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ABSTRACT

ARCHETYPE BASED DOMAIN MODELING FOR HEALTH
INFORMATION SYSTEMS

Atalag, Koray
Ph.D., Department of Information Systems

Supervisor: Prof.Dr. Semih Bilgen

July 2007, 163 pages

A major problem to be solved in health informatisshigh quality, structured and
timely data collection. Standard terminologies andorm domain conceptual models
are important steps to alleviate this problem whaoe also proposed to enable
interoperability among systems. With the aim of tabating to the solution of this
problem, this study proposes novel features for Anehetypes and multi-level
modeling technique in health information and knage modeling. The study
consists of the development of a research protdiypendoscopic data management,
and based on that experience, the extension ofmMiniStandard Terminology in
Digestive Endoscopy (MST). A major contributiontbé study consists of significant
extensions to the modeling formalism. The propasedeling approach may be used
in the design and development of health informatigstems based on archetypes for
structured data collection, validation and dynaoser interface creation. The thesis
work is aimed to make considerable contributiorth® emerging Electronic Health

Records (EHR) standards and specifications.

Keywords: Information systems, health informatigatems, domain modeling,

archetypes, endoscopy.



Oz

SAGLIK ENFORMASYON S iSTEMLERT iCiN ARKET iP
TABANLI ALAN MODELLEMES i

Atalag, Koray
Doktora, Bilsim Sistemleri Bolumi

Tez Yoneticisi: Prof.Dr. Semih Bilgen

Temmuz 2007, 163 sayfa

Salik bilisiminin ¢ozulmesi gereken énemli problemlerinden kaliteli, yapisal ve
zamaninda veri toplanmasidir. Standart termin@lojie kavramsal alan modelleri bu
problemi hafifletmek icin 6nemli adimlardir ve aymamanda sistemler arasinda
birlikte calsabilirligi saglayabilecekleri dne surilmektedir. Bu problemin @dgl
amaclyla, bu calma sglikta enformasyon ve bilgi modellemesi icin Arkédip ve
cok-seviyeli modelleme tekgine 6zgun katkilar 6nermektedir. Gaha endoskopide
veri yonetimi icin bir argtirma prototipi gektiriimesi ve edinilen tecribeyle
Gastrointestinal Endoskopide  Minimal  Standart Tewotoji'nin @ (MST)
gelistiriimesini icerir. Onerilen modelleme yaklani yapisal veri toplanmasi,
dogrulama ve dinamik kullanici araytzleri ggilimek icin arketip tabanli gak
enformasyon sistemleri tasarlanmasi ve sgglmesinde kullanilabilir. Bu tez
calismasinin yeni geyimekte olan elektronik gk kayitlari (ESK) standart ve

spesifikasyonlarina 6nemli katkilarda bulunmasiefiledmstir.

Anahtar kelimeler: Enformasyon sistemleri,glga enformasyon sistemleri, alan

modellemesi, arketipler, endoskopi.
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CHAPTER 1

INTRODUCTION

Medicine is one of the oldest professions in ouwilization dealing with human life
which deeply affects our individual and societalllaging. It should be expected that
such an important field has to be backed up witkerewossible science and
technology. Information and communications techggl@CT) is no exception with a
good track of success in many fields such as fi@ased tourism. However it is
obvious that this is not the case in healthcargpite of the vast amount of literature
on the proven benefits of ICT for tackling the fantental problems of healthcare.
The identified reasons for this paradox are maiy ot they mainly focus on added
difficulty to IS development due to the complexatyd volatility of medical concepts.
Another important reason roots from the inhererjextive or non-deterministic
nature of medicine. Not only is the body of knovgedhighly variable but also the
practice changes from time to time and place togl&his means a particular instance
of a medical situation may not be valid at all ttm&he consequences of this during
HIS development are disastrous. Medical authoritiescentrate on establishing a
standardized or at least core medical curriculutmédical education and also try to
realize a common medical terminology for practicipigysicians to alleviate these
problems. Considering the dynamic and fast trackaade in ICT, we believe it will
be more efficient to attack the former problem whibping the latter one to progress

over time. This is the general motivation for teisdy.



Gastrointestinal endoscopy, where the author pusiyohad extensive experience,
proved to be an appropriate domain for the studyafoumber of reasons. First a very
comprehensive and high quality terminology (Minintandard Terminology for
Digestive Endoscopy — MST) with an embedded stredior modeling was available.
Second it is a manageable niche domain with wéiheé boundaries in terms of both
medical and administrative processes. Third subataamount of literature existed on
the use of ICT in endoscopy including a large seal@ation study of MST which we

could build upon existing knowledge and benchmankresults.

A research prototype (GASTROS) was built based @TMerms and structure by
using classical object-relational (OR) methodologhis was extremely useful for
refining initial requirements and also for validetiMST. When the prototype became
mature enough to be used in data collection artedlied at a large university hospital
endoscopy unit, it helped us to identify points fiser acceptance and improvement
areas in both MST and the HIS. After three yearbvef clinical usage, a validation
study on the Turkish translation of MST was perfedr(Atalg, Bilgen, Giur and
Boyaci@lu, 2007b). The results turned out to be in acawecdawith the previous
international study with considerable improvemeotgr the first version of MST
(Delvaux 2000). However from the ICT point of vieve learned important lessons:
First the need to add, delete or change domainepsdurned out to be much higher
than expected which resulted in considerable dewedmt effort during maintenance.
Second it became obvious that more domain knowledae necessary for building
HIS because MST does not explicitly state whetlegtam terms are mandatory or
optional, or that they may repeat or occur only en8o in order to achieve
terminology and HIS standardization more work wesnitely needed. These formed

the additional motivation for conducting the sustes phase of the study.

After having validated MST and elicited requirensefur the domain, we conducted a
rigorous literature survey on current and emergnethodologies addressing the
needs of our research. We have clearly observedéparation of domain knowledge
from underlying software code by making explicigtily volatile domain knowledge

versus stable operational or technical knowledge avaovel and promising approach
for handling complex and rapidly changing requirateeWe have selected openEHR
Multilevel Modeling and Archetypes methodology whialso guaranteed a high level

of interoperability among HIS.



The specific problems being addressed in the stuety

1) Validity of the Turkish translation of MST conteand structure for developing an

HIS in digestive endoscopy,

2) Difficulties in maintenance of HIS due to chamgdomain knowledge in the MST
reflected as changing requirements. Changes iasg@aschema and recoding, testing

and deployment were cumbersome,

3) Problems in maintaining consistency and validitgollected data due to changing

database schema resulting from changing requiresnent

4) Difficulties in consolidation and sharing of lemited data due to non-conforming to

a particular data model,

5) Difficulties to enable interoperability with @hHIS.

This study mainly tackles the challenges of:

1) Information system modeling for better handlinf complex and changing

requirements,

2) Separation of domain knowledge from softwareecand database schema,
3) Identifying approaches for good user acceptamckwide usage of HIS,

4) Enabling structured and high quality data caeiéecin medicine,

5) Sharing of collected data and establishing & Iéyel of interoperability among
HIS,

6) Building computationally usable and valid domairiology.

1.1 Description of the Research Domain

While studying HIS and especially EHR modeling tme tIS domain, we have
conducted our research in the gastrointestinal ssafty medical domain.
Gastrointestinal endoscopy is a relatively newdfigl medicine which depends on

visualization of the gastrointestinal tract for baliagnostic and therapeutic purposes.



By using an endoscope, upper gastrointestinal srg@sophagus, stomach and
duodenum), lower gastrointestinal organs (colon iggwdn) and in a special type of
examination (ERCP) pancreas and biliary system lmarassessed. While being a
small, manageable and niche field in medicine,rgagestinal endoscopy is a highly
specialized, technology oriented and critical arf®acause it is quite an invasive
procedure and that important clinical decisionsetep on it, results need to be
reliable, complete and unambiguous. The gastrdine@sendoscopy community has
started a terminology standardization initiativeeasly as 1984 which resulted in the
comprehensive  OMED (World Association of Endoscop@&astroenterology)
terminology. This has more recently been followgdHhe publication of the Minimal
Standard Terminology for Digestive Endoscopy (MSThe second version of MST
has already been translated into 11 languagesdingururkish. Also recently it has
been integrated with the National Library of Medi&s Unified Medical Language
System (UMLS). MST contains a "minimal” list of tes and structure that could be

utilized by HIS to fully record the results of amd@scopic examination.

The small size and manageability of gastrointekteradoscopy domain with the
availability of an appropriate domain terminolodyeady translated into Turkish had

strongly influenced our decision to conduct ouesgsh in this domain.

1.2 Objective and Goals of the Study

The objective of this study is to identify areasmprovement in problematic areas of
HIS development and then find methods to allevibtam by first performing an in-

depth analysis of the research domain and themndiet&tion of specific goals.
These specific goals are:

1) To develop a research prototype for the purpdssraluation of MST content and

structure and also for refining initial requiremegfdr building an endoscopic HIS,

2) To provide, as much as possible, remedies foblpms related with content and
structure of MST that will be identified during ddepment and usage of research

prototype.

3) To study and contribute to the problem of manahility at the level of modeling

methodology. In particular, contribute to openEHRchetypes and Multi-level



modeling formalism which is a promising methodobtagiframework for alleviating

this problem by explicit separation of domain kneegde from information.

4) To identify semantically equivalent clinical dam models with alternative
representations and propose methods to manage byeraxploiting openEHR

Archetypes for achieving a high level of semantieioperability.

5) To model MST completely by incorporating extemsi made during the study and
also extra knowledge gained by consulting to domeiperts with the extended

methodology.

1.3 Research Methodology and Validation Approach

The study consists of the following steps:
1. Identification of digestive endoscopy as the redeaomain,
2. Investigation of domain knowledge and terminologhs{T),
3. Extensions to MST and initial modeling,
4. Developing a prototype application based on MST ehod
5. Validation of the content and structure of MST,

6. Analysis of the problem domain, in particular witsspect to maintainability

and interoperability,

7. Identification of areas for improvement: separatimndomain knowledge

from software code and database schema,

8. Research for determining appropriate solution(s)l aelecting openEHR

Archetypes and Multi-level modeling,
9. Extending the modeling formalism,

10. Modeling of MST, using the extended methodology ealitiation.

After analyzing the research domain and investigatST we have developed a
prototype application (GASTROS) to validate MST ot and structure. This

validation has been performed by measuring theeusd®dIST terms versus free-text
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and also considering the usage of the prototypécapipn by endoscopists during the
study. Since a previous validation study has besfopned in the EU, we were able

to compare the results of our validation study.

We have used rapid prototyping to gather and raiser requirements. The fast and
effective user feedback into the development podedelieved to result in a user
friendly and widely accepted application. The desajowed customization of certain
application parameters and the user interfacegcedly MST based structured data
entry (SDE) forms which have let the users to penftheir tasks faster and easier.
These were demonstrated in the research prototd®T&0OS and has been validated
by the exclusive preference of the prototype byeallloscopists for reporting of all

cases during this phase.

The research prototype proved to be invaluabléuidher refining initial requirements
for building a digestive endoscopy HIS. We wereedil identify a serious problem
related with the hierarchy of MST and then discosebetter suited hierarchy for
building the successive versions of GASTROS and &lsse our modeling work

thereafter.

By consulting to domain experts, both the termsstnatture of MST was extended to
correctly represent domain knowledge. It was cleabserved that the domain
knowledge contained in MST was not sufficient taldwa working system. For

example it was not stated explicitly in MST whetheerm is allowed to repeat or not.
There was also no knowledge about whether cert@amsi were mutually exclusive or
conditionally dependent on others. Translation rerravere corrected and also

improvements became obvious for certain words.

As the maintenance of GASTROS turned out to beemety difficult due to rapidly
changes in MST, the need for a substantial imprevenwas evident. As the main
solution we have identified proper modeling of dinmkenowledge a priori that would
be able to explicitly separate knowledge from infation and thus stabilize software
code and database schema. Alternative modelingalssms were evaluated and then

openEHR Archetypes and Multi-Level Modeling methiody was selected.

The openEHR modeling methodology, which is desigoedse in EHR systems, was
extended to accommodate the needs of our modadsig tn particular Archetype
Definition Language (ADL) has been extended and alsew type of Archetype was

proposed which made possible to model MST Findings.
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It was also noticed that the interoperability oé teystems based on such models
would be enhanced because all domain model agifaeip onto a standardized EHR
architecture and use common reference models sudata structures and types. In
order to enable sharing of the highly detailed dadhain specific data collected by a
gastrointestinal endoscopy HIS and also duringgnatigon with hospital IS or regional
HIS where data models are not compatible, standafiR architectures were
identified as the common denominator and then ects openEHR. This method
not only enables means for interoperability bubgtsoposed to decrease cost, and
increase flexibility and maintainability of HIS. Wastrongly believe that the
endoscopic record is an important part of the p#tidifetime EHR and extremely
valuable for clinical research if it can be linkiedother parts of the health record. So
our assumption is to bring up the sharing of endpiscrecords to a wider context and

achieve this in parallel with the interoperabilitfyEHR

As the modeling work proceeded and the needs froen endoscopy unit were
collected, similar domain models but with differesiructure and/or terms were
observed. It was evident that prescribing a singdgenain model would not be
acceptable so a solution to handle this paradigm s@ught. We have defined
semantic equivalence of clinical domain models @sd proposed methods to manage
them. This would clearly aid in achieving a higHewel of interoperability of

information and systems.

The extended MST and extra knowledge about doneamst and relationships gained
during the initial prototype phase were modeledusing the extended openEHR
Archetypes and Multi-level modeling methodologyrtRaf the MST were dissected
and mapped onto the prescribed EHR architecturepenEHR EHR Reference
Model. Finally the links to external terminologytology systems were established.
The modeling work resulted in a novel domain orgglavhich may be used to

develop a complete gastrointestinal endoscopy HIS.

The evaluation of the MST Archetype model by usithg extended hierarchy
indicated that all MST terms and relationships wetecessfully represented. Its
syntax and ontology section containing all termd axternal terminology links were

also validated by the openEHR Archetype Workbench.



1.4 Organization of the Thesis

Chapter 2 defines key concepts used in this stadyraviews the pertinent literature
organized in different sections. The first sectamvers the information systems and
software in general without specifying any appiimatdomain and presents the
fundamental problems of this field. Second sectioabout healthcare problems and
e-health where we dig into the essential problehtwealthcare not necessarily always
related with e-health. After setting forth very ailly these problems, we then review
pertinent literature about the role and promisesHt$ to alleviate them. It also

provides a historical perspective of the use of i@Thealthcare over the years and
then depicts current trends including EHR. Thedtlsiection covers domain modeling
and describes RM and Archetypes. The last sect®news the use of IS

gastrointestinal endoscopy domain and MST.

Chapter 3 covers the part of the research relatddtthe gastrointestinal endoscopy
domain. After a detailed analysis of MST, our cimitions related with MST are

presented and thoroughly discussed. The case strdysting of the development of
the research prototype GASTROS is also describéusrchapter.

Chapter 4 describes the modeling paradigm usethisnstudy, presents alternative
modeling methods and discusses the rationale flectseg openEHR Multi-level
modeling and Archetypes. Our contributions to thedeling methodology are

discussed and also the resulting MST Archetype Iisgeesented.

Chapter 5 concludes the thesis and outlines thiilbotions of the study. After auto-

critigue of the study, areas of future researctsaggested.



CHAPTER 2

LITERATURE REVIEW

This chapter presents a review of the literatueg tlonstitutes the background to this
study. It will start with general information syste issues and proceed to topics on
information systems in healthcare. The rest ofdhapter will review the details of
health information systems, electronic health résaind new approaches in health
informatics discipline that try to tackle problewofsIS development in healthcare. The
focus will then be the multi-level modeling of Hi& Archetypes and its application

to gastrointestinal endoscopy which forms the wemg of this study.

2.1 INFORMATION SYSTEMS and SOFTWARE

Information systems (IS), by definition are intdgd systems for providing
information to support operations, processes, nmamagt analysis and decision-
making functions within an organization (DeLone addLean, 1992) as cited in
Ozkan (2006). An IS normally includes hardware,twgafe, information, data,
applications, communications, and people. It isdent that the success of an IS
depends on all components. Software is a majomtifonly, component of an IS and
is the major focus of this study. In the rest oé tthapter, software should be

understood within the context of IS, especiallylthemformation systems (HIS).



Software development by itself is a formidable tasks knowledge intensive and
abstract; formed by construct of concepts, relatgps, algorithms, data
representation, events and functions. Therefor® difficult to understand, visualize

and describe. Another inherent feature of softvisits complexity. Software is more
complex than other human productions because eadhesery item is unique.

Software also has many different states than ott@mplex objects, such as
computers, which makes it hard to handle (BrooR87). In software development, it
is nearly impossible to capture all requiremenisailty and then implement, because
requirements can not be completely elicitated teefowilding most of the system
(Yeh, 1991).

