoptosis regulator Bad 
or the cell-cycle regulator mTOR have been found [44]. 
Altogether, these results suggest that p54 JNK and p38 and 
their downstream activation pathways are involved in IA 
remodeling. More investigations are needed to determine 
whether this activation results in the weakening or in the 
repair of the IA wall. With respect to cell death, no asso-
ciation has been found between size indexes and cleaved 
caspase-9. Expression of heme oxygenase-1, which is 
a detoxification enzyme induced by oxidative stress, is 
correlated with fundus length and aspect ratio, indepen-
dently of the rupture status [46]. These results suggest a 
link between IA morphology and oxidative stress level. In 
our study performed on 31 unruptured IA human domes 
resected after clipping, we have shown a positive correla-
tion between IA maximum dome diameter and inflamma-
tory cell infiltration and collagen content [55]. Concerning 
the radiological surface aspect of the IA, we found that the 
wall of rough IAs has a higher content in type III collagen 
in comparison to IAs with a smooth radiological aspect, 
leading to a change in the ratio type I/type III collagen 
[55]. Type I collagen fibers have been shown to be located 
in the adventitial layer of cerebral arteries whereas type III 
collagen fiber are mostly found in the media [74]. In the 
aneurysmal wall, different collagen fiber diameters have 
also been shown between the luminal and the abluminal 
parts of the wall, and the collagen layer at the luminal 
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side was different between IAs and control cerebral arter-
ies suggesting difference in the collagen fibers turnover 
[74]. However, comparison of collagen organization and 
IA wall strength showed a large variability between differ-
ent types of unruptured IAs. Therefore, the consequences 
of collagen organization on IA morphology need further 
investigation.

Ethnicity and intracranial aneurysm wall 
composition

Although Japanese or Finnish ethnicity seems to be an 
important risk factor for aneurysmal disease, no system-
atic study comparing the effects of different ethnicities 
for aneurysmal wall composition has been done so far. 
Comparison of the various studies performed in cohorts 
from different ethnicities is difficult due to absence of a 
research consortium for the histological characterization 
of the IA wall. In Table 7, histological characterization 
of aneurysmal wall from Japanese [41], Finnish [21], and 
Swiss [55] population is presented. Although there may 
be slight differences between the three cohorts, the over-
all comparison between these three studies on different 
ethnicities confirms once more that ruptured IAs present 
a more degenerative wall in comparison to the wall of 
unruptured IAs. The degeneration process affects first the 
endothelium, then the structure of the vascular wall and 
finally favors the progression of inflammation. However, 
even if the mechanisms of IA wall degeneration seem 
nearby between the three cohorts, cases selection, wall 
classification, and methods of histological quantifications 

are different between the cohorts which could reduce the 
chances to observe differences between ethnicities.

Smoking and intracranial aneurysm wall 
composition

Smoking, a risk factor for IA formation and rupture, is 
known to increase oxidative stress. Oxidative stress partici-
pates to several pathological pathways involved in vessel 
wall degeneration such as endothelial dysfunction, inflam-
matory cell infiltration, SMC phenotypic change, and cell 
death (for a review see [10]).

The existence of endothelial dysfunction has been clearly 
demonstrated in many vascular pathologies including IA. 
Cigarette smoke has been described to favor endothelial dys-
function in cerebral arteries [10]. By activating caspase-3, 
cigarette smoke favors endothelial cell death. Moreover, 
cigarette smoke increases the pro-inflammatory properties 
of ECs, promoting adherence and migration of inflammatory 
cells inside the aneurysmal wall. In particular, nicotine favors 
inflammatory cell infiltration by decreasing the expression of 
tight junction proteins such as zonula occludens-1, occludin, 
cadherin, or adherence junction proteins [10]. Surprisingly, 
Ollikainen et al. [62] have shown that the aneurysmal wall 
of smokers contains less macrophages (CD68- and CD163-
positive cells) and less apolipoprotein A-I than the wall of 
non-smokers. In their study, smoking was also not associ-
ated with lipids, oxidized lipids, or apolipoprotein B-100 
accumulation in the aneurysmal wall [62].

Phenotypic switch and apoptosis of SMCs are favored 
by oxidative stress and reactive oxygen species (ROS). 
Using cultured cerebral SMCs, Starke et  al. [89] has 

Table 7   Histological 
characteristics of aneurysmal 
wall from 3 cohorts of patients 
coming from Japan, Finland and 
Switzerland. The values come 
from the articles published by 
Kataoka et al. [41] (Japanese 
patients), Frösen et al. [21] 
(Finnish patients), and Morel 
et al. [55] (Swiss patients). 
Definitions of each score or 
wall type are given in Tables 2, 
3, 4, 5

Cohorts and wall characteristics Unruptured IA Ruptured IA

Japanese patients N = 27 N = 44
Aneurysmal sac inner surface score 0.8 3.7
Aneurysmal structural wall score 1.7 3.7
Aneurysmal wall inflammatory cell invasion score 0.8 2.2
Finnish patients N = 24 N = 42
Endothelial lining absent 7/23 (30%) 25/40 (62%)
Wall type A 10 (42%) 7 (17%)
Wall type B 9 (37%) 9 (21%)
Wall type C 5 (21%) 11 (26%)
Wall type D 0 (0%) 15 (36%)
Swiss patients N = 31 N = 17
Endothelial cells covering the aneurysmal wall 2.2 to 91.1% 7.1 to 52.8%
Wall type A 5 (16%) 0 (0%)
Wall type B 17 (55%) 3 (18%)
Wall type C 8 (26%) 12 (70%)
Wall type D 1 (3%) 2 (12%)
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shown that cigarette smoke exposure increased nicoti-
namide adenine dinucleotide phosphate oxidase (NOX) 
1 expression, favored ROS production, upregulated pro-
inflammatory and matrix remodeling genes, and down-
regulated SMC contractile genes. In a mouse model of IA 
induced by elastase treatment, they showed that exposure 
of the mice to cigarette smoke increased the number of 
IA ruptures, and that the inhibition of NOX1 reduced this 
incidence of rupture [89]. Finally, the authors showed 
that IAs from mice in which NOX1 expression or activity 
was reduced harbored a higher content of SMCs contrac-
tile markers. Interestingly, such SMC contractile markers 
were also reduced in normal arteries of mice exposed to 
cigarette smoke, while inflammatory and matrix remod-
eling genes were upregulated [89]. In a cohort of 31 
patients with unruptured IAs, we showed that smokers 
present a lower content of SMCs in their aneurysmal wall 
compared to non-smokers [55] (Fig. 1). Remarkably, this 
reduced SMC content is close to the one measured in 
ruptured IAs. Smoking has been demonstrated to increase 
MMPs and to reduce collagen synthesis [10], which may 
result in aneurysmal wall thinning and rupture. Heme 
oxygenase-1 expression is reduced in smokers [46], which 
suggests that smoking affects the protective mechanisms 
against oxidative stress thereby favoring cell death. More-
over, SMC injury and death has also been proposed to be 
due to the upregulation of calcium channels [26]. Alto-
gether, these studies suggest that smoking favors SMC 
death and aneurysmal wall degeneration.

