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INTRODUCTION

The Clinical Breast Care Project which includes the Windber Research Institute
(WRI), the Joyce Murtha Breast Care Center, Walter Reed Army Medical Center and
Anne Arundel Medical Center (Maryland) generates large amounts of experimental
genomic and cell biology data, images and comprehensive and unique clinical data. The
MANVT project was initiated to support the collection, storage, retrieval and sharing of
these very large data sets generated by the CBCP at several sites and to assure that the
project would have a firm foundation from which to continue into the future. A federated
data warehouse has been developed to integrate clinical data, diagnostic imaging and
pathology image data as well as data from internal molecular platforms, including
immunohistochemistry, fluorescence in situ hybridization, and gene expression, with data
from other platforms in the work including copy number variation and DNA sequence.
Work is underway to extend the interface of this warehouse to external public domain
data for integrative biomedical informatics research. The production version of the data
warehouse has been implemented and updated in association with a development partner
(InforSense Ltd. (London, UK) now part of IDBS) and a prototype Oracle based image
repository system was developed by Concentia Digital (Columbia, MD). These systems
are being used internally to support selection of patient cohorts for specific study designs
using CBCP data. In addition, these tools have been made available through a secure
VPN link to other partners of the collaboration at remote sites. This model has been
extended to incorporate data from other congressionally funded programs that are
operational at WRI, including the Gynecologic Disease Program (i.¢. ovarian,
endometrial and cervical cancers) and initial attempts to integrate the
Cardiovascular/Diabetes/Obesity programs. The data model has been extended to
incorporate these additional data sets using the combined efforts of WRI Biomedical
Informatics staff working with InforSense under the existing contract. In addition a fiber
optic link between WRAMC and WRI was established and used to transmit large image
and other data files for research purposes.

BODY

As discussed below, there are four main areas in which the MANVT project has
supported translational research for the CPCB and other translational research initiatives:
1. Connectivity between participating sites; 2. Development of a data warehouse
capability for the CBCP and other translational research programs; 3. Implementation of
Laboratory Information Management systems LIMs to support various research needs;
and 4. Development of a robust computational infrastructure for the analysis for large,
complex data sets generated by translational research projects that will have the
flexibility to grow and evolve with the future needs of the project.

1. Connectivity. The first goal of the MANVT project was to establish a high bandwidth
link between to the Walter Reed Army Medical Center and the WRI to facilitate the
transfer/exchange of large data files including diagnostic and research images between
the two key facilities of the CBCP. Installation of a high speed fiber optic link was



contracted to Fibergate, Inc. and the link was established between WRAMC and WRI.
This linked was utilized on a regular bases until the CBCP moved from WRAMC to the
Walter Reed National Military medicine Center in Bethesda, MD. in 2011.

2. Data Warehouse capabilities. It is important that the very large amounts of data
generated by translational research projects be captured, undergo quality control and are
stored/managed in such a way that they can be mined to test and generate new research
hypotheses for the project. Critical to the development of such a warehouse is the
development of a robust data model driven by the needs of the project.

WRI’s data model is unique in that it is a generalized patient-centric, object-oriented data
model containing disease independent (such as demographics) and disease-specific
objects, including temporal and non-temporal objects. Although initial development and
implementation focused on breast disease (as part of the CBCP), the model is applicable
to a wide range of diseases under study at WRI including gynecological disease (cancer),
cardiovascular disease, diabetes and obesity, because it is non-disease specific
representing an abstract level of patient-based modules that serve to integrate and provide
clinical and research access to the underlying data streams in a logical manner.
Development of the integrated model combining breast disease, from the CBCP (now the
Breast Cancer Translational Center of Excellence, BCCoE), and ovarian disease data
structures, from the Gynecologic Disease Program (now the Gyncologic Cancer
Translational Center of Excellence, GYNCoE) has been completed. This supports the
development of research programs looking at the unique linkage between breast and
ovarian cancer, which has been noted clinically as a result of possible genetic influences.
More than 20 additional questionnaires have been incorporated into the data model to
support this effort and reflects input from Georgetown University, University of
Pittsburgh Cancer Institute, Walter Reed Army Medical Center and Ohio State
University. This further illustrates the flexibility of the underlying data model design
and its extensibility towards additional disease/health data sets. Work to implement these
extensions to the data model as part of the production data warehouse is currently
underway. Commercial organizations, pharmaceutical and biotechnology companies
have approached WRI about the potential utilization of the data model and data
management system within their enterprises. Additional discussions with TATRC
command were undertaken to determine the potential for its use across other TATRC-
based projects.

A federated data warchouse has been developed to integrate clinical data, diagnostic
imaging and pathology image data as well as data from internal molecular platforms,
including immunohistochemistry, fluorescence in situ hybridization, and gene expression,
with data from other platforms in the work including copy number variation and DNA
sequence. Work is underway to extend the interface of this warehouse to external public
domain data for integrative biomedical informatics research. The production version of
the data warehouse has been implemented and updated in association with a development
partner (InforSense Ltd. (London, UK) now part of IDBS) and a prototype Oracle based
image repository system was developed by Concentia Digital (Columbia, MD). These
systems are being used internally to support selection of patient cohorts for specific study



designs using CBCP data. In addition, these tools have been made available through a
secure VPN link to other partners of the collaboration at remote sites.

Appendix A is a copy of a recently published paper describing our Data Warehouse for
Translational Research (DW4TR).

Additional development of the system will directly involve Dr. Jeff Hooke, CBCP, at
Walter Reed for use in review and annotation of pathology slides involved in the CBCP
program and maintained at WRI’s tissue repository. An additional effort was undertaken
to develop an electronic tablet for direct entry of breast pathology data to the data
warehouse.

3. Laboratory Data Management Systems. A LIMS is important for planning, executing
and capturing data from the types of high through-put genomic and proteomic
experiments that characterize translational research. The biomedical informatics
applications also need to be integrated to the LIMS platform supporting the research
informatics. The research informatics and data integration requirements include:

e apowerful and flexible LIMS platform that easily accommodates multiple core

technology labs;

e scientific data management applications purpose built for genomics, proteomics
and imaging;

e an adaptive platform that is configurable, enabling expansion to multiple science
domains;

e an online web collaboration and reporting portal;

e auser-level configuration tool that ensures the solution fits each lab like a custom
solution; and

e systematic data capture and contextual data integration.

The research informatics solution needed a robust bioinformatics pipelining system to
transform raw data to science results and superior sample traceability from preparation to
results, as well as a data marshalling infrastructure to facilitate the export of data to
warehouses and analysis packages.

Overall, the informatics vision called for end-to-end connectivity from the distributed
collection sites with electronic patient questionnaires, specimen processing, biorepository
management and integrated clinical annotations, to query access and specimen requests,
lab operations management with automatic data capture, bioinformatics pipelining and
integrated clinical and biomolecular results.

To achieve WRI’s vision of integrated translational research informatics, the
GenoLogics’ OMIX life sciences LIMS platform was used as the operational backbone
for the specimen handling, laboratory tracking and biomolecular data integration needs.
Along with OMIX, the Geneus and Proteus data management applications have been
implemented, providing automation and systematic data capture from instruments to



databasing results. LabLink, a web-based collaboration and adaptive reporting portal, was
provided to enable easy access to informational views and data.

4. Computational Infrastructure. Another major initiative was a complete upgrade and
overall of the IT infrastructure at WRI that supports all of our major programs including
the Clinical Breast Care Project, the Integrated Cardiac health Program, and the
Gynecologic Cancer Center. The WRI IT infrastructure was nearly 10 years old at the
beginning of 2010 and had been built by accretion of hardware without a clear design
plan. We began an IT strategic planning exercise by engaging a consulting group,
Informatics Management Consultants, LLC, which lead us through this process, helped
us develop requirements, organized a vendor conference, aided us in vendor selection and
oversaw then installation of the new hardware (see Appendix B and C). We feel that this
was a very successful endeavor and the new infrastructure should serve us well over the
next 5 years.

KEY RESEARCH ACCOMPLISHMENTS
2010 Accomplishments:

The following are projects had major activity in 2010:

e Electronic Pathology checklist developed by ProLogic. This project moved
through the prototype phase and a contract with Proplogic for the completion of
this project was put in place (Q1). The application was completed and acceptance
plan has been finalized (Q2). Final testing was completed and remaining issues
were subitted to ProLogic (Q4).

e Patient/Sample tracking system development with (GenoLogics BMI module)
delayed to later in 2010 (Q1). The projects with Genologics were terminated in
Q2 and in house development continued through the year.

¢ CBCP outcome questionnaire/tool development switched from part of the
GenoLogics BMI module to development of an In House solution in Q2 and this
development continued through the year.

e A gene expression microarray data biological information analysis software was
developed by BrainStage, using their proprietary search engine (patent pending)
based on the semantic Web (Q4).