Cost of software is high compared to hardware teldgies which have been
declining in spite of better performance over tlang. This is in part due to the
essential difficulties of software itself but alean be attributed to incorrect or
changing requirements. Software costs often domiggstem costs and maintenance
is usually more costly. According to SommervilleOQ®) and Yeh (1991) software
maintenance clearly exceeds development costsn@r80% of software cost) and

may range from two times to 100 times of developncests.

Successful software delivers the required functighand performance to the users
and should be maintainable, dependable and us8blarferville, 2000). It is based
on the realities of environment and the tasksfigers. So the development process
is not only technical but also social to acquire #mowledge to realize a working
system. In a way software can be thought of a g&muedium for knowledge
(Armour, 2000). The capture of knowledge is maidigne during requirements
elicitation and analysis in software developmemtcpss. It is very important as this
step mainly determines what software to build aaitlfe in this phase has been
number one reason for most failed projects (Lietmwli999; Sommerville, 2000 and
Brooks, 1987). Serious difficulties exist for handl requirements. First all
requirements can not be known in advance (Armo®02Liebowitz, 1999; Brooks,
1987; Yeh, 1991). Second elicitated requirementy mat turn out valid for the
purpose of the software after deployment (JoharmgriioKonijn, van Vliet and van
der Veer, 2007). Sommerville (2000) reports thatexing requirements errors after
deployment may cost up to 100 times more than dixam implementation error.

However the third difficulty is the most problentatfor maintaining software:
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Requirements later might change or new requirementisrge (Liebowitz, 1999;
Sommerville, 2000; Brooks, 1987; Yeh, 1991; Joheeal.e2007).

In order to tackle these difficulties, several agmwhes had been developed:
appropriate software process models to betterefjuirements handling (spiral and
evolutionary model), new paradigms such as reusaiigponent based development
and rapid prototyping, utilization of conceptual @eting notation and tools (UML,
CASE tools) are examples. However in spite of ladlse efforts, new paradigms are
still needed to ease problems in software developriéeh, 1991; Boehm, 1988;
Fowler, 2004).

2.2 Healthcare problems and e-Health

2.2.1 General Problems of Healthcare
Cost, Quality, Safety, Accessibility/Equity, Effectness

According to the World Health Organization (WHO)0(®) and other pertinent
literature, the major problems of healthcare sysgebally in the 21 century have to

do with the quality, safety, effectiveness, cosl acessibility/equity (Chaudhry et
al., 2006; Stolberg, 2004; Tang, 2003; Godlee, Rla&m-Walsh, Ncayiyana, Cohen
and Packer, 2004; IOM, 2001; President's Advisoym@ission of Consumer
Protection and Quality in the Healthcare Indusit898; Garson, 2004).

Regardless of economic and social status, alletifizare seeking for safe, high quality
and effective healthcare services at a reasonabte o reality this is not satisfied and
the reason is two fold: in the first place the reses are scarce as in other sectors
such as the limited number of doctors or fundingcdddly, the high level of
specialization and division of labor due to theesand complexity of healthcare
coupled with the necessity to keep up with rapidaades in medical knowledge and
technology necessitate effective management andlicadon. Thus communications
play a key role to deliver high quality servicesawéver this is not the reality today
because the system is poorly organized, managedc@mdinated which seriously
degrade the quality of healthcare. The efficientgarvices is low, resources are not
rationally utilized, and patient outcomes are ragisactory because processes are not
based on best-practices and standard pathwayspdiie health is also degraded

because continuity of care can not be achieved.erOtproblems include
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ineffectiveness, under-utilization (not receive ficignt care), overuse (receive
unnecessary services) and highly variable provisibhealthcare services (changes
from one place to another is clear indication thattall services rely on best scientific
knowledge) (Stolberg, 2004; President's Advisory m@ussion of Consumer
Protection and Quality in the Healthcare Indust898; IOM, 2001).

The safety of healthcare system is not even closehtit it has to be. In U.S. only, it
has been reported by the official governmental egdnstitute of Medicine (IOM,

2000), that nearly 100,000 people die due to praie medical errors each year.
Those errors broadly happen due to failure of ain@d healthcare action to be

completed as intended or wrong planning.

Cost of healthcare is on the rise globally. In dewed countries nearly 10% of GDP
is spent for healthcare. In U.S. this figure isnasch as 15% as of circa 2005 and
constantly increasing (Charette, 2006). Althoughjomgart of this high cost is
attributable to essential problems unlikely to bpioved by known methods, rest is
due to sick planning, bad management, lack of doatfidn, irrational spending of
resources, and ineffective processes. The challéageo decrease costs while
increasing quality, safety and effectiveness (WHO06; Chaudhry et al., 2006;
Godlee et al., 2004; Menachemi and Brooks, 2006).

Today, even in developed countries, accessibitityhéalthcare is problematic. The
reasons are related with geographic location, umedistribution of facilities and
resources, lack of health insurance, linguistic amdtural differences. Equity,
inclusiveness and common access to healthcarecsenvirespective of culture,
education, language, geographical location, phiysacel mental ability, age and

gender, are major challenges (WHO, 2006).

Effectiveness of healthcare can be increased byiging preventive actions and

medical services based on best scientific evidamckepractical value, while making
no significant trade-offs, meaning the benefitsefvices considerably outweigh the
possible risks. Medical knowledge has been estin@telouble every six years which
poses a big challenge for healthcare workers tp ghato-date and deliver effective
services (Grimson, 2001). High quality and largéures of data spanning a long
period of time are needed to calculate health onésoof healthcare services and
products such as drugs. Since this information xsemely difficult to acquire,

widespread and long-term effects of drugs andrtreats or preventive measures can
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not be assessed. This seriously degrades safetgfimutiveness while also inhibiting

the change of medical knowledge and proliferatibbest-practices. Another serious
danger happening today is the potential loss it tamd satisfaction for healthcare
which results in seeking other solutions by pasieamd families, such as alternative

medicine with little or no scientific evidence (IQIZ000).

Science of Medicine vs. Art of Medicine

There are also problems with the dual nature ofiomee in which one part is
scientific and the other part is informal — thatcaled the “Art of Medicine”. The
latter causes subjective representation and dissgimm of clinical knowledge and is

the source of variety in healthcare practice (Matle2001; Nelson, 1998).

Medical knowledge is produced either as a resuc@ntific studies or during clinical
practice. It is unfortunately very difficult, if hégmpossible, to capture the latter with
known methods. Years of aggregated information tbocertain topic leads expert
physicians to discover new medical knowledge, whhard to describe which
eventually becomes ‘insight’. This is the ‘Art ofddicine’ (van Bemmel and Musen,
1997; Malterud, 2001; Nelson, 1998).

Unfortunately, with current paper-based documentain healthcare, either the data
are recorded in a way which makes it impossiblextoact any useful knowledge from
it or not documented at all. Medical record is asemtial part of healthcare. It holds
key information about the health status of the gmtiand also is a medium of
communication among clinicians when delivering sms. Apart from healthcare
related uses, the information contained in the neds also utilized for research,
education and planning purposes. However seriowstcgimings of paper-based
record keeping do exist: a patient file can onlyabene place at a time, often may not
be available or even lost. Use of free text may kwaunstructured content, illegibility,
incompleteness and ambiguity (van Bemmel and MuskE®97). In addition
transcription is needed, which may lead to errtwrgperform analysis for in research
or planning. These problems with paper-based rscoltimately degrade the safety
and quality of services (IOM, 1997, 2000, 2001; @hg et al., 2006).
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2.2.2Trends in Healthcare

There had been important movements in healthcausedain part by HIS or
influenced HIS. All are inclined towards alleviagirthe fundamental problems of
healthcare. In order to provide state-of-the-adltfieare services to a patient, a team
of health professionals has to act in a coordinate@giner. In some cases, patient’s
family physician or another healthcare provider mitpave to intervene with the
process. It can be said that medicine is movingnfeosingle provider/physician to a
team of physicians from multiple providers. Thiscaled ‘Shared Car€ (CEN EN
13940-1, 2006; Haux, 2006). It is obvious that amiber of parties and locations

increase, the need for effective and high quality 4 of utmost importance.

People are still in the scope of healthcare evélnelj are not ill. The ultimate goal of
medicine is to keep people as healthy as possibfedh preventing illnesses and also
providing necessary treatment during times of #eCurrent healthcare systems
globally are more focused on the latter strategiclviis more costly, ineffective and
at times not ethical when better alternatives existfact, preventive measures are
cheaper, safer, more effective and definitely mettecal but they require long-term
follow-up of people, consistent record keeping, @y @@mmunications infrastructure
and surveillance of health threats (environmeriimlogic or chemical). So keeping
people healthy requires both preventive and treatnaspects of healthcare in
harmony for a long time over a number of providérkis concept is called the
“Continuity of Care” and enables the longitudinal provision of headitec services
(CEN EN 13940-1, 2006). Continuity of care dependsthe effective exchange of
data and information about the clinical situatioantext and services provided to an
individual, between different providers involvedthe process, within the framework
of ethical, professional and legal, rules as defime CEN EN 13940-1 (2006) and
Continuity of Care Record (CCR) (2007). Unlike altiecare team providing services
to an individual cooperatively in shared care, ontmuity of care the services
provided by different providers are independent aotisynchronous. The important

aspect is the time-related links between thosemifft health care services.

“Seamless Caré is a quality issue, which focuses on the timehd aappropriate

transfer of activity and information, when respdily for the delivery of health care
services is wholly or partly transferred from a lbea@are provider to another (CEN
EN 13940-1, 2006).
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When all three concepts are present at the sange(tamtinuity of care, shared care,
and seamless care) this is calléatégrated Care” (CEN EN 13940-1, 2006).

Medical Education: Problem Based Learning, e-Leang, Online Resources

There is no doubt that all aspects of medical sessare dependent on the quality and
effectiveness of medical education. Recently a pavadigm calledProblem Based
Learning (PBL) has come into play where the courses are nofquesed on medical
subjects but they are based on real-world heakhgaoblems. PBL is an active, adult-
oriented, problem-centered, student-centered, lomiddive, integrated and
interdisciplinary system (Camp, 1996). Teachingdeducted mainly in small groups
with active discussions and frequent assignmentisirwa particular clinical context.
Since courses are highly variable, it difficultpgrepare courses and assess afterwards.

ICT is believed to have a large potential to enkatgquality and effectiveness.

E-learning is the facilitated and supported edocaby the use of ICT and aims at
provision of the best and most appropriate wayeffetctive learning (Klein and Ware,
2003). It now offers new vistas in all aspects afdical education especially for

continuing medical education (CME) (Harden, 2005).

Most of the medical knowledge that was containdg omtextbooks is now accessible
on the Internet in various formats. Content managgms easy and rapid with
electronic means of publishing. This also bringmglnew possibilities that were not
possible with conventional methods. It has beenvshbat the use of online resources
significantly improved the quality of answers tpigal clinical problems and that they
are considered as effective tools for helping decisnaking tasks for clinicians
(Westbrook, Coiera and Gosling, 2005).

Evidence Based Medicine, Clinical Guidelines, andi€ Pathways

Provision of healthcare services based on the nateg of individual clinical
expertise with the best available external medicalwledge from systematic research
that has proven evidence for safety, effectiversass quality is calledEvidence
Based Medicine(Sackett, Rosenberg, Gray and Richardson, 199@)edessitates

first to identify clinical situation and contextné then proper access to relevant
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knowledge. Because it takes quite a long time few rknowledge to appear in
classical textbooks or scientific journals, the weelectronic EBM (knowledge)

repositories are preferred.

For more structured and well-defined medical protde such as diabetes or
cardiovascular disease, panel of experts from dbatain desigrClinical Practice
Guidelinesto be used by other colleagues safely to deliigh Quality and effective
services. They can be either in paper or in elaatrfmrm ready for processing in HIS
to provide decision support. de Clercq, Blom, Kemstand Hasman (2004) and
Grimshaw and Russel (1993, 1994a, 1994b) have shimevhenefits of using clinical
guidelines in practice by reducing the variabildi practice and decreasing costs,

while improving patient care.

Clinical/care pathways are methodologies for effective decision makingd an
organization of services for patients falling ink@ll-defined group of issues for a
defined time period. They may be distributed asepagr in numerous electronic
formats including some computer-processable fornfdte aim of a clinical pathway
is to enhance the quality of services by improvipagient outcomes and safety,
increasing patient satisfaction and enabling rafiarse of resources (The European

Pathway Association, 2007).

Accreditation and Quality Assessment in Healthcare

In order to assess the quality, effectiveness ami@gtys of healthcare services
performed by different institutions and improve rtheaccreditation, licensing and
certification processes started at the beginning9®0s (The Joint Comission, 2007).
An organization seeking to get accreditation orliuaertification or licensing needs
to effectively measure its outcomes, a set of gualieasures and performance
criteria. It is overtly difficult, if not impossibl, to perform these tasks without the use
of HIS.

2.2.3 Benefits and Promises of ICT in Healthcare

Uses of ICT in healthcare or e-Health solutionsnarily aim to alleviate healthcare

problems for better health. Although there havenh@esuccessful implementations in
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the past, the evidence shows that health ICT systhelp to establish a better
healthcare (IOM, 1997, 2001; President's Advisorgm@iission of Consumer
Protection and Quality in the Healthcare Industr§98; WHO, 2006). IOM (1997)
underlines the fact that it is difficult to asséss benefits of healthcare ICT as they are
mostly indirect (non-quantifiable) benefits rathiwan direct (quantifiable) which

make it difficult to convert into monetary benefits

It has been reported that use of ICT greatly endmnbe quality and efficiency in
healthcare. This mainly results from the abilitypobviding guideline based services
especially preventive measures, enhanced monitofilhgalth status and surveillance
of outcomes, reduction of medication errors andelmg redundancy or irrational use
of resources and services (Chaudhry et al.,, 20@8panizations working for

improvement of healthcare like IOM (2007) and LeagfGroup for Patient Safety
(2007) are strongly endorsing use of ICT in heathcas a key factor for

improvement.

By offering possibility of redesign of services astdeamlining healthcare processes,
ICT enables faster transactions which result isalimonetary gains in terms of faster
billing and reimbursement in healthcare (Moormad Bernstein, 1999; van Bemmel
and Musen, 1997). Quality and safety of care ie alshanced because of decreased
waiting times, better planning and automatic momtp of certain steps such as
medication orders. Fast, reliable and timely priovioof health information has been
demonstrated not only to improve patient care tirebut also result in better

management and planning activities (Godlee eR@04).

By the use of computerized order entry systemgreran be significantly reduced
while at the same they help to decrease coststeshtgngth of hospital stays and
improve compliance with treatment guidelines. Thewyable standardization of

practice and thus decrease variability of healéhcaarvices by adhering to clinical

guidelines and pathways. Decision support is atsomdessly introduced into daily

practice which improves efficiency and appropriass of medical decisions. By

means of using electronic communication tools, liimss and quality of information

is enhanced which result in better cooperation edlthcare workers and managers
(Kuperman and Gibson, 2003; Sittig and Stead, 1994)

Other key areas for improvement resulting from tise of ICT in healthcare are

related with supporting of scientific research aulication. Transforming all data,
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information and knowledge into digital form in gogdality serves as an invaluable
tool for medical research and education (Tang, 2dBBhanced ability to capture and
record clinical information also leads to discovand sharing of medical knowledge
which leaves a smaller gray area from the Art ofiddime. eLearning in healthcare in
context of knowledge dissemination is a useful tfmwl education and training of
healthcare workers. When effectively used, it caprove the quality of education,
increase accessibility to geographically isolatedgte or those who have poor local

learning facilities, and bring about new innovatigems of learning (WHO, 2006).

2.2.4Types and Evolution of Healthcare ICT

Computers in Healthcare, Healthcare IT/ICT, HIS

Computers have long been used in healthcare favuspurposes (van Bemmel and
Musen, 1997; Haux, 2006). By the rapid advancelahlrecent years, they became
somewhat more functional and usable with innova®iéls and alternative human-
computer interfaces. The increasing effect of comations technology and its
seamless integration with IT resulted in the bothlCT which is very close to the

definition of IS (Wikipedia definition: ICT, 2007Y.oday healthcare ICT and HIS are
used interchangeably for systems consisting of thesle actors,

procedures/processes, software and hardware torpetdsks necessary for providing

or supporting healthcare services and products.

Hospital Automation/Information System, CIS, LIS,IR, PIS......

Before the advent of HIS concept which embracesyp#s of IS in healthcare, there
were many concepts somewhat confusing. Hospitahaation is one example; in fact
it is truly an 1S. Now it is called as a hospitates HIS (Haux, 2006). A complete and
integrated Hospital IS consists of Administrativenda Medical parts. The
administrative part contains functions such as kstand materials management,
procurement and so on. The medical part is furthessified as CIS or departmental
IS and Clinical Support Systems such as LIS, RIS, RMIS (van Bemmel and
Musen, 1997).
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Computational Systems and Embedded Software in lHezdre

There are other uses of healthcare ICT, mainlyoaspatational systems (CT, MRI,
DSA, laboratory auto-analyzers and so on) or aseeladd systems in pacemakers,
interpreted ECG and in new modalities such as dapsandoscopy. They have
increasing level of data exchange with HIS by emecg of medical device data

communication and representation standards (vamigtmnd Musen, 1997).

