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ABSTRACT

Engineering effective knowledge exchange pathways between scientists and clin-
icians will accelerate the development and improvement of clinical treatments ex-
tracted from lab bench experiments. Many standards development organizations in
the field of translational research informatics have attempted to prescribe mechanisms
which would provide these knowledge exchange pathways; however, concrete imple-
mentations of these standards and the software structures which support them are
still lacking. We have explored key technologies and techniques which may facilitate
knowledge exchange through clinical coding, a domain specific version of the more
general technique of semantic annotation. During the development process we iden-
tified and provided potential solutions to four primary problem areas in engineering
software enabled knowledge exchange pathways for translational research: architec-
ture, terminology, validation and interface design. We provide both a technical and
practical evaluation of a multicomponent architecture which was conceived as a mech-
anism for producing knowledge exchange pathways between researchers in the field
of cancer informatics; however, the principles and process which we apply to cancer

informatics could easily be applied to other areas of clinical informatics.
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Chapter 1

Introduction

1.1 Overview

The lack of informatics support in translational research is impeding the evolution
of basic science research discoveries into bedside clinical treatments. It is hoped
that facilitating the exchange of knowledge between the experts in the plethora of
translational research subdomains will accelerate these evolutions. The language bar-
riers which exist between these experts are principal impediments to this exchange
of knowledge. Supplementing this difficulty are the variety of formats in which these
actors exchange the data they collect. A further difficulty still is the mosaic of het-
erogeneous informatics architectures which have been created to support the various
member institutions and researchers in the field.

In this thesis we propose a conceptual architecture which can be adapted to meet
the specific knowledge exchange needs of a given expert within the translational re-
search domain. The architecture incorporates a translation engine which addresses
the terminological barriers between the actors in the field. As part of this translation
engine, we incorporate a secondary contribution: a terminology visualization. This
visualization is designed to facilitate the understanding of diverse terminologies and
also to facilitate semantic annotation of scientific and medical results. The architec-
ture also incorporates a modularized persistence engine which is designed to facilitate
the integration of data between disparate informatics systems, and finally, it incor-
porates an export, transform and load engine which utilizes electronic medical record
standards to verify system output. We have validated our conceptual architecture

with feedback from external industrial collaborators at GenoLogics Life Sciences Inc.,



and by basing our design decisions on design theory and best engineering practices,
as derived from a literature review.

To place these contributions in context, we will now provide an introduction to
translational research. We will use this introduction to focus the reader’s attention

on the specific subdomain of the field which we have targeted with our contributions.

1.2 Translational Research

Communication and knowledge exchange are central themes in the field of transla-
tional research, a domain which encompasses our target subdomain: clinical research
informatics. According to the National Institute of Health ( NIH )[64], translational
research is the study of medicine from bench to bedside, but also from bedside to
bench. Discoveries are sometimes first made in basic research on the bench and sub-
sequently percolate through clinical trials and then into clinical practice at the bed-
side. This communication also occurs in the opposite direction. Clinical researchers
sometimes make discoveries about the nature and progression of disease that stim-
ulate basic scientific investigations. In each of these facets of translational research,
knowledge exchange is required to further our understanding of human health.
Embi[21] emphasizes the theme of communication and knowledge exchange with a
diagram which has been replicated in fig. 1.1. This emphasis is common in the liter-
ature; it is repeated, for example, by both Beaulah[6] and Woolf[36]. In his diagram,
Embi illustrates his classification of the informatics domains which support transla-
tional research. Collectively, these fields are referred to in general as translational

research informatics ( TRI ).
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Figure 1.1: Embi’s overview of translational research[21]

As shown in fig 1.1, the informatics support required by the field of translational
research can be divided into three principal categories: bioinformatics, clinical re-
search informatics and clinical and public health informatics. Bioinformatics fulfills
the computational and electronic communication needs of the basic sciences. Clini-
cal and public health informatics fulfills the same needs in clinical practice. Finally,
clinical research informatics ( CRI ) fills the needs in between these fields, but with
some overlap. The purpose of each of these subdomains of translational research is
to provide mechanisms with which researchers can communicate and exchange their
knowledge.

This thesis will focus primarily on the subdomain of CRI. The architecture which
we propose in this thesis has a narrower focus still. It provides a framework for systems

which are intended to provide interoperable informatics support for the subsection of



the CRI subdomain which is commonly referred to as the T2 block, as illustrated in
fig 1.1. The focus of this block is on the incorporation of clinical findings into clinical
practice, in other words the exchange of knowledge between clinical researchers and
clinical practitioners.

Having now focused the reader’s attention on CRI, and specifically the T2 sub-
domain of CRI, we will now motivate our choice of subdomain and our approach
to the problem of knowledge exchange in this subdomain by discussing the work of
Liebman[52]. We will also use Liebman’s work to clarify what it is that we mean

when we discuss knowledge exchange.

1.3 Driving Innovation with a Top Down Approach

The architecture we provide as our primary contribution is designed to facilitate the
transfer of knowledge from medical specialists to their associates. Liebman[52] sug-
gests that increasing knowledge exchange between medical specialists and researchers
in the basic sciences is a key way in which innovation in medical treatments and
personalized medicine can be driven. We facilitate these advancements by providing
a mechanism for knowledge exchange between experts in clinical practice and clinical
research that can be adapted to satisfy the needs of stakeholders in the basic sciences.

As we discussed in the previous paragraph, Liebman advocates for increasing
the rate of transfer of knowledge from clinicians down the chain of researchers to
those in the basic sciences. But what is knowledge? Liebman makes a series of
statements which provide implied definitions of data, information, and knowledge
when he discusses how biomedical data matures through a number of stages and is

eventually incorporated into clinical practice.

[D]ata are converted into information when redundancies are removed
and [they are| cleaned to remove spurious results; information becomes
knowledge when its interpretation leads to new discoveries, e.g., biomark-
ers, pathways, gene correlations; and knowledge evolves to clinical utility
when it finally is incorporated into the actual practice of medicine, e.g.,

biomarkers become diagnostics and hopefully, causal diagnostics.[52] !

'Tf the reader is challenged by the language in this quotation, appendix 1 provides a sample
scenario of knowledge exchange in oncology and a subsequent analysis which may alleviate some of
this difficulty



By providing these implied definitions, Liebman gives guidance on what types of
content might be exported from a knowledge source which had the potential to drive
revolutionary biomedical research. We attempt to incorporate his guidance into the
recommendations we make in our proposed architecture.

Having now motivated our selection of subdomain, we provide additional motiva-
tion for our research by discussing the financial cost of the shortage of informatics

support in translational research.

1.4 The Financial Cost

The difficulty in communication in translational research translates to a real financial
cost not only as a result of the time taken to integrate legacy systems, but also through
the cost of opportunity. Frank[24] discusses the cost of research and development in
the pharmaceutical industry, and specifically in the process of galenical drug formu-
lation. He states, circa 1995, that the development of a typical drug from chemical
synthesis to market takes on the order of twelve years and costs four hundred million
dollars. He then goes on to inform us that drug patents typically only last twenty
years leaving only eight years in which pharmaceuticals can leverage their exclusive
rights. Beaulah[] implies in his 2008 publication that these great financial pressures
on pharmaceutical companies remain fifteen years later. It is therefore still of excep-
tional importance to the pharmaceutical companies, from a financial perspective, to
reduce their research and development costs and to shorten the drug development
process. When we combine this information with the statements made by Embi[21],
Beaulah and Woolf[36] which each indicate that a primary impediment to the pro-
gression of research in the field is knowledge exchange, we begin to understand how
a contribution which facilitates this exchange is in fact significant. In order to re-
duce the time taken to develop basic science discoveries into clinical treatments we
must address the communications challenges faced by the experts in this field. These

challenges are discussed in the next section.

1.5 The Challenge of Communication

An increasing number of clinical research infromatics ( CRI ) communications now
occur using electronic medical records ( EMR ). EMRs have been designed with the

intent of providing a mechanism for knowledge exchange; however, Chen[l5] and



Maldonado[56] describe how there is great difficulty in agreeing on a reference model
which should be used as the basis for EMRs. Reference models are one of many
mechanisms used to facilitate knowledge exchange. There are a variety of standards
development organizations ( SDOs ) that are attempting to prescribe the content and
format of these EMRs, including Health Level Seven ( HL7 ), Open Electronic Health
Records ( Open EHR ) and Integrating the Healthcare Enterprise ( IHE ), but it is
challenging for these SDOs to satisfy all of their stakeholders.

Both Embi[21] and Beaulah[6] also advocate for further discussion on the mecha-
nisms which should be used to exchange knowledge in CRI. Embi states that many
previous studies have indicated that a lack of information technology tools has been
an impediment to the “expedient, effective and resource-efficient conduct of clinical
research activities”. He states that the availability of clinical care data for sec-
ondary purposes has become a paramount concern in the CRI field, and describes
how “clinical researchers are faced with significant and increasingly complex work-
flow and information management challenges”. Beaulah on the other hand takes a
less philosophical and more pragmatic approach by advocating for the development
and exploration of translational research focused workflow software.

Through his study, Embi discovered that major players in the CRI field perceive
a variety of significant problems in their domain all of which pertain in one way or
another to knowledge exchange. Embi and his study subjects identify workflow, stan-
dards, education and data access, integration and analysis as areas of primary need
in CRI. Beaulah supports Embi’s claim that the lack of workflow support in the field
is a significant problem in the field. Woolf’s[30] discussion on the lack of coalescence
about the definition and scope of the T2 block of translational research speaks clearly
to the lack of understanding of the domain, even by experts, thus indicating the need
for education. Ruttenberg[71] discusses how semantic web technologies and standards
are not yet sufficiently mature to support automated semantic translational research
knowledge exchange. From the clinical perspective, we can read about Dolin’s[!9]
efforts with the Health Level Seven Version 3 standard to learn about some of the
perceived shortcomings of current clinical informatics standards. To support Embi’s
claims about the challenges in data access, integration and analysis we can refer the
reader to work by Beaulah, Ruttenberg or Patterson[(3] respectively.

On the point of workflow, Embi informs us that many CRI players complain
that the available informatics platforms in the domain do not support existing or

optimized clinical research workflows and that this failure is acting as a barrier to



adoption. Workflow in many cases could be described as the process of data collection
or analysis. Embi writes, as does Beaulah, that there is a general call for validation of
workflow and informatics intervention strategies in the CRI domain. Embi states that
this is particularly problematic at the interface between clinical research and clinical
care, in other words, the T2 block of translational research which we have targeted
with our architecture. Beaulah emphasizes on the other hand that most translational
research informatics systems display shortcomings in their ability to support portions
of the researcher’s work flows which require inter-institutional communication.

Embi claims that there is a “need for CRI data standards [and] models”, that
there is a need to ”[a]pply clinical standards to research”, that CRI experts ”[n]eed
ways to span biological to clinical ontologies”, and that there is a ”[n]eed to stan-
dardize nontechnical institutional and sponsor requirements. The general need to
improve standards is reflected in Dolin’s work on the evolution of the Health Level
7 family of standards. It is also reflected in the work of Kussaibi[71] who was in-
volved with Daniel[15] and others in the authoring of the Integrating the Healthcare
Enterprise Anatomic Pathology Structured Report Profile. We address this issue by
employing standards which are developed through large scale consensus mechanisms
and standards which undergo continual practical evaluations.

On the point of education, Embi states that a lack of education about CRI theory
and practice is impeding progress in the field. In short, without education of all
stakeholders, from the scientist at the bench, to the clinician at the bedside, all the
players in between and also all of their taskmasters, it is difficult to describe the
scope and difficulty of the problem and consequently it is difficult to encourage the
attribution of the necessary resources.

On the point of data access, integration and analysis, Embi identifies policy, or-
ganizational and practical issues which are limiting the availability of CRI data for
secondary clinical uses. This spectrum of issues is also mentioned in passing by
Beaulah.

As Embi has described, the primary difficulties in the CRI domain revolve princi-
pally around communication, and as Liebman described, the transmission of messages
is only a first step in communication. Developing a mechanism to decode those mes-
sages in such a way as to exchange knowledge is an important next step.

Given that we now recognize the need for knowledge exchange, we might now
create or select mechanisms with which to provide this service. The primary way in

which we address this issue in our architecture is through a process called semantic



annotation. In medicine, this process is also called clinical coding. In the next section
we provide a brief introduction to the concept of semantics and to the technique of

semantic annotation.

1.6 Knowledge, Semantics and Annotation

How do we provide mechanisms for knowledge exchange? In order to derive under-
standing from clinical or experimental results it is critical that we understand what
those results mean. The study of meaning is sometimes referred to as semantics.
This term however, has taken on a more broad definition in computing where it is
often used to refer simply to the meaning of data. Weng declares that “[s|emantic
interoperability is one of the great challenges in biomedical informatics.”[341] He also
claims that “[m]ethods such as ontology alignment or use of metadata neither scale
nor fundamentally alleviate semantic heterogeneity among information sources.” [34]
We can interpret from Weng’s statements that in order to provide mechanisms for
knowledge exchange, at a minimum, we need to identify a shared language which has
commonly understood semantics. This is not strictly true, but alternative approaches
which involve the maintenance of multiple terminology sources are much more com-
plicated. As Weng declared, the mechanisms for their integration do not perform as
well as we might hope. Unified Medical Language Systems and terminology maps
have been developed to translate semantics among different terminologies, and so we
incorporate this preexisting work into our architecture.

Independently of the question whether a single or multiple terminologies are used,
these terminologies must be applied to clinical data. One way of doing so is by
semantically annotating data with controlled terms. Semantic annotation essentially
boils down to the association of terms, be they words in a narrative, labels in relational
schema or notes in some other context, with alphanumeric codes which relate those
terms to centrally negotiated and agreed upon definitions[50)].

Having now discussed the language barrier issue which we introduced in our open-
ing section, we place our approach to this problem within the context of knowledge
exchange in translational research by providing a more detailed overview or our pri-

mary contribution.



1.7 Architecture Overview

Our primary contribution, illustrated in fig. 1.2, is a conceptual architecture for sys-
tems which can capture and subsequently exchange clinical research knowledge. Our
secondary contribution, an implementation of a component of the first, is a visu-
alization of a terminology server which provides terminological mappings between
many controlled vocabularies in the field of translational research. This visualization
is encapsulated in a semantic annotation interface. By introducing the conceptual
architecture and the visualization, we provide ground work which can be adapted to
develop systems which are better able to capture and exchange clinical knowledge in

various clinical settings.

ﬂ Annotated

Stuctured Semantic Q Standards
Pathology Annotation Annotation ETL > Compliant
Report Interface Data Store Engine Structured
Pathology

A Report

\ 4

Terminology Document
Server Validator

Annotation Persistance Transport

Figure 1.2: An architecture which facilitates the capture and exchange of clinical

knowledge.

Our architecture is composed of three principal components: the annotation com-
ponent, the persistence component and the transport component. The architecture
takes raw text based anatomic pathology structured report ( APSR ) templates as
input. As output, the architecture produces annotated, verified standards compli-
ant APSRs. APSRs are electronic medical records ( EMRs ) which report on the
properties of specimens ( tissue samples ) which have been extracted from oncology
patients.

Using a system which employs our architecture, a clinical coder manually enters a
raw text based APSR template using the semantic annotation interface component.
This interface provides, as part of its feature set, a visualization of a terminology

server. The clinical coder uses this visualization to select clinical concepts in the



10

terminology server with which to annotate the APSR. By providing these identifying
concepts, the clinical coder encodes the fields and data contents of the APSR template
with additional computable metadata which describes the intended meaning of the
fields and data which are contained in the document.

These annotations which have been associated with the APSR are stored along
side the APSR template and data in the persistence layer of the architecture. This
persistence layer uses a relational schema which takes advantage of the semantics of
the noun phrase labels that are used in the APSR templates and in medical observa-
tion more generally.

Finally, a multichannel export, transform and load ( ETL ) engine is used to
extract the data from the persistence layer. The ETL engine uses the extracted data
to form structured documents which it then validates using the document validation
component. This document validation component is designed around two electronic
medical record ( EMR ) standards. All documents which are generated are founded
on the Health Level Seven Clinical Document Architecture. Documents which have
encoded their data at a higher level of granularity will also rely on the Integrating
the Healthcare Enterprise’s Anatomic Pathology Structured Report Profile. Once
the generated documents have been validated, the ETL engine exports them over an
XML output channel.

1.8 Summary of Contributions

The primary contribution presented in this thesis is an architecture which may be
employed in clinical research informatics systems that facilitate the exchange of knowl-
edge which has been captured through clinical practice. We evaluate the architecture
by examining each of its proposed components. We pay particular attention to the
validity of the information that systems which employ the architecture would cap-
ture, and the reusability of that information by potential clients of those systems.
By employing standards for communication protocols, syntax and content, and by
evaluating the degree of adoption and reasons for adoption of those standards we
develop a convincing argument to adopt the recommended architecture.

A secondary contribution is a prototypical implementation of a visualization in-
terface to the Unified Medical Language System Metathesaurus. We describe how
visualization theory and human computer interaction task lists[74][$1] were used to

evaluate this prototype. We also discuss briefly how this could be used in the context
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of clinical coding to provide semantic annotations of data which was recorded in a
CRI setting.

We have partially validated these components by having translational research
experts at GenolLogics provide regular feedback on our implementations against the
workflows which they have derived from their interactions with clients. We have
also validated our contributions by relying on literature reviews to guide our design
decisions. These literature reviews covered a variety of subjects including electronic
medical record and scientific data informatics standards, more general informatics
design, and visualization theories and task lists.

Having now provided an overview of the content of this thesis, we will now provide

the reader with a synopsis of the thesis structure.

1.9 Thesis Structure

We will first discuss some of the work which is related to ours and on which we have
in part based our architecture in chapter 2. We will then provide, in chapter 3, a
discussion of foundational technologies and standards in the field of interoperability
in clinical research informatics (CRI). In chapter 4 we discuss the industrial transla-
tional research informatics solution which has been developed by our collaborators,
GenoLogics Life Sciences. This discussion will provide the context into which tools
which employ our proposed architecture are perceived to fit. We then discuss our
implementation experiences in chapter 5 and follow this discussion with an explicit
discussion on the evaluation of our architecture in chapter 6. We close the thesis, in
chapter 7, with a discussion on the elements of our architecture, and of the field of
CRI more generally, which we believe deserve the most immediate attention in terms

of additional research.
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Chapter 2

Related Work

2.1 Overview

In this chapter we begin with a brief discussion on how the field of translational
research has evolved from a collection of isolated research efforts to large multi-
institutional collaborations. Architectures which do not have the capacity to satisfy
the demands which will be placed on them are less likely to be implemented than
those that do. By researching the environments for which our architecture is in-
tended, we have begun to elicit some of the demands which might be placed on the
systems which implement it. As we discuss these demands, we will introduce a num-
ber of standards development organizations (SDOs) which have made contributions
to the translation research domain which are intended to address those demands. One
such organization, and one whose efforts are dominant in the work we present in this
thesis, is the cancer bioinformatics grid (caBIG). This organization has developed
the standards which are used within the caGRID, one of the primary translational
research collaboratives which are in operation today.