Data Warehouse enhancements

o Separating GDP and CBCP data (Role-based security module) Q1, Q2
(completed)

e Sample-centric modules and applications development Q1, Q2 (completed)

e Sample selection projects for different CBCP requests Q1, Q2 (completed)

¢ Sample-experiment inventory (IHC, gene expression microarray) Q1, Q2
(completed)

¢ Cleaning modules and data for CBCP/GDP Q1, Q2, Q3, Q4 (completed)

e Developing methods for image archiving in data warehouse Q1, Q2, Q3, Q4
(ongoing)

¢ Re-modeling of revised GCC questionnaires Q1, Q2, Q3 (completed)



¢ Implementing new GCC questionnaires Q2, Q3 (completed)
e Implementing new GCC questionnaires tested and performed QA using
artificially generated data. QA with the PI/clinical domain experts pending. Q4

Portal development User interface to data warehouse (based on InforSense VisualSense
5.0.1)
1) Design and develop portal for biomedical needs (general structure, security,
management, visualization) — complete
2) Move all files/links/tools to the portal for public use — on going
3) Publish workflows to the portal so scientists could analyze data without
modifying workflows - complete
4) Link between sample and pathology check list as well as between sample and
_core questionnaire (will be one of first projects published to the portal) —
complete
5) Patient cohort selection using portal filters (plan to create workflow that step by
step will allow selection of the cohort using GUT interface) — complete

Data Analysis
1) IHC biomarker analysis for CBCP
2) Microarray analysis (blood) for CBCP
3) Racial disparity (clinical and pathology) data for CBCP.

Strategic IT infrastructure plan for the CBCP—all are already completed.

e QI - A consulting group, Informatics Management Consultants, LLC, has been
engaged to develop a strategic IT infrastructure plan for the CBCP—complete
Q2 - IT infrastructure analysis — complete

e Q2 - Design new IT infrastructure which contains: virtual servers; virtual storage;
compute farm; and network hardware — complete

e Q2 - Develop a RFP (Request For Proposal) to have new IT infrastructure

implemented - complete

Q2 - Distribute a RFP to ten local vendors - complete

Q3 - Hold vendor conference — complete

Q3 - Vendor conference was held

Q3 - Vendor has been selected (Link Computer Corporation)

Q3 - Developed final plan with Vendor

Q3 - Beginning procurement

Q4 -Procurement of all hardware complete

Q4 - Hardware installation complete, which includes network hardware, servers,

and virtual storage

Q4 - Network hardware configuration complete

Q4 - Cut-off of WRI from the MANVT network complete and now Level 3

providing internet connectivity for WRI

e Q4 - Virtualization of current physical servers — complete



2011 Accomplishments:

In 2011 we put a special focus on re-structuring the IT architecture for CBCP and
WRI operations. Since its inception the IT infrastructure was growing with the expansion
of CBCP/WRI activities. We have reached a point of time that the whole system needs to
be completely re-structured to lay the foundation for future research and support activities
of the next phase of CBCP and GCC when they become part of the Military Cancer
Center of Excellence. The following are the main activities:

Procurement of all hardware complete

e Hardware installation complete, which includes network hardware, servers, and
virtual storage

e Network hardware configuration complete

o Cut-off of WRI from the MANVT network complete and now Level 3 providing
internet connectivity for WRI

e Virtualization of current physical servers — on going

Other 2011 activities are listed below:

Closing of two contracted specific projects:

e Electronic Pathology checklist developed by ProLogic. Final testing is complete and
remaining issues are subitted to ProLogic.

e A gene expression microarray data biological information analysis software was
developed by BrainStage, using their proprietary search engine (patent pending)
based on the semantic Web

Data Warehouse enhancements:

¢ Cleaning modules and data for CBCP/GCC — completed.

e Re-modeling of revised GCC questionnaires — completed.

¢ Implementing new GCC questionnaires — on going and close to be finished with QA
using artificially generated data. QA with the PI/clinical domain experts pending.

Portal development User interface to data warehouse (based on InforSense VisualSense
5.0.1):

e Move all files/links/tools to the portal for public use — complete

SNP analysis using GeneSense — terminated

Microarray analysis using InforSense workflow builder — terminated

The Data Warehouse paper published

The paper on using the CBCP data warehouse resubmitted

Data Analysis with several abstracts published and manuscripts in preparation:
e IHC biomarker analysis for CBCP — on going

Microarray analysis (blood) for CBCP — on going

Racial disparity (clinical and pathology) data for CBCP — on going
Clinical tissue blocks inventory for CBCP — on going



REPORTABLE OUTCOMES

Papers and manuscripts:
Maskery, S., Zhang, Y., Jordan, R., Hu, H., Hooke, J., Shriver, C., & Liebman, M.
2006e, "Co-Occurrence Analysis for Discovery of Novel Breast Pathology Patterns”,
IEEE Transactions on Information Technology in Biomedicine 2006, vol. 10, no. 3,
pp. 497-503.

Xiang, G., Liu, R., Shriver, C., Hu, H., & Liebman, M. 2006, "Assessing Semantic
Similarity Measures for the Characterization of Human Regulatory Pathways",
Bioinformatics Oxford Journals, vol.
Bioinformatics,doi:10.1093/bioinformatics/bt1042.

Yang Y, Heckman, C., Shriver, C., Becker, T., Licbman, M., & Brzeski, H. 2006,
"Gene Expression Profiles in White Blood Cells of Patients with Breast Cancer -
Correlation with Dectectability of Tumor by Mammographic Screening", Breast
Cancer Res Treat, vol. 94, no. no. Suppl 1, p. S59-S60.

Yang, S., Guo X, Yang Y, Papcunik, D., Heckman, C., Hooke, J., Shriver, C.,
Liebman, M., & Hu, H. 2006, "Detecting Outlier Microarray Arrays by Correlation
and Percentage of Outliers Spots", Cancer Informatics no. 2, pp. 351-360.

Deng, H., Liu, Y., Shen, H., & Hu, H. 2007, "An Introduction to Biomedical
Informatics. Curent Topics in Human Genetics: Studies of Complex Disease. [in
press]," H. Deng et al., eds., World Scientific Publishing.

Hu, H., Mural, R., Liebman, M., & (Editors) 2008, Biomedical Informatics in
Translations Research Artech Publishing House.

Maskery, S., Hu, H., Hooke, J., Shriver, C., & Liebman, M. 2008, "A Bayesian
Derived Network of Breast Pathology Co-occurrence", Journal of Biomedical
Informatics no. 41, pp. 242-250.

Kvecher L, Wu W, Hooke JA, Shriver CD, Mural RJ, and Hu H. An Approach to
Correlate the Temporal Information To Facilitate Specimen Selection in the
Breast Cancer Research Project. Cancer Research 2009:69;763s.

Zhang Y, Kvecher L, Sun W, Gutchell EM, Mural RJ, Shriver CD, Liebman MN, and
Hu H. A quality assurance issue tracking tool to facilitate the enhancement of clinical
data quality (submitted).

Hu H, Correll M, Kvecher L, Osmond M, Clark J, Bekhash A, Schwab G, Gao D,
Gao J, Kubatin V, Shriver CD, Hooke JA, Maxwell LG, Kovatich AJ, Sheldon JG,
Liebman MN, and Mural RJ. DW4TR: a data warehouse for translational research.
Journal of Biomedical Informatics 2011:1004-1019.
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Invited/Conference presentations:

Maskery, S., Hu, H., Hooke, J., Shriver, C., & Licbman, M. "Validation of Bayesian
Network Analysis of Breast Disease Co-Occurrence - Implication for Future
Application to Clinical, Molecular, and Epidemiological Data Generated by the
Clinical Breast Care Project [Podium Presentation]", Podium Presentation at the 7th
Annual CBCP Offsite Meeting, November 2006, Cumberland, MD.

Hu, H. "A Data Warehouse for Translational Research (Podium Presentation)",
Podium Presentation at the Translational Health: The Next Generation of Medicine
Conference, Pasquerilla Conference Center, Johnstown, PA. 2006

Hu, H., Correll, M., Sheldon, J., & Liebman, M. "Development of an Oracle-based
Integrative Biomedical Informatics Data Warehouse (Podium Presentation)", Podium
Presentation at the Oracle Life Science Users Group Meeting, April 3, 2006,

Boston, MA.

Liebman, M. & Mural, R. "Translational Medicine: Defining it's Role and Future
(Podium Presentation)", Podium Presentation at the Translational Health: The Next
Generation of Medicine Conference, Pasquerilla Conference Center, Johnstown, PA.
2006

Hu, H. "Unlock Insight from Your Clinical Data [Podium Presentation]", Joint
World-Wide WebEx by InforSense and the Windber Research Institute, September
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Hu, H. "Application of Biomedical Informatics to Translational Research [Invited
Speaker]", Invited Speaker at The First Annual EITC-Bio Workshop, Princeton
University, Princeton, NJ.