Hypertension and intracranial aneurysm wall 
composition

Hypertension has been associated with physiological and 
morphological changes in the vasculature. Similar to smok-
ing, hypertension seems to increase oxidative stress. How-
ever, the direct link between hypertension, ROS, and IA 
development is not obvious, as heme oxygenase-1 expres-
sion is downregulated in patients with hypertension [46]. 
Using mathematical modeling on the basis of 14C birth dat-
ing, Hackenberg et al. [31] have evaluated in a recent study 
the collagen turnover rate and the collagen mean age in the 
wall of IAs. They showed that the mean collagen turnover 
rate was higher than 2600% per year and the mean collagen 
age was less than 2 weeks in hypertensive patients, whereas 
in patients without hypertension the turnover rate was 55% 
per year with a mean age of collagen 1.8 years. On histologi-
cal sections, they observed rather unstructured and imma-
ture collagen fibers in patients with arterial hypertension 
and rather structured and mature collagen fibers in patients 
without this risk factor. More investigations are needed to 
determine by which mechanisms hypertension affects col-
lagen degradation and synthesis.

Polycystic kidney disease and intracranial aneurysm 
wall composition

People affected by polycystic kidney disease (PKD) are 
more prone to develop IAs than the general population with 
a prevalence of IAs ranging from 4 to 40% [8]. In addition, 

Fig. 1   Aneurysmal wall of 
smokers has a lower content in 
smooth muscle cells in compari-
son to the wall of non-smokers. 
Representative images of the 
wall of four IAs stained with 
alpha-smooth muscle actin to 
visualize smooth muscle cells 
in brown. Human saccular IA 
samples were obtained during 
microsurgery by resecting the 
aneurysmal dome after clipping 
of the aneurysmal neck. The 
four IAs coming from the Swiss 
AneuX biobank were located 
on the middle cerebral artery of 
two non-smoker (left images) 
and two smoker (right images) 
patients. Scale bar = 100 um
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individual IAs of PKD patients seem to be more prone to 
rupture. PKD is characterized by an absence or lack of 
function in primary cilia. In our Swiss AneuX cohort of IA 
domes harvested after micro-surgery, we have performed 
histological analysis to compare the aneurysmal wall com-
position of unruptured IA domes from PKD patients with 
unruptured IA domes from non-PKD patients. We showed 
that IA walls from PKD patients were thinner compared 
to the IA wall from non-PKD patients and that their col-
lagen content was lower [16]. Following the classification 
described in Table 5, we showed that IA domes from PKD 
patients showed a higher frequency of the most severe phe-
notype (grade D) than non-PKD IA domes [16]. By compar-
ing primary cilia-deficient ECs with ECs expressing normal 
primary cilia, we demonstrated that absence of primary cilia 
is associated with reduced barrier integrity concomitant with 
disruption of proteins comprising different intercellular 
junctions, such as zonula occludens-1 and -2, catenin α-1 
and β-1, connexin43 and claudin-3 [16].

Sex and intracranial aneurysm wall composition

The relationship between sex and IA risk of rupture is 
not clear and controversial. Although the different scores 
described above do not include sex as a risk factor for IA 
rupture, women are known to be more at risk for IA forma-
tion and growth than men [27]. Hormonal and hemodynamic 
changes are both believed to be responsible of such obser-
vations. As women at post-menopausal age have a higher 
prevalence of IAs, the importance of sex hormone in IA 
formation, growth, and rupture has been suggested. By using 
a surgical model of grafted side-wall aneurysms in female, 
male, and ovariectomized rats, we showed sex-related differ-
ences in IA wall remodeling and intraluminal thrombus reso-
lution [56]. In particular, we showed in female and ovariec-
tomized rats that aneurysmal wall inflammation was lower 
in regular aneurysms in comparison to aneurysms that have 
been decellularized before grafting, whereas in male, wall 
inflammation was larger in regular aneurysms than in decel-
lularized ones. Although estrogens are usually considered 
to be anti-inflammatory, androgens can have anti- or pro-
inflammatory properties depending on the pathophysiologi-
cal status of the patient (e.g., existence of a cerebral disease, 
age, hormonal levels). The differences in inflammatory cell 
infiltration in the aneurysmal wall may also be attributed to 
different wall shear stress values between females and males. 
General thrombus organization was similar between female, 
male, and ovariectomized rats with the exception of col-
lagen content. Indeed, collagen content was higher in male 
in comparison to female rats [56], a phenomenon that was 
also observed in patients suffering from abdominal aortic 
aneurysms. Estrogen is known to reduce collagen deposition 
in human arteries. Interestingly, aneurysm growth was larger 