We will move from here into a discussion on the mechanisms used by caBIG to
achieve interoperability between member systems of the caGRID research collabo-
rative. We begin this discussion on the prescriptive accreditation process which is
employed by caBIG and how it can interfere with the integration of the wealth of
existing informatics systems within the translational research domain. In spite of
this, there is value in some components of the caBIG architecture; consequently, we
have incorporated elements of the caBIG design into our conceptual architecture. In

the coming paragraphs we will provide a summary of the architecture proposed by
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caBIG. We will later refer to this architecture in chapter 5 when we discuss our

proposed architecture and contrast it against the one which is employed by member
applications of the caGRID.

Two components of the caBIG architecture to which we pay particular attention
are the enterprise vocabulary service ( EVS ) and the cancer data standards repository
( caDSR ). Collectively, these two components have a close analogue within our
proposed architecture. The EVS and the caDSR are explored here in detail so as to
allow comparison with our alternative approach in chapter 5.

We close with a discussion on the interfacing capabilities of caBIG systems. We
provide this discussion so that we can later, in chapter 5, compare the interoperability
interfaces provided by systems which employ our architecture to those that employ
the caBIG architecture.

2.2 The Evolution of Translational Research

Frank’s[2] single institution approach to translational research has become dated.
Since 1995 when the work was performed the field has grown more collaborative.
Research in the field is becoming less reliant on the work of singular researchers
or even work which is being performed in single institution collaborations. As is
described by Beaulah|(], scientific and medical questions in translational research are
now being solved by large aggregates of research institutions rather than singular

research efforts.

2.3 The caBIG Approach to Interoperability

2.3.1 Introduction

The cancer biomedical informatics grid ( caGRID ) is a network of interoperating
biomedical informatics systems which have been established to facilitate the exchange
of knowledge derived from cancer research and oncological practice[16]. The standards
development organization ( SDO ) which maintains the standards used in this grid
has the same name, but uses the acronym caBIG.

caBIG realizes the caGRID collaborative research community through a prescrip-
tive accreditation process. At the outset of this research, of the three levels of ac-

knowledged accreditation: Bronze, Silver and Gold, caBIG only provided Bronze level
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certification for any software that had not been developed using its open source soft-
ware development kit, the caCORE SDK[17]. Since then, caBIG has established a
process through which external systems can now achieve Silver level accreditation.
Involvement within caBIG would have been required to achieve a significant level
of accreditation from the organization. It was expected that the cost of this in-
volvement would not have been justified from a business perspective for our industry
collaborators at GenoLogics. In spite of our decision to not formally engage caBIG
in our research, we did carefully consider the conditions they use to evaluate the level
of accreditation which is assigned to a community member while we developed our
architecture and prototypes. The criteria used by caBIG address important issues in
interoperability. The four principle metrics caBIG uses in the evaluation of candidate
systems are: the choice of information model, the choices of implemented ontologies,
a description of the data managed by the system and finally a description of the
programming and messaging interfaces which a given community member’s system

offers.[15]

2.4 caBIG from the Inside

2.4.1 Introduction

Komatsoulis[50] describes the process of developing a tool using native caBIG de-
velopment methodologies and software components. The central component in this
process is called the cancer common ontologic representation environment ( caCORE
) software development kit ( SDK ). Komatsoulis describes how the caCORE archi-
tecture addresses two of the primary challenges which must be overcome to achieve
interoperability: “the ability to access data ( syntactic interoperability ) and under-
stand the data once retrieved ( semantic interoperability )”.

The caCORE architecture is composed of three primary components. The first
is a controlled terminology service, the enterprise vocabulary service ( EVS ), which
provides a basis for semantic interoperability. The second is a standards-based meta-
data repository, the cancer Data Standards Repository ( caDSR ), which provides a
basis for syntactic interoperability. Finally it includes an application programming
interface ( API ) which was developed using a model driven architecture ( MDA )
methodology. This API facilitates message transmission and reception.

Over the course of the coming sections, we will first discuss Komatsoulis’s archi-
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tectural decisions. Next, we will discuss the interfaces which are provided by the
systems which are constructed using the caCORE SDK. We will then explore the
technical and practical aspects of the terminology server employed by caGRID infor-
matics systems in detail. This component of the caBIG architecture is of significant
importance to our discussion as we have made a conscious decision to deviate from

the caBIG recommendation here and instead take a new path.

2.4.2 Architecture

The architecture used by Komatsoulis[50] in his caBIG reference implementation,
which he calls cancer bioinformatics infrastructure objects (caBIO), is composed of a
six components which can be clustered into three categories. The architecture itself
is illustrated in fig. 2.1.

Enabling Primary Supporting
Technologies Technology Stack Technolgy
I
I caBIO
caCore
SDK
_ caDSR CSM
Semantic
Integration
Workbench
SIW
EVS
I

Figure 2.1: The major components of caCORE version 3. The primary technology
stack contains a model driven, object oriented data system ( caBIO in this example
) and the metadata and controlled terminology services required to achieve semantic
interoperability. Supporting this stack is a set of enabling technologies that simplifies
the process of creating a caCORE-like system and a supporting technology stack
that includes a Common Security Module ( CSM ) that can be readily implemented
through the caCORE SDK.[5(]
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Firstly this technology stack includes Komatsoulis’s reference implementation,
caBIO, a system which is designed to record and exchange information regarding
proteins, and genes. The reference implementation relies on Enterprise Vocabulary
Services ( EVSs ) which supply the controlled terminology that is used to supply the
semantic annotations necessary to identify the meaning of the data held in the system.
The caDSR component of the system supplements the semantic meanings which are
sourced from the EVS by providing an OWL/RDF like semantic supplement which
provides context for the terms which are leveraged from the EVS. Collectively, these
three components are classified as members of the primary technology stack.

These three architecture components are enabled by two principal technologies,
the caCORE SDK which was used to implement them, and another distinct tool called
the Semantic Integration Workbench ( SIW ) which is used to populate the caDSR
with necessary metadata. These two components are classified together as enabling
technologies. Finally, a security service, the Common Security Module ( CSM ),
which spans the architecture is employed in tandem with the central interoperability
components to control the flow of information into and out of the system through the

management of user rights.

2.4.3 Interfaces

Komatsoulis[50] supplements this high level architectural view with a discussion of
the technological aspects of the caCORE architecture where he informs us that “[d]ata
systems in caCORE generally provide three or four interfaces to client systems. These
APIs always include Java Bean and Web Services [interfaces|, [and usually] include
http interfaces ... The Java Bean and Web Services APIs are generated [by the
caCORE SDK but the] http and other interfaces currently require manual coding.
Wherever possible, these APIs are built on top of each other (i.e. the Web Services
API translates requests into Java Beans) so that maximum API consistency can be
maintained.” Komatsoulis goes on to explain how the APIs which caCORE generates
were initially based on Remote Method Invocation ( RMI ) technology but were
translated in the version 3.0 caCORE SDK to rely instead on HTTP tunnelling.
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2.4.4 A Closer Look at the EVS

Conceptual Overview

Komatsoulis[50] begins by describing the process of clinical coding or semantic anno-
tation. This process involves formally binding words and phrases with alphanumeric
concept codes which are invariant identifiers for a concept in a controlled terminology.
In the caCORE environment “[t]his terminology is supplied by the National Cancer
Institute’s ( NCI ) EVS to indicate the meaning of the components of a [common
data element| ( CDE ). The caDSR binds ISO 11179 components to controlled termi-
nology [ISO 11179 is an ISO standard similar to OWL or RDF].” The concepts which
are included in the EVS are sourced from the NCI Thesaurus and the NCI Metathe-
saurus. The first of these terminology sources represents a single terminology while

the second contains an n-way mapping between multiple terminologies.

Interfaces

“Both [the NCI Thesaurus and the NCI Metathesaurus] are currently based on propri-
etary terminology service software... The caCORE client side API provides a unified
open source interface to both EVS server environments. Applications that rely on
EVS for terminology support make use of the caCORE API rather than the [pro-
prietary interfaces]”[50] Komatsoulis addresses this issue directly. He states that at
“the time EVS was originally constituted, there were few open source tools available
for either terminology development or terminology server application, and none that
appeared adequate for operational use in a large enterprise. The EVS was therefore
constructed using proprietary commercial software. Consistent with NCICBs com-
mitment to open software and content, EVS is moving to architecture that employs
only open components. Currently, the EVS has migrated development of [the] NCI
Metathesaurus ... [and] ... of [the] NCI Thesaurus to open software”.

By electing to implement the unifying interface between the two semantic sources,
the EVS and the caDSR, through a the Java based caCORE API which outputs XML,
the caCORE development team does not tie their solution to a single technology. By
electing to implement a strict XML interface, as opposed to a technology specific
approach like remote method invocation ( RMI ) or remote procedure calls ( RPC ),
they generalize their output thus making it more accessible to new systems which are

integrated into the collaborating community of applications.
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2.5 Summary

In this section we have discussed the architecture which caBIG prescribes and which
is employed by members of the caGRID. This architecture is composed of a number of
components. The enterprise vocabulary service ( EVS ) and the cancer data standards
repository ( caDSR ) are the two which are of the greatest interest to our discussion
as we will later discuss a component in our architecture which serves the same role
as the aggregation of these two components. Finally, we closed with a discussion on
the XML based interfaces with which caCORE based components communicate.

As will be discussed in chapter 5, we incorporate two primary elements of the
caBIG architecture into our own. First, we incorporate a terminology server which
we leverage to resolve terminological barriers between our various expected expert
users. As our architecture is designed to satisfy users outside of the domain of clinical
oncology and clinical cancer research, we use of a different terminology thesaurus than
does caBIG. caBIG uses the National Cancer Institute ( NCI ) thesaurus and the NCI
Metathesaurus. The terminology contained in these components is a subset of the
terminology contained in the Unified Medical Language System Metathesaurus, the

component which we use.
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Chapter 3

Foundations: CRI Interoperability

3.1 Overview

The foundations chapter of this thesis has been written to satisfy the thesis’s intended
multidisciplinary audience; consequently, each section of this chapter discusses its
topic in some depth. In this overview section we will provide guidance to the reader
as to which sections will be of most value to them based on the background they
possess.

We begin with a thorough discussion of the Health Level Seven ( HL7 ) family
of standards. Health Level Seven focuses on the exchange of information. Some of
these standards also facilitate the exchange of semantic information. For readers who
are familiar with the HL7 standards, we use of the HL7 version 3 Clinical Document
Architecture ( CDA ) as the format for our message transmissions; we constrain the
CDA using a Integrating the Healthcare Enterprise ( IHE ) profile which specifically
addresses anatomic pathology structured reports ( APSRs ). For readers who are not
familiar with the HL7 standards, we provide a discussion of the history of the HL7
standards organization.

We follow our discussion of the HLL7 standards with an in depth discussion on the
technologies which have been considered or have been incorporated into our architec-
ture. For readers who are familiar with web technologies, we use semantic annotation
in which take advantage of a translational research spanning terminology server from
which we source our annotations. We access this terminology server through an XML
interface which is built on a system with a hybrid service oriented architecture ( SOA

) / resource oriented architecture ( ROA ).
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For readers who are unfamiliar with web technologies, this discussion begins with
a brief introduction to the application of web technologies to the problem of infor-
mation exchange by distributed collaboratives. From here we move to our in depth
discussion of technology. We begin by introducing service and resource oriented ar-
chitectures. We follow with an in depth discussion on the technologies which support
these approaches. We then begin to discuss the cutting edge elements and philoso-
phies of the modern day web. We focus here primarily on Tim Berners-Lees’[%] vision
of the semantic web.

For readers familiar with modelling practices and the use of annotations in software
engineering, many of the standards which we use are derived from knowledge or
information models, as are the terminology servers which are employed in the domain.
For readers who are unfamiliar with modelling practices and the use of annotations
in software engineering, we move from here to a discussion on a variety of modelling
techniques including the development of information models and knowledge models.
We also discuss how these techniques relate to our earlier discussion on the semantic
web. We conclude this section by establishing an evaluation criteria against which a
terminology server could be validated. This criteria is later referred to in chapter 5
when we discuss our selection of the UMLS Metathesaurus as the terminology server

which is used in our implementations of our architecture components.

3.2 Health Level Seven

Health Level Seven ( HL7 ) is a non-profit standards development organization ( SDO
) who's focus prior to its HL7 v3 standard was primarily on developing transmission
protocols for messages in the healthcare domain[69][7][37]. The new v3 standard in-
cludes the HL7 reference information model ( RIM ), the HL7 development method-
ology which is specified in the HL7 development framework ( HL7 HDF ), and the
clinical document architecture ( CDA ), a schema outlining recommended contents

of clinical documents.

3.2.1 Health Level Seven Version 2.x

The message standards in the HL7 2.x corpus are fine grained specifications for the
transmission of healthcare information. Benson[7] describes the HL7 v2 standard, in

short, as a tightly constrained delimited string based protocol for messaging between
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healthcare applications.

As an example, HL7 v2 messages might be used by the computer system which is
operated by a receptionist at a hospital. The receptionist would request information
from a presenting patient and use it to fill a form within the system. Upon the
submission of the form by the receptionist, the system would translate the populated
form into an HL7 v2 message and would transmit the information to the system which
supports the nursing staff. The nursing system would then decode the message. The
message could be formatted and presented to a nurse, or the system could process
the message automatically. The information contained in the message could be used
to determine whether or not the presenting patient required a bed, and if so, what
kind of bed.

3.2.2 Health Level Seven Version 3

The HL7 v3 standard covers more ground than does the HL7 v2 standard. Where
the HL7 v2 standard is more of a framework for message content negotiation, the
version three standard encompasses the whole process of interface development. One
of the core elements of the version three standard is a development methodology called
the HL7 development framework ( HDF ). This document provides a methodology
which guides users through a specified process for developing software interfaces for
software systems in the clinical and public health domain. The HDF prescribes that
all software interfaces for health applications be based on an HL7 data model called
the reference information model ( RIM ).

Another HL7 v3 standard, one which we use in the tools presented in this thesis,
is called the clinical document architecture ( CDA ). Much like the HL7 v2 message
specifications, the CDA specifies content and syntax for the transmission of clinical
information. While the HL7 v2 message specifications are small and fine grained, the
CDA bears more resemblance to an electronic medical record ( EMR ). The CDA
has been derived using the HL7 v3 methodology. It uses the RIM as its base data
model. It was developed in part as a generalization that was sufficient to capture the
contents of many of the HL7 v2 messages.

The CDA is composed of two blocks, a header and a body. The header of a CDA
compliant document is composed of a series of elements which are intended to provide
the metadata required to express the context of the content in the remainder of the

document. CDA compliant documents for example report a “recordTarget”, HL7
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terminology which sometimes refers to a patient. They also report a “custodian”,
HL7 terminology for the entity which is responsible for maintaining the record in
question.

The body of a CDA compliant document can be either structured or unstructured.
This broad freedom which is provided in the CDA specification is provided based on
the experience of the specifications authors. The history of the HL7 v2 standard, as
will be described in the following subsection, implies that a large degree of freedom in

the structure specified initially by the standard will lead to more pervasive adoption.

3.2.3 The Future of HL7

Corepoint stated that the patchwork data model employed by HL7 v2 is being
stretched by new demands, a claim supported by Quinn[69]. Mead[59] explains how
“lojne of the core issues with HL7 V2 is that although specific HL7 V2 messages
may be semantically scalable, HL7 V2 in general is not.” He begins by introducing
computable semantic interoperability ( CSI ) which he describes as “[ulnambiguous
data exchange”. He states that “[t]he limitations of HL7 V2.x become most obvious
when data exchange requirements cross inter-enterprise boundaries, thereby exposing
conflicts or ambiguities in locally defined data semantics.” Mead goes on to state that
the four pillars of CSI are a “common information model that spans all domains of
interest”, “a computationally robust data type specification”, “a sufficiently robust
infrastructure for specifying and binding concept-based terminology values to spe-
cific message elements”, and “a formal top down message development process”. He
outlines how HL7 V3 fulfills all of these shortcoming of the version 2 standard.

3.3 Communicating Collaborative Communities

3.3.1 Distributed Architectures

Kawamoto[19] describes how distributing software across multiple physical hardware
units makes sense when the benefits gained from parallelization outweigh the cost
of inter-machine communication. As has already been discussed, clinical research
informatics is a highly collaborative field, and as with all collaborative fields, paral-
lelization is pervasive throughout the clinical research informatics ( CRI ) domain.

Consider for example that multiple specialists may want to access a cancer patient’s
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medical records simultaneously: the oncologist, the pathologist, the nurse, the pri-
mary physician and maybe even external scientific researchers.

Supplementary to this collaborative motivation for a distributed architecture is
the computation complexity of the queries which will be requested of a CRI system.
Queries in the CRI domain can be complex and sometimes data intensive. Consider
for example the computational power which would be required to perform statistical
analysis on the output of a next generation genome analyzer. Hey[39] claims that the
genomic information generated about a single person in this context could easily be
in the range of petabytes. Also consider the computational power required to perform
a complex demographic query across the set of French biobanks which were studied
by Hirtzlin[10]. Hirtzlin reported that collectively the French biobanks she contacted
reported to be in possession of more than 18 thousand tissue samples and more almost
700 thousand blood samples. A set of cooperating services which can quickly respond
to queries by employing parallelization will facilitate the rapid analysis of the data,

information are captured, thus accelerating their evolution into knowledge.

3.3.2 Architectures for Web Solutions

In selecting an architecture for our solution we considered two possible styles: a
service oriented architecture ( SOA ) and a resource oriented architecture ( ROA
). Our choice to evaluate these architectures was based primarily on the prevalence
of SOA architectures on the web[(62][55]. In the following sections we will provide
an overview of each of the two investigated architectural approaches followed by
a corresponding discussion of technologies which are commonly used to implement
them.

3.3.3 Service Oriented Architecture

Erl[22] discusses how service oriented architecture ( SOA ) is a general term which
describes projects which either employ web services technologies or use a web-centric
variation of object-oriented design. Kawamoto[19] describes how it is generally agreed

that systems which employ SOAs share the following core properties:

e the use of business-oriented services

e message-based interactions
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black-box service implementations

e communication over a network

platform neutrality

service description and discovery

loose coupling between system components

Kawamoto goes on to discuss how a principle of the SOA paradigm is to decompose
complex solutions into a collection of simple services and that this decomposition can
lead to simpler software designs and implementations. He goes on to state that the
composite nature of SOA solutions often leads to more frequent reuse of existing IT
infrastructure and that the composite nature of SOA solutions also leads to greater
business agility. Finally, Kawamoto states that SOA solutions are commonly expected
to come at lower costs than monolithic enterprise solutions.

He[36] describes how the messages which are passed in SOAs are designed with
three primary principles in mind. First, messages are descriptive and not instructive.
They provide information but allow the message recipient to produce a service request
solution in whichever way they choose. Second, messages are formatted. They are
constrained to a particular schema and vocabulary which allows for standardized
parsing mechanisms. Thirdly, the messages must be extensible. He goes on to say that
if messages can not be extended, then services will be unable to provide backwards
compatibility and that should the administrators decide to provide any additional
information in the messages, then a redefinition of the communication schema and/or

vocabulary will be required.