CPR, EMR/EPR, EHCR/EHR

As the institution centric HIS started to collettustured clinical data from patients
and that this data need to be shared with othesigers and organizations, a different
approach was needed. The patient-centered comipased patient record (CPR)
came into play. It was merely an electronic formctdssical paper-based patient
record that collected data within a specific previdOM, 1997; Charette, 2006). The
next concept was the electronic medical record (EMRat had extended

functionalities such as the ability to be sharether providers and possibly used by

patients themselves (Hammond, 2003).

Currently, by taking into consideration the impoda of preventive medicine, trends
like continuity of care and shared care broughtualibe need for electronic health
records (EHR). It supports the common understandifigrecord keeping for
individuals not only at times of illnesses but atharing healthy periods. It is truly
patient-centric which records all relevant carenesvdrom different sources, supports
integrated care (accessible and writable by alligmin a secure zone), longitudinal
(covers time-based history of health events anéliblé for medico-legal purposes
(openEHR Foundation, 2007; ISO TR 20514:2005 Hehdtbrmatics - Electronic
Health Record Definition, Scope and Context Stahd2005).

Primary, Secondary and Tertiary Care HIS

HIS can also be classified according to the heatthdevels that it serves for. For
example a HIS for a specialized tertiary care oni@ersity hospital can be called as a

Tertiary HIS. Similarly secondary and primary HliSaexist which are all enterprise
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based HIS. No matter what level they operate, mpaimpose is to support
administrative and medical aspects of healthcandcss for the better (van Bemmel
and Musen, 1997).

GP Systems, Public HIS

GP (Information) Systems are in fact a member whary HIS designed for GP only.
Considerable part of it consists of EHR becausePas&ves a group of individuals
within a local territory over a long time — possild lifetime. Other functionalities
include administrative tasks such as referral aedioal tasks like laboratory orders
and results checking. Physician office-laboratoiykd or practice management
software resembles GP systems in functionality dmutves for other physicians and

specialists usually working in common practiceisg#t together.

By the increased penetrance of ICT infrastructunrd aulture into the society, a
different type of HIS is emerging: Public HIS. & a large scale health information
system at the citizen level which serves as thenwanication system between the
citizens and the health professionals. The maiferdihce from other HIS is that it
aims to align two sliding reference frames — thiize@n and providers. The citizen
controls the access of responsible health teanaiis pf the electronic health record
and is able to federate service providers. The rmamponent is the EHR but it has
other functionalities like decision support (pemlonommunications with Philippe
Ameline; O'Carroll, 2002).

Billing/Reimbursement Systems and other Adminisixat Systems

Healthcare services are usually provided accortbntihpe fee-for-service or package
based model such as DRG. Independent of the paymedel, the billing system

requires a mix of administrative and medical infatibn to generate invoices.
Because of the high cost of medical services ames rior payment from health
insurance or social security organizations, itnipartant first to make an eligibility

check to see if patient is covered and then getigion for services before they are
carried out. All these actions are carried out iy mon-medical part of the HIS (van

Bemmel and Musen, 1997).
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Health statistics & Epidemiology

High quality data is a must in order to producéatdé health statistics. It serves for
both interpreting underlying data and productionceftain quality measures and
performance criteria. Epidemiology studies to iifgratterns, causes, and control of
diseases in groups of people may easily be condlustth large datasets and in
shorter time by the use of HIS (Haux, 2006; Darale 2007).

2.2.50ther key concepts
Coding & Classification Systems, Terminologies a@atologies

Coding and classifying of medical records is a vad/ phenomenon and roots from
the need to analyze vast amount of medical datastbycturing free text for
administrative (i.e. billing) and medical purpos@3oiera, 2003). World Health
Organization (WHO) International Classification DBiseases (ICD) (2007) is an
important disease classification system to coldext analyze morbidity and mortality
data from different areas around the World and woondhealth statistics and

epidemiologic studies.

Standardized medical terminologies and controlledabularies, such as SNOMED
and MEDCIN, are important for encoding all aspecf the health record
(Systematized Nomenclature for Medicine (SNOMED)QZ MEDCIN®, 2007).
Semantic relationships might be also be definedhiese terminologies. Smaller
terminologies, such as addressing only a speamltgven a health issue, also exist.
The Minimal Standard Terminology for Digestive Eedopy (MST) is an example
(Crespi, Delvaux, Schapiro, Venable and Zwiebel,96t19 Delvaux, 2000b).
Terminologies not only provide a common language amderstanding among health
professionals but also enable records to be preddss computers. It is also possible

to link to other knowledge sources by mapping taotugies onto each other.

Medical ontologies further define and representcepts existing in a particular
domain, their attributes and the relationships kbetwthem. In a sense they reorganize
and represent medical terminologies which are ap#ichfor human processing that

contain significant amount of implicit knowledgeh@ Institute for Formal Ontology
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and Medical Information Science (IFOMIS), 2007).SHieed explicit knowledge to
be able to capture medical concepts and procelees winambiguously. Ontologies
have better chance to enhance or knowledge-enal8ebkicause they establish a
common understanding of the structure of informmgtienable reuse of domain
knowledge, separate domain knowledge from the d¢ipesd knowledge, provide
basis for interoperability and provide methodsnalgze domain knowledge (Natalya
and McGuiness, 2002; Beale and Heard, 2007; FeezaBrkis et al., 2006; The
Institute for Formal Ontology and Medical Informati Science (IFOMIS), 2007).
While usually medical ontologies focus into a pardidr subject, at times they can be
very broad such as the National Library of Meditgn&nified Medical Language
System (UMLS), (2007) that includes and maps nuoseher knowledge sources

some of which are ontologies themselves.

Structured Data Entry (SDE)

High quality data collection is still a big challgin health informatics (van Bemmel
and Musen, 1997; Moorman, 1995a). The added beokfswitching from paper-
based records into electronic records without #ired data is not even comparable to
the chasm between collecting free text and stradtuext. Unfortunately medical
records are still composed of free text and litflegny, structured data collected via
forms. SDE is the electronic counterpart of suchmi® and aims to increase
completeness and reduce ambiguity by collecting datording to previously defined
structured and coded data layout (Moorman, 199Gayctured data are needed in
order to process and transform raw data into inftion by computers. Also it has
been shown that SDE is superior free text dataydotrhigh quality and rapid data
collection (Los, van Ginneken, de Wildeand van ldeir2004; Los, van Ginneken,
and van der Lei, 2005).

The ability to select from a set of enumerated eslim pick lists and validity checks
during data entry helps to eliminate errors. Moarmainneken, van der Lei and van
Bemmel (1994a) identify a number of key requireradntbe met for building usable
SDE applications: first it has to provide maximurosgible expressive power and
flexibility to the physicians, second it must fallaoutine clinical thinking, third the

presentation of data has to be consistent andiftlettime needed for filling out SDE

should not be greater than free text entry. Tha datlected by SDE should also be
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complete and unambiguous which have sufficient edogl information. These
requirements for successfully realizing SDE ovagltime necessitate a few key steps
to be taken: using terminology that users accepidgeparation of information and
knowledge layers and effective means of IS devetgniMoorman, et al., 1994a).
These are the core motivations of this study fokltag the problem of structured data
collection in medicine and the reason why openSD¥s & strong candidate for the

modeling work in the study.

NLP/NLU, Speech Recognition

Extracting coded data from free text by various potational methods is called
natural language processing (NLP) or understanitid)) (van Bemmel and Musen,
1997; Moorman, 1995a). However Moorman (1995a) menends that the technique
has to improve considerably before being used ily gaactice by referring to Baud,
Rassinoux and Scherrer (1992). In addition all @ingbiguity, incompleteness and
errors in original documents will be transferred ttee structured form because

NLP/NLU does not alter data capturing process.

2.2.6 Key enabling technology for next generation medicie: EHR
Definition and History
The ISO TC215 Health Informatics Standard (200%nd&n of EHR is:

"A longitudinal collection of personal health infeation concerning a single
individual, entered or accepted by health care ipeg, and stored
electronically. The information is organized priihato support continuing,
efficient and quality health care and is stored &adsmitted securely. The

EHR contains information which is:
1.retrospective: an historical view of health stadad interventions;
2.concurrent: a “now” view of health status andvacinterventions; and
3.prospective: a future view of planned healthvéidis and interventions.”

So EHR is used primarily to support individual pati care and also has many

secondary uses in medico-legal events by providaiigble evidence data, quality
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studies, education and research. By also providimgess to quality health
information, public health services are improvedlidy development, health service

management and financial services also benefit #61R (ISO, 2007).

Hammond (2002) recommends that data in EHR shoal@ hhe features given in
Table 2.1.

Table 2.1Recommendations for EHR Data (Hammond, 2002)

e Patient-centered * Timely
» Comprehensive » Structured, semantically
understandable

* Aggregated
* Sharable

e Accountable

¢ Organized

¢ High data integrity
» Secure and private

EHR has become more important because the heattmday is truly a multi-contact
system, where patients receive services from @iffiehealthcare providers (HCP) and
important data are generated at each locatiorefRatentered healthcare records have
proven to be a superior approach than organizagorered records (Beale, 2001).
Another driver is the added complexity of managhmghly mobile patients and
healthcare professionals. As a result the patigfotrination is all over the place in
various formats. The consequences of this fragrntientare repeated entries of same
information, repeated tests, and errors due tdeivig able to access key information,
and evidently high cost and low quality of healttecdTang, 2003; IOM, 1997;
Menachemi and Brooks, 2006; Grimson, 2001; openEbiihdation, 2007).

Most governments have identified EHR as the majdr ia controlling cost of
healthcare while increasing quality, effectivenasd safety. U.S., UK and Australia
have started national EHR projects (Charette, 2006%hin the ambitious common
ICT objectives of the EU in i2010 (2007), a Eurapéaformation Society for growth
and employment, there is a prominent e-Health Acttan (2007) And this action
plan states clearly that in order to achieve a pemo e-Health structure, the road
passes through electronic health records and thatlis each member state to

establish regional and national frameworks.
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Progress in adopting EHR systems has been slow.littte progress has mostly been
in domains of standards development, open souregaEments and building of vast
amounts of knowledge sources to be used in EHRemgst EHR standards now
provide coherent definitions and technical methddsnce are precursors for
interoperability. Open source collaboration and alleement has broken the
commercial single vendor type closed developmenteims of building knowledge
sources, not only the content has increased aridedefin computable medical
terminology, ontology and guidelines but also neethmnds for medical knowledge

representation like Archetypes had been discovered.

As depicted by Beale (2005) many open source imgfeations now exist in addition
to numerous commercial EHR products. The most prent one is U.S. Veteran’'s
Health Administration’s VistA system. Other projectwith operational
implementations include openEMed, TORCH, gnumed, amumber of EU-funded
projects such as PICNIC and HARP.

Benefits of EHR

It is expected that EHR systems will reduce the aosl improve the quality of care
by providing better-informed health care providarg patients, the elimination of
duplicate tests, and better coordination of treatnr® more than one health care
provider (IOM, 1997). Some of these benefits haeerbtested and validated in
studies conducted by Tang (2003), Bird, Goodchid &un (2003) and Beale (2005).

Van Ginneken (2002) identifies and explains the lkegefits of EHR as: accessibility
readability, easy reporting, completeness of dakecision support, supporting
preventive medicine, access to external knowledgecgs and data analysis. Possibly
the most striking effect of widespread usage of BMRbe on biomedical research.
Difficulties in identifying, finding, interpretingnd applying knowledge from clinical
trials from published literature is well known. Shiesults in inefficient transfer of
evidence from research into clinical medicine. Assult the level of healthcare given
to patients today is way behind what is known bgniedical science. Clinical
guidelines and protocols are being used as effeetnd rapid methods to disseminate
this knowledge. Linking of such knowledge sourcethwhe EHR will provide not
only proper and timely distribution but also enstneir proper use during care

(Grimson, 2001). This aspect will constitute a majantribution of this study.
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EHR also has implications in all aspects of segufitr patient records. Current
legislations for conducting healthcare have strides especially for privacy and
confidentiality of medical information. However Witpaper-based records, it is
physically difficult to apply those rules becauseople in the wards where file
cabinets are (usually anyone with a white coat)a@ess patient files. However EHR
systems can provide effective and reliable secumigchanisms which allow a very

fine grained access to the health data (Tang, 2003)

One last but not least anticipated benefit of EHRthie context of bio-medical
research is the integration with the genomic wa@lder the years, we have witnessed
great advances in genetics and medical sciencethéuherging of these interrelated
domains has been so far not satisfactory. Lackoofraon medical terminology and
variation in practice might have played a rolehist Genomics had achieved to form
a common terminology and established electronicnsed data representation and
sharing decades ago. EHR might be the key enaplingdigm for linking of clinical
medicine to the genomic world. The merging of thisg® domains will enable access
to relevant and reliable information for conductimgegrated clinical, genetic and
environmental research which will eventually leadnbore effective and curative

treatments for better care (Grimson, 2001).

EHR Requirements

There had been international efforts to determaeftinctional, technical and content
related requirements for EHR. According to ISO T#%24 (2005) and Beale (2005)

some refined and key functional requirements arfelksvs:

« Have information and efficient user interfaces aefihg multiple levels of

hierarchical biological and social organization,
e Support mobile patients,
* Keep information for a lifetime (longevity of aradii00 years)
e Support multilinguality,
* Enable sharing and authoring of data by multipkrsisimultaneously,

» Integration with knowledge bases such as terminglogtology and clinical

guidelines,
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e Support wide geographical availability of recordsmultiple providers and

applications,

« Enable consent-based, potentially fine grainedagsivrules on information

use (with exceptions for emergency access),

« Withstand multiple sources of constantly changieguirements including
medical technology, clinical procedures and gurgdj genomic/proteomic

biomedicine,
* Provide reliable medico-legal support for all users

Another key functionality for an EHR system, whighs not possible technically with
paper-based records, is the ability to provide ipleltviews of data. As Hammond
(2002) mentions, an organization/provider view mesist to serve the need of the
institution in patient care, service managementkilmwv management, and billing.

This view provides the source of data for othemgigsince it is in this setting that the
patient/provider encounter takes place. A secormvvis a composite view that
represents a complete summary view (the patiertticanew) of the person’s health.

This view also serves needs of health and biotsrmosurveillance and epidemiology.
Third view is a personal health view that is cusiad to each individual and their

health needs.

Technical requirements of EHR are outside the sodphis study hence will not be
mentioned here. The requirements on the conterHR are within the scope of
major health informatics standardization bodiesNCEC251, HL7, ASTM E.31 and
openEHR (Beale, 2001 and 2003). Like the separatiatata from structure in XML,
the clear separation of medical information fronowtedge is truly a paradigm shift.
Here only the fundamental content model is manddtgdstandards such as the
organization of a patient dossier or use of certlimographic entities. Rest of the
content is dynamically modeled by domain expertthgiscommon information
components (Beale, 2000 and 2002). More detaill dilgiven in the section on
health informatics standards and will materialire the following section where
archetype formalism and multilevel modeling stratéay modeling a medical domain

is demonstrated.
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EHR Architecture

Different strategies exist for deploying sharedblR systems. According to Shabo,
Vortman and Robson (2001), there are two approadhiest approach is provider-
centered, creating a “Virtual EHR” without physigakstablishing a distinct EHR
system of its own. It is also called as a “Fedetd&elR” in which a logical view or
physical assembly of partial EHR information (EHRracts) happens “on the fly”
from distributed EHR systems (Kalra, 2003). Theefated approach seems to be
appealing but has many implementation and perfocengmoblems in practice when
many records from many different federated EHResyistare involved. In the second
approach which is more consumer-centered, a calated EHR repository is
established and all pertinent patient data is dmmbifrom multiple providers at the
time of healthcare event and served when the rasandeded at any point of care. It
has important advantages over the federated EHR biynpler access control and

security which promises a much better price/peréoroe ratio (ISO TR 20514, 2005).

The approach to realize EHR by integrating disgacaganization-centered HIS has
proven inefficient and not feasible in many studM&thout agreeing upon common
record structures and semantics, in order to be béxchange information between
systems, a different interface has to be implenteh&ween every single system pair
(Bird, Goodchild and Tun, 2003).

