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7.1 Introduction
Although much is known about the pathophysiological cellular processes underlying
heart disease, little is known about how the heart remodels structurally and
functionally during the development of disease, and how particular presentations of
disease fit into the spectrum of functional manifestations across patient groups.
If clinicians were able to map the structure and function of the heart in a standard
way, they would be able to characterize a particular patient’s function with the
range of functional characteristics derived from large populations of patients. This
would enable more precise quantification of the type and severity of disease, as well
as more robust measures of evaluation of the effects of treatment.
A major goal of computational biology is the development of mathematical and
computer models that integrate observations from many studies into quantitative, selfconsistent, and comprehensive descriptions [1, 32]. Many groups have begun to construct
physiological databases, linked with anatomical, functional, and clinical data gleaned
from a variety of sources. This information must be integrated across many scales,
from molecular interactions to organ system function. Several initiatives have begun in
this vein, centering on different organ systems and pathology targets. Projects include
the Integrative Biology Project [14], the ECG signal database [20], the Cardiac Gene
Expression database [6], the Medical Image File Archive Project [18], anatomical
ontology databases such as the Foundational Model of Anatomy [11], Informatics for
Integrating Biology and the Bedside [12], and the Physiome Project [1].
The establishment of large imaging databases is essential for the development
and validation of these physiological models. Multidimensional image data provide
the ability to customize biomechanical and physiological parameters to a particular
patient’s anatomy and cardiac performance. Large population based databases also
enable statistical models of normal and pathological function to be developed,
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which, in turn, facilitates better tools for construction of computational models
from image data. Computational atlases refer to a set of maps that relate scientific
information to spatial coordinates at a series of scales, from genotype to phenotype.
These rely on computational and informatics infrastructure which facilitates
patient-specific analysis as well as population-based statistical analysis.
In the brain, methods are well advanced to provide a detailed statistical map of
brain morphology, and the infrastructure for building atlases and computational
anatomy tools are well developed. For example, the Center for Computational Biology
at UCLA [8] provides “middleware” applications and software required to provide
secure, Web-based access to the underlying computational and network resources,
including the International Consortium for Brain Mapping [15]. The Biomedical
Informatics Research Network (BIRN) [3] provides a number of tools to facilitate
collaborative research among neuroscientists and medical scientists, making use of
computational and networking technologies and addressing issues of user authentication, data integrity, security, and data ownership. These tools, and those of the
Cancer Biomedical Informatics Grid (CaBIG) [5], are being exploited by the
Cardiovascular Research Grid [7] to create an infrastructure for sharing cardiovascular
data and data analysis tools.
The Cardiac Atlas Project (CAP) is a worldwide collaborative project to establish
a standardized database of cardiovascular imaging examinations together with derived
analyses, for the purposes of statistical characterization of global and regional heart
function abnormalities. By merging data from many different sources in a standardized
manner, the CAP aims to provide the research community with a valuable resource
for the study of heart disease. This chapter describes the infrastructure and analysis
methodologies employed in the design and construction of the CAP database and
client software. We also outline the standard procedures for data upload and access.

7.2 Cardiovascular Magnetic Resonance Imaging
Cardiovascular magnetic resonance (CMR) imaging provides an abundant source
of detailed, quantitative data on heart structure and function. Advantages of CMR
include its noninvasive nature, well-tolerated and safe (nonionizing) procedures,
ability to modulate contrast in response to several mechanisms, and ability to provide high-quality functional information in any plane and any direction. Its threedimensional (3D) tomographic nature allows excellent views of the entire heart,
irrespective of cardiac orientation and cardiac chamber shape (Fig. 7.1). CMR
imaging has provided detailed information on 3D ventricular shape and geometry
[42, 45], regional systolic [55] and diastolic [30] strain, material microstructure
[33, 47], blood flow [36], perfusion [41], and viability [37, 48]. It is considered
the most accurate method to measure ventricular volumes and systolic function
[42]. The high precision and accuracy of CMR [27, 39] has led to its increasing
application worldwide in cardiovascular research trials and clinical practice.
The Society for Cardiovascular Magnetic Resonance teaching atlas [2], created
in 1999 and updated in 2007, comprises a comprehensive range of CMR images of
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Fig. 7.1 Black blood anatomical images from the SCMR atlas. (a) Long-axis slice; (b) short-axis
slice; (c) annotated long-axis slice with applet navigation and viewing tools [26]