Simple Object Access Protocol

WS.* implementations of SOAs are common. Curbera[!7] describes how these im-
plementations are divided into three components: the simple object access protocol (
SOAP ) which enables communication among web services, the web services descrip-
tion language ( WSDL ) which describes those communications in a standardized
format, and finally the universal description, discovery and integration directory (
UDDI ) which acts as a registry for web services. Curbera goes on to state that

SOAP is an XML-based protocol for exchanging remote procedure calls ( RPC ).
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3.3.4 Resource Oriented Architecture

The world wide web presents a network of interconnected uniform resource locator (
URL ) identifiable resources under a stateless and context free architecture based on
representational state transfer ( REST ) principles. These resources are exposed as
electronic representations of real world objects. Xu[87] describes how until recently,
most resources could be found by addressing their uniform resource locators ( URL
) as in the case of web pages. He goes on to discuss how more recently, a broader
range of resources are being exposed by systems which employ resource oriented

architectures ( ROA ) under uniform resource identifiers ( URI ).

Representational State Transfer

The representational state transfer ( REST ) paradigm was first introduced by Fielding[23].
According to Fielding, the architecture can be described as having the following char-
acteristics: a client-server architecture, statelessness, caching ability, interface unifor-
mity and a layered design.

Fielding describes how the client-server architecture refers to an instance of sepa-
ration of concerns, i.e. the user interface module is decoupled from the data storage
module. He describes how the statelessness property requires that any message passed
from the client to the server to contain all information necessary for its processing and
that this provides scalability as the server no longer needs to store session data, but
it also increases network traffic with repetitive information passing from the client
to server in each transaction. He goes on to discuss how the caching property re-
quires that the server explicitly label responses as cachable or not. The client is thus
informed of its right to reuse the cachable responses. He states that the uniform in-
terface characteristic enforces the principle of generality on component interfaces and
that this leads to loose coupling and promotes independent evolvability, but comes
at the cost of decreased performance due to the lack of interface tuning. He then
discusses how the layered design allows the system to employ levels of indirection and
that the incorporation of this well known software engineering principle allows system
architects to encapsulate legacy components in wrappers which can be included in
new systems.

A significant characteristic of RESTful architectures is an insistence on the use of
uniform interfaces. This emphasizes the importance of using a limited set of opera-

tions for data manipulation. The operations in use in contemporary RESTful systems
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are often restricted to the GET and POST operations defined in the HTTP 1.0 pro-
tocol, but are sometimes extended as far as the PUT and DELETE operations. This
is in spite of the fact that the HTTP 1.1 protocol allows for the extension of this
instruction set. This focus on a strongly constrained procedure set strongly contrasts
against the simple object access protocol ( SOAP ) approach to web services where

any procedure can be executed using SOAP as a tunnel for remote procedure calls (
RPCs ).

3.3.5 The Extensible Markup Language

The extensible markup language ( XML ) specification was authored by Bray[12] and
others who comprised a world wide web consortium ( W3C ) working committee.
This document describes the teams design goals could be summarized by stating that
the team wished to build a standardized, adoptable, extensible, platform independent
messaging syntax. A common issue with XML is that it isn’t sufficiently restrictive
for any specific application. It works well as a starting point, but further restriction
of the syntax is required to achieve interoperability. XML schema documents ( XSD

) provided a first step in this direction.

3.3.6 XML Schema Documents

The XML schema definition language ( XSD ) normative specifications were written
in two documents authored by Thompson[77] and Biron[9]. Thompson’s efforts were
later revised by Gao[26]. The XSD specifications describe a syntax which can be used
to generate schema documents. The schema documents can then be used by computer
applications to verify conformance of a given XML document. The approach to
enforcement taken with XSD is to define the syntax to which compliant documents
conform.

These initial efforts to provide a schema against which XML documents could be
validated were later revealed to be insufficiently expressive. A particular example of
this lack of expressivity is the fact that an XSD document can not be specialized
in such a way as to restrict the content of a given element within a zero to many
component of the sequence data type. This shortcoming arises from two statements
made in the XSD specifications. The first of these statements is the element decla-
rations consistent constraint ( EDC ). The EDC constraint, quoted below, has four

components. The one of significance is the second:
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“If the particles property contains, either directly, indirectly (that is,
within the particles property of a contained model group, recursively),
or implicitly, two or more element declarations with the same expanded
name, then all their type definitions must be the same top-level definition,

that is, all of the following must be true:

All their declared type definitions have a non-absent name.

All their declared type definitions have the same name.

All their declared type definitions have the same target namespace.

All their type tables are either all absent or else all are present and

have the same sequence of alternatives and the same default type
definition[20]

The second of these statements describes how specialization occurs:

Except for xs:anyType, every type definition is, by construction, either

a restriction or an extension of some other type definition.[20]

To illustrate how these two requirements in concert preclude the specialization of a
CDA while maintaining conformance to the CDA XSD consider the following example.
A schema author wishes to implement a specialization of the HL7 CDA schema using a
“restriction profile”. The first step this schema author would need to take in authoring
this specialization would be to include the CDA schema so as to include the base
types for the new schema in the namespace. The author would then need to declare
a new type with which to restrict the central type of the CDA, ClinicalDocument.
The schema author would have the choice of attempting either a restriction or an
extension. Now one of the elements of the ClinicalDocument complex data type is a
sequence which contains another complex type called component who’s cardinality is
bound to be greater than one. Now imagine that the restriction profile requires that
each document instance contain a ClinicalDocument data element. Further imagine
that this instance of a ClinicalDocument is restricted to contain a component who’s
value set is restricted. The only way to restrict the value set is to use a restriction.
The only way to generate a value restriction is to create a new type which restricts
this component. This however, is disallowed by the EDC constraint which enforces
the consistency of type on complex data types. As XSD is insufficiently expressive to
accomplish this task, as series of new schema restriction tools were created including

one called Schematron.
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3.3.7 Schematron

Schematron is an xml schema definition and validation toolset which evolved through
a series of steps from the early document type definition ( DTD ) schema specifica-
tions. In short, the first XML schema language was DTD, followed by XSD, relax NG
came next, followed by Schematron[35]. Schematron takes a fundamentally different
approach to schema validation from the definitive approach used by XSD. Schema-
tron relies on transformation, rather than definition. This transformative strategy is
what provides Schematron with the power to validate schema specializations which

can not be managed by XSD.

3.3.8 Integrating the Healthcare Enterprise

- Content Management

We have now discussed the XML message syntax and some of the validation tech-
niques which are used in concert with this language. We have also discussed higher
level architecture options for an interoperable informatics system including the ser-
vice oriented architecture and resource oriented architecture approaches. We have
also discussed how the Health Level Seven Clinical Document Architecture ( CDA
), a health specific example of an XML schema document, constrains, to a degree,
the content which might be present in a transmitted compliant clinical document.
The CDA however, only constrains the contents of compliant documents to the large
set of data which might be contained in any electronic medical record. This general
restriction may not do enough to facilitate the development of interoperable clinical
systems. For this reason, organizations like Integrating the Healthcare Enterprise (
IHE ) which cooperates with HL7 to provide domain specific “profiles” which further
restrict the CDA specification.

Abdel-Wahab|1] describes IHE’s process in developing profiles for the radiology do-
main. These principles however are extended to the other domains which IHE targets.
Abdel-Wahab describes the five core principles used by IHE. They can be summarized
as identifying common interoperability issues encountered in clinical practice, “part-
ner[ing] with vendors to develop solutions (also referred to as integration profiles)
to the interoperability problems”, “testing the broad application of these integration
profiles across a variety of vender platforms at ... ‘Connectathon’ events, “facilitat|ing]
demonstration of the application[s] by vendors of these integration profiles and how

they facilitate seamless integration and transfer of patient data to the potential users
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at the ‘public demonstration’ event and “publishing integration profiles to allow users
to integrate these into requests for proposals and vendor contracts by institutions.”

One pair of THE collaboratives, the Anatomic Pathology Planning Committee
and the Anatomic Pathology Technical Committee, have decided to tackle the trans-
mission of anatomic pathology structured reports ( APSR ). Kussaibi[51] and other
participants in this process engaged in the IHE process described above, supplemented
by a study in which the Delphi method[51] was employed, to develop an integration
profile for APSRs. Through this process they evaluated a variety of options, and in
the end concluded that the base format for exchanging APSRs should be the HL7
CDA.

The specification of the content required for an APSR was released in a formal
document called the APSR Integration Profile[12]. This document lays out in formal
text how to constrain the CDA so that a complete APSR results. As the validation
component of the document is not provided, the document, though formal, might still
be misinterpreted. A Schematron validation is required to ensure the conformance of
a given APSR document. The specific details of the THE integration profile will be

discussed in further depth in chapter 5.

3.4 Knowledge Exchange and the Semantic Web

Sir Tim Berners-Lee[3] conceived the semantic web. A central element to this vision
is the codification and definition of concepts. Genologics, our industry sponsor has
already begun to venture down this path with their industrial translational research

solution, and so were very interested in pursuing this idea. In Berners-Lee’s vision:

“lt}he Semantic Web will bring structure to the meaningful content of
Web pages, creating an environment where software agents roaming from
page to page can readily carry out sophisticated tasks for users....[F|or
the semantic web to function, computers must have access to structured
collections of information and sets of inference rules that they can use to
conduct automated reasoning. ... Two important technologies for develop-
ing the Semantic Web are already in place: eXtensible Markup Language
(XML), and the Resource Description Framework ( RDF )... Scripts, or
programs, can make use of [XML] tags in sophisticated ways, but the

script writer has to know what the page writer uses each tag for. In short,
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XML allows users to add arbitrary structure to their documents but says

nothing about what the structures mean.”

Berners-Lee advocates for the use of the Resource Description Framework ( RDF )
a technology which relies on concept identification. In order to identify a concept in a
way which is semantically interpretable and universally accessible, Berners-Lee claims
that at least two things are necessary. Firstly, there must be a level of abstraction
between the terms that are used and their definitions. Secondly, the definitions must
be publicly available.

RDF satisfies the first of these requirements by employing the same strategy used
by the world wide web to identify webpages, the uniform resource locater ( URL
). In RDF, concepts are composed of triples which form a subject, action, target
relationship. Each unit of each triple is identified by a universal resource identifier (
URI ). URIs are a generalization of the commonly known URL. These URIs are used
to provide a level of indirection between the element itself and its definition. The
second requirement is managed by the expectation that the publisher of the URI will
maintain access to that resource. In other words, the publisher will ensure that the
definition of their universal resource will be available for use by anyone who wishes
to access it.

Of course, when multiple sources of information exist, redundant terminology will
develop. Two different information sources may develop independent and different
URIs to represent the same concept. Berners-Lee states that a “program that wants
to compare or combine information across ... [multiple] databases has to know that
[sometimes different] terms are ... used to mean the same thing. Ideally, the program
must have a way to discover such common meanings for whatever databases it en-
counters. A solution to this problem is provided by the third basic component of the
Semantic Web, collections of information called ontologies.”

The term “ontology” has broad and diverse usage, and so for now, we will not
define the term but rather will use Berners-Lee’s implied definition that can be inter-
preted from his statement that “[tJhe most typical kind of ontology for the Web has
a taxonomy and a set of inference rules.” “The taxonomy defines classes of objects
and relations among them.” “Inference rules in ontologies supply further power.”

In other words, taxonomies are typically composed of simple hierarchical rela-
tionships while the inference rules in an ontology can be more complex. When we

consider however that each information provider may expect that we use their ontol-
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ogy, we can see how the introduction of ontologies in the plural doesn’t resolve the
problem of knowledge exchange in a collaborative environment. Weng[34] discusses
the difficulties of aligning and integrating ontologies, and so for this reason we chose
to avoid the dynamic resolution of controlled terminology. Instead, we use a com-
mon terminology server which natively contains ontologies which service much of the
translational research domain. This terminology server however, presents this collec-
tion of ontologies as a single unified ontology through a singular mapping of all of its
member ontologies. We do not address the complex problem of allowing dynamic use

of collections of terminology servers.

3.4.1 Knowledge Models and Information Models

We now provide an introductory discussion on the types of models present in the
domain of translational research to help the reader understand the roles each of these
models play within the informatics domain. Schadow[73] states that “[ajn information
model defines what we record and communicate about the world, whereas [a] reference
ontology ... models] the world itself.” He uses the HL7 reference information model
( RIM ) is an information model as an example of an information model. Schadow
further clarifies the difference between information models and knowledge models
when he describes why “the RIM does not seem to define the biomedical reality”. He
discusses how modelling the amount of a given drug in a given patient’s blood system
will not produce a useful reference for the exchange of clinical information about such
a patient. Instead the RIM models the process by which this state is uncovered.

To summarize in a paragraph, the difference between a knowledge model and
an information model can be understood by considering the purpose of the model.
Knowledge models are intended to be representations of the real world. Informa-
tion models are intended to be representations of the information which is collected

through observation of the real world and then transmitted to interested parties.

3.4.2 Thesauri and Terminology Servers

In our section describing the semantic web we discussed how we use of central ter-
minology server which provides a singular mapping of many ontologies as the shared
ontology to be used by all systems in a research collaborative. This central ter-
minology server is much like a thesaurus. van Rees[32] states that “[ijn principle, a

thesaurus deals only with words, alternatives for those words, synonyms, translations,
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letc]...[t]his textual kind of information can be used by (or added to) ... an ontology.
For instance, a pure thesaurus ... could be enhanced to an ontology, providing both
the already available rich text information and formal definitions and properties.” We
concur with van Rees on this point and incorporate the Unified Medical Language
System Metathesaurus ( UMLS ), a knowledge source which has done precisely as
van Rees describes, into our architecture.

Barrett[5] states that “[ijnteroperability of health information systems requires
common clinical terminologies and services that make those terminologies available
on a shared infrastructure, i.e. Web-based terminology servers.” This is an argument
we have also been making. The critical element of Barret’s study from our current
perspective is his evaluation of the services required of a web terminology server. This
element is of importance first in motivating our choice to use a terminology server,
and second in motivating our selection of the UMLS Metathesaurus and Semantic
Network.

One of Barrett’s first claims, and one with which we concur, is that “[mjaking
shared terminology services available requires an agreed upon set of services”. In
other words, partners in the collaborative and distributed collective need to agree
on what it is exactly that their shared terminology server should do. Barrett goes
on to propose a consensus set of services which he uncovered through a systematic
literature review.

Barrett divides the collection of uncovered service requirements into two cate-
gories: management services and access services. He describes management services
as the services which are required to curate the terminology, and describes the access
services as those which are required to employ the terminology. Under the category

of management services, Barrett lists the following service requirements:
e addition, and deletion of terms
e development, deprecation and replacement of terms
e verification of internal consistency
e security and privacy of sensitive information
e extensibility of the server architecture (software components)

e usage and resource monitoring, and resource allocation, distribution and schedul-

ing



33

e terminology inventory

Under the category of access services Barrett lists the following service require-

ments:

e querying

knowledge generation or inference

natural language bridging

synonym /lexical matching

term completion

e semantic locality

With a framework now in place under which we might evaluate a terminology
server we will be able to discuss our selection of the UMLS Metathesaurus in a
critical manner in chapter 5. First however, let us discuss GenoLogics’ translational
research informatics solution so that we might provide the reader with a view of the

context into which our architecture is intended to fit.
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Chapter 4

An Industrial TRI Solution

4.1 GenoLogics Life Sciences

Genologics engaged us in this research collaboration partly in the hopes of gaining a
greater understanding of the technical barriers to knowledge exchange in the transla-
tional research domain. We welcomed this invitation as we knew that there was much
we could learn from GenolLogics as well. One of the primary benefits we gained from
this collaboration was a first hand view of the suite of tools which GenoLogics sells
under the umbrella of their translational research solution. We provide an overview
of this solution in this chapter as a mechanism by which to explain the context into
which our architecture is intended to fit.

One of our interests in this collaboration was to clearly identify some of the diffi-
culties with knowledge exchange in translational research. We began our investigation
by identifying how some of these exchanges occur by developing a use case using a
model driven architecture methodology ( MDA ). As part of this process we relied
on the personae that the product management team at GenolLogics has developed
in order to better understand their clients. We will identify, over the course of the
description of this use case, a number of areas of strength in the GenoLogics transla-
tional research solution. We will also identify two areas in which the solution might

benefit from additional investment and which target with our primary contribution.
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4.2 The Study Use Case - Preamble

Shortly before we engaged GenoLogics in this research project, GenoLogics had begun
developing a solution to a use case which they had elicited from their clients. We have
call this use case as the “Study Use Case”, and will lay out the steps of this process in a
forthcoming section. The Study Use Case describes how therapeutic cancer treatment
processes are developed at many of GenoLogics Clients’ sites. First however, we will
introduce the players and artifacts involved in this use case. Below, in fig 4.1, we
present an overview of the primary actors, artifacts and software components that
are involved in the Study Use Case in a loosely UML based diagram representing this
process. We follow this with a summary of the personae Genologics uses as part

of their MDA development methodology to understand the actors in the Study Use
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Figure 4.1: An Overview of the GenoLogics TRI Solution
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4.2.1 The Primary Investigator

GenolLogics’ models two variants on this actor. They perceive a significant divide
between primary investigators who are internal to an organization, and those that

are external. Much of this difference has to do with authority.
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The Internal Primary Investigator

Genologics’ persona for the internal primary investigator is named Dr. Jacques
LaFleur. His primary responsibility is to manage the research projects which are
underway at his institution. The primary artifacts for which Dr LaFleur is responsible
are publications about the studies his institution performs. Dr LaFleur has a number
of responsibilities including the decisions about which therapeutic compounds his

institution will pursue and which they will abandon. Dr LaFleur is responsible for:

e Assembling and managing study participants
e Guiding the progress of research on therapeutic compounds

e Assembling publications which report on experimental results which character-

ize therapeutic compounds

e Assembling publications which report on patient responses to therapeutic com-

pounds

The External Primary Investigator

GenoLogics’ persona for the external primary investigator is named Dr. Immanuel
Spock. He is an active university professor and as such has all the responsibilities
associated with teaching and grading. His day to day research life mostly revolves
around managing the work of his graduate and post graduate students. Though he
lives to publish, this is mostly done through his students as he rarely engages directly
in the lab work himself. Though Dr. Spock’s job description is similar to that of Dr.
LaFleur’s in many ways, one primary difference is his access to specimens(tissue
samples). While Dr. LaFleur has an insider track through which he can select
specimens from an internal biobank, or can even request that new specimens be
extracted from selected patients, Dr Spock is at the mercy of external biobanks from
whom he must request specimens for his research.

Now that we have established the goals and capabilities of the two primary investi-
gator personae, we can relate them to fig. 4.1. The primary investigator is represented
on the right hand side of the diagram. He uses a tool which at its inception was called
BioSphere to manage his studies. That is to say, he uses the tool to keep track of
his study participants and the progress being made with his study. The tool, in

essence, works as a feature rich customer relations management system ( CRMS ).
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The primary investigator also uses the BioQuest component of the GenoLogics’” TRI

solution. GenoLogics” describes bioQuest in the following way

BioQuest ... is a Web query portal that connects to BioChronicle,
[GenoLogics’| integrated and centralized clinical annotations system. Bio-
Quest provides a secure, external interface that allows researchers to access
available biospecimens across their institution. Large research enterprises
often house multitudes of valuable biospecimens within many bioreposito-
ries across their organizations, most of which are inaccessible to principal
investigators...[A] secure Web query portal [can| enable investigators to
search and query clinical annotations; request access, gain approval, and
request and receive valuable biospecimens and de-identified clinical anno-
tations, from disparate biorepositories. [This tool allows| federated access
to all biospecimen repositories via a virtual biobank across an enterprise

or multiple institutions.” [27]

The BioQuest interface is the first component which might benefit from additional
investment. Though a simple web-based front end like the one currently in place
provides an intuitive interface to the biomedical knowledge source which the primary
investigators wish to access, it is not machine processable. Supplementing BioQuest
with an interface like the standards supported extract transform and load ( ETL )
engine component which we use in our architecture would provide a more computable
interface to the biomedical knowledge source on which BioQuest sits.