Hu, H. "Synergy of Informatics and Biomedical Research in Academia and Industry
[Invited Panelist]", Invited Panelist at the First Annual EITC-Bio Workshop, June 7,
2008, Princeton University, Princeton, NJ.

Maskery, S., Zhang, Y., Hu, H., Shriver, C., Hooke, J., & Licbman, M. "Caffeine
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Paper, Proceedings of the 19th IEEE International Symposium on Computer-Based
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Translational Research”, 2009 AMIA Summit on Translational Bioinformatics, San
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with a Comprehensive Informatics Solution that Connects Discovery and
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ABSTRACT

The linkage between the clinical and laboratory research domains is a key issue in translational research.
Integration of clinicopathologic data alone is a major task given the number of data elements involved.
For a translational research environment, it is critical to make these data usable at the point-of-need.
Individual systems have been developed to meet the needs of particular projects though the need for a
generalizable system has been recognized. Increased use of Electronic Medical Record data in transla-
tional research will demand generalizing the system for integrating clinical data to support the study
of a broad range of human diseases. To ultimately satisfy these needs, we have developed a system to
support multiple translational research projects. This system, the Data Warehouse for Translational
Research (DWA4TR), is based on a light-weight, patient-centric medularly-structured clinical data model
and a specimen-centric molecular data model. The temporal relationships of the data are also part of the
model. The data are accessed through an interface composed of an Aggregated Biomedical-Information
Browser (ABB) and an Individual Subject Information Viewer (ISIV) which target general users. The sys-
tem was developed to support a breast cancer translational research program and has been extended to
support a gynecological disease program. Further extensions of the DW4TR are underway. We believe
that the DWATR will play an important role in translational research across multiple disease types.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

fields, large number of records, and ever-evolving data types asso-
ciated with the development of new technologies. While a transla-

Translational research requires integration of clinicopathologic
data, biospecimen data, and molecular data, across multiple data
collection and generation platforms [1-4]. It is also critical to make
these data usable at the point-of-need. From the data management
perspective, clinicopathologic data and molecular data have dis-
tinct features. The former are characterized by a large number of
data felds, often with missing values due to failure to collect,
non-existence or inaccessibility of the data. Molecular data, on
the other hand, are characterized by a limited number of data
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tional research project typically collects and generates its own
clinicopathologic and molecular data, public domain data are often
used as well. Furthermore, temporal information needs to be prop-
erly managed and presented.

Many clinical and translational research projects use question-
naires as a clinical data collection instrument, and currently using
data from Electronic Medical Records (EMRs) for translational re-
search is gaining momentum as EMR systems replace paper-based
medical records. Compared to EMRs, questionnaires are simpler as
only questions useful to the specific research program of the dis-
ease would be included, thus managing such data does not require
a comprehensive system covering all the human diseases. An EMR
system cannot be used as a data management system for transla-
tional research, due to the transactional nature of the former and
the reporting and analysis requirements of the latter. The require-
ments from the US Health Insurance Portability and Accountability
Act of 1996 (HIPAA) for protection of patients’ Protected Health
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RDBMS Relational Database Management System
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Terms

SNP Single-Nucleotide Polymorphism

SPSS Statistical Package for the Social Sciences

STRIDE Stanford Translational Research Integrated Database
Environment

TB Tera-Byte

UML Unified Modeling Language
UMLS  Unified Medical Language System
VCDE  Vocabulary and Common Data Elements

VPD Virtual Private Database

VPN Virtual Private Network
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Information (PHI) also differ between the two systems. In addition,
translational research may not need all of the data contained in an
EMR and it requires data from other sources as well including
molecular data. It is important that a data centralization system
be developed for translational research capable of inputting clinical
data from questionnaires and EMRs for any human disease, and
integrating molecular data from different biochemical, genomic
and proteomic experimental platforms.

Data warehousing as an important component of biomedical
informatics, provides a way for data integration in clinical and
translational research [2,5-13]. A Data Warehouse (DW) is an
information repository for data analysis and reporting [14,15].
For raw clinical data, an Entity—Attribute-Value (EAV) data model
is often used due to their sparseness and dynamic nature [16-18].
Such data models require the development of ontologies to man-
age the complex relationships between clinical concepts/questions
and possible answers. The user interface is often provided by an
On-Line Analytical Processing (OLAP) tool, which provides multidi-
mensional data analysis capabilities by aggregating data across
hierarchically organized dimensions using either a multidimen-
sional (MOLAP) or relational (ROLAP) model [14,15,19]; the former

relies on pre-computed data cubes whereas the latter directly que-
ries a relational database.

Developing a comprehensive DW system to meet the needs of
translational research faces many challenges. Based on our own
experience, such challenges include; management of operationally
important information, such as HIPAA compliance and PHI, data in-
put from questionnaires with version control, data input from
EMRSs, biospecimen collection and banking, data de-identification,
molecular images, multiple-platforms of molecular data, temporal
information, and data ownership, etc. From the system develop-
ment perspective challenges include; development and application
of ontologies including controlled vocabulary and modeling of clin-
ical data, molecular data, image data, and temporal data. In addi-
tion, development of graphical user interfaces for different levels
of users is important, and data security and accessibility should
be properly addressed.

Ontology development is very important to data integration
and exchange; for the purpose of this paper we focus on its phys-
ical artifacts of terminologies/controlled vocabulary and informa-
tion model/data model [20]. Many ontologies have been
developed, each serving a specific purpose. In the clinical field,
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commonly accepted standards/ontologies include; Health Level 7
(HL7) for exchange of clinical messages to support clinical practice
and healthcare service [21]; Medical Subject Heading (MeSH) for
medical literature indexing which has also proven useful for clas-
sification of biomedical entities [22]; Systemized Nomenclature
of Medicine—Clinical Terms (SNOMED-CT), as a comprehensive
clinical healthcare terminology organized hierarchically [23]; and
Digital Imaging Communications in Medicine (DICOM) for medical
image annotations [24]. For biological research, Gene Ontology
(GO), arguably the most successful biological ontology, is aimed
to standardize the representation of gene and gene product attri-
butes across species and databases [25]; Minimum Information
About a Microarray Experiment (MIAME) for microarray-based
technologies is generally accepted by the community [26]; Biolog-
ical Pathway Exchange (BioPAX) is for pathway data exchange [27].
NCI Thesaurus provides reference terminology for many NCI and
other systems covering vocabulary for clinical care and transla-
tional and basic research [28]. Systems have been developed to
unify existing ontologies or provide ontology library services, for
example the BioPortal by the US National Center for Biomedical
Ontology [29], and the Ontology Lookup Service by European
Bioinformatics Institute based on the Open Biomedical Ontology
format [30]. The Unified Medical Language System (UMLS) devel-
oped by the US National Library of Medicine, aims to provide ad
hoc linkages across life science ontologies [31]. A number of re-
views are available including ones discussing development, imple-
mentation, and use of ontologies [20,32-34].

Temporal information is also very important in modeling health
and disease development. We consider disease as a process, not a
state. Breast cancer, for example, takes many years to develop be-
fore a lesion can be detected by mammography [35]. First consid-
ered by artificial intelligence researchers in the 1980s, temporal
reasoning and temporal data query became a topic of interest in
biomedical/medical informatics in the 1990s [36-38]. To enable
“controlled language use” of the temporal information in health-
care, a European Prestandard CEN ENV 12381 has been developed
[39]. Temporal information needs to be collected, modeled, and
presented. Collection of temporal information can be done explic-
itly through questionnaires or data forms which record historical
information, or abstracted through the time-stamps of data col-
lected and analyzed over time. For the latter, temporal-abstraction
and temporal-querying systems have been developed which have
proven clinically useful in monitoring clinical disorders [40-42].
A data model comprising Parameters, Events, and Constants has
been defined for a temporal query language [43,44], where Param-
eters are basically entities with values bearing a time-stamp,
Events are external acts act upon a patient which could be time-
stamped or occur over a time interval, and Constants are non-tem-
poral measures. There have been reports of a data management or
DW system incorporating temporal information for clinical trials,
time-series gene expression microarray experiment, and medical
information events in a hospital setting [38,45,46].

The many challenges faced in developing a comprehensive DW
system for translational research make this a difficult undertaking.
In practice, different systems have been developed focusing on dif-
ferent challenges based on specific needs of supported program(s).
For example, [2B2, Informatics for Integrating Biology and the Bed-
side [47], took a top-down “Enterprise” approach with an open
architecture enabling integration of outside modules performing
specialized functions that are needed for translational research
[48,49]. It address a very important and specialized niche in the
clinical informatics space, namely, providing researchers with suf-
ficient access to clinical data to enable study design and cohort
selection, while minimizing many of the patient privacy risks and
concerns [50-54]. A central conundrum of translational research
is that access to detailed clinical data typically requires proper

informed consent and IRB approval; however, in order to design
a cohort study or to determine if a particular project is even feasi-
ble, a researcher often needs access to aggregate statistics for key
clinical attributes of interest at an early stage of the process. 12B2
overcomes these challenges by enabling researchers to design
and execute queries against a de-identified data mart that return
only aggregate counts; furthermore, resuits are subtly obfuscated
to avoid identification by more sophisticated combinations of que-
ries. Having been deployed for a number of projects across multi-
ple sites, I2B2 is a mature software offering. However, it does not
currently provide the level of detailed analysis necessary for clini-
cal and translational research beyond cohort selection and study
design [51-54]. STRIDE, The Stanford Translational Research Inte-
grated Database Environment {55], focuses on a Clinical Data
Warehouse (CDW) and supports a virtual biospecimen mode] for
accessing several specialized tissue banks [13,56,57]. It also has a
Research Database management system supporting multiple logi-
cally separate research databases. An EAV model is used for data
storage and HL7 Reference Information Model is used for data rep-
resentation. Its semantic layer consists of a framework supporting
multiple terminologies. Some of the Clinical and Translational Sci-
ence Award (CTSA) centers [61] also have data warehousing
efforts.

There are also data warehousing efforts in the cancer Biomedical
Informatics Grids (caBIG®) [62]. caBIG® is an information network
enabling members of the cancer community to share data and
knowledge based on a core Grid architecture. It was launched in
2003 by the NCI Center for Bioinformatics (NCICB) of the US NIH
[63,64]. One of its data warehousing efforts is caBIO, a major compo-
nent of caCORE (cancer Common Ontological Reference Environ-
ment) that was developed before the launch of caBIG® [65],
enabling access of biomedical annotations from curated data
sources in an integrated view. As one of the released products of
caBIG®, the current version caCORE 3.x includes Enterprise Vocabu-
lary Services for hosting and managing vocabulary, cancer Data
Standards Registry and Repository (caDSR) for hosting and manag-
ing metadata, and the caCORE Software Development Kit [66].
Another data warehousing approach for caGrid is a semantic web-
based data warehouse for creating relationships among caGrid
models, accomplished through the transformation of semanti-
cally-annotated caBIG® Unified Modeling Language (UML) informa-
tion models into Web Ontology Language (OWL) ontologies that
preserve those semantics [67]. Still another caBIG effort, calntegra-
tor [58], is a framework for data integration currently capable of
integrating microarray data in caArray and imaging data from the
National Biomedical Imaging Archive (NBIA). It has been applied
to several projects, e.g., REMBRANDT [59] and CGEMS [60]. These
efforts are best described as development projects using the calnte-
grator framework. None of these efforts in caBIG, however, enables
users to dynamically interrogate the clinicopathologic data in a
multidimensional manner by non-informatics specialists using an
intuitive interface.

We began our DW development focused on a questionnaire-
based system, but later realized that a patient-centric and expand-
able data model would be a better solution. We envisioned devel-
oping a system to support translational research in general and
began by developing a system to support the Clinical Breast Care
Project (CBCP) [68] but designed it to be expandable to support
additional programs. This approach has been validated by our suc-
cessful expansion of the system to support a second translational
research program, the Gynecological Disease Program (GDP) [69].
It is currently under further expansion to support a third transla-
tional research program, a consortium effort headed by Thomas
Jefferson University involving five organizations which is charac-
terizing a set of 5000 invasive breast cancer cases. All these pro-
jects have multiple platforms for clinical and molecular studies.
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Development of our system, the Data Warehouse for Transla-
tional Research (DWA4TR), focused on three challenges in DW
development. The first was the development of a pragmatic data
model to satisfy the needs of questionnaire-based clinical data in-
put. Despite the existence of a large number of clinical and biolog-
ical ontologies, there are often gaps, in supporting a research
project, between the available ontologies and the specific project
needs [70,71]. Many groups therefore create their own ontologies
[72,73]. Given the characteristics of clinical and molecular data,
it is more challenging to develop a general and flexible system
for clinical data; therefore we have made this our first priority
[9]. In our case, both CBCP and GDP utilizes not only data elements
covered by existing ontologies, but also detailed and specific data
elements that are currently not covered. Comparing what we need
to what is available, we concluded that completely adopting one or
two existing ontologies for our DW development is not feasible (c.f.
Section 5). Therefore, we developed our own framework ontology
but referred to existing ones, to satisfy our immediate needs first,
planning to map our ontology to existing ontologies at a later time
to enable transportability.

The second challenge, we focused on was interface develop-
ment. A user-friendly interface tailored to the non-informatics spe-
cialist is needed to ensure both the utility and adoption of this
system. The interface that we developed is composed of an Aggre-
gated Biomedical-Information Browser (ABB) and an Individual
Subject Information Viewer (ISIV). ABB is ROLAP-based, thus all
the calculations and queries are performed at the time of use
rather than relying on a pre-calculated data cube, enabling clini-
cians and scientists who are not informatics experts to dynamically
interrogate any combination of the myriad of data elements stored
in the DWA4TR. The third challenge we focused on was the manage-
ment of temporal information. We defined three temporal data
types and applied them to data attributes to enable the use of
the temporal information in the DW4TR from both interfaces. In
addition to focusing on these three challenges, we also addressed
a number of other challenges described earlier. For exampie, in
managing de-identified clinical information of CBCP and GDP, we
developed solutions to satisfy different requirements for data secu-
rity and accessibility that is also described.

2. Methods
2.1. System design and development

Initially developed to support the immediate needs of managing
the clinical, biospecimen, and molecular data for the CBCP, our
design of the DWA4TR to be flexible and extensible enabled subse-
quent expansion to support GDP. Both programs use questionnaires
for collecting clinicopathologic information, making expansion of
the light-weight production system straight forward.

2.1.1. The data model

The EAV model is used for the original raw clinical data which
are subsequently hosted in the DW in an extensible data model
reflecting the ontology, where the relationships among the attri-
butes are presented in a meaningful way to the users through a
hierarchical organization. The extensible data model is currently
composed of the following components:

2.1.1.1. Patient-centric clinical data model. The clinical data model
was developed to reflect the physician-patient interaction. The
ontology framework was developed by a multi-disciplinary team
composed of research physicians, biomedical informaticians, IT
developers, surgeons, pathologists, and gynecologists and was
based on the standard clinical workflows and clinical experiences.

The development not only referred to existing standards and ontol-
ogies mainly MeSH and SNOMED-CT but also to the NCI Thesaurus
and caBIG VCDE [22,23,28,74), reflecting other reported methods
and efforts [32,33,75]. This ontology is reflected on the physical
data model, which is hierarchical and composed of a number of
primary modules, e.g., “Diagnostic”, which are made up of second-
ary modules (e.g., "Biopsy”) and attributes. A secondary module is
further composed of tertiary modules and attributes, and so on. An
attribute is a fine-grained object that is composed of the name, the
data type, and the temporal characteristics (see below). A simple
attribute is often called a data element, e.g., sex. A complex attri-
bute is composed of multiple facets, e.g., exercise is composed of
frequency, intensity, duration, and type. This way, each data ele-
ment of a study is represented in the model either by an attribute
or by a sub-module. The sub-modules are structured hierarchically
to reflect the ontology.

2.1.1.2. Specimen-centric molecular study data model. Molecular
(biochemical, genomic and proteomic) analysis are performed on
collected specimens using multiple experimental platforms. Every
experiment is done using biospecimens, including body fluids,
solid tissues, and their derivatives. Thus, a specimen-centric data
model is a natural choice for these types of data, which are con-
nected to the clinical data model hierarchy as a series of sub-mod-
ules. We initially focused on immunchistochemistry (IHC),
Fluorescence In Situ Hybridization (FISH), and gene expression
microarray data and adopted existing clinical or molecular data
standards and guidelines [26,76,77). The storage and retrieval of
high throughput molecular data poses a number of IT challenges.
A result file from a single microarray can be tens of megabytes,
and it is not uncommon for a single experiment to make use of
hundreds of such arrays. Common approaches for handling this
type of data include: organizing output files into a hierarchical file
system, loading of raw or partially transformed data into a DW, or a
hybrid approach of maintaining certain metadata in a database but
referring back to original output files with file pointers. Given the
large number of molecular modalities used in our current and fu-
ture research, no single method was considered suitable, therefore
our system was designed to take an “all of the above approach”
that makes use of flexible data processing pipelines. With this ap-
proach distinct pipelines can be created across or even within as-
say types and all of the storage methods discussed above can be
supported. This approach has enabled us to optimize storage of
each assay group individually, as well as provide a mechanism
for handling changing technology and legacy data.

2.1.1.3. Temporal data model. Critical to human disease studies is
the proper representation of temporal information. We define
three types of temporal data; (1) Static, which is data with no tem-
poral dimension, e.g., ethnicity. (2) Event, which is associated with
a specific time point, e.g., a surgical procedure. (3) Interval, which
is associated with a starting and ending time point, e.g., a course of
medication. Each attribute in the data model is tagged with a prop-
er temporal status and populated with proper values for temporal
information representation and analysis.

2.1.1.4. Medical image data model. Medical imaging is an important
part of clinical practice and a source of data for various studies. We
initially focus on digitized and digital mammograms, which fol-
lows the DICOM standards [24] and we de-identified the images
using DICOM Anonymizer Pro. The data files associated with these
images are large and they impose a challenge in data management,
e.g., storing those image files in the database of the DW will dras-
tically impede the system performance. Besides, analyzing images
typically requires specialized software. Thus, in the DWATR, we
store the image files on a file server; the file locations are then
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stored in the DW and logically linked to the patient. The annota-
tions and a thumb nail of the image are also stored in the database
to enable efficient search of relevant features. We intend to apply
the same principle to other images.

2.1.1.5. Relationships between questionnaires and the data
model. The data for both CBCP and GDP studies are collected using
questionnaires each having multiple questions. Each question has
one or more data elements. The data elements could contain values
and temporal information. If a data element contains a value, it is
mapped to an attribute(s). Some questions ask about the same
event at different time points, and these questions are mapped to
the same attribute with corresponding temporal information.
There are also different questionnaires collecting the same infor-
mation, e.g. for different studies, and they have been mapped to
the same attributes as well. Finally each attribute is mapped to
the data model as described above.

2.1.2. User interface development

The requirement to develop an intuitive, user friendly system
that could be used directly by clinicians and researchers as op-
posed to being a specialist tool useful only to the technically savvy,
led to our decision to take the dimensional modeling approach.
While traditional query interfaces are considered intuitive by IT
professionals, we found that the dimensional modeling approach
was generally preferred by our target demographic. A number of
criteria were considered in designing the physical data structure
to support the clinical data warehouse, the first of which was the
ability to handle a large number of dimensions. A custom binning
capability that is convenient to use, was an important feature re-
quested by the users. As is the case with any longitudinal study,
the temporal dimension of data is critical, and therefore proper
handling of the temporal dimension was another important con-
cern. Efficient handling of sparsely distributed data and support
for multiple terminology sets were also important criteria. During
such comprehensive communications with the end users, we con-
cluded that all the desired analyses could be categorized as either
an aggregate data analysis or an individualized data analysis. Thus,
we designed a ROLAP-based ABB for the former, and an ISIV for the
latter.

2.2. Implementation

2.2.1. Development environment

Two DELL Windows server systems, one for the application and
the other for the database, were used. Both servers have two Quad
Core Intel® Xeron® processors and 8 GB RAM. The database server
hard drive is 1 TB and for the application server 0.5 TB, both are in
the RAID 5 configuration. Development is based on the Oracle
RDBMS 10 g, using the InforSense platform that enables a series
of analyses to be performed in an analytical workflow environment
with each analysis step represented as a node in the workflow [78].
The user-interface is Java based and web accessible. The produc-
tion system has the same configuration. The DW4TR also supports
a one-server system configuration.

2.2.2. Data model and interface implementation

Our physical data model is composed of two distinct elements,
an attribute repository, and an attribute ontology. The attribute
repository stores data in the EAV model. The attribute ontology
is a separate hierarchical data model capturing and providing
structure to the relationships among the attributes that have been
collected so that the ontology (logical patient-centric or specimen-
centric data model) are physically positioned in a hierarchical
organization of attributes for presentation in a meaningful way
to the users of the system.

In implementing the data model, first the source questionnaires
are reviewed and a logical mapping of the data attributes onto the
newly designed patient modules is developed. This process re-
quires the definition of the data variable type and other metadata
for different data attributes, and often requires splitting or merging
data elements in order to accommodate the difference in require-
ments of capturing the data versus analyzing the data.

Parallel to the development of the physical and logical data
model was the development of the end user interfaces. Our system
provides users with two distinct applications: the ABB, and the ISIV.
These Java tools are entirely web based with zero client side foot
print, and do not require any additional browser plug-ins. They
provide users with a highly interactive and dynamic experience,
making use of Asynchronous JavaScript and XML (AJAX) techniques
for asynchronous rendering and updating. Both tools are deployed
within the InforSense web portal environment, which provides
the services used for data source connection pooling, user authenti-
cation and authorization, as well as web session management.

2.2.3. Data loading

Multiple sources of data in different format are loaded into the
DWA4TR, including direct Oracle-to-Oracle load from the Laboratory
Information Management System (LIMS) and flat files [12,79]. Data
loading is performed through a standard process referred to as Ex-
tract, Transform, and Load (ETL) [14,15].

2.3. Data sources

The current DWA4TR is host to clinical data from CBCP and GDP.
Subjects are enrolled into the programs via HIPAA compliant, Insti-
tutional Review Board (IRB) approved protocols at multiple partic-
ipating clinical sites, and these protocols explicitly specified WRI as
the data integration center for the programs. Clinical data are col-
lected through multiple questionnaires, and biological specimens
are collected, processed, banked, and analyzed using genomic
and proteomic experimental technologies.

CBCP and GDP happen to be two distinct types of programs in
administrative structure, clinical dataset, and tissue banking. They
have different data security and access requirements, commanding
distinct solutions in the DWATR. CBCP is a centralized program
using one set of the questionnaires, one LIMS, one Tissue Bank,
and one data warehouse (the DWA4TR). All the participating organi-
zations use approved master IRB protocols from the Walter Reed
Army Medical Center (WRAMC), with minor adaptations to the
requirements of the local institution for local IRB approval, which
is subsequently approved by the IRB of the US Army Medical Re-
search and Materiel Command that contracted the Henry Jackson
Foundation to manage the CBCP. Proper paperwork was done to
enable centralized tissue banking and data warehousing at WRL
The IRB approved questionnaires contain certain date information
such as date of birth which patients are consented to, thus the
CBCP clinical data is a “Limited Data Set" per HIPAA definition.
The clinical data and biospecimens are de-identified, and each sub-
ject is represented by a CBCP number. The link table is securely
maintained at the office of the CBCP site PI which is strictly acces-
sible only to the PI or his/her designee at that site. When clinical
data Quality Assurance (QA) problems are identified in any partic-
ipating institutions, they are all reported to WRAMC and the
WRAMC clinical data team coordinates the QA resolving process.
As of February 2011, over 5000 subjects have been enrolled in
the study using two major questionnaires to collect up to 799
elements of clinicopathology data per subject. More than 43,000
specimens (including aliquots) have been collected and genomic
and proteomnic experiments have been conducted using these
specimens.
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GDP, on the other hand, is a consortium program constituting of
nine clinical and research organizations with WRAMC serving as
the lead institution. Each participating organization follows its
own IRB-approved protocol allowing only “Safe Harbor Data Set",
and each site manages and owns its own questionnaire-specific
datasets. All the captured data are in a de-identified form, and each
subject is represented by a GDP study ID. Each site Pl maintains the
link key to the identity of the subject enrolled at that site. All the
de-identified data are then sent to WRI, and eventually loaded into
the DWA4TR. Aggregated subject information can be shared across
the consortium members, but the detailed individual subject infor-
mation in the DWA4TR is only accessible to the originating clinical
site. In GDP, about 500 subjects have been enrolled in the study.
A dozen questionnaires were used to collect more than 7600 ele-
ments of data focusing on surgical procedures, pathology, family
history, psychology, food intake, etc. Currently GDP is consolidat-
ing the questionnaires being used reducing the data elements to
less than 1400.

Patient Clinical Data Time
b Encounter
1 Treatment ol 54
(Interval) 1
| Encounter
al

Images Encounter -
(Event) 2 1 Blood ]
| £ : 2 Biospecimen
Enco1unler '.I (Serum) |
(Event}

(Event}

(Static)

Specimen, Lab, Molecular Result

+

Patient 1D

Fig. 1. lllustration in a 3-dimensional diagram of the relationship between clinical
data (vertical axis), molecular data (horizontal axis), and temporal information (axis
pointing into the page) represented by our data model. The patient is represented
by Patient ID at origin. The three temporal data types are illustrated. This patient
had clinical encounters at four time points, and "Encounter 1" resulted in medical
images and biopsy which led to “Encounter 2", which resulted in biospecimens that
could be used for different types of molecular studies. “Treatment" started from
“Encounter 2" and ended at “Encounter 4”.

3. Results

3.1. Overview of the DWATR and the relationships between involved
data types

Key to the development of the DWA4TR is the understanding of
the complex relationships between data collected or generated
with multiple platforms. Fig. 1 illustrates our understanding of
such relationships in a 3-dimensional patient data space which
we can use to represent our data models.

Fig. 2 is a conceptual view of the DWATR, as a hybrid system,
that integrates the data collected or generated by the supported
programs, and federates most of other data needed in the studies.
Blocks with solid lines are the areas already developed or currently
under development, and blocks with dashed lines are areas for fu-
ture development. The whole DW is composed of a data tier, a mid-
dle tier, and an application tier. In the data tier, an extended EAV
model is used for the raw clinical data. The middle tier is based
on a patient-centric, modularly-structured clinical data model
(including a medical image data model), integrating a specimen-
centric molecular data model, and a temporal data model. The clin-
ical and molecular data models are designed to be extensible. The
application tier is composed of the ABB and the [SIV, and other util-
ities. Additional applications will be developed to federate and
present other data needed but not generated by the supported
translational research programs.

3.2. The ontology and the extensible data model

As a bottom-up approach, we developed a pragmatic light-
weight ontology using controlled terminology both from existing
ontologies and supplemental ones we developed to support the de-
tailed program needs. The relationships between these terminolo-
gies in the ontology are reflected on the physical data models
described below.

The patient-centric clinical data model was developed to reflect
the physician-patient interaction. As illustrated in Fig. 3, the model
is composed of six major modules: Medical History, Physical Exam,
Diagnostic, Treatment, Outcome, and Scheduling and Consent.
Each of these modules is composed of attributes and sub-modules;
e.g., the Diagnostic module is composed of Biopsy, Imaging, and

Internal Data

[ Medicai History | | Medical images
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e ]
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Treatment  + Proteomic
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.
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Fig. 2. The stcucture of the DWATR including a data tier, a middle tier (blue), and an application tier (green). The data tier is composed of ‘Internal Data' generated by the
supported research project, and the ‘External Data’ not generated by but needed in the research. The “Internal Data" are integrated, and the “External Data” could be in an
integrated or federated form but will be federated with the “Internal Data”. Solid line blocks: developed or in development; dashed line blocks: future development. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. A screenshot of the ontology structure of the patient-centric, modularly-
structured clinical hierarchical data model.

Lab Tests, etc. Each of these sub-modules can then be further com-
posed of its sub-modules and attributes. Many of these sub-mod-
ules are disease independent but some are disease specific. This
modularly structured data model enables us to adapt the system
to support the study of a new disease, by re-using disease indepen-
dent modules, and developing a limited number of new modules
specific to the new disease. The data model has a hierarchical
structure. Users with domain knowledge can explore this hierar-
chical structure to retrieve needed data elements. Users with less
specific domain knowledge may not be able to explore this data
model as effectively though they can use the keyword search capa-
bility of the system to identify, for selection, the data elements
containing keywords of interest.

3.2.1, The specimen-centric molecular study data model

The specimen-centric molecular study data model is connected
to the clinical data model as sub-modules. For example, CBCP breast
tissues and lymph nodes in different preservation types (e.g., OCT,
FFPE, and FF) are represented by sub-modules of Diagnostic-
Biopsy-Tissue Samples, blood samples and their derivatives (e.g.,
PAXgene tube, plasma, cells, serum, and clots) are represented by
sub-modules of Diagnostic-Lab Tests. Genomic, proteomic, and
other molecular studies are performed with molecular derivatives
of the specimens (e.g. DNA, RNA, and protein) on different experi-
mental platforms, e.g., IHC, FISH, gene expression microarray, SNP
microarray, 2D-DIGE, MS, LC-MS, etc. We have completed the mod-
ules for the IHC and FISH assay data, and a proof-of-principle has
been implemented for gene expression microarrays (c.f. Figs. 4
and 5).

3.2.2. Temporal information definition and presentation

All attributes are tagged with one of the three defined temporal
properties. All temporal information, including static information,
can be viewed in the ISIV (c.f. Fig. 7). Within the ABB users have
the ability to define “time filters” for the different columns in the
display (c.f. Fig. 6).

3.2.3. Example data module definition
Table 1 is a simplified illustration of three defined data mod-
ules. Thus, “Ethnic Group” is a simple (single attribute) data

module allowing multiple values for a given subject, and is “Static”.
“Alcohol Use” is a complex data module with three facets, and cov-
ers an “Interval”. “Surgical Proc(edure)” is a module similar to
“Alcohol Use"” but is an “Event”.

3.3. DWATR interfaces—ABB and ISIV

33.1. ABB

This interface allows the user to analyze the data by dynami-
cally creating a multidimensional pivot view. The rows are categor-
ical data fields of interest, in a hierarchical structure. The columns
can be data elements of either a numerical or categorical nature, in
a flat or hierarchical structure. Although the view is a two dimen-
sional table, the user can effectively explore data of theoretically
unlimited dimensions by simply building multiple levels of a hier-
archical data structure in both the rows and columns, and expand-
ing them. The number of dimensions (levels of hierarchy) is only
practically limited by the performance of the system (see Section
3.6). Fig. 4 (Panels A and B) shows screenshots of how an ABB view
of five hierarchical levels was created and used to explore one sub-
class of breast cancer patients among CBCP Caucasian American
subjects, who have triple-negative tumors, i.e., ER (estrogen recep-
tor), PR (progesterone receptor), and HER2 (human epidermal
growth factor receptor 2) negative.

Using the ABB, simple analyses such as mean, standard devia-
tion, counts and percentages can be performed. Views on subject
counts or specimen counts can be created. The results of interest
can be printed, or exported to an Excel spreadsheet for additional
analysis using other specialized software. A subject set of interest
can also be saved as a cohort, for example the triple-negative Cau-
casian American breast cancer group shown in Fig. 4B, and used in
a subsequent study or analyzed with a different application. The
cohort can be analyzed using the ISIV described in the next section,
or rendered to additional complicated analysis that the InforSense
Analytical Workflow platform supports (not shown). The cohort
data can also be exported to an Excel spreadsheet for analysis by
specialized software outside of the DWA4TR.

ABB offers many other features including a unique custom data
binning capability. Muitiple binning methods can be used, either
automatically or manually, to create bins to explore data elements
that contain either numerical or categorical values. For different
studies, a user may need to use the same information in different
ways. As shown in Fig. 4 (Panels C and D), the ethnic group attri-
bute contains more than a dozen different possible values from
CBCP and GDP. If the user wants to concentrate on Caucasians, Afri-
can Americans, and Asian Americans, he/she can create three bins
for themn, and place the rest in “Other”. A histogram of the binning
can then be viewed. Custom data binning can be done with cate-
gorical data as well as numerical data, and in our practice viewing
histograms helps to adjust the binning strategy to ensure that
there are a sufficient number of records available in each bin.

One type of molecular data can be directly accessed through
ABB is IHC. Fig. 4B shows data for three molecules (ER, PR and
HER2) which are routinely assayed in the CBCP, for which there
are established clinical standards for clinical THC [76,77]. Two
other molecules, Ki67 and p53, are also routinely assayed though
there are no current clinical standards for these molecules. In CBCP,
all five molecules are characterized by protein expression assayed
by THC, and HER?2 is further characterized with gene copy number
ratio assessed using FISH as needed. Both [HC and FISH data types
are supported in the production system. The IHC submodule con-
tains Result, Percentage, Intensity, and Staining Pattern for nuclear
proteins (ER and PR) or Result and Score for membrane-bound pro-
teins (HER2). The FISH submodule contains Result and Ratio. Both
submodules belong to “Pathologic Results” of “Biopsy” of “Diag-
nostic” in the data model. Specific business rules are applied in
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Fig. 4. Screenshots of ABB. (A) View construction. The column is 'Patient Pathology Category', and the rows are, hierarchically, ‘Study’, '3 Ethnic Group’ (binned from ‘Ethnic
Group’ as shown in Panels C and D), 'ER Result’, ‘PR Result’, and the screen was captured when "HER2 by IHC: Result’ was being selected. The inset shows a portion of the data
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binning or at the time of use.

the ETL process, for example the final HER2 expression result is
determined by IHC Score (0 or 1+ as negative, and 3+ as positive),
but when THC Score is ambiguous (2+) the Ratio of the FISH assay is
used, with <1.8 as negative and >2.2 as positive, and an interme-
diate ratio is considered as ambiguous.

A proof-of-principle model of microarray-based molecular data
is in our test system; this feature is the only feature described in
Section 3 that has not yet been applied to the production system.
The MIAME standards [26] are followed with some modification,
for example, our "sample ID" eliminates the need for subject and
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Fig. 4 (continued)

specimen information. The metadata are modeled, including sam-
ple ID, bio-molecule information (lab protocol, 260/280 ratio, RIN,
etc.), array information (platform, array [D/batch number, etc.),
experimental information (project name, Pl, lab operator, date,
etc.), and results (call rate, 3'/5' ratio, Pass/Fail flag, data file loca-
tion, etc.). Metadata are accessible via ABB for selecting micro-
array data of interest in a cohort defined by clinicopathologic
characteristics, but we saved the array raw data files in a file ser-
ver due to their size and the fact that their analysis typically re-
quires specialized software that read in the raw data file directly.
Fig. 5 shows an example how a set of microarray data can be
identified from previous experiments performed on samples from

a cohort of interest. This information may lead to a secondary use
of the microarray data, or help the researcher to design a new
experiment.

ABB also contains a utility “Time Filter” to apply temporal infor-
mation in the analysis of aggregated information. The time filters
are used to limit or constrain the data that are returned much like
any other type of filter criteria. Time filters can be created based on
absolute dates, patient age, or relative to other events. Fig. 6 shows
one example how “Alcohol Usage” was analyzed for CBCP subjects
when they were at different age ranges. "Alcohol Usage” is an
Interval temporal data type with values self-reported by subjects
covering different periods of time in patient's life. Note that direct
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Fig. 5. Screenshot of ABB showing exploration of available gene expression microarray data on biospecimens of a CBCP cohort of interest. Subjects were Caucasian American,
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custom-binning of subject’s age would not be useful to this
analysis.

33.2.IslvV

This interface is for viewing and analysis of detailed subject
information, most importantly the temporal-related information.
It takes subject IDs as the input either by direct entry, or selecting
from a pre-defined cohort. Events and Intervals of interest can be
selected, and applied to the whole subject set. Information can
be viewed independently for every subject, or aligned across the
subject set on Events of interest to enable comparison between
subjects. Static information can be displayed as well, so all the
information about the subject can be studied. An example screen-
shot of ISIV is shown in Fig. 7.

Both the ABB and ISIV require minimal training before one can
start to use them. The average training time for a clinician or scien-
tist is 15 min, and the user can learn more features by using the
system. Interestingly, for a high school student the average training
time is only 10 min.

3.4. Direct data extraction from the database

The raw data in the DWA4TR can be directly queried from the
database, as a complete or partial dataset depending on the re-
search need. The data can be presented in either a flat file structure
or in Excel spreadsheet, for use with specialized data analysis soft-
ware such as SAS, SPSS, or R. Such queries have been developed for
and applied to both CBCP and GDP data. Direct data extraction re-
quires a database administrator and is not the focus of this paper,
thus is only briefly described here.

3.5. Extensibility of the DW4TR

The DWATR was developed to support the CBCP with a vision to
support translational research in general. This extensibility was
tested and validated by expanding the system to support the
GDP. Its flexibility was tested by our successful revision of the
model commanded by the consolidation of GDP questionnaires
and data elements. A number of disease-independent attributes
and submodules developed for the CBCP implementation were
re-used for the GDP instance, for example demographics and ele-
ments of past medical history. Many other attributes/submodules
were modified to satisfy the requirements of GDP, for example
alcohol usage. For GDP-specific data elements, additional modules
were developed. In addition, the GDP contains a psychology ques-
tionnaire and a food questionnaire that are program-specific but
not disease-specific. These were developed and structured to the
overall patient-centric clinical data model, and could potentially
be re-used for future programs. In addition, the GDP has different
data security and accessibility requirements, and we have devel-
oped additional mechanism for it as detailed in Section 4. With
the experience gained in supporting the GDP, we are confident that
we will succeed in the current further extension of the system to
support the third translational research program for the consor-
tium led by Thomas Jefferson University.

3.6. System performance

To evaluate the performance potential of the DW4TR, we con-
ducted a stress test using the CBCP data in a one-server system
configuration. The test was done from a user's perspective, by
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measuring how long it takes for the data to completely display in a
hierarchical view for the first time—note that subsequent display
of the same data is much faster. The view is composed of three
levels of Pathology Category, Ethnicity, and Body-Mass Index
(BMI, with custom-binning) in the rows and record counts in the
columns. Starting from the then patient number of 4234, we artifi-
cially replicated the records in the database to 8468, 16,936,
33,872, and 67,744 without performing a database tune-up other
than Oracle table analysis. It took one second or less, for the level

1 (Pathology Category) and level 2 (Ethnicity) data to be displayed
in all these tests. For level 3 (BMI), it took 2, 4, 12, 39, and 134 s
respectively to display the data when the number of records dou-
bled stepwise from 4234 to 67,744. Given that the current CBCP
annual subject enrollment is about 600, it will take another
20 years before 16,936 subjects are enrolled when 12 s are needed
to display 3 levels of data. We expect that the system performance
will be further dramatically improved with hardware upgrades and
Oracle tuning.
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Fig. 7. Screenshot of the ISIV. Temnporal information from three subjects is shown. Users can zoom in or out, align the information on a specific event for cross-subject
comparison, and explore more detailed information by clicking on the event of interest. The temporal axis shows the age but can be toggled to calendar year.

Table 1
Example data module definition,
D Attribute Facet Data type Units Multiple values From date To date Temporal information Parent ID
23 Ethnic Group VARCHAR2 Yes Static
103 Alcohol Use COMPLEX No mm/dd/yyyy mm/dd|yyyy Interval
104 Alcohol Use Name VARCHAR2 No mm/dd/yyyy mm/ddfyyyy Interval 103
105 Alcohol Use Frequency NUMBER /day No mm/dd/yyyy mm/dd/yyyy Interval 103
106 Alcohol Use Amount NUMBER drinks No mm/dd/yyyy mm/dd/yyyy Interval 103
1541 Surgical Proc COMPLEX No mm/dd/yyyy Event
1542 Surgical Prac Name VARCHAR2 No mm/dd/yyyy Event 1541
1543 Surgical Proc Code VARCHAR2 No mm/dd/yyyy Event 1541
1544 Surgical Proc Laterality VARCHAR2 No mm/dd/yyyy Event 1541

3.7. Example use cases

The DW4TR has been playing an important role in supporting
translational research across user groups in both WRI and WRAMC.
Here we report four example use cases to demonstrate the utility
of the system.

3.7.1. The DWATR enables clinicians to study the integrated data
directly

When first exposed to the DWA4TR, CBCP clinical users appreci-
ated the simple interface which gave them their first opportunity
to directly study the integrated clinicopathologic and biospecimen
data. They were happy to see that the results shown on the ABB
confirmed their qualitative clinical observations. In one short ses-
sion of less than 1 h, the program PI identified several lines of evi-
dence which subsequently led to an abstract accepted to the San
Antonio Breast Cancer Symposiums [80]. The system has since

been further improved in both the data model structure and the
user interface.

3.7.2. The DWA4TR enables enhanced cohort and biospecimen selection

Before the DWA4TR was developed, cohort and biospecimen
selection for any research project was a major task involving multi-
ple data sources including: Core Questionnaires, Pathology Check-
lists, and IHC assay reports, in the form of an Oracle database, a
Microsoft Access database, Excel spreadsheets, and occasionally
hard copy reports. Many manual steps were involved, and the pro-
cedure was not standardized. The selection of biospecimens was
especially challenging when there were temporal restrictions, for
example identifying blood samples drawn in a subject cohort before
certain kinds of invasive procedures were performed. This require-
ment alone could take an experienced researcher several days since
multiple questionnaires are involved and a number of surgical pro-
cedures could be performed on one subject and that there were 15
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Table 2
Example classifications of breast neoplasms in MeSH, SNOMED, and DWATR.

Name Classifications

MeSH1 3. Diseases (C) — Skin and Connective Tissue Diseases [C17] — Skin Diseases [C17.800] — Breast Diseases [C17.800.090] - Breast Neoplasms
[€17.800.090.500]

MeSH2 3. Diseases (C) —» Neoplasms [C04] - Neoplasms by Site [C04.588) -» Breast Neoplasms [C04.588.180]

SNOMED1 SNOMED CT Concept (SNOMED RT + CTV3) — Clinical finding {finding) — Disease (disorder) — Disorder by body site (disorder) —~ Disorder of body system
(disorder) — Disorder of breast (disorder) — Neoplasm of breast (disorder)

SNOMED2 SNOMED CT Concept (SNOMED RT + CTV3) — Clinical finding (finding) - Finding by site (finding) — Finding of body region (finding) - Finding of trunk
structure (finding) — Finding of region of thorax {finding) — Breast finding (finding) — Disorder of breast (disorder) — Neoplasm of breast (disorder)

DWATR Medical History — Past Medical History — Major Adult llinesses — Breast Cancer

different kinds of such procedures. Using the DW4TR interface and
additional utilities, the time needed to perform such tasks has now
been reduced to minutes. Currently any cohort and biospecimen
selection can be done in hours instead of days or weeks.

3.7.3. The DWA4TR serves as a research environment for risk factor
assessment

The DWATR provides an effective research environment for can-
cer risk factor analysis. Several studies examining breast cancer
risk factors have been done using this system [81-85], and several
new studies are underway.

3.7.4. The DWA4TR facilitates virtual experimental studies

Virtual experimental studies can be performed as integrated
information associated with completed research projects is avail-
able. Using the information stored in the DW4TR and the file ser-
ver, we identified the gene expression microarray data from
three previous projects, on two types of specimens from three sub-
ject groups. From these datasets we were able to create two virtual
experiments, and both studies were accepted to leading scientific
conferences [86,87].

4. Security and accessibility

Data security and access control are important factors in the de-
sign of the DWA4TR, particularly as our system can be expanded to
include multiple research studies. The use of clinical data in trans-
lational research is governed by HIPAA compliant IRB approved
protocols, and typically cannot be unconditionally shared. Thus
we have designed and developed a set of data security and access
solutions to satisfy such requirements.

The first layer of security for the system is data de-identifica-
tion. Prior to being loaded into the DWA4TR, PHI is stripped away
from the collected data. At this point subjects will have been as-
signed a unique research subject ID for linking together subject
information across multiple sources. The next level of security
makes use of the “Virtual Private Database” (VPD) feature of Ora-
cle, which allows for row level access control within the DW. While
one of the strengths of the system is the ability to perform cross-
study analysis, in many instances it is necessary to restrict data vis-
ibility among different users of the system. In our security model,
all users are assigned roles which dictate the data they are permit-
ted to access. The VPD system is designed such that every data ele-
ment in the DW is tagged with a study identifier that is associated
with the different user roles, enabling data access control. The third
level of security is at the application tier. All access to the DW oc-
curs through a password protected web portal that is served by an
application server. The final layer of security is a network firewall
and Virtual Private Network (VPN) for which the 168-bit encryp-
tion Secure Sockets Layer VPN from Juniper Networks Inc. is de-
ployed. All components of the system, including the DWA4TR and
the web portal, are protected behind the local network firewall
and are only accessible from either within the Institute itself, or
by first establishing a VPN connection to the network.

These security and access control measures were developed
based on the needs of the supported programs, and can be selec-
tively applied to individual programs. For the two programs
currently supported by the DWA4TR, CBCP protocols allow data ac-
cess by all CBCP researchers, and VPN access to the DWA4TR is
granted with written permission of the CBCP program PI. For
GDP, aggregated biomedical information is allowed for use by all
the GDP researchers, but the detailed subject information is only
allowed to the originating clinical sites unless additional paper-
work is completed. Thus, we have designed and developed a
role-based site-specific privilege system to enable GDP users to
use ABB and the ISIV. DWA4TR can also be configured to disable
functions and utilities of choice. Currently at the request of the
GDP PI, we have disabled the ISIV functions for GDP users so that
the GDP data are only available through ABB to GDP users for
aggregated information. When a GDP researcher identifies a cohort
of interest, additional data use agreements will be completed to re-
quest individual subjects’ information from the corresponding clin-
ical sites, for approval by the involved sites and the GDP program
PL With a written request from the GDP program PI, WRI will sup-
ply the detailed data from the DW4TR to the researcher.

5. Discussion

We have taken a bottom-up approach to develop a DWA4TR to
support translational research programs. The system is extensible,
integrating internally generated clinicopathologic and molecular
data based on a light-weight ontology, with a patient-centric, mod-
ularly structured clinical data model supplemented with a speci-
men-centric molecular data model. Two interfaces have been
developed targeting non-informatician end users, with the ABB
supporting aggregated data analysis and ISIV supporting single
subject information analysis. The system enables study cohort
and biospecimen selection and is capable of handling temporal
relationships between clinical data and biospecimen data collected
at multiple points in time.

The development of our data model relies on using or creating
ontologies for clinical and molecular data types. We will focus this
discussion on clinical data ontology. In fact, for molecular data
types, the scale of work is much smaller and the existing ontologies
are mostly adequate. For example, we found that the MIAME stan-
dard met our needs for modeling gene expression microarray
metadata. Our analysis indicated that existing ontologies for clini-
cal data cannot be readily adapted to satisfy our specific research
needs, due to gaps between existing ontologies and our needs as
well as overlaps and inconsistencies between existing standards
and ontologies [70,71]. For example, the CBCP Pathology Checklist
contains 372 data elements including 131 breast pathology condi-
tions. When the data form was developed and revised, the AJCC
(American Joint Committee on Cancer) guidelines and ASCO/CAP
(American Society of Clinical Oncology/College of American Pathol-
ogists) guidelines were followed; these guidelines, like many other
guidelines, have evolved over the years [88-91]. Many data ele-
ments present in the CBCP lack standard descriptions, for example
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for many benign diseases. Some biomarkers used in the CBCP (Ki67
and p53) do not even have a standard clinical IHC protocol. There-
fore, descriptions or definitions of such data elements were devel-
oped based on medical textbooks and pathologist's clinical practice
for the Pathology Checklist, which we modeled ourselves.

There are classifications in existing standards/ontologies that
we find cumbersome or which do not meet our needs {92]. We
show as an example in Table 2 the classifications of “Breast Neo-
plasms” by two existing ontologies. In MeSH, it is classified under
“Skin Diseases". This classification (named “MeSH1" in Table 2) is
not available in the SNOMED-CT classifications under either Skin
Diseases or Connective Tissue Diseases. In MeSH, “Breast Neo-
plasms” is also classified under “Neoplasms” (in a way we agree
with, “MeSH2" in Table 2). However, in the two classifications,
“Breast Neoplasms" have different codes, which may cause a prob-
lem in the practical applications of data modeling. In SNOMED-CT,
the term “Neoplasm of Breast” is used, and there are several clas-
sifications leading to it with relatively long paths. We show two of
them, “SNOMED1"” and “SNOMED2” in Table 2. In our pragmatic
approach to support the CBCP, applying such a complete classifica-
tion is cumbersome. In addition, reconciliation of discrepancies
among the available ontologies and our understanding of the prob-
lem, for all the data elements in the CBCP, is a major task and not
one of our immediate project needs. Therefore, we have developed
a classification path for “Breast Cancer”, which is more light-
weight but adequate to our needs (see “DWA4TR” in Table 2).

Finally, some questions in the questionnaires of the two pro-
grams we currently support do not comply with existing standards,
but we are still required to model them to enable proper storage
and presentation of the data. Such problems have been reported
to program Pls and were taken into consideration, for example in
the consolidation of the GDP questionnaires. In addition, existing
ontologies are not static, for example MeSH is currently updated
weekly and SNOMED-CT is updated monthly. Thus, after analyzing
what is available and what we need to support, we determined that
our best approach was to design a light-weight ontology incorpo-
rating existing standards and ontologies where possible and to
map our classification systemn to existing ones at a later time. The
mapping table(s) will serve as the buffer between the two moving
targets which will ensure transportability and un-interrupted use
of the system. We will also supplement those standards with new
ontologies and common data elements that we define.

The DWATR currently supports limited number of molecular
data types and we will continue to develop data models to support
other molecular study platforms, including SNP microarray and ar-
ray CGH data. We expect that the method developed for gene
expression microarray will in general be applicable to these ar-
ray-based technologies. We will explore support for RT-PCR, tissue
microarrays, mass spectrometry, and Next Generation sequencing
technologies. These will depend on the needs of the users and pro-
grams that we support.

Currently a prototype has been developed to enable access to
medical and molecular images through the ISIV, including digital/
digitized mammograms and gene expression microarray images.
A thumbnail of the image is stored in the database of the DW with
searchable annotations. The full-size image is stored in a file server
instead of the DW4TR database for performance considerations.
We plan to follow the DICOM standard for medical images and will
explore how to best annotate molecular images. Additional images
we need to support include, pathology H&E slide images, bio-
marker IHC images, and tissue microarray images. Note that all
the medical images have to be de-identified for research purpose.

Currently the DWA4TR does not support EMR for data input, We
have a stepwise plan to begin using EMR records for CBCP subjects
and we are looking at subject de-identification, data extraction,
and data model expansion. Although we do not plan to take a

systematic “Enterprise” approach, we will learn from such ap-
proaches as used by 12B2 and others. When EMRs are used as an
input, a number of functions need to be integrated into the system
including subject de-identification and information extraction, for
which the 12B2 development teams have made good progresses
[50,54,93]. While 12B2 clearly plays an important role in the study
design phase including addressing de-identification and natural
language processing, it was not designed to be a comprehensive
solution that can provide the level of detailed access necessary
for later stage research [50-54]. The ABB described here provides
the same ability to generate aggregate statistics for population
stratification and cohort selection, but by doing this in a web-based
pivot table interface it also facilitates trend identification and dis-
covery in a way traditional query interfaces cannot. From a data
modeling perspective, the ABB also allows for more sophisticated
handling of complex, multi-faceted attributes whereas 12B2 only
offers aggregation around the single pivot point of the patient.
12B2 makes good use of ontologies, but has not yet developed an
ontology with the level of detail described here [54,94]. Further-
more, by design 12B2 does not enable access to row level clinical
data and detailed clinical timeline provided by the ISIV [54,94].

In conclusion, we have developed the DWATR to support a
breast cancer translational research program and then expanded
it to support a gynecological disease translational research pro-
gram. It is based on a light-weight ontology and equipped with
an interface capable of handling temporal information, designed
for use by non-informatician specialists including clinicians and
laboratory scientists. The system supports both in silico and
in vitro studies. With its proven extensibility, we believe that the
DWA4TR will play an important role in translational research across
multiple disease studies.
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