From an architecture point of view, two alternatajgproaches also exist to realize
EHR systems. In the first approach a global agtgemh architecture is planned to be
used by all applications hence provide a high lesklinteroperability such as
openEHR and CEN EHR standards. The second applisabhsed on messaging
paradigm, extracts of EHR, between disparate Hth a3 HL7. However a consensus
is emerging that realization of EHR by messagintgagigm is not a viable solution
and that agreeing upon common models for content structure are required
(Grimson, 2001; Beale and Heard, 2006). The styataken in this study to model a
medical domain, gastrointestinal endoscopy, cancbesidered as a bottom-up
approach from an architectural point of view foralizng interoperable and
maintainable EHR. Standardized terminology, refeeemodels and archetypes form
the building blocks of a “mini” EHR and we will demstrate the feasibility of the

former approach.

28



There are discussions as to who shall host thisaleservice. From patients’ privacy
point of view, neither government nor providers sugable. Hosting this EHR service
by HMO is also problematic because the possibilityanalyze and use data in
determining health insurance plans. Possibly arrogpiate way to host it will be
through an independent consortium based organizéBbabo, Vortman and Robson,
2001).

Problems & Challenges in Realizing EHR

The EHR has to accommodate individuals’ biologiagislogic and psychological
complexities within its structure (Grimson, 200The data in EHR come from a
number of different sources such as nurse’s ngiegyress notes, treatment plans,
medications, laboratory results and imaging repartountless different terminology,
layout and formats. This necessitates that the BelRery flexible. Not only there are
difficulties with data capture and representatioum, care provision requires access to
and utilization of best available knowledge. SoEHR not only has to be able to add
or modify knowledge but also make it usable by rpooating into its functionality
and workflows. The study by Bird, Goodchild and T{@003) seeks to handle this
complexity by adding an additional layer of modgliior domain knowledge, on top

of information modeling.

The success of EHR projects does not seem encagragi all; according to van

Ginneken (2002), 9 out of 255 projects had failéds believed that this caused by
unjustified balance between effort and benefit 6fREsystems. It has also been
observed that the clinicians play an important iolthe content, quality, and usability
of EHR systems. The main bottleneck is the relusanf physicians for data entry
because of anticipated time-loss while typing, tédi coverage and concerns with
physician-patient encounter. This low success hate also been attributed to non-
disciplined development process of EHR, so it isomemended to employ rigid

software engineering principles. One critical sgscéactor is properly designing
business processes and informing people beforedunttion of EHR. It should also be
noted that HIS and specifically EHR systems arallygbuilt from scratch rather than

using tested and proven software components. Thisonly makes design and

implementation hard but also causes maintenanbe ®ven harder (Grimson, 2001).
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The modeling approach taken in this study usesdatdized reference models to

assemble logical medical concept constructs thabeashared and reused.

Cost of EHR systems is a limiting factor for the@alization. According to van
Ginneken (2005), 7.5-13.5% of an institution’s beidigas to be allocated for EHR. In
a more recent publication, for nationwide EHR petgethe figures are frightening: in
Australia while estimated cost was 500 million Aaban Dollars, it has risen to 2
billion Australian Dollars. In UK the implementatiocosts in 2002 was 2.6 billion
pounds and as of 2006 it is estimated to be at IEadillion pounds. In U.S., since
EHR projects are not publicly funded, the estimatest is between 100-150 billion
Dollars with 50 billion Dollars per year for opeats (Charette, 2006). Controlling
this high cost is a major motivation in this stualyd will be discussed in detail in
Chapter 4.

The need for many different ICT systems to intevethh each other is a big challenge.
This brings about hard problems of interoperabifitgm a sense starting from
physical levels and reaching up to data, infornmadad knowledge levels. Often the
requirements for EHR conflict with each other whiolake realization of EHR
problematic. For example the requirements of pgvadf medical data and
accessibility among different HCP across natior@bers by using different vendor
solutions are difficult to achieve at the same ti(@imson, 2001). The use of a
standardized multilingual terminology (MST), RM aAdchetypes used in this study
is proposed to be the enabling paradigm for interalplity and we will try to

demonstrate this in gastrointestinal endoscopy tmma

The current situation with HIS and EHR is still anization-centered and episodic —
meaning they contain information from a patienistvor a health issue rather than a
full history of the patient. However Grimson (20@Bpicts that the maxim for EHR is

community-based and patient-centered used in straed

The experience with many different approaches talehand implement EHR has
proven to be problematic. As the nature handlespbexity by dividing into sub-

components and layers, in development of EHRs,ragpa of concerns and also
separation of domain knowledge from underlying infation and data is a new
promising approach and a brand new challenge (dgBnEoundation, 2007). The
problems mentioned in this section constitute majart of the research problems

which is discussed in detail in next chapters.
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2.2.7 Standards in Health Informatics

Watching a video produced in U.S. converted to Diexmat by local DVD store
played on a player manufactured in China whichugged in mains where electricity
is imported from neighboring country requires sesslstandards at work. According
to ISO/IEC Guide 2 (1996), formal definition of stiard is a document, established
by consensus and approved by a recognized bodyptoatdes, for common and
repeated use, rules, guidelines or characterificactivities or their results, aimed at
the achievement of the optimum degree of order igiven context. Taking into
consideration many of the aforementioned problems a&hallenges for HIS;
especially that of common terminology and codingstems, integration and
interoperability, security and reliability, it isbeious that solid and well agreed
standards are needed (ISO TR 20514, 2005; openEbiRdation, 2007; Beale,
2001).

International health informatics standardizatiordibe include I1ISO (2007), CEN
(2007) and WHO (2007) on which national bodies depélhere are also ad hoc,
independent organizations producing health infoiteastandards such as DICOM
(2007) or de facto standards from openEHR Foundafi007) and Object
Management Group (OMG) (2007). Relevant standasisecially for the purpose of

this study will be described in detail.
The standards are divided into groups accordirigegw area and functions:
1) General standards:They are mostly healthcare or ICT related standards

CEN/TC251 EN13940 ContSySystem of Concepts for Continuity of Care (20G6) i

a European standard providing the definition andcepts to support continuity of

care.

CEN/TC251 EN12967 HISA:Health Information Services Architecture (2006)

underlies the information infrastructure and depiat shared HIS architecture. It

addresses to explicitly describe various servioesagplication interfaces of systems.

2) ldentifier standards: They enable proper identification of healthcaméties for

use in HIS. These include unique citizen/patiemnidiers, healthcare worker and
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organization identifiers, medical device and maleriabeling (such as drugs,
disposables, and blood products) (van Bemmel ansellul997; Beale, 2001).

3) EHR content, structure and communication standads: They aim to assist
in the interoperability and integration of distribd HIS. There are a number of
different, some incompatible (and competing) statslan this category. Key formal
bodies include ISO/TC215 (2007), CEN/TC251 (20017 (2007), ASTM (2007),
OMG HDTF (2007) and DICOM (2007). Non-profit orgaaiions such as openEHR
foundation (2007) and Open Source Healthcare AlBa(OSHCA) (2007) are also

active contributors in this arena.

ISO TS 18308 Health informatics -Requirements for an electroh&alth record
architecture (2004) defines very fine grained EHRjlRrements which are utilized by

nearly all other EHR standards.

ISO TR 20514 Health Informatics - Electronic Health Record Défon, Scope and
Context (2005) defines EHR definition and scopemisiguously.

CEN/ISO 13606 EHRcom (EHR Communicationshas been in revision since 2001
to incorporate new models and methods provided jpynBHR. It is a multipart
standard and Part 1 has been released in thetiaster of 2007. It defines the way in
which local HIS and EHR systems can communicate exathange patient records.
This standard helps to support shared patient leetvwween healthcare organizations,
and enables life-long provision of care by theigbtb access full medical history of
patients at all times. This is the first formalrstard for EHR communications. Once it
has been fully implemented and deployed acrossg@nal or national healthcare
network, it is believed to create a virtual lifexphealth record for every individual.
EHRcom also specifies representation of health rin&tion, sharing of privacy
policies, how specific parts of an EHR can be retee and how the resulting EHR
extract is to be returned (CEN EN 13606-1, 2007).

openEHR Specificationsare in fact not formal standards. While the fodimaaims

to create implementable engineering specificatidhgy are becoming de facto
standards among health informaticians. It followe tseparation of concerns as
depicted in the 1ISO Reference Model for Open Disted Processing (RM-ODP) and
separation of information and knowledge to tackie tomplexity and ill structured

nature of healthcare.
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The specifications mainly go into the areas of EH&nographics and access control.
Each area is represented by three components:eaemet (information) model,
flexible knowledge model (archetype model) and ise model for computational
aspects. Unlike other standards, it defines a wheleof concepts and methodologies
to design and implement full fledge HIS. The derapiiic specifications are generic
and fully linked to the knowledge model so that swomforming demographic entities
such as names, addresses and relationships cagfibeddwithout altering software
(Beale, 2000, 2002).

openEHR compliant EHR systems heavily rely on ewkeknowledge resources such
as vocabularies, terminologies and ontologies, Wwliefine the semantics of terms
and concepts referenced in the health record. Aypbe enable multiple
terminologies, even in different languages, to beduand linked to other knowledge
sources. The Archetype Definition Language (ADL} een created to capture and
represent domain knowledge in a computable waynBp® also develops and
distributes free and open source tools to authoehétiypes and validate them. These
tools offer even the non-technical clinicians tafgen domain knowledge modeling
(Beale and Heard, 2007).

openEHR specifications have a major contributiothenradical revision of the former
EHRcom standard by adopting two level modeling agph. It has been published in
the first quarter of 2007 as a definitive EU staddéGarde, Knaup, Hovenga and
Heard, 2007). This study had resulted in consideraontribution to openEHR
specifications; especially to the fundamental ADId AOM specifications which will

be discussed in Chapter 4.

Health Level 7 (HL7) (2007)is an U.S.-based, ANSI-accredited health infornmatio
standards development organization. Its specifinatare mostly for application-level
messaging (7 of OSI layers) among HIS. Other areas of inteirestide the structure

and content of clinical documents and decision stppecently. There are two
working versions of HL7 standards, Version 2 andsita 3. The former (v2.4) was
approved in 2004 by ANSI (2004) and also becamks@nstandard by version 2.5. It
is by far the most widely implemented standard &alth informatics Worldwide.

However the main goal of HL7 before version 3 wasstandardize messaging

between HIS and achieve data exchange, not toap&HR standards. Thus there is
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no guarantee for interoperability when using HL7.xvBecause there is no well

defined underlying information model (Beale, 2003).

Third version of HL7 is still aimed primarily at filging application messages, but
now uses a well defined information model, the Rafee Information Model (RIM).
While assembling messages, the content schemaeaved by a restriction process
starting from the RIM, further constrained by domamformation models (DIM),
restricted message information models (RMIM) anchimmn message element types
(CMET). The process ends with forming hierarchivalssage definitions (HMD) and
then generated message schemas are representddlLasio¢uments (Eichelberg,
Aden, Riesmeier, Dgac and Laleci, 2005).

There are specifications which are addressing EHR:

e HL7 EHR Functional Specification defines key functions of EHR Systems
(EHR-S) to enable common and unambiguous expresgisgstem functionality
for developers. The functions are organized into gnoups: the ones that provide
support for direct patient care such as clinicaiaws, assessments, plans, and
documentation within the context of workflow andc#on support and the
second group includes administrative and infrastinecfunctions for secondary
uses of data to support healthcare operationsamgdseand public health and

quality assessment.

« HL7 Templates specificatiolAn HL7 template is a data structure, based on the
HL7 RIM which expresses the data content needea ispecific clinical or
administrative context. It expresses a further agfetconstraints on the RIM.
Templates are used to further define and refineetlexisting HL7 models within
a narrower and more focused scope. They use telogin@nd ontologies and
describe domain concepts in a computable way. Iway, they resemble

Archetypes.

e HL7 Clinical Document Architecture (CDA)is a document markup standard.
Although CDA is not an EHR standard as such, imfolan important component
of an EHR. Its semantics is derived from the HLMRind uses the HL7 Version
3 Data Types which are also part of the RIM. AnsXML-based markup standard
intended to specify the encoding, structure andasgios of clinical documents

for exchange. CDA document content is intended @éohbhman-readable and
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supporting narrative text, yet still having someusture and allow for medical
coding to represent concepts in a computable malDefin et al., 2006;
Eichelberg et al., 2005).

All these specifications brought about by HL7 Versi3 is a shift from messaging
paradigm towards establishing a sharable generRR Eiddel that CEN and openEHR
have done. The modeling work done by using openEiBthodology and

components shall be presented in comparison with iHIChapter 4.

American Standards for Testing and Materials (ASTM) Committee E31 on

Healthcare Informatics

It develops standards related to the architectwentent, storage, security,
confidentiality, functionality and communication oinformation used within
healthcare and healthcare decision making, inctugatient-specific information and
knowledge (ASTM, 2007).

E1384 (Standard Guide for Content and Structure of thextEbnic Health Record):
ASTM Healthcare DTD medical document structure istandard specification for
XML DTD in healthcare.

OMG HDTF

The OMG HDTF (2007) specifications contain a setndérface definitions for key
services in HIS development. HDTF, formerly Corbal\Vi&as one of the pioneers to

define separation of concerns. The individual djg&tions can be summarized as:

» Person Identification Service (PIDS)provides interfaces for identifying and

correlating personal information within and amomgious healthcare enterprises.

e Lexicon Query Service (LQS) or Terminology Queryr@iee (TQS)specifies a

set of common read-only methods for interrogatiligjaal terminologies.

» Clinical Observations Access Service (COASpvides a read-only interface to

“observations” including clinical context and stafepatient.

* Resource Access Decision Service (RADpvides read and write methods for

authorization and access to health informatiortHi&.

e« There are also other specifications likealth Information Locator Service
(HILS), andOrder/Entry Tracking Service (OETS).
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Integrating the Healthcare Enterprise (IHE) is an industry initiative which
specified the Cross-Enterprise Document SharingXibitegration profile for this
purpose. The healthcare documents are stored inMEbXegistry/repository
architecture in order to enable their identificatiand exchange. IHE XDS is not
concerned with document content; it only specifiretadata to facilitate the locating
of documents (Eichelberg et al., 2005; IHE, 2007).

4) Terminology/Content standards

Medicine is one of the few domains where extensiwmain knowledge is defined
through controlled vocabulary or terminology stamda Some of these, such as
SNOMED (2007) or GALEN (Rector, Glowinski, Nowlama Rossi-Mori, 1995;
openGALEN Foundation, 2007) are rich semantic ndt&@r in a way ontologies

defined through a formal ontology language.

ICD: It was originally published by WHO for classifgrnand coding of mortality
cases. Other uses include establishing a commoingaand description of diseases
and collection of comparable data for epidemiologitd healthcare management
studies (WHO ICD, 2007).

CPT: It is maintained by the American Medical Assocat (AMA) (2007) and
widely used in the U.S. for reimbursement andaatibn review purposes. The codes

are derived from medical specialty nomenclaturesaae updated annually.

SNOMED: It is developed by SNOMED International - a divisiof the College of
American Pathologists (CAP). SNOMED is a comprehensnulti-axial, controlled
terminology created for indexing of the entire noadlirecord. The latest version is
SNOMED-CT (Clinical Terms) which is a dynamic, sttiécally validated clinical
reference terminology that aims to make health déam@wledge more usable and
accessible. It provides a common language thatlemabconsistent way of capturing,
sharing and aggregating health data across spesialbd sites of care. Among the
applications for SNOMED-CT are EHR systems, clihivanitoring, clinical decision
support, medical research, clinical trials, compaésl physician order entry, disease
surveillance, image indexing (SNOMED, 2007; Coi&2@)3). The core terminology
contains over 364,000 health care concepts wituenimeanings and formal logic-
based definitions organized into hierarchies. Adasfuary 2005, the fully populated
table with unique descriptions for each concepttaos more than 984,000

descriptions. Approximately 1.45 million semantielationships exist to enable
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reliability and consistency of data retrieval. ¢t available in English, Spanish and
German language editions. SNOMED will be used & $tudy as an example for

mapping of MST to external terminology systems.

GALEN: It aims for the development and disseminationtesminology models,
methods, architectures and tools for HIS. Variowthodologies were developed to
allow clinical information to be captured, represeh manipulated, and displayed in a
radically more powerful way. The GALEN ontology aB&LEN Representation and
Integration Language (GRAIL) were developed to nggnthe content. GALEN-IN-
USE project then developed the Common ReferenceeM@RM) for Medical
Procedures which is used to support EHR, decisippart, information retrieval and
natural language processing systems in healthdduie. is an important feature for
EHR and modeling (openGALEN Foundation, 2007).