GenoLogics describes BioChronicle as follows:

BioChronicle ... is a cloud-based data management software system
that aggregates clinical annotations from multiple biomedical informat-
ics data sources for translational research, including hospital information
systems ( HIS ), electronic medical records ( EMR ), clinical trials man-
agement systems ( CTMS ), biobank systems, electronic patient question-
naires, and flat file data inputs... The BioChronicle data management sys-
tem can also automate data collection by using standardized import tools
to capture information from other systems, such as images and other un-
structured data types, or biomedical informatics research. The data model
maps patients, studies, familial pedigree, time points, lifestyle, disease,

treatment and outcomes. The BioChronicle data management system
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also handles identified and de-identified patient data with appropriate se-
curity mechanisms to segregate data, and only provides de-identified data

when required.” [25]

The data stored in BioChronicle which is of importance here is the data which is
collected from biobank sytems. Of this data, the portion which is of significance to
our use case describes the characteristics of the specimens which are owned by the
controlling organization. These specimens, which are physical samples, are stored
in a biobank. This biobank is basically just a large set of freezers which hold all
the specimens, usually in micro-fuge tubes or on small glass slides. The state of the
biobank is managed by the BioVault component of the solution.

In our architecture we propose the use of a persistence component which would
store annotated data and metadata. We perceived the portion of this component
which stored the data to operate much as BioChronicle does. The persistence layer in
our architecture also includes a portion which is strictly devoted to storing metadata.
This metadata portion was implemented and is described in chapter 5. The metadata
portion of our architecture’s persistence layer is designed to record the meaning of the
labels which were used to record the information which is stored in the data portion of
the persistence layer. This knowledge is what we expect will facilitate the subsequent
integration of systems which are based on our architecture.

GenoLogics describes BioVault in the following way:

“BioVault ... is a biospecimen data management software solution
that offers flexible storage management; handles biospecimen and freezer
management with volume and aliquot tracking; and access to tracking and
configuration options.

Access to biospecimens and well annotated clinical information is cru-
cial to translational research. Unfortunately, biorepositories are often un-
derserved with supporting biomedical informatics, and face many chal-
lenges in integrating clinical and phenotypical information, managing dis-
tributed collection sites, tracking biospecimen requests, and meeting reg-
ulatory requirements.

For organizations with multiple collection sites, any biomedical infor-
matics solution must be able to collect data across sites, track biospeci-

mens, and administer multiple studies. A centralized biobank can then
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aggregate the biospecimen and clinical data from multiple sites, and facil-
itate Web-based queries, sample requests, and IRB approvals. [BioVault

addresses the informatics components of these problems]”[29]

As was described above in the paragraphs which summarized the roles and re-
sponsibilities of the primary investigators, the primary investigator, if he is internal
as is Dr LaFleur, could be a member of the care team for a given oncology patient.
From the perspective of our UML diagram however, the primary investigator does
not interact with the software system on this end. If we are considering the system
from the data entry side, we instead need to focus instead on the Nurse, the Biobank

Technician and the Lab Technician.

4.2.2 The Biobank Technician

GenoLogics’ biobank technician persona is named Gary Hillenburg. Mr. Hillenburg’s
primary responsibilities are to receive samples, to derive aliquots from those samples
and to enter the data regarding those samples into his institution’s laboratory infor-
mation management system ( LIMS ). If Mr. Hillenburg were to work in a hospital,

he would act as the interface between the hospital’s LIMS system and the care team.

4.2.3 The Lab Technician

GenoLogics’ lab technician persona is named Abe Park. Mr. Park’s primary goal is
to accomplish the lab work he has to perform in his high throughput environment.
Mr Park wants the laboratory information management system ( LIMS ) he used
to “remove much of the burden of Good Laboratory Practices ( GLP ) and what it
means to be compliant with FDA regulations.” Day to day, Mr Park needs to “check
on mass spectrometers, chromatography instruments and gel work that was setup to
run overnight and ensure [that] the instruments have not malfunctioned.” He needs to
“check the batch database search to see whether all the proteins are being identified;
if not, [he needs to perform|] manual database searches on individual spectra.” He
also needs to “set up samples on various chromatography instruments, gels, and mass
spectrometers.” The end goal of Mr Park’s work is to “gather results when a project
is complete - cut and paste things into a Word document to prepare a final report [of

the laboratory results] for [his| customers”.
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In Mr Park’s day to day work, he is frequently entering data into the LIMS
system performing many of the same duties as does Mr. Hillenburg. Mr Park, like
Mr Hillenburg, is not a direct member of the care team in the left of the UML
diagram 4.1 but rather acts as an interface between the care team and the LIMS.
Unlike Mr. Hillenburg, Mr. Park also has very direct interactions with specimens.
He performs biomedical assays of all types in his day to day work where as Mr.
Hillenburg’s work is much more focused on maintaining and tracking the specimens

which arrive at his biobank.

4.2.4 The Nurse

In GenoLogics” model of the domain, another actor who is likely to enter data into
the LIMS is the Nurse. Genol.ogics’ Nurse persona is named Nancy Baker. Ms.
Baker’s singular interest is the health of her patients. Her day to day activities
revolve around maintaining her patients’ health. One of the avenues through which
she accomplishes this is by acquiring doctor ordered samples from those patients.
These samples include blood samples, urine samples and swabs. When she collects
these samples she will also often complete a questionnaire with her patient. The
data from these questionnaires forms some of the data which is shuttled into the
BioChronicle component of Genol.ogics’ TRI solution.

The interface used by each of these data entry technicians, the biobank techni-
cian, the laboratory technician and the nurse, was named BioSource or Collect at
its inception. As GenoLogics understanding of industry demands has evolved, this
project has changed in scope and scale. It has since transformed into a small and

simple data entry mechanism who’s primary use case is as follows:

1. Samples arrive at repository
2. Samples are registered, barcodes and worksheets printed
3. Samples are processed into derivative aliquots

4. Additional information is entered related to subject or samples

Having now provided anecdotal descriptions of the actors which GenoLogics’ sys-
tem is intended to service and the artifacts which the it is intended to manage, we

can provide a concise description of the general use case for the system.
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4.3 The Study Use Case

1.

An internal primary investigator wishes to perform a study on a set of patients
to verify a medical hypothesis. This primary investigator writes a document
describing a study which would verify this hypothesis. To begin this study this
primary investigator determines an information set which would be sufficient to

disprove the hypothesis.

. The primary investigator or one of his agents generates an information collection

form to record this information. This form is very similar to the anatomical
pathology structured reports ( APSRs ) described by Kussaibi[51].

The agents of the primary investigator, possibly including nurses, laboratory
technicians or biobank technicians, use BioSource to create an interactive data
collection service with which to capture the information necessary to complete

the form.

The primary investigator or one of his agents assembles a collection of patients
for the study and manages them with BioSphere. The primary investigator may
use external means to find these patients or he may rely on queries he executes

against a BioChronicle instance through a BioQuest interface.

The primary investigator or one of his agents, a nurse for example, then meets
with each of the patients and uses the forms developed with BioSource to collect

the required information.

BioSource then stores the collected information in a BioChronicle instance.

. When the patients participate in the study they may also undergo biopsies in

which they provide specimens. These specimens are stored in refrigeration units

at a biobank who’s samples are managed with a BioVault instance

These specimens, once they have been extracted, are characterized by patholo-
gists and/or lab technicians. This data is input through the BioSource interface

which pushes this information into a BioChronicle data store.

. At some later date an external primary investigator may wish to perform a

second study.
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10. This external primary investigator wishes to assemble a collection of tissue
samples which originated from a set of patients matching a certain criteria

which he derives from the second study.

11. The external primary investigator or one of his agents uses BioQuest to search

for samples matching the required criteria in BioChronicle.

12. BioChronicle reports on the samples managed by BioVault which were taken

from the individuals matching the specified criteria.

13. The external primary investigator then uses the returned results to order the
samples which were taken from the patients which matched his study criteria.

These tissue specimens are ordered from the biobanks which hold them.

4.4 Conclusion

Based on the perceived strengths and weaknesses of the GenoLogics translational
research suite, we decided to target three specific aspects of the cancer informatics
interoperability problem in the context of this existing tool set. Firstly, the BioSource
component could benefit from a more formal annotation mechanism. Secondly, if the
data schema which is used in the bioChronicle component were formally annotated
these annotations could facilitate the later automated integration with other disparate
information systems. Thirdly, though the web interface to the bioQuest tool is a good
interface for a human user, bioChronicle could benefit from an additional interface
which provides a machine processable view of its contents. We describe in chapter
5 components of our architecture which begin to address these weaknesses. Though
some components of our system are designed to integrate easily with the GenoLog-
ics solution, the components themselves not designed explicitly to meet the needs
of GenoLogics. Our architecture focuses much more on data capture and transmis-
sion techniques which could be leveraged for general interoperability than does the

GenoLogics architecture.
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Chapter 5

Component Implementations

5.1 Overview

After having synthesized a breadth of knowledge about the clinical research informat-
ics domain and having learned of some of the shortcomings of preexisting approaches
to the problem, we wished to explore an approach to interoperability in this domain
which was founded on semantic annotation and the use of health informatics stan-
dards. In particular we use the HL7 version 3 CDA as it is prescribed by Canada
Health Infoway[30] and by the NCI[11].

We elected to explore a potential CRI pipeline in breadth, delving into depth only
where significant problems were foreseen. In this CRI pipeline, we use the UMLS
Metathesaurus as the terminology server. This terminology server is a relatively
open language source which encompasses many of the controlled terminologies which
are of importance to our target domain. We also use the HL7 CDA in concert with
the THE APSR profile. Both of these standards again are open and accessible. They
also have an engaged community of participants.

The pipeline is diagrammed in fig. 5.1. It is intended to service informatics experts
who were entering pathology data into an information repository for future extraction
by primary investigators. We focus in particular on the semantic annotation process.
This use case is an expansion of a portion of GenolLogics’ Study Use Case which is
described in chapter 4. Specifically, it expands on the process by which members
of the care team enter data into a component which is analogous to the BioSource
component of GenolLogics’” TRI solution, and a way in which that data might be

exported from a component which is analogous to the BioChronicle component of
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that solution.
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Figure 5.1: An overview of the proposed CRI interoperability pipeline. The left hand
side of the diagram displays the information capture end of the architecture. The
terminology server interface in concert with the Visual Coder component are used to
annotate incoming reports with alpha numeric codes in the semantic annotation pro-
cess. These codes are then recorded in the persistence layer. A publishing component
then extracts the data sorted in the persistence layer and coordinates this information
into standardized structured documents which it then validates using the Validator
component. Finally, the publishing component employs the Mirth ETL to publish

query results to the collaborative research community.

Having presented this overview of the pipeline, we will now provide a discussion
on the development process of selected components: the UMLS RESTful terminology
server, the visual coder, the annotation persistence engine, the validation mechanism
and the Mirth export transform and load engine. First however, we provide a brief
summary of the components in our conceptual architecture and associate them with
their authors in table 5.1.



45

Component Author(s)

UMLS Terminologies Various SDOs
UMLS Relational Schema UMLS staff[65]
Metamorphosys UMLS staff[75]

Local UMLS Instance

generated by Fieran Mason-Blakley

using Metamorphosys

REST{ul interface to the UMLS

authored by Fieran Mason-Blakley

using Libraries by Bill Burke[l4]

Visualization of the UMLS authored by Fieran Mason-Blakley
using Prefuse Libraries[38] and
employing visualization theories presented by

Ware[33] and Tufte[33]

Persistance Engine authored by Fieran Mason-Blakley employing
| and

noun phrase concepts of Friedman|[25]

algorithms of van Tulder|

Mirth Mirth Development Community/[! (]

HL7 CDA HL7 Structured Documents Working Group]3(]

IHE APSR Profile Kussaibi[51] and the IHE Anatomic Pathology

and Technical Committees

Table 5.1: A summary of the authorship of the components of the conceptual archi-

tecture

5.2 The Unified Medical Language System

We have discussed already how the inclusion of a semantic annotation service which
uses ontologies can provide a common language which collaborating researchers can
use to communicate in a distributed environment. If the mechanism of semantic an-
notation referred to by Berners-Lee[3] is facilitated by an ontology which is commonly
used by all participants in the collaborative, the problem is relatively easy to solve.
If this is not the case, two alternatives might be considered. Firstly, a secondary
service which provides mapping between disparate ontologies could be employed to
resolve terminological conflicts. Secondly, terminological differences might be resolved

through the dynamic ( on the fly ) analysis of disparate ontologies used by the col-
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laborative members. The approach we have taken in our proposed solution matches
the first alternative.

In our proposed solution to interoperability in the anatomic pathology structured
report subdomain of the field of clinical research informatics ( CRI ), we use an ag-
gregation of the unified medical language system ( UMLS ) Metathesaurus and the
associated semantic network as a common terminology server. We first discuss the
suitability of this component for our purpose in terms of its technical merits by dis-
playing how it provides the management and access services which were identified by
Barrett and which we outlined in section 3.4.2. We then verify that the completeness

and quality of the content of this component.

5.2.1 Evaluation of Management Services

Barrett[5] identified seven categories of service requirements which he categorized as
management services. The first two of these categories revolve around the curation of
the data stored in the terminology server. Explaining how the UMLS Metathesaurus
provides these services requires us to first take a step back and consider the impact of
curation on semantic interoperability in a collaborative distributed collective. Recall
our discussion on Berners-Lee’s[%] vision of a semantic web. In this vision Berners-
Lee discussed the fact that if independent websites were allowed to create their own
ontologies, that multiple different websites would likely model identical concepts.
Furthermore, as these models were identified independently, not only would modelling
differences likely exist, but the alpha numeric codes used to represent them would
also be different. Without further intervention, this would lead to the necessity to
perform dynamic mapping to achieve automated semantic interoperability. As we
discussed in the previous section, we have taken a path which avoids this issue by
choosing a centralized terminology server which contains mappings between a set of
ontologies which service much of the translational research domain.

We propose a two tiered solution to this problem. First, local implementations of
our proposed solution would use a two component terminology server complex. The
first component of the complex would be the centralized UMLS Metathesaurus. The
second component of the complex would be a homegrown supplemental terminology
server. The UMLS Metathesaurus would be used for most communications, and
would be the only system used when collaborating with “stranger” applications. To

clarify, if no close relationship existed between two systems, they would use only the
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accepted central terminology and would not include annotations which referred to
terminology which was present in their supplementary terminology server. The local
supplement would be used only for point to point communications between systems
which were managed by closely collaborating researchers.

This two tiered approach to this problem is desirable because terminology evolves
over the course of time, and because its adoption will usually occur at different rates
at different institutions. This gap between the state of the art in terminology and
local adoption displays the desirability of the use of intermediary, in other words local,
solutions.

In this environment it is expected that the majority of the terminology used at each
node of the distributed collaborative would exist in the centralized UMLS Metathe-
saurus. This assumption is based in part on the breadth of controlled terminologies
included in the UMLS Metathesaurus. We also expect this to be true based on the
intended purpose of this terminology server and the mandate of its authors. These
points will be discussed further in our evaluation of the content of the UMLS. Local
terms which did not exist within the UMLS Metathesaurus could be curated at local
nodes of the grid on their local supplemental terminology server.

Even though some fields in TRI/CRI are well developed, cancer informatics being
primary among them, these fields are rapidly evolving. If we recall the purpose of the
TRI and CRI fields, to accelerate the propagation of knowledge between researchers
in the lower level sciences and those in the clinical space, we can see that the field
itself is framed in such a way as to encourage the evolution of terminology. That
is to say, it should be expected that even the most mature disciplines in the field
will develop new terminology which will need to be incorporated in to the collective
language. This new terminology at first will be locally developed by nature. There
will of course be an originator of the terminology. Over time however, as more point
to point connections are made between the nodes of the research collective, the use
of this terminology may become communal. At this point, the terminology can be
standardized through a consensus process and can be incorporated into a formal
ontology. It can then be mapped against the centralized terminology server using the
same consensus process which has been used by the UMLS Metathesaurus authors to
create the existing mappings.

We use this discussion of integrating new ontologies into the UMLS Metathesaurus
to open a discussion of Barrett’s second management service requirement, verification.

Barrett states that “[tlerminology servers should incorporate automated mechanisms
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for terminology verification, or at least facilitate manual verification.”, and that “[t]his
ensures the terminologies’ consistency and soundness which are crucial for systems
reliant on the terminology server”. Though a discussion of all of the mechanisms by
which such verification could be performed is beyond the scope of this thesis, a brief
discussion on the mechanism by which the National Library of Medicine(NLM), the
curators of the UMLS Metathesaurus, address this issue is not.

The process of verification performed by the NLM occurs more through the engage-
ment of a community of experts than it is by an automated process. The NLM lays
out their basic assumptions about the mapping process on the UMLS webpage[(0].
The relevant basic assumptions outline a list of participants deemed to be required
to produce an effective mapping. The following are a subset of the statements made

by the NLM revolving around the validation of their terminological mappings:

The producers of both vocabularies in any map must participate in the
mapping effort to ensure that the result accurately reflects the meaning
and usage of their vocabulary. At a minimum, both vocabulary produc-
ers must participate in defining the basic purpose and parameters of the
mapping task, reviewing and verifying the map, developing the plan for
testing and validation, and devising a cost effective strategy for building,

maintaining, and enhancing the map over time[(6].

Target users of the map must participate in its design and testing to

ensure that it is fit for its intended purpose[66].

Production of mappings will be an iterative process, which must in-
volve testing, validation, and use in real world settings. The functionality
of mappings will improve over time as research, testing, and use determine
(‘a ) useful ways to construct and represent complex mappings ( such as
those that involve conditional rules ) and ( b ) the extent they can be

applied in the real world[60].

When conflicting relationships between two concepts appear in dif-
ferent source vocabularies, both views are included in the Metathesaurus.
Although specific concept names or relationships from some source vocab-
ularies may be idiosyncratic and lack face validity, they are still included

in the Metathesaurus[65].
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The third element of the management services category outlined by Barret dis-
cusses security and privacy. The UMLS does not need to consider services of this
nature because it is a strict terminology server. It contains no personal or otherwise
sensitive information.

Next, Barret identifies architectural extensibility as a feature which is desirable
for any clinical terminology server. We fully concur with Barret’s assessment, and
consequently engaged on a journey to create our own instance of the UMLS Metathe-
saurus and Semantic Network. When we first discovered the UMLS Metathesaurus
and Semantic Network, we read about a variety of ways users could access the im-
plementation of the Metathesaurus and Semantic Network which is maintained in
Bethesda, Maryland by the NLM. These details were retrieved primarily from the
UMLS Developers Guides which were provided after we signed a license agreement.
Having now discussed some of the management services of the UMLS Metathesaurus,

we will now turn to our evaluation of the UMLS Metathesaurus content.