in ovariectomized rats in comparison to female or male rats. 
In a model of ovariectomized mice, Tada et al. [91] have 
reported a protective effect of estrogen against aneurysmal 
growth and rupture. Moreover, androgen excess in women 
has been proposed to be associated with endothelial dysfunc-
tion [96]. In our model, we showed that the intraluminal EC 
coverage of the thrombus was lower in ovariectomized rats 
in comparison to female or male rats, which may explain the 
observed differences in aneurysm growth. Analysis of our 
human IAs cohort showed that IA domes from men or post-
menopausal women were less covered by ECs than IA domes 
of pre-menopausal women [56]. Estrogen contributes to vas-
cular integrity by regulating inflammatory cascades. Lack 
of estrogen may favor aneurysmal wall degeneration and 
explain the higher IA growth in post-menopausal women. In 
a study involving 31 women and 16 men with a mean age of 
54 years, Kadasi et al. [40] have shown by semiquantitative 
wall thickness measurement performed on intraoperative 
images that the proportion of super-thin translucent tissue 
in IAs, i.e., IA wall regions at risk of rupture, was higher 
in women in comparison to men. In rats, Wang et al. [101] 
showed that the vascular wall of middle cerebral arteries 
was thinner in females in comparison to males. They also 
showed that the arterial wall of females had less SMCs and 
more collagen content than males. Such type of differences 
may contribute to the higher prevalence of IA formation 
and growth in women. With respect to IA rupture, a recent 
study performed by Oka et al. [59] showed that IA rupture 
rate in ovariectomized female rats was higher than in female 
or male rats, confirming the crucial role of estrogen in IA 
rupture. Interestingly, the authors demonstrated that inflam-
matory cell infiltration was similar between unruptured IAs 
in ovariectomized female rats and all observed ruptured IAs, 
suggesting an exacerbation of the disease in these animals. 
Using an additional model of carotid stenosis, they further 
demonstrated that EC function was disturbed in female rats 
with bilateral ovariectomy indicating a protective role of 
estrogen in EC function. In combining these two models in 
their study, the authors have linked the effect of female sex 
on IA disease progression and rupture with inflammation 
and EC dysfunction.

Effects of known risk factors for vascular diseases 
not included in the PHASES, UIAT, or ELAPSS scores

Lipids are important contributors to vascular diseases. 
Despite normal plasma cholesterol and triglyceride levels, 
lipid accumulation may be observed in IA walls, an event 
that is associated with IA wall degeneration [94]. In a rat 
model of induced IA, Shimuzu et al. [84] have shown that 
high-fat diet favored the loss of SMCs in the aneurysmal 
wall and the enlargement of the IAs. They found lipid 
accumulation in half of the IAs of rats on a high-fat diet. 
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However, these degenerative changes were not associated 
with a higher rate of IA rupture. Presence of oxidized lipids 
in the vessel wall is known to induce formation of acquired 
antibodies, which in turn seems to be involved in the clear-
ing of oxidized lipids from the vessel wall. Patients with 
unruptured IA have been shown to have a higher plasma 
levels of oxidized lipids reactive IgGs than patients with 
SAH [94]. The authors suggested that acquired immunity 
against oxidized lipids may be protective against the IA wall 
degeneration associated with lipid accumulation.

Oral and gut microbiota emerged as critical environmen-
tal factors contributing to human physiology and pathol-
ogy. Recently, oral bacteria–derived DNA has been found in 
both ruptured and unruptured IA walls in surgically treated 
Finnish patients [67, 68], suggesting that dental infection 
could be a part of the pathophysiology of IA disease. Moreo-
ver, a mouse model of induced IA formation showed the 
relevance of gut microbiota for IA formation and showed 
that exposure to gut microbiota affects the remodeling of 
cerebral artery wall through modulation of local immune 
response without local bacterial infection [81]. While the 
mechanisms how periodontitis predisposes to IA formation 
still remains unclear, potential mechanisms include (i) acti-
vation of Toll-like receptors in the artery wall by bacteria-
derived components in the bloodstream, (ii) activation of 
circulating neutrophils by bacteria-derived components in 
the bloodstream, and (iii) development of an immunological 
memory that reacts to bacteria-derived particles, or through 
molecular mimicry to other epitopes in the cerebral artery 
wall [81]. Interestingly, Hallikainen et al. [32] have shown 
that IA patients use more antibiotics than their age- and 
gender-matched population, suggesting that dysbiosis of 
the microbiota might be relevant in IA formation. While it 
remains to be studied whether gastrointestinal tract micro-
biota is relevant for IA formation in humans, it is important 
to note that oral microbiota dysbiosis can affect also the 
microbiota of the gastrointestinal tract [63], thus generat-
ing yet another possible explanation how periodontitis may 
predispose to IA formation. Oral and intestinal microbiota 
are strongly influenced by the local environment and eat-
ing habits and would represent a new factor influencing IA 
disease. Importantly, identification of specific forms of oral 
and gut microbiota would serve as risk biomarkers for IA 
disease and rupture, and as a target for medical treatment.

Aneurysmal wall components not affected by risk 
factors for intracranial aneurysm rupture or growth

Mast cells have been found in the aneurysmal wall but 
the presence of these regulators of both innate and adap-
tive immune systems was not associated with age, sex, 
smoking, hypertension, previous SAH, IA size, or IA mul-
tiplicity [60]. Myeloperoxidase, a marker for neutrophil 

infiltration, which is associated with IA degenerative 
remodeling and IA rupture, seems also not correlated 
with clinical risk factors such as IA size, fundus length, 
fundus width, or smoking [61]. However, divergent results 
have been obtained for the correlation between myelop-
eroxidase content in IA wall and aneurysm rupture risk 
calculated with the PHASES score. Finally, the PHASES 
score was not associated with lipids, oxidized lipids, or 
adipophilin accumulation in the aneurysmal wall, but was 
inversely correlated with apolipoprotein A-I content at this 
location [62].

Limitations of histological studies

Human and animal histological investigations have brought 
a lot of information about IA wall evolution throughout IA 
life and how risk factors influence this evolution. Neverthe-
less, it should not be forgotten that histological investiga-
tions done on human aneurysm domes are performed only 
on IA harvested after microsurgery, representing only a part 
of discovered IAs. An important bias in such histological 
investigations is, although IA location is a very important 
factor balancing the individual risk of rupture [18, 28, 75], 
no study has investigated IA wall composition depending 
on the arterial location. Moreover, only a limited part of the 
IAs is available for the histological studies observations, 
and this part may not reflect the characteristics of entire 
IA wall. Thus, one should be cautious and critical when 
interpreting the associations between clinical risk factors 
for growth and rupture and histopathological findings.