UMLS: It is developed by the NLM. The UMLS project deymdoand distributes
multi-purpose, electronic "Knowledge Sources" arstoaiated lexical programs
(Humphreys and Lindberg, 1993). The UMLS Meta-thesa is one of three
knowledge sources developed and distributed byNhil as part of the UMLS
project. The Meta-thesaurus contains informatiooualbiomedical concepts and
terms from many controlled vocabularies and clasdibns used in patient records,
administrative health data, bibliographic and talt databases and expert systems. It
preserves the names, meanings, hierarchical centedtributes, and inter-term
relationships present in its source vocabulariddsaertain basic information to each
concept; and establishes new relationships betweens from different source
vocabularies (UMLS, 2007). The content comes frbmelectronic versions of many
different thesauri, classifications, code sets, &st$ of controlled terms used in
patient care, health services billing, public Heatatistics, indexing and cataloging
biomedical literature, and/or basic, clinical, ameglth services research which are
uniformly called as "source vocabularies" (Bodewee\Willis and Hole, 2004).
UMLS has big importance for realization of shared aistributed EHRs because it
has the potential to make semantic transformatiomfone EHR node to another in
case that they use different terminology. BecaubL.® maps most of the widely
used coding, classification and terminology systemnso each other, the task is
possible. It has also of utmost importance in ligkHIS and especially EHR systems
to knowledge sources in a manner that is relevadttinely at the point of care (van

Mulligan, 1999). This is possible because the cptscand hence the terms are linked
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to the Medical Subject Headings (MESH) which iscuger indexing in biomedical
publishing known as MEDLINE databases and preseotdthe by the PubMed
service (Coiera, 2003; Humphreys and Lindberg, 199BALS will be used in the
study for providing link of local MST terminology tother external terminologies by

utilization of integrated version of MST in the UMLMeta-thesaurus.
Eichelberg et al. (2005) list other terminology/ent standards as follows:

LOINC includes identifying individual laboratory resulis.g. hemoglobin), clinical
observations (e.g. discharge diagnosis), diagnesiity observations (e.g. chest x-ray

impression).

UMDNS is developedy the Emergency Care Research Institute (ECRipraprofit
organization affiliated with WHO.

GMDN is developed by EU for providing nhomenclature foedical devices to be
used in HIS.

ATC is developed by WHO and is a classification sysi@narugs.

INN is developed by WHO and provides unique naminglbgxisting drugs. It is

important for safe prescribing and exchange of.data

5) Data Exchange/Messaging Standards

HL7 is mainly a messaging standard for HIS to enabédtiheare related transactions
within and among HCP, and other players, such asOHlhsurance and social
security organizations. Mainly the administrativartpof healthcare information is
taken into account. These include patient ADT, tgder drugs, procedures or tests
and their results, messages relating to finance kaltidg information and clinical
observations focusing primarily on measuremente HL7 specifies the precise
messaging syntax to be used, including definitiohsegments and internal code
strings. Because many of these messages have kmatopked to support the
administration of patient care rather than suppgrthe work of individual clinicians,
the clinical content of the messages is often diméed (HL7, 2007; Beale, 2003;
Eichelberg et al., 2005).

DICOM defines the message formats and communicationslastds for diagnostic

and therapeutic medical images that are widely bisethe industry. The importance
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of representing clinical and descriptive data withiany types of medical images and
interoperability issues has led to standardize ingagrocedure descriptions and
DICOM image interpretation reports. This standamdorimation model for the
representation of medical image structured regertalled DICOM-SR. It also uses
terminology for content to permit semantic analysiseports. This work has resulted
in a joint terminology system which is published #& SNOMED DICOM
Microglossary. The DICOM-SR compliant reports camectly be incorporated in the
EHR (DICOM, 2007).

ASTM E31 committee produces a number of messaging standatti® healthcare
domain (ASTM, 2007):

e ASTM E1238 (Standard Specification for Transferring Clinic@bservations
between Independent Computer Systems) is used bst b the largest

commercial laboratory vendors in the U.S. to trah&boratory results.

* ASTM 1394(Clinical Laboratory Instruments to Computers) bagn developed
by a consortium consisting of most U.S. manufactur@ clinical laboratory
instruments and is being implemented in the curidabbratory instruments

generation.

« ASTM E1467(Standard Specification for Transferring DigitadiNophysiological
Data between Independent Computer Systems) defiodes and structures
needed to transmit electrophysiologic signals arebults produced by
electroencephalograms and electromyograms. Theaat@ms similar in structure
to ASTM 1238 and HL7, and is being adopted by dlittee EEG systems

manufacturers.

ASC X12 This committee is developing message format statsdfor transactions
between payers and providers (ASC X12, 2007).

IEEE: It also develops health informatics standards BEEDQ7).

e (IEEE) P1157 Medical Data Interchange Standard (MHR): IEEE
Engineering in Medicine and Biology Society (EMB)developing the MEDIX
standards for the exchange of data between hospitaputer systems. It is based

on all seven layers of the OSI reference model l(Baad Heard, 2006).
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* |EEE P1073 Medical Information Bus (MIB):This standard defines the linkages
of medical instrumentation (e.g., critical care tinments) to point-of-care

information systems.

6) Confidentiality, data security and authentication standards

Standards by ASTM Committee E31, HL7, ISO TC 21ENCTC 251 and openEHR
provide a number of such standards. Also numerogenizations active in healthcare
informatics area have produced many useful artfémt quality indicators, data sets

and guidelines (Eichelberg et al., 2005).

2.3 Domain Modeling: Reference Models and Archetypes

2.3.1The Need for Modeling in Healthcare

A model is simplified description of a complex éyntbr process. Modeling is used to
aid in understanding problems by abstraction antpldication (Webster's Online

Dictionary, 2007; Wikipedia, the free encycloped207). Information systems
development is a highly complex and abstract effbd nature of the medical domain
brings another layer of complexity when develophiig. Thus, proper modeling is
vital in order to make sufficient levels of abstrac to successfully handle the
challenges. The use of conceptual structures, igéscr languages and visual
understanding when modeling helps to make the dpus#nt process more efficient,
productive, effective and easily repeatable. Afrarn the direct benefits of modeling
during software development it also acts as ariefft communication tool among

technical people, managers and also users (Kowhaepaper, 2003).

There are a variety of modeling methods used witincontext of IS development.
They are divided into two broad categories as gegfirpose and domain-specific
modeling (DSM) techniques. Modeling languages/téidls UML, EXPRESS, IDEF
and XML belong to the former category and Objecn€&rmint Language (OCL),
Queries/Views/Transformations (QVT), macro langsaged even operating system
shells belong to the latter category. Modeling ofi#etypes by using ADL and tools
used in this study are good examples of DSM whiclused throughout the study
(Langlois, Exertier and Devda, 2006; Fowler, 2007).
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Traditionally, software development is a numbernmppings from conception of
domain, to analysis and design models, and them smirce code. These mappings
tend to be slow error prone and difficult to turmoi coding. DSM addresses these
problems by removing the resource-intensive andrgmone mappings, aiming to
solve the problem only once at the same level sfrabtion with the domain itself
(Kontrac Whitepaper, 2003). It can be said that DEMa computationally usable
knowledge model of a particular domain. Main maakglapproaches relevant for this
study include: Conceptual (data) modeling, infolioratmodeling, object modeling

and knowledge modeling.

2.3.2Domain Modeling in HIS

Information systems development process, after ireguents elicitation phase,
usually starts with data modeling. That is an asialpf what kind of data are to be
handled, how they will map to database or programgmilata types and their
relationships. Rest of the system may be modeleth wonventional software
engineering formalisms such as OO by using UML. Bu¢he nature of healthcare
computing environment, classical approach usuatigiseup with systems that are
extremely difficult to develop (hence expensive)dahard to maintain when
requirements change (mostly functional requiremesieged with domain) as system
gets older. It has been repeatedly shown that,emltiicare, requirements are on
constant change. These changes root not only fisen nequirements but also rapid
changes of domain knowledge. Thus both the softvear@ database have to be
modified (Beale, 2000, 2002; Garde et al., 2007,déaKnaup, and Hovenga, 2005;
Munoz et al., 2007).

The first step in domain modeling is to create dionsaecific and generic information
models instead of complex and rigid data modelgsé&hinformation models are the
blueprints for the real world collection, procegsand persistence of data. A classical
example is the structure of medical records and features and relationships: an
individual patient record consists of some foldedsich may have one or more
sections for different purposes. Under each sectibrere may be different
compositions such as physical examination, pat@mounter form or laboratory
results. Clinically relevant structures, such akldis and sections, go into the
information model. Another example involves an mifation model for describing the

details of a medical observation: A medical obsgowanvolves not only recording of
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pertinent findings but also recording of patiersttiss and context of the observation.
So in the case of a blood pressure measurementnfibtrenation model must have
capability to capture blood pressure values, dintontext such as sitting or lying and
cuff size. In this case the overall structure agrantics of a medical finding goes into
information model (Beale, 2000, 2002, 2005; Munbalg 2007).

It is obvious that assigning separate databasesfiel numerous tables to each and
every medical entity or relationship is not a gadeh when there are many data types
and structures with highly complex content. Therefthe information model and
underlying data model must be generic; meaningitHads to make a good level of
abstraction of underlying data so as to effectivtypbody complex medical data by a
simple and flexible model. The key benefit of usiaggeneric and reusable
information model is to achieve interoperabilitygtronly at data level but also at
semantic level. Because an information model calplgh a standard terminology
enables the meaning of data to be understood sbeazla site. Only non-volatile and
basic knowledge is represented in a reference nmattkithe domain knowledge still
have to be stored in the software model. Therefdnanges in this kind of
requirements still necessitate revisions in thdwsoke and database (Beale, 2000,
2002, 2003; ISO TR 20514, 2005; Garde et al., 2007)

Knowledge level modeling includes first separatdrexplicit domain knowledge and
processes (i.e. workflows) from information andadatodels and then assembling
them in a computable way. In the runtime domaincsigeand generic reference
models are further organized and constrained byktievledge model. Therefore
when knowledge and workflow related requirementange, only the knowledge

model is altered, not the application and dataf@sele, 2000, 2002).
Bird (2003) classifies EHR systems development @ggires as:

Unstructured approach: it is a simple data warehouse containing unstradtdree-
text which is very easy to build and use. Howewstailed queries and reporting on

data is cumbersome and decision-support is implessib

Big model approach:system is built by assigning a separate tablectass for each
medical concept resulting in a very big databasema and software model. It is
prone to errors and becomes brittle over time bexa constant addition of new

concepts or changes in existing ones.
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Generic model approach:a generic model is designed to accommodate atyanie
data into a general purpose set of data structki@sexample instead of designing a
separate table and fields for different set of bamistry tests, a single general
purpose table/class is created to allow all teststhe set. However it is still
problematic because virtually anything may be rdedrinto the generic model which

degrades the data quality and results in diffieglin querying and decision support.

Archetype based two-level modeling:This adds one more layer for knowledge
modeling, archetypes, to separate highly volatiedin knowledge from underlying
information and data levels. It further constraits RM and provides data validation
during entry thus ensuring a better data qualitetaided information about this

modeling approach shall be given in Chapter 4.

2.3.3Common Domain Modeling Formalisms for HIS/EHR

Object Oriented (OO) or Object Relational (ORYhis is the mainstream
modeling and development approach today. After wam requirements, all the
domain entities and processes are mapped to abedels by possibly using UML
and CASE tools. So the domain knowledge is harcedatirectly into the software
code, database schema and the user interfacese Theamno clear separation of
information and knowledge. However this methodology well understood by
developers and has large industry support with gmosuccess in domains with well
defined boundaries and set of rules such as bankingotel reservation systems
(Beale, 2000, 2002). Our research prototype, GASTR@s been developed with this
methodology and was invaluable to experience itstsbmings and show us why to

avoid such approach.

HL7 v3 RIM, Data Types and CDA Release 2

Third version of HL7 standards are based on stnctlels for data and information
representation relevant for all aspects of heatth@@mmunications via structured
electronic messages. All messages are instandevband the Version 3 Data Types
(V3DT). The RIM provides an object-oriented modélatinical data (HL7 RIM,
2007). In other words it is a generic informatioodal, which consists of six core
classes:entity, the role the entity can playparticipation act, role relationship

mediating interaction between entities in the appate roles andct relationshipfor
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chaining different activities. The RIM and apprapei terminologies provide
infrastructure for domain knowledge modeling. Tlentent and semantics of HL7
Version 3 messages are derived by a number ofiatéstr processes. First unused
classes and attributes are removed from the RI&h temaining classes are replicated
(cloning) which is followed by another iteration m@striction to create DIM, RMIM,
CMET, and HMD and finally message schemas are edeand represented in XML
(Beale, 2003). Within this context that the RIM ci@sing classes (entities), attributes
and their specializations for developing messadeis, argued that HL7 providing
interoperability for HIS beyond data level intercgdgility is questionable (Blobel,
2006).

The purpose of CDA is to provide semantic levediaperability in HL7 systems. It is
a document markup standard that specifies thetgteiand semantics of a clinical
document (such as a discharge summary or progress for the purpose of
exchange. A CDA document is a defined and compldtgmation object that can
include text, images, sounds, and other multimexdiatent. It can be transferred
within a message and can exist independently, deitbie transferring message. CDA
documents are also represented in XML and theweléheir machine processable
semantics from the RIM, coupled with terminologyheT CDA model has high
expressive power enabling the formal representaifaciinical statements which can
be processed and understood electronically sartiee aeceiving location in addition
to humans (Dolin et al., 2006; Ferranti et al., 200

In overall HL7 is considered extremely complex aegigned for implementation by
technical people; not appropriate for conceptualdaetiog by domain specialists
(Fernandez and Sorgente, 2005; Smith and Ceu2@®$). For this reason domain

modeling by HL7 was not preferred in the study.

ASTM International Continuity of Care Record (CCR)

CCR is a clinical framework that was originally ééped by health care practitioners
to meet the information exchange needs of primame @roviders. The aim is to
provide consulting physicians with relevant and elininformation necessary to
participate in a patient’'s care. From an EHR pointiew, the CCR can be described
as a health record data extract. The CCR suppugtaise of terminologies such as
SNOMED-CT. It uses XML to facilitate the exchamgfestructured medical data and
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has an object-oriented data model. CCR documeatsgecified by an XML schema
and accompanying implementation guide. CCR spetifin appears to overlap with
the CDA in both complexity and scope (Ferrantiletzd06; ASTM, 2007).

ORCA and openSDE

The Open Record for Care (ORCA) is a powerful ERPResn developed by Erasmus
University, Rotterdam (openSDE Website, 2007). Thest prominent feature of
ORCA is the support of knowledge-driven data enBased on the descriptive
knowledge base containing medical concepts and gsFhantics, ORCA provides
other HIS to support menu-driven SDE. Concepts ftbm knowledgebase can be
added to a GUI form which provides direct shortdotthe SDE interface so that it is
not necessary to navigate to these concepts. OR&Kesnthe distinction between
domain dependent and domain independent data (Ykinazd Satomura, 2000; van
Ginneken, de Wilde, van Mulligan and Stam, 1997).

The OpenSDE project is the successor of ORCA inclwithe SDE component is
removed and continued as an ongoing research proenSDE is an application for
SDE in clinical medicine. It is not a complete HI8t focuses on groups of patient
data that is normally stored as free text (findjnggports, patient history, physical
examination, etc). The approach is quite novel gemeric so that it has been applied
in a number of different clinical settings. It hasdomain-specific modeling tool
(Domain Model Editor) and a propriety language fioodeling a particular medical
domain. This model is used to specify both striectand content of data user can
enter. It consists of a framework and contains mal@fined data-model that limits the
set of data that can be collected. Based on theatiommodel, the OpenSDE
application has a strong automatic GUI generattihh sdme basic consistency checks
on the data (Los, van Ginneken and van der Lei5200s et al., 2004). For these

reasons openSDE was the second strong candidis study.

Protégé

Protégé is an ontology editor and a knowledge-fraseework tool developed by the
Stanford Medical Informatics group (Noy, Fergersamd Musen, 2000; Protégé
Website, 2007). It is used to construct domain r®dend knowledge-based
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applications with ontologies. Protégé embodies & &fe knowledge-modeling
formalisms and functions for creation, visualizatiand manipulation of ontologies in
various representation formats. It is very genand can be used to model ontologies
from any domain. Other than being an ontology ta&toglso has an automatic GUI
generator which is driven by both the structure #imel semantics of underlying
domain knowledge. It has been used successfullyealthcare, mainly for clinical
study data capture purposes. However due to thmeeftaased type of knowledge

representation, constraints can not be applieth@instances of objects.

Episodus and Ligne de Vie

The system is based on two components: Episodesmiart client and the Ligne de
Vie or Life Line. It is aimed at supporting of coniity of care. Apart from being an
EHR system, it is also an effective communicatiepstem. For achieving data and
semantic interoperability, the system uses a vesyegc data model (Extended
Unified Model) and an ontology for providing strucd and semantics of contents.
Episodus is the knowledge management componenitignd de Vie is the front-end
application to graphically present one’s whole tieatlated life events and also link
to source documents such as laboratory reportshalige letters and so on. The
system is also considered as a personal healtegbmmjanagement platform because it
allows defining health issues and health goalsractevely. Then the system alerts
both the patient and carer if goals are not mais@peal communications with Philippe

Ameline).