a single healthy volunteer, including SSFP cine function images, myocardial tagging
images, T1 anatomical images, and phase-contrast flow images (Fig. 7.1). This can
be viewed as one end of a variety of “atlas” tools. At the other end lie population
-based atlases comprising many thousands of patient studies. But before these populationbased atlases can be used in clinical practice, we must formulate a standard coordinate
system for the heart, which enables the registration of many cases to a common
anatomically based target.

7.3 Mapping Shape and Motion
Analysis of the ~500 images that result from a typical imaging study has generally
been limited to global estimates of mass and volume, which are very useful in the
clinic. However, these images also provide detailed information on shape and function
during diastole and systole, which can be combined with other imaging or clinical
data to yield greater understanding of the underlying disease processes.
Model-based analysis tools allow the calculation of standard cardiac performance
indices such as left ventricular mass and volume, as well as detailed assessment of regional
wall motion in a standard coordinate system, by efficient customization of a
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mathematical model to patient images using guide-point modeling [52]. The main
advantage of the modeling approach is that this enables quantitative parameterization of regional heart wall motion, in a way that facilitates statistical comparison of
cases drawn from different patient populations [25]. The mathematical model also
provides a mechanism for the integration and comparison of information from
different imaging protocols, such as late gadolinium enhancement [40, 44] and
displacement encoding [51, 54].
In addition to the traditional mass and volume analysis, the mathematical model
allows detailed evaluation of regional wall motion and shape characteristics.
Figure 7.2 shows a bull’s-eye map of regional wall thickness at end systole,

Fig. 7.2 Wall thickness in all regions of the heart can be determined from the mathematical
model. (a) Bull’s-eye plot of wall thickness in each region of the LV, with user defined regions
(arrows) allowing interactive calculation of wall thickness within a nonstandard region. (b) Wall
thickness vs. time in a patient at 1 week and 3 months after a first time myocardial infarction,
showing wall thinning in the infarct zone due to remodeling, together with functional augmentation in the remote zone [33] (data courtesy Professor Lou Dell’Italia, University of Alabama,
Birmingham, Alabama, USA)
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together with plots of wall thickness against time. Figure 7.2b shows an example
of remodeling in infarcted and remote zones in a patient at 1 week and 3 months
after myocardial infarction.

7.4 Population Models
Model-based image analysis procedures provide a powerful mechanism for the fast,
accurate assessment of CMR data, and facilitate biophysical analyses and standardized
functional mapping procedures. Since the mathematical models employed for motion
analysis are registered to the anatomy of the heart, they can be used to derive statistical
descriptions of characteristic patterns of regional heart wall motion in health and
disease. This leads to the identification of differences in the characteristic pattern of
regional wall motion between disease or treatment groups.
However, the differences in regional wall motion parameters between groups are
difficult to characterize succinctly due to their multidimensional nature. Many parameters are required to describe regional performance (including regional myocardial
strain, rotation, and displacement). One powerful technique is principal component
analysis (PCA), which describes the major sources of variation within a multidimensional dataset, by decomposing the variability into a set of orthogonal components
(known as “modes”) [29]. Thus, a database of models of heart shape and motion can
be characterized by a set of orthogonal modes and their associated variance. The
modes are ranked in order of highest to lowest variability, thereby showing which
variations are most strongly present in the data and which variations can be neglected.
This reduces the number of significant parameters by distinguishing the modes that
truly differentiate the groups and eliminating modes that are insignificant. Given two
such database distributions, describing different patient groups, statistical comparisons can then be made to determine the differences in shape and motion between the
two groups. Similarly, given a new case, a comparison could be made with the database distributions to see which database best describes the patient’s cardiac
performance.