5.2.2 Content Evaluation

In chapter 1 we discussed how the domain of clinical research informatics, or more
broadly the field of translational research informatics is populated by experts from a
variety of fields and disciplines. Each of these experts have their own terminological
preferences, and many groups of these experts have already agreed to common stan-
dardized sets of terminology. A few sources of note in the realm of clinical research
informatics ( CRI ) are the Systematic Nomenclature of Medicine Clinical Terms (
SNOMED CT )[7], Logical Observation Identifiers Names and Codes ( LOINC )[58]
and the International Classification of Disease 10 ed ( ICD 10 )[48]. These ontolo-
gies, taxonomies, and classifications are commonly used in both the Canadian Health
System.

van Rees[32] discusses the differences between each of these types of controlled
terminologies, and we in general concur with his conclusions as to their meanings.
He claims via Gruber[31] that an ontology can be concisely defined as an explicit
specification of a conceptualization. These models include entities and a rich set of
relationships. van Rees describes taxonomies as very simple ontologies which include
only strict hierarchies. These might include “is a” or part of relationships. Finally,
classifications are simplest forms of taxonomies.

Kussaibi[51] identifies a series of controlled terminologies which are specific to the
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field of anatomic pathology structured reports ( APSRs ). We use the term controlled
terminology here to be the superset of all ontologies, taxonomies and classifications.
Kussaibi uncovered through his study that the controlled terminologies of importance
for APSRs in the United States are SNOMED-CT, ICD-0O-3.

These controlled terminologies on their own however are inadequate to satisfy the
TRI domain as a whole. As we previously discussed, disparate terminologies on their
own are inadequate without mappings between them. Not only is there a need for
mapping, but there is also a need for systems which can employ such a mapping to
satisfy the semantic interoperability needs of an interdisciplinary audience. If such a
system is to be adopted, a good first step might be to design it in such a way that it
does not tax the knowledge or skills of its intended audience. The responsibility of
performing semantic tagging on experimental results in clinical research informatics
would belong to a person with a different vocabulary in a clinical setting than it
would in a laboratory setting; consequently, a tool which is meant to facilitate inter-
disciplinary knowledge exchange must support the vocabulary and skill sets of many
different expected user.

The Unified Medical Language System’s Metathesaurus is the largest biomedi-
cal knowledge source of its kind[33]. It provides mappings between more than 100
biomedical ontologies, taxonomies and controlled terminologies including SNOMED
CT[7], LOINCI[58], and ICD-9/10[18]. Sadly, it does not currently include ICD-O-
3, but the infrastructure to include these vocabularies is already in place as was
described in section 5.2.1. Consequently, when the need for the inclusion of these
terminologies presents itself, a process to do so will already be in place.

Though this argument addresses the terminological needs of the participants in
the TRI domain, it does not address their skill sets. We will discuss this later point
when we introduce the visualization element of the semantic annotation component
of our architecture. Before we begin that discussion however, we will present an

evaluation of the technological aspects of the UMLS Metathesaurus.

5.3 Technological Summary and Evaluation of the
UMLS Metathesaurus

In this section we will begin by providing an overview and evaluation of the cur-

rent national library of medicine ( NLM ) provided implementation of the UMLS
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Metathesaurus and the interfaces the NLM provides to this implementation. We will
first discuss the various interfaces to the UMLS Metathesaurus and the UMLSKS
in general. We will then discuss the shortcoming of the current implementations of
these interfaces and will use this discussion to motivate the forthcoming section on
our implementation of a resource oriented architecture ( ROA ) based interface to the
UMLS Metathesaurus. We begin this discussion with a description of the publicly

available interfaces to this terminology server.

5.3.1 The NLM Interfaces to the UMLS Metathesaurus

The UMLS Knowledge Sources which include the UMLS Metathesaurus, the Semantic
Network and a component called the Lexicon are implemented as a single relational
database. Each of these three components are segregated to their own set of relational
tables. The public version of the implementation of the UMLSKS was initially made
available in March 2002. This release included new features including access to the
UMLS Knowledge Sources through a public Web interface, incorporation of XML
support for programmers both in requesting and returning data, inclusion of a Java-
based Object Model of the UMLS Metathesaurus data, and incorporation of a TCP
socket-based interface for non-Java programs.[66]

As a consequence of usage, the project has continued to evolve. We will provide in
this paragraph an overview of the logical architecture of the NLMs publicly available
interface to the UMLSKS. In the version 5.0 documentation, the features described
in the previous paragraph were displayed in a diagram which provided an overview of

the logical architecture of the system. That diagram has been reproduced in fig. 5.2.
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Figure 5.2: An overview of the logical architecture of the version 5 UMLSKS release
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The NLM implementation of a UMLSKS interface as a whole runs on an remote
method invocation ( RMI ) paradigm with an Oracle database back end. Queries
from the web client hosted on the UMLSKS intranet portal, a socket application
programmer interface ( API ) client and an RMI API are all processed by an RMI
server which acts as a gate keeper to the Oracle database which stores the UMLSKS
data.

The Web Interface

The web interface is available on the UMLS intranet portal. There are five inde-
pendent browsing mechanisms available for site members. The UMLSKS web client
provides a simple interface to the UMLSKS which displays a set of tabs which pro-
vide access to the various knowledge sources. The three principle knowledge sources:
the Metathesaurus, the SPECIALIST Lexicon and the Semantic Network each have
their own individual access tab. In addition to these tabs, two additional features are
included: a tab for source discovery called the UMLS and Source View and the Tree
Browser. As these interfaces are not easily employed in an automated fashion, they

were not explored in detail.

The RMI API Client

The remote method invocation application programmer interface ( RMI API ) is
the native interface to the UMLSKS which was explored in the most detail. The
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process required to setup an environment in which a developer can use the RMI
interface is relatively simple and is documented in a developer’s guide available to
internal members of the UMLSKS via the UMLSKS intranet portal. These steps are

summarized below:

1. Obtain a Simple Object Access Protocol ( SOAP ) 1.2 compatible engine for

webservice message routing

2. Download the Authentication Web Services Description Language ( WSDL )
for the CAS Authentication web service

3. Download the WSDL for the UMLSKS web service

4. Generate the client side stubs using Axiss WSDL2Java utility for both WSDLs

For the first step we elected to employ the Apache Software Foundations Axis 2
Library and found it to be suitable. Acquiring the CAS Authentication web service
was equally uneventful. The developer’s guide which outlines the setup process di-
rects developers to that resource. The final two steps were performed with guidance
provided by the developer’s guide.

The next hurdle that developers using the UMLSKS RMI interface will face is the
use of the proxy granting ticket provider. The UMLSKS requires users to agree to
the license terms and agreements. Once a licensee has agreed to this contract they
are granted a username and password. This authentication information is provided
through a Java API to a UMLS service which returns a proxy granting ticket. The
ticket which is provided in exchange for the authentication information is subsequently
used to acquire proxies which are required to make query requests again the UMLSKS

services. This process is replicated below:

1. Establish a connection to the Authentication web service
2. Obtain a proxy granting ticket ( PGT ) from the Authentication web service

3. Using the PGT, obtain single-use tickets from the Authentication web service
to embed in each UMLSKS web service call

4. Build the call argument(s) to the UMLSKS

5. Request the data from the UMLSKS web service
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The UMLSKS provides a variety of predefined queries through their RMI API.
They also provide the capacity to perform custom queries against the raw UMLSKS
data.

The Socket API Client

The socket API Client was the first programatically accessible and hosted view to
the UMLSKS to be published. A number of previously constructed applications use
this access point including some work done by Hubmed.org[!1]; however, since this
was an older version of the UMLSKS Portal, and since the available resources left
the impression that some resistance was encountered while developing with them,
this tool was also not deeply inspected. In addition to the difficulties encountered
while researching the socket protocol, we were motivated to drive the research in the
direction of the RMI protocol by our own and our industrial sponsor’s experience

with Java technologies.

The Supporting Physical Architecture

In the UMLSKS version 5 documentation an overview of the physical architecture
which supports the UMLKS is provided. That diagram has been reproduced in fig.
5.3. In addition to this diagram, a table providing technical specifications about the

machines in the diagram was included. This table is reproduced in tab. 5.2.
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Figure 5.3: An overview of the physical architecture of the UMLSKS servers
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Machine | Hardware Configuration Functions

Enterprise 4000 Resonate Back-up Server
umlsksl | 4 CPU Sun machine Web Server
with 2 GB RAM UMLSKS Server/Oracle Database

SunSparc Ultra 2 workstation | Primary Resonate Server
MySQL User Accounts Database
SunSparc Ultra 2 workstation | Web Server

umlsks2

umlsks4
2 GB RAM UMLSKS Server/Oracle Database
SunSparc Ultra 2 workstation | Web Server

umlsksb
2 GB RAM UMLSKS Server/Oracle Database

Table 5.2: An technical specification of the physical architecture supporting the
NLM'’s deployment of the UMLSKS.

5.3.2 Shortcomings of the NLM UMLSKS Implementation

Two primary issues were uncovered while testing an early prototype of our UMLS
exploration interface. The first was the fact that the continuity of service to the UMLS
interfaces was insufficient for production use. While testing our early prototypes
we found that the NLM interfaces were only operational about half of the times
we attempted to access them. In addition to this problem, when the service was
responding to queries, the responses took between 10s and a few minutes to respond.
Even during these periods of service up time, it was found that approximately 10%
of queries had not responded after 10 minutes.

Regardless of the sources of the performance and continuity of service issues, as
a consequence of their existence, the native implementations of the UMLKS which
are published by the NLM can not feasibly be incorporated into a production sys-
tem where queries against this data source are a central part of a high throughput

semiautomated workflow like the one we will describe in our codification workflow.

5.4 An ROA Interface to the UMLS Metathesaurus

A number of other tools which employ the UMLSKS services exist, most notably the
MetaMap Program which is powered by the MMTx Java library[67]; however, in our

experience these projects are typically purposed to very specific tasks and the interface
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to the UMLS Metathesaurus, or the UMLSKS generally, were not modularized in such
a way as to be accessible and adaptable to our application. Consequently we opted to
develop our own interface and to design it in such a way that it could be incorporated
into the architecture of our industrial partner’s translational research informatics (
TRI ) solution.

In chapter 4 we discussed GenolLogics” industrial TRI solution. One of the proper-
ties of this solution is that it is based on a resource oriented architecture ( ROA ). The
data exchange mechanisms used in this architecture are based on extensible markup
language ( XML ), and are produced by a Java library called RESTeasy which is
produced by Burke[l1]. We elected to follow this same path as it was well explored,
used technologies with which we were familiar and because we were surrounded by
experts with these tools during the time we developed our interface implementation.

We began the development of our local implementation by downloading the UML-
SKS data files and the Metamorphosys program which is provided by the NLM to
licensees through their intranet portal. The Metamorphosys program provides an
interface for customizing and loading the UMLSKS data into a local database. We
elected to include only the SNOMED-CT, ICD-9/10 and LOINC vocabularies in our
deployment. This decision was based on Kussaibi’s[51] recommendations with regard
to terminologies used in anatomic pathology structured reports, and based on our
experience with the Health Level 7 Clinical Document Architecture.

Once we had acquired the dataset, we were able to generate a local instance of the
UMLSKS database. Upon querying this local database with queries identical to the
queries we had executed against the NLM provided interface with our early prototypes
we noticed a significant improvement in performance. Indexing the database resulted
in an improvement in performance against the NLM interface which was in the range
of 3 orders of magnitude. Initial queries which might have taken three minutes were
now taking tens of microseconds.

From here we created a object oriented model of the UMLS content which would
satisfy the needs we had of the terminology server. To complete our component
architecture, we developed two supplemental components: a server component which
lifted objectified representations of the data from the database and subsequently
marshalled that data for transmission, and a client component which unmarshalled
that serialized data and subsequently provided an interface for its consumption. An

overview of this architecture is presented below in fig. 5.4.
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Figure 5.4: An overview of the RESTful UMLSKS interface architecture

5.5 Modelling Pathology Reports

Throughout the development of the prototypical implementations of the various pieces
of our conceptual architecture we assumed that anatomic pathology structured re-
ports ( APSRs ) could be modelled as hierarchical documents. This assumption
was grounded both on the knowledge that APSRs have traditionally been designed
as human readable documents, and on the expertise of both our collaborators at
GenoLogics and of the developers of the integrating the healthcare enterprise APSR
profile development team. Relying on this assumption we designed a simple model of
an APSR which consisted of sections, subsections and finally leaves. This tree based
structure has been sufficient to represent the generalization of the APSR class of doc-
uments described by IHE in the IHE APSR profile. We would include the APSRs
provided to us by GenoLogics, but they were offered to us under a non-discloser agree-
ment. Interested readers may contact Genologics ( http://genologics.com ) directly
about possibilities to gain access to the documents.

We initially developed an XSD that specified a simple exchange format which
could be used within an organization to validate basic electronic APSRs. This choice
was motivated by an expectation that in future iterations of the prototypes we would
wish to create mappings between this internal structure and the HL7 CDA via the
Mirth extract transform and load ( ETL ) engine. In order to develop a software
model to represent the instances of this XSD we employed the jaxb-xjc java package
authored by Sun Microsystems. With little effort we were able to generate the data

model for our hierarchical report from our hand crafted XSD.
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5.6 An Interface for Creating Electronic APSRs

Our interface for creating and editing electronic anatomic pathology structured re-
ports ( APSRs ) is a tool built using Java Swing technology. It is designed to manage
a tree structure which represents an APSR. Through this interface a user is able to
open manually created structured text based APSR templates. The interface then
allows the user to modify the template by adding new sections, subsections and leaves
to the template.

A number of different options were explored which could each have satisfied the
practical requirements for creating and viewing APSR templates. When this work
had just begun, our association with GenolLogics was quite close. GenoLogics wished
to explore the possibility of using an XForms based technology for providing a feature
like this. Consequently we explored a tool called Orbeon Forms. This tool seemed as
though it would be suitable for the purpose of viewing and modifying data collection
forms like those GenoLogics expected to encounter. GenoLogics perspective however,
was very data-centric. The company expected that by requiring the use of forms, that
the granularity of data units in their system would be too large. They expected that
as a consequence of choosing Orbeon Forms, they would not maintain the flexibility
they expected to maintain by choosing an option which induced fewer constraints on
the data collection process. In the end, GenolLogics adopted a suite of tools which
rely on cloud technology which are authored and maintained by salesforce.com.

This was a significant moment of divergence between the direction taken by Geno-
Logics and the direction which we adopted. We elected to continue with the use of
the swing interface for our anatomic pathology structured report generation inter-
face, where as GenoLogics elected to build their form construction interface using
salesforce.com technology. Rather than interface with cloud technology as did Geno-
Logics, we instead adopted a local persistence layer which we designed to facilitate
natural language processing. GenolLogics aims to meet their clients high data volume,
and intermittent processing demands. Their clients only use available architecture in
brief intervals, but when these clients need to perform processing, the system with
which they interact must respond quickly. Our research efforts on the other hand
focus more on the metadata - the annotations. There is far less metadata than there
is data, and so the use of cloud technology would not be of great benefit in our work.

It would have, however, greatly complicated our efforts.
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5.7 Coding with the UMLS Metathesaurus

In order to address the disparity in skills possessed by our intended interdisciplinary
user base, we constructed our clinical coding tool around a visualization which is
based in large part of theory which is presented by Ware[33] and to a lesser extent,
that presented by Tufte[78]. The approach we have taken with the visualization
component of our solution is an extension of the works of Sundvall[76] and Lin[53] who
built visualization tools for SNOMED CT and the UMLS Metathesaurus respectively.
We first explored these tools and the publications describing them. We then, with
the guidance of the publications of Ware[33] and Tufte[75], developed a visualization
which more directly addresses the needs of users who wish to perform clinical coding
with the assistance of a terminology server.

The terminology exploration feature of our clinical coding tool allows coders to
inspect the relationships between and within the terminologies with which they are fa-
miliar and those used by other researchers. By employing the UMLS Metathesaurus as
a communal knowledge source while performing clinical coding of anatomic pathology
structured report ( APSRs ), semantic annotations which facilitate interdisciplinary
knowledge exchange can be chosen. By employing visualization we have allowed these
experts to perform this task in a more exploratory way, accelerating the development
of their understanding of diverse terminologies.

Presented in fig. 5.5 is a screen shot of this visualization interface. A user first
opens an APSR for annotation. Our prototype then parses the APSR into the tree
structure labeled as A in the figure. Once the user has finished modifying the APSR
template by adding and removing sections, subsection, leaf nodes, etc., the user can
use the search tools labeled as B to uncover concepts which might potentially be used
for annotation. The user can then continue to explore the uncovered concepts using
the visualization panel labeled as E with its corresponding controls labeled as C and
D, and the definitions panel labeled as F. Annotated documents may be saved for

future retrieval.
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Figure 5.5: A screen shot of the visual coder application with an open anatomic

pathology structured report.

5.7.1 Clinical Coding with a Terminology Visualization Tool

We demonstrate the efficacy of our visual coding interface by evaluating it on a
theoretical basis by employing the visualization theories described by Ware[33] and
Tufte[78] in the context of a hybrid of Shneiderman’s[7] and Van Ham’s[31]visualization
task lists. As an example of visualization theories which have been employed, we use
no more than eight colours to represent relationships between concepts in the visual-
ization. This is because Ware indicates that human cognitive abilities are insufficient
to process such a complicated display[33][p. 113]. We also attempted to make use of
Tufte’s theories on color|75][ch 5].

Visual Coder is evaluated in the context of a targeted usage scenario which is
described in tab. 5.3. We evaluate the visualization by showing that the tasks related
to the steps of this workflow are supported. Shneiderman’s visualization task list[7/]
was found to be insufficient for use as a representation of the visualization tasks which

would be required to accomplish the steps presented in the workflow, and so we have
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constructed a hybrid task list in which we also incorporate tasks which are suggested

by van Ham[$1]. This task list is presented in tab. 5.4.

Use Case Steps

1. Open an APSR template

2. Inspect a section title or field title from the APSR

3. Use the terminology exploration tool to find the concept which was intended by this title
4

5

. Annotate the selected field with the intended concept

. Repeat this process until the document is sufficiently annotated to provide the desired degree

of semantic interoperability with collaborating researchers

6. Persist the annotations to an information repository

Table 5.3: A clinical coding use case

Task Description

Search Isolate a generalized subset of the terminology for refinement

Show Context Show relationships between a core concept and its conceptual context
Filter Hide uninteresting items

Expand on Demand | Allows the user to broaden over specified searches and also provides

additional information about selections

Zoom Focus on details which are pertinent to the task
Extract Extract data subsets and query parameters
History Rely on the system to persist actions previously taken for future reuse

Table 5.4: A hybrid visualization task list for semantic annotation[71][%1]

5.7.2 Satisfying the Use Case

Initially a clinical coder opens an APSR which is represented in a local computable
syntax. The APSR is displayed in A of the working area as shown in Fig 5.5. Visual
Coder will automatically select the first APSR node (i.e. a section title, a data label,

or a data value) for the user to annotate.

Search

Visual Coder then automatically searches the knowledge source for concepts which
match this first selected node using pre-configured search strategies which are pro-

vided in B. It then automatically populates the list of potential matches in the list
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shown directly above B. The first of these concepts is automatically selected for dis-
play in the visualization panel labeled E. The display shows a node link graph which
places the selected concept as the root. The graph portrays the conceptual hierarchi-
cal context of the selected concept.