Propriety Modeling by HIS vendors

Of course the shortcoming of classical developnmegithods in building large scale
HIS became evident for the industry in recent ye&While retaining the core
components of their systems with no volatile knalgle requirements, they have
established generic data models and also informatmdels for use in clinical
domains. While gaining considerable advantage imgeof cost savings and client
satisfaction, mostly these developments have bemhenm a propriety fashion - no
compliance with standards. We had not observed $eparation of content and

structure or information from knowledge in suchteyss. They either use existing
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modeling languages and tools such as UML or Protégédomain models or
implement their own. Since most of the products @osed-source, it is difficult to

assess them (personal experience of the author).

2.4 Archetype based Multi-level Domain Modeling for
HIS/EHR

Multi-level modeling of HIS helps to separate thekis of application developers from
tasks of the domain experts. In the technical emment, developers use small and
generic information models (RM) and specificatitmbe implemented in systems. At
runtime, information systems are driven by the kiesolge models called
“Archetypes” authored by domain experts using Hegrel knowledge modeling tools.
Such systems can evolve smoothly, by mainly thédnabled modeling by domain
experts, rather than by classical software maimemamethods which is costly.
Considerable part of HIS which is related with Wildadomain terms, business rules
and processes are defined by external terminolagieisontologies, information and
domain models including workflow and GUI definit®to create runtime features and
behavior of software on the fly. Thus software depment can proceed separately
from domain modeling and if new concept models iateoduced or altered the
software does not need to be redesigned, codedtesid deployed (Atataand
Bilgen, 2007a; Beale, 2000, 2002).

2.4.1What's in the Levels?

Most IS today are constructed according to singlell modeling (Beale, 2002). The
database, software and graphical user interfaceleweloped based on OO or OR
model. In typical relational developments, concepts encoded in the relational
schema and informally into program code or storemtgdures. In object-oriented
systems, they are expressed as an object modebrimalism such as UML

(Rumbaugh, Jacobson and Booch, 1998). By singld-imodels we mean creating a
big and complex model and then writing software arghting databases according to
this. When requirements change, most probably duealteration of domain

knowledge, this model has to be modified and theeld@ment process enters into a

new iteration. In two or dual-level modeling, théseclear separation of information
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(RM) and knowledge (Archetypes) levels. Multi-levabdeling is characterized by
further levels of modeling beyond Archetypes whidgcludes templates, service
models and well defined external ontology mappiegvises (Atalg and Bilgen,
2007a; openEHR Foundation, 2007).

2.4.2 Reference (Information) Models (RM)

They represent the global characteristics of hesdttord entries, how they are
aggregated, and the context information requiradeet ethical, legal and provenance
requirements. It contains not only domain relateshegic information like data
structures and types, demographic models but akfmed non-volatile domain
concepts like the general structure of EHR. An gXenis definition of an electronic
patient dossier where Rolder can contairCompositionswhich can contaitdeaded
sectionscontainingData itemsor Clustersof data items. The RM also includes ability
for versioning of medical transactions and charege-20 handle input errors,
simultaneous multi-user read/write access to theortk provides necessary
information infrastructure to meet medico-legal de@nd historical process analysis
(Kalra, Austin, O'Connor, Patterson, Lloyd and argr 2001)

2.4.3 Archetypes and Templates

Archetypes are constraint-based models of domamwladge which heavily use
terminologies for common language and allow assemghf elements from RM and
further constrain them. Each Archetype describeigorations of data instances
whose classes are defined in RM. Practically thegcidy particular record entry
names, data structures, data types, prescribee vahges and values for some of the
context attributes. When structured knowledge nwaélmedical concepts such as
“laboratory result”, “physical examination” or “mieation order” are modeled by
Archetypes, they can be shared and reused forlisbial a high level of semantic

interoperability.

Another important feature of Archetypes is thatytlage language neutral by using
internal and external terminologies and ontologlegood analogy to understand how
RM, Archetypes and Templates relate to each othesing small number of standard
LEGO parts to assemble some well-known structuresh sas a car or a house.
Likewise Archetypes use RM elements as conceptuadlibg blocks to assemble

well-known medical entities. As one may mix diffiet& EGO sets or even take them
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to friends and mix them all, using a common RM a&haring Archetypes among
different sites, the HIS will be able to handle adatithout loss of contextual

information which provides semantic interoperapilit

Templates assemble Archetypes into larger strugtlike a screen form, document,
report or message and further constrain them fmllose. They may add further local
constraints on Archetypes, including removing omdating optional sections, and
may define default values. At runtime, templates ased with Archetypes to create
data and to control its modification. Template dass usually strongly linked to the
design of corresponding screen forms (Beale, 22002; Atalg and Bilgen, 2007a;
openEHR Archetype Definitions and Principles Rewisl.0, 2007).

2.4.4 Service Models (SM)

They provide computational viewpoint of the arctiitee which consists of service
definitions for the EHR and mostly derived fromsitig work in OMG HDTF, CEN

HISA and individual implementation experiences.

2.4.5Terminology and Ontologies:

They are knowledge resources for EHR such as vdmads, terminologies and
ontologies which define the semantics of terms @mttepts referenced in the health
record. Archetypes enable multiple terminologiebéaised in any natural language in

which they are available.

2.4.6 ADL/AOM & TDL/TOM

Archetypes are defined by a formal language callathetype Definition Language
(ADL). The purpose of ADL is to provide an abstraghtax for textually expressing
Archetypes and Templates. It utilizes three othgntaxes: Object Constraint
Language (OCL) represented as cADL, Data Definitianguage (DDL) represented
as dADL, and a version of First-Order Predicateit¢§OPL) to describe constraints.

An ADL compliant archetype consists of the follogisections:

* Archetype (ADL version and archetype name)
* Specialize (optional: parent archetype name)
e Concept (name of the domain concept modeled)

e Language (dADL: language details)
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* Description (dADL: archetype meta-data)

* Declarations (optional: FOPL declaration statenmjents

« Definition (cADL: formal constraints)

« Invariant (optional: FOPL assertion statements)

¢ Ontology (dADL: terminology and language definitgn

* Revision_history (optional: dADL history of changedits)

The Archetype Object Model (AOM) describes an objeodel equivalent of the
ADL syntax in terms of a UML model. It is a genenmdel, meaning that it can be
used to express Archetypes for any reference modelstandard way. ADL and the
AOM are brought together in an ADL parser: a tobiak can read ADL archetypes
and then create a parse-tree (resulting in-memiggcorepresentation) as instances of
the AOM (openEHR Archetype Object Model (AOM) Reéwis2.0.1, 2007).

Templates are expressed in the dADL syntax from AB& they do not have a
separate language. TOM defines the object modedroplates, which are themselves
used to put Archetypes together into local infoiorat structures, usually

corresponding to screen forms (openEHR Templatee®bModel Revision 0.5,

2007).

2.4.7 Developing Archetypes and Templates: Tools

The open source openEHR Archetype Editor is aftwraiomain experts to create and
edit Archetypes. It has a GUI which is quite usgerfdly for non-technical users.
When creating new Archetypes openEHR, CEN or HL7 & be specified and it
supports the ADL.

The open source Technical Workbench is anotherthatlallows for comprehensive
review of an Archetype and all its elements whitedesign process. It parses the
Archetype and displays it in the chosen languagetase. It is an excellent debugging
tool as error messages are displayed and line msnalve given to the modeler. The
syntax and ontology section of Archetypes can aksovalidated by using this tool
(openEHR Foundation, 2007).

Ocean Informatics Template Designer is a commeitddh entry tool that allows
composition of Archetypes to meet the needs ofediffit users. Components of

Templates can be constrained further includingxafueling parts of the underlying
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Archetypes as long as the rules of those Archetyges not violated (Ocean
Informatics, 2007).

2.4.8 Relationship of Modeling with Terminologies and Onblogies

Archetypes are not competing with terminologiestead they are complementary to
each other. They form the interface between therinétion model and terminology.
Terms within an Archetype can be linked to multipteternal terminologies.
Archetypes allow linking of not only the domain rtex (mapping) to the external
terminologies but also can be constrained by theroh as limiting a list of allowed
values for diagnosis for a specialty. This greatihances the semantics of concepts in

Archetypes.

Archetypes can be constructed without using anyereat terminologies like

SNOMED or ICD. The individual nodes are identifiaad named by using a custom
built internal terminology and then this is linked external terminologies. This

feature of Archetypes enables construction of arortierminology for use in the

particular concept, hence eliminating the needafmuiring and maintaining large and
complex terminologies (Garde, Knaup, Schuler angerdga, 2005a). Term_binding
subsection in Ontology section of an Archetype sscduto denote the equivalences
between Archetype local terms and terms found tareal terminologies. Therefore a
query engine searching for an instance of somermadtderm can determine the
equivalent local term used in the Archetype. Oreotmportant point is the ease of
translation/localization of Archetypes because dhly local terminology has to be
translated. This helps in preserving the semartfcan Archetype across different

cultures and languages (Garde et al., 2007).

Medical terminologies are important for establighia common language among
healthcare workers and also serve for data staizdéinh. By the use of Archetypes
and terminologies together, mapping of clinicalnerin HIS/EHR to terminologies
will be possible and form an important step in dat@ndardization. Data
interoperability will also help for achieving systeinteroperability (Quamar and
Rector, 2007).

The mapping of internal/local Archetype terms omigminologies and ontologies not
only provides proper terms and semantics but alsables access to external
knowledge sources such as UMLS, SNOMED, MESH andMed. This is an
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important step for enabling aforementioned congextsitive provision of knowledge
at point of care (i.e. provide an obstetrician valg knowledge about risk of abortion
when examining and recording findings into EHR)hdis been shown that providing
physicians relevant knowledge at point of care owps decision making and
outcomes (Garde, Knaup and Hovenga, 2005b; vane&a&m2002).

2.4.9Interoperability & Governance Issues

Perhaps the most important function of EHR is thiéita to share health information
among different authorized users. This requiresragterability of information in the
EHR and interoperability of EHR systems which exa@and share this information.

According to ISO, there are two main levels of iaperability for information:

1) Functional (data) level interoperability: the ability of two or more systems to

exchange information (so that it is human readbbplthe receiver).

2) Semantic level interoperability: the ability for information shared by systems to
be understood at the level of formally defined don@ncepts (so that information is
computer processable by the receiving system). Mew¢he degree of semantic
interoperability may change depending on the Ie¥elgreement on terminology and

the content of Archetypes and Templates used lbgrdiit parties.

These two levels of interoperability of informatiand systems are possible by the use
of RM, Archetypes, Templates and terminologies/mgies consistently (Garde,
Knaup and Hovenga, 2005b; Beale, 2000, 2002).

Archetype Repositories and Domain Knowledge Govecea

Sharing Archetypes designed for a particular puepis a useful method for
standardized data collection and interpretatiorvidex that all parties are using the
same RM. This enables the reuse of not only vailand approved clinical concepts
but also allows for similar analysis and designtgras in developing similar
Archetypes. And therefore the reuse of Archetypesxpected to decrease the cost

and enhance the knowledge development environmigite imcreasing patient safety.

Archetype repositories are needed when a diveo$ihealth information is present in
a region or enterprise. Then a wide range of Arglet are required to establish a

federation and ideally all parties should agreecmmmon definitions for exchanging
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this information. By conforming to a common RM aAtthetype model (AM), the

relevant libraries of Archetypes at each repositap be exchanged. In the longer
term, it is expected that by the involvement ofioval health agencies, academic
organizations and professional bodies in the deweémt process of Archetypes, will
contribute to achieve quality evidence-based dingcactice. In the future, regional or
national public domain libraries of Archetype défons might be accessed via the

Internet, and downloaded for local use within ElRtems.

Once common use of Archetypes is agreed upon bithbaee professionals for
delivering best-practices, the issue emerges as drmivwho to manage, maintain,
update and disseminate them which hold preciousaitorknowledge. Hovenga,
Garde and Heard (2005) recommend either using iBlreatablished organizations
such as the Cochrane Collaboration or to estabfistv organizations to take

responsibility of domain knowledge governance.

Because the core set of Archetypes, such as blassyre or blood chemistry, is the
result of a small number of clinicians, there vi# little, if any, argument on that
issue. Also the specialization of the core set ofhatypes by individual users for
local use is considered safe because it does aaklihe original semantics. However
Garde et al. (2007) depicts a long list of readorestablish this kind of governance. It
can be summarized as the need for: managing ogedamng various domains,
standardizing a set of Archetypes for interopeitgbibeing easily accessible and
locatable, ensuring best quality of knowledge cioet in Archetypes, maintaining

and updating Archetypes when domain knowledge dsandgn short, domain

knowledge governance is proposed to provide tleftichetypes in use will meet the
knowledge requirements of various areas while minitg redundancy and

establishing semantic interoperability.

2.4.10 Advantages and Promises of Archetypes

Archetypes lead to knowledge-enabled systems wimdoemation and knowledge
aspects in systems are separated, thus allowirapded future-proof systems. They
also provide functional and a high level of sen@aiiteroperability by the use of
standardized Archetypes and terminologies so t&tems can reliably communicate
at the level of knowledge concepts. The separatibimformation and knowledge
results in separation of tasks in software develmpmwhich leads to domain

empowerment. Another pertinent advantage is thityabo perform intelligent and
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efficient querying on data by making use of struetand logical paths of Archetypes
from which the data was created. So instead ofglairbrute-force database query,
there is now the possibility to locate where aaartata item is likely to be stored
(Beale, 2000, 2002; openEHR Archetype Definitiomsl &rinciples Revision 1.0,

2007).

Archetypes promise a great deal of improvementiathcare by solving some of the
pertinent aforementioned problems of healthcare . |Ghese include reducing
software maintenance (Archetypes and terminologhkemge only), increasing data
validity (Archetypes are used to validate all daaut), establishing interoperability,
complying with standards for integration with othsoftware and systems, and
enabling integration with legacy systems. As a samymin multi-level modeled
systems, clinical data are more likely to be cdrrae more sharable, and software is
not subject to single vendor lock-in - all leaditay better quality and more cost-
effective clinical care (Beale, 2000,2002; Bloli006; Garde, Knaup and Hovenga,
2005b).

Archetypes and Multi-level modeling are also coasidl as the key enabling factor
realization of EBM. The widespread adoption of d&ud Archetypes is expected to
form a basis for capturing best practices and apwed clinical guidelines.

Furthermore they offer the possibility to condwrige scale randomized clinical trials
by using existing clinical databases, real worlchdgraphics and clinical information
including severity of illness which makes possilble evaluation of healthcare

outcomes (Hovenga, Garde and Heard, 2005).

2.4.11 Challenges with Archetypes and Multi-level Modeling

An assumption about this approach is that the RWoich Archetypes are built upon
will remain fairly stable over time. This will ofotirse enable systems to evolve with
minimal effort as medical knowledge and processemge. However if the RM is
modified, the same consequences in traditionalesileyel systems, maybe more, are
valid for Archetype based systems: modificatiorsoftware and related components.
Although the Archetypes promise more cost-effectared future-proof software
systems, it takes a great amount of investmeneéfod to create a correct, viable and
agreed-upon RM (Bird, Goodchild and Tun, 2003).
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2.5 IS in Gastrointestinal Endoscopy and MST

This subject will be discussed here because it igngortant part of this study and is
our domain of modeling and the case study as mmedioin Chapter 1.
Gastrointestinal endoscopy is a relatively newdfigl medicine which depends on
visualization of the gastrointestinal tract for tbaliagnostic and therapeutic purposes.
It is also important that, while endoscopy is a lbn@aad manageable domain,
gastrointestinal endoscopy is a highly specializedhnology oriented, and a critical
niche area in medicine so the results need to lEbles complete and unambiguous
(Moorman, van Ginneken, van der Lei, Siersema, Bémnkestein and Wilson,
1994b). Therefore it is logical to assume why t@wwtogy standardization and the
guest for data sharing have started quite earlyofian, 1995a; Atafaet al., 2007b).
Due to the small size and manageability of gastesimal endoscopy with the
availability of an appropriate domain terminolodyeady translated into Turkish had

strongly influenced our decision in designing ttase study.

2.5.1 Terminology Standardization
Motivation

The importance of precise language in medicine alte overestimated. Correct
terminology is part of a correct diagnosis (Korm&elvaux and Bidgood, 1998).
Conduct of medical practice arises from the abitilyobserve and communicate
intelligibly. Endoscopists view the gastrointestiti@ct and create text and images
that reflect their observations and transmit thfsrimation to other parties in patient’s
care team. However the traditional approach inmempis heavily based on free-text
and both the diagnostic and descriptive terms fmseovation are highly variable.
Moorman et al. (1994b) has reported in a Delphiltinat 19 from a selected set of
28 findings were not properly described in haltltd endoscopy reports. Even worse,
on average 14 topics were missing from each reploith brings about suspicion for
degraded quality of care. In another study Moorn®iersema, van Ginneken, van
Blankenstein and Wilson (1994c) has shown thatniafg physicians considered half
of the endoscopy reports unsatisfactory. Earliedies (Moorman, 1995a; Moorman,
Siersema, de Ridder and van Ginneken, 1995b) sahghtonsistency and reliability

for the use of non-numerical expressions (i.e. kmaddium, large) for describing the
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size a common endoscopic finding — gastric ulcbe dverlap among terms was large

and in 31.1% of cases, the term “large” did noteext*small”.

