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The disease resulting in the formation, growth, and rupture of intracranial aneurysms is complex. Research is accumulat-
ing evidence that the disease is driven by many different factors, some constant and others variable over time. Combi-
nations of factors may induce specific biophysical reactions at different stages of the disease. A better understanding

of the biophysical mechanisms responsible for the disease initiation and progression is essential to predict the natural
history of the disease. More accurate predictions are mandatory to adequately balance risks between observation and
intervention at the individual level as expected in the age of personalized medicine. Multidisciplinary exploration of the
disease also opens an avenue to the discovery of possible preventive actions or medical treatments. Modern information
technologies and data processing methods offer tools to address such complex challenges requiring 1) the collection of
a high volume of information provided globally, 2) integration and harmonization of the information, and 3) management
of data sharing with a broad spectrum of stakeholders.

Over the last decade an infrastructure has been set up and is now made available to the academic community to support

and promote exploration of intracranial disease, modeling, and clinical management simulation and monitoring.

The background and purpose of the infrastructure is reviewed. The infrastructure data flow architecture is presented.
The basic concepts of disease modeling that oriented the design of the core information model are explained. Disease
phases, milestones, cases stratification group in each phase, key relevant factors, and outcomes are defined. Data pro-
cessing and disease model visualization tools are presented. Most relevant contributions to the literature resulting from
the exploitation of the infrastructure are reviewed, and future perspectives are discussed.
https://thejns.org/doi/abs/10.3171/2019.4.FOCUS19185
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nosed with any condition are exposed to a multi-

tude of questions. The answers to those questions
may be based on robust knowledge and evidence, widely
disseminated in the medical community and well accept-
ed, while others may be disputed, based on new emerging
notions and a limited quantity of data that may be con-
tradictory or biased. Adequately answering questions and
making decisions by making the most of the latest evi-
dence and knowledge relevant to a particular patient is a
major challenge.

CLINICIANS providing care to patients newly diag-

When counseling patients diagnosed with intracranial
aneurysms, the first questions are typically as follows: Is
this aneurysm potentially dangerous? How will it evolve?
Is treatment possible? What are the risks associated with
treatments? Are there any recommendations for a change
in lifestyle? Should other family members be examined?
All of these questions have slightly different answers de-
pending on factors specific to each patient. The manage-
ment of patients with intracranial aneurysms is not limited
to patients diagnosed with an aneurysm incidentally, but
also extends to patients with symptoms related to an aneu-

ABBREVIATIONS aSAH = aneurysmal SAH; ADB = Aneurysm Data Bank; CRIM = Clinical Reference Information Model; ISUIA = International Study of Unruptured Intra-
cranial Aneurysms; SAH = subarachnoid hemorrhage; UIA = unruptured intracranial aneurysm.

SUBMITTED February 28, 2019. ACCEPTED April 24, 2019.
INCLUDE WHEN CITING DOI: 10.3171/2019.4.FOCUS19185.

©AANS 2019, except where prohibited by US copyright law

Neurosurg Focus Volume 47 « July 2019 1



Bijlenga et al.

rysm or having suffered from a rupture of the aneurysm.
This corresponds to different phases of the disease and, for
each phase of the disease, the answers depend on a small
number of severity factors, variable factors, and modifi-
able factors. Since the long-term prognosis of patients is
influenced by a multitude of decisions made during dif-
ferent phases of illness and life, it has a high potential for
optimization.

Patients incidentally diagnosed with an intracranial an-
eurysm were traditionally informed that the lesion might
rupture and destroy their life like a bomb in the head. This
frightening language has prompted many patients to be
treated aggressively at the risk of suffering the collateral
damage of a risky intervention. The study of the Inter-
national Study of Unruptured Intracranial Aneurysms
(ISUIA)® suggested that some aneurysms did not expose
patients to such a high risk and suggested that in some
cases the risks associated with interventions could exceed
the risks associated with natural evolution.