Perspectives

To better determine the effects of risk factors on IA wall 
composition, more studies are needed and a consortium with 
standard protocols for sample processing and histological 
analyses is required. In 2019, the unruptured IAs and SAH 
Common Data Elements (CDEs) project has led to the pub-
lication of 8 articles defining CDEs to standardize clinical 
and fundamental research in the field of IAs (see below in 
the paragraph: Common data elements to improve the cur-
rent state of knowledge). More specifically, Chou et al. [11] 
have proposed standard operating procedure guideline for 
biospecimen harvesting which would uniformize data col-
lection and improve data quality collection throughout the 
different hospitals or research groups, and would allow for 
better comparison between studies. Importantly, national 
initiatives for research infrastructures supporting the qual-
ity assessment and normalization of human and non-human 
biobanks are currently developed, including in Switzerland 
(https://​swiss​bioba​nking.​ch/).

https://swissbiobanking.ch/
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How do biomechanical forces influence 
intracranial aneurysm wall (in)stability?

Hemodynamical forces are considered to be important play-
ers of IA formation, remodeling, and rupture. Two types 
of biomechanical forces act on the arterial wall: wall shear 
stress (WSS) defined as the tangential force imposed by the 
flowing blood on the wall per unit area, and a cyclic strain 
caused by the intravascular pressure called cyclic circumfer-
ential stretch (CCS). In the arterial wall, sensors of WSS are 
ECs and sensors of CCS are both ECs and SMCs (Fig. 2).

Biomechanical forces in intracranial aneurysm

Physiological stretch participates to vascular maintenance by 
activating pathways involved in proliferation, angiogenesis, 
ROS formation, vascular tone, and vascular remodeling [39]. 
Excessive stretch, as observed during hypertension, leads to 
inappropriate cellular responses such as increased inflam-
mation, exacerbated ROS production, EC apoptosis, altera-
tion of migratory and proliferative cellular activity, or ECM 
reorganization. In the context of IA, Liu et al. [50] showed 
that exposure to 15% CCS reduced SMC viability and inva-
sive capacity. Moreover, the expression of collagen types 
IV and VI were downregulated and MMP expression was 
upregulated. In human, they also showed a sparser SMC dis-
tribution in IAs in comparison to normal superficial arteries, 
and a lower expression of the two collagen types. In a model 
of elastase-induced rabbit aneurysms, increased longitudi-
nal load has been shown to trigger a vascular remodeling 
response following two distinct phases [78]. The first phase 
occurring quickly after aneurysm induction (2 weeks) was 
characterized by the appearance of sparse and multi-direc-
tional collagen fibers at the interface between the media and 

the adventitia. The authors proposed that such development 
provides a mechanism for the aneurysm wall to bear longitu-
dinal and circumferential loads without extensive elongation. 
Few months after aneurysm induction, a reorganization of 
the medial collagen fibers was observed. Such remodeling, 
which is comparable to the one reported in humans [74, 78], 
provides a possible mechanism by which IAs can adapt to 
changes in mechanical load.

Physiological flow present in the straight part of an artery 
corresponds to a unidirectional laminar high WSS, which 
maintains ECs in a quiescent and cytoprotective state char-
acterized by resistance to inflammation, oxidative stress, and 
apoptosis [106]. Supra-high, low, or oscillatory WSS pro-
mote endothelial dysfunction. Several studies have demon-
strated the importance of high levels of WSS together with a 
positive WSS gradient (i.e., accelerating flow) in the forma-
tion of IAs (for reviews, see [15, 71]). Once the aneurysm is 
formed, flow within the dome is influenced by the location 
of the aneurysm, the geometry of the aneurysm and of the 
parental artery, and by the aneurysm neck characteristics. 
Two types of saccular aneurysms are found in the circle of 
Willis, in which blood flow patterns are different. The IAs 
that are the most often observed are located at the bifur-
cation between two arteries. In this type of IA, the blood 
flow from the parent artery impinges directly to the dome 
and moves in the direction of the neck [57]. In the case of 
sidewall IAs, which are located on the lateral wall of an 
artery, the blood flow jet impinges first on the neck of the 
IA before circulating inside the dome [57]. In sidewall IAs, 
the highest wall tension is expected to be at the level of the 
neck whereas in IAs located at bifurcation the highest wall 
tension is supposed to be on the dome.

Throughout the lifetime of an aneurysm, the aneu-
rysmal wall will experience different flow patterns and 
implications of both low WSS and supra-high WSS 

Fig. 2   Biomechanical forces 
acting on the arterial wall. 
Wall shear stress imposed by 
the flowing blood on the wall 
is defined as the tangential 
force per unit area (red arrow). 
Wall shear stress is sensed by 
endothelial cells (ECs). Cyclic 
circumferential stretch is the 
perpendicular force imposed by 
the pressure pulse on the vessel 
wall (yellow arrow). Cyclic 
circumferential stretch is sensed 
by ECs and smooth muscle cells 
(SMCs)
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have been demonstrated to affect its growth and rup-
ture. Effects of the different WSS patterns on vascular 
wall changes have been recently reviewed by Staarmann 
et al. [88]. In brief, low WSS induces disorganization 
of ECs, decreased production of prostacyclin and tissue 
plasminogen activator, increased production of vaso-
constrictive, inflammatory agents and oxidative stress, 
and augment EC apoptosis. Supra-high WSS leads 
to the production of MMPs by ECs and SMCs, to an 
increase of nuclear factor-kappa B, cyclooxygenase-2, 
and interleukin-1β, to the migration of the SMCs, to 
the SMC phenotypic change from contractile to secre-
tory, to the release of platelet-derived growth factor and 
fibroblast growth factor-2 by SMCs, and to increased 
production of tissue plasminogen activator. Negative 
WSS gradient (i.e., decelerating flow) counteracts the 
upregulation of genes normally induced by physiologi-
cal WSS. Positive WSS gradient downregulates genes 
inhibiting cell cycle progression and proliferation, 
decreases anti-apoptotic, inf lammatory and chemot-
axis gene expression, and favors ECM degradation. In a 
recent study performed on rats, Shimizu et al. [83] dem-
onstrated that low WSS and high oscillatory shear index 
(OSI, i.e., magnitude of WSS fluctuations as a function 
of cardiac cycle) co-localized with regions of aneurysm 
growth, and that such regions were highly infiltrated by 
macrophages. The authors also showed that neutrophils 
and proliferative SMCs were more abundant in a grow-
ing aneurysm in comparison to a stable one, and suggest 
that this was associated with the upregulation of the 
cellular communication network factor 1 [82]. Besides a 
description of all these cellular modifications, the exact 
mechanism linking biomechanical forces to IA growth 
and rupture is not yet known.