The discrepancies in description and interpretatibandoscopic reports also lead to
problems in processing, analysis and sharing oh datHIS. Thus due to lack of
common terminology and also use of unstructureck-fegt in reporting, most
endoscopy reports are difficult to retrieve, trartsi link to other parts of the patient

record (Korman, Delvaux and Crespi, 2001).

The first aim of terminology standardization is divectly improve patient care by
allowing endoscopists to create complete and ndpigarous reports more efficiently
while decreasing errors and costs. The ability doeas, process, and communicate
endoscopic findings by electronic means is alsdngportant benefit. Second, it is
likely to enhance the education and training by ¢hemation of more precise textual
and visual definitions of endoscopic terms (Korme|vaux and Crespi, 2001). It is
also important in communication and documentat® aeference source. Third, it is
important for scientific research which makes uemdoscopy by structuring and
classifying clinical data and allowing semantickimy of records and systems

(Korman, Delvaux and Bidgood, 2001).

OMED and MST Terminologies in Gastrointestinal Endoopy

These serious problems and promises of havingnalatd terminology in endoscopy,
have led international gastrointestinal endoscapsnciations to take necessary steps.
The European Society of Gastrointestinal Endos¢&S3GE) created a Committee of
Terminology in 1976. The American Society for Gastrestinal Endoscopy (ASGE)
established an ad hoc Computer Committee to cangide role of computers in
endoscopic practice in 1981. The initial researodd groposals turned out to be
insufficient so another attempt had started toter@aterminology system capable of
addressing the needs of the practitioner. ESGEesdtar second attempt in 1991 and
continued with the participation of the ASGE angaleese Society of Gastrointestinal
Endoscopy in 1993. The initial requirements wersyeanplementation in report
generator software, limitation to the most commaordihgs without duplicate and
redundant terms, acceptance by practicing endastspgiasy learning and using and
establishment of a minimum set of descriptors fteséon to assure the quality of the

description. The result of this effort was MST wens1.0, which was published as a
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Working Party Report for the World Congresses ot@genterology and Digestive
Endoscopy in Los Angeles in 1994. Although MST @&k based on extensive review
by multiple panels of practicing endoscopists,atl mever been used as a component
of report generating software. In Europe Europeamm@ission funded GASTER
project and in the United States testing was peréor with grant support from the
American Digestive Health Foundation. A total of ,&&8 examinations were
performed including EGD, colonoscopy, ERCP, andilfle sigmoidoscopy. The
coverage of the terminology in describing endoscapiaminations was extremely
high (Delvaux et al., 2000a). The results of thesgects were used in revision of the
terminology and MST 2.0 was produced in 2000 (Karpi2elvaux and Crespi, 2001;
Delvaux et al., 2000a). MST is now translated iglgven languages (English, French,
Italian, German, Portuguese, Spanish, Russian, &tiawg Czech, Turkish and

Japanese).

MST is intended as the suggested minimal standasits tof terms which should be
included in any software developed by the industrypy individual research (Crespi
et al., 1996; Delvaux, 2000b). The list of termshia MST represents unique concepts
that are used to identify a finding. The basic @ptes for selection of terms required
that it has to be readily understood, as unambigasupossible, and used frequently.
The terms for abnormal findings having frequengsléhan 1% were not included in
the MST.

Other than providing a standard list of terms fad@scopic findings, MST also
consists of terms and structure for fully descigbanvalid endoscopy report which is

given in Table 2.2.
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Table 2.2MST terms and structure for a full endoscopic rdcor

Reasons for endoscopy Organ
Symptoms Findings
Diseases Normal
Assessment Lumen
Sampling Content
Therapeutic Flat lesions
Examination data Protruding lesions
Extent Excavated lesions
Conditions Additional Procedures
Maneuvers Diagnostic
Therapeutic
Complications Diagnosis
Main diagnoses
Other diagnoses

MST helps for the mandatory administrative and m&dcoding (CPT, ICD CM)
along with the endoscopic examination. A standestdadf diagnostic and therapeutic
procedures, a proposed list of common diagnoses, raasons for endoscopy is
provided so as to automatically link to those cgdsgstems. The MST committee has
also identified the linking of MST to other termlogies as important (Korman,
Delvaux and Crespi, 2001). An important step was ititegration of MST with
SNOMED-DICOM Microglossary which enabled a standandy linking of
endoscopic images with textual endoscopic repM&T 2.0 has also been integrated
with NLM Knowledge Sources: UMLS (Humphreys and dlierg, 1993; Tringali,
Hole and Srinivasan, 2002; Korman and Bidgood, 19Q@rman, Delvaux and
Bidgood, 1998). Since links to other reference iesagmedical terminologies and
bibliographic sources are available in UMLS, ip@ssible to link MST to many other
knowledge sources directly without the need for piag. This is a critical
accomplishment to be able to provide context dependuidance to the endoscopists
on the fly while recording findings or to displaglevant reference images as an
invaluable assistance for diagnosis. The MST cotemitecognizes these events as a

proof for the universal acceptance of this ternoggl These were also important
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points for the selection of the gastrointestinal@topy domain for HIS modeling in

the study.

As implied by Grassi and Delvaux (2003), structuredorting by using MST will

assist in the statistical analysis of database<liorcal research which will lead to
standardization of data in endoscopy, support purter trials, overcome the
problems of multilingual reporting in cooperatiiedies, and will promote evidence-

based and outcomes research.

2.5.2 Use of Computers in Gastrointestinal Endoscopy

Substantial amount of work has been done for niosie &« decade in the design and
development of endoscopic databases and informatistems mainly for increased
productivity due to automated structured data eatmg rapid report generation as
mentioned by Atala et al. (2007b). It has been reported repeatedigtiies that
structured reports are superior to free-text reporendoscopy as they offer a built-in
quality control during reporting by the ability $pecify the terms, valid attributes and
their values unambiguously. As the availabilitycbhical terminologies and standards
are essential elements for development of HIS, n{ostmnmercial) endoscopic
information systems (EIS) have emerged after tlredoiction of OMED terminology
(Maratka, 1995) and then subsequent publication tled Minimal Standard
Terminology for Digestive Endoscopy (MST) (Crespi &, 1996; Delvaux, 2000b;
Delvaux et al., 1998).

2.5.3MST Applications and Evaluation

During initial evaluation of MST which has led teetsecond version of MST, parallel
projects had been initiated both in Europe andUt®. to test the validity of the
terminology. This testing was funded by the Europ&ommission through the
GASTER Project and the American Digestive Healthurietation by ADHF Trial
(Delvaux, 2000b).

We have evaluated the second version of MST insthedy by using the research
prototype GASTROS. In accordance with other previgalidation studies, the overall

usage of MST terms turned out to be very high: 86f@xamination characteristics,
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94% for endoscopic findings and 94% for endoscogiagnoses. Good user
acceptance proved that both the terms and strucfutST were consistent with
usual clinical thinking (Atalg et al., 2007b).

The Clinical Outcomes Research Initiative (CORI) based in the Biomedical
Information and Communications Center at OregonltHezciences University. CORI
has been systematically collecting data on gas#siimal endoscopy procedures since
1997. Using an international network of endoscopgters and computer software
tools developed at the center, detailed data ieateld on these procedures for use in
outcomes research. Data are primarily entered @@RI in a highly structured
manner but with the option to enter free text iEied appropriate. The “minimal”
MST terminology has been extended by addition @fe fitext capabilities and
according to needs of the researchers who useogath and Klopfer, 2000; Logan,
McCashland and Lieberman, 2004; Cooper and SiaQR

Vendor implementations

Although there is a number of commercial MST bdsElexists, possibly ones we do
not even know in local settings; only a one of th&all be discussed due to its wide

usage and acceptance.

Endobase (version Il as of 2006) is an EIS froyn@lus Software. It allows the
combination of different text blocks to composeomplete report besides the use of
standard reports and MST. After selecting the offé standard reports, text blocks or
MST the composed report can be exported to a weotegsor. Endobase has
relational database model which is able to stodifferent data produced in an
endoscopy unit, including digital images and videmsd retrieve them. Structured

data entry forms are also available for the MSTo@Ben et al., 2006).

Alternatives and Challenges

None of the terminology systems including MST halve descriptive flexibility of
natural language. The relative rigidity of a reded terminology system in endoscopy
has to be counterbalanced by the speed, ease,adedreost, and quality of the

information recorded in the endoscopic report (KangDelvaux and Crespi, 2001). It
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has recently been reported by Groenen et al. (20@6)ndoscopists can create faster
reports (two minutes) with standard reports and-téocks than using structured data
entry such as MST. According to their experienc&TMs more complex, takes more
time and there is a risk of getting lost in theadate. The advantages are ability to
describe findings point by point and establishracstired database (Groenen et al.,
2006). However this result may imply at least tlimgs: First the effort and benefits
are not balanced for structured versus free-textyethus endoscopists may not
anticipate the indirect benefits. And second the Bight have better process and GUI
design for MST based data entry. The challeng® iactomplish direct and sound
benefits for MST based SDE while reducing time affdrt during reporting. The
research prototype developed in the study has ssieliethe problem of usability and
it was preferred by the endoscopists to enter amate reports for all of the cases

during the case study.

2.6 Conclusion

We have started with the fundamental problems of dvstinct but interrelated fields:
Healthcare and IS. The obvious complexity in health adds onto the intrinsic
problems of IS development, thus making realizatbHIS even harder. Effective
use of HIS brings about many benefits to healthesah as controlling of errors and
cost and more effective and efficient serviceshtiuld also focus on the new trends in
healthcare such as EBM or continuity of care. Higlality structured data collection
is still the most fundamental problem in healtromfiatics and lessons learned in the
past decades are hoped to shed light onto futueetatins of HIS. The EHR is a novel
and promising approach for realization of interade, reliable and effective
healthcare services based on best scientific krimgele with less variability and

equitable access. Health informatics standardsplal} a key role in this space.

Software modeling has been a vital paradigm foretiging complex software and
HIS is not an exception. In fact, the added compleRy the healthcare domain,
makes modeling a necessity. There are a numberodkiing strategies, some with
proven success. However when we look at the peddteplementations over time,
the problem of changing requirements do affect théence render their
maintainability and cost. We have identified this the core area of improvement
during our relatively long experience with the GABJS research prototype. Multi-

level modeling of HIS by using Archetypes has bpeierred to model our domain of

61



interest, gastrointestinal endoscopy, for a nundfereasons. First it is a relatively
small and controlled domain which is appropriatetfie modeling task. Second it has
a standardized and well accepted terminology tatlieed in HIS. Third there exist a

number of studies and projects with alternativeragghes in which we can compare.

It should be noted that the modeling methodology lveee chosen is primarily
designed for modeling a whole EHR. However the saoipthis study is focused on
modeling a niche medical domain for the purposenty HIS development. Of course

such a HIS will be a native "feeder" for EHR syssem

As the last remark during literature survey we haliserved quite an overlap in the
early phases of such research in both domains mithlications in both IS and
medical literature. According to the domain theg published, most of those studies
lack significant contributions to the other domaitowever it is interesting to note
that the recent publications appear mostly in healtormatics journals authored by
interdisciplinary team of researchers. We have fitedemostly from the latter type of

literature.
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CHAPTER 3

EXTENDING MST and GASTROS CASE STUDY

In Chapter 2 we have described a specific medigalain, gastrointestinal endoscopy,
and presented an overview of the structure and rsiraeof MST. After deciding on
the gastrointestinal endoscopy domain and MST Herstudy, we first evaluated the
Turkish translation of MST before performing funthesearch. For this purpose we
have built a research prototype which was usediirealinical setting for about three
years. After correcting some semantic errors we aledified the hierarchy MST for

building an effective and user-friendly HIS.

This chapter consists of two parts. In the firsttpae will present our in-depth
analysis of MST where we have identified significgmoblems related with the
content and structure of MST. These problems aadr¢hsons of modifications are
explained in detail with our proposed solutionse Becond part presents a case study
using the research prototype GASTROS. The resiltextensive evaluation and
validation of the Turkish translation of MST willebpresented and thoroughly

discussed.

3.1 Analysis of MST

The main goal of MST is to provide a minimum lidtterms needed to describe
routine endoscopic procedures, while avoiding usgigeynonyms and imprecise or

subjective descriptions, to be included in HIS. M&3nsists of not only a list of
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precise and well-accepted terms, but also presgbasiderable domain knowledge
in the form of domain hierarchy and semantics ie frm of domain terms and

relations to fully describe any endoscopic exanmmatHowever probably due to the
inefficiency of presentation by a simple tabulast lwithin a printed document as
appears in the original publication, many semaptablems became apparent when
we started initial modeling work. But the most sigant problem we had

encountered was related with the hierarchy of MS3iictv inhibited our Archetype

modeling task. Not only it was inappropriate forveleping HIS, but also there were
inconsistencies of usage throughout MST. Therefoee have consulted domain
experts and also used our own judgment to propassvehierarchy and tested it with
the prototype before proceeding with the modelaskt The details of these problems

and our proposed solutions will be discussed initet

3.1.1 Problems Identified Related with the Content of MST

There were many serious semangioblems which might lead to ambiguity in
describing endoscopic findings, reporting and alsong data analysis. These are

listed below with original MST publication tablembers where appropriate.

1. In many places there were attributes without valsiesh as “Number”, “Size,
“Diameter” and “Length”. It was obvious that theluas were assumed to have
certain values. However considering the same atgthalso have many different
enumerated values, it would have been more appiteptd give attribute values
like “Number: Quantity (Count)”, “Size, Diameter,nd Length: Quantity
(Length). In Archetype modeling, these were alfected.

2. In some parts, MST Terms or Attributes had an edé&scription and these have
been placed as Attributes or Attribute Values whidlviously created serious
semantic problems. So we have merged them andlirdeal proper attributes or
attribute values as shown in Tables 3.1a, 3.1la &2l 3.2b.
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Table 3.1aProblem related with “Evidence of previous surgetgfm in MST Table6-Terms

for Esophagus

Terms Attributes Attribute Values

Evidence of previous surgenyAnastomosis Esophago-jejunal
Esophago-gastric

Esophago-colonic

Problem Descriptive attribute value “Anastomosis” is placad an attribute.

Table 3.1.bCorrection(s) related with “Evidence of previousgary” term in MST Table6-

Terms for Esophagus

Terms Attributes Attribute Values

Evidence of previous surgenyType Esophago-jejunanastomosis

Esophago-gastrianastomosis

Esophago-colonianastomosis

Solution: “Anastomosis” was merged with attrribute values aadnew attribute
“Type” was introduced.

Table 3.2a Problem related with “Barrett's Esophagus” term NtST Table6-Terms for

Esophagus
Terms Attributes Attribute Values
Barrett's Esophagus Distance Z-line

Distance Upper end of Gastric Folds

Problem description of attributes are placed as attribwtdues.

Table 3.2b Correction(s) related with “Barrett’'s Esophagus'imiein MST Table6-Terms for

Esophagus
Terms Attributes Attribute Values
Barrett's Esophagus Distance of Z-line cm from incisors

Distance of upper end| cm from incisors
of Gastric Folds

Solution: attribute values were merged with attributes aredv attribute values were

introduced.
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3. In many places attributes defining distance frooedain anatomic location were
present in place of Site(s) which is used for damcanatomic location(s) of a
particular term. The list of values for Site(s)wsll defined in MST and it does
not contain this value. Since this would pose diiffies in modeling, as a solution
an extra attribute and value was introduced toeabrthis which is presented in
Tables 3.3a, 3.3b, 3.4a, 3.4b, 3.5a and 3.5b.

Table 3.3aProblem related with “Stenosis” term in MST Tableéms for Esophagus

Terms Attributes Attribute Values | Site(s)

Stenosis Appearance Extrinsic cm from incisors
Benign intrinsic

Malignant intrinsic

Length (cm)

Traversed Yes
After dilatation
No

Problem inappropriate appearance of distance attributegplace of Site(s).

Table 3.3bCorrection(s) related with “Stenosis” term in MS&ble6-Terms for Esophagus

Terms Attributes Attribute Values | Site(s)

Stenosis Appearance Extrinsic
Benign intrinsic

Malignant intrinsic

Length (cm)

Traversed Yes
After dilatation
No

Location cm. from incisors

Solution: a new attribute, "Location" and attribute valuer. from incisors” were

introduced.
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Table 3.4aProblem related with “Evidence of previous surgetgfm in MST Table6-Terms
for Esophagus

Terms Attributes Attribute Values Site(s)
Evidence of previous | Anastomosis Esophago-jejunal cm from teeth
surgery

Esophago-gastric

Esophago-colonic

Problem inappropriate appearance of a distance attribitglace of Site(s).