The assessment of the risk of aneurysm rupture is dif-
ficult because it is based on at least 6 factors and their
combinations, namely, the type of vascular lesion being
saccular or fusiform; the location of the aneurysm in the
cerebrovascular tree; the size of the aneurysm sac; and the
patient’s age, sex, and family history. If these factors were
dichotomous, their various combinations would already
generate 720 different categories, but some of these fac-
tors are categorial or continuums. In addition, according
to a consensus study, the list of relevant factors to be taken
into account may be much greater. Indeed, the UIATS
(unruptured intracranial aneurysm treatment score) sys-
tem in which points are summed in favor of or against an
aggressive treatment is based on 27 factors.’

The risk associated with treatment of intracranial aneu-
rysms in general is less than 0.5% mortality and less than
5% morbidity but rises to 22% mortality and 32% mor-
bidity in high-risk groups.®!"-!* This risk is to be weighed
against the risk associated with the potential rupture of the
aneurysm. Often, the difference regarding risks associated
with different options are small. The quality and the grad-
ual improvement of care through the development of mul-
tiple innovations reduces risks of interventions and often
simplifying decision-making in favor of active treatment.
Nevertheless, distinguishing the best option when differ-
ences become smaller requires larger cohorts and multi-
center and international collaboration. Since most patients
are asymptomatic when initially diagnosed, the choice of
treatments and consequences of failure become extremely
relevant. It is essential to determine an acceptable level of
performance and develop tools to improve efficiency.

At present, the possibility of assessing the efficacy of
one treatment over another is limited by the feasibility of
a study requiring the rapid recruitment of a large number
of patients and therefore the establishment of a heavy and
expensive structure. The rapidity of technological devel-
opments, the strong competition, and the obligation to en-
sure safety but not to demonstrate the superiority of new
treatments, encourages the medical community to respond
to the satisfaction of stakeholders or patients but not to
systematically commit resources to effectively measure
treatment performance.
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It is estimated that 3% of the population suffers from an
intracranial aneurysm and thus there is a potential major
impact of each decision during care. Addressing the issue
is a question of public health and, due to the disease com-
plexity and diversity of care options, it is an illustrative
example of the challenge of personalized medicine. The
additional challenge is to manage collaboration, system-
atic analysis, and harmonized documentation of care for a
high number of hospitals globally.

New technologies offer a fantastic opportunity to fed-
erate, harmonize, integrate, and contextualize informa-
tion. To meet the challenge of personalized medicine, we
propose here an evolutionary infrastructure for the mas-
sive collection of clinical and radiological data and their
harmonization, allowing on the one hand the acquisition
of a sufficient statistical power to carry out clinical stud-
ies, and on the other hand providing a decision aid for the
management of intracranial aneurysms. Only large-scale
collections of high-quality longitudinal data will meet the
challenge of personalized medicine.

Infrastructure of the Aneurysm Data Bank

The development of a data bank requires generic com-
ponents that apply to all aspects of health and specific
components applying to particular organs and pathologies.
This infrastructure must ensure the exchange of health in-
formation, measures taken for the maintenance of health,
treatments and interventions and their consequences, and
development of structures regulating the flow and exploi-
tation of information.

The development of the infrastructure described here
was initiated as part of the calls for tender of the 6th
Framework Program for Research and Innovation of
the European Commission (FP6), for which the project
“@neurIST: integrated bioinformatics for the manage-
ment of intracranial aneurysms” had been funded (2006—
2010, www.aneurist.org). Since 2015, the development of
@neurlST continued in the framework of the project “An-
euX: shape as a biomarker for aneurysm disease” funded
by the Swiss initiative for systems biology (SystemsX.ch;
http://www.systemsx.ch/fr/projets/medical-research-and-
development-projects/aneux/).

At present, the infrastructure hosts data for 1) pa-
tients diagnosed with one or more intracranial aneu-
rysms, family members, and healthy volunteers recruited
at Geneva University Hospitals since 2006 according to
the @neurIST protocol and Geneva Ethics authorization
CCER 07-056 and PB_2018—-00073; 2) participants re-
cruited under the @neurIST project between 2006 and
2010 in partner centers in Barcelona (Spain), Amsterdam
(the Netherlands), Pecs (Hungary), and Oxford and Shef-
field (United Kingdom); and 3) participants recruited for
studies evaluating the genetic predisposition to the for-
mation of intracranial aneurysms and federated by the
International Stroke Genetics Consortium (ISGC). Data
from more than 7000 participants have been harmonized
and hosted by this infrastructure. Digital data represent
genetic, biological, structural, and functional information
corresponding to the various phases of patient diagnosis,
management, treatments, and interventions as well as the



evolution of the disease. All of these data are associated
and harmonized using a disease-specific Clinical Refer-
ence Information Model (CRIM). The CRIM has been
improved continuously up to current version 5, which is
compatible with the format defined for Unruptured Intra-
cranial Aneurysms and Subarachnoid Hemorrhage by the
NIH Common Data Elements working groups.*