The user can then use the contextual information provided by the visualization to
determine the suitability of the suggested concept for the annotation of the selected
APSR node. If the user is not satisfied with the first concept in the list of concepts
proposed by the system for annotation, he or she can either select another concept in
B, or even choose one of the other concepts which appeared in the visualization, E,
as an annotation. If the user exhausts all of the system’s prefetched suggestions, then
he/she can use the search strategies provided in B using his/her own input strings as
opposed to the exact APSR node title which is used by default. This process again
will populate the potential matches list with the concepts returned by the knowledge

source in response to the user’s queries.

Show Context

The relate task is fulfilled by the node link graph which is used to represent suggested
concepts within their semantic context in E. Using nodes to represent concepts and
arrows to represent relationships between them takes advantage of users’ precogni-
tive faculties to recognize association[33]. Curved arrows were used to represent the
links between nodes as they are more more likely to be perceived as part of the
same entity[33]. The various relationship types are categorized and aggregated using
colour. The display uses only eight colours so as not to overwhelm the pre-coginitive
recognition of the user[33]. These colours are linked to the relationship filter in C
by a legend of associated colour blocks. The colour legend shown in the screen shot
displays a yellow square associated with the isa relationship type. This yellow square
corresponds to the yellow arrows used in E to represent concept relationships. In
more complex graphs however, a more extensive legend is shown which uses different
colours for each relationship type. The inclusion of a brushing and linking feature has
been considered as well. This feature would highlight elements in the display panel as
the user passed the mouse cursor over the associated relationships in the visualization

control panel.
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Filter

Once a user has found a concept which shows promise as a potential APSR node
annotation, he/she can take advantage of the filtering options provided in C and D to
refine his or her search. Currently, a set of relationships are displayed to portray the
conceptual hierarchical relationships of the selected concept. The visualization control
panel allows the user to show or hide concepts based on their associated relationship
types. Currently, the graph does not include children of the root concept along the
hierarchy paths. This is as a consequence of technical issues with the underlying
relational model which have resulted in performance issues. In future work, it is
expected that child, co-occurrence and other relationship sets will also be extracted
from the knowledge source in addition to the hierarchical relationships. In addition
to the relationship type filtering feature in C, a degree of interest filter, labeled D,
is provided. With this feature a user can specify the desired volume of context they
wish to view by limiting the concepts by their distance in edges from the graph’s root

concept.

Expand on Demand

The next task is primarily addressed by the definitions panel, labeled F. As has
been described, when a user selects a concept from the selected concepts list in B, the
display, labeled E, is populated by the node link graph which represents the conceptual
context of the selection. The selected concept is designated as the root of this diagram
and is selected by default. The definitions panel, labeled F, provides a more detailed
description of the selected concept than is provided in the visualization panel, labeled
E. The display panel only provides a fixed length abbreviation of concept names with
the full name being available through a mouse over tool tip (in addition to the context
information of course). The definitions panel provides the full concept name, concept
definitions, synonymous terms to the concept title and semantic categorizations. In
other words, it expands the number of displayed details about a given concept on
demand.

By default, the root concept of the node link graph is selected in the visualization.
Consequently, the information published in the definitions panel describes this root
concept. With the click of a mouse the user can select other nodes within the graph.
This action will automatically repopulate the definitions panel with details about the

newly selected concept. Concepts which have been selected in the visualization panel
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can be added as annotations to the concept which has been selected in the APR tree
by using the add annotation button in the definitions panel ( the green plus icon ).
This action will move either move the selected concept from the potential matches
list to the selected concepts list in B if the chosen concept is present there, or will

simply add the concept to the selected concepts list if it is not.

Zoom

The zoom task is supported by the navigation features available through the display
panel in E. By using the mouse and various command keys, the user can pan across
the displayed concept graph and can also zoom in and out of the display when they
wish to see a particular corner of the graph in more detail. Additional features like a
semantic zoom with which a user could change the root of their concept map based

on a double clicking action will likely be considered in a future version.

Extract

The extract task is not currently supported by this prototype; however, the use of
the Mirth extract, transform, and load ( ETL ) engine in concert with the persistence

layer of our architecture is presented later in this chapter.

History

Some history tasks are supported. For example, selected annotations are stored in
the short term as selected terms, and can later be stored in the long term through
the persistence layer. The history of perviously performed searches however is not
supported. A feature like this could be facilitated in future by the implementation of
caching on the RESTful server, and also by using a more elaborate querying mecha-
nism for prefetched annotation suggestions. Currently a variety of search routines are
employed to provide the initial annotation suggestions. By monitoring user selections
and the queries which uncovered them, a bias towards the better search strategies

could be integrated into the application.

5.8 Persistance

Conceptually we divided our information storage needs into four distinct components.

First, we needed to store the structures of our APSRs. Second, we needed to store
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the annotations which provided the semantic meaning of our APSRs’ fields and titles.
As an example, the synoptic report provided to us by GenoLogics which we used to
generate our computable APSR had a title, “Breast Cancer Pathology Checklist”.
(We would provide this sample synoptic report as an appendix, but it was provided
to us under a non disclosure agreement. Interested readers may contact Genologics (
http://genologics.com ) directly about possibilities to gain access to the documents.)
This title would be annotated. Each section and subsection title in addition to each
field label of the pathology report would also be annotated. The sections would
sometimes contain a set of labeled checkboxes which were used to classify the tissue
sample in question. These labels would be annotated as well. Third and fourth, we
recognize that we eventually need to capture the data which is recorded using those
APSRs and we will also likely need to maintain a record of the meta data surrounding
the APSR templates (authorship etc).

5.8.1 APSR Template Structure

In order to represent our APSR templates in the database, as opposed to our initial
computable syntax, we considered two potential algorithms: an adjacency list algo-
rithm, and a modified pre-order traversal algorithm both of which were outlined by
van Tulder[79]. van Tulder, in his examples, wishes to store the tree in fig. 5.6 in
a relational database. APSRs like many human generated documents have a hier-
archical structure. Documents have a title, sections, subsections, and in the case of
APSRs, the data entry elements could be considered leaves. Because there is such
great similarity between the structure of an APSR and the structure of a tree, we
elect to represent the APRS templates as trees in our persistence layer.

Now, as with many pairs of algorithms, the adjacency list algorithm and the pre-
order traversal algorithm each have strengths and weaknesses. In the following three
sections, we will first outline line the adjacency list algorithm, next we will outline
the pre-order traversal algorithm, and finally we will provide a contrast between the

strengths and weaknesses of each approach.



66

Food

N

Fruit Meat

Red Yellow Beef Pork

Cherry Bannana

Figure 5.6: A hierarchical structure which might be stored in a relational database

The Adjacency List Algorithm

Here we will outline the adjacency list algorithm described by van Tulder[79] for
storing hierarchical data in databases. In order to provide this outline we will illus-
trate how the algorithm works by employing the algorithm on the same hierarchical
dataset, displayed in fig. 5.6.

In the adjacency algorithm, a database table is used to store child parent pairs.
To demonstrate this pairing we refer to tab. 5.5 which displays how the tree in fig. 5.6

would be stored in such a table.

parent | title

Food
Food Fruit
Fruit Red
Red Cherry

Fruit Yellow

Yellow Bannana

Food Meat
Meat Beef
Meat Pork

Table 5.5: The hierarchical structure in fig. 5.6 represented in a relational database

table using the adjacency list algorithm[79]
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If the adjacency algorithm is used, then a traversal of the tree or any subtree can
be executed through recursive querying as displayed in the php/sql code example
provided in fig. 5.8.1. Using a very similar algorithm, van Tulder also explains how
a similar recursive querying approach can be used to acquire the path to any given

node.

<?php
// $parent is the parent of the children we want to see
// $level is increased when we go deeper into the tree,
// used to display a nice indented tree
function display_children($parent, $level) {
// retrieve all children of $parent
$result = mysql_query(’SELECT title FROM tree ’.
’WHERE parent="’.$parent.’";’);
// display each child
while ($row = mysql_fetch_array($result)) {
// indent and display the title of this child
echo str_repeat(’ ’,$level).$row[’title’]."\n";

// call this function again to display this
// child’s children
display_children($row[’title’], $level+l);

>

Figure 5.7: This recursive php function, reproduced from [79], will perform a preorder

traversal of the hierarchical structure, shown in fig. 5.6, which tab. 5.5 represents

The Modified Pre-Order Traversal Algorithm

Here we will outline the modified pre-order traversal algorithm described by van
Tulder[79] for storing a hierarchical tree in databases. In order to provide this outline
we will illustrate how the algorithm works by employing the algorithm on the tree
displayed in fig. 5.6. We display a labelled replication of the initial tree shown in

fig. 5.6 in fig. 5.8 to illustrate the mechanism used in this algorithm.
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1 Food 18

N

2 Fruit 11 12 Meat 17

3 Red 6 7| Yellow |10 13 Beef 14 15 Pork 16

4 | Cherry | 5 g | Bannana | g

Figure 5.8: An illustration of the tree in fig. 5.6 reproduced from [79] which has

been labeled using the modified preorder traversal algorithm.

Using the modified pre-order traversal algorithm, a database table is used to store
triples which include a node value, and numeric left and right labels. Tab. 5.6 displays

how the tree in fig. 5.8 would be expressed in such a table.

parent | title left label | right label
Food 1 18

Food Fruit 2 11

Fruit Red 3

Red Cherry 4

Fruit Yellow 7 10

Yellow | Bananna 8 9

Food Meat 12 17

Meat Beef 13 14

Meat Pork 15 16

Table 5.6: A table reproduced from [79] which illustrates how the tree in fig. 5.6 could
be represented in a relational database table using the modified preorder traversal

algorithm.

If we elect to use the modified pre-order traversal algorithm, we can traverse the
tree in two subsequent steps. First we need to execute a single query against the

database to acquire a listing of the tree nodes, and second we need to use a function
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which will employ a stack to parse the query result and generate the tree structure
using the left and right node labels. In fig. 5.8.1 we provide a sample block of php
code which performs this operation, but also uses an initial database query to fetch
the left and right labels of the root node.

<?php
function display_tree($root) {
// retrieve the left and right value of the $root node
$result = mysql_query(’SELECT 1ft, rgt FROM tree ’.
'WHERE title="’.$root.’";’);
$row = mysql_fetch_array($result);
// start with an empty $right stack
$right = array();
// now, retrieve all descendants of the $root node
$result = mysql_query(’SELECT title, 1ft, rgt FROM tree ’.
’WHERE 1ft BETWEEN ’.$row[’1ft’].’ AND °.
$row[’rgt’].’> ORDER BY 1ft ASC;’);
// display each row
while ($row = mysql_fetch_array($result)) {
// only check stack if there is one
if (count($right)>0) {
// check if we should remove a node from the stack
while ($right[count($right)-11<$row[’rgt’]) {
array_pop($right) ;

}

// display indented node title

echo str_repeat(’ ’,count($right)).$row[’title’]."\n";
// add this node to the stack

$right[] = $row[’rgt’];

7>

Figure 5.9: This php function, reproduced from [79], will display a modified preorder

traversal of the hierarchical structure, shown in fig. 5.6, which tab. 5.6 represents.

With the modified pre-order traversal algorithm, acquiring the path to a node
can be achieved with a function which unlike with the adjacency list algorithm, is in
fact quite different from the display function. The SQL query listed in fig. 5.10 will
provide the nodes in this path.

SELECT title FROM tree WHERE 1ft < ? AND rgt > 7 ORDER BY 1ft ASC;

Figure 5.10: A query, modified from [79], which will acquire the rows representing

the path to a given node in the tree structure represented by tab. 5.6.
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A Comparison of the Adjacency List
and Modified Pre-Order Traversal Algorithms

Query frequency is expected to be the factor which has a significant impact on sys-
tem performance in our environment since we are building what is expected to be
a geographically widely distributed network; consequently, we want to ensure that
network traffic is kept to a minimum. For this reason, using the modified pre-order
traversal algorithm is expected to be faster than the adjacency list algorithm. This
is because the process for retrieving structural information when the adjacency list
algorithm is used requires multiple queries against the database, while when the pre-
order traversal algorithm is used only a single query is required. Once this query has
been performed an iterative function can be used to recreate the tree structured from
the raw data. The fact that this function would be iterative rather than recursive is
expected to provide further run time benefits as the languages which are currently
commonly used in system construction: Java, C4++, C#, are procedural rather than
functional and thus are not tuned to provide recursion in such a way as to make

effective use of memory|[79].

5.8.2 Storing Annotations to Accomodate NLP Processing

The relational model used to store semantic annotations of APSR template titles,
section and subsection titles and field labels in our system, shown in fig. 5.11, is
designed to facilitate the integration of the data captured using those templates using

natural language processing assisted automated mechanisms.

Annotation Atom Section

Figure 5.11: An Entity Relationship Diagram describing the database schema used

to store APSR template annotations

Through our experience, which is supported by the THE APSR Profile, APSR

template titles, section and subsection titles and field labels are frequently structured
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as noun phrases[25]. These noun phrases are composed of a trailing “head” noun
preceded by a series of qualifying adjuncts. For example, consider the title of the
APSR template provided to us by GenoLogics: “Breast Cancer Pathology Report”.
The trailing head noun identifies the object. In this case, we are dealing with a report.
We also see that there are some qualifying left adjuncts. These left adjuncts could be
considered in their initial state or by using compound nouns which were composed of
the atoms. For example, perhaps this is a pathology report, or perhaps it is a cancer
pathology report. On the other hand, perhaps the pathology in question is a cancer,
and more specifically a breast cancer.

The degree of apparent freedom in this type of atomization of the APSR template
titles, section and subsection titles and field labels lead us to the conclusion that
rather than prescribe a naive interpretation of the semantic intent of the template
author, we should instead provide the subordinate clinical specialist of this author
the ability to annotate the template in an atomized way. Rather than requesting
that a user annotate a title, section or subseciton title, or a field label as a whole we
request that they annotate atoms within the title or label. To provide this feature
we take a composite noun approach. We automatically identify the trailing noun as
the head noun, and then provide a qualifying “degree of distance” attribute to each

of the preceding nouns.

5.9 Transporting CRI Knowledge

Many legacy systems are already in place at hospitals, clinics and research facilities
around the world. Currently many middleware solutions are used as mechanism to
establish lines of communication between these systems. The Mirth Project[10] is
one such middleware system. Mirth is an extract transform and load ( ETL ) engine
which has a strong health focus. It provides extensive HL7 support and addresses
a number of other medical communication protocols as well. Given that the THE
APSR group advocates for the use of the HL7 Clinical Document Architecture (
CDA ) in their profile, and given that the HL7 CDA is prescribed by both Canada
Health Infoway[20] and adopted by the National Cancer Institute ( NCI )[11], our
choice to employ Mirth was natural. Though a number of other projects provide
similar services to those provided by Mirth, our exploration of the Mirth community
and tools was so rewarding that we did not pursue other options. We were able to

accomplish each task we set out to perform with Mirth and so the need to explore
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alternatives did not arise. Interested readers however may wish to read Brauer’s[l ]

discussion of alternatives.

5.9.1 Exploring Mirth

In order to validate our suspicion that Mirth could provide an effective communica-
tions backbone for the architecture of a collaborative research network we employed
a small scale experiment against GenoLogics BioChronicle component. This system
provides a RESTful interface using XML technology and HTTP protocols. Over
the course of a few working days we were able to establish an authenticated con-
nection, author a transformation script using XSLT, another XML technology and
output the transformed data. Specifically, we fetched a string of specimen annotations
from bioChronicle and relabelled the wrapping syntax with synonymous vocabulary.
Though this experiment was not performed within the full fledged context of our
proposed interoperability architecture, it still demonstrates the feasibility of this ap-

proach.

Connectors

Bortis[10] explains how the Mirth interface architecture is designed around a source
connector, filter, transformer, and destination connector model. The use of this model
has some important ramifications in practice and some which are of particular interest
for our APSR focused use case. When using Mirth, a user is not restricted to the
incorporation of a single source connector for a transformer, nor are they are they
restricted to a single destination connector.

Considering as an example a sample APSR with its multiple sections including
the macroscopy, microscopy and pathology sections[51], we can see how each of these
sections may be have been completed by a different member of a patient’s care team.
Each of these care team members might then use their individual information systems
to submit their portion of the APSR. This information can then be aggregated and
manipulated by a transformer module. This transformer module could populate an
HL7 CDA from the data collected in the collection of source connectors. This HL7
CDA could then be shipped by the transformer over a destination connector to a
source connector which is received by the supervising physician’s system and the
systems of other authorities who would be responsible for validating the document

content’s validity, approving the document and subsequently completing the HL7



73

CDA header information before the document was saved.

This kind of content validation however, is insufficient. Our aim is not to provide
human interoperability. This exists already. We aim to provide machine interop-
erability, and to facilitate this we need to provide rigorous rules based automated
validation of the syntax and content of the document, a topic which we will now

discuss further.

5.10 Validating an APSR

To validate a completed APSR within our architecture we need to ensure that the
syntax of the document is compliant with the HL7 CDA in simple cases or that it is
compliant with [HE APSR profile in more advanced case. Using our architecture, this
process would occur by first establishing a connection between our publishing com-
ponent and Mirth. In the simple cases, the source connectors which our publishing
component would use to push data into Mirth would be consumed by a destina-
tion connector which was connected to a validation service. This validation service
could then use known software packages to validate the compliance of the document
which was proposed for publishing against the HL7 CDA XSD. The more complicated
case would operate in a similar way. Instead of validating the document which was
proposed for publishing against the HL7 CDA XSD, the validation component would
instead use different software packages to validated the document using a Schematron

generated XSLT and report any transformation failures.

XSD

In order to ensure that APSR documents could be validated we were able to employ
java libraries to validate XML documents against XSD schemas. Though we did not
go so far as to validate fully completed HL7 CDA documents, we have demonstrated
that the automated validation of XML documents against XSD schemas is not only
feasible, but that the implementation of such a system is well supported with current
software packages.

This validation would ensure that documents which are produced by the system
are compliant with the syntax demanded by the HL7 CDA. An initial benefit of this
validation is the insurance that documents which have been generated include critical

metadata. The document for example, must identify its author, its curator, the
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patient about whom it speaks, its legal authenticator and a number of other parties
and entities. The data content of the document however is not thoroughly addressed
by the CDA, further more, XSD is insufficiently expressive to provide validation of
specializations of all of its templates. This was discussed in detail in chapter 3. It is
for this reason that when we began to work with the IHE APSR profile, we began to

explore Schematron and its associated tooling.

Schematron

As was discussed in our background material, not all restrictions on the contents of
APSRs induced by the IHE APSR profile can be validated by employing the XSD
standard. One example of this shortcoming is the requirement within the APSR
profile that APSRs contain specific sections which would translate to specializations
of the Component type in the central ClinicalDocument type expressed in the HL7
CDA. By employing the transformative approach of Schematron as opposed to the
declarative approach used by XSD this issue can be resolved. As a reminder, XSD
validation relies on a declaration of the structure of a document as the point of
validation. Schematron on the other hand makes the statement that all documents
which are compliant to the given template can be successfully transformed by an
XSLT which is generated based on the Schematron syntax.