Table 3.4bCorrection(s) related with “Stenosis” term in M$&ble6-Terms for Esophagus

Terms Attributes Attribute Values Site(s)
Evidence of previous | Anastomosis Esophago-jejunal
surgery

Esophago-gastric

Esophago-colonic

Distance from incisors | in cm.

Solution: a new attribute, "Distance from incisors", andrédute value "in cm." were

introduced.

Table 3.5aProblem related with “Ulcer” term in MST Table6-Tes for Esophagus

Terms Attributes Attribute Values | Site(s)
Ulcer Number Site(s)
Size(mm.) Site(cm. from incisor)

Problem inappropriate appearance of a distance attributelace of Site(s) and also

together with attribute.

Table 3.5bCorrection(s) related with “Ulcer” term in MST Ta&lel-Terms for Esophagus

Terms Attributes Attribute Values | Site(s)
Ulcer Number Site(s)
Size in mm

Distance from incisors | incm

Solution: introduced a new attribute, "Distance from inaisband attribiute value "in

cm.” Also “mm.” next to “Size” attribute was placeak attribute value.
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4. In many places more than one Site(s) were assigmedTerm; associated with
different attributes or even attribute values. Tikislue to the fact that in original
MST hierarchy Site(s) is linked to Attribute Valudsowever this creates a big
semantic problem for domain modeling and HIS dgweslent because there are
many cases of terms without any attributes whitghrgted definition of anatomic
locations. In our modeling strategy, if attributesed to have different Site(s)
information, then the whole term set is repeatet only the attributes or attribute
values. These extra Site(s) are given as boldfiacEables 3.6 to 3.10. As the

solution they were removed.

Table 3.6Problem related with “Mucosal sclerosis” term in MBable6-Terms for Esophagus

Terms Attributes Attribute Values Site(s)

Mucosal sclerosis  Type Spontaneous Site(s)

Post-therapy

Extent Localised
Patchy
Diffuse Site(s)

Problem Multiple Site(s) assigned to different attribut#fsa term.

Table 3.7Problem related with “Enlarged folds” term in MS&Hlle7-Terms for Stomach

Terms Attributes Attribute Values Site(s)
Enlarged folds Extent Localised Site(s)
Diffuse
Type Thick Site(s)
Giant

Problem Multiple Site(s) assigned to different attribut#fsa term.
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Table 3.8Problem related with “Evidence of previous surgegsrm in MST Table8-Terms for
Duodenum

Terms Attributes Attribute Values Site(s)
Evidence of Specify Site(s)
previous surgery
Suture material Yes Site(s)
visible No

Problem Multiple Site(s) assigned to different attribut#fsa term.

Table 3.9Problem related with “Evidence of previous surgasrim in MST Table7-Tems for

Esophagus

Terms Attributes Attribute Values | Site(s)

Evidence of previous surgery  Suture material | Yes Site(s)
visible No Site(s)

Problem:Multiple Site(s) assigned to different attributedues

Table 3.10Problem related with “Gastrostomy” term in MST TebiTems for Stomach

Terms Attributes Attribute Site(s)
Values
Gastrostomy Type Surgical Site(s)

Endoscopic (PEG)| Site(s)

Problem: Multiple Site(s) assigned to different attributedues

5. Some terms, attributes and attribute values wesd irconsistently. In table 3.11
correct usage of “Type” attribute with “Evidence mfevious surgery” is given.
However in Table 3.12a same term is qualified vaitlifferent attribute for the
same purpose at a different place in MST. As thautism the attribute
“Anastomosis” was replaced with “Type” because albof the given values were
in fact anastomosis type surgeries. To correct seimantic problem we have
appended “anastomosis” to appropriate attributeesabf type anastomosis such

as “Billroth | anastomosis” in Table 3.12b.
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Table 3.11 Correct usage of “Type” attribute with “Evidence pfevious surgery” term in
MST Table9-Tems for Colon

Terms Attributes Attribute Values

Colo-colonicanastomosis
Ileo-colonicanastomosis
Colo-analanastomosis
lleo-analanastomosis
Colostomy

Evidence of previous Type
surgery

Table 3.12aProblem related with “Evidence of previous surgetigfm in MST Table7-Tems

for Stomach

Billroth |

Billroth Il
Gastroenterostomy
Pyloroplasty
Anti-reflux surgery
Banded gastroplasty

Evidence of previous Anastomosis
surgery

Problem: Inconsistent use of “Anastomosis” attribute. Alslb lssted surgeries in

attribute value list are not of anastomaosis type.

Table 3.12bCorrection(s) related with “Evidence of previousgary” term in MST Table7-

Terms for Stomach

Billroth | anastomosis
Billroth Il anastomosis
Gastroenterostomy
Pyloroplasty
Anti-reflux surgery
Banded gastroplasty

Evidence of  previous Type
surgery

Solution: a new attribute “Type” was introduced and “anastosisd was appended

to appropriate type of surgeries in attribute valig.

6. In three places, new attributes had to be introd@ither because they were either
missing or mixed with attribute values or someilate values were present
without any attributes at all. This is presentedrable 3.13a where an attribute
value is present without a proper attribute. Sohage introduced the attribute
“Diameter” (Table 3.13b).
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Table 3.13aProblem related with “Tumor/Mass” term in the ongi Tables 7, 8 and 9; terms

for Stomach, Duodenum and Colon respectively

Terms Attributes Attribute Values Site

Tumor/Mass Diameter in mm.

Problem Missing attribute and inappropriate placementlioé attribute value

Table 3.13bCorrection(s) related with with “Tumor/Mass” termthe original Tables 7, 8 and

9; terms for Stomach, Duodenum and Colon respdygtive

Terms Attributes Attribute Values Site

Tumor/Mass| Diameter in mm.

Solution: introduced a new attribute, "Diameter”, and "in Mmas its value.

7. Terms might repeat themselves with different sétstimibutes or same attributes
with different values. Consider the clinical exmiess from the same endoscopic
session A solitary ulcer is visualized in sigmoid colon iy diameter of 35 mm
with oozing type of bleeding and also there werdiphe ulcers in the ascending
and transverse colon with stigmata of bleedinhe corresponding MST section

IS given in Table 3.14.

Table 3.14 Repetition of terms with different attributes andadtribute values: an example

term from the original MST Table 9-Terms for Colon

Terms | Attributes Attribute Values Site
Ulcer Number Single (solitary) Site(s)
Few

Multiple
Size Largest diameter in mm
Bleeding Yes: Spurting

Yes: Oozing

No
Stigmata of bleeding| Yes

No
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The clinical expression can be represented acaptdithe MST model as follows and

in runtime the object representing this term mayehaultiple instances.
Ulcer=> Site: Sigmoid colon/Number: Solitary/Size: 35mne@@&tling: Yes: Oozing

Ulcer® Site(s): Ascending and transverse colon/NumbertipalStigmata of
bleeding:Yes

However this kind repetition might not be approf@idor some terms especially

without Site(s) information. An example is givenTiable 3.15.

Table 3.15A non-repeatable term from the original MST-Tabl€e&ms for Colon

Terms Attributes Attribute Values Site
Hemorrhoids | Bleeding Yes
No

In this example, the finding “Hemorrhoids” can mave “Yes” and “No” in different

instances or multiple selection of attribute valudss is not explicitly stated in MST.

8. There were some erroneous items and our corredii@presented with boldface
in Tables 3.16a, 3.16b, 3.17, 3.18a, 3.18b, 3:1®,3220.

Table 3.16aProblem related with “Normal” term in MST Table6+ies for Esophagus

Terms Attributes Attribute Values Sites

Normal Z line Distance in cm cm from incisors

Problem redundancy in the attribute and attribute value.

Table 3.16bCorrection(s) related with “Normal” term in MST Tlab-Terms for Esophagu

Terms Attributes Attribute Values Sites

Normal Distance of Z line cm from incisors

Solution: descriptive attribute “Distance in cm” was mergediwterm “Z line” and

attribute value “cm from incisors” was placed as attribute value.
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Table 3.17Problem related with “Varices” term in MST Table@+ims for Esophagus

Terms Attributes Attribute Values Sites
Varices Red signs Yes
No
Site(s)

Problem: The Site(s) is not associated with a term, attebart attribute value.

Solution: The Site(s) was removed.

Table 3.18aProblem related with “Food(residue)” term in MSTble/-Terms for Stomach

Terms Attributes Attribute Values | Sites
Food (residue) Type Specify if Bezoar | Site(s)
present)

Problem Type attribute is not appropriate. Also Site(saliso problematic because it
is associated with an attribute not with a term

Table 3.18bCorrection(s) related with “Food (residue)” termrMiST Table7-Terms for
Stomach

Terms Attributes Attribute Values | Sites

Food (residue) Bezoar present Specify

Solution: “Type” attribute is removed and “Bezoar preserftom attribute value is
placed as attribute for the term. “Specify” is le# attribute value and also Site(s)
was removed.

Table 3.19Problem related with “Evidence of previous surgetigfim in MST Table 9-Terms

for Colon
Terms Attributes Attribute Values | Sites
Evidence of previous | Suture material Specify
surgery visible
Site(s)

Problem: The Site(s) is not associated with a term, attebart attribute value.

Solution: Site(s) was removed.
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Table 3.20Problem related with “Normal” term in MST Table T&rms for Papilla Minor

Terms Attributes Attribute Values | Sites

Normal Site(s)

Problem: The Site(s) is not placed in the appropriate caium

Solution: Site(s) was placed in the appropriate column.

9. Mandatory attributes were not explicitly declared MST which might be
important for HIS functionality and also interopeitly. Some attributes need to
be specified for a term when describing a partic@ilading. For example the
observation of bleeding or stigmata of bleeding hhibe necessary for valid
description of a bleeding ulcer. Another examplghhibe to specify the position
of a stenosis from incisors in the esophagus. [Quanthetype modeling we have
captured this information by using clinical expseti

10. Conditional existence of attributes and mutual esieity of both attributes and
attribute values were also not declared in MST cByditional existence we mean
the dependence of certain attributes on some atitriioutes. For example in the
stenosis of colon, the attribute “traversed” ddsng if the endoscopist was
successful in passing through the narrowing andtha@nooptional attribute
describing the length of the stenosis are bothoopti However length alone can
not be present if it was not possible to pass tjinaine narrowing. So the latter
attribute depends on the existence of the formestullly exclusive attributes can
not coexist together; meaning certain attributesrat exist together with certain
other attribute(s). An example is the impossiblexistence of “Bleeding” and
“Stigmata of bleeding” in the same instance of tham “Tumour/Mass” for
protruding lesions of duodenum. Same is true foibate values when multiple
selections of attribute values are allowed. Formgda the attribute values
“Single”, “Few” and “Multiple” are all mutually exasive while the attribute
values “Air bubbles”, “Sludge”, “Parasite” and “Tde” for the attribute
“Appearance” describing the term “Filling defecti abnormalities of biliary
system can coexist together. All these importafirmation are incorporated into

the Archetype model by using clinical expertise.
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11. It was not stated at all whether a single attriluatirle or multiple values could be
selected at a time in MST. This is extremely imaottespecially for GUI design
and consequently in data compatibility and interap#ity with other HIS. We
have also elicited this information by the helpdamain experts and also our
clinical experience.

12. There were some minor translation errors and typdbke Turkish translation of
MST. They became apparent as the research prototgpaised by domain users

and were corrected.

3.1.2 Problems Identified Related with the Structure of MST

As shall be stated in Chapter 4, the original hdm of MST (Personal
communication with the US MST editor Dr. Louis K@mon 13.05.2004) caused
serious problems during modeling by Archetypes Wiicillustrated in Figure 3.1. So
we have modified this and then validated in theecstsady by developing a research
prototype. This modified structure resulted in marensistent model for HIS
development especially for generating a user-fliegdaphical user interface (GUI).
The details of modeling of MST are mentioned iradéh Chapter 4.

Original MST Hierarchy

Endoscopic Observation

Y

Heading/Class 1
Term —;

Attribute —;
Value —;
Site j

Intervention

Figure 3.1The original MST hierarchy (personal communicatigth Dr. Louis Korman)
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3.2 Extensions to MST

In the original MST hierarchy, “Site(s)” was dirgctinked with the Attribute value.
From an informatics point of view, we have decideat the Term was the real-world
entity that could have Site(s) information; not theividual attributes which were just

modifiers of that term. So we have repositionede@)” and linked with “Term”.

As we had foreseen that most of the user seledtora particular term would
definitely involve multiple sites and that linkifgntervention” to “Site(s)” in the
hierarchy would certainly diminish the expressivewpr of the model and user-
friendliness of the GUI, we have extended MST armdi@ed endoscopic observation

and intervention concepts separately.

MST content has also been extended by introducihglevnew anatomic sites,
sections, terms, attributes and mostly attributkies for better clinical coverage.

These are:

1. A new anatomic siteAnal canal’ was added to MST Table 2-Sites for location

of findings in the lower gastrointestinal tract.

2. New diseasesstlerosing cholangitis and “biliary fistulas” have been added to
MST Table 18-Reasons for Performing ERCP.

3. A new attribute value lfeat-probé was added to attribute “Device” of the term
“Thermal Therapy” under the heading “Therapeutiodedures” in MST Table
14-Terms for additional diagnostic and therapeptarzedures.

Rest of the extensions are shown with bold anititakt in Tables 3.21 and 3.22 with
original MST table references as they appear inatiginal publication (Delvaux,
2000Db).
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Table 3.21Extensions to MST Terms for Esophagus, StomachCaoin

Headings Terms Attributes | Attribute values Site(s)
MST Table 6-Terms for Esophagus
Lumen Lower Tone normal
Esophageal
Sphincter
Protruding Tumor/Mass Type ulcero-vegetan
lesions
MST Table 7-Terms for Stomach
Rapid Urease Result positive
Test negative
MST Table 9-Terms for Colon
Lumen Evidence of Type ileo-anal pouch
previous surgery
colo-rectal
anastomosis
Flat lesions Angioectasia Site(s)
Protruding Hemorrhoids Type internal
lesions external
Grade grade | through IV
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Table 3.22Extensions to MST Diagnoses

MST Table 19-List of Esophageal Diagnoses

Main diagnoses

ectopic gastric mucosa

Other diagnoses

hypotonic lower esophageal
sphincter

MST Table 20-List of Stomach Diagnoses

Main diagnoses

pangastritis

antral superficial gastropathy
alkaline reflux gastropathy
bulbitis

Other diagnoses

bulbus deformity

stenosis
MST Table 22-List of Colon Diagnosis
Main diagnoses anal fissure
stricture

Other diagnoses

suspicion of flat adenoma

perianal abscess

In addition the single colonoscopy examination tyyses split into colonoscopy and

rectoscopy, because endoscopists felt the needfe¢oedtiate them even though the

very same MST based data tables and forms werefoisbdth.

3.3 GASTROS Case Study

The research question considered in this case stadyto determine whether MST

was valid and appropriate for use in gastrointastimdoscopy HIS development.

The case study has started in the beginning of 2680 and continued till August
2003. It has been conducted atslBmt University Hospital Endoscopy Unit in
Ankara, Turkey. Key persons involved in the casel\stwere Dr. Sedat Boya@lo,
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director of the wunit and also general secretary tlé Turkish Society of
Gastroenterology responsible for translation of M&® Turkish and Dr. Gurden Gur

who continuously monitored the usage of the systemd,provided us with feedback.

Research prototype was installed in two workstatias standalone. During the case
study period, 15,777 records were collected wittlata file size of 21 megabytes.

There was no down-time of the systems during tarfog.

After investigating the domain and examining therKish translation of MST,
requirements were captured to evaluate MST forimsan information system. The
most important goal at the beginning of the caselystwas to develop a research
prototype application complying with the structumad semantics of MST. After
designing the database and software by using chssDbject Relational
methodology, the prototype application GASTROS waglemented. It was a 32 bit
Windows application programmed with Microsoft Visigasic 6. Microsoft Access
was used as low-cost relational database for datielimg and for persistence of the
application data. Endoscopic images captured frimmovrendoscope were also linked

with records and stored in the file system.

The GASTROS database has a primary table (B Tatuhegh contains fields like:

automatically generated unique examination ID, quati demographics (name,
surname, sex, age and etc.), clinical informatioepatitis/HIV markers and disease
status), examination information (examination typesndoscopic device,

premedication, dates and etc.), coded and free rt@aih diagnoses and other
information like link to referring department ofetinospital, endoscopists’ code, sign-
out history and image status. Other related tadledinked to the main table via the
unigue examination number to store structured datdorming to MST. These tables

are:

KOLON : Findings data for colon.
OMD1: Findings data for esophagