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EEXXEECCUUTTIIVVEE  SSUUMMMMAARRYY  

Humphrey1 expresses the „general agreement that mechanics plays an essential role in each 
aspect of the natural history‟ of aneurysms. Workpackage 3 has built a „Complex Information 
Processing‟ toolchain encompassing the whole process from reading a medical image 
through image processing operations, to integration of other information from the patient 
record, to morphological, structural and haemodynamic analysis, and to modelling of the 
biological processes to predict aneurysm evolution. Perhaps the most important function of 
this toolchain, and certainly the one on which most resource is focused, is that of the physical 
characterisation of the aneurysm. This characterisation includes morphometric, structural 
and haemodynamic descriptors. Aneurysm rupture itself is a mechanical failure of the tissue, 
and (subject to a number of caveats that are discussed in detail in this document) the 
stresses and strains in the tissue under physiological loading can be computed.  The 
sustainable levels of stress or strain are subject-specific, and certainly depend on the 
structural and haemodynamic environment under which the aneurysm has evolved. The role 
of haemodynamics in the biological process of remodelling is well established, even if not 
fully understood. Measures of the morphology of an aneurysm might be considered to be 
compound surrogates of structural and haemodynamic characteristics.  
 
There is already evidence in the literature, again discussed in more detail in the body of this 
document, that physical characterisations of an aneurysm can be associated with the 
observation of rupture. @neurIST  has built a comprehensive database of several hundreds 
of aneurysms to develop and to reinforce the association between physical characterisation 
and rupture, with the aim of identification of those aneurysms that are at greatest risk and of 
the quantitative evaluation of the risk of an individual. It is imperative that the processing 
chain is the most appropriate that we were able to  construct under the constraints in which 
@neurIST operates, and that it was and is operated in a consistent manner to produce 
reliable data on which to build association studies.   
 
The purpose of this document is: 
 

1) to present the philosophy of @neurIST‟s „Complex Information Processing‟ toolchain, 
2) to identify clearly all of the operations in it, 
3) to identify decision points, describe the alternatives and justify the decisions taken, 
4) to describe the analysis protocol that was adopted for population of the @neurIST 

databases with physical characterisations, as the basis for future association studies. 
 
Although the same chain can, in principle, be used to answer „what if‟ questions (e.g. „what if‟ 
the patient‟s blood pressure is reduced), and as the basis for integration of models of the 
process of aneurysm evolution, these applications are out of the scope of the analysis 
protocol definition. However, the backing infrastructure, in particular the management of 
intermediate and result data, has been set up in a way to ease future variations and 
extensions of the analyses that were actually performed during the project.  
 
The main purpose of this revision of the document is to include additional knowledge, both 
from @neurIST and from elsewhere, that has been developed during the intervening period. 
In particular it includes reference to a number of sensitivity studies and reflects the 
experience that @neurIST has gained in processing approximately 280 aneurysms.   
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GGlloossssaarryy  

The following table describes the meaning of the symbols that characterise the flow of 
information , and which appear throughout the text. 
 
 

  Input from @neuInfo 

 Output from toolchain 

[] Intermediate result from toolchain 

DP Policy decision required / taken 

DA Analyst decision required 

OA Analyst operation required 

O@ System operation required 

Sns Sensitivity study required / performed 

Q Question 

Name: 
Name according to the WP3 Process 
and Data Entities Specifications3 

DDM: 
Corresponding entities in the derived 
data model 

Table 1:  Explanation of symbols 

 
 

LLiisstt  ooff  KKeeyy  WWoorrddss//AAbbbbrreevviiaattiioonnss  

 
3DRA  Three-Dimensional Rotational Angiography 

ANSYS  Analytical Systems (Project Partner) 

APD   Abstract Problem Description 

CFD  Computational Fluid Dynamics 

CPU  Central Processing Unit 

CRIM  Clinical Reference Information Model 

CT  Computed Tomography 

CTA  Computed Tomography Angiography 

DDM   Derived Data Model 

DDS  Derived Data Store 

DSA  Digital Subtraction Angiography 

GAR  Geodesic Active Region 

IT  Information Technology 

LB  Lattice Boltzmann 

MR  Magnetic Resonance 
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MRA  Magnetic Resonance Angiography 

NEC  Nippon Electric Company (Project Partner) 

OSI  Oscillatory Shear Index 

VPM  Virtual Patient Metaphor 

VTK  Visualisation Toolkit 

WSS  Wall Shear Stress 

ZMI  Zernike Moments Invariants 
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11  IInnttrroodduuccttiioonn  

  
There are the following  primary challenges associated with the complex information 
processing (morphological, structural and haemodynamic characterisation) workflow: 

 

 to define a sequence of operations that produces the most appropriate 
representation of the individual as the basis for computation of the characteristics 
(the pre-processing or model-building step). 

 

 to solve the numerical model to return the „raw‟ results (the solution step): for the 
structural and haemodynamic analyses this will produce very large data files. For 
the haemodynamic analyses they will contain (at least) numerical values for 
pressure and for the three components of velocity computed at something of the 
order of a million points, potentially at a hundred or more time steps.  Thus the 
raw solution files  contain of the order of 109 entries (3-4 Gb) for each transient 
analysis. 

 

 to perform data reduction operations to reduce the raw data to a few characteristic 
measures that might be tractable as the basis for statistical association studies 
(the post-processing step). 

 

 To create a consistent model of the generated data suitable for finding statistical 
annotations and future extensions 

 

 to construct the IT environment that supports all of the above operations, 
accessing data or models as required and writing the output to the appropriate 
locations. In addition, considering the many difficult or arbitrary decisions that had 
and have to be made, this IT environment must make it as easy as possible to 
revise such decisions on the analysis protocol details and re-execute the chain 
accordingly. 

 
The formulation and definition of the processing chain that  operates on the clinical 
datasets to return morphological, structural and haemodynamic characterisations to the 
@neurIST databases has been the subject of a number of documents and workshops.  
The first formal description, including descriptions of the toolchain and suggestions for 
data reduction operations to produce a tractable number of characteristic measures 
that might be usable in the subsequent processing was published in D112, the System 
Dataflow Diagram, formally delivered at PM12.  D11 referenced a number of supporting 
documents, including one containing a formal naming convention for data items and for 
process operations3.  USFD has presented at an „Analysis Protocol Workshop‟, held as 
part of the General Assembly in Barcelona in May 2007, and at a smaller follow-up 
meeting held with the Project Board in July 2007. Two summary slides from the 
Analysis Protocol Workshop4 are presented in Figure 1.  
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Figure 1  Slides from the Analysis Protocol Workshop 

@neurIST Confidential Copyright © 2006

3

WP3 high priority for PM13-18 (in collaboration with WP4.2):

Specification of standard analysis protocol for 

morphological, structural and haemodynamic analyses

To maximise the usability of patient-specific data from the 

electronic health record 

Development of strategies for the “filling-in” of necessary 

missing data Virtual Patient Metaphor

Focus: What data will be provided from the clinical 

database and what data will be returned?

I believe that we need to be pragmatic: we can 

not do tens of analyses for each patient, and 

if we return hundreds of characteristic 

measures, who will use them ?

@neurIST Confidential Copyright © 2006

4

Why characterise ?

The purpose of the morphological, haemodynamic and structural 

characterisations is to produce measures of the state of the aneurysm that 

can be associated with its risk of rupture, now or in the future.

A fundamental premise is that aneurysms do not change significantly in 

shape when rupture occurs, so that characterisations of ruptured

aneurysms can be taken as indicative of the pre-rupture state.

The assumption is that the database that @neurIST will build will permit 

the statistical association of the categorisation (ruptured or unruptured) to 

the characteristics (shape, wall shear stress, structural strain, ……)

… and perhaps that the computed influence of proposed interventions on 

the characterisation of the aneurysm will assist interventional planning
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Following these events, input has been received from a number of @neurIST partners.  
One of the most important observations, consistently reinforced by the team from MI-
EMC, was that many important decisions about the processing chain can only be 
supported following appropriate sensitivity studies. There are many decisions to take in 
the course of an analysis, and it was impossible to conduct all conceivable sensitivity 
studies during the project. Nevertheless several important sensitivity studies have been 
performed and reported and these are discussed as they arise in this document: 
furthermore the robust system that @neurIST has developed will make it considerably 
easier to conduct such studies, or to investigate the importance of patient-specific input 
data, in the future. Exploration of this last direction was started in November 2008, 
when a workshop on the Virtual Patient Metaphor (VPM) took place in St. Augustin and 
developed a strategy for a VPM  case study on personalising  the 1D blood flow model, 
see Section 5.3.1.1.  
 
It is suggested that new physical characterisations developed in @neurIST might 
represent better diagnostic or prognostic indicators than those currently available.  
@neurIST has processed morphological and haemodynamic characterisations for 
approximately 280 aneurysms using the consistent protocol outlined in this document, 
and statistical associations are now being sought between these characteristic 
parameters and the primary aneurysm classification (ruptured or unruptured).  There is 
some evidence in the literature already that ruptured and unruptured aneurysms exhibit 
different morphological5,6, structural1,7,8,9,10,11 and flow12,13 characteristics.  It is 
postulated that there is likely to be a hierarchy in the physical measures, as illustrated 
in Figure 2. 
 

 
 

Figure 2  Hierarchy of Physical Characterisations 

Copyright © 2006-2008@neurIST Confidential

7

Physical Characterisation:

Boundary conditions

Constitutive equations
Stress analysis

Medical Images Morphology Morphology

HaemodynamicsBoundary conditions

Constitutive equations

Flow, pressure, 

wall shear stress

Deformation, strain, 

stress

Confidence Direct diagnostic capacity

Hypothesis

All analyses require geometry from the medical image

Highest confidence (least additional information) is in morphology

Best measures diagnostically are stress/strain (acute and 
remodelling) and haemodynamic parameters (remodelling); both 
require additional information
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It is likely that the event of rupture occurs when the tissue stress or strain exceeds 
some sustainable level, and therefore a reliable measure of stress or of strain is likely 
to have the greatest diagnostic capacity in the context of imminent rupture.  The stress 
and strain in the aneurysm can be calculated if the geometry, material characteristics 
and boundary (support) conditions are known: unfortunately this will never be true for 
an individual and approximations will be required for all of them.  Similar arguments 
apply for morphological and haemodynamic characterisations.  The haemodynamic 
characterisation returns parameters like wall shear stress, which might drive biological 
processes that are important in the evolution of an aneurysm towards a state in which it 
will rupture.  The morphological characterisation might in some sense be regarded as a 
crude combined structural and haemodynamic characterisation (the shape is the single 
most important determinant of both), but because it requires many fewer assumptions it 
might prove more powerful than either.   
 
In summary, confidence in accuracy of the physical measures is highest in those that 
require least input of uncertain parameters, but the direct diagnostic capacity of other 
measures would be likely to be higher if they can be proved to be reliable.  The 
important question is whether the analyses that can be performed return characteristic 
measures that can be used for either diagnostic or prognostic purposes.  The 
measurement of these characteristics for a number of aneurysms is a necessary first 
step in the answering of this question.  Without this we do not and cannot know where 
the balance lies. 
 
The purpose of the current document is: 
 

 to identify explicitly every operation and every decision to be made in the 
morphological, haemodynamic and structural analysis processing chain,  

 to give explicit recommendations and justifications for each strategic decision,  

 to describe  a strategy for determination of which analyses will be performed for 
each individual,   

 to describe the IT infrastructure managing the processing chain and most 
importantly the flow and management of the data used and produced during the 
execution of this processing chain. 

 
The following sections in this introduction outline the broad steps in a typical 
computational analysis procedure, and give some idea of the resource implications for 
@neurIST‟s haemodynamic processing chain. Some remarks are made on 
shortcomings in the actual implementation in @neurIST where it is felt that this is 
required. 

 

11..11  PPrree--pprroocceessssiinngg::  BBuuiillddiinngg  tthhee  MMooddeell  

 
The specification of the analysis protocols is a straightforward task in a mechanical 
sense, but there are many deep philosophical issues associated with the question of 
what is the „right‟ analysis to do for a patient, and whether this is different from the 
analysis that should be done for the purposes of building databases from which to 
extract statistical association.  In terms of the challenges listed above, the greatest 
difficulty arises with respect to the pre-processing chain.  What are the right analyses to 
perform?  It will be demonstrated that there are tens of input parameters, and many are 
continuous variables that could take any value over normal and pathological ranges: for 
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example if diastolic blood pressure is an input then it might range from perhaps 50 
mmHg as a resting, overnight figure to perhaps 110 mmHg or more under a stress 
condition.  Each dataset might therefore give rise to an infinite number of variations: 
even choosing just three representative values, perhaps low, medium and high (and 
this begs the question as to whether these values should be based on normal diurnal 
variations or on unusual or pathological events) for each parameter could lead to 
hundreds of analyses for each individual.  Clearly this is not reasonable, not least 
because it is not clear what would be done with the information generated. However, 
given the uncertainty about which decisions will ultimately turn out to be the right ones, 
it is of paramount importance to design the processing chain such that, if a revision is 
required in the light of new knowledge in the future, it permits the reuse of the work 
already performed as much as possible. For this purpose, a comprehensive formal 
model of the data involved in this and the next two steps was developed: this is 
referred to as the derived data model (DDM), see Sec. 2.2.1.  

 

11..22  TThhee  SSoolluuttiioonn  SStteepp  

 
The solution step is straightforward: once the model has been built, it is necessary to 
generate a solution that describes the distribution of the fundamental variables at all 
points in the domain (or for a morphological analysis to produce appropriate, perhaps 
global, descriptors of the geometry).  There is a professional responsibility to ensure 
that the solution generated is an accurate one of the problem posed (for example by 
performing mesh sensitivity studies), but there are no significant philosophical issues. 
In order to ensure independence of the concrete simulation programs used, the input to 
the solution steps is described in an abstract, application-neutral format in the DDM 
and transformed on demand by specific pre-processors to the concrete simulation 
application.  As stated above, the solution step will typically produce very large results 
files, of the order of several Gigabytes if results are stored at every timestep.  The 
computational resource used to create the solutions is not trivial.  A transient 
haemodynamics analysis (3 cardiac cycles) of a typical aneurysm in CFX takes of the 
order of 50 hours on a single processor of a modern PC-cluster, which can be brought 
down to 5 hours using 30 processors in parallel.   

 
 

11..33  PPoosstt--PPrroocceessssiinngg::  SSttoorraaggee  aanndd  DDaattaa  RReedduuccttiioonn  

 
@neurIST has established a strategy for storage of result data. Data reduction 
operations were defined to reduce the vast quantity of data to a manageable volume 
that might feasibly be used to seek statistical association between the physical 
characterisations and the event of rupture. However, although best efforts were made 
to choose the most appropriate characteristic parameters, raw output data is kept so 
that new characterisations, suggested by new knowledge, might be computed in the 
future without re-running all of the analyses. As discussed in the previous section, the 
computational resource consumed in the analysis is significant.  Each haemodynamic 
analysis takes about 2 CPU days. For only a single analysis for each of four hundred 
aneurysms, eight hundred CPU days are required, and furthermore there is a human 
resource involved in managing the analyses. To give a rough order of magnitude, if two 
analyses are stored for each of four hundred aneurysms, @neurIST generates 
something of the order of 5 Tb of raw haemodynamic data. Both reduced and raw data 
are part of the derived data model (DDM) and are stored permanently.    
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22  CCoommpplleexx  IInnffoorrmmaattiioonn  PPrroocceessssiinngg::  AAnnaallyyssiiss  SSttrraatteeggyy  

 

22..11  UUssee  CCaasseess  

 
There are four fundamental use cases for the complex information processing analysis 
chain: 

 

 population of the databases with morphological, structural and haemodynamic 
characterisations of the aneurysms to support subsequent statistical association 
studies. 

 the „research use case‟, or use by researchers to explore the association 
between input parameters and characteristic measures. 

 the „clinical use case‟, or use by clinicians to characterise an individual‟s 
aneurysm and to ask „what if‟ questions with respect to the envelope of likely 
physiological exposure and with respect to potential interventions. 

 the „industrial use case‟, or use in the context of design of interventions, in the 
context of @neurIST particularly with respect to stent design49. 

 
These use cases broadly fall into three categories, or modes of use, as illustrated in 
Figure 3. The first one is clearly related to the first category (standard characterisation), 
while the other use cases can operate in any of those categories. 
 
The critical path with respect to @neurIST planning and timelines was preparation for 
the first use case, the population of the @neurIST databases with parameters that 
describe the morphological, structural and haemodynamic characteristics of the 
aneurysm.  One of the measurable outcomes of @neurIST is the existence of 
databases populated with these characteristic measures for a large number of 
aneurysms.  The primary purpose of this current document is to finalise the strategy for 
this effort, and to ensure that all components are in place. These characterisations are 
associated with a case number, and are never associated with an identifiable 
individual.  The argument, as outlined in the introduction, is that these new 
characterisations might represent better diagnostic or prognostic indicators than those 
currently available.   
 
All other use cases are important, but not in the focus of this document  Furthermore  
the computational architecture and infrastructure created to support the standard 
analysis  do not require too great a modification to support the other use cases. 
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Figure 3  Modes of Use for the Complex Information Processing Analysis 
Chains 

 
 

22..22  PPrriimmaarryy  aanndd  ddeerriivveedd  ddaattaa  mmooddeellss  iinn  @@nneeuurrIISSTT  

In @neurIST, two different data models have been defined: 

 The CRIM (Clinical Reference Information Model) for the clinical, primary data, 
such as medical images and clinical findings on aneurysms 

 The DDM (Derived Data Model) for the research (derived) data, produced by 
the Complex Information Processing chain, such as haemodynamics 
characterisations 

These two data models cover all data needed for the purpose of this document, i.e. 
case processing for rupture risk assessment. 
There are two IT infrastructures supporting these data models: 

 The BioIS for the clinical data, covered by the CRIM, and medical images 

 The DDS (derived data store) for the research data covered by the DDM 
These infrastructures are covered in detail in the @neurIST architecture deliverables48. 
The CRIM is described elsewhere15. In the following, we give a high-level overview 
over the @neurIST derived data model (DDM). In addition, the sections on concrete 
analyses below directly link to relevant data model entities.  

 

22..22..11  TThhee  ddeerriivveedd  ddaattaa  mmooddeell  ((DDDDMM))  

While refining the analysis protocol, it became increasingly clear that, analogous to the 
data model for clinical data (CRIM), a model is needed for the derived data, in order to 

@neurIST  Confidential Copyright  © 2006 
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structure the data obtained by the CIP for the search of risk factors using the statistical 
knowledge discovery tools of Workpackage 4, to link it to the corresponding information 
in the clinical data model, and to provide exact details on what will be stored how for 
provenance tracking and to enable future extensions of the analyses conducted.  
 
The derived data model, development of which started in year 3, was finalised during 
year 4, and a complete schema for a relational data base, using SQL as the data 
definition language, was developed, and is maintained in the @neurIST SVN 
repository50. This schema permits the set up and population of data bases holding the 
derived data and the implementation of the associated services (DAS-DMD – data 
access service for derived meta data, see D05v4). The main entities (mapped into SQL 
tables) and concepts of the data model are (see also Figure 4 ) 
  

 processedGeometry A manually preprocessed and possibly topologically 
corrected representation of the geometry of interest, obtained from medical 
images (see Section 3). In practice, this consists of surface mesh of the 
vasculature, a skeleton (centerline), and possibly a definition of aneurysm 
necks for each aneurysm in the geometry. The aneurysms in the geometry 
must be linked unambiguously to the aneurysm defined by the CRIM. 

 analysis (sub-entities analysisHaemodynamics (Section 5), analysisWallstress 
(Section 6), analysisShape (Section 4)). These entities describe a 
computational (physical or geometric) problem, and can be seen as a 
placeholder for the solution of that problem (a kind of “virtual data”). An analysis 
is described by an abstract problem description (APD). There can be several 
analyses of each type for each geometry, either because a subset of the 
geometry is used (a clipped geometry, around an aneurysm), or because 
different protocols are used (see e.g. Section 6.3). In the latter case, the 
analyses belonging to different protocols would be grouped into different 
experiments (see below). 

 run (sub-entities runHaemodynamics, runWallstress, runShape). A run is a 
concrete computational solution of an analysis, using a concrete simulation 
application and concrete parameters, and leading to actual data. There can be 
several runs associated to a single analysis, for instance using different 
simulation tools. 

 index (sub-entities indexHD_XXX, indexWallstress_XXX, indexShape_XXX). A 
reduced set of data (also called “characterisations” or “measures” in this 
document) to be used as candidate for risk factors, and suitable to be used in 
the knowledge discovery workflows. An index is derived from a specific run, and 
always is in 1:1 relationship with an aneurysm. 

 experiment (sub-entities experimentHaemodynamics, 
experimentWallmechanics, experimentShape). An experiment is a group of 
analyses adhering to the same protocol, and is crucial for selecting 
homogeneous groups of indexes for data analysis. For instance, it does not 
make sense to  mix up haemodynamics indexes created running baseline 
(normal blood pressure) and stress (high blood pressure) analyses of the same 
type.  
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Figure 4 Simplified ER diagram of the derived data model. Entities having a 

CRIM counterpart  are shown in green, genuine derived data entities in red. Note that in 
the actual data model there are  a number of different analysis and run entities(one for 

each analysis type), and many different index types (about 30 just for the 
haemodynamics analysis), which have been fused here into a single placeholder for 

clarity.  

 
The information describing analyses in the form of abstract problem descriptions 
(APDs) is designed in a way to enable future re-use for defining and running modified a 
analyses and thus creating a new experiment. In order to ensure long-term accessibility 
to the necessary input data, the data model was extended with entities to store bulk 
data, like surface meshes. Alternatively, bulk data can be stored externally and 
reference by an EPR (end-point-reference). 
 
A number of entities serve to make the link to the clinical information represented by 
the clinical data model (CRIM): 
 

 patient is in a sense the root entity. The link to the clinical data is made by the 
patient pseudonym (patient.patientId). From the CRIM, information like blood 
pressure and haematocrit values can be obtained. 

 aneurysm is the central entity for the purposes of the work described in this 
document. The quantities derived using the biomechanical and geometric 
complex information processing  are directly linked to a specific aneurysm. The 
link to the clinical data (CRIM.ANEURYSMDETAILEVENT) is made by the 
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columns aneurysm.aneurysmId and aneurysm.aneuLoca (location). The second 
one is weaker but unique aneurysm Ids were introduced late into the CRIM. The 
clinical data provides further clinical information on the aneurysm, most 
importantly rupture status. 

 imagingStudy links to a medical imaging study described by the CRIM and their 
properties, like modality. 

 imagingSeries links to a medical imaging series described by the CRIM and 
their properties, like resolution. 

 
In addition, there are tables managing the n-to-m relationships in the data model (for 
instance, an aneurysm can be present in several geometries, and a geometry may 
cover several aneurysms). Finally, the schema was made self-documenting by 
introducing tables for documenting the table columns and their units if applicable. 

 

22..33  TThhee  VViirrttuuaall  PPaattiieenntt  MMeettaapphhoorr  ––  aa  ccoonncceepptt  ffoorr  ccooppiinngg  wwiitthh  iinnccoommpplleettee  ddaattaa  

As discussed in the introduction, a strategy was required to reduce the number of 
possible analysis chain executions to a manageable number within the resources 
available to @neurIST, and to cope with the diverging level of detail and quality in 
individual patient records in the CRIM.  The determination of the strategy to be adopted 
is inextricably linked with the concept, developed in WP4.2, of the „Virtual Patient 
Metaphor‟ (see @neurIST Deliverable D2114). The VPM is a logical entity that can be 
queried for any and all information about a human being.  It is conceptually almost 
infinite in extent, containing all of the information that describes the individual.  In the 
context of WP3, the idea is that all primary data that might be required as input to any 
particular analysis process, if it is not available directly from the patient record, can be 
obtained through the VPM.  Thus the patient record contains all directly measured data 
(including medical images) that are identified in @neurIST‟s Clinical Reference 
Information Model (CRIM)15.  The VPM has access to all of the information in the 
CRIM, but extends it to include information that is required to describe the patient that 
has not been measured directly.  There is, in principle, a VPM representation of every 
individual, but there are also VPM representations of classes of individual.  The most 
generic VPM, „average human‟, might be populated with average data from the whole 
population.  A more specific VPM might be that for a „white Caucasian female, age 40-
50, body mass index 31, no medicaments‟, in which a number of parameters (for 
example blood pressure) might be different from those for the population average, 
based on the medical literature.  A major challenge for the construction of the VPM is 
the development of the inference engine that is used to extrapolate the data that is 
available in the patient record to a complete dataset for the individual or class of 
individuals.  In principle a VPM could be associated with every @neurIST clinical case.  
Given the time constraints in the project, it was not possible to develop this concept 
towards a practical implementation usable for the analyses described in this document. 
A  case study was performed for  the 1D model of blood circulation (see Section 
5.3.1.1).  
 
It has become clear that the VPM concept is central for the type of endeavour 
described in this document, and should be developed further in future projects. In what 
follows, when we talk about the VPM, we mean a most basic implementation using 
essentially population-wide averages where appropriate.  
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22..44  SSttrraatteeggyy  ffoorr  ddeeffiinniinngg  aanndd  sseelleeccttiinngg  aannaallyysseess  

The ultimate goal of @neurIST is to identify those aneurysms that are likely to rupture, 
or progress to rupture within a particular period of time.  It is likely that the event of 
rupture itself occurs when the stress or strain in the aneurysm exceeds the strength of 
the tissue in the individual, and it is reasonable to assume that this is most likely to 
occur when the pressure is highest.  The evolution of the aneurysm with time is a much 
more subtle process, and it might be just as dependent on low pressure or low flow 
conditions as it is on the high pressure state.  There is no „right answer‟ for which 
analysis conditions are most meaningful. Pragmatically, it might be reasonable to 
conduct an analysis under average physiological conditions (baseline characterisation). 
In view of the above arguments on the role of the stress state of an individual, a stress 
characterisation, based on an extreme state intended to relate to worst-case conditions 
for the individual, would be defensible as well. However it has been noted that Bowker 
et alError! Reference source not found. have suggested that the insight gained by 
the characterisation under a physiological stress condition might be less important than 
we had thought when we issued the first version of this analysis protocol. The decision 
was taken that @neurIST should prioritise number of cases over multiple runs for each 
case. 

 
Decision 
 

 
 

It should be noted that this decision, and a number of those which follow, are specific to 
the database population use case.  We are trying to establish whether measured or 
inferred patient parameters can be associated with the observation that an aneurysm is 
ruptured or unruptured.  For this process, best efforts should be made to represent the 
conditions that were associated with the observation.  For example if it is established 
when the aneurysm is found that a patient is suffering from high blood pressure, say 
160:105, it is not unlikely that this condition has been present for some time and it is 
reasonable to seek to associate it with the classification of the aneurysm. For 
prognostic purposes, however, this calculation might not be the best one to undertake.  
It is likely that the blood pressure will be treated and rapidly brought under control, and 
that longer term risk should be associated with a normalised blood pressure.  Similar 
comments might apply to many other parameters, such as haematocrit. It is clear 
however that some decisions must remain open to debate. Thus, one central aspect of 
the development of the processing chain and the data management was to make it as 
„future-proof‟ as practicable. The technical means are: 

 Permanent storage of all intermediate data requiring manual work (like 
corrected geometries, see Section 3) 

 Full automation of the parts of the toolchain between these intermediate 
checkpoints backed by permanent intermediate data 

 Abstracting from the specifics of particular simulation applications by  defining 
and storing abstract problem descriptions (APDs) which can be translated 
automatically to valid input for the concrete simulation application used. For 
instance, the same APD can be used to automatically create input for 
applications so different as ANSYS CFX and the Lattice-Boltzmann code of the 
International LB Development Consortium. 

One structural and one haemodynamic analysis will be conducted for 
every case processed, namely, the baseline characterisation.   
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 Openness to extensions by organising results in so-called experiments, which 
permit to distinguish families of analyses using different choices for parameters 
(baseline vs. Stress is but one such choice). 

 

33  CCrreeaattiioonn  ooff  ‘‘CCoommpplleettee’’  GGeeoommeettrryy  RReepprreesseennttaattiioonn  

 
The creation of a surface representation of the region of the aneurysm is required for all 
components of the complex information processing chain (morphological, structural, 
haemodynamic).  The creation of a surface representation involves image segmentation and 
the generation of a surface mesh from the segmentation result.  Interactive tools in 
@neuFuse, @neurIST‟s pre-processing and visualisation environment, permit the correction 
of the topology of the resulting surface mesh.  The addition of a representation of the vessel 
centreline (a skeleton) to the surface representation has several advantages.  One is that it 
supports a more reproducible way to define cutting planes to close the analysis domain.   
 
The appropriate surface meshes to support each of the characterisation operations are not 
the same, particularly with respect to the extent of the domain. For the morphological and 
structural characterisations the cutting planes that will close the domain are near to the neck 
of the aneurysm.  For the haemodynamics tool chain, they are more distant and are 
associated with the inlets and outlets for the fluid domain, as well as providing the interfaces 
to a one-dimensional systemic circulation model (see section 5.3.1.1).  In general the 3D 
haemodynamic analysis requires a larger portion of the domain than any of the others, but it 
also requires operations such as vessel removal and/or inlet/outlet extensions that are not 
part of the patient vasculature and are obviously not appropriate for morphological and 
structural characterisations. Also, although all types of analysis need a definition of the 
aneurismal neck (see Section 3.2.4.3), it is not clear if the same neck definition is appropriate 
for all types (for instance, haemodynamics typically requires a smooth neck, while this 
matters little for the structural analysis protocol as defined in Section 6) .   
 
The preferred option is therefore to store one  “complete geometry” representation that 
covers as much as the domain as might be required by any envisaged analysis, and then, if 
needed, additionally separate ones, which are generated from the complete geometry, for 
morphological, structural and haemodynamic characterisations. At this point it should be 
noted that in general, enough information e.g. on cuts, extensions and necks are stored to 
generate the analysis-type specific representations on the fly, such that the latter need to be 
stored only as a backup mechanism against potential shortcomings of the tool chain  There 
is an issue that the haemodynamic characterisation is likely to be most sensitive to the 
details of the geometry, and a surface representation that has been created for other 
purposes might not be adequate for haemodynamics.  This means that either the initial 
operation has to be conducted with the potential haemodynamics use in mind, or the 
haemodynamic analyst has to be free to start again from the raw segmentation.  To avoid 
duplication, for the purposes of @neurIST it is assumed that all operators will be trained to 
produce a representation of adequate quality for a haemodynamics analysis, and that the 
stored surface representation is the best that can be achieved.  There are a number of  
situations in which the raw image is not of adequate quality to support haemodynamic 
analysis (like poor contrast agent filling, poor vascular input for CFD), and the responsibility 
for identification of these situations will lie with the individual performing the haemodynamic 
analysis. 
 
Decision  

@neurIST stores a „complete‟ surface mesh which covers as 
much of the 3D domain available from the medical image as 
might be required for any envisaged purpose.  This 
representation will later be re-cropped for all other purposes.  
Further customised (cropped) representations can be stored for 
each characterisation process. 
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33..11  RReeaaddiinngg  tthhee  MMeeddiiccaall  IImmaaggee  

 Required knowledge:  Case Number (pseudonym) to be processed 

 
OA Analyst enters case number into @neuFuse and accesses screen displaying available 

medical images for this case.   
 
O@ @neuFuse issues request to @neuInfo, which accesses the @neurIST BioIS  and 

returns to @neuFuse a list of images that are available for download. 

 List of available images associated with the Case Number. 

 
Recommendation 
 
 
 
 
 Note that the purpose of this document is to establish the analysis protocols for 

population of the @neurIST derived data store (DDS) with physical characterisations, 
and by definition this is associated with pseudonymised case numbers after the 
individual has been rendered non-identifiable.  It is concerned with the „research use 
case‟.  The clinical use case, in which the operator performs analyses within the clinic 
and associates results with the specific individual, is not considered here, but this 
pathway should also be considered in the specification of the @neuFuse/@neuInfo 
chain. 

 
DA Analyst decides which of the available images will be processed to construct the 

complete geometric model.  The goal at this stage is to produce the most accurate 
description of the geometry of the aneurysm.  Haemodynamics analysis is particularly 
sensitive to the geometry, and errors at this stage can potentially produce significant 
errors in the results. The haemodynamics chain operates only on static images: the 
decision has already been made that the wall will be rigid and stationary and therefore 
the haemodynamic analysis domain is fixed.  Where multiple images and/or multiple 
image modalities are available, the decision as to which to use is based on issues of 
resolution and of contrast (if images are available from different dates and accordingly 
different morphology, for instance due to follow-up scans, all of them should be 
processed) A discussion of image acquisition protocols that might be used in the 
@neurIST study is presented on pages 79-83 of formal deliverable D10, the @neurIST 
Clinical Data Collection Protocol16.  The three imaging modalities that allow obtaining 
volumetric images of intracranial aneurysms are: computed tomography angiography 
(CTA), magnetic resonance angiography (MRA), and three-dimensional rotational 
angiography (3DRA or 3DXA). 3DRA is often referred to as 3D digital subtraction 
angiography (DSA), although the reconstruction might or might not include digital 
subtraction of pre-contrast images (see section 12 of D10). Minimum resolution 
recommendations, reproduced from table 7 of D10, are presented in Table 2: below. 

@neuFuse should retrieve and display the image 
modality, size, resolution, and acquisition protocol as part 
of its presentation of available image sets. 
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Among these modalities, 3DRA provides the highest spatial resolution and in general is 
used during treatment. Given the less invasive nature of CTA and MRA-TOF, these two 
modalities are used in standard clinical practice at early diagnostic stages as well as for 
patient screening and monitoring.  

 

 

 In-plane (x/y) Slice Thickness 
Acquired/Reconstructed 

Slice separation 

(mm) (mm) (mm) 

MRA-TOF 0.7/0.7 (pref: <0.5) 1.4/0.7 0.7 

CTA 0.5/0.5 (pref <0.3) 1.5/0.7 0.7 

DSA 0.43/0.43 - / 0.43 0.43 

Table 2:  Minimum 3D Angiography Resolution Recommendations 

(Reproduced from Table 7 of D10) 

 
  
 A table comparing these three imaging modalities is included below (Table 3:). 
 

 MRA-TOF CTA 3DRA 

Tissue visibility and coverage of vascular structures  

Vasculature coverage Complete Complete Partial 

Thrombus  Not visible Visible Not visible 

Calcifications Not visible Visible Not visible 

Bone No visibility High visibility Low visibility 

Imaging conditions and artefacts 

Image spatial resolution Medium Medium High 

Image vessel contrast Medium Low High 

Reconstruction 
artefacts 

Loss of signal, 
ringing 

Beam hardening, 
streaking, shading 

Beam hardening, 
streaking, shading 

Filling defects High Low Medium 

Acquisition conditions and associated patient risk 

Acquisition 
invasiveness 

Low Medium High 

Contrast agent dose None Low High 

Radiation dose None Medium-high High 

Table 3: Comparison of MRA-TOF, CTA and 3DRA imaging modalities 

  
 The morphological characterisation process is currently implemented on static images. 

Dynamic characterisation can be performed only on the subset of studies where 4D 
CTA is available in preoperative studies as described in page 83 of formal deliverable 
D10, the @neurIST Clinical Data Collection Protocol16.  The extension of the shape 
characterisation to handle dynamic images is currently under development and not yet 
available from @neuFuse. Current studies17 using pulsatile phantoms, performed in 
WP3, attempted to determine if 4D CTA has the required spatio-temporal resolution to 
quantify aneurysm pulsation by means of registration techniques.  Based on the poor 
results obtained because of the limitations in the imaging acquisition, the decision 
taken was to restrict the morphological characterisation to the static case. Evidence is 
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emerging that aneurysm pulsation over the cardiac cycle might be measurable 
clinically18. Subsequent work56,57,58,59 has reported that it is possible to retrieve 
aneurysm wall motion from the standard 3D rotational runs used to reconstruct 3DRA 
volumes using multiple 3D/2D registration techniques in combination with a 
physiological signal synchronized to the rotational images. Experiments with digital and 
silicone phantom models proved the ability of the proposed methodology in recovering 
this sort of motion. 

 
  
 DP The morphological characterisation analysis has been limited to a static analysis while 

the use of 4D CTA has not been properly validated. It has been reported that the 
morphodynamic characterisation of aneurysms from standard 3DRA acquisitions is 
feasible with digital and silicone phantoms but has not been proved yet in real patients. 

 
Sns Investigations have been carried out on the sensitivity of the results of a 

haemodynamic analysis to the imaging parameters, including choice of imaging 
modality19,20,60,46. These studies have been repeated for the @neurIST chain and 
reported in deliverable D3746  “ Sensitivity study of haemodynamic characterization to 
1D circulation model boundary conditions and image modality”.  This sensitivity study 
investigated the influence that a change in image modality has on haemodynamics 
simulations of intracranial aneurysms. In this study, haemodynamic simulations were 
performed for 11 aneurysms imaged both in 3DRA and CTA.   As a result, each pair of 
haemodynamic simulations was compared by measuring geometric and hemodynamic 
variables. Differences in the reported quantitative variables were relatively large. 
However, for the qualitative variables such as the flow pattern and the flow complexity, 
were in excellent agreement between both image modalities. 

 Determining the quality of the results is essential, and indeed poor quality indicators 
might suggest that the haemodynamic analysis is not worthwhile.  However this 
sensitivity study is not on the critical path for @neurIST: it is reasonable to assume that 
the analyst will choose the best dataset available.  A reasonable hierarchy, in 
descending order of preference, would be 3DRA, CTA, MRA (cf Table 3:). The derived 
data model (see Section 2.2.1) enables identification of the image that was the basis of 
the geometric reconstruction, and thus a retrospective decision on the inclusion of any 
particular set of results in any future association studies. 

 
OA Analyst selects image to be displayed or processed.   
 
O@ @neuFuse issues request to @neuInfo, which accesses the @neurIST data nodes 

(BioIS) and returns to @neuFuse the requested image file for display and subsequent 
processing. 

 

 Selected image from @neurIST data nodes. 

 

33..22  IImmaaggee  SSeeggmmeennttaattiioonn  aanndd  SSuurrffaaccee  EExxttrraaccttiioonn  

 Selected image from @neurIST data nodes. 

 
Several segmentation methods are available in @neuFuse.  The processing strategy 
that will be outlined below depends on the generation of a surface mesh representation 
of the aneurysm and surrounding vasculature.  It will be assumed that all segmentation 
methods output either a distance transform that represents at each voxel the distance 
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to the vessel or aneurysm surface, or alternatively a direct surface representation. In 
the current implementation of the tool chain, the following segmentation methods are 
available: Geodesic Active Region (GAR), Otsu threshold, connected threshold and 
isovalue.  
 
The segmentation method of reference will be based on the Geodesic Active Region 
method as described by Hernandez et al21 in combination with an Image Intensity 
Standardization technique as proposed by Bogunovic et al22. The Geodesic Active 
Region technique was originally developed for CT images and has been significantly 
modified for processing 3DRA and MRA modalities as described below.  In this 
method, a level set representation of the contour is iteratively guided towards vessel 
boundaries, based on the image gradients and region information.  The region 
information is based on probability densities of the image intensity function inside each 
region.  Such probabilities are computed from a training set that is specific to each 
imaging modality.  As mentioned earlier and according to the @neurIST Clinical Data 
Collection Protocol16, three imaging modalities will be considered in this Analysis 
Protocol: 3DRA, CTA and MRA images. Among the multiple problems faced by 
segmentation techniques, the chosen segmentation technique suffers from several 
qualitative errors as indicated in   Figure 5 below. 
 

 

 
 

Figure 5 Examples of segmentation qualitative errors (from left to right): 
touching vessel effect, missing vessel effect, wide aneurysm neck and indented 
aneurysm. Such errors have to be corrected manually on the resulting surface mesh, cf. 
Section 3.2.4.1 

 

33..22..11  IImmaaggee  MMooddaalliittiieess  aanndd  IInntteennssiittyy  SSttaannddaarrddiissaattiioonn  

 

33..22..11..11  33DDRRAA  aanndd  MMRRAA  

 
In the case of these two modalities, the same tissue can correspond to different 
intensity ranges depending on the imaging device, settings and contrast injection 
protocol. This implies that pre-built training sets may not apply to all images and that a 
dedicated training set should be built for each image, which would result in a prohibitive 
time if this operation needs to be performed for every new case.  To avoid this 
requirement, and to permit the use of the same training set to all images of a modality, 
an Image Intensity Standardisation algorithm has been developed and integrated into 
the tool chain. This technique aligns the intensity distribution of the image to segment 
on the intensity distribution of the images used to build the training set. The technique 
is described in Bogunovic et al22 and is performed prior to any image cropping.   
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O@ @neuFuse recognises the image selected by the user as 3DRA or MRA and 
automatically sets the configuration parameters specific for the imaging modality to 
perform the intensity standardisation.  The resulting standardised image will be used 
for the segmentation once the region of interest is selected. The result can be stored as 
a set of intensity landmarks and the multiplicative correction at each intensity landmark. 

 
Recommendation 
 
 

33..22..11..22  CCTTAA  

 
CTA has the advantage of having standardised intensity values (expressed in 
Hounsfield Units). However, segmentation of CTA images is particularly challenging 
because of the overlap in intensities between bone and vessels. The use of image 
intensity standardisation can be avoided in this step, but it is recommended to use one 
training set by scanner type and to maintain injection conditions as constant as 
possible.  In the eventuality that an acquisition without injection of contrast agent is 
available (baseline image), an extension of the GAR algorithm has been developed to 
incorporate the joint information of the CTA and the baseline image in the 
segmentation algorithm.  Provided that the two acquisitions (CTA and baseline image) 
can be accurately aligned using standard rigid registration techniques, the addition of 
the baseline image considerably improves the performances of the segmentation 
results. 

 
 
Recommendation 
 
 
 
 
 
 
 

33..22..22  IImmaaggee  ccrrooppppiinngg  aanndd  ssmmooootthhiinngg  

 
Two simple basic pre-processing steps are performed before segmentation: cropping 
of the image to a region of interest and optional image smoothing. The first step 
restrains the region of interest to the part of the vasculature that will be considered in 
the haemodynamics toolchain (assuming that all other operations require at most a 
subset of this domain).   
 

OA The analyst specifies the cropping parameters in @neuFuse.  
 
O@ @neuFuse performs the cropping and returns the cropping parameters to @neuInfo 

that writes the cropping parameters as part of the segmentation audit trail. 
 
A toolbox of filtering algorithms is available in @neuFuse. These vessel enhancement 
filters aim at suppressing noise in imaging data while preserving vessel contours. 
 

OA The analyst performs optional appropriate filtering in @neuFuse.   

The use of the non-contrast image significantly 
improves the separation of the bone and vessel 
classes in the space of intensities. It is therefore 
recommended to use the combination of baseline 
and CTA images whenever it is available. 

The use of 3DRA images whenever they are 
available is recommended over the other existing 
imaging modalities. 
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33..22..33  IImmaaggee  sseeggmmeennttaattiioonn  

 
OA Analyst runs the GAR segmentation algorithm available in @neuFuse. 
 The algorithm uses as an input the region of interest selected during the image 

cropping operation and the image to segment.  This image is the standardized image in 
the case of 3DRA and MRA, the original image for CTA, or the baseline CT and CTA 
images. 

 
 The GAR algorithm is completely automatic.  A pre-defined set of parameters are set 

by default depending on the imaging modality and there is no need of modification from 
the user.  The more sensitive parameter in the GAR algorithm is the suitability of the 
training set to accurately represent the range of image intensities for each class in the 
image.  As specified above, the general guideline for ensuring an optimal choice of the 
training set is to perform image intensity standardization for 3DRA and MRA images 
and to use dedicated training sets for each imaging modality specific for 3DRA, MRA 
and CTA images.  These three training sets are device-specific and have been built 
once and provided to each clinical centre after processing a preliminary collection of a 
representative set of images from each centre. Given the segmentation complexity of 
CTA images, a possibility not to be discarded is building device-specific training sets 
for each clinical centre and imaging suite. 

 
OA Two different segmentation algorithms should be run for each case in order to assess 

the sensitivity of the recovered surface to the segmentation algorithm.  Because of its 
simplicity and low computation time, a simple threshold by isovalue should be 
performed in all cases, to get a quick overview over the region of interest. The GAR 
algorithm will be run after intensity standardisation in the case of 3DRA and MRA 
images and using the non-contrast acquisition (if available) in the case of a CTA 
acquisition.  Robustness of the GAR algorithm will be qualitatively assessed by the 
analyst in comparison with the result of the isovalue operation. 

 The Analyst will be responsible of determining and validating the quality of the obtained 
segmentation superimposing it to the original image. 

  
 

[]  Segmented image (because of the complete automation of the segmentation 

process, this is not stored permanently).  
 
 
Sns Sensitivity studies have been performed on the influence of algorithm and parameter 

selection in the segmentation process by direct comparison of the immediate output 
and by comparison of the characterisations that emerge at the end of the analysis 
processes.  The former has been partly the role of the researchers and developers 
involved in the development and integration of GAR in @neuFuse.  Awareness of 
these sensitivities should be an outcome of the operator training process.  However, it 
is also recommended (as indicated above) that the analyst should routinely compare 
the result of any sophisticated segmentation algorithm with that of a simple isovalue 
segmentation of the same image to develop an appreciation of the locations of difficult 
regions of the image.  

 To evaluate the suitability of the GAR method61, it has been compared to the results 
obtained with the iso-intensity surface extraction (ISE) on aneurysms from 10 patients 
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imaged both with 3DRA and TOF-MRA. Three aspects of the GAR method were 
improved with respect to the original implementation in Hernandez et al21: execution 
time, robustness to variability in imaging protocols and robustness to variability in 
image spatial resolutions. Evaluation included qualitative and quantitative analyses of 
the segmentation results. The gold standard was built from 660 cross-sections of 
vessels and aneurysms, manually measured by interventional neuroradiologists. As a 
result of the study, the improved GAR method outperformed ISE qualitatively as well as 
quantitatively and is suitable for segmenting 3DRA and TOF-MRA images directly 
coming from clinical routine.  

 

  

33..22..44  SSuurrffaaccee  mmeesshh  eexxttrraaccttiioonn  aanndd  sskkeelleettoonniissaattiioonn  

 

33..22..44..11  SSuurrffaaccee  mmeesshh  eexxttrraaccttiioonn  aanndd  rreeppaaiirr  

[] Segmented image  

 
The creation of an initial surface mesh from the segmented image is essentially 
automatic, although a number of algorithmic options are available (marching cubes as 
provided by VTK and marching  tetrahedra as provided by NEC).  
 

Decision  
 
 
 
 

 
However, the resulting surface often is not topologically correct. Vessels touching each 
other or an aneurysm can lead to an erroneous connection where should be walls, the 
aneurysm neck may appear too wide, and thin vessels may be broken in parts (cf. 
Figure 5 on Page 25). @neuFuse offers several interactive repair operations operating 
on the surface mesh. This repair process is not automatic, and requires significant 
manual intervention. It includes a smoothing operation (chosen to minimise shrinking 
and other errors) and safeguards will be in place to monitor and record measures of the 
difference between the raw segmented and smoothed surfaces. All operators have 
received thorough training on using these tools on the typical image and mesh 
pathologies. The performance of the operators in this aspect of the processing chain 
was evaluated 47. Because there is significant effort at this stage, it is worthwhile to 
save the results of the mesh generation.   

 
OA Analyst selects segmented image and surface mesh generation and repair using tools 

available in @neuFuse.  Details of available operations are provided in the @neuFuse 
manual and are outlined in the Training Manuals.   

 

  „Complete‟ surface mesh with audit trail 

 

 
 

Since standard marching cubes do not 
guarantee a manifold surface, it is recommended 
to use triangle marching or corrected marching 
cubes  instead. 

Name: G (corrected geometry, surface mesh) 3 
DDM entities: processedGeometry (meta data), processedGeometry_surfaceMesh (bulk 
data) 

Format: VTK 
Location: DDS 
Audit trail:  Date; Format; @neuFuse version; @neuFuse operator; format; Source image → 
DDM. imagingSeries, contains modality, resolution); 
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Sns Sensitivity studies were performed on the influence of algorithm and parameter 

selection in the surface meshing process. Several workshops were held at UPF to 
ensure all case processing teams follow the same processing guidelines. A 
quantification of the remaining variability was achieved by direct comparison of the 
immediate output and by comparison of the characterisations that emerge at the end of 
the analysis processes. This was done in detail for the morphological and 
haemodynamics characterisation across all processing teams47. It turned out that in 
general, for haemodynamics characterisation, time-averaged quantities show less 
sensitivity than quantities taken at peak systole. It also turned out that the deviations 
could be reduced by more detailed processing guidelines and synchronisation of 
processing teams during the hands-on workshops mentioned above. In the case of the 
morphological characterisation, some criteria for isolating the aneurysm needed to be 
revisited for some centres, but overall the level of discrepancy was negligible. 

 
 

33..22..44..22  SSkkeelleettoonniissaattiioonn    

 As discussed previously, a skeletonisation (a line representation) of the 3D domain of 
the aneurysm can be useful in the development of a pipeline for reproducible and 
consistent closing of the domain.  Note that in principle the skeletonisation process can 
start from the segmented image prior to repair and cleaning operations, but it is more 
robust if the operation is performed on an image generated from a repaired, cleaned 
and smoothed surface mesh.  The argument against having a mandatory 
skeletonisation is that a processing chain that depends on it is inoperable for those 
pathological cases in which the skeletonisation fails.  This can be accommodated by 
providing manual skeleton repair functionality in @neuFuse.   

 
Decision 

 
 
OA Analyst performs skeletonisation of image based on cleaned surface mesh using tools 

available in @neuFuse.   
 

 Skeleton representation of the aneurysms and surrounding vasculature.  

 
 
 
 
 
 
 
 
 

Name: SKEL (Skeleton, vessel centreline parameterization) 3 
DDM: processedGeometry, processedGeometry_skeleton 
Format: VTK (node locations, element connectivity) 
Units: SI 
Location: DDS 
Audit trail: Date; Format; @neuFuse version; @neuFuse operator; Source image → 
DDM.imagingSeries , modality, resolution; 

The processing of cases for population of the 
@neurIST databases should, at least in the first 
instance, include a mandatory skeletonisation.   



 

30 

  

IST-027703            D23v2:  WP3 : Analysis Protocol Specification, version 2 

 V1.2 Confidential 

33..22..44..33  DDeeffiinniittiioonn  ooff  aanneeuurryyssmm  nneecckkss  

 All types of analysis need to separate the aneurysm from the rest of the vasculature in 
order to compute certain characterisations by restricting them to the aneurysm proper. 
@neuFuse provides support for interactive definition of so-called neck surfaces 
separating saccular aneurysms from the rest of the vasculature. Their definition is, at 
least logically, part of the geometry processing and thus described here. If not defined 
at this stage, necks which are better adapted to the specific analysis type need to be 
created during the definition of the individual analyses. It should be acknowledged at 
this point however, that results turned out to be rather sensitive to the details of neck 
definition, at least for haemodynamics, which was a considerable practical problem. 
Also, as the automatic neck definition reached a state useable for haemodynamic 
analysis, most of the haemodynamics characterisations where created using necks 
defined in ANSYS ICEM. The manual definition of the neck in @neuFuse was used for 
the morphological characterisation to isolate the aneurysm dome, and the same neck 
could be used for the structural analysis chain. 

 
OA Operator uses @neuFuse tools to define a closed neck line on the surface for each 

saccular aneurysm. 
 
O@ @neuFuse creates, for each aneurysm, a neck surface separating aneurysm and main 

vessel, and labels the complete geometry accordingly. The labels are recorded in the 
DDS. 

 

 Mesh representation of the aneurysm necks, complete geometry with aneurysms 

labelled, labelling information. 
 
 
 
 
 
 
 
 
 
 
 
Note: It is currently not possible to store different necks associated to the different types of 
analysis. This would be useful to permit tuning of neck definition to the specific analyses, e.g. 
defining the aneurysm in a more conservative (including less nor no healthy vasculature) or 
less conservative (including more healthy vasculature) way. 
  

Name: NECK, G  (complete geometry) 3 
DDM: processedGeometry, processedGeometry_neck, processedGeometry_surfaceMesh, 
processedGeometry_neck_aneurysm_connect 
Format: VTK (node locations, element connectivity) 
Units: SI 
Location: DDS 
Audit trail: Date; Format; @neuFuse version; @neuFuse operator; DDM.aneurysm, 
DDM.imagingSeries 
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44  TThhee  MMoorrpphhoollooggiiccaall  CChhaarraacctteerriissaattiioonn  CChhaaiinn  

44..11  OOvveerrvviieeww  

This section provides an overview of the Morphological Characterisation chain. The purpose 
of the morphological characterisation is to reduce the geometry of the aneurysm to a limited 
set of descriptors that represent shape in a condensed way. The shape characterisation 
process is performed in @neuFuse, after querying imaging data from @neuInfo. The shape 
coefficients will be returned to @neuInfo as part of the processing results. The morphological 
characterisation tool chain shares all pre-processing steps (segmentation and 
skeletonisation) in common with the haemodynamics tool chain but uses a set of different cut 
planes for extracting the shape on which shape indexes are computed. 
 

44..11..11  AAnneeuurryyssmm  iissoollaattiioonn  

 „Complete‟ surface mesh and skeletonisation 

 
The shape descriptors used in the @neurIST morphological characterisation tool chain have 
been introduced by Millán et al5.  One specificity of the proposed methodology is to include in 
the shape description the aneurysm dome together with a part of the adjacent vessels.  This 
allows the incorporation in the shape description of some features directly related to 
haemodynamics inside the aneurysm, including the different radii or curvatures of the parent 
vessels or the direction of incidence of the parent vessel. 
 
The proposed guideline to determine the portion of parent vessel that needs to be included 
for shape characterisation is to place the cut planes at a distance equal to one vessel 
diameter from the aneurysm neck. Figure 6 gives examples of different cut planes proposed 
here and compares them with standard choices of cut planes used for defining standard 
shape measures such as aspect ratio. As the aspect ratio and other indexes based on the 
standard cut definition are computed as well, a (generally non-planar) neck surface is defined 
using the manual neck selection in @neuFuse at the location where the standard cut would 
be situated. 

 

 
Figure 6  Standard cut planes (left) and proposed methodology (right).  

 
 
OA User defines aneurysm neck in @neuFuse if not already done before. 
OA User defines cut planes in @neuFuse for isolating the aneurysm according to the 

above guideline. 
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O@ The isolated aneurysm mesh (with neck and labelled aneurysm if applicable) is 
returned to @neuInfo  

 

The definition of cut planes according as defined earlier might introduce some variability in 
the aneurysm isolation process. Automating the process  could improve the reproducibility of 
this operation: 
 

 First, the orientation of the cut planes can be set by using the local vessel 
centre line, provided that the skeletonisation algorithm is sufficiently robust to 
describe locally the orientation of the vessel and is computed for each case 
processed in the tool chain. This is implemented in @neuFuse and used for all 
cropping occurring during any analysis (although morphological analysis is the 
most sensitive to cut location). 

Decision 
 
 
 
 
 
 

 Second, the distance from the aneurysm neck can be automated.. This was not 
implemented in @neuFuse, but would be a useful feature for future versions. 

 Surface representation of the isolated aneurysm for shape characterisation 

 
 
 
 
 
 
 
 
 
 

44..11..22  CCeennttrriinngg  aanndd  ssccaalliinngg  aanndd  ZZeerrnniikkee  mmoommeennttss  iinnvvaarriiaannttss  ccoommppuuttaattiioonn  

 Surface representation of the isolated aneurysm for shape characterisation 

 
 Morphological descriptors must be independent of the reference origin (translation 

invariance) and of the scale of the aneurysms (scale invariance). This can be achieved 
by proper centring and scaling of the aneurysm shape prior to the computation of the 
shape descriptors. 

 For translation invariance, two types of centring can be considered. The first is to take 
as origin the centre of mass, the second is to use the bifurcation point of the centre line 
inside the neck. The centre of mass has the advantage of being fully automatic and is 
therefore recommended to be chosen systematically as definition of the shape origin.   

 For scale invariance, the method consists of scaling the aneurysms so that its 
geometrical spread has a predetermined value. No fixed value for the spread can 
mathematically guarantee that any shape will fit within the unit sphere. A value has 
been experimentally chosen, for which it is likely that any object of the expected shape 
range will be included. After obtaining the maximum spread value for which all the 
objects of a large enough dataset had radius R ≤ 1. In the end, the scaling coefficient 

Cut planes orientation should be provided automatically by the 
local direction of the skeleton. In case of local errors in the 
skeleton representation, the analyst manually corrects the 
orientation of the cutting planes to be locally normal to the 
vessel local direction. 
 

Name: M_MA (2D surface mesh for morphological analysis), C_MA (cuts parameters) 3 

DDM: processedGeometry_clippedMesh (M_MA), analysisShape_apd (C_MA) 
Format: VTK (node locations, element connectivity, elements labelled to describe boundary 
component membership) 
Units: SI 
Location: DDS 
Audit trail: Date; Format; @neuFuse version; @neuFuse operator; @neuFuse version, 
@neuFuse operator;  Source processedGeometry   
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was chosen to be 0.287 for the surface-like moments and 0.187 for the volume-like 
moments. 

Decision 
 
 
 
 

  

The computation of the shape coefficients is described in detail in Millán et al5 and uses 
Zernike moments as shape descriptors. The computation of the Zernike moments is fully 
automatic once the aneurysm has been properly isolated from the vasculature. The operation 
will be computed in @neuFuse and the shape coefficients will be returned to @neuInfo. Two 
variants of the Zernike moments can be computed for a given shape: volume and surface 
moments. Surface moments are expected to be better descriptors since they can distinguish 
opened extremities (inlet and outlet vessels) from closed terminations (dome or bleb). 
However, because of the low computational cost of the Zernike moments, it is recommended 
to compute the two sets of moments for every case. Zernike moments invariants (ZMI), that 
satisfy the invariance under rotations, can be computed easily from the Zernike moments. 
ZMI up to order n = 20 are considered as the set of aneurysm morphological descriptors, 
which amounts to 121 descriptors. In additions, some other simple measures are computed, 
see Table 4:. 
 

 Shape characterisation parameters (incl. Zernike Moments Invariants) 

 
 
 
 
 
 
 
 
 
 

Characteristic measures from shape analysis Units 

Width of the aneurysm neck 
DDM: indexShape_neckWidth 

[m] 

Depth of the aneurysm 
DDS: indexShape_aneurysmDepth 

[m] 

Aspect ratio of the aneurysm, defined as depth / neck width 
DDS: indexShape_aneurysmAspectRatio 

[1] 

Non-sphericity index of aneurysm: 1 - (18π)1/3 V2/3/S  with volume V and 
surface area S 
DDS: indexShape_aneurysmNonSphericityIndex 

[1] 

Surface Zernike moment invariants 
DDS: indexShape_SurfaceZernikeMomentInvariants 

[1] 

Volume Zernike moment invariants 
DDS: indexShape_VolumeZernikeMomentInvariants 

[1] 

Vessel diameter of parent vessels (one per opening) 
DDS: indexShape_vesselDiameter 

[m] 

Table 4: Morphological analysis characteristic measures (indices)   

Name: RES_MA (results of morphological analysis) 3 

DDM: runShape,  indexShape_* 
Format: DB entries, XML 
Scale factor, maximal order considered, origin taken for centring the aneurysm, morphological 
characteristic measures (see Table 4:)  
Location: DDS  
Audit trail:  Date; Format; @neuFuse version; @neuFuse operator; DDM.analysisShape. 

Both scaling and centering of the isolated 
aneurysm shape should be completely 
transparent to the user. Centering is 
performed using center of mass and 
scaling using spread. 
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55  TThhee  HHaaeemmooddyynnaammiiccss  AAnnaallyyssiiss  CChhaaiinn  

 

55..11  OOvveerrvviieeww  

 

This section provides a high-level overview of the haemodynamic analysis chain.  
Processes are illustrated in Figure 7. Global dataflow is to and from the @neurIST 
databases through @neuInfo, and the management of the chain itself is carried out in 
@neuFuse.  The arrows that originate from or return to the top of the @neuFuse box 
indicate that information has to be provided by or to @neuInfo, and sourced or placed 
accordingly.  Five operations that will be conducted in or through @neuFuse are 
identified, namely Boundary Condition Processing, Surface Mesh Operations, Volume 
Mesh Operations, Fluid Solver Operations and Results Visualisations and 
Characterisation (Data Reduction). 

 

 
 

Figure 7  High Level Overview of Haemodynamics Processing Chain 
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55..22  CCoouupplliinngg  ooff  11DD  aanndd  33DD  mmooddeellss  

 
@neurIST supports two completely different types of haemodynamic analysis and 
characterisation, although the two might be interdependent.  The first is a gross global 
analysis in which all, or some part, of the vasculature is represented as a flow network, 
effectively in one dimension.  A 1D simplification of the Navier Stokes equations is 
solved.  The merit of such a model is that it can readily compute the distribution of flow 
and pressure everywhere in the represented circulation as a function of the imposed 
boundary conditions.  It can be used, for example, to compute the temporal pressure 
and/or flow profile in the region of the aneurysm under different physiological 
conditions, including stress conditions such as exercise or the valsalva manoeuvre.  Its 
limitation is that it can say nothing about the detail three dimensional flow conditions, 
including for example wall shear stress distributions, local flow separations, vortex 
structures etc, in the aneurysm itself.  These can only be determined by a full 3D 
analysis.  
 
It is impractical to run a complete three dimensional model of the whole of the 
vasculature, or even of the cerebral vasculature, mainly because an enormous amount 
of computational resource will be consumed in resolving detailed flow structures distant 
from the aneurysm that have little or no effect on the flow in or around the aneurysm.  It 
is arguably appropriate to compute the gross pressure and flow distributions using a 
one dimensional approximation, and then to use the information from this model to 
impose boundary conditions on a detailed model of the region of the aneurysm.  This is 
referred to as one-way coupling: the 1D model is operated to provide boundary 
conditions for the 3D model.  The fundamental assumption underpinning such a 
strategy is that the representation of the region of the aneurysm in the one dimensional 
model is adequate.  Since in principle the 1D model will be based on an undiseased 
state (although it might be personalised to recognise missing vasculature such as an 
incomplete circle of Willis), this is equivalent to assuming that there are no local 
features of the aneurysm that will cause significant flow redistribution and/or pressure 
changes in the supplying or tributary vessels.  This would be violated, for example, if 
the aneurysm presented a significant stenosis that restricted flow into an outlet.  Under 
these conditions only a full 3D analysis of the whole system, or a fully coupled 3D/1D 
analysis, could yield accurate results.  Significant flow redistribution is likely to occur 
relatively rarely, and in any case the fully coupled solution will not be available when 
population of the databases is due to start. 

 
Decision 
 

 
 
 
Sns A recent study by Balossino et al44 suggests that the differences between one-way 

and fully-coupled analyses will not have much influence on the statistical 
correlations sought by @neurIST. 

  

The processing of cases for population of the @neurIST 
databases is conducted using a one-way coupling strategy.  1D 
characterisations are computed independently and resulting 
temporal and pressure flow profiles used to provide boundary 
conditions for the 3D analyses. 
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55..33  PPrree--pprroocceessssiinngg  

This section describes how to define a haemodynamics analysis. The tangible result of the 
operations described is an abstract problem description (APD) file of the haemodynamics 
problem under construction. In the end, it contains cut planes for the cropped geometry, lists 
of aneurysms with their necks (all defined in Section 5.3.1), boundary conditions (Section 
5.3.2) and blood flow properties (Section 5.3.3).  
 

55..33..11  GGeeoommeettrryy  DDeeffiinniittiioonn  

The 1D model describes a series of connected tubes (components) that represent the 
vasculature.  It requires a description of the connectivity of the components, together 
with a description of their properties.  The 3D haemodynamics analysis operates by 
computing the primitive flow variables (velocity and pressure) at all points within a 
defined volumetric flow domain.  It requires a discrete description of the volume over 
which these computations will be performed.  For the two 3D flow solvers supported by 
@neurIST (one a Navier Stokes solver ANSYS CFX and one a lattice Boltzmann solver 
from the International Lattice Boltzmann development consortium, brought to 
@neurIST by NEC), the flow domain is described by a series of points (or nodes and 
elements (volumes defined by the point vertices), with labels describing the boundaries 
of the domain.  This section describes the process of creating the geometrical 
descriptions for 1D and 3D analyses. 

 

55..33..11..11  11DD  mmooddeell  

The purpose of the 1D model is to describe temporal flow and pressure profiles at all 
points in the circulation, or at least in the cerebral circulation.  The 1D model describes 
a network of tubes, including their sizes and connectivities.  Note that the 1D model is 
not the same as the skeletonisation, although it shares the property of being defined by 
nodes and connectivities.  The 1D model only needs to know the distance between 
nodes (which is used in the computation of the properties of the components), and not 
their 3D locations.  A local 1D representation can always be computed from a 
skeletonisation, but not vice-versa. 

 
Decision 
 

 
 

  

The extent of the1D representation is that described in 
WP3.4_1D_circulation_model23, containing 94 segments, 39 
of which are in the cerebral vasculature. 
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Figure 8  1D representation of main and (inset) cerebral vasculature 

 
There are two types of parameter in the 1D model.  The first is the connectivity map 
itself, which determines which vessels are connected to which, and the second is the 
description of each component.  An important issue is the formalisation of a strategy for 
personalisation of the connectivity map in the 1D representation. 

 
Recommendation 
 

 
 
 
 
 
 
Another aspect of personalisation is whether the component values in the vessel segments 
can and should be customised to the individual.  Some work was done in this respect, but it 
has not matured to a point where it could be included into the analysis protocol. In detail, The 
1D circulation model was further developed to account for the effects of age, gender, and 
height on the geometrical (diameter, length) and physical properties (elastance) of the central 
and peripheral arteries and heart rate, and ultimately on pressure and flow rate waveforms. 
The 1D model was also developed further to account for vessel stenosis (e.g. aortic 
coarctation).  @neurIST does not have a procedure for association of local vessel diameters 
with the skeletonisation, although segment lengths could easily be calculated.  For these 
reasons it is recommended that the characterisations should be performed using a single set 
of existing parameterisations for those vessels that are included in the patient-specific 
characterisation map. 

The standard connectivity map illustrated in Figure 8 should be used 
unless there is good reason to change it.  Such reasons might include 
an observation in the patient notes that the patient has specific 
vasculature characteristics (for example an incomplete Circle of 
Willis), or an observation by the analyst performing detail 
segmentation and/or skeletonisation (see section 3.2.4.2) that 
adjustment of the connectivity map is indicated. 
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In practice, all analyses were carried out with the same parameters, i.e. using the same 
virtual individual. 
 
Decision 
 

 
 
Sns A study was conducted by EPFL  to determine the sensitivity of the pressure and flow 

distributions to the setting of solution parameters, and independence of the solution 
was shown for sufficiently small time steps and segment discretisation which were 
chosen for the actual computations. A sensitivity study  to determine the effect of local 
adjustments based on the segmentation and skeletonisation of the patient images 
would be useful, but could not be conducted during the project. 

 

 1D model connectivity map and table of parameters (from the DDS). 

 Skeletonisation 

 
OA Analyst requests patient connectivity map and table of parameters.  Any adjustments or 

personalisation that are indicated by observations noted in the patient record should 
already have been made in the current DDS representation.  Analyst requests local 
skeletonisation from 3D operations (see section 3.2.4.2). 

 
O@ @neuFuse issues request to @neuInfo, which accesses the DDS and returns the 1D 

model and the skeletonisation. (Note: As only a single 1D model is used, this 
functionality was not implemented). 

 
OA Analyst displays 1D model connectivity map and 3D skeletonisation in @neuFuse. 
 
DA Analyst decides whether the 1D model should be updated to reflect observations from 

the skeletonisation.  It has been recommended that the numerical values of the 
parameters in the component representations should not be updated, but the 
connectivity map might be.  In particular the analyst might choose to delete vessels that 
are not present in an individual patient. (In practice, this was done, see above). 

 
OA If update is required, analyst adjusts the connectivity map of the 1D model to describe 

the patient-specific geometry, and issues request to write it back to the DDS. 
 
O@ @neuFuse issues request to @neuInfo, which writes the revised connectivity map to 

the DDS. 
 
 
Recommendation 
 

 
 
 
 

Name: GLOB1D (geometrical and physical properties and 
connectivity of the 1D model) 
DDM: systemicModel 
Format: text file 
Location: DDS 
Audit trail: Date; Format; @neuFuse version; @neuFuse 
operator; Justification for any adjustment (free text); 

The parameters tabulated in 1D_model_vessel_properties24,25,26, 
should be used for the 1D characterisation.   
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 1D model connectivity map and audit trail 

  

55..33..11..22  RReeccrrooppppiinngg  ooff  ssuurrffaaccee  mmeesshh  ffoorr  hhaaeemmooddyynnaammiicc  aannaallyyssiiss  

 

 ‟Complete‟ surface representation and skeletonisation 

 
 It is good practice for the plane of an opening at which flow enters or leaves the domain 

to be orthogonal to the local vessel centreline, and this can be ensured (and cropping 
automated) if a skeleton representation is available (the user identifies the point on the 
skeleton on which the opening lies, and the intersection of a plane orthogonal to the 
local axis with the uncropped surface is computed).  At this stage the complete surface 
mesh is re-cropped so that each opening to the flow domain is orthogonal to the local 
centreline, defined by the skeleton.  Sometimes  it may be necessary for the stability 
and reliability of the haemodynamic analysis also to extend the openings, particularly at 
outlets close to local tortuosity of the vasculature, to provide a „settling length‟, although 
in practice in the @neurIST project the analysts have sought to crop the 3D domain at 
such a distance along the vessels that extrusions have not been necessary.   

 
DA Analyst decides on the extent of the domain that will be modelled in three dimensions 

for the haemodynamic characterisation, and thus on where the vasculature should be 
cropped to represent the openings of the flow domain.  Analyst also decides on 
whether further mesh repair operations (additional vessel clipping/removal, healing …) 
need to be performed, and on whether extensions are necessary to avoid low fidelity or 
unrealistic boundary conditions influencing regions of interest immediately downstream. 

 
 In some aneurysms, small distributor vessels that are present on the image and 

identifiable on the surface mesh, but do not feature in the 1D model.  The purpose of 
these distributors is to carry blood to local areas of the brain, and in principle they will, 
of course, carry flow.  By definition the volume flow should be small relative to that 
carried by the primary vessels represented in the 1D model. 

 
Recommendation 
 
 
 
 
 
 
 
 
 Each opening in the final cropped and optionally extended domain must be linked to 

the corresponding location (segment and node) of the 1D representation used, and it is 
useful to link it as well as to the corresponding location of the 3D skeleton. This 
information is captured during the cropping operation and saved in the cut list section 
of the corresponding APD. Ideally, each point on the 3D skeleton would be mapped to 
the corresponding point in the 1D representation, this was not implemented for lack of 
time.  

 
Decision 
 

The correspondence between openings of the 3D model and the 
locations of the 1D model are reported in the APD.  

Because there is no obvious justification for the choice of 
boundary conditions at the outlet of the distributor, and because 
the effect on the overall flow should be small, it is recommended 
that any distributors be removed and the holes repaired as part of 
the mesh generation operation.  A cruder but acceptable 
alternative, subject to the discretion of the analyst, is to leave the 
distributor in place but simply „wall over‟ the end to eliminate flow.   
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OA Analyst recrops the 3D domain, using the skeleton as a guide, and performs any 

additional cleaning, repair and extension operations.  Ideally, inlets should be placed 
around 12 diameters upstream of the aneurysm, and outlets at least 4 diameters 
downstream. The cuts describing the geometric location of cropping are labelled 
automatically by @neuFuse and linked to the 1D model and the skeleton. This 
operation includes also the labelling of all boundaries to indicate whether they lie on the 
wall or on a numbered opening (inlet our outlet).  These links  will be used 
subsequently as the basis of the application of pressure and/or flow boundary 
conditions using tools available in @neuFuse. Details of available operations are 
provided in the @neuFuse manual and are outlined in the Training Manuals.   

 
For computing the haemodynamic characterisations (see Section 5.5), it is necessary 
to know the extent of the individual aneurysms in the cropped geometry. Functionality 
was implemented in @neuFuse supporting interactive  and to some extent  also 
automatic (but not completely robust) definition of necks (see Section 3.2.4.3). It was  
observed that this a significant source of differences between the results obtained by 
different human operators47.. 

 
OA If not already done before, analyst identifies necks for each aneurysm in the cropped 

domain, which are suitable for computing the haemodynamics characterisations. 
 
O@ @neuFuse labels the aneurysm sac and the neck surface to identify aneurysmsa 

 Complete geometry augmented with aneurysm labels and neck surface  

 
 
 
 
 
 
 
 
 
 
 The parameters for producing the desired cropped and fully labelled surface mesh from 

the above are recorded in the abstract problem description (APD) file of the 
haemodynamics problem under construction. It will be completed with boundary 
conditions (Section 5.3.2) and blood flow properties (Section 5.3.3).  

[] Partial abstract problem description for haemodynamic analysis, containing labelled list 

of cuts, optional list of extensions and list of aneurysms with links to corresponding 
neck surfaces 

 
Sns A sensitivity study47 was performed to establish intra- and inter-operator variation on 

the results of the final haemodynamic characteristic measures that are returned for 
subsequent data analysis compare, see also Figure 9.  Awareness of these 

                                                
a
 In practice, neck definition was available too late in the toolchain to be used for haemodynamic 

analysis (necks were defined using ANSYS ICEM)‟, but it was used for the other types of analysis. 

Name: G (surface mesh for haemodynamic analysis as input for CFX and LBA preprocessors) 
DDM: processedGeometry, processedGeometry_neck, processedGeometry_surfaceMesh, 
processedGeometry_neck_aneurysm_connect 
Format: VTK  
Units: SI 
Location: DDS    
Audit trail: Date; Format; @neuFuse version; @neuFuse operator;  
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sensitivities were an outcome of the operator training process. One of the most critical 
parameter turned out to be the definition of the neck surface. 

 

 
Figure 9 Excerpt from the synchronisation activities comparing the results 

obtained by the different processing groups
47

 

 
 

55..33..22  BBoouunnddaarryy  CCoonnddiittiioonnss  

 The second requirement for a haemodynamics analysis is a description of the 
boundary conditions.  The determination of appropriate boundary conditions for the 
@neurIST study is a non-trivial issue.  There are two types of boundary in a 
haemodynamic analysis, namely walls that bound the flow domain and openings 
through which flow enters or exits the domain.  Wall boundaries can be further 
subdivided into fixed or moving walls.  Openings are often subdivided into inlets and 
outlets, although this classification can be difficult for transient analyses in which flow 
reversal over the cardiac cycle means that an opening might be an inlet in one cardiac 
phase and an outlet in another.  A further difficulty might arise in some solvers (not in 
CFX, which handles this routinely) when there are regions of inflow and of outflow on 
the same opening at a single point in time, and the use of such solvers would be 
inappropriate for these analyses.  In a steady state analysis this would usually be 
avoided by, for example, extension of outlet regions to lie outside regions of 
recirculation, but for many transient analyses this is not possible (simple pulsatile flow 
in a straight tube will rapidly develop reverse flow near the wall when the pressure 
gradient is reversed while the core flow remains forward). 
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55..33..22..11  WWaallll  bboouunnddaarriieess  

 A policy decision was taken before PM12, and stated clearly in D112 that all @neurIST 
analyses would be based on rigid (stationary) wall boundary conditions. 

 
Decision 
 
 
 
 The decision process is not re-visited here (see D11), but the primary justification was 

that a series of publications had indicated that moving walls had relatively little impact 
on important haemodynamic measures for a number of vascular flows.  Furthermore 
there would have been immense difficulty in defining the wall motions accurately by 
direct measurement given the current state of the art in imaging, and the lack of 
definition of structural boundary conditions (the peri-aneurysmal environment) would 
make it difficult to justify a fluid-solid interaction (FSI) analysis.  

 
Sns @neurIST is investing effort in the development of techniques for the measurement of 

wall motion (morphodynamics) for the purposes of in vivo strain computation. The 
outcome of a companion study suggestest however the impact of such motion on the 
haemodynamic characterisations is low (Dempere-Marco et al 45).  

 

55..33..22..22  OOppeenniinnggss  

 Openings are the boundaries through which blood flows into and/or out of the domain.  
There are, in the context of @neurIST, two types of boundary conditions that might be 
applied at each opening: 

 

 velocity boundary conditions, in which the spatial distribution of velocity at all 
points on the opening is specified as a function of time.   
o flow boundary conditions, in which the total (mass or volume) flow through the 

opening is prescribed as a function of time.  Volume flow is the integral of 
velocity over area, and mass flow is the product of the volume flow and 
density.  Since the computational fluid dynamics solver needs point-by-point 
velocity information at the opening, there will be a pre-processing step to 
convert flow boundary conditions to velocity boundary conditions (for example 
to Womersley profiles) for the 3D analysis. A recent study62 showed that 
simple plug profiles are sufficient in the context of @neurIST. 

 pressure boundary conditions, in which the static (or total) pressure is prescribed 
as a function of time.  Often in a CFD analysis, and always in the context of 
@neurIST, the pressure across an opening is assumed to be spatially uniform at 
each instant in time. 

 
 Figure 10 illustrates the three dimensional domain of one particular aneurysm, and its 

location within the cerebral vasculature.  This particular domain has seven openings, 
representing its connection to the left internal carotid artery, the left ophthalmic artery, 
the left posterior communicating artery, the middle cerebral artery and the left anterior 
cerebral artery, plus two minor distributors that are not present in the 1D model.  Mainly 
because there is no ready justification for the imposition of any particular set of 
boundary conditions at the distributor terminations, it has been recommended above 
that for the purposes of @neurIST characterisations the distributors should be removed 
as part of the mesh generation operation. 

Wall boundary conditions will be zero velocity at all times for all 
@neurIST analyses.  
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 An analysis will require specification, normally, of pressure or velocity at all points on 

the openings (sometimes flow, or the integral of velocity over the opening, might be 
supplied providing this is interpretable by the software or by a pre-processing step).  
Some combinations of boundary condition description are better than others with 
respect to stability of the numerical computations, and a commonly used approach is to 
specify flow at „inlet‟ boundaries and pressure at „outlet‟ boundaries (for transient 
analyses, where flow reversal might occur, inlet and outlet might be determined with 
respect to the integral of flow over a cardiac cycle).  However, many other 
combinations are possible, subject to the constraint  at least one pressure boundary is 
specified in order to avoid violation of the continuity equation. 

 
DA Analyst decides on the most appropriate combination of boundary condition types for 

the aneurysm under investigation. 
 
Decision  
 
 
 
 
 
 
  
 A workable and computationally attractive alternative to the above recommendation 

would be to specify flow boundary conditions at all openings except for the primary 
outlet, at which pressure would be specified.  The main reason for not adopting this 
alternative is that a specified flow outlet would introduce serious errors for a condition 
in which the geometry of the aneurysm significantly impeded flow to that outlet (see the 
discussion in section 5.2: in this condition a fully coupled 3D-1D analysis would be 
required for an accurate solution).  A pressure outlet boundary in this case would at 
least allow some flow redistribution associated with the aneurysm geometry.  The key 
question is whether the local resistance within the 3D domain to any particular flow 
path is a significant proportion of the overall resistance to that path.  This argument is 
not entirely convincing, and the issue is discussed further below, where the question of 
numerical evaluation of boundary conditions is addressed.    

 

For population of the databases, @neurIST will use velocity or flow 
boundary conditions for all primary „inlet‟ boundaries and pressure 
boundary conditions for all primary „outlet‟ boundaries EXCEPT where 
patient specific measurements are available.  
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Figure 10  Position of an Aneurysm in the Cerebral Vasculature 

(Line diagram of vasculature from N. Stergiopulos and P. Reymond) 

 
For the aneurysm illustrated in Figure 10, only the internal carotid artery is an inlet, and 
so only this would have a flow boundary condition.  All other openings would be 
subjected to a pressure boundary condition. 
Having decided on the types of boundary condition, the next stage is to specify the 
numerical values of flow or pressure.  Since the fluid is incompressible (constant 
density) it would be possible simply to specify a temporally constant pressure on the 
outlet, and to compensate for actual transient pressures in a post-processing operation.  
However this is unnecessarily confusing and it is better to specify a time varying 
pressure at the outlet(s), representative of the expected temporal distribution over the 
cardiac  cycle..  For numerical reasons, it was decided to specify the outlet pressures 
relative to the lowest opening pressure value specified and to recover gauge pressure 
in a post-processing step. 

 
Decision 
 
 
 
 
 

Where pressure boundary conditions are applied at an opening, they 
will be assumed to be spatially uniform and temporally varying.  Static 
pressures will be used, and they will be relative to the lowest pressure 
values at any opening. 
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 It has been suggested that two analyses will be performed, one representing the 
baseline condition for the individual, and one representing a stress condition.  Only 
rarely will flow or velocity measurements be available since neither transcranial 
Doppler nor phase contrast MRI studies are undertaken in the routine course of clinical 
management of aneurysms.  Almost never will such measurements be available under 
a stress condition.  For this reason the most likely source of boundary information is 
either the literature, from which average measurements in the arteries in question 
might be available, or (perhaps better) results from a one dimensional flow model. 

 
 Deliverable D112 includes a discussion of the coupling of 1D and 3D models, and there 

is a brief summary in section 5.2 of the current document.  Two modes of coupling are 
possible.  The first is a very weak coupling, in which a standalone one dimensional 
representation of the individual is executed to find flow and pressure everywhere, and 
values are extracted at the points representing the openings of the 3D domain and 
subsequently applied as boundary conditions for the 3D analysis (a 1-way coupling).  It 
has been recommended that this strategy be adopted for the @neurIST 
characterisations. The second is a fully-coupled mode, in which local 3D solutions and 
1D solutions for the rest of the represented vasculature are iterated to convergence (a 
2-way coupling).   

 
Decision 
 
 
 
 
 
 
 
 
 It turned out, that in practice there were too few usable patient specific measurements  

of flow or pressure to warrant the extra effort of extending the toolchain to include 
them. 

 The question immediately arises as to how the 1D model is defined, and in turn what its 
own boundary conditions should be.  This is discussed in section 5.3.2.3.  For the 
purposes of the 3D haemodynamic characterisation it is assumed that the definition of 
the 1D model and its boundary conditions are contained in the DDSb.  In the interests 
of modularisation of the process it is further assumed that the 1D analysis has been 
performed prior to the initiation of the 3D characterisation, and that results are available 
as a matrix of pressure and flow values. 

 
Decision 
 
 
 
 
 
 
 
 

                                                
b
 In practice, as already stated, only a single 1D model was used for all cases. 

The one dimensional circulation representation of the patient should 
be part of the derived data store (DDS). This representation should 
include nodal connectivity and characteristic properties of the 
segments (diameter, length, stiffness) describing the vasculature of 
the individual.  It should also contain 1D model boundary conditions 
for baseline and for stress conditions, and a matrix of the time-series 
solutions for pressure and for flow at all points in the cerebral 
circulation.  This is discussed further in section 5.3.2.3. 

Numerical values of pressure and flow boundary conditions for the 3D 
haemodynamic characterisation will be computed by operation of the 
1D model. 
Exception: when patient specific flow and/or pressure measurements 
under appropriate representative baseline and/or stress conditions are 
available at or near the 3D domain boundaries, these should be used 
instead, subject to well-posedness of the problem. 
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 The analyst is now in a position to associate the boundary conditions with the 3D 

model, using the precomputed timeseries solutions values of the 1D model from the 
DDS and the association of cutting planes with locations (segments and nodes) of the 
1D model. 

 

[] Boundary conditions added to abstract problem description (APD) 

 

55..33..22..33  BBoouunnddaarryy  CCoonnddiittiioonnss  ffoorr  tthhee  11DD  mmooddeell  

 The definition of the geometry of the 1D model is discussed in section 5.3.1.1.  It is 
assumed that the 1D model has been executed to provide complete descriptions of the 
pressure and flow distributions in the cerebral circulation under two conditions, one a 
baseline or rest condition and one an exercise condition.  In principle the 1D model of 
the whole systemic circulation can be executed, with boundary conditions at the heart 
associated with cardiac performance.  It is assumed that the baseline condition 
represents a relatively benign state in which the event of rupture itself is unlikely to 
occur, and that exercise is a stress state.  It must be noted, though, that the analyses 
are complex and that it might be that a low flow condition, which would often be 
associated with undesirable haemodynamic features such as local regions of near-
stagnation and unhealthily low wall shear stresses, might equally be associated with 
aneurysm progression.  There can be no guarantees that the conditions chosen 
represent the limits of performance, or indeed the most appropriate for study.  
However, as discussed earlier, there has to be a pragmatic approach to aneurysm 
characterisation.  If too many analyses are performed or too many characteristic 
parameters returned it will be impossible to develop meaningful associations.  The 
most searching conditions for rupture and other structural phenomena are likely to be 
those associated with high pressures and/or with high temporal gradients, which are 
both associated with the exercise condition (although the valsalva manoeuvre 
represents another potentially dangerous condition).   

 

55..33..33  MMaatteerriiaall  PPrrooppeerrttiieess  

 The third requirement for a haemodynamics analysis is a set of material properties.  
Density is required, and a constitutive equation that relates the stress tensor to the rate 
of strain tensor.  Blood is considered incompressible and therefore the density can be 
considered to be constant.  Although there are density variations between individuals, 
the range is small (Duck27 quotes a range of 1052-1064 kg/m3 for whole blood) and, 
given the uncertainty of other information, it is reasonable to use a single value of 
density for all analyses. 

 
Decision 
 
 
 

[] Blood density added to abstract problem description 

 
 In the first year of @neurIST a review of rheology models was undertaken28, which 

would relate fluid stress to shear-strain rate via a viscosity property.  Potential 
candidates include a simple Newtonian model, a Casson model and a Carreau Yasuda 

It is recommended that all analyses be conducted using a density of 
1060 kg/m3. 
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model.  The benefit of the non-Newtonian models is that they recognise and represent 
the shear-thinning properties of blood.  At higher shear rates, typical of those found in 
the main cerebral arteries but not necessarily of those found within an aneurysm, the 
viscosity tends towards an asymptotic high-rate lower limit.  Bernsdorf et al29 have 
demonstrated that the more sophisticated Carreau Yasuda model yields different 
solutions to those obtained with a Newtonian model, but that the differences are most 
pronounced at unphysiologically low Reynolds numbers.  At a Reynolds number of 
100, still at the low end of the physiological range, Bernsdorf reports relatively small 
differences for the peak shear stress on the wall of the aneurysm for Newtonian and 
non-Newtonian models.  For @neurIST there is no good reason why the population of 
the databases should not be based on a Carreau Yasuda formulation, since both of the 
fluids solvers (CFX and the LB code) support this formulation and the execution 
overhead in terms of computational resource is minimal.  There is, however, one 
disadvantage: this is that post-project contribution to the databases by third parties 
might be reduced because they might not necessarily have access to fluids solvers 
with this functionality.  Furthermore the most relevant published sensitivity study, 
directly in the context of cerebral aneurysm, is that by Cebral et al12, in which it was 
demonstrated that ‘Newtonian models appear adequate for characterising the intra-
aneurysmal haemodynamics’.  Lee et al30 report similar conclusions in a study of flow 
in the carotid bifurcation, and comment that sensitivities reported by other groups in 
idealised geometries might be associated with symmetries that are not manifest in 
patient vasculature.  

 
Decision 
 
 
 
DP Policy decision on the numerical values of the parameters in the constitutive equation 

to be used for the analysis.  The Newtonian model is characterised by a constant 
representing viscosity, the Casson model by two parameters  referencing shear-strain 
rate to calculate local viscosity, and the Carreau Yasuda model by five similar 
parameters.  The dominant physical constituents of blood are plasma and erythrocytes 
(red cells). For a Newtonian model, the viscosity is determined largely by the 
percentage  volume of red cells, called the haematocrit.  Guyton illustrates empirical 
results relating the high shear rate viscosity to the haematocrit, and this has been cast 
into equation form by Lee et al30: 

 
32 964.3198.15878.54175.1 HctHctHct   

 
 Where Hct is haematocrit and viscosity is expressed in cP.  Average haematocrit is 45, 

and for this value the high shear rate viscosity is 00035 Pas. As it turned out, patient 
haematocrit data was not available in time to chose this option. So, in order to reduce 
the number of free parameters, the following pragmatic decision was taken. 

   
Decision 
 
  

[]  Blood viscosity added to abstract problem description 

 

It is recommended that all haemodynamic characterisation be 
conducted using a simple Newtonian rheology model. 

It is recommended that all haemodynamic characterisations be 
conducted using a constant viscosity of 0.0035 Pa s should be used. 
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Sns The effects of blood viscosity on aneurismal haemodynamics were investigated using 
the @neurIST tool-chain and recently published in two studies63,64 where we 
considered the effects of smoking and hypertension (two major risk factors in 
intracranial aneurysms), and chronic use of blood-thinning drugs, on haematocrit and 
plasma viscosity. 

 
 Additional instructions, including the profile of the cardiac cycle and the number of such 

cycles to be computed, are also passed to the APD. 
 

 Complete abstract problem description (APD) for haemodynamics  

 
 
 
 
 
 
 
 
 
 
 
 

55..44  SSoolluuttiioonn  

 The steps described in this section were fully automated and thus suitable for 
deployment as a compute service using the @neuCompute infrastructure. If user 
interaction (OA) is mentioned here, it is in order to match the logical sequence of 
operations rather than the ones occurring in practice. Also, during the period while the 
fully automated chain was not yet available, these interactions did need to take place. 

55..44..11  VVoolluummee  RReepprreesseennttaattiioonn  

 Surface mesh representation 

 Complete abstract problem description for haemodynamics 

 
 
 The next operation in the haemodynamic toolchain is the generation of a volumetric 

mesh from the surface mesh data.  The details of this operation are different for the two 
haemodynamics processing chains supported by @neurIST.  Meshes for ANSYS-CFX 
are generated in an external software component, ICEM, whereas meshes for the LB 
solver are generated within the @neurIST environment. Both processes start from the 
same input, and are fully automated. 

 
 The determination of what constitutes an appropriate mesh for a particular analysis is 

partly a matter of judgement. Mesh independence is desirable for a good numerical 
solution.  With experienceError! Reference source not found., mesh generation 
templates for ANSYS ICEM could be created which permit generation of problem-
adapted scripts for automatic generation of appropriate 3D meshes for CFX, including 
prismatic boundary layers and minimal and maximal mesh resolution bounds for vessel 
branches. For LB, the only real decision is the voxel size, which can be computed 
similarly. Still it is the professional responsibility of the operator to ensure that the 
problem that has been posed is accurately solved, by inspection of the solution.  

Name: Abstract problem description for haemodynamics (cut locations, neck locations, 
aneurysm list, boundary conditions, material properties, solution instructions)  
Format: XML + DB entries  
DDM: analysisHaemodynamics, analysisHaemodynamics_Apd 
Units: SI 
Location: DDS 
Audit trail: Date; Format; @neuFuse version; @neuFuse operator; DDM.processedGeometry, 
DDS.systemicModel  
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@neurIST is much more concerned with whether the right question has been asked- it 
is using proven solution methods (particularly the commercial ANSYS-CFX solver), and 
although solution comparisons will be made it is not the goal of @neurIST to validate 
CFD software. There is a great deal of literature on computational solutions and their 
accuracy, including in the context of cerebral aneurysm.  Most recently Radaelli et al 39 
have published comparative results from a number of expert groups for the analysis of 
a cerebral aneurysm, and it is demonstrated that something of the order of one million 
elements is required for mesh independence in this particular aneurysm in the 
untreated condition.  In the context of @neurIST, formalising the expert knowledge on 
appropriate element sizes into script templates for automatic mesh generation proved 
to be a useful and reliable way to provide good numerical meshes. 

 
O@ application-specific simulation input data is generated (Lattice Boltzmann or ANSYS 

CFX)  
 

[] application specific labelled volume mesh representation, boundary conditions, blood 

properties, output specifications  
 
Sns No formal sensitivity study is required for this step.  As stated above, it is the 

responsibility of the analyst to ensure that the solution is mesh independent, and this is 
a routine part of the analysis operation. As stated above, in @neurIST this step is 
largely covered by appropriate guidelines and automation of the mesh generation 
process. 

 

55..44..22  CCFFDD  ssiimmuullaattiioonn  

 application specific labelled volume mesh representation, boundary conditions, blood 

properties, output specifications  
 
 @neurIST supports in principle two haemodynamics solvers, the commercial ANSYS-

CFX code and a lattice Boltzmann analysis using code developed by a European 
Development Consortium and brought to @neurIST by NEC.  The preparation of the 
input is discussed in the previous section.  To launch the solution process the analyst 
will identify the files containing the input information, plus a number of parameters such 
as the timestep, the end time, nature and frequency of output, convergence criteria, file 
names etc. @neuFuse will control the submission process, accessing @neuInfo and 
the @neuCompute services (e.g. CS-CFX) as necessary. 

 Note: All case processing for the databases was done using the CFX chain. A number 
of intermediate operations required advanced tools from ANSYS commercial toolchain 
while the @neurIST toolchain was not yet complete and automated. 

 
OA Analyst completes a „job control‟ information screen in @neuFuse. In practice, this 

happens during the definition of the haemodynamics problem (see Section 5.3) and is 
added to the APD, so that actually, no interaction is needed at this point. 

 
O@ @neuFuse controls batch submission to the @neuCompute service.  
 

 CFD results files containing primitive variables (pressure, velocity) plus derived 

quantities (wall shears …) 
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Sns As discussed in section Error! Reference source not found., it is usually the 

responsibility of the analyst (with best-practice guidance) to ensure that appropriate 
computational meshes are defined. This responsibility extends to the selection of 
appropriate timesteps, convergence criteria, etc.  Mesh sensitivity and timestep 
sensitivity tests do not comprise part of the @neurIST sensitivity studies, but 
appropriate guidelines and values were investigated so that they could be used 
consistently throughout the project. As part of the automated processes, appropriate 
values for mesh element sizes (for example) were calculated and implemented directly. 
The choice of the solver itself is a different issue. It is almost inevitable that there will 
be some differences in the solutions returned by the independent solvers. A sensitivity 
study is required to establish the independence of the solution on the solver chosen. 
This should be performed on the demonstration test cases. It is easy to compare the 
characterisations (a few numbers or descriptive text describing the flow fields). A more 
difficult and separate issue is how best to compare solutions from the alternative 
solvers over the whole spatiotemporal flow fields.  

 

55..55  PPoosstt--PPrroocceessssiinngg  ((DDaattaa  RReedduuccttiioonn))  

 CFD results files including mesh descriptions 

 
Again, the computations presented in this section are almost all fully automated and 
part of the compute services, except the few qualitative measures (see Table 5:) which 
require judgement from the CFD expert. 
 
The requirement for data reduction operations to reduce the vast amount of CFD 
results data to meaningful characterisations has been discussed many times. An 
overview is presented in section 1.3. Preliminary suggestions for data reduction 
operations were made in the PM12 deliverable D112, and amplified at the first analysis 
protocol workshop4. 
 
The process of haemodynamic characterisation is not trivial. There are infinitely many 
operations that might be carried out on the data, and it is not certain which operations 
and which characteristics might most appropriately describe the flow in terms of 
association with risk of rupture and other clinically-relevant measures. The 
determination of a prescriptive and automatic process for quantitative characterisation 
of a general aneurysm is not possible, largely because of the wide anatomical 
variation. Figure 17 of D11 illustrated a wide range of anatomical variations. Because 
of this uncertainty the decision has been taken to store all the project‟s CFD results at a 
central resource, so that re-extraction of characterisations  could be performed in the 
future to test new hypotheses. It is likely that many clinical centres will also wish to 
store their own results locally. 

Name: RES_CFX, RES_LBA 
DDS: runHaemodynamics, runHaemodynamics.dataLocationEpr, runHaemodynamics_* 
Format: software specific format. Specialised converters and extractors can be used to 
perform data reduction to haemodynamic characterisations (see next section)  
Units: SI 
Location: DDS + local.  
Audit trail: Date; Format; Solver (CFX or lB) version, analysis operator, execution statistics 
(cpu time, convergence); DDM.analysisHaemodynamics 
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Haemodynamic characterisations (which are called “indexes” in the derived data 
model) might be separated into four types, depending on whether they are qualitative 
or quantitative and on whether they describe the volumetric distribution of the flow or its 
effect on the surface. Examples of measures in each type are illustrated in Figure 11 
and expanded in this section.  It is arguable that, with respect to aneurysm evolution 
and rupture, the only important parameters are surface measures at the wall of the 
aneurysm: it is these that determine the structural stresses and that govern wall-shear-
stress mediated biological responses. However, the volume characteristics might be 
important with respect to thrombogenicity, and particularly with respect to interventional 
planning (coiling and stenting), in which the aim is to induce thrombosis in the 
aneurysm. Furthermore, in the same way that morphological characterisations produce 
indirect measures of physical phenomena that might nevertheless represent powerful 
diagnostic or prognostic indicators, this might also be true of volumetric haemodynamic 
measures.  
 

 
 

Figure 11  Haemodynamic descriptors 

 
Recent work performed within the @neurIST project by ANSYS31 has suggested that 
two further measures, namely Hunt‟s Q measure32 (an invariant of the vorticity field) 
and fluid age might further assist the analyst in the qualitative, as well as quantitative, 
assessment of the flow.  Figure 12 illustrates Q and age isosurfaces from computed 
flows in an aneurysm at the end of a basilar artery, geometry and boundary condition 
data for which were kindly supplied by David Steinman33.  CFD and experimental data 
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for this aneurysm are reported in Ford et al, 200834.  The Q measure assists with the 
location of vortex centres and thus interpretation of the structure of the flow.  A complex 
flow featuring many vertical structures in the aneurysm would present multiple Q 
isosurface „pebbles‟ in this region. The age plot clearly shows a spiral core region of 
relatively old fluid in the centre of the aneurysm and, probably more importantly, a 
region of older fluid close to the wall on one side of the aneurysm. Age is part of the 
stored CFD solution, but not currently represented in any of the characterisations. 
Following a recommendation by a member of the Scientific Advisory Board, Professor 
Gordon Mallinson, at PM36, the additional measure of Viscous Dissipation (which is 
related to Q) was added to the haemodynamic solution, and the total dissipation 
integrated over the aneurysm volume was added as a derived index. 
 

 
 

Figure 12  Streamlines 

Right: Q (invariant of vorticity) isosurface with streamlines. Left: Age isosurface with 
streamlines 

 
One approach to haemodynamic characterisation is described by Cebral et al 12. In this 
study the velocity pattern was classified by three independent observers in terms of 
four characteristics, namely i) complexity and stability of the intra-aneurysmal flow, ii) 
location of apparent impingement of the jet, iii) size of the zone of impingement and iv) 
size of the inflow jet compared with the dimension of the aneurysm and of the neck. 
The first of these measures represents a qualitative description of the volumetric flow 
field. The second and third are quantitative descriptors of surface parameters and the 
fourth is a semi-quantitative description of the volumetric flow. 

 

55..55..11  GGrroossss  aanndd  VVoolluummeettrriicc  ffllooww  cchhaarraacctteerriissaattiioonn  

55..55..11..11  QQuuaalliittaattiivvee  mmeeaassuurreess  

A gross haemodynamic characterisation, or rather classification, might be associated 
primarily with a simple anatomical and morphological characterisation, supported by 
observation of the computed flow fields. The „complete‟ surface mesh representation 
described in section 3.2.4.1, together with the skeletonisation (section 3.2.4.2) will 
support a first haemodynamic characterisation of the aneurysm according to the 
number of openings in its wall through which flow will pass. With respect to 
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haemodynamics this is a simple but important characterisation, particularly if it can be 
extended to recognise whether flow is primarily shear-driven or advection-driven.  
 

 The simplest aneurysms will be (berry/saccular) aneurysms, which are attached 
to the parent vessel at a single region or opening, referred to as the neck. For 
this class of aneurysm there will thus be two regions in the fluid domain, one 
representing the lumen and one representing the aneurysm: the joining 
(perhaps curvilinear) plane represents the neck of the aneurysm.  

 
o An aneurysm labelled as a saccular aneurysm might have significant 

momentum flux (seen as a jet) through the neck, in which case the flow 
might be regarded as advection-driven, or it might have a vortical flow 
structure that may be primarily shear-driven. Massless particle traces 
(often called  streamlines, although this might be technically inaccurate), 
typically those plotted at peak systole, are useful tools for identifying the 
nature of the flow. Shear-driven flows will be associated with closed 
streamlines, and often with a narrow neck. In practice, because of local 
curvature (often in more than one plane) of the parent vessel in the local 
and proximal regions, there will almost always be some flux into the 
aneurysm, and true shear-driven flows might be rare. For an aneurysm 
to remain patent there must always be some mass exchange with the 
bulk flow. An aneurysm might feature both types of flow: there might be 
a significant flux into and out of the aneurysm, but local (separated) 
regions into which the jet does not penetrate and which are shear-
driven.  Often such local regions of separation within the aneurysm 
might be associated with geometrical features such as blebs. By 
studying the 3D flow fields, the analyst can make a subjective evaluation 
of whether the flow is primarily advection-driven, primarily shear-driven, 
or mixed. 

 

 The second type of aneurysm is one that is more readily described as a local 
dilation of a vessel, with one inlet and one outlet.  This is a classical fusiform 
aneurysm.  In this type of aneurysm there will be a primary flow path through it, 
possibly with local regions of recirculation where flow has separated from the 
wall of the vessel – as for the saccular aneurysm, the flow in these regions 
might be primarily shear driven. Only a giant fusiform aneurysm will be 
haemodynamically-dominated by regions of recirculation, and for most fusiform 
aneurysms it might be reasonable to classify the flow as advection-driven or 
mixed.  

 

 The third type is one in which there might be multiple inlets and/or outlets.  This 
type of aneurysm might be described as complex, and will usually occur where 
one or more aneurysms have formed at vessel bifurcations and grown to 
encompass more of the vasculature.  As for the fusiform aneurysm there will be 
a primary flow path (in this case with multiple inlets or outlets), and perhaps one 
or more regions of separation and recirculation. 

 
The separation between saccular and fusiform is somewhat arbitrary and depends on 
the judgement of the analyst and will be guided by both shape and flow characteristics.  
Some of the quantitative measures proposed on the next section might assist 
retrospectively. 
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Figure 13 illustrates massless particle traces for the saccular aneurysm located as 
described in Figure 10.  Figure 12 illustrates isosurfaces of Q and Fluid Age.  All of 
these might be useful for identifying the nature of the flow.  The isosurface of velocity, 
illustrated later in Figure 16, could have similar utility (particularly in the identification of 
jets).  
 

 
 

Figure 13 Massless particle traces 

Shown in the region of a saccular aneurysm at a region of high curvature (see Fig 7) 

 
The classification is made more difficult because the flow varies temporally (over the 
cardiac cycle), and an aneurysm might be classified differently at different times in the 
cycle. As discussed above, Cebral et al12 have proposed and demonstrated a 
qualitative characterisation of the flow field into „simple‟ or „complex‟ depending on 
whether there is a single dominant or multiple vortical structures (this is a spatial 
description) and „stable‟ or „unstable‟ depending on whether the primary spatial 
characterisation changes over the cardiac cycle (a temporal description).  It is 
recommended that the description of „stable/unstable‟ be adopted by @neurIST as a 
characteristic measure of the temporal nature of the flow. As for the spatial descriptors, 
some of the quantitative measures proposed in the next section might prove useful in 
establishing the classification of the flow. 

 
Recommendation 
 
 
 
 
 
 
 

 
Layman‟s equivalents for the terms „shear-driven‟ and „advection-driven‟ might include 
„recirculatory‟, „closed‟ or „viscous‟ and „non-recirculatory‟, „open‟ or „jet-like‟, 
respectively. 

 
 
It is noted that an aneurysm that was haemodynamically characterised by Cebral12 as 
„complex‟ would be likely to be „mixed‟ in the above characterisation. It is arguable that 
the additional descriptive separation into „shear-driven‟ or „advection-driven‟ would 

Based on the shape of the aneurysm and on a subjective evaluation of the 
flow field at peak systole, the analyst should make a preliminary spatial 
haemodynamics characterisation as saccular, shear-driven; saccular, 
advection-driven; saccular, mixed; fusiform, advection-driven; fusiform, 
mixed; complex, advection-driven; complex, mixed. For complex 
aneurysms the analyst should identify the number of inlets and outlets.  
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often be identifiable from the quantitative measures proposed below, and this is 
something that analysis of @neurIST data may uncover. There will be some 
aneurysms in which an incoming jet is divided by geometrical features within the 
aneurysm to produce a complex flow pattern that is entirely advection -driven. 

 
Decision  
 
 
 
 
 
 
 

Qualitative Volumetric Measures within the aneurysm Value 

Flow stability according to Cebral 
DDM: indexHD_flowStability 

stable 

Flow type (shear drived etc) 
DDM: indexHD_flowType 

Saccular 
momentum-driven 

Table 5: Haemodynamic qualitative volumetric characteristic measures 

 

55..55..11..22  QQuuaannttiittaattiivvee  mmeeaassuurreess  

The 3D flow analysis yields the information required to undertake the above qualitative 
characterisations of the flow. It is also possible to derive direct quantitative indices, and 
recommendation for quantitative characterisation are presented in the following 
paragraphs. 

 
The quality of the flow within the aneurysm might be assessed by reporting statistical 
measures of velocity and vorticity. Because each of these is a vector quantity, and thus 
its components are dependent on the reference co-ordinate system, it is better to 
choose an invariant measure derived from the vectors.  For velocity, absolute 
magnitude or speed is an obvious choice. For vorticity, the Q measure32 has been 
proposed as a useful indicator of flow quality. In a pre-release of this document a 
number of complex measures were proposed. In the interests of pragmatism these are 
now reduced to the following: 
 

• Maximum speed anywhere within the aneurysm at peak systole. 
• Mean speed, averaged over space, in the aneurysm at peak systole. 
• Maximum mean speed, averaged over the cardiac cycle, anywhere in the 

aneurysm. 
• Mean speed in the aneurysm, averaged over space and time. 

 
• Number of vortex centres, identified by isosurfaces of Q, within the aneurysm (or 

some equivalent measure). 
 Viscous dissipation at peak systole 

 
It is suggested that the latter quantity might be associated with the observational 
measures of flow structure proposed by Cebral et al12, which were based on the 
inspection of flow on specific cross-sections.  

 

Based on an examination of the transient characteristics 
of the flow, and particularly on the contrast between 
patterns in systole and diastole, the analyst should 
categorise the flow using Cebral‟s characterisation of 
„stable‟ or „unstable‟.  
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 If the aneurysm has an identifiable neck, then there might be much to learn from 
quantification of the flux across it. It would be best if the neck could be identified 
automatically by the software, following which all flow parameters could be computed 
directly from the flow fields in an objective manner without any user intervention. The 
true haemodynamic neck will be the surface between the aneurysm and the parent 
vessel over which flux is minimum, and of course this surface will not, in general, be 
planar. It should be noted that inaccuracy in neck location affects not only the neck 
parameters themselves, but also any measures of averages of quantities in the 
aneurysm (for example average speed as proposed above), see also Figure 9 in 
Section 5.3.1.2 .  The effect is potentially severe because velocity and pressure and all 
derived parameters vary sharply in the neck region. Local separations tend to be 
associated with low local pressures, and of course inclusion of any of the bulk flow 
tends to produce locally high velocities (see Figure 14).  

 Manual and finally also automatic methods of neck identification have been 
implemented, but these came too late to be used for all haemodynamic analyses. As 
for the already processed cases a (manual) process based on ANSYS ICEM had been 
adopted, this manual approach was continued for the sake of consistency of results. 

  

 
 

Figure 14 Velocity in the aneurysm. 

Note that the maximum velocity is at the neck, and its magnitude is sensitive to the location of 
the neck as determined by the analyst 

 
Assuming that the walls of the aneurysm are rigid, the total flux across the neck of a 
saccular aneurysm must be zero at all instants in time. Unless the flow in the aneurysm 
is entirely shear-driven, there will be areas of the neck over which there is a flux into 
the aneurysm and an area over which there is flux out of it back into the bulk flow. A 
number of haemodynamic characterisations associated with neck flux were proposed 
in D11. Two essential features that are likely to be important are the flux through the 
aneurysm and the strength of any jet into the aneurysm. Although it is not guaranteed 
that peak velocities and fluxes in the aneurysm occur at peak systole, for practical 
purposes and to reduce the complexity of the post-processing operation, it might be 
assumed that this is so. After further consideration, the following measures are 
proposed. 
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• Maximum velocity into the aneurysm at peak systole. 
• Momentum flux into the aneurysm at peak systole. 
• Mass flux into the aneurysm at peak systole. 
• Energy flux into the aneurysm at peak systole. 
• Area over which flux is inwards at peak systole. 
• Temporal mean inwards momentum flux. 
 

Each flux or velocity quantity should be expressed both in absolute terms and as a 
proportion of the peak or mean flow respectively in the main vessel. The area measure 
should also be expressed in absolute terms and as a proportion of the neck area. It is 
anticipated that these measures will provide information on the strength and quality of 
the jet into the aneurysm.  Although these parameters are computed on an area, they 
are associated with global aneurysm flow rather than surface parameters and might be 
thought of as volumetric measures.  

 
Recommendation 
 
 
 
 The characteristic measures proposed in this section have been evaluated for the 

aneurysm illustrated. Information from all of the figures in this section, plus others 
displayed and examined interactively were used to arrive at these characterisations. 
 
 

Quantitative Volumetric Measures within the aneurysm Value /Units 

Maximum velocity within the aneurysm at peak systole 
DDM: indexHD_maxVelocityAneurysmAtPeak 

2.36 [m s-1] 

Mean velocity, averaged over space, in the aneurysm at peak systole 
DDM: indexHD_avgVelocityAneurysmAtPeak 

0.375 [m s-1] 

Maximum mean velocity, averaged over the cardiac cycle, anywhere in the 
aneurysm 
DDM: indexHD_maxVelocityInAneurysmTimeAvg 

1.001 [m s-1] 

Mean velocity in the aneurysm, averaged over space and time 
DDM: indexHD_avgVelocityInAneurysmTimeAvg 

0.019 [m s-1] 

Number of vortex structures in aneurysm, based on Q criteria 
DDM: indexHD_numberVortexesInAneurysmAtPeak 

2 

viscous dissipation at peak systole 
DDM: indexHD_viscousDissipationAtPeak 

2.143E-03 W 

Table 6:  Haemodynamic quantitative volumetric measures within the aneurysm 

  

Quantitative volumetric measures described above and tabulated in 
Table 6: and  Table 7:should be computed and recorded.    
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An illustration of the flux across the neck of an aneurysm at peak systole is presented 
in Figure 15. Estimates of the proposed characteristic quantities are presented in the 
following table.  There is a strong argument for normalisation against the equivalent 
quantities in the inlet vasculature (i.e. the bulk flow parameters), or for the area 
measure against the area of the neck.  Estimates of such percentages are also given. 
 

Quantitative Volumetric Measures at the neck Value / Units 

Maximum velocity into the aneurysm at peak systole 
DDM: indexHD_maxVelocityIntoAneurysmAtNeckAtPeak 

2.278 [m s^-1]                     
(100%) 

Momentum flux into the aneurysm at peak systole 
DDM: indexHD_momentumFluxIntoAneurysmAtNeckAtPeak 0.007 [kg.m/s2]  

Area over which flux is inwards at peak systole 
DDM: indexHD_absoluteInfluxAreaAtNeckAtPeak 
DDM: indexHD_relativeInfluxAreaAtNeckAtPeak 

 
5.12 mm2 
(30%) 

Mass flux into the aneurysm through the neck at peak systole 
DDM: indexHD_massFluxIntoAneurysmAtNeckAtPeak 5.15E-03 [kg s^-1] 

Energy flux into the aneurysm through the neck at peak systole 
DDM: indexHD_energyFluxIntoAneurysmAtNeckAtPeak 1.13E-02 [W] 

Table 7: Haemodynamic quantitative volumetric measures at the neck 

 

 
Figure 15 Flux through aneurysm neck 

Shown at peak systole, with approximate calculation 

 
 

55..55..22  SSuurrffaaccee  hhaaeemmooddyynnaammiicc  cchhaarraacctteerriissaattiioonn  

Although the exact cause/effect mechanism that regulates aneurysm evolution/rupture 
is not completely understood1 (WP3.5 is working to develop models to illuminate this 
process), it is clear that aneurysms rupture when the stress exerted by internal blood 
flow exceeds the strength of the wall. Furthermore, biological processes associated 
with aneurysm evolution are known to be mediated by haemodynamic wall shear 
stresses, although much of the quantitative information on the interaction between flow 
and observed pathology are reported in the context of atherosclerosis (e.g. Malek et 
al35). It is arguable that the most directly-important haemodynamic characteristics are 
surface measures. The haemodynamic stresses that generate a load on the aneurysm 
wall can be split into normal stresses (pressures) and traction stresses (wall shear 
stresses). There are reports in the literature that not only the magnitudes, but also the 
spatial and temporal gradients of these parameters together with the spatial extent of 
regions affected, are implicated in aneurysm evolution and rupture. 
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A fluid jet in the aneurysm will create a local region of elevated pressure where it 
impacts the wall. It is likely, though, that this local elevation will be only a few 
millimetres of mercury (mmHg), and certainly small relative to the pressure in the artery 
and in the aneurysm (of the order of 100 mmHg) and to its variation over the cardiac 
cycle (perhaps 40 mmHg).  
 

 For static pressure it is recommended that the maximum pressure anywhere on 
the aneurysm wall at peak systole should be reported. Because the peak 
pressure in the centre of the aneurysm will always be of the order of 100 
mmHg, the requirement suggested in D11 for a relative measure has been 
dropped: the local elevation in mmHg will serve equally as a percentage 
elevation measure. The location of the impingement site should be reportedc. If 
there is more than one region of significant elevation, defined as 50% or more 
of the maximum elevation, then these should also be reported. Jet impingement 
will be quantified by identification of regions surrounding local peaks over which 
static pressures are elevated by more than 50% of the difference between the 
local peak and the average pressure in the aneurysm. Care must be taken to 
ensure that the recorded average pressure in the aneurysm is not polluted by 
inclusion of parts of the parent vessel with locally elevated pressure, so in this 
context it is recommended that the region of the aneurysm should be defined 
(via the neck definition) conservatively. 

 
These parameters are illustrated for one aneurysm in Figure 16. The peak local pressure 
elevation for this aneurysm at peak systole is 5.3 mmHg, illustrated in the first image. The 
central image illustrates a velocity isocontour, showing the penetration of a jet into the 
aneurysm. The region over which the local elevation is 50% of the peak elevation is 
approximately 7 mm2. A striking observation for this aneurysm is that most of the strong 
haemodynamic activity is confined to one of its two lobes. 

 

Quantitative Surface Measures Value / Units 

Maximum static (gauge) pressure on the wall at peak 
systole 
DDM: indexHD_maxPressGaugeAtAneurysmWallAtPeak 

16150 Pa (105.7 mmHg) 

Area of elevated pressure (50% of elevation) 
DDM: indexHD_absoluteAreaElevatedPressGaugeAtPeak 
DDM: indexHD_relativeAreaElevatedPressGaugeAtPeak 

 
17.9 mm2  
(9.8 %) 

site where impingement jet hits the aneurysm wall i.e the 
point of highest pressure on aneurysmal wall 
DDM: indexHD_impingementSiteAtPeak 

Note: Local co-ordinates 
only. 

Table 8: Haemodynamic quantitative surface measures 

 

                                                
c
 Note that Cartesian co-ordinates referring to a local co-ordinate system are reported for locations of 

particular peak values. - a naming convention for locations within the aneurysm would ideally  be 
required, but turned out to be too difficult to establish. Therefore, some measures involving locations 
have been omitted from the original suggestions in version 1 of this protocol document. 
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Figure 16 Surface Haemodynamics 

(Left) Maximum static pressure at peak systole. (Middle) Jet impingement at peak systole. 
(Right) Area of elevated static pressure at peak systole 

 
Wall shear stress and its derivatives, including oscillatory shear index, can be 
computed at all nodes on the wall of the aneurysm. The oscillatory shear index (OSI) is 
used to quantify and to compare the transient fluid shear stress regimes experienced 
by endothelial cells. The mathematical definition of OSI is described in D112, it has a 
range from 0 to 0.5. A summary of other, more comprehensive, measures of wall shear 
variation including temporal and spatial gradients and angle deviations and gradients 
(applied in the coronary arteries) is presented by Goubergrits et al36.  Goubergrits 
makes the observation that the OSI is in some sense a binary reduction of wall shear 
stress angle gradient or deviation. It is recommended that, in the interests of 
pragmatism and reduction to a manageable volume of data for statistical association, 
@neurIST report and store only peak wall shear stress together with measures of the 
spatial distribution of temporal average wall shear stress and of OSI. Raw data will be 
saved for further processing if it is demonstrated in the future that other parameters are 
likely to be stronger diagnostic measures. 
 

 For wall shear the spatial and temporal peak and location on the aneurysm wall 
will be reported, together with the size of the region (in absolute and percentage 
terms) over which it exceeds 50% of this value.  The size and percentage of the 
area of the aneurysm wall over which the time-averaged shear stress exceeds 
1.5 Pa, and over which it is less than 0.4 Pa should also be reported. These 
thresholds are based on those used by Malek et al35.  

 

 For OSI the position of the peak will be reported. The size and percentage of 
the area of the aneurysm wall over which the OSI exceeds 0.2 should also be 
reported. This choice of threshold is based on that indicated by Goubergrits et 
al36, although the original source of this numerical value is unclear. 

 
Figure 17 illustrates wall shear stress results for the same aneurysm. The peak wall 
shear stress is 33.9 Pa, and it reaches 50% of this value over approximately 10 % of 
the aneurysm surface. The thresholded plot in the centre of Figure 17 illustrates clearly 
the correspondence of the higher shear area with the jet that can be seen in the plot in 
the centre of Figure 16, and it also shows that this region of the surface of the 
aneurysm also has a wall shear stress more consistent with that found in the parent 
vessel.  Less than 10% of the surface of this aneurysm has an OSI of greater than 0.2.  
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Figure 17 Wall Shear Stress (Left) Spatial peak and location of WSS at peak systole. 
(Middle) Area of elevated WSS at peak systole. (Right) Spatial peak and 
location of OSI over the cardiac cycle. 

 
Figure 18 illustrates results for another aneurysm, this time on the middle cerebral 
artery. The peak wall shear stress is 65.3 Pa, and the size of the region over which it 
reaches 50% of this value is 45 mm2, representing 20 % of the aneurysm surface. 
Approximately 100 mm2, or 45 % of the aneurysm surface has a time-averaged wall 
shear stress exceeding 1.5 Pa, and 90 mm2, or 40%, has a time-averaged wall shear 
stress exceeding less than 0.4 Pa. The OSI has a maximum of 0.47, and the area over 
which it reaches 50% of this value is 5 mm2. The area over which the OSI exceeds 0.2 
is approximately 45 mm2, or 20 % of the surface area of the aneurysm. It is noteworthy 
that, like the aneurysm illustrated in Figure 17, this two-lobed aneurysm has one lobe 
with relatively strong haemodynamic activity and one with relatively low flow. For the 
aneurysm illustrated in Figure 18 there might be a strong argument for considering 
each lobe as a separate aneurysm.    

 
Figure 18 Wall Shear Stress (Left) Spatial peak and location of WSS at peak systole. 

(Middle) Area of elevated WSS at peak systole. (Right) Spatial peak and 
location of OSI over the cardiac cycle. 
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The values reported in text above are tabulated below: 
 

Quantitative Surface Measures for WSS and derivate of WSS Value / Units 

Maximum wss at peak systole 
DDM: indexHD_maxWSSAtAneurysmWallAtPeak 

 
192.4 Pa 

Area of elevated wss at peak systole (wss above 50% of max 
wss) 
DDM: indexHD_absoluteAreaElevatedWSSAtPeak 
DDM: indexHD_relativeAreaElevatedWSSAtPeak 

 
 
0.78 mm2  
0.4% 

area of time-averaged WSS below 0.4 Pa inside the aneurysm 
DDM: indexHD_absoluteAreaWSSBelowThresholdTimeAvg 
DDM: indexHD_relativeAreaWSSBelowThresholdTimeAvg 

 
34.3 mm2  

18.8% 

absolute area of time-averaged WSS above 1.5 Pa inside the 
aneurysm 
DDM: indexHD_absoluteAreaWSSAboveThresholdTimeAvg 
DDM: indexHD_relativeAreaWSSAboveThresholdTimeAvg 

 
89.67 
49.2% 

Maximum OSI (value with location) 
DDM: indexHD_maxOSI 
DDM: indexHD_locationMaxOSI 

 
0.47 
(*) 

Area of elevated OSI 
DDM: indexHD_absoluteAreaElevatedOSI 
DDM: indexHD_relativeAreaElevatedOSI 

 
4.9 mm2  
2.7% 

Table 9:  Haemodynamic measures associated with Wall Shear Stress on the aneurysm 
illustrated in Figure 18 

* These are Cartesian co-ordinates - a naming convention for locations within the aneurysm 
would ideally  be required, but turned out to be too difficult to establish, see footnote above. 

 
Decision 
 
 
 
 
Decision 
 
 
 
 
OA Analyst loads CFD results, inspects the geometry and flow fields interactively, and 

characterises the flow as described in sections 5.5.1 and 5.5.1.2. All measures except 
flow type, flow stability and number of vortices are computed automatically, in the case 
of the CFX toolchain by the ANSYS post-processor using a standard session file, which 
interprets the model based on standard naming conventions for the locations. 

 

O@ @neuFuse writes all haemodynamic characterisations to the derived data store (DDS). 

 Haemodynamic characterisation 

  

Quantitative surface measures described above (Table 8: 
and Table 9:) should be computed.    

All haemodynamic characteristic measures listed in 
Table 5: to Table 9:should be written to the DDS  
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66  TThhee  SSttrruuccttuurraall  AAnnaallyyssiiss  CChhaaiinn  

 

66..11  OOvveerrvviieeww  

This section describes the structural analysis processing chain, illustrated 
diagrammatically in Figure 19. Essentially it mirrors that of the haemodynamics 
analysis, featuring a similar workflow, similar operations to construct a numerical mesh, 
and similar post-processing operations.  The details are a little different and the solvers 
are obviously different.  As for the haemodynamics analysis, global dataflow is to and 
from the @neurIST databases through @neuInfo, and the management of the chain 
itself is carried out in @neuFuse.  The arrows that originate from or return to the top of 
the @neuFuse box indicate that information has to be provided by or to @neuInfo, and 
sourced or placed accordingly.  Four operations that will be conducted in or through 
@neuFuse are identified, namely Boundary Condition Processing, Surface Mesh 
Operations, Fluid Solver Operations and Results Visualisations and Characterisation 
(Data Reduction). 

 

 
 

Figure 19 High Level Overview of Structural Analysis Processing Chain 
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66..22  PPhhiilloossoopphhyy  

The purpose of the physical characterisation of the aneurysms is outlined in the introduction 
of this document.  It is argued that an accurate structural characterisation would be likely to 
have the most direct diagnostic capacity, at least of rupture, since it produces the most direct 
measure of parameters associated with rupture of a material.  Unfortunately it is also the one 
in which we might have least confidence.  Most recently, Ma et al7 have reported a 
comprehensive strategy for structural analysis of cerebral aneurysms. A number of 
observations were made that resonate strongly with the philosophy developed and 
conclusions reached independently by the @neurIST workpackage 3 team, and are regarded 
as so important that they are quoted verbatim below.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
With respect to the development of the strategy for population of the @neurIST databases, 
attention is focused on the second of the applications outlined by Ma, although the @neurIST 
databases will contain important data to support an independent study of the first. 
 
In the following sections the recommended procedure for the performance of a structural 
characterisation will be defined.  There are many unknowns and uncertainties about factors 
as fundamental as wall thickness, material properties and structural support conditions.  In 
the face of these uncertainties it is certainly questionable whether a structural 
characterisation might be expected to yield useful diagnostic or prognostic information.  
Nevertheless, unless the exercise to provide these characterisations is undertaken and 
correlations between them and the event of rupture sought, we will never know.  There can 
be no argument that the structural characteristics should be most relevant predictors of 

 Patient specific information on wall thickness and intrinsic material property 
(both of which can vary regionally) is virtually unattainable by current diagnostic 
tools. Indeed, even explant tissue-based population estimates for these 
properties are scarce.  
 

 Within this state of limited knowledge, we believe that it is worthwhile to 
incorporate at least the obtainable information (namely, patient specific 
geometry) into aneurysm-wall stress computations while making reasonable 
assumptions on the sparsely available pieces of information (namely, patient-
specific thickness and intrinsic properties). 
 

 Stress thus computed is unlikely to be highly accurate, but may still have two 
valuable applications: 
 

o It may help us develop experimentally testable hypotheses on how 
thickness and intrinsic properties may vary regionally or between 
patients and thereby facilitate a better understanding of disease 
pathogenesis; 

o it may serve as a physics-sensitive index of patient specific aneurysm 
surface geometry and thereby allow us to test whether geometry is a 
clinically measurable risk factor for rupture. 

 

Ma B, Lu J, Harbaugh RE, Raghavan ML. Nonlinear Anisotropic Stress Analysis of 

Anatomically Realistic Cerebral Aneurysm Geometries. Trans ASME J Biomechanical 

Engineering, v129, 88-96, 2007 
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rupture, the question is whether they are overwhelmed by the uncertainties in their 
calculation.  Given the uncertainties the analysis protocol that is recommended below, 
including the data reduction operations, has been reduced to a pragmatic minimum. 
 
It is not currently possible, using any routine clinical imaging modality, to obtain the thickness 
of the wall of the aneurysm: it is simply too thin. It is assumed, therefore, that if the lumen of 
the aneurysm can be segmented the wall must lie at the boundary of the lumen.  Given that 
the radius to thickness ratio of the aneurysm is likely to be 30 or higher, most structural 
analysts would agree that a thin shell, or indeed a membrane, representation is appropriate 
for structural analysis.  Certainly the representation of the aneurysm wall as a surface with 
specified thickness at its nodes is reasonable.  It will be argued that the surface 
representation developed for the morphological analysis is also an appropriate 
representation for a structural analysis. 
 
Decision 
 
 
 
 
Structural characterisation will be based on an analysis using the finite element method.  
Three levels of representation of the aneurysm wall are possible, namely solids, shells and 
membranes.  There are some advantages in using a solid representation for tissue materials, 
particularly in the ready adoption of existing constitutive equations, but most structural 
analysts would accept that a structure with a radius to thickness ratio typical of an aneurysm 
would not support significant bending stresses and so a surface element formulation might 
be indicated.  The purest representation is that of a membrane, which cannot support any 
bending stress, but in practice the adoption of a thin shell element can assist greatly with the 
stability of the analysis even though the bending stresses generated are minimal.  @neurIST 
supports two structural analysis chains, the commercial ANSYS suite and FEANOR from 
NEC.  NEC has put significant effort into the development of effective stabilisation measures 
for the membrane analysis. 
 
Decision 
 
 
 
 
 
  

Structural analyses should be performed using membrane 
elements or thin shell elements depending on availability 
and stability in the selected solver. 

For the purposes of structural analysis the geometry of 
the aneurysm can be represented as a surface with a 
prescribed distribution of thickness. 
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66..33  PPrree--pprroocceessssiinngg  

  

66..33..11  GGeeoommeettrryy  DDeeffiinniittiioonn  

The operations in this section mirror those in the preceding haemodynamics 
characterisation (section 5.3.1).  Because the suggested final representation of the wall 
is as a surface it needs one additional attribute, namely thickness. 

 

66..33..11..11  RReeccrrooppppiinngg  aanndd  llaabbeelllliinngg  ooff  ssuurrffaaccee  mmeesshh  ffoorr  ssttrruuccttuurraall  aannaallyyssiiss  

 ‟Complete‟ surface representation and skeletonisation 

 
Once again the starting point will be assumed to be the „complete‟ surface mesh 
representation (section 03.2.4.1).  This representation will have been cleaned, healed, 
smoothed and generally prepared for the analysis process.  As for the haemodynamic 
analysis chain, the skeleton is to aid and guide the cropping process.  Stability of the 
(nonlinear) structural analysis will be improved, without compromising the results, if the 
domain is cropped quite close to the aneurysm.  It is reasonable to adopt the same 
guidelines as proposed for the morphological analysis, i.e. cropping at one vessel 
diameter from the aneurysm neck (see section 4.1.1 and Figure 6). 
 

Decision 
 
 
 
 
 
 
  
OA Analyst recrops the 3D domain, using the skeleton as a guide, and performs any 

additional cleaning or repair operations required for the structural analysis. In addition, 
he defines a neck surface. In practice the cleaning and repair should already have 
been performed on the complete surface, and it is unlikely the further such operations 
will be necessary. Also, the neck definition and actual cut information from the 
morphological analysis typically can be reused without need for interactive work at this 
stage.  

 
Sns No direct sensitivity study was performed to establish the influence of the proximity of 

the boundary cuts to the structural characterisations. However, the results of 
experiments with different, minimally constraining boundary conditions at the openings 
conducted by NEC (see Section 6.3.2.2) suggest that cutting more distant to the 
aneurysm would have little effect on stress and strain of the aneurysm (it will lead to 
more rotation, though).  

 

66..33..11..22  TThhiicckknneessss  ddiissttrriibbuuttiioonn  

There is some evidence that the thickness of a typical aneurysm is not constant over its 
surface, but there is no reliable data on which a thickness distribution could be based.  A 
typical thickness ranging from 16µm to 212µm is reported1,37, which is of the same order as 
the healthy adventitia. Suzuki and Ohara suggested further38 that saccular aneurysms fall 
into one of four categories: uniformly thin (22%), thick at the fundus but thin at the neck 
(17%), thin at the neck but variable elsewhere (43%), or thick at the neck but variable 

The surface mesh representing the vessels adjacent to 
the aneurysm will be cropped at one diameter from the 
aneurysm neck.  For the structural analysis there is no 
requirement to close the surface representation, but the 
nodes on the cut planes will be labelled to identify them 
as domain boundaries. 
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elsewhere (18%). Asari and Ohmoto39 report similar findings, including that the uniformly thin 
lesions tended to be the smallest (i.e. those less than 4 mm in diameter). 
 
In practice the wall thickness of a particular aneurysm is not known and cannot be measured, 
and at present it is suggested that we can do no better than assume a mean wall thickness 

representative of a population average. Ma et al7 adopt a constant thickness of 86 m for 
their analyses, based on the average of measured extrema reported by Seshaiyer et al8. 
Even though this conveys a message of precision that is not justified by the relatively sparse 
data on which it is based, this value should be adopted since there is no better data.  On the 
other hand, setting the parent vessel to a realistic value for healthy vasculature significantly 
improves stability for zero-stress computations. Thus, the following recommendation is to be 
read in the light of the stability requirements. 
 
Decision 
 
 
 
 
 
 

 Surface representation for structural analysis with labelled aneurysm and neck surface 
(likely reused from morphological analysis or aneurysm-labelled complete geometry) 

 Partial abstract problem description for structural analysis containing thickness 
information and cut locations 
 
 
 
 
 
 

 
 
 

66..33..22  LLooaaddiinngg  aanndd  BBoouunnddaarryy  CCoonnddiittiioonnss  

66..33..22..11  PPrreessssuurreess  aanndd  tthhee  zzeerroo  llooaadd  ssttaattee  

It would be possible to pass transient pressure distributions from the haemodynamics 
analysis to the structural analysis.  However, it is suggested that the spatial variation 
of pressure relative to the mean pressure within the aneurysm at any instant in time 
(probably of the order of 5%, see for example Figure 15Figure 16) is sufficiently low 
that it can be ignored given other uncertainties.  Furthermore the spatial average of 
pressure within the aneurysm at any instant will be governed largely by the pressure 
distributions imposed as boundary conditions by the 1D model.  It is considered 
completely reasonable to use pressures computed in the 1D model as the basis of 
the structural analysis. 

 
Decision 
 
 
 

The thickness of the aneurysm will be assumed constant, 

with a value of 86 m. The thickness of the parent vessel 

will be set to a value of 500 m. A transition region will be 
defined automatically in the neighbourhood of the 
aneurismal neck.  

Name: G, NECK_S, CUT_S, T  
DDM: analysisWallmechanics, processedGeometry  
Format: VTK (node locations, element connectivity, aneurysm elements labelled)  
Units: SI 
Location: DDS / local  
Audit trail: Date; Format; @neuFuse version; @neuFuse operator; DDM.processedGeometry; 

Pressure will be assumed spatially constant over the 
entire lumen and aneurysm surface, and values will be 
derived from the 1D analysis. 
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The issue of the zero load state has taxed the contributors to WP3.2 from the 
commencement of @neurIST.  The aneurysm is never unloaded, cycling between 
systolic and diastolic pressure over the cardiac cycle.  The images on which the 
geometry is based are not usually gated to the cardiac cycle, although they might be 
so in future, and are assumed to represent an average of the geometry over the 
cardiac cycle.  The issue is that, when a material exhibits a nonlinear constitutive 
equation (the relationship of stress with strain), the displacement under any increment 
of load depends on the current stress, and this varies over the structure. The stress 
distribution in the measured geometrical configuration of the aneurysm is unknown, 
and therefore the incremental stiffness under an increment of pressure is unknown. 
The zero load state does not necessarily correspond to a zero stress state (residual 
stresses might exist if an aneurysm were deflated to zero pressure). The only way in 
which the stresses (and strains) in the diastolic and systolic states can be calculated 
is if the stress state in some configuration (usually the zero load configuration) can be 
computed. The computation of the unloaded state from the loaded state is not a trivial 
exercise. Algorithms for computing the zero load state in arterial structures (or, 
equally usefully, the stress state in a deformed configuration under specified load) 
have been published40,41, and even applied to cerebral aneurysms42. The aneurysm is 
a very thin structure that is potentially unstable under negative increments of 
pressure, and certainly so at the point at which any portion of the surface might move 
towards a compressive state. Zero-load computations have been implemented into 
the NEC solver FEANOR, together with several algorithmic improvements to the 
nonlinear solution process in order to stabilise the solution process. Using different 
thickness values for aneurysm and main vessel, this approach works rather robustly 
in combination with the nonlinear material model fitted by P. Watton (see Section 
6.3.3). The conclusion in the companion report53 is that a computation of the non-zero 
stress state in the reference configuration is feasible, but the stresses (but not the 
shape of the aneurysm) at peak systole are relatively insensitive to this refinement.  
On the other hand, the robustness of the zero-load computation provided by 
FEANOR make it feasible to apply this method in addition to a very simple protocol. 
 
These observations, combined with the discussion on material properties presented 
in section 6.3.3, lead to the following recommendations for two different protocols for 
structural characterisation, one based on a zero-stress assumption, and one based 
on the zero-load computation implemented in FEANOR. The experiment feature of 
the data model is used to appropriately group results obtained using these different 
protocols, in order to avoid any interference during subsequent statistical analysis.  
 

Decision 
 
 
 
 
 
 
 
Recommendation 
 
 

For the purposes of structural characterisation the reference 
configuration of the aneurysm (its measured state) will be assumed to 
be in a zero stress state at diastolic load, despite the manifest invalidity 
of this assumption.  These compulsory characterisations will correspond 
to the DDM.experimentWallmechanics with name = “nonlinear-
geometric” in the DDS. 

Additional analyses using a zero-load state computation should be run, 
under the assumption that the configuration of the aneurysm (its 
measured state)  corresponds to the load at diastolic pressure. These 
additional characterisations correspond to 
DDM.experimentWallmechanics.name, = “nonlinear-material”.  
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66..33..22..22  BBoouunnddaarryy  ccoonnddiittiioonnss  

 It has been recommended that the walls of the vessels adjacent to the aneurysm be 
cropped at a distance of one diameter from the neck of the aneurysm.  Suppression of 
the three components of translation of all nodes on these boundaries will eliminate any 
rigid body motion and will provide adequate boundary conditions for the structural 
analysis.  More sophisticated approaches taking into account the peri-aneurysmal 
environment are not justified because not enough is known about the stiffness and 
support conditions of the surrounding tissues. This simple approach can cause 
difficulties with local wrinkling close to the supports in nonlinear analyses. Using 
realistic thickness values for the healthy vessel significantly reduces these problems. 
Other approaches using minimally constraining conditions at the opening were 
implemented and tested in NEC FEANOR, and while producing more realistically 
looking results near the openings, place a signification penalty on the convergence of 
the solvers.  
 

Decision 
 
 
 
 
 

66..33..33  MMaatteerriiaall  PPrrooppeerrttiieess  

 
 The third requirement for a structural analysis is a set of material properties.  The mass 

of tissue is negligible and dynamic effects will be ignored.  Under these conditions the 
only requirement is for a constitutive equation that relates the stress tensor to the strain 
tensor. Tissues are often represented by quite complex constitutive equations, 
reflecting their inhomogeneous microstructure, extending where data on local fibre 
orientation is available to fully anisotropic formulations.   A review of constitutive 
equations was reported by WP3.2 at project month six.  Over the intervening period 
measurements have been made on a number of uniaxial test specimens harvested at 
different orientations and from various regions of the aneurysm.  From the results, it is 
apparent that there is very substantial variation in the properties of the samples54. It is 
difficult to justify any complex material model in the light of the variation of the test 
results. 

 
 For WP3.2, Paul Watton has fitted a hyperelastic constitutive model43 to the uniaxial 

test data and considers idealised geometries (cylindrical membrane subject to a fixed 
axial stretch, spherical membrane) subject to radial inflation. Although the model 
predicts that the reference configuration differs significantly from the loaded 
configuration (for the given experimental data), it predicts that the diameter changes by 
approximately only a few percent over the pressure interval from systole to diastole55.  

  
 In the light of this observation, coupled with the uncertainty in wall thickness and given 

that there is little prospect of the establishment of patient-specific wall composition or 
fibre orientations in vivo, it is recommended that the structural characterisation be 
based on the simplest possible linear isotropic material model. The zero-load 
computation requires a more realistic non-linear material model and uses the one 
mentioned in the previous paragraph. 

All translational degrees of freedom on all nodes on the 
cut planes representing the boundary of the structural 
analysis domain will be set to zero. 
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Decision 
 
 
 
 
 
 
 

It is recognised that the material is likely to be anisotropic, and indeed Ma et al7 make 
the assumption that fibre orientations correspond to principal axes of curvature but also 
make the remark that this is „for lack of a better alternative‟.  
 
Combining the above recommendation with the observations made in section 6.3.2.1, 
the following recommendation is also made: 

 
Decision 
 
 
 
 
 
 
 
 
 
 
 The assumptions of constant thickness, zero stress configuration and isotropy are all 

gross simplifications.  Our argument is that the characterisation should not be obscured 
by the integration of parameters for which we have no firm justification. If a link 
between structural characterisation and the event of rupture can be found, it is 
anticipated that this will justify further refinement of the analysis protocol.  It is 
suggested that the currently recommended analysis protocol offers a realistic chance 
for computation of statistically meaningful parameters that might be associable with 
observation of the event of rupture.  Under the conditions described the absolute 
displacements are effectively meaningless, and only stress or strain distributions will be 
reported.  Despite the simplicity of the analyses, the structural characteristics that will 
be derived still represent a potential improvement over other, more indirect, measures 
of the structural status of the aneurysm (such as a gross morphometric measure).  

 
 Note: In future work, following on from @neurIST, some limitations of the current 

approach will be addressed. The development of FEANOR to incorporate sophisticated 
constitutive models of arterial tissue and calculate the unloaded reference configuration 
of the aneurysm (given the physiological geometry) is not only important for accurate 
stress analysis, it also provides the basis for the development of patient-specific growth 
models of aneurysm disease. In fact, the foundations are underway (collaboration 
between J.G. Schmidt and P.N. Watton) and this novel research will continue beyond 
the @neurIST project. 

 
 
 

A linear isotropic material model, characterised by a single value of Young‟s 
modulus and Poisson‟s ratio, will be adopted for the compulsory structural 
analyses related to experimentWallmechanics.name=“nonlinear-geometric”. The 
material model fitted by P. Watton will be used for additional analyses based in 
the computation of the zero-load state related to experimentWallmechanics.name 
= “nonlinear-material”. 

The compulsory structural characterisation (“nonlinear-geometric”) should 
be based on a linear elastic material but geometrically nonlinear analysis, 
applying the difference between systolic and diastolic pressure. Peak 
stresses and strains should be reported. 
The additional characterisations (“nonlinear-material”) using the zero-load 
state computation apply the difference between systolic and diastolic 
pressure and report peak stresses and strains, and additionally cyclic 
stresses and strains. 
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 Completed abstract problem description (APD) for structural analysis including loading 
conditions (pressure) and material parameters 
 
 
 
 
 
 
 
 

66..44  SSoolluuttiioonn  

 Surface mesh with labelled aneurysm and neck 

 Complete abstract problem description for structural analysis  

 
 @neurIST supports two structural solvers, the commercial ANSYS Mechanical code 

and a structural analysis code developed by NEC.  The preparation of the application-
independent input is discussed in the previous section. This input can be converted 
automatically to specific input suited for the specific solver, using custom pre-
processors, which also generate boundary labellings as needed. The solution 
processes can be executed either locally or remotely, using @neuCompute services 
(implemented only for FEANOR). To launch a remote  solution process the analyst will 
identify the files containing the application-independent input information indicated 
above. @neuFuse will control the submission process, accessing @neuInfo and the 
@neuCompute services as necessary. 
 

OA Analyst completes a „job control‟ information screen in @neuFuse. 
 
O@ @neuFuse controls batch submission to the @neuCompute service.  
 

 Structural analysis results file containing displacement at each node, plus derived 

quantities including stress and strain. 
 
 
 
 
 
 
 
 
 
 
Sns Again, as for the haemodynamic chain, it is the responsibility of the analyst to ensure 

that appropriate computational meshes are defined. For the structural analysis the 
main difficulty is  the stability of the geometrically nonlinear analysis. Substantial effort 
has been invested into the NEC FEANOR membrane-based solver to achieve sufficient 
robustness. As a consequence, essentially all cases can be processed without manual 
intervention like ad-hoc parameter tuning, with both of the suggested protocols. 

 
 

Name: RES_S  
DDM:  runWallmechanics, runWallmechanics_result, runWallmechanics_log 
Format: VTK (node locations, element connectivity, Cauchy stresses, Green-Lagrange strains, 
displacements) 
Units: SI 
Location: DDS (and optionally local) 
Audit trail: Name; Date; Format; Solver (ANSYS Mechanical or FEBINA) version, analysis 
operator, DDM.analysisWallmechanics, DDM.processedGeometry; 

Name: BC_S  
DDM: analysisWallmechanics, analysisWallmechanics_apd 
Format: XML  
Units: SI 
Location: DDS   
Audit trail: Date; Format; @neuFuse version; @neuFuse operator; 



 

72 

  

IST-027703            D23v2:  WP3 : Analysis Protocol Specification, version 2 

 V1.2 Confidential 

In the examples in Figure 20 and Figure 21, the following parameters where used: 
 

Aneurysm wall thickness 86  m 

Vessel wall thickness 500 m 

Diastolic pressure 80 mmHg 

Systolic pressure 120 mmHg 

Linear material model 

Youngs modulus E  0.85 MPa 

Poisson ratio v 0.45 

Non-linear material model 

 strain-energy-function  (cf. Watton 55) 
W(C) = K0(I1-3) + (K1/K2) (exp(K2(I1-3)2)-1)   

 

K0   0.0138 MPa 

K1   0.28 MPa 

K2   3.72125 MPa 

 
 
 

  

 

Figure 20 Structural  analysis 
Example 1 

 
Top left:  Zero-load configuration 
(thickness in meters), top right: Systolic 
pressure applied to zero-load 
configuration, bottom left: differential 
(systolic – diastolic) pressure applied to 
measured configuration (linear material 
model). Shown is the largest principal 
stress component (MPa). 
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Figure 21 Structural analysis 
Example 2.  

 

Top left:  Zero-load configuration 
(thickness in meters), top right: Systolic 
pressure applied to zero-load 
configuration, bottom left: differential 
(systolic – diastolic) pressure applied to 
measured configuration (linear material 
model). Shown is the largest principal 
stress component (MPa). 

 
 
 

66..55  PPoosstt--PPrroocceessssiinngg  ((DDaattaa  RReedduuccttiioonn))  

 Structural analysis results files including mesh descriptions 

 
 It was already noted before, that quantitative results cannot be expected from the 

structural analysis, given the uncertainties on key problem properties (local aneurysm 
thickness, anisotropy, material parameters, surrounding tissue). Therefore, the 
extracted characterisations  are limited to a handful of relative measures indicating 
gross distribution of stress and strain over the aneurysm. They are summarised in 
Table 10:. The cyclic measures will only be computed for the protocol including the 
zero-load computation (”nonlinear-material”). As the full results (which are orders of 
magnitude smaller than for transient haemodynamic analyses) are stored in the DDS, 
subsequent extraction of additional measures will be possible. 

 
 

Characteristic measures from structural analysis Units 

Absolute and relative area of  the aneurysm, where the maximal principal 
stress exceeds 50%, 75%, and 90% of the peak maximal principal stress 
in the aneurysm 
DDM: indexWallmech_absoluteAreaElevatedPrincipalStressAneurysm 
DDM: indexWallmech_relativeAreaElevatedPrincipalStressAneurysm 

[m2] 
[1/100] 



 

74 

  

IST-027703            D23v2:  WP3 : Analysis Protocol Specification, version 2 

 V1.2 Confidential 

Absolute and relative area of  the aneurysm, where the maximal principal 
strain exceeds  50%, 75%, and 90% of the peak maximal principal strain in 
the aneurysm 
DDM: indexWallmech_relativeAreaElevatedPrincipalStressAneurysm 
DDM: indexWallmech_relativeAreaElevatedStrainAneurysm 

[m2] 
[1/100] 

Absolute and relative area of  the aneurysm, where the cyclic maximal 
principal stress exceeds 50%, 75%, and 90%  of the peak cyclic maximal 
principal stress in the aneurysm 
DDM: indexWall_absoluteAreaElevatedCyclicPrincipalStressAneurysm 
DDM: indexWall_relativeAreaElevatedCyclicPrincipalStressAneurysm 

[m2] 
[1/100] 

Absolute and relative area of  the aneurysm, where the cyclic maximal  
principal strain exceeds 50%, 75%, and 90%  of the peak cyclic maximal 
principal strain in the aneurysm 
DDM: indexWall_absoluteAreaElevatedCyclicStrainAneurysm 
DDM: indexWall_relativeAreaElevatedCyclicStrainAneurysm 

[m2] 
[1/100] 

Table 10:  Structural analysis characteristic measures  

 
 
Decision 
 
 
 
Decision 
 
 
 
 
OA Analyst loads structural analysis results, inspects the geometry and stress and strain 

fields interactively, approves the results in the case of convergence, and characterises 
the stress or strain distribution using the above measures. 

 
O@ @neuFuse writes all structural characterisations to the derived data store (DDS). 
 

 Structural characterisation 
 

 
  

Quantitative surface measures described in Table 10: 
above should be computed.    

All structural characteristic measures should be written to 
the Derived data store (DDS)..    
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