7.4.1 Parametric Distribution Models
By customizing mathematical models of the anatomy and function of the heart to
individual cases, it is possible to construct parameter variation models describing
the distribution of regional cardiac shape and function across patient subgroups.
Cootes et al. [29] pioneered the application of Point Distribution Models in computer
vision problems. Homologous landmarks (i.e., the points which are aligned to
match corresponding features in the shape) were used to characterize shape and
shape variations with the aid of a PCA. Since mathematical models, represented by
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Fig. 7.3 Principal components of shape and motion showing mean (top) and first three modes
plus and minus two standard deviations [28]

the model parameters, are a complete and efficient characterization of cardiac shape
and motion, parameters of the model form homologous landmarks that can then be
analyzed using PCA (Fig. 7.3).

7.4.2 Clinical Functional Modes
Although the PCA provides orthogonal (i.e., mathematically uncoupled) modes of
deformation, the modes may not correspond to any intuitive or simple deformation.
In an attempt to provide more clinically understandable modes of deformation, Remme
et al. [46] described a set of “clinical” modes of variation. The deformation modes were
chosen to decompose the motion into clinically meaningful components, including
apex-base shortening, wall thickening, and ventricular torsion [46]. Figure 7.4a
shows the definition of the modes of ventricular deformation, and Fig. 7.4b shows
the distribution of the amount of each mode in a group of 15 healthy volunteers relative to a group of 30 patients with type II diabetes with clinical evidence of diastolic
dysfunction but normal systolic chamber function [46]. The results show clear difference
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Fig. 7.4 (a) Definition of nine clinical modes of heart deformation. (b) Distribution of amount of
motion in each clinical mode in patients with type II diabetes (numbers) compared with normal
volunteers (mean and SD shown as cross hairs) [35]

in systolic modes of function, when there was no clinical evidence of systolic
dysfunction (as measured by ejection fraction).

7.5 Data Fusion
The mathematical model of the heart enables registration and fusion of data from
different imaging modalities and protocols. In one study, model-based methods for
mapping regional strain and wall motion in relation to tissue characterization maps
were developed and applied to a mouse model of reperfused myocardial infarction
[53]. MRI tissue tagging was analyzed in each short and long-axis image using a
semiautomated active contour process, and the 3D motion reconstructed with the aid
of the finite element model [54] (Fig. 7.5, iii–iv), resulting in a dynamic model of
the LV deformation. The Lagrangian Green strain components between end diastole
and each subsequent time were calculated at specific finite element material points
using standard methods of continuum mechanics [31]. Previous validation experiments
using a deformable silicone gel phantom have shown that this procedure produces
accurate, unbiased estimates of displacement and shortening [54].
Infarcted regions, as defined by regions of late gadolinium enhancement [37],
were outlined on each image in the short-axis stack (Fig. 7.5, v–vi). The image
coordinates of the contours were then transformed into 3D magnet coordinates
using the 3D location of the image planes. The magnet coordinates were then transformed into a bull’s-eye plot of the left ventricle (Fig. 7.5, vii). A convex perimeter
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Fig. 7.5 Flow chart of the modeling and data fusion process

was manually drawn on the bull’s-eye map so as to enclose the hyperenhancement
contours (Fig. 7.5, vii). The bull’s-eye coordinates of the perimeter were then converted
to 3D cardiac coordinates and projected in the transmural direction onto the midwall
surface of the LV finite element model. This allowed the calculation of the 3D
infarct geometry in finite element material coordinates. The 3D infarct geometry
was fixed onto the dynamic finite element model at end diastole, and allowed to
deform with the beating model during systole and diastole (Fig. 7.5, viii).
Material points within the finite element model were assigned to regions relative
to the 3D infarct geometry as follows. Points within the 3D infarct geometry were
denoted infarct, points within 1.0 mm of the 3D infarct geometry (but outside it) were
denoted adjacent, and all other points were denoted remote. This procedure also
allowed calculation of the percentage myocardium in the infarct, adjacent, and remote
zones, respectively. Since the models were defined in a coordinate system aligned
with each heart, a material point could be mapped onto the corresponding material
point at each time point during remodeling. The material points of the 3D infarct
geometry at day 1 could thus be mapped into the baseline, days 7 and 28 models to
give an approximate corresponding region for comparison purposes (Fig. 7.6).
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Fig. 7.6 Green strain components (no units) in infarcted, adjacent and remote zones over time
after myocardial infarction. *p < 0.05 vs. baseline, Scheffé test. (a) Circumferential shortening
strain; (b) longitudinal shortening strain [36]