Wall shear stress and intracranial aneurysm risk 
of rupture

Many studies investigating the association between WSS 
and the risk of rupture of an IA have been performed by 
computational fluid dynamics (CFD). Using computed 
tomography angiography (CTA), magnetic resonance 
angiography (MRA), 3D digital subtraction angiography 
(DSA), or 3D digital rotational angiography (DRA), CFD 
creates 3D models of blood flow. The different studies 
performed on animal models and in humans give contra-
dictory results about the implication of low or supra-high 
WSS in IA growth and rupture. Based on histological 
investigations, intraoperative image analysis, or vessel 
wall imaging, authors have linked the different condi-
tions of WSS to endothelial dysfunction, SMC turn-over, 
inflammatory cell infiltration, presence of atherosclerotic 
plaques, and wall thinning or thickening with sometimes 

opposite conclusions [71]. However, two mechanistic 
pathways, one involving low WSS and high OSI, and 
one involving high WSS, high WSS gradient, and low 
OSI, have been proposed to explain IA wall remodeling 
and rupture (Fig. 3) [71, 87]. In all cases, when the wall 
strength is lower than the hemodynamic forces, the 
aneurysmal wall ruptures. Further investigations have 
to be conducted to definitely fix the role of the differ-
ent patterns of WSS in IA wall remodeling and rupture. 
Mechanical strength varies from patient to patient, even 
when comparing only unruptured IAs, and also varies 
locally within the same IA dome [74]. Once the inner 
elastic lamina (IEL) is severely damaged or lost, col-
lagen fibers are the main load-bearing structure in the 
IA wall. Their presence and organization will determine 
the strength of the aneurysmal wall. Robertson et al. [74] 
showed that there is a high variability in the collagen 
fiber diameter and architecture between IAs. Collagen 
fibers are densely packed in some samples, whereas they 
have an abnormal sparse structure in others. Moreo-
ver, the average diameter of collagen fibers is different 
between the luminal side of the IA and the medial part 
suggesting different processes for formation and main-
tenance. Cebral et al. [9] have shown that collagen fiber 
diameter is larger when WSS increased and is smaller 
with increasing OSI. They also observed that in regions 
with normal WSS (between 5 and 70 dynes/cm2) or low 
WSS (< 5 dynes/cm2) collagen fibers had a more coherent 
structure, i.e., collagen fibers organized in two principal 
orientations, than in regions exposed to supra-high WSS 
(> 70 dynes/cm2) in which collagen fibers are aligned in 
only one direction with gaps between the fibers.

Limitation of computational fluid dynamics use 
in clinics

CFD analyses brought a lot in the research related to 
IAs, but they are often based on general boundary condi-
tions. Indeed, most CFD studies assume that arteries and 
aneurysms have rigid and homogeneous walls, and physi-
ological information such as blood pressure, heart rate, 
blood viscosity, or flow velocity are fixed conditions for 
all people. Moreover, CFD analyses need high-quality 
images which are not always available, and no precise 
processes have been validated by a consortium of experts. 
Nowadays, CFD analyses are time consuming and need 
specific competences which are not always available in 
hospitals; there is no simple procedure that can be eas-
ily carried out by a technician. However, CFD analyses 
are of high interest in research to better understand the 
effects of biomechanical forces for the aneurysmal wall 
properties and (in)stability, mostly if they are carried out 
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in conjunction with detailed histological analyses (see [2] 
for an example).

Perspectives

Performing CFD analyses routinely in clinics to evaluate 
the risk of rupture of an IA is difficult because it requires 

a specific training and the use of a dedicated software. 
Currently, as for histological investigations, such type 
of information cannot yet directly help the clinician in 
the decision to observe or to treat an unruptured IA. 
Factors used in routine clinical practice by clinicians are 
radiological images, and recent advances in this field are 
promising.

Fig. 3   Flow chart of the dif-
ferent hemodynamic factors 
leading to intracranial aneurysm 
formation and rupture. High 
wall shear stress (WSS) and 
WSS gradient (WSSG) lead 
to the formation of intracra-
nial aneurysm. Once the IA is 
formed, wall composition and 
heterogeneity characterizing 
IA (in)stability are influenced 
by the different hemodynamics 
forces. OSI: oscillatory shear 
index, SMC: smooth muscle 
cell. Adapted from [71, 87]
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High‑resolution vessel wall magnetic 
resonance imaging to evaluate intracranial 
aneurysm wall (in)stability

The traditional techniques used to visualize the lumen of 
the blood vessels are CTA, MRA, DRA, or DSA. Unrup-
tured IAs are often incidentally detected when one of 
these radiological exams is prescribed for diagnosis of any 
other disorder. Radiological imaging techniques regularly 
improved. High-resolution vessel wall magnetic resonance 
imaging (HR-VW MRI) after gadolinium administration is 
an emergent technique providing information about aneu-
rysm wall properties [79]. Presence of contrast agent in 
the aneurysmal wall can be visualized by double inversion 
recovery black blood sequence. This technique suppresses 
signals of the vessel lumen and of the cerebrospinal fluid. 
This method complements the traditional ones evaluating 
the lumen of IAs. The use of HR-VW MRI was firstly 
proposed to identify the site of rupture in case of aneurys-
mal SAH [51]. Indeed, ruptured IAs demonstrated thick 
vessel wall enhancement in comparison to unruptured 
IAs. HR-VW MRI is now proposed to be used to iden-
tify unstable IAs prone to rupture based on the presence 
of aneurysm wall enhancement (AWE). Qualitative and 
quantitative methods have been described to assess AWE 
[79]. The simplest method is to discriminate IAs with or 
without AWE. Other qualitative methods classify AWE as 
faint/strong [58], focal/circumferential [17, 23], or thin/
thick [17]. Nagahata et al. [58] defined “strong AWE” as 
aneurysm enhancement equal to the one in choroid plexus 
or venous plexus, and “faint AWE” as an increased wall 
signal intensity from pre- to post-contrast scan. In 2018, 
Edjlali et al. [17] proposed a 4-grade classification: grade 
0 = no or questionable focal AWE; grade 1 = focal thick 
(> 1 mm) AWE; grade 2 = thin (≤ 1 mm) circumferen-
tial AWE; and grade 3 = thick (> 1 mm) circumferential 
AWE. Quantitative methods for AWE evaluation are 
based on the measurement of the wall enhancement index 
defined as the change in IA wall signal intensity before 
and after gadolinium injection, or on the measurement of 
the aneurysm-to-pituitary stalk ratio [79].