The IHE profile in its published state does not include the Schematron file required
to generate the required XSLT. We started writing this file using the Schematron lan-
guage and completed enough of the process to understand how the entire profile could
be written. This included the first twenty four elements in the profile specification
which are listed beginning on page 46 of the IHE APSR Profile[13]. Examples of the

rules we implemented are provided below:

e The Structured Body must contain no more than one Clinical Information Sec-

tion
e The templateld for a Clinical Information Section must be 1.3.6.1.4.1.19376.1.8.1.2.1
e The code for a Clinical Information Section must be 22636-5

e The displayName for a Clinical Information Section must be ”Pathology report

relevant history”

e The codeSystem for a Clinical Information Section must be 2.16.840.1.113883.6.1
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e The codeSystemName for a Clinical Information Section must be LOINC
e A Clinical Information Section must include a narrative block in a text element

e A Clinical Information Section must contain no more than one Coded Reason

for referral [Reason for AP procedure] section

e A Clinical Information Section must contain no more than one History of present

illness section

e A Clinical Information Section must contain no more than one Active Problems

section
e The templateld for a Reason for Referral Section must have be 1.3.6.1.4.1.19376.1.5.3.1.3.2
e The code for a Reason for Referral section must be 42349-1
e The codeSystem for the Reason for Referral section must be 2.16.840.1.113883.6.1
e The codeSystemName for the Reason for Referral section must be LOINC
e The displayName for the Reason for Referral section must be Reason for Referral

e ctc.

It became clear that the process was not academically challenging but merely
labour intensive. At the point where we recognized how the process would proceed,
we decided to turn our attention to other aspects of the architecture instead. Our
expectation is that the IHE APSR group will eventually release the Schematron file
which is required to verify the conformance of an APSR instance against the specifi-
cation in their APSR profile.
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Chapter 6

Evaluation

6.1 Evaluation: Validation and Verification

Evaluation of software engineering research typically deals with verification and vali-
dation as the process of checking that a software system meets specifications (verifica-
tion) and that it fulfils its intended purpose (validation). We provide a verification of
our architecture against its specifications. We provide an overview of our evaluation
process in fig. 6.1. This overview links the principle components and artifacts of our
architecture with the corresponding methods we used to verify them. Our process as
a whole used as an agile model driven architecture methodology|[2]. We supplemented
this methodology with the evaluation techniques which are labeled in fig. 6.1. The
details of how we incorporated each of these methodologies are described throughout

the remainder of this chapter.
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Figure 6.1: A diagram associating the components of our architecture with the tech-

niques used to evaluate them

A shortcoming of our evaluation is that we do not rigorously address the question
of whether the annotations which could be recorded with it can in fact be effectively
leveraged for automated, or semiautomated system integration. The incorporation
of validation techniques like user studies such as these is a persistent and primary
difficulty in translational research informatics ( TRI ). Both older research efforts,
like those of Frank[21] and more recent ones like those of Glez-Pena[(1] struggled
with this issue. The difficulty with performing user studies in the domain arrises as a
consequence of a number of factors including but not limited to the availability of the
experts for whom systems are designed, the privacy and security issues which need
to be addressed in health care order to pursue such studies and the time required to
perform studies of this nature which will yield meaningful results. In the domain of
clinical research informatics there is also significant disparity in the processes which
are used to manage cancer informatics data between different health authorities. As
we have decided to relegate user studies which evaluate our architecture to future

work, here we focus instead on the verification efforts we have undertaken.
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We will begin our verification by critically considering our requirements gathering
process. This will act as a bridge to the evaluation of our primary contribution which
we present in the intermediate sections. In the final section of this chapter we will

verify our tool based on domain specific criteria which were laid out by Embi[21].

6.1.1 Requirements Engineering

The use case described in chapter 5 which was used as the basis for many of our evalu-
ations was derived through an agile model driven architecture design process|2] which
took advantage of personae, an interaction design technique described by Grudin|[32].
We also engaged in traditional requirements engineering techniques, prototyping ac-
tivities, and other model-driven techniques[03] with experts at GenoLogics in regular
design and evaluation meetings. We applied the knowledge we acquired through
these processes to our models which we usually represented using informal syntax,
but which we occasionally formalized using the unified modelling language ( UML
). The use case which we described in chapter 4 was derived during this process.
The expertise which GenoLogics provided was derived from their experience with a
breadth of clients within the translational research domain. GenoLogics’ understand-
ing of the actors in this domain is expressed in the personae which were mentioned
just mentioned and which are outlined in chapter 4.

By employing personae, as described by Grudin[32], we ensured that we had
empathy for the potential end users of our architecture implementations and that
we were designing explicitly for them. A criticism which could be levelled against our
approach to requirements gathering would be that it did not put us in direct contact
with out expected end users, this technique might have more closely resembled what
Grudin refers to as participatory design[32]. We acknowledge this, but we also propose
that by taking advantage of the expert knowledge that GenolLogics provided, we were
able to focus more on the literature review portion of our requirements gathering
process than we would have had we performed interviews with each of these potential

users.
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6.1.2 Evaluation against Established Heuristics:

The Terminology Server

In chapter 5 we discussed an evaluation of the UMLS Metathesaurus against a check-
list of terminology server properties which was authored by Barrett[5]. To summarize,
Barrett stated that a terminology server could be evaluated based on the services it
provides for curation, i.e. addition and deletion of terms, and development, depre-
cation and replacement of terms. The UMLS Metathesaurus and its curation are
managed by the National Cancer Institute ( NCI ). In a general sense, each of these
features is provided, though the manager of a system which was constructed based
on our architecture would be required to rely on the NCI to provide these services
when they wished to make a modification to the central as opposed to local portion
of their terminology server complex.

At first glance, this may appear to be a bad thing. Consider however, that the
terminology contained in this system is intended to promote interoperability, and by
Weng’s[31] estimation, many approaches to semantic interoperability which relied on
semantic annotation and which did not rely on a central terminology server have
been less effective than desired. Also recall the fact that we use a supplemental
local terminology server in our architecture. This supplement is intended to be used
for point to point communications between users who have isolated communication
needs, thus addressing, in part, users immediate need to curate their annotation
terminologies. Given the availability of this supplemental terminology component,
the UMLS Metathesaurus is, at least when evaluated against these metrics, a good
choice of terminology server for our application.

Barrett also states that “[t]erminology servers should incorporate automated mech-
anisms for terminology verification, or at least facilitate manual verification.”, and
that “[t|his ensures the terminologies’ consistency and soundness which are crucial
for systems reliant on the terminology server”. We discussed in chapter 5 how the
process of verification performed by the National Library of Medicine ( NLM ), rather
than being automated, is focused on the engagement of a community of experts who
satisfy the same goal.

Barrett also identifies architectural extensibility as a feature which is desirable for
any clinical terminology server. When we first uncovered the UMLS we implemented
a number of prototypes which employed the native UMLS Metathesaurus interfaces

provided by the NLM. These are discussed briefly in chapter 5. In summary, the
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native interfaces to the UMLS Metathesaurus did not provide an acceptable archi-
tecture. The interfaces were not sufficiently generic to be incorporated by a sufficient
breadth of clinical architectures, and the native interfaces performance and quality of
service were also insufficient for use in production systems. Consequently, we designed
a new interface to the UMLS Metathesaurus. This new interface is takes advantage of
a software engineering design called the factory pattern to provide an easily extensible
interface to a local instance of the UMLS Metathesaurus. This use and fine tuning of
the local instance of the terminology dataset on a local database resolved the quality
of service and performance issues.

In terms of content, we refer first to Gschwandtner[33] who informs us that
the UMLS is the largest thesaurus of its kind. We inform the reader that the
UMLS Metathesaurus includes principal terminologies used for semantic annotation
in medicine including SNOMED CT, LOINC, and ICD-9/10. It also includes the
Gene Ontology which, according to Rojas[70], is the primary terminology used for
semantic annotation in the basic biomedical sciences.

Of course, just because the terminology server includes the most vocabulary does
not necessarily mean it will be the best choice for our application. Supplementing the
breadth of information which is provided by the UMLS Metathesaurus is the fact that
it provides features for both filtering the data contained in a local implementation of
the database, as well as features for indicating preferences for certain terminologies.
A user can for example modify settings in the UMLS Metathesaurus installation
program to indicate that SNOMED CT codes are more important to them than are
ICD-9/10 codes.

Given that the UMLS Metathesaurus, when supplemented with our RESTful in-
terfaces, provides an extensible interface, provides more of the terminology which
spans the translational research domain than other options and given that it provides
customization options which facilitate the maintenance of performance and intelli-
gibility, we conclude that it is a good choice of terminology server for the purpose
of providing the terminology necessary for semantic annotation in an interoperable

electronic biomedical research collaborative.

6.1.3 Prototyping, Personae and the Coding Interface

One of the mechanisms we used to evaluate our implementations, and transitively

our architecture was to evaluate the suitability of our interface for the personae[32]
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developed by GenoLogics, and specifically the use of personae as a target audience
for our tool. One example of the benefits of using personae is that by incorporating
an understanding of a given persona’s willingness to learn new technology, we can
gauge how intuitive an interface needs to be in order for it to be useful to its target
audience. We acknowledge that without explicit metrics to measure intuitiveness,
that it is difficult to make any strong claims here, but by relying on the evaluations
which were provided by the technical managers and product managers at GenolLogics,
we can claim that at the very least on the right track. As an example of how these
evaluations were used we can relate that they were used to discard a number of early
prototypes which attempted to use abstract information models as the basis for the
annotation process. This approach was deemed to be too foreign to the personae who

were expected to use tools based on our architecture and so it was abandoned.

6.1.4 Comparison of the Visualization to

Existing Alternatives

In this section we compare our visualization interface to the previously created vi-
sual biomedical knowledge source exploration tools of Sundvall[76] ( TermViz ) and
Lin[53]( Visual Concept Explorer ( VCE ) ) using three generalized tasks each of
which relate to the intended purpose of our visualization implementation: querying,
exploration, and scope management. We make a division between general explo-
ration and scope management because the techniques used to manage the scope of
view is explicitly explored in visualization and so we can provide a more thorough
investigation with respect to this metric.

We selected these three tasks for explicit inspection because they are all central
to the semantic annotation process. Given a specific title, section or subsection title
or field label, a user will first query the interface to uncover the potential meanings
of the terms in that title or label. Based on the results of this query, the user might
either explore the terms in the surrounding context to verify his or her suspicions
that he or she has found an appropriate annotation. To accomplish this task, the
user may wish to manage the scope of terms which he or she is currently viewing.
On the other hand, a user may recognize that his or her initial query has returned
results which do not match the users intended meaning. In this case, the user may
wish to attempt a new query.

Both Lin and Sundvall’s tools incorporate a number of visualization techniques to
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facilitate the exploration of a knowledge source. Lin’s tool, the one we will explore
in the most detail suffers from usability issues. Sundvall’s tool was not available
in a form that allowed us to perform an in depth evaluation and so we discuss it
based solely on his publication; consequently, our coverage of his tool will not be as
comprehensive. Let us now then begin with an investigation of Sundvall’s tool. We

will continue afterwords with a discussion on Lin’s tool.

6.1.5 TermViz

Sundvall’s TermViz[70] is a visualization tool which was developed to explore the
SNOMED-CT|[7] knowledge source and the ICD-10 codification standard. The tool
was developed using the Prefuse[38] graphics package and was implemented in Java.
Supplementary to this module, the Lucene[35] free text indexing engine was used to
facilitate Google style querying of these knowledge sources.

Sundvall motivated the creation of a flexible visualization tool for knowledge
source exploration with a number of arguments. To motivate the creation of a visu-
alization tool they point to the volume of data stored in typical terminology servers
as a major challenge for users. To motivate the use of a flexible visualization they
explain how typical tree based structures like those found in computer file systems
are only appropriate for certain user tasks. They also illustrate that tree based struc-
tures are unable to represent common knowledge source data structures like multiple
inheritance and concepts which are linked together by multiple relationship types.

To overcome the shortcomings of tree based visualizations, Sundvall employed a
node graph visualization technique. To display the nodes in an orderly fashion, they
used a force based layout option provided by the Prefuse library. This force based
layout algorithm is based on the works of Barnes and Hut[!]. This layout option is
successfully used as a graph drawing algorithm. The visualization behaves in an intu-
itive way and produces aesthetically pleasing and intelligible graphs. Unfortunately,
as we discovered in our work, this graph drawing technique does not scale well with
the number of nodes displayed.

Sundvall describes a tool which supports a suite of tasks: querying, graph ex-
ploration, zooming and panning, overviewing, and viewing details on demand. The
selection of this set of tasks for implementation was inspired by Schneiderman|[74]. In

the following sections, we will compare our implementations of these tasks to those
described by Sundvall.


http://www.who.int/classifications/icd/en/
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Querying

The querying functionality described by Sundvall involves the use of query templates.
They provide the description of a sample template which ”[r|eturn[s] all SNOMED
CT concept nodes that have any description containing the word supplied in the
search field” [38] The system provides advanced users with the power to create their
own query templates.

In our implementation we also provide template based queries; however, our tem-
plates are quite different than those used by Sundvall. In our queries, we request a
search string and then provide the user with a choice of search strategies. We then
provide the visualization as a means of conceptualizing the search results. We have
the intention, for future work, of allowing the user to interact with the visualization
itself to refine the search, but we have not yet developed these features. Through our
implementation is not feature complete, the extensible architecture of the software
and the use of the factory pattern for these search strategies makes our implementa-

tion easily adaptable to user needs.

Exploration

The visual exploration functionality provided by Sundvall is based on a degree of
interest metric. Given a node which is returned by a query, a “fetch” slider is inspected
to determine the “degree of interest” to be fetched on the node in question. Given a
degree of interest, the hierarchy or hierarchies in which the node is present are climbed
by a number of links equal to the degree of interest. Each of the nodes explored in
this way are displayed in the visualization.

Though we employed a different graph layout algorithm than the one used by
Sundvall, our approach was not that different. We still use a node link graph to
represent concepts in our implementation. We also provide a degree of interest filter,
as did Sundvall. The principal difference between our implementations in this respect
is that rather than fetching nodes based on the degree of interest as is described by
Sundvall, we fetch all of the nodes available in our queries regardless of the degree of
interest. We then rely on the degree of interest to govern which nodes we present in the
visualization and which we do not. Though this results in a performance drawback
in the initial query performed with our tool, it has a performance advantage over
Sundvall’s approach during the exploration phase which follows. The reader will recall

that our system is designed for a distributed multiuser collaborative; consequently, it
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was important to minimize the number of queries which were sent to the underlying

terminology server and to keep network traffic to a minimum.

Managing Scope

Sundvall’s tool also offers a semantic zooming feature which either displays or con-
ceals node labels at a degree of interest distance from a highlighted node based on the
position of a “label” slider. The tool does not however, provide a more meaningful
semantic zoom which might expand a node by either displaying more of a focused
node’s relatives or display nodes for concepts which co-occur with the concept rep-
resented by the focused node. Sundvall did however describe the potential of using
clustering. Clustering could be implemented by grouping collections of objects which
had a low degree of interest into single aggregates. These aggregates could subse-
quently be expanded and explored when their contents once again became objects of
interest.

Though we recognize these shortcomings in Sundvall’s work, we have not ad-
dressed them in ours. We have however replicated much of the zooming functionality
available in Sundvall’s implementation. We elected not to reproduce the “label slider”
functionality as we discovered that it was not as useful as might be expected. Given
a root node like "SNOMED CT Vocabulary”, and a leaf node in a hierarchy called
“haemoglobin”, it is difficult to understand the scope of the hierarchy. In particular
it is difficult to gauge the granularity of the intermediate divisions in the hierarchy.
The purpose of the label feature was to act as a details on demand mechanism that
would help the user understand the context of their query results. Given the example
above however, it becomes clear that the context is quickly lost when this approach

is taken.

6.1.6 Visual Concept Explorer

The intent of the Visual Concept Explorer ( VCE )[53] was to make the implicit
knowledge which can be extracted from semantic networks explicitly available to the
tool’s user. VCE was initially designed to explore the Unified Medical Language
Sysem Knowledge Sources ( UMLSKS )[3] controlled terminology by enlisting the
assistance of the PubMed search engine as an interface to the MEDLINE dataset.
VCE provides two principle views of the semantic networks stored in the UMLSKS.
The first is a node graph much like the one provided by TermViz which we will explore
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in detail, and the second is a “concept map” which we will not investigate here as it
is quite dissimilar to the approach we have taken to terminology exploration, and is
also quite different from the approach taken by Sundvall with his TermViz tool.
The node graph layout provided by VCE, see fig 6.2, uses a layout algorithm called
Pathfinder which could be considered less intuitive and less intelligible than the force
directed layout used by TermViz. It also incorporates the use of colour to cluster
nodes by semantic type. This feature would have been more powerful however, had
the authors also provided the capacity to filter on semantic type, one of the pieces of
classification information which is extracted from the UMLSKS by the VCE interface.
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Figure 6.2: A screenshot of the node graph view from VCE[53]
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Querying

One of the aspects of VCE which shows great promise but seems underdeveloped is
the capacity to use the PubMed search engine directly from within the tool. VCE
provides a logical query tool which posts queries to the PubMed search engine and

which returns lists of links to articles relating to the search terms.

Exploration

VCE also provides a number of visual controls in its interface. Some are quite helpful
while others are less well conceived. The interface for the node graph view provides
a feature which will adjust the length of the links between nodes and another that
will adjust the size of the displayed text. Together these features provide a dynamic
control which will allow the user to mitigate occlusion, a significant problem with the
display. Using a more sophisticated layout algorithm and pre-computing and avoiding
instances of text occlusion seems a wiser solution, and one which we have elected to
incorporate into our terminology server visualization implementation.

A second set of controls allows the user to select the style of links they wish VCE
to display between nodes. Upon some experimentation however users are likely to
converge on a single universal preference for the simple curved link as this is, according
to Ware[33] ( p.193 ), the most easily perceived linkage.

The tool also provides another control which allows users to stow panels which
they are not currently using. This feature provides a dynamic workspace that allow
the user to use as much space as he/she desires for the visualization. This is a useful
feature that we would consider adding to our implementation should user demand be

uncovered during a user study.

Scope of View

Unlike TermViz, VCE provides an explicit overview feature. The feature displays an
unlabelled edge graph of the nodes present in the visualization. This feature also
provides a refocus feature which centres the main viewport on the location selected
in the overview display. The overview itself provides no consumable information as
it contains no labels whatever. The principle issue which is highlighted here is that
it is difficult to provide an overview of a complex semantic network when one has
no specific task in mind, and when one doesn’t have a clear grasp of the topography

of the network in question. Supplementary to this reasoning, we can return to our
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use case. We are attempting to provide a tool which allows a user to select semantic
annotations for very specific concepts. An overview of an entire terminology is not
particularly useful for this task. A focus on providing a feature rich exploration
interface for localized subsets of the terminology is more likely to provide utility.

VCE took a different approach to details on demand than TermViz. In VCE this
feature is activated using the same double click gesture, but instead of opening a new
panel describing the selected term, the tool opens a new visualization which has as
its root the selected term. This central root, as before is surrounded by co-occuring
concepts. The consequence of this behaviour can be unsettling, but more importantly,
there is no immediate way to return the viewport to its previous state. Of course,
this can be affected by using the history tool; however, given that this is likely to
be a frequently accessed feature, and that users will frequently wish to reverse this
action, a mechanism for reverting the viewport to its previous state should be more
accessible.