7.6 The CAP Databases
CMR images used by the CAP are stored in a production and a research database.
The design and application of these databases are described in the following two
sections. The CAP research database is hosted at the Diagnostic Cardiovascular
Imaging section of UCLA Radiology (USA) and the Bioengineering Institute of the
University of Auckland (NZ). It is based on the open source DICOM Clinical
Manager system dcm4chee [10] and is used for implementation of research tasks,
e.g., data mining, 3D modeling and metadata management.

7.6.1 Production Database (CCB)
The CAP production database is hosted by the UCLA Laboratory for NeuroImaging
(LONI) and is an extension of existing brain mapping infrastructure, which has
been modified for use with cardiac images. The purpose of this database is to provide
a mechanism by which approved third-party users can access the deidentified data
and derived information. The LONI Image Data Archive (IDA) is a server farm
consisting of Linux computers running the MySQL database engine and Tomcat
web application servers with a built-in load balancer that manages the requests to
the web servers. The database schema is composed of a standard core plus a set of
modules that can be customized to meet the needs of a particular project. Core
components include project-, subject-, and study-related elements. Extensions are
used to store visit-, protocol-, assessment-, and additional subject-related metadata.
The IDA database has been extended to enable the storage and browsing of timeresolved cardiovascular MRI data.
Through a WEB interface, users can upload, query, and visualize CAP imaging
data (Fig. 7.7a, b).
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Fig. 7.7 (a) Query form in IDA for CAP Database. (b) Image Viewer in IDA for the Production
CAP Database

7.6.2 Research Database
The CAP research database is developed as a branch to the DICOM archive and
image manager dcm4chee. It is implemented as a JEE and JMX system, which is
deployed within the JBoss Application Server [16] to provide a number of clinical
services (DICOM, WADO, RID, HL7, etc.).
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To allow the user to search for specific MR image values (e.g., timing, spacing,
and sampling values), we have extended dcm4chee to facilitate storage of DICOM
Image Model Attributes as defined in the DICOM Base Standard. While the
DICOM Standard covers all public (even-numbered) attributes, vendors of MRI
scanners often use additional private (odd-numbered) attributes to capture vendorspecific values. Private attributes differ between vendors and depend on the scanner
model and software version used to capture the images. To provide the ability to
search on private attributes, we have implemented the storage of image attributes in
an XML format and a search function utilizing XPath queries.
3D models generated with the CAP Client software can be uploaded and stored in the
research database. The models are linked to CMR images and contours in a relational
database schema, allowing for searching results in the web application, listing images
used by model, models using a given image, and models available for a patient.
In managing the hosting of the database-, application- and web-server, several
IT issues had to be considered. The system has been set up as a multitier architecture
hosted in a cluster of virtual machines, providing a secure, fast and scalable service
oriented architecture [50]. 2TB of CMR images are stored on a redundant network
file system, while incremental backups to an off-site location provide full disaster
recovery. The servers are monitored for availability of services and file systems.
User access is controlled through firewall rules filtering IP addresses and ports, as
well as secure authentication using X.509 server certificates and Transport Layer
Security (TLS) encryption for the web application.