Wall enhancement and intracranial aneurysm 
characteristics

Presence of AWE has been correlated to anatomical char-
acteristics of IAs such as size, location, and shape [52, 
65, 70, 73, 76, 100, 108, 109]. AWE is described to be 
higher in larger IAs [65, 73, 76]. However, AWE can also 
be observed in small IAs (size < 7 mm) [76]. High depth/
neck width aspect ratio is shown to be associated with 

higher AWE [73, 100]. Larger AWE values are more often 
obtained from IAs located in anterior cerebral artery, pos-
terior communicating artery, posterior circulation artery, 
or middle cerebral artery [76]. Some of these locations are 
considered at high risk of rupture in the scores used in clin-
ics (PHASES, UIAT, and ELAPSS scores). Irregular IA 
shape can lead to a change in the blood flow pattern associ-
ated with endothelial dysfunction leading to increased per-
meability or alternatively to stagnation of contrast agent. 
Although this is not always the case, higher AWE is often 
observed in presence of IA irregular shape [52, 70, 76, 100, 
108, 109]. Presence of a daughter sac has been associated 
with heterogeneous AWE, with AWE present in the main 
aneurysmal sac but often absent from the daughter sac [52].

AWE has been shown to co-localize with low time-average 
WSS, low maximum OSI, and a large low shear area [42, 47, 
104, 107], suggesting that AWE is associated with low WSS 
conditions. Further investigations towards the links between 
hemodynamics and AWE are warranted. Some studies have 
investigated whether AWE correlates with scores used in clin-
ics to evaluate the risk of rupture of a specific IA. Positive 
correlations have been observed between AWE and PHASES 
score [33, 47, 65, 73, 108], UIAT score [65], or ELAPSS 
score [73, 108]. However, absence of correlation between 
UIAT score and AWE has also been shown [73]. Hartman 
et al. [33] described that IAs with a PHASES score higher 
than 3 present more often wall thinning and AWE. So far, no 
association between AWE and smoking status, the daily use 
of acetylsalicylic acid or statins, hypertension, sex, diabetes, 
or family history of IAs have been shown [73, 76, 108, 109].

Wall enhancement and intracranial aneurysm wall 
composition

AWE was firstly used to identify the culprit IA in case of 
aneurysmal SAH [51]. Indeed, almost all ruptured IAs 
present wall enhancement on imaging. In such IAs, based on 
intraoperative inspections and/or histological investigations, 
AWE has been associated with inf lammatory cells 
infiltration [36, 58] or presence of hemostatic thrombus at 
the rupture site [53]. More particularly, it has been observed 
that circumferential AWE was more associated with 
abundant inflammation and neovascularization whereas 
focal AWE seems to be more observed in the case of fresh 
intraluminal thrombus retaining contrast agent [53]. As 
inflammation was also described in unruptured IAs [21, 
22, 41, 55] and proposed to predispose to IA instability, 
it has been suggested to use absence/presence of AWE to 
discriminate between stable and unstable unruptured IAs. 
Thus, positive correlation between AWE and presence of 
neutrophils or macrophages inside the wall of unruptured 
IAs has been shown [48, 70, 85, 109]. In aneurysms 
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exhibiting AWE but no myeloperoxidase activity, presence 
of vasa vasorum was described [48]. Vasa vasorum are 
normally absent in non-diseased intracranial arteries, but 
they can develop in the context of hypoxia in atherosclerotic 
lesions and wall remodeling. Thereby, AWE was observed 
when atherosclerotic lesions and neovascularization were 
present in the aneurysmal wall [70, 85, 109]. Moreover, 
atherosclerotic plaques in unruptured IAs seem to be 
more associated with focal AWE than with uniform 
AWE [70]. By comparing the concentration of blood 
lipoprotein(a) between the lumen of unruptured IA and the 
parental artery, Ishii et al. [37] have shown that a higher 
lipoprotein(a) concentration was associated with increased 
AWE in unruptured IAs. AWE is also higher in thrombosed 
aneurysmal walls [100, 109]. Finally, Matsushige et al. 
[52] have reported that focal and circumferential AWE are 
observed in thin (20–50 µm) and thick (120–320 µ m) walls, 
respectively. Altogether, studies performed on unruptured 
IAs show that AWE could be due to wall thickening with 
inflammatory cell infiltration and presence of vasa vasorum, 
wall thinning with compromised endothelial barrier 
integrity, or intramural hematoma.

Wall enhancement used in clinical practice

With respect to ruptured IAs, AWE can be used to identify 
the culprit IA in patients with multiple IAs. Based on 
the pattern of AWE, the identification of an intraluminal 
thrombus (focal AWE), suggestive for the site of IA dome 
rupture, could help in clinical management [54]. Currently, 
no consensus exists onto the use of HR-VW MRI to detect 
and interpret AWE in unruptured IAs in daily clinical 
practice. However, whatever the method used to classify 
absence/presence of AWE or grading of AWE, the different 
investigators seem to be able to discriminate stable and 
unstable IAs using HR-VW MRI. A recent systematic 
review and meta-analysis performed on more than 500 
aneurysms coming from 6 studies has shown that the 
sensitivity of AWE to screen unstable IAs is high (95%) 
[92]. Importantly, the authors also showed that the absence 
of AWE is strongly associated with IA stability (negative 
predictive value of 96%). In a prospective cohort of 145 
unruptured small IAs followed over 2 years, Gariel et al. 
[25]. have demonstrated that increased AWE was a marker 
of IA wall growth and instability. In two retrospective 
longitudinal studies, the authors showed that AWE was 
more frequent in IAs with morphological changes than in 
stable IAs [52, 97]. Longer longitudinal follow-up studies 
are needed to confirm the use of AWE as an independent 
biomarker of wall instability. Vessel wall permeability 
can be evaluated by dynamic contrast-enhanced MRI 
(DCE MRI). Using this technique, presence of leaky 
regions in the aneurysmal wall has been shown [69], and 

comparison with AWE imaging showed that 66% of the 
aneurysms having leaky regions had also noticeable AWE. 
However, 50% of the IAs with AWE did not show leakage. 
Conversely, leakage was also observed in IAs without 
AWE [69]. This data support the idea that the combination 
of HR-VW MRI and DCE MRI may provide additional 
information about aneurysm wall vulnerability.

Other imaging modalities to determine intracranial 
aneurysm wall instability

Another type of imaging using ferumoxytol or MPO-gadolin-
ium has been proposed to characterize unstable inflamed IAs. 
Ferumoxytol is a superparamagnetic particle of iron oxide 
phagocyted by macrophages. Ferumoxytol uptake inside the 
aneurysmal wall during the first 24 h post-infusion was shown 
predictive for a high risk of rupture during the 6 following 
months [34]. However, because of its potential risk of lethal 
allergic reaction, the use of ferumoxytol allowed by the Food 
and Drug Administration is strictly limited to iron deficiency 
anemia in the context of chronic kidney disease. In addition, 
macrophage imaging by ferumoxytol in the aneurysmal wall 
is technically challenging and time consuming, limiting its 
use in the context of aneurysmal disease. Recently, the use of 
chelated MPO-gadolinium on histological sections of human 
IA in ultra-high resolution 7 T MRI has demonstrated the 
presence of neutrophil activity in the aneurysmal wall [99]. 
This study suggests that agents targeted at immunological 
responses are possible in cerebral aneurysms and may provide 
useful additional information.

Perspectives

High-resolution vessel wall imaging is a very promising 
tool in the context of IA disease, and would certainly be 
of great help to better characterize IA wall (in)stability 
and help clinicians in their decision to observe or treat an 
unruptured IA. Some technologies described in this section 
are still at their infancy; development of new cell-specific 
contrast agents and sensors is of high interest and would help 
to better discriminate between stable and unstable IAs. One 
of the remaining challenges is to be able to measure in vivo 
precisely aneurysmal wall thickness which is at the moment 
beyond the resolution of conventional imaging methods used 
in clinics.

Common data elements to improve 
the current state of knowledge

Until recently, clinical and fundamental research in the 
field of unruptured IAs and SAH suffered from the lack of 
standardized definitions. In 2014, the National Institute of 
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Neurological Disorders and Stroke, in collaboration with the 
Neurocritical Care Society and the National Library of Med-
icine, initiated the Common Data Elements (CDEs) project 

for unruptured IAs and SAH. The goal of this project was 
to elaborate common definitions concerning IA and SAH, 
and to create data sets to capture and record information 

Table 8   Core CDEs defined by the 8 working groups related to the CDEs project for unruptured IAs and SAH

Name of the working group
and number of selected CDEs

Core CDEs

Subject characteristics [5]

192 selected CDEs

- Race USA category
- Ethnicity USA category
- Birth date
- Medical history taken date and time
- Sex genotype type
- Modified ranking score

Assessments and clinical
examination [12]

248 selected CDEs

- World Federation of Neurological Societies 
(WFNS) scale

Hospital course and acute 
therapies [13]

478 selected CDEs

- Type of aneurysm occlusion procedure

Biospecimens and biomarkers [11]

51 selected CDEs

- Biological tissue sample source
- Conditions included/excluded
- Baseline/time-zero specimen
- Site and method of sample acquisition
- Timing of biospecimen collection
- Type of collection tube
- Method of biospecimen processing
- Method of biospecimen storage

Imaging [30]

166 selected CDEs

- Imaging modality
- Imaging modality type
- Vessel imaging angiography type
- Angiography arterial anatomic site
- Vessel angiography arterial result

Long-term therapies [103]

17 selected CDEs

None

Cohort studies and clinical trials
[29]

91 selected CDEs

- Patient age
- Risk factors
- Hypertension
- Tobacco smoking status
- Aneurysm site
- Maximal aneurysm diameter
- Maximum aneurysm height
- Maximum aneurysm width
- Aneurysm morphology type

Outcomes and endpoints [90]

60 selected CDEs

None
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consistently across hospitals and research teams. In 2019, 8 
articles describing more than 1300 CDEs about unruptured 
IAs and SAH have been published to define (1) subject char-
acteristics [5], (2) assessments and examinations [12], (3) 
hospital course and acute therapies [13], (4) biospecimens 
and biomarkers [11], (5) imaging [30], (6) long-term thera-
pies [103], (7) cohort studies and clinical trials [29], and 
(8) outcomes and endpoints [90]. The process of selection 
of each CDE was based on CDEs previously defined in the 
field of neurovascular diseases, on literature, on experience 
of group members and experts, on observational studies, and 
on clinical trials. CDEs have been classified as disease core 
CDEs (essential information applicable to any unruptured 
IAs and SAH research study), supplemental-highly recom-
mended CDEs (essential information based on certain con-
ditions or study types), supplemental CDEs (information 
commonly collected but whose relevance depends on study 
design or research type), and exploratory CDEs (information 
requiring validation). The core CDEs defined by the different 
working groups are presented in Table 8. CDEs are valu-
able resources for researchers; they will facilitate clinical 
research and clinical trials, data sharing, and data analyses. 
For the next years, they should encourage communication 
and progress in the field of unruptured IAs and SAH. CDEs 
will participate in the improvement of the understanding 
of the disease and will provide additional information to 
determine whether an unruptured IA is at risk of rupture or 
not. The core CDEs would certainly be valuable extra infor-
mation to add to the current clinical scores used to decide 
whether an unruptured IA has to be treated or not.

Genetics in intracranial aneurysm 
susceptibility

Increasing evidence suggest a genetic component in IA for-
mation and predisposition to rupture. Heritable conditions 
such as autosomal dominant PKD, Ehlers-Danlos syndrome, 
Loeys-Dietz syndrome, Marfan syndrome, neurofibromato-
sis type I, or hereditary hemorrhagic telangiectasia have 
an IA prevalence of 4–40%, 12–17.5%, 10–28%, 0–14%, 
9–11%, and 10%, respectively, which is higher than the prev-
alence described for the general population (for a review, 
see [105]). Japanese or Finnish people present a higher risk 
for IA rupture supporting the idea of possible genetic influ-
ence. Familial cases represent 10% of all diagnosed IAs. 
Patients with a familial history of IA seem to be more likely 
to develop IAs, more particularly multiple IAs, and they 
present a higher risk of rupture with a poorer outcome after 
the rupture. Moreover, patient’s age and IA size at the rup-
ture tend to be lower in such families. Several groups have 
investigated the genetic component of IA formation and risk 
of rupture in familial and non-familial cohorts of patients. 

Thus, genome-wide association studies (GWAS), subse-
quent case–control replication analyses, and whole-exome 
sequencing approaches have revealed genes associated with 
IA susceptibility and have shown that some act in concert 
with environmental risk factors (for a review, see [105]). In 
a recent GWAS meta-analysis performed on 10.754 cases 
and 306.882 controls, 6 previously identified risk loci were 
confirmed and 11 novel risk loci were identified [3]. Many 
of these genes have known or putative roles in arterial func-
tion and blood pressure regulation. Moreover, gene-mapping 
and heritability enrichment methods suggest a determining 
role for ECs in IA development. A high level of similarity in 
the common variant genetic architecture of unruptured and 
ruptured IAs was shown. Finally, this study identified blood 
pressure and smoking, two well-known clinical risk factors 
for IA, as the main genetic drivers of IA disease.

The variety of genes found in the different studies 
suggests that multiple pathophysiological pathways are 
involved in IA formation and/or rupture. The discovery of 
genes associated with higher risk of IA rupture would allow 
for the generation of genetically modified animals to better 
understand the evolution of this disease. Future studies are 
needed to determine whether the polygenic risk of IA and 
clinical risk factors are independent risk factors for IA. Such 
information will certainly contribute to the design of new 
and improved scores to predict aneurysmal wall in(stability) 
in clinical practice.

Future directions

An increasing number of investigators try to develop compu-
tational models integrating IA morphology characteristics, 
hemodynamics, and wall imaging, with the aim to develop 
IA rupture prediction models. Indeed, mathematical mod-
els are under development to simulate the adaptation of 
the arterial wall to mechanical stress considering arterial 
wall composition in cells and ECM. As an example, Wat-
ton et al. [102] have developed a mathematical growth and 
remodeling model for saccular IAs in which they included 
the geometry, the elasticity, and the thickness of the wall 
as well as elastin and collagen fiber content and orienta-
tion, arterial pressure variables, and shear stress parameters. 
Given that histological and in vitro studies showed that EC 
and SMC content and function change during IA lifetime, 
the differential properties of these cells should be added to 
these mathematical models to generate a dynamic model of 
the disease.

Machine learning models are progressively being imple-
mented for the detection of IAs on angiographic images, or 
to discriminate ruptured from unruptured IAs based on mor-
phological parameters, hemodynamics, and patient-related 
information. Several statistical models have been proposed, 
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but some are only based on small sample size, have not 
been externally validated, or consider generic boundary 
conditions for hemodynamic data. Based on a large patient 
cohort, Detmer et al. [14] have recently developed a logis-
tic regression model for rupture status prediction including 
various risk factors such as gender, age, number of IAs or 
IA location, and flow data. This model has been internally 
and externally validated and gave predictive performances 
at equivalent or even better than those of other previously 
published machine learning classifiers. In the future, such 
models could be further improved by incorporating informa-
tion about AWE.

For several diseases such as myocardial infarction or 
brain hemorrhage, endogenous circulating blood molecules 
have been used as diagnostic markers. Tutino et al. [95] have 
shown that patients with unruptured IAs present a differ-
ent RNA profile in circulating neutrophils in comparison 
to patients without IA. Based on this circulating neutrophil 
transcriptome data, they developed machine-learning meth-
ods able to discriminate patients with or without unruptured 
IAs with an accuracy ranging from 0.6 to 0.9. More recently, 
they developed a machine learning classifier derived from 
whole blood transcriptomes [66]. The crucial role of neutro-
phils in IA wall degeneration and rupture has been recently 
demonstrated in rats [43]. Accumulation of neutrophils 
and production of MMP9 at the site of IA rupture has been 
shown, suggesting that neutrophils may be suitable candi-
dates for diagnostic markers and/or as therapeutic targets. 
These findings could open the door to the development of 
blood markers of IA wall (in)stability.

Conclusion

Intracranial aneurysm disease, which is observed in 3 to 5% 
of the population, is a very complex disease whose mecha-
nisms are not totally understood. The main concern with this 
disease is the difficulty to predict its evolution. Although a 
large part of the unruptured IAs would never give any symp-
toms, a rupture will have dramatic consequences as severe 
handicap or death. As different processes are involved in 
the wall of evolving IAs, it is currently impossible to safely 
propose to patients a pharmacological treatment to prevent 
growth or rupture of their IA. Remodeling of the aneurysmal 
wall leading to growth and rupture has been characterized by 
histologic analyses performed in human samples or in ani-
mal models. Such studies have shown that rupture of an IA is 
driven by remodeling of the aneurysmal wall characterized 
by inflammatory cells infiltration, SMC death, ECM degra-
dation, calcification, or lipid accumulation. Wall remodeling 
is driven by risk factors such as IA morphology characteris-
tics, smoking, hypertension, sex, and also by hemodynamic 
forces. Improved understanding of the processes involved in 

wall remodeling is needed to better define wall (in)stability. 
Recent advances in vessel wall imaging bring new tools and 
information to answer this point. The recent creation of the 
CDEs for IA and SAH will also help clinicians and research-
ers to better apply standardization to the disease with the 
final goal to secure their decision to treat or to observe an 
unruptured IA. Finally, new insights in genetic profiles for 
IA rupture and circulating biomarkers, and development of 
predictive models for rupture risk assessment will beyond 
doubt help to better define which unruptured IA is at risk of 
rupture and should be treated. Efforts converge towards a 
more precise and personalized medicine for patients affected 
by IAs (Fig. 4), which is critical for a better management of 
the disease.
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