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Abstract 

Background: Ruptured aneurysms, the commonest cause of nontraumatic subarachnoid hemorrhage, can be cata-
strophic; the mortality and morbidity of affected patients being very high. Some risk factors, such as smoking, hyper-
tension and female sex have been identified, whereas others, such as hemodynamics, imaging, and genomics, remain 
unclear. Currently, no accurate model that includes all factors for predicting such rupture is available. We plan to use 
data from a large cohort of Chinese individuals to set up a multidimensional model for predicting risk of rupture of 
unruptured intracranial aneurysms (UIAs).

Methods: The China Intracranial Aneurysm Project-2 (CIAP-2) will comprise screening of a cohort of 500 patients 
with UIA (From CIAP-1) and focus on hemodynamic factors, high resolution magnetic resonance imaging (HRMRI) 
findings, genetic factors, and biomarkers. Possible risk factors for rupture of UIA, including genetic factors, biomarkers, 
HRMRI, and hemodynamic factors, will be analyzed. The first project of the China Intracranial Aneurysm Project (CIAP-
1; chaired by the Department of Neurosurgery, Tangdu Hospital, Fourth Military Medical University, Xi’an, Shaanxi, 
China) will prospectively collect a cohort of 5000 patients with UIA from 20 centers in China, and collect baseline 
information for each patient. Multidimensional data will be acquired in follow-up assessments. Statistically significant 
clinical features in the UIA cohort will also be analyzed and integrated into the model for predicting risk of UIA rup-
ture. After the model has been set up, the resultant evidence-based prediction will provide a preliminary theoretical 
basis for treating aneurysms at high risk of rupture.

Discussion: This study will explore the risk of rupture of aneurysms and develop a scientific multidimensional model 
for predicting rupture of unruptured intracranial aneurysms.

Clinical Trials registration A Study on a Multidimensional Prediction Model for Rupture Risk of Unruptured Intracranial 
Aneurysms (CIAP-2), NCT03133624. Registered: 16 April 2017. https ://clini caltr ials.gov/ct2/show/NCT03 13362 4
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Background
Intracranial saccular aneurysms are increasingly often 
being detected in clinical practice in parallel with the 
increasing frequency of performing computed tomog-
raphy (CT) and magnetic resonance imaging (MRI). A 
recent cross-sectional study of community data showed 
that the prevalence of unruptured intracranial aneurysm 
(UIA) is as high as 7% [1] among 35–75-year-old individ-
uals in China. The rate of rupture of such aneurysms was 
almost 1% in a Japanese study [2]. Although the incidence 
is low, the consequences of aneurysm rupture are seri-
ous, the mortality rate in the early stages of hemorrhage 
reportedly being 40% and the rebleeding rate as high as 
60%–70% [2]. Some models for predicting enlargement 
and rupture of such aneurysms are currently available. 
However, one of these models is for assessing risk of 
rupture of bifurcation aneurysms and incorporates only 
a few indicators [3]. Another large study had some bias 
that made the external efficiency relatively low [4]. These 
results and models are difficult to incorporate into clini-
cal practice. It is therefore essential to identify all risk fac-
tors and construct a more accurate model for predicting 
rupture of aneurysms in Chinese people that is simpler to 
use and more effective in clinical practice.

Hemodynamic and HRMRI have been gaining increasing 
attention for predicting rupture of aneurysms
Hemodynamic studies of risk of rupture of aneurysms 
have shown that turbulence in the aneurysm cavity, 
strong jet blood flow, and high shear stress can result in 
changes in the shape of the aneurysm, resulting in a very 
low velocity region (located at the base of the aneurysm 
and daughter sac). In areas of low flow velocity and low 
shear stress, the aneurysm wall cells shrink and degen-
erate, resulting initially oozing and subsequently in rup-
ture and frank bleeding [5–9]. However, hemodynamic 
studies have some limitations. For example, some stud-
ies have focused too much on computational analysis and 
lack prospective validation by biological and clinical out-
comes. Therefore, studies of hemodynamic characteris-
tics of intracranial aneurysms need to be combined with 
clinical cohort and pathophysiological studies to provide 
more comprehensive data.

High resolution magnetic resonance imaging (HRMRI) 
was first used to diagnose Takayasu arteritis. This modal-
ity, which provides resolution accuracy of up to about 
78% [10] for the aneurysm wall and surrounding tissue, 
enabling assessment of the pathology of development 
of the aneurysm wall, has shown that thickening of the 
aneurysm wall often denotes infiltration by inflammatory 
cells, conferring a high risk of rupture [11]. Edjlali et al. 
[12] found that circumferential aneurysmal wall enhance-
ment (CAWE) is more frequently observed in unstable 

intracranial aneurysms and can be used as a surrogate 
for inflammatory activity in the aneurysmal wall. Hu 
et al. [13] found that wall enhancement consistently and 
strongly correlates with symptomatic aneurysms. There-
fore, wall enhancement that is detected by HRMRI may 
predict instability of an intracranial saccular aneurysm.

In the future, progression of aneurysms may be explained 
on the basis of biochemistry via biomarkers and genetic 
factors
Indirect evidence from clinical findings has indicated 
that some genetic factors may be associated with rupture 
of intracranial aneurysms. Familial aneurysms account 
for 7%–20% [14] of all aneurysms. Previous studies of 
familial and sporadic aneurysms have found associa-
tions between many regions of genes or chromosomes 
and presence of aneurysms [15]. However, the results 
of a large twin study suggest that subarachnoid hemor-
rhages (SAH) are mainly of non-genetic origin and that 
environmental variance is greater than genetic variance 
in individuals with SAH [16]. It is yet to be proved that 
biological markers and genetic abnormalities can predict 
SAH in Chinese individuals. Thus, this study will seek to 
validate target genes and biomarkers that have been iden-
tified as possible risk factors by other researchers.

Clinical factors are important in predicting rupture 
of aneurysms
There has been ongoing study of the occurrence and rup-
ture of unruptured aneurysms. Studies have shown that 
up to 85%–90% of ruptured intracranial aneurysms are 
≤ 10 mm in diameter [17–20]. It is inappropriate to rec-
ommend treatment for all small (< 7 mm) UIAs because 
treatment-related morbidity and mortality is close to 
being higher than the morbidity and mortality of aneu-
rysm rupture. The only published lifelong follow-up 
study found that smoking and female sex are more seri-
ous prognostic factors than aneurysm size [21]. Many 
factors contribute to SAH, the three predominant risk 
factors being smoking, sex, and blood pressure [22]. 
Another prospective study [23] found that old age is also 
a risk factor for aneurysm rupture. The International 
Study on unruptured intracranial aneurysms [24] found 
that the 5-year cumulative rupture rates for patients with 
no history of SAH with aneurysms located in the inter-
nal carotid, anterior communicating, anterior cerebral, or 
middle cerebral arteries were 0%, 2.6%, 14.5%, and 40% 
for aneurysms smaller than 7 mm, 7–12 mm, 13–24 mm, 
and 25 mm or greater, respectively, compared with rates 
of 2.5%, 14.5%, 18.4%, and 50%, respectively, for the same 
size categories involving the posterior circulation and 
posterior communicating artery aneurysms. The location 
and size of an aneurysm thus have an obvious effect on 
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risk of rupture, as has also been shown in another cohort 
study [2]. The level of evidence in the above two studies 
was relatively strong. However, because there was a bias 
in selection, the external validity of the study needs to 
be verified; additionally, the applicability of the findings 
of large studies to the Chinese population is unknown. 
Some studies in China have found that various morpho-
logical features of aneurysms are associated with their 
rupture. These include irregular morphology of a daugh-
ter sac and leaf segments, high aspect ratio (ratio of aneu-
rysm height to neck width), and high size ratio (ratio of 
aneurysm size to parent artery size). Although these 
studies have enriched our understanding of factors influ-
encing the risk of rupture of aneurysms, some of them 
are small single center and/or retrospective studies and 
thus provide a low level of evidence-based data. More 
importantly, at present, China does not have a high-level 
prediction model that integrates these factors. Thus, we 
plan to carry out a large prospective multicenter cohort 
study with wide coverage to investigate rupture-related 
factors in China.

Methods and design
The Study on a Multidimensional Model for Predicting 
Risk of Rupture of Unruptured Intracranial Aneurysms 
(CIAP-2) is the second project of the China Intracranial 
Aneurysm Program and is managed by Beijing Neuro-
surgical Institute and Beijing Tiantan Hospital), which 
manages a prospective observational registry of patients 
with UIA who were enrolled in our 20 centers in China 
during the first CIAP. It is sponsored by the National Key 
Research Development Program of China. This study has 
been designed as a prospective, observational registry 
and the treatment of patients will not be influenced by 
their participation in this observational study. This study 
adheres to the ethical principles of the Declaration of 
Helsinki and Human Biomedical Research Ethical Issues 
and Policy Guidance. The Institutional Review Board of 
Beijing Tiantan Hospital, Capital Medical University has 
approved the study (KY2017-017-01). We will inform 
participating patients or their relatives that the privacy of 
their data will be protected. These know they can with-
draw from the study at any time. The study has been 
registered at https ://clini caltr ials.gov/ct2/show/NCT03 
13362 4.

Aims
CIAP is a multicenter, large prospective study of intracra-
nial aneurysms that has five different facets: CIAP-1 is for 
setting up and managing a UIA queue of 5000 individuals 
and calculating the annual rate of rupture of those aneu-
rysms; CIAP-2 for exploring risk factors associated with 
aneurysm rupture and developing a multidimensional 

model for predicting aneurysm rupture; CIAP-3 for 
exploring antithrombotic therapy in patients with UIA 
complicated by ischemic cardio-cerebrovascular diseases; 
CIAP-4 for comparing treatment options for UIA-inter-
vention and craniotomy, the study protocol of CIAP-4 
has been published [25]; and CIAP-5 is for development 
of standardized treatments for early-stage bleeding from 
aneurysms. CIAP-1 is responsible for the management of 
the UIA queue. This is for the second observational study. 
An overview of the CIAP design is presented in Fig. 1.

Design
Individuals in the UIA follow-up cohort will be allocated 
to two groups, a modeling and a validation group, in 
a ratio of 2:1. Taking the annual rupture rate as 1% [2], 
the rate of loss would be less than 20%. The data will be 
analyzed statistically in the 5th  years, the expectation 
being that at least 130 patients’ aneurysms will rupture 
in the first 4  years. The modeling group will be used to 
establish the risk of UIA rupture and compare relevant 
clinical information, radiological images, hemodynamic 
variables, genetic factors, HRMRI findings, and biomark-
ers [12, 13, 26–37] between the rupture and non-rupture 
groups to identify the risk factors for rupture. These will 
then be incorporated into a multi-dimensional model for 
predicting risk of UIA rupture. The validation group will 
then be used to validate that model (Fig. 2).

Recruitment of participants
Inclusion criteria

• At least one UIA that has not been treated and has 
been confirmed by imaging: computed tomography 
angiography (CTA), magnetic resonance angiogra-
phy (MRA), and/or digital subtraction angiography 
(DSA).

• The ability to live independently and a modified rank-
ing score ≤ 3.

• Older than 14 years.
• Patient or relatives have given written informed con-

sent.

Exclusion criteria

• Subarachnoid hemorrhage of unknown origin.
• Presence of other intracranial vascular malforma-

tions, such as a cerebral arteriovenous malformation 
(AVM) or cerebral arteriovenous fistula (AVF).

• Intracranial and other malignant aneurysms.
• Traumatic, bacterial, or dissecting aneurysm.
• Presence of severe mental illness preventing commu-

nication.

https://clinicaltrials.gov/ct2/show/NCT03133624
https://clinicaltrials.gov/ct2/show/NCT03133624
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• Presence of other diseases or poor general condition 
with expected survival of less than 1 year.

• Participant in another similar research program.
• Refusal to attend for follow-up.

Data collection and management
The following patient characteristics will be collected and 
recorded: (1) basic clinical characteristics; (2) relevant 
data concerning personal and family history; (3) relevant 
imaging findings; (4) findings of head HRMRI, computa-
tional fluid dynamics (CFD) testing, and relevant genetic 
testing; (5) relevant laboratory findings; and (6) neuro-
logical function-related scores on admission or first visit. 
The following characteristics of aneurysms will be col-
lected and recorded: size, neck size, dome-to-neck ratio, 
dome-to-artery ratio, shape, location, clinical presenta-
tion, and number of aneurysms.

The follow-up data collected will comprise: (1) fre-
quency and number of follow-up assessments; (2) find-
ings on general evaluation; (3) deaths; (4) imaging 
findings; (5) UIA growth (assessed by repeated imag-
ing to avoid treatment bias); and (6) life-style changes. 
Throughout, neurobehavioral-related scores will include: 
(1) Glasgow Coma Scale scores; (2) improved RANKIN 
scale scores (somatic changes); and (3) Mini-Mental State 
Examination scores (psychological changes).

The participants will initially be followed up three 
times: at 90 ± 14  days, 180 ± 30  days, and 365 ± 30  days 
and at least annually for a minimum of 5 years thereaf-
ter. Participation in the study will end if rupture occurs. 
Patients with SAH will be transferred to the CIAP-5 
project (a study of emergency treatment of aneurysmal 
subarachnoid hemorrhage; CIAP-5, the fifth project of 
the China Intracranial Aneurysm Project, is managed 
by Xuanwu Hospital, Capital Medical University, Bei-
jing, China). In addition, patient’s relatives are requested 
to report sudden deaths to the study group. In such 
instances, autopsies will immediately be organized in 
study hospitals and tissue samples of ruptured aneurysms 
will be supplied to the project for analysis, subject to the 
informed consent of the participants’ relatives.

Formal training, including investigator training and 
familiarization with the study protocol, will be initi-
ated. An inspection team of experts drawn from various 
organizations will follow participants up with the speci-
fied regular monitoring until the end of the study period. 
All data will be collected on paper Case Report Forms 
(CRF), then input into Electronic Data Capture (EDC) for 
management, and retained for 5 years after the end of the 
study. The accuracy and rigorousness of the data will be 
checked in a timely manner.

This study will incorporate nested screening of 500 
individuals from cohort 1 (CIAP-1). Recruitment for this 

Fig. 1 Flow chart of the CIAP study. An aneurysm, RA ruptured aneurysm, UIA unruptured intracranial aneurysm
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study started in September 2016. The estimated primary 
completion date will be in December 2020. The project 
will produce preliminary results in the 5th year. After the 
end of the 5th year, we will have a longer follow-up visit 
to the patients who have been in the group.

Model building (first set of UIA queues)

1. The following possible or established risk factors for 
UIA will be collected and analyzed: age; sex; blood 
pressure, smoking, alcohol consumption, hyperlipi-
demia, diabetes mellitus, and family history of suba-
rachnoid hemorrhage, intracranial aneurysm, and 
autosomal dominant diseases (polycystic kidney, 
Marfan syndrome, collagen dysplasia, etc.)

2. The following imaging data will be collected and 
analyzed: shape, location, size, aspect ratio and odds 
ratio of aneurysms, morphological factors such as the 
angle of the aneurysm jet, and known risk factors for 
rupture.

3. In our experience, follow-up angiography alone does 
not adequately predict the outcome whereas HRMRI 
is a more useful means of following these lesions 
[38]. We have also found and reported that aneurysm 
wall enhancement on HRMRI predicts instability of 
an intracranial aneurysm [39]. HRMRI will be per-
formed on patients enrolled in the UIA follow-up 
cohort at the 20 participating centers and HRMRI-
identified aneurysm wall enhancement assessed as a 
possible predictor of UIA rupture. Two-dimensional 
short-axis images of the aneurysms generated from 
the registered pre-and post-contrast T1w-SPACE 
images will be used to identify wall enhancement 
[13].

4. To identify risk factors, the nested cohort study will 
incorporate the following: incidence of aneurysm 
rupture in the follow-up cohort, the definition of UIA 
recently rupture before the duration of follow-up was 
high risk of rupture of UIA, acquisition of imaging 
data for hemodynamic calculations; according to the 

Fig. 2 Flow chart showing development of multidimensional model for prediction bleeding from previously unruptured aneurysms. MRI magnetic 
resonance imaging
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aneurysm ratio of 1:2 UIA (rupture vs non-rupture), 
and analysis of differences in hemodynamic variables, 
genetic factors, and biomarkers.

A. Analysis of hemodynamic variables: A three-
dimensional shape will be created and image 
data from computed tomographic angiography, 
magnetic resonance angiography, or DSA saved 
as DICOM files. Once the 3D model has been 
reconstructed, it will be saved in an STL file for-
mat. A rigid wall in the parent vessel and aneu-
rysm will be assumed in the simulation of hemo-
dynamics. We will start by using ANSYS ICEM 
CFD (Materialise, Leuven, Belgium) to build a 
finite element model, then perform a simula-
tion on ANSYS CFX software (Materialise), and 
finally use ANSYS CFX POST postprocessing 
to calculate Wall Shear Stress (WSS), maximum 
wall shear stress (WSSmax), low WSS areas, 
steady state of blood flow, and so on. Our team 
has already identified that these factors are asso-
ciated with the stability of aneurysms [40–42].

B. Gene and biomarker analysis: Blood samples will 
be collected from all participants and specimens 
of the aneurysm wall from patients who undergo 
craniotomy. Target chromosomes will be tested 
for blindly. Target genes and biomarkers identi-
fied as possibly relevant by the latest international 
research will be tested. Differences in genes and 
biomarkers between rupture and non-rupture 
groups will be compared to identify rupture-
related factors.

5. Risk factors for rupture, including hemodynamic 
variables, genes, and biomarkers will be calculated 
in a nested cohort study of the entire first cohort 
(CIAP-1: the first project of the China Intracranial 
Aneurysm Project and is managed by Tangdu Hos-
pital, Fourth Military Medical University). A multi-
dimensional model for predicting UIA rupture and 
bleeding that incorporates clinical, imaging, HRMRI 
data, and so on will be constructed by using a statisti-
cal model.

6. Model validation: After establishment of the model, 
the second group of the follow-up cohort will be 
used for blind verification.

7. Comparative analyses of histopathology of aneurysm 
walls: When participants undergo surgery for rup-
tured intracranial aneurysms, the sites of rupture 
will be identified intraoperatively and specimens of 
the aneurysm wall will be removed and preserved in 
formalin. The location of rupture, pathological dam-

age, hemodynamic variables, HRMRI findings, and 
relevant biomarkers will be analyzed to identify dif-
ferences between unruptured and unruptured aneu-
rysms. Relationships between pathological damage, 
hemodynamic variables, and HRMRI features of the 
aneurysm wall will also be assessed.

Statistical methods
Total sample size
CIAP-1: Calculation of the required sample size using 
an expected annual rupture rate of 1%, allowable error 
of d = 0.6%, and alpha = 0.05 on two-sided testing indi-
cated that 1173 patients need to be enrolled per year, that 
is, 4692 over 4  years. An annual rupture rate of 1% [2] 
results in a loss rate of less than 20%. A reported hemo-
dynamic index (complex flow patterns OR = 4.7) and 
HRMRI index (aneurysmal wall enhancement OR = 3.05 
for ruptured versus unruptured aneurysm) also indicate 
that this sample size would be sufficient [12, 43]. Given 
that genetic factors have not yet been evaluated [35], our 
genetic testing will assess previously reported possible 
genetic indicators of prognosis; additionally, target genes 
and biomarkers will be selected according to the latest 
research progress in the future. In the 5th  year of the 
study, we will analyze the data. As previously mentioned, 
at least 130 aneurysms are expected to rupture in the 
modeling group in the first 4  years. Allowing for a loss 
rate of 20%, the study will need to enroll 500 individuals.

Expected loss rate (less than 20%)
The expected loss includes all patient data excluded from 
the main analysis, usually because of a serious breach of 
the study protocol by the principal investigator (affecting 
the evaluation of the primary endpoint of effectiveness). 
Possible such breaches include failure to meet the inclu-
sion/exclusion criteria; failure to follow the prescribed 
schedule; follow-up visits not occurring within the speci-
fied time limits, and concomitant treatments that may 
affect incidence of rupture. However, excellent clinical 
follow-up may achieve a drop-out rate of as little as 5%.

Statistical analysis methods
Statistical analysis of clinical data
Continuous variables will be expressed as mean and 
standard deviation analyzed by one-way anova. Cat-
egorical variables will be expressed as quantity (rate) and 
compared using χ2 tests. Continuous variables that are 
not normally distributed will be expressed as medians 
and quantile intervals and compared using the Mann–
Whitney nonparametric test. P < 0.05 will denote a sig-
nificant difference.
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Evaluation of risk factors for aneurysms
Multiple regression analysis will be used to calculate 
OR values for high risk factors, including life habits and 
clinical and epidemiological data. Confidence intervals 
of 95% and cut-off values for sensitivity and specificity 
for predicting occurrence of an aneurysm rupture will 
be determined by receiver operating curves (ROCs). 
Next, the model will be used to assess risk of aneurysm 
rupture in the validation group and thus determine the 
model’s efficacy and accuracy. Finally, the model will be 
adjusted as indicated and established.

Discussion
The study will comprise only Chinese individuals and 
incorporate Korja et al.’s recommendations for research 
on UIAs [44]. This study will be the first multicenter 
prospective registry study of a multidimensional model 
for predicting aneurysm rupture in China. In addi-
tion to the previous study of baseline data, this study 
will also explore hemodynamic factors, imaging fac-
tors, genomics, and biomarkers in more detail with the 
aim of making it more applicable to clinical situations. 
The assumption of rigid wall in the parent vessel and 
aneurysm may introduce bias in our simulation results. 
Image data and biochemical indicator of different cent-
ers will be standardized; however, data biases asso-
ciated with different types of imaging machines and 
different detection methods are inevitable. Addition-
ally, because this research includes only Chinese indi-
viduals, the results will be more applicable to Chinese 
people than to others; the applicability to other popula-
tions is unknown.

Abbreviations
CIAP: China Intracranial Aneurysm Project; CFD: computational fluid dynamics; 
CRF: Case Report Form; CT: computed tomography; CTA : computed tomogra-
phy angiography; DSA: digital subtraction angiography; EDC: Electronic Data 
Capture; HRMRI: high resolution magnetic resonance imaging; MRA: magnetic 
resonance angiography MRI: magnetic resonance imaging; SAH: subarachnoid 
hemorrhage; UIA: unruptured intracranial aneurysm.

Authors’ contributions
JC, JL and XY developed this study protocol and JC is the main author. KW, 
YZ, ZT, YZ, SM, ML, PJ, CD, HZ, YQ and MH, all participated in the final design of 
the study. XY conceived and designed the research, and handled funding and 
supervision. All authors read and approved the final manuscript.

Author details
1 Department of Interventional Neuroradiology, Beijing Neurosurgical 
Institute, Beijing Tiantan Hospital, Capital Medical University, Beijing 100050, 
China. 2 Department of Neurosurgery, Zhujiang Hospital, Southern Medical 
University, Guangzhou, Guangdong, China. 3 Department of Neurosurgery, 
Xuanwu Hospital, Capital Medical University, Beijing, China. 4 Department 
of Neurosurgery, Tangdu Hospital, Fourth Military Medical University, Xi’an, 
Shanxi, China. 5 Department of Neurosurgery, West China Hospital, Sichuan 
University, Chengdu, Sichuan, China. 

Acknowledgements
The authors are grateful to all patients’ advisors. They also thank Dr. Trish Reyn-
olds, MBBS, FRACP, from Liwen Bianji, Edanz Group China (http://www.liwen 
bianj i.cn/ac), for editing the English text of a draft of this manuscript.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials section
Not applicable. This manuscript does not contain any data.

Consent for publication
Not applicable.

Ethics approval and consent to participate
The study protocol was approved by the Institutional Review Board of Beijing 
Tiantan Hospital (KY2017-017-01) on 29 March 2017.

Funding
This work was supported by the National Key Research and Development 
Program of China (Grants Nos. 2016YFC1300800, 2016YFC1300802), the 
National Natural Science Foundation of China (grant numbers: 81220108007, 
81371315, 81471167, and 81671139) and the Special Research Project for 
Capital Health Development (Grant Number: 2018-4-1077). The funders had 
no role in the study design, data collection and analysis, decision to publish, or 
preparation of the manuscript.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 31 July 2018   Accepted: 20 September 2018

References
 1. Li MH, Chen SW, Li YD, Chen YC, Cheng YS, Hu DJ, Tan HQ, Wu Q, Wang W, 

Sun ZK, et al. Prevalence of unruptured cerebral aneurysms in Chinese 
adults aged 35 to 75 years: a cross-sectional study. Ann Intern Med. 
2013;159:514–21.

 2. Investigators UJ, Morita A, Kirino T, Hashi K, Aoki N, Fukuhara S, Hashi-
moto N, Nakayama T, Sakai M, Teramoto A, et al. The natural course of 
unruptured cerebral aneurysms in a Japanese cohort. N Engl J Med. 
2012;366:2474–82.

 3. Farnoush A, Avolio A, Qian Y. A growth model of saccular aneurysms 
based on hemodynamic and morphologic discriminant parameters for 
risk of rupture. J Clin Neurosci. 2014;21:1514–9.

 4. Tominari S, Morita A, Ishibashi T, Yamazaki T, Takao H, Murayama Y, Sonobe 
M, Yonekura M, Saito N, Shiokawa Y, et al. Prediction model for 3-year 
rupture risk of unruptured cerebral aneurysms in Japanese patients. Ann 
Neurol. 2015;77:1050–9.

 5. Duan G, Lv N, Yin J, Xu J, Hong B, Xu Y, Liu J, Huang Q. Morphological and 
hemodynamic analysis of posterior communicating artery aneurysms 
prone to rupture: a matched case-control study. J Neurointerv Surg. 
2016;8:47–51.

 6. Meng H, Tutino V, Xiang J, Siddiqui A. High WSS or low WSS? Complex 
interactions of hemodynamics with intracranial aneurysm initiation, 
growth, and rupture: toward a unifying hypothesis. AJNR Am J Neurora-
diol. 2014;35:1254–62.

 7. Xiang J, Natarajan SK, Tremmel M, Ma D, Mocco J, Hopkins LN, Siddiqui 
AH, Levy EI, Meng H. Hemodynamic-morphologic discriminants for 
intracranial aneurysm rupture. Stroke. 2011;42:144–52.

 8. Xu J, Yu Y, Wu X, Wu Y, Jiang C, Wang S, Huang Q, Liu J. Morphological 
and hemodynamic analysis of mirror posterior communicating artery 
aneurysms. PLoS ONE. 2013;8:e55413.

 9. Zhang Y, Mu S, Chen J, Wang S, Li H, Yu H, Jiang F, Yang X. Hemodynamic 
analysis of intracranial aneurysms with daughter blebs. Eur Neurol. 
2011;66:359–67.

http://www.liwenbianji.cn/ac
http://www.liwenbianji.cn/ac


Page 8 of 8Chen et al. J Transl Med  (2018) 16:263 

 10. Tenjin H, Tanigawa S, Takadou M, Ogawa T, Mandai A, Nanto M, Osaka 
Y, Nakahara Y, Umeda M, Higuchi T. Relationship between preopera-
tive magnetic resonance imaging and surgical findings: aneurysm wall 
thickness on high-resolution T1-weighted imaging and contact with 
surrounding tissue on steady-state free precession imaging. Neurol Med 
Chir (Tokyo). 2013;53:336–42.

 11. Nagahata S, Nagahata M, Obara M, Kondo R, Minagawa N, Sato S, Sato 
S, Mouri W, Saito S, Kayama T. Wall enhancement of the intracranial 
aneurysms revealed by magnetic resonance vessel wall imaging using 
three-dimensional turbo spin-echo sequence with motion-sensitized 
driven-equilibrium: a sign of ruptured aneurysm? Clin Neuroradiol. 
2016;26:277–83.

 12. Edjlali M, Gentric JC, Regent-Rodriguez C, Trystram D, Hassen WB, Lion 
S, Nataf F, Raymond J, Wieben O, Turski P, et al. Does aneurysmal wall 
enhancement on vessel wall MRI help to distinguish stable from unstable 
intracranial aneurysms? Stroke. 2014;45:3704–6.

 13. Hu P, Yang Q, Wang DD, Guan SC, Zhang HQ. Wall enhancement on high-
resolution magnetic resonance imaging may predict an unsteady state of 
an intracranial saccular aneurysm. Neuroradiology. 2016;58:979–85.

 14. Mackey J, Brown RD Jr, Moomaw CJ, Sauerbeck L, Hornung R, Gandhi D, 
Woo D, Kleindorfer D, Flaherty ML, Meissner I, et al. Unruptured intracra-
nial aneurysms in the Familial Intracranial Aneurysm and International 
Study of Unruptured Intracranial Aneurysms cohorts: differences in 
multiplicity and location. J Neurosurg. 2012;117:60–4.

 15. Foroud T, Koller DL, Lai D, Sauerbeck L, Anderson C, Ko N, Deka R, Mosley 
TH, Fornage M, Woo D, et al. Genome-wide association study of intrac-
ranial aneurysms confirms role of Anril and SOX17 in disease risk. Stroke. 
2012;43:2846–52.

 16. Korja M, Silventoinen K, McCarron P, Zdravkovic S, Skytthe A, Haapanen 
A, de Faire U, Pedersen N, Christensen K, Koskenvuo M, Kaprio J. Genetic 
epidemiology of spontaneous subarachnoid hemorrhage: Nordic Twin 
Study. Stroke. 2010;41:2458–62.

 17. Forget TR Jr, Benitez R, Veznedaroglu E, Sharan A, Mitchell W, Silva M, 
Rosenwasser RH. A review of size and location of ruptured intracranial 
aneurysms. Neurosurgery. 2001;49:1322–5 (discussion 1325–1326).

 18. Molyneux A, Kerr R, Stratton I, Sandercock P, Clarke M, Shrimpton J, Hol-
man R. International Subarachnoid Aneurysm Trial (ISAT) of neurosurgi-
cal clipping versus endovascular coiling in 2143 patients with ruptured 
intracranial aneurysms: a randomised trial. Lancet. 2002;360:1267–74.

 19. Molyneux A, Kerr R, Yu L, Clarke M, Sneade M, Yarnold J, Sandercock 
P. International subarachnoid aneurysm trial (ISAT) of neurosurgical 
clipping versus endovascular coiling in 2143 patients with ruptured 
intracranial aneurysms: a randomised comparison of effects on survival, 
dependency, seizures, rebleeding, subgroups, and aneurysm occlusion. 
Lancet. 2005;366:809–17.

 20. Zhao L, Zhang L, Zhang X, Li Z, Tian L, Wang Y. An analysis of 1256 cases 
of sporadic ruptured cerebral aneurysm in a single Chinese institution. 
PLoS ONE. 2014;9:e85668.

 21. Korja M, Lehto H, Juvela S. Lifelong rupture risk of intracranial aneurysms 
depends on risk factors: a prospective Finnish cohort study. Stroke. 
2014;45:1958–63.

 22. Korja M, Silventoinen K, Laatikainen T, Jousilahti P, Salomaa V, Hernesniemi 
J, Kaprio J. Risk factors and their combined effects on the incidence rate 
of subarachnoid hemorrhage—a population-based cohort study. PLoS 
ONE. 2013;8:e73760.

 23. Lee E, Lee H, Hyun M, Choi J, Kim J, Lee N, Hwang J, Kwon J. Rupture rate 
for patients with untreated unruptured intracranial aneurysms in South 
Korea during 2006–2009. J Neurosurg. 2012;117:53–9.

 24. Wiebers D, Whisnant J, Huston J, Meissner I, Brown R, Piepgras D, 
Forbes G, Thielen K, Nichols D, O’Fallon W, et al. Unruptured intracranial 
aneurysms: natural history, clinical outcome, and risks of surgical and 
endovascular treatment. Lancet. 2003;362:103–10.

 25. Chen Y, Fan H, He X, Guo S, Li X, He M, Qu Y, Yang X, Zhang H, Sun X, et al. 
China Intracranial Aneurysm Project (CIAP): protocol for a prospective 
cohort study of interventional treatment and craniotomy for unruptured 
aneurysms. BMJ Open. 2018;8:e019333.

 26. Brown RD, Broderick JP. Unruptured intracranial aneurysms: epidemiol-
ogy, natural history, management options, and familial screening. Lancet 
Neurol. 2014;13:393–404.

 27. Cebral JR, Mut F, Raschi M, Scrivano E, Ceratto R, Lylyk P, Putman CM. 
Aneurysm rupture following treatment with flow-diverting stents: com-
putational hemodynamics analysis of treatment. AJNR Am J Neuroradiol. 
2011;32:27–33.

 28. Chu Y, Wilson K, Gu H, Wegman-Points L, Dooley SA, Pierce GL, Cheng 
G, Pena Silva RA, Heistad DD, Hasan D. Myeloperoxidase is increased 
in human cerebral aneurysms and increases formation and rupture of 
cerebral aneurysms in mice. Stroke. 2015;46:1651–6.

 29. Hayakawa M, Maeda S, Sadato A, Tanaka T, Kaito T, Hattori N, Ganaha T, 
Moriya S, Katada K, Murayama K, et al. Detection of pulsation in ruptured 
and unruptured cerebral aneurysms by electrocardiographically gated 
3-dimensional computed tomographic angiography with a 320-row area 
detector computed tomography and evaluation of its clinical usefulness. 
Neurosurgery. 2011;69:843–51.

 30. Horie N, Morikawa M, Fukuda S, Hayashi K, Suyama K, Nagata I. Detection 
of blood blister-like aneurysm and intramural hematoma with high-
resolution magnetic resonance imaging. J Neurosurg. 2011;115:1206–9.

 31. Kao HW, Lee KW, Chen WL, Kuo CL, Huang CS, Tseng WM, Liu CS, Lin CP. 
Cyclophilin A in ruptured intracranial aneurysm: a prognostic biomarker. 
Medicine (Baltimore). 2015;94:e1683.

 32. Kleinloog R, Verweij BH, van der Vlies P, Deelen P, Swertz MA, de Muynck 
L, Van Damme P, Giuliani F, Regli L, van der Zwan A, et al. RNA sequencing 
analysis of intracranial aneurysm walls reveals involvement of lysosomes 
and immunoglobulins in rupture. Stroke. 2016;47:1286–93.

 33. Luo B, Yang X, Wang S, Li H, Chen J, Yu H, Zhang Y, Zhang Y, Mu S, Liu Z, 
Ding G. High shear stress and flow velocity in partially occluded aneu-
rysms prone to recanalization. Stroke. 2011;42:745–53.

 34. Matouk CC, Mandell DM, Gunel M, Bulsara KR, Malhotra A, Hebert R, 
Johnson MH, Mikulis DJ, Minja FJ. Vessel wall magnetic resonance imag-
ing identifies the site of rupture in patients with multiple intracranial 
aneurysms: proof of principle. Neurosurgery. 2013;72:492–6 (discussion 
496).

 35. Nakaoka H, Tajima A, Yoneyama T, Hosomichi K, Kasuya H, Mizutani T, 
Inoue I. Gene expression profiling reveals distinct molecular signa-
tures associated with the rupture of intracranial aneurysm. Stroke. 
2014;45:2239–45.

 36. Takao H, Murayama Y, Otsuka S, Qian Y, Mohamed A, Masuda S, Yama-
moto M, Abe T. Hemodynamic differences between unruptured and rup-
tured intracranial aneurysms during observation. Stroke. 2012;43:1436–9.

 37. Tanoue T, Tateshima S, Villablanca JP, Vinuela F, Tanishita K. Wall shear 
stress distribution inside growing cerebral aneurysm. AJNR Am J Neuro-
radiol. 2011;32:1732–7.

 38. Zhang Y, Wang Y, Sui B, Li Y, Mu S, Zhang Y, Wu Z, Yang X. Magnetic 
resonance imaging follow-up of large or giant vertebrobasilar dissecting 
aneurysms after total embolization on angiography. World Neurosurg. 
2016;91:218–27.

 39. Zhang Y, Sui B, Liu J, Wang Y, Tian Z, Chen J, Wu Z, Yang X. Aneurysm 
wall enhancement on magnetic resonance imaging as a risk factor for 
progression of unruptured vertebrobasilar dissecting aneurysms after 
reconstructive endovascular treatment. J Neurosurg. 2017;128:747–55.

 40. Liu J, Jing L, Wang C, Zhang Y, Yang X. Recanalization, regrowth, and 
delayed rupture of a previously coiled unruptured anterior communi-
cating artery aneurysm: a longitudinal hemodynamic analysis. World 
Neurosurg. 2016;89:726.e5–10.

 41. Liu J, Xiang J, Zhang Y, Wang Y, Li H, Meng H, Yang X. Morphologic and 
hemodynamic analysis of paraclinoid aneurysms: ruptured versus unrup-
tured. J Neurointerv Surg. 2014;6:658–63.

 42. Zhang Y, Yang X, Wang Y, Liu J, Li C, Jing L, Wang S, Li H. Influence of mor-
phology and hemodynamic factors on rupture of multiple intracranial 
aneurysms: matched-pairs of ruptured-unruptured aneurysms located 
unilaterally on the anterior circulation. BMC Neurol. 2014;14:253.

 43. Cebral JR, Mut F, Weir J, Putman CM. Association of hemodynamic 
characteristics and cerebral aneurysm rupture. AJNR Am J Neuroradiol. 
2011;32:264–70.

 44. Korja M, Kaprio J. Controversies in epidemiology of intracranial aneu-
rysms and SAH. Nat Rev Neurol. 2016;12:50–5.


	China Intracranial Aneurysm Project (CIAP): protocol for a registry study on a multidimensional prediction model for rupture risk of unruptured intracranial aneurysms
	Abstract 
	Background: 
	Methods: 
	Discussion: 

	Background
	Hemodynamic and HRMRI have been gaining increasing attention for predicting rupture of aneurysms
	In the future, progression of aneurysms may be explained on the basis of biochemistry via biomarkers and genetic factors
	Clinical factors are important in predicting rupture of aneurysms

	Methods and design
	Aims
	Design
	Recruitment of participants
	Data collection and management
	Model building (first set of UIA queues)

	Statistical methods
	Total sample size
	Expected loss rate (less than 20%)
	Statistical analysis methods
	Statistical analysis of clinical data
	Evaluation of risk factors for aneurysms


	Discussion
	Authors’ contributions
	References