7.7 The CAP Client
The CAP includes the development of a client-side software tool that can be used to
visualize the MRI data stored in the CAP database and to generate patient-specific
mathematical models from those data (Fig. 7.8). The client software is currently still
under development, but a functional version (0.2, as of February 2010) of the software
can be freely downloaded from the project website. The CAP client is open source
under the Mozilla tri-license, and its source code is being hosted at SourceForge.net.
The main features of the CAP Client are as follows:
Database access. The Client can retrieve CMR data from the database located
across the network. The CAP Client is also capable of uploading models
generated from such data to the database.
Visualization. The Client offers various visualization capabilities that can be
used for the visualization of 2D CMR images, 3D Visualization of the mathematical model constructed from the CMR images, and 4D Visualization
(3D Visualization with time as the fourth dimension).
Model fitting. The Client can be used to fit a mathematical model to a series
of CMR images with minimal human intervention, thus enabling a large set
of data to be automatically fitted to appropriate models and parameters. The
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Fig. 7.8 Screenshot of the CAP Client showing fitted model in relation to long-axis and short-axis
images

Client software must also provide a means for the human user to be able to
interactively and graphically modify the relevant model parameters.
Statistical analysis. The Client must provide the necessary tools to allow statistical
analysis of the data. This will be used for the generation of the parametric
distribution models.
Cross-platform. The Client must be able to run on the Windows, Mac OS X, and
Linux platforms.
The CAP Client is being developed using the C++ programming language on top
of the CMGUI visualization library [9] and wxWidgets GUI Toolkit. These design
choices were made for the following design criteria – performance, portability, and
extensibility. First, the decision to use the C++ programming language was made
mainly because of performance requirements, as the CAP Client performs a fair
amount of numerical computation in real time and also requires real-time rendering
of graphics. The use of cross-platform libraries helped the development of a portable software package, thus enabling the CAP client to run on all of the major
operating systems. The development of the CAP Client has been greatly aided by
the powerful features the CMGUI library offers, such as 3D visualization of finite
element models and mathematical field visualization and manipulation. Also, as the
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extensibility of the software is of great importance, the software was written using
software engineering techniques such as Object Oriented Design, Design Patterns,
and Unit Testing.

7.8 CAP Data Access
7.8.1 Upload and Deidentification
All data are deidentified before upload into the CAP database using HIPAA
compliant tools developed by the CCB [17]. All images and associated information
is stripped of any identifying information, including names, addresses, and all identifiers using the following algorithm:
1. Split by tag: DICOM tags that have allowed tag numbers are left unchanged.
These include tags that contain unique identifiers that are not to be encrypted,
dates, trusted binaries, and trusted strings.
2. Split by VR: DICOM tags not selected in step (1) are included in the dataset if
they have an allowed Value Representation (VR). Numbers, times, and small
code strings are typically left unchanged. Strings and binaries are not.
3. Encrypt: DICOM tags not selected in step (1) or (2) are either encrypted or
discarded.
4. Replace: Out of all the DICOM tags in steps (1) and (2) the values of specified
tags are replaced. Physician names as well as patient names are replaced with
empty strings, and the patient identifier is replaced with a user-specified code.
Default values for missing tags are also set.
Each study is assigned a CAP code before upload into the CAP database. The CAP
does not have access to the keys which can associate CAP codes with the contributing
study identifiers. These are held by the contributing studies. The deidentifying process
has been validated with studies acquired from a variety of MR scanners, including
GE, Siemens, and Philips. The deidentification algorithm has also been enhanced
to handle derived (segmented) images with contours information embedded in the
DICOM header.

7.8.2 Ownership and Control of Data Use
Cardiovascular imaging data and derived results have been contributed to CAP by
several Contributing Studies, including MESA [26] and DETERMINE [35]. Each
Contributing Study has supported collection of data from participants in a wellcontrolled manner, which provides a valuable scientific resource. The Contributing
Studies have made a substantial long-term contribution in collecting the data. This
contribution includes the design of recruitment, inclusion and exclusion criteria,
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ensuring high quality of data, ensuring the participants are well-characterized, as well
as significant resources spent on acquisition of the data. All data contributed to CAP
are therefore considered the property of the Contributing Study. The data can only
be used for purposes approved explicitly by the Contributing Study, on a case-bycase basis. All Research Projects which propose to make use of the data arising
from the Contributing Study must be approved by the Contributing Study steering
committee or nominee. Only those participants with informed consent compatible
with the data use will be made available to CAP Users. No data can be distributed
to any other entity or any individual in a manner not previously approved by the
Contributing Study.