From a technical point of view, this structure is divided
into 3 main modules (Fig. 1), allowing 1) data acquisition
(care zone); 2) standardization and management of data
sharing (data sharing infrastructure); and 3) exploitation
of data for information or research (information/research
zZone).

Database Design and Disease Modeling

The data are labeled and stored to facilitate case-based
lifelong recording of information relative to the initial pa-
tient condition, exposition to constant, variable, and modi-
fiable factors, as well as outcomes, complications, and ad-
verse events. Each case populates a disease model where
the disease is divided into a succession of phases (Table 1).
The phases are defined by milestones. Cases are clustered
in severity groups specific to each phase. When multiple
aneurysms are identified, both patients and aneurysms are
grouped in severity groups. The milestones defining the
phases are 1) the diagnosis of at least one intracranial an-
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eurysm, 2) the observation of a modification of the aneu-
rysm or observation of a new aneurysm, 3) the treatment
of an aneurysm, 4) the rupture of an aneurysm, 5) the di-
agnosis of vasospasm, 6) the diagnosis of hydrocephalus,
7) the diagnosis of a treatment failure, and 8) death.

The first phase is the premorbid condition prior to the
diagnosis of an intracranial aneurysm. This phase stops
the day a subject is diagnosed with an intracranial aneu-
rysm and starts to be a patient. Patients are clustered in
different groups as 1) those having no factors associated
with the disease, 2) those having characteristics exposing
them to the risk of intracranial aneurysm, and 3) those
having characteristics exposing them to the risk of intra-
cranial aneurysm, justifying a screening. It is expected
that with growing knowledge regarding genetics and risk
factors, subject classifiers will be developed, allowing the
estimation of a lifelong probability of disease susceptibil-
ity or disease occurrence rate.

The second phase starts with the diagnosis of an intra-
cranial aneurysm. Patients are currently classified in dif-
ferent groups according to the estimation of risk by clini-
cians. Patients can be diagnosed with unruptured intracra-
nial aneurysms (UIAs) that are considered at low risk and
observed with regular follow-ups (F). The patients who
undergo follow-up may have lesions that remain stable (S)
or grow (G). The definition of growth is broad and may
change. Aneurysm growth has so far included the obvious

Care zone

Physician Subject

=

e iy Mty e e m i o i

Care and monitoring

Filter
Coding

Information / research
zone

Data sharing
infrastructure

FIG. 1. The infrastructure provides different levels of decision support, promoting standardized data collection in the clinical
environment. Data from different providers are harmonized and integrated to promote disease understanding, modeling, and
management simulation by global information sharing. The data are packaged individually to data users.
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observation of morphological changes of the aneurysm
dome but also changes in headaches or changes in aneu-
rysm wall characteristics on imaging, leading to a change
in the clinical recommendation and proceeding to an in-
tervention (Gondar et al.'’). A patient initially diagnosed
with a UIA can be considered on the basis of clinical judg-
ment of risk of aneurysm rupture and treated (T). Patients
diagnosed with an intracranial aneurysm in the context
of a subarachnoid hemorrhage (SAH) due to the rupture
of the aneurysm populate the aneurysmal SAH (aSAH)
group. Groups of patients in G, T, and aSAH can be pooled
to create a high-rupture-risk patient group (HRR) that can
be compared with patients with the lowest risk, diagnosed
with stable aneurysms (S). The comparison of these 7
groups (UIA, F, S, G, T, aSAH, and HRR) allows the as-
sessment of factors associated with or models to predict
1) the risk of aneurysm rupture (UIA vs aSAH), 2) rate
of aneurysm growth or rupture using longitudinal data, 3)
the probability of the UIA to be stable (S vs HRR), and
4) clinical decision making regarding selection of patients
for observation versus treatment and different treatment
modalities (F vs T).

The third phase starts with the first treatment of an an-
eurysm and records information regarding clinical man-
agement. It is divided into a great number of groups ac-
cording to initial conditions collected in the first 2 phases
and different treatment methods and sequences of treat-
ment. It covers not only the treatment of aneurysms but
also the management of epilepsy and stroke or conse-
quences of SAH like vasospasm and hydrocephalus.

The fourth phase is capturing outcomes by assessing
case evolution over time. The primary outcome is the
quantification of disability integrated over a lifetime using
the modified Rankin Scale assessed at 1 year and 5 years
after initial diagnosis and every 5 years thereafter over
the rest of the patient’s life. Secondary outcome assess-
ments are neurocognitive performance using the Montreal

Rupture trigger

0 O

Genetic

Cognitive Assessment and quality of life using the SF-36
and potentially other emerging assessment tools, as well
as treatment failures like aneurysm repermeabilization,
recurrence, neoaneurysm formation, and rebleeding.

The disease model is progressively populated with har-
monized data collected transversally and longitudinally
and integrated from different previous and ongoing stud-
ies. Care is taken to populate the disease model also with
data collected prospectively and consecutively for the di-
rect purpose of disease model validation.

The disease model is progressively constructed by in-
tegrating successive modules, allowing the prediction of
transitions from one milestone to another within the dif-
ferent phases. The prediction results of each module feed
the classifiers of the next module. The full model can be
represented as a sequence of Swiss cheese slices where
the probability of an event happening depends on a trig-
ger and a concomitant alignment of holes in all slices (Fig.
2).7 The aggregation of all available patient data associated
with imputation of missing information regarding factors
relevant to each disease phase using probabilistic models
allows drawing different management scenarios and ulti-
mately should be able to predict outcomes for each of the
scenarios. A Bayesian network graphical model was de-
veloped to visualize interactions and predictions dynami-
cally for each disease phase (https:/www.r-project.org/
conferences/useR-2009/slides/Klinger+Friedrich.pdf) (Fig.
3). The infrastructure so far allows for collecting data and
managing biological samples to contribute in particular to
the identification of genetic loci associated with the dis-
ease,”? assessing the aneurysm growth rate in the cohort
of followed-up patients,'® assessing the predictive perfor-
mance of an aneurysm rupture risk classifier based on lo-
cation and size,? PHASES score? and cerebrovascular mor-
phodynamic factors,® and correlating clinical risk factors
with histological characteristics of disease severity>!® and
associating biomechanical stress conditions with aneurysm

predispositions C
o Uo(
o}

Congenital
predispositions

Environmental
factors

SR e

Modifiable

factors

o)

Aneurysm rupture

FIG. 2. The impact of multiple factors is visualized using a Swiss cheese model where different factors are each represented by a
cheese slice with permissive traits (holes) and resistive traits blocking the effect of a transition trigger promoting the progression of

the disease to another stage.
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FIG. 3. Associations between factors and outcome can be visualized dynamically using Bayesian network models representing the
direction and strength of associations between factors and distribution of probabilities regarding factor categories. In the example
based on International Subarachnoid Aneurysm Trial study data,'® sex was fixed as female, and the distribution of cases in all
other factors categories is dynamically displayed. The selection of any other category, i.e., an aneurysm location or size or both,
will immediately result in the display of a new map with different arrows and distribution of cases in factor categories allowing the
visualization of the different possible scenarios. Courtesy of Christoph M. Friedrich, developer of the rSMILE package.

initiation and growth.>'* Analysis of the impact of differ-
ent phenotypic and genetic factors on aneurysm initiation,
multiplicity, and rupture is ongoing.

Core Resources

The community can share data by opening an account.
The portal allows data to be deposited in association with
meta-information regarding data collection conditions
(purpose, protocol), definitions and data format used, and
terms and conditions of data use, as well as the list of the
contributors specifying their function and contribution pe-
riod. Data can also be contributed using a decision sup-
port tool, providing information regarding risks associated
with natural evolution and treatments or using a clinical
integrated standardized reporting tool (AneuQuest) that
supports structured data collection regarding clinical ob-
servations, decisions, treatments, and outcomes to be inte-
grated in the hospital information system.

Once the data are submitted to the Aneurysm Data
Bank (ADB), de-identification and encoding of the data
are verified before being imported. Once imported, the
data are harmonized to a standard information model that
represents all dimensions relevant to the description of the
disease and its management, the CRIM. An office within
the ADB is dedicated to this harmonization activity, infra-

structure maintenance, and upgrades according to infor-
mation technology evolution, as well as to the management
of data sharing according to agreements between investi-
gators, coordinates collaborations, and manages data ac-
cess rights.

Data access is gated by data user rights. Data can be
accessed in two types of format: 1) aggregated data or 2)
case-level data. According to user’s rights, different ser-
vices will be provided. Data providers will access two por-
tals. One web portal will display aggregated data regard-
ing their cohort basic characteristics, and the second portal
will allow exploration and analysis of their own data. Data
analysis is facilitated by integrated graphical user inter-
faces interfacing with the R free software environment
(R Development Core Team, R Foundation for Statistical
Computing) to allow easy statistical analysis.

Researchers interested in accessing harmonized data
provided by different sources will have to claim access to
data, providing a research protocol specifying aims, meth-
ods, and criteria for the inclusion or exclusion of cases as
well as the list of data elements needed. Access to a data
subset will be granted for a defined period of time and
according to the protocol and upon agreement of data pro-
viders. Researchers will be able to upload case-based data
for in-house analysis or have access to integrated graphical
user interfaces interfacing with the R free software envi-
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ronment. Once a study is completed, the ADB will provide
raw data, analysis protocol, and manuscript archiving ser-
vices to researchers.

Perspectives

Efforts are now focused on consolidating and sustain-
ing the structure of the ADB. The study of genetic factors
influencing the development of the disease or having an
impact on the consequences of bleeding requires the for-
mation of very large cohorts, which is a great motivator for
international collaborations. We hope to gradually feder-
ate a growing community.

As described above, the disease has a wide range of fac-
ets that, in order to be understood in the context of preci-
sion medicine, not only requires a large number of patients
but also a fine and homogeneous description of the char-
acteristics of the disease and its management. The current
tool in its most basic version manages 13 variables, which
is, for the moment, considered sufficient to start the genet-
ic studies. Nevertheless, according to a large group of in-
ternational experts (ISUTA), the list of factors that should
be systematically assessed in order to decide whether or
not to treat an intracranial aneurysm includes 35 factors.
In its most extensive version, the inventory of potentially
relevant information has more than 1000 factors and will
necessarily expand further. At Geneva University Hos-
pital, the collection of these data has been coupled with
clinical documentation and the drafting of medical reports
and letters. It is our desire to link other centers to a deci-
sion support tool for the management of intracranial an-
eurysms. Currently, a simple tool to estimate the risk of
rupture of a specific aneurysm or calculate the balance of
risks between observation and intervention on the basis of
data from literature is available (http://iascore.swissneuro-
foundation.ch/). However, there is still a need for this tool
to be accessible directly from the patient’s electronic file.

The NeuroPoint Alliance (a nonprofit organization of
the American Association of Neurological Surgeons es-
tablished in 2008 with the mission improving quality of
neurosurgical care through acquisition, analysis, and re-
porting of clinical data via registries and related studies)
launched the Quality Outcome Database (QOD) neurovas-
cular registry in 2014.! Having similar aims, avenues to
join efforts and collaborate will be explored.

Finally, clinical imaging and digital histopathology
are powerful sources of high-quality information that can
generate a digital replica of a patient (avatar) and opens the
door to all kinds of biomechanical disease modeling and
simulations. These technologies are already widely used
in the fields of engineering. However, work is needed to
improve the exchange of images and avatars.

Conclusions

The ADB infrastructure includes a set of elements that
can serve as a platform for the exchange of information
between the clinical community, researchers, health man-
agement bodies, and industry while supporting its man-
agement and offering a high level of security. The basic in-
frastructure can be used generically, and specific modules
are adapted to the special needs of each particular organ
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or disease. It is designed to remain flexible and integrated
with other existing or developing structures. The current
purpose of the infrastructure is to demonstrate that it is
possible to model a complex multifactorial disease and its
management through collection, integration, and harmoni-
zation of data globally.
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