VCE appears to provide only two mechanisms to filter results. The first of course
is the search functionality, and the second is the tab at the top left corner of Fig 6.2.
This “to display” feature seems to imply that only the selected number of concepts
will be displayed in the viewport. A reasonably thorough investigation of the interface
and the paper describing the tool however indicate that the feature doesn’t in fact
work.

The color key based semantic clustering feature offered as a legend on the right
hand side of both the Map and Node Graph views of VCE seems an ideal candidate for
a filtering option, but this does not appear to be implemented. However, a brushing
and linking feature relying on the same legend was implemented.

The problems of occlusion faced by VCE are not unique to this tool. A principal
issue with the graph based layout approach to information visualization is occlusion.
Though force based layouts like the one used in TermViz help to mitigate this is-
sue, a more rigorous mathematical approach to graph drawing like the one taken by
Dwyer[20] may provide more readable results. Dwyer’s algorithm performs faster,
and does a better job of mitigating occlusion than force based layouts.

Within our application we first elected to use a force based layout, but upon
uncovering difficulties with scalability with the number of displayed nodes, we changed
direction and elected instead to use a different node graph layout available in the
same library. This yielded relatively easily interpretable results and so we did not

investigate further. Though a more sophisticated approach to the graph drawing
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task may improve the usability of our tool, it is expected that the benefit gained from
these improvements would provide a low marginal return when compared against
efforts which might be invested on other features.

The work of Haraguchi et al[31] on the other hand provides a much more com-
pelling value proposition. This work focuses on drawing multiple related graphs
together using perspective. This kind of approach could provide valuable cognitive
support when performing tasks which are more complex and which require a deeper

understanding of the interrelationships between concepts or terminologies.

6.1.7 Incorporation of Established Heuristics:

The Persistence Engine

We have not thoroughly evaluated the persistence engine implementation in our ar-
chitecture. We based the architecture on two principles which have been described
in this thesis already. Firstly, we take advantage of the fact that the labels used in
APSRs are frequently noun phrases. Secondly, we use the structure of these noun
phrases to provide a semantically rich annotation set which is associated with each
of the labels in the APSR templates.

6.1.8 Participatory Design: The Message Structure

We rely on a study by Kussaibi[51], which implemented participatory design for the
construction of our systems output document structure. The architecture is designed
in general to exchange biomedical knowledge. Our implementations however targeted
breast cancer informatics specifically, and relied on anatomic pathology structured
reports( APSRs ) as the message structure for knowledge exchange. If the reader
accepts that this is a reasonable choice of message structure, then our selection of
APSR template is verified by its construction.

The APSR template we elected to use was the one presented in the Integrating
the Healthcare Enterprise ( IHE ) APSR profile. This profile is a synthesis of the
APSR templates used by the College of American Pathologists ( CAP ) and French
Society for Pathology ( SFP ) which is deployed in the context of a Health Level
Seven Clinical Document Architecture ( HL7 CDA ) compliant XML document and
which was derived by the Delphi method[51]. The Delphi method, in short, is a

process by which requirements can be gathered and synthesized from a large group



89

of domain experts using a consensus building process[>1]. It falls under the scope
of participatory design as the guiding principle of this methodology, as described by
Muller[60], is the incorporation of users into the process of designing the tools they
will later employ.

With respect specifically to our choice of terminology server, we acknowledge some
weakness. Kussaibi indicated that the most common terminologies used in the an-
notation of APSRs were SNOMED CT, ICD-O-3 and in France, ADICAP. These
discoveries were made during the same Delphi process as was used to synthesize the
APSR templates. Of these three terminologies however, the UMLS Metathesaurus
currently provides only SNOMED CT. That said, the process which is in place to
introduce new terminological mappings to the UMLS Metathesaurus could be used,
should the demand exist, to incorporate ICD-O-3 or ADICAP at some future date.
Supplementary to this is the fact that we are designing a translational research solu-
tion. Our solution must satisfy users outside of the cancer informatics domain if it is
to be a truly translational solution. The participatory design element of our selection
of terminology server arises from the expert driven process which is used to create
not only the controlled terminologies which are incorporated in the UMLS Metathe-
saurus ( these are created in large part by Standards Development Organizations (
SDOs ) ), but also to create the mappings between the incorporated controlled ter-
minologies ( the National Library of Medicine ( NLM ) uses processes which engage
teams of experts in consensus building processes to accomplish this as was discussed

in chapter 3).

6.1.9 Participatory Design: Mirth

Mirth is the export, transform and load engine ( ETL ) which we incorporate in
our architecture implementations. It is designed and used by its health focused user
community as an open source, though commercially driven software application. We
chose the Mirth ETL engine because of its health focus and healthcare based user
community. It also supports the Health Level Seven ( HL7 ) standard which we
chose as our message structure for transmission from our system. Though other ETL
engines are available, the health focus of Mirth distinguishes it from other choices.
Also, as we described in chapter 5, Bortis[10] and Brauer[! 1] advocate for the use of

Mirth over other ETLs in health base applications for similar reasons.
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6.2 Informatics Needs in Translational Research

Embi[21] describes the current needs in translational research by providing a number

of focus areas of the domain including:

e developing effective workflows and tooling to support them

e providing human-computer interaction mechanisms within the computerized

tooling which facilitate the user’s objectives

e providing effective information capture and data flow in translational research

which facilitate interdisciplinary knowledge exchange

e performing knowledge engineering and standards development in translational
research which will facilitate the exchange of data, information and knowledge

between disparate researchers and institutions

e providing data mining, data analysis and knowledge integration tools which

facilitate communication between clinical and research information systems

We will discuss how our proposed architecture and how our individual implemen-

tations address each of these five issues.

6.2.1 Workflow

The workflow we propose for our architecture has its basis in the experience of the
product managers at GenoLogics Life Sciences. This expected workflow is a gener-
alization of the workflows used by Genologics” CRI clients and as such is implicitly
verified to be an existing workflow. Our tool, as was described in chapter 5, is

explicitly designed to satisfy this workflow.

6.2.2 Human Computer Interaction

Our secondary contribution, the visualization interface to the Unified Medical Lan-
guage System ( UMLS ) Metathesaurus, was designed explicitly to provide an good
human-computer interaction with our application. We have already discussed, in
chapter 5, how the workflow established with GenoLogics is serviced by our visual-

ization and its encapsulating clinical coding interface.
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6.2.3 Information Capture and Data Flow

In order to provide effective information capture, we verify that transmitted infor-
mation is sufficient to fulfill the requirements of recognized electronic medical record
( EMR ) standards which govern document contents like the “profiles” produced by
Integrating the Healthcare Enterprise ( IHE ). To service the need for data flow,
we include a communications backbone called Mirth in our architecture. Mirth is a
health focused, EMR and software standards driven web application which relies on
an enterprise service bus to ship channels of data between endpoints. By facilitat-
ing clinical coding, we allow users to record information in a way which is not only

semantically rich, but is also computable.

6.2.4 Knowledge Engineering

By facilitating the consumption of existing standards like the Integrating the Health-
care Enterprise ( IHE ) profiles, we contribute to the development of knowledge
engineering and standards development by users by facilitating the growth of the
client base for these standards. As more systems are built using our architecture,
the users of these systems will uncover weaknesses in these standards and will begin
to participate in the communities which created them by engaging in the refinement

processes which are used to improve the standards.

6.2.5 Data mining, Data Analysis

and Knowledge Integration

To service the need for data mining, and analysis, our architecture includes a persis-
tence layer which acts as a knowledge source by providing annotated data through
two distinct mechanisms. The first, direct access, provides the facility to reconstruct
compound nouns from the stored atoms as one approach to the data analysis and
integration where client applications can formulate their own aggregations of knowl-
edge units from the knowledge atoms which are stored in the persistence layer. The
second, electronic medical record ( EMR ) transmission, takes a pre-coordinated ap-
proach which relies on EMR standards to govern the contents and structure of the
knowledge which is communicated by the system. To facilitate data integration, we
provide the persistence layer which stores semantic annotations. These annotations

will facilitate the automated integration of data between disparate systems.
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6.3 Retrospective

Though our research approach has lead to the exploration of a breadth of areas of
difficulty in translational research, and specifically clinical research informatics ( CRI
), it suffers in many areas from a lack of depth. We could have spent more time
evaluating the features and content of the UMLS Metathesaurus. We might also have
spent much more time on developing a thorough feature complete visualization of
this terminology server. Each of these choices however would have detracted from
the breadth we have achieved with the process we have chosen.

Though we propose that much has been accomplished through our approach, the
research we present here would benefit from a more in depth exploration of a number
of components of our architecture. In particular, a more in depth exploration of the
UMLS Metathesaurus and the queries which are likely to be presented by users could
yield a much more effective clinical coding interface. In this same vein, developing
a more feature complete visualization of the terminology server might yield a much
more comfortable exploration experience for the clinical coder we attempt to service.
Finally, our choice not to thoroughly evaluate the effectiveness of semantic annotation,
but rather to focus on facilitating the process may at first seem to cast doubt on the
value of the research we have performed. When one considers however, that much
of the work we have done would be necessary to effectively generate the annotations
which are to be used, it can be understood that steps similar to those we have taken
must necessarily precede an exploration of the utility of the annotations which can

now be generated.
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Chapter 7

Future Work

Our progress in interoperability in translational research informatics, and the T2
block of clinical research informatics ( CRI ) more specifically, is only one more piece
of a larger puzzle. In this chapter we will express the directions in which we feel our
research should be explored next. We will first traverse our architecture from the
information capture end to the knowledge transmission end. We will then discuss
some more serious issues with our research and we will suggest methods by which

they might be remedied.

7.1 The UMLS Metathesaurus

Though we are pleased in general with the feature set, semantic richness and breadth
of the UMLS Metathesaurus, the tool has some significant weaknesses with respect
to our chosen application. In addition to the inherent weaknesses of the tool, our
application of the tool was not as complete as it might have been had we focused

more on this aspect of our project.

7.1.1 The Hierarchy Table

Some of the inherent issues we perceive with the UMLS Metathesaurus include lin-
gering performance issues which arise in part from its native relational schema. Re-
arranging the schema of this tool may tune the terminology server to our particular
needs. One specific example of this type of issue is the mechanism the UMLS Metathe-
saurus hierarchy table uses to represent the hierarchy of its member concepts. The

hierarchical relationship between concepts in represented by a delimited string which
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indicates the path from the given concept to its parent. As a consequence of this
approach to the representation of hierarchies, ancestors of a given concept can be
rapidly and efficiently extracted from the database. On the other hand, fetching
children requires the use of a SQL LIKE clause which is known to be slow. Even
when these queries were restricted to “starts with” style clauses, the query time of
the terminology server remained unacceptably long.

Initially one might expect that the application of a pre-order traversal algorithm
might alleviate this issue. Though this idea holds some merit, we are not convinced
that this approach will be effective. This is because the hierarchies represented in
the UMLS Metathesaurus are not strict hierarchies. Some of the hierarchies are in
fact cyclic graphs. Now one might resolve this issue by duplicating nodes in these
cycles, but as the database is already large (the hierarchy table contains more than
12 million rows), if the cycles appear early in the hierarchy, this may produce a
substantial increase in the number of rows in the hierarchy table. It is for these
reasons that we feel an exploration various approaches to the representation of the

UMLS Metathesaurus hierarchy table could produce valuable results.

7.1.2 Content

Though we are pleased in general with the breadth of controlled terminologies which
are included in the UMLS Metathesaurus, the absence of two of the three terminolo-
gies which are central to clinical cancer informatics leads us to question the complete-
ness of the included terminology set. To remind the reader again, the terminologies
which are common in clinical cancer informatics are SNOMED CT which is included
in the UMLS Metathesaurus, and ICD-0O-3 which is not. A significant piece of future
work which may increase the utility of the Metathesaurus would be the incorporation
of additional terminologies. One way to approach this work would be to gather survey
papers on the use of controlled terminologies in translational research and to collect
from these a list of important terminologies which are not already included in the

Metathesaurus and to subsequently map them in.

7.2 Exploring the Persistence Model

One of the elements we have not explored in great deal in our research is our persis-

tence engine. Though visionaries like Tim Berners-Lee may foresee a future where



95

semantic annotation solved the interoperability woes of the world wide web and leads
to machines which make intelligent, yet automated decisions, this vision has yet to
come to pass. Finding problems which might be solved using these annotations specif-
ically in translational research would of course be a necessary preliminary step, but
once these problems have been identified, there may be great value in developing
systems which attempt to leverage the annotations which are stored in systems like
those which might be based on our architecture. It is only once the tools we have

created are used that we can validate their utility.

7.3 Application to Other Medical Reports

One of the ways in which we chose to limit the scope of our research was to focus it
specifically on cancer informatics, and more specifically on the use of anatomic pathol-
ogy structured reports as a mechanism for knowledge exchange. Since the medical
informatics standards used to verify the content and structure of these documents
is formalized in Integrating the Healthcare Enterprise ( IHE ) profiles it would be
relatively easy to expand the scope of our current solution to service other domains

of the clinical and clinical research domains.

7.4 Conclusion

Saltz[72] states that “[g]liven that interoperability is a broad subject and spans many
possible scenarios, the focus should be on practical usage scenarios. The verification
and validation of usage scenarios and interoperability evaluation metrics should also
be addressed.” This has been our perspective from the nascent stages of our research.
If our research is to be useful, it must be continually validated. A research approach
like participatory design may help maintain this type of focus in future work. One
of the primary weaknesses we perceive in our work so far is the lack of validation.
Pushing the participatory design method much harder than we have so far seems
a good way to resolve this weakness in future work. A principal way in which we
expect that our research could be validated would be through user studies. Though
Frank[21] and Beaulah[0] both warn of the challenges with user studies in translational
research, and particularly in clinical research, the need to validation is paramount.
Consequently, it is necessary to find ways to alleviate the difficulties which Frank and

Beaulah identify in order to pursue research in this direction.



96

Appendix A

Additional Information

A.1 An Example in Oncology

McConnell [57] provides an insightful example of the “bench to bedside” /“bedside
to bench” paradigm which illustrates how difficult it can be for experts to exchange
knowledge. This example will be used to introduce the reader to the principal actors
and artifacts in clinical cancer research. It will also be used to illustrate the ways
in which tools based on our proposed architecture could facilitate the exchange of
knowledge between experts in clinical cancer research. The example, as presented by

McConnell, proceeds as follows:

“[A] patient with a breast lump approach[es| an oncologist for treat-
ment at a tertiary care facility. The patient has been told by her local
physician that the tumor she has is not uncommon, but difficult to man-
age. The oncologist reviews the medical documents from the outside insti-
tution and recognizes an entity that is well-equipped to handle a lobular
carcinoma of the breast. What is slightly odd is that this tumor has an
intermediate nuclear grade and has been further designated as a ‘pleo-
morphic lobular carcinoma’. The oncologist is familiar with the medical
literature on the topic and recognizes that in certain circumstances such
an entity may exhibit biologic behavior akin to an invasive ductal tumor
(rather than that of a typical lobular). Paralleling the odd histologic find-
ing is an additional finding that the tumor is negative for estrogen recep-
tor (ER) expression, negative for progesterone receptor (PR) expression,

but strongly positive for human epidermal growth factor receptor 2 (Her-
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2/neu) overexpression. This profile is very uncharacteristic for a lobular
carcinoma of the breast. Thinking that the tumor may have been mis-
classified, the oncologist has the pathology material reviewed again and
re-runs the molecular studies to confirm the receptor studies reported from
the outside institution. To complicate matters, the reviewing pathologist
reclassifies the tumor as a typical lobular carcinoma (not pleomorphic),
but the receptor study profiles (ER, PR) and Her-2/neu status remain
unchanged. Now there is no diagnostic correlate for the receptor profile
results. Lobular tumors (particularly typical ones) are nearly always pos-
itive for ER and PR receptor (and usually strongly so) and negative for

Her-2/neu overexpression.”

In McConnell’s example, the care team, i.e. the local physician, the oncologist
and the pathologist, intends on using the patient’s phenotype as a causal diagnostic.
Brock[13] states that a phenotype is “the observable characteristics of an organ-
ism”. In layman’s terms, a person’s phenotype could be considered synonymous with
their pattern of protein expression. The patient in the example’s phenotype then, is
described as their relative expression of the estrogen receptor(ER) protein, the pro-
gesterone receptor(PR) protein and the epidermal growth factor(Her2/neu) protein.
This collection of clinical observations could be considered as a unit of knowledge.
Though each observation on its own provides a small piece of information, when
the observations are aggregated they provide a much more powerful insight into the
patient’s state of health.

The specific pieces of the patient’s phenotype in which the care team takes in-
terest are called biomarkers. In McConnell’s example the specimen (tissue sample)
did not show expression of ER or PR. In other words, it did not display either of
these two biomarkers. These expression patterns are not indicative of a diseased
state. However, the specimen did show Her2/neu overexpression, a third biomarker,
which is indicative of a diseased state. An additional element to the Her2/neu over-
expression pattern is the character of the specimen. This is described by the cellular
composition of the specimen which includes the nuclear grade and the designation
of pleomorphic or non-pleomorphic. These additional factors, in effect, intensify the
Her2/neu overexpression biomarker. They are additional evidence of the diseased
state of the specimen. The oncologist must consider all of these factors in assigning

a diagnosis( lobular carcinoma or invasive ductal tumor ) and in choosing a treat-
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ment plan. Again here we see how individual observations though valuable, do not
provide the same insight as their aggregation. We see how units of knowledge when
aggregated become more than the sum of their parts.

With some of the terminology now explained, we can better address the commu-
nication needs of the actors in McConnel’s example. We identify three opportunities
for knowledge exchange in the scenario which could have been better exploited. The
first was when the patient’s primary physician completed medical records for the
patient that were subsequently forwarded to the oncologist. The second opportu-
nity was when the oncologist requested that the pathologist reevaluate the specimen.
Finally, another opportunity presented itself when the pathologist responded to the
oncologist’s request for a reevaluation of the specimen.

It could be interpreted from the apparent confusion of the actors in this scenario
that knowledge transfer has not occurred to the fullest extent and that their inter-
actions might be facilitated by a better knowledge exchange system. The oncologist
was clearly able to understand the information which was sent to him by the pa-
tient’s primary physician, and so the communication between these two parties could
certainly be considered information exchange. The information which was passed to
the oncologist however seemed to be incomplete, or possibly incorrect. This might
indicate a failure on the physician’s part to impart his knowledge to the oncologist.
On the other hand it might be an expression of the physician’s lack of knowledge, the
oncologist being the specialist. If a more complete information set, and one which had
been validated had been passed to the oncologist by the primary physician, perhaps
the oncologist would have been less confused.

A similar failure to exchange knowledge occurred between the oncologist and the
pathologist. The pathologist understood what was requested of him when the on-
cologist requested the reevaluation of the specimen; however, from the oncologist’s
confusion at the pathologist’s response, it seems likely that the oncologist failed to
indicate to the pathologist why the specimen had been sent for reevaluation. Con-
sequently, the pathologist was not able to convey sufficient knowledge to satisfy the
oncologist with the reevaluation. Again in this situation, the application of a stan-
dards based knowledge exchange system may have alleviated some of the difficulty in

the exchange of knowledge during this interaction.
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