7.8.3 Protocols for Users
All Users who wish to use data from CAP are required to submit a Research Project
to the CAP Steering Committee. The committee will review the proposal and assess
its eligibility with respect to the goals of the CAP project. If approved, CAP will
liaise with each of the Contributing Studies whose data are required for the
Research Project. Each Contributing Study (or nominee) will then review the
proposal and assess its eligibility with respect to the goals of the Contributing
Study. If the proposal is approved by the Contributing Study, the User will be
required to sign and abide by a Data Distribution (DDA) agreement for each of the
Contributing Studies involved. A separate DDA is required for each Contributing
Study because the terms and conditions which govern the use of the data are
specific to the goals and rationale of each Contributing Study. Further details of
CAP policies and procedures can be found at www.cardiacatlas.org.

7.8.4 Informed Consent and Institutional Review
Board Approval
The CAP seeks to promote the development of valuable discoveries and inventions
beneficial to the public health based upon use of the CAP repository of valuable data.
All Contributing Studies must have local Institutional Review Board approval for the
contribution of deidentified data into databases, for the purpose of cardiac research at
this time and in the future. Only data from those participants who have provided
informed consent will be included in the CAP database. All data are deidentified in a
manner compliant with the HIPAA privacy rule. The deidentification of data occurs
before inclusion in CAP data servers, so CAP never has access to original identifiers for
the Contributing Study. This means there is no way CAP personnel or Users can identify
individual participants. All CAP personnel and Users will not attempt at any time to
identify participants.
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7.9 Conclusions and Future Work
7.9.1 Grid Enabling
The CAP seeks to federate cardiovascular modeling software and data resources to
make them available to the cardiovascular research community via the Cardiovascular
Research Grid (CVRG) [7]. CVRG provides infrastructure tools in the cardiovascular domain to enable researchers to easily access distributed resources through
standardized interfaces, based on tools developed in the BIRN [43] and caBIG [34]
projects. The CAP database will be interfaced with the CVRG-Core, and modified
to implement interfaces and mechanisms compatible with CVRG enabled analysis
tools. The CAP client software will also be grid-enabled, in order to be used in
standard CVRG workflows, including a portal component to enable interaction
with other resources on the grid. The parametric modeling tools and associated
ontological schema that are being developed by CAP will be designed to facilitate
data fusion between different imaging protocols and modalities as well as other
data sources.

7.9.2 Ontologies
The data provided in the CAP database (CV images and derived morphological
information including contours and parametric geometry descriptions) will be
classified and described in a standardized way. This will occur through registration of an information model and associated semantic annotations, expressed in
the Web Ontology Language (OWL) [19], at the National Center for Biomedical
Ontologies (NCBO) [4]. This provides a formalized description of the information provided, so that grid-enabled tools can query and access data of the correct
type, and databases can declare what type of data are available. A top-level ontology
[28] will provide axiomatic theories for the integration of existing domain ontologies,
such as the Foundational Model of Anatomy (FMA) for anatomical data [11],
RadLex ontology for radiological data [21], Annotation and Image Markup (AIM)
for tagging of image regions using RadLex terms [38], Systems Biology Ontology
(SBO) for the modeling framework [22], Information Artifact Ontology (IAO) for
image attributes [13], Phenotypic Quality Ontology (PATO) for phenotype annotation [49], and Systematized Nomenclature of Medicine – Clinical Terms
(SNOMED CT) for clinical terms [24]. The use of these ontologies will allow
data and derived results from several studies to be collated in a standardized manner
to achieve meta- or subgroup analyses. Where gaps occur, suggested terms will
be proposed based on feedback from the radiological and cardiological communities.
This feedback will be obtained using online resources such as the NCBO BioPortal
[4] and WebProtégé [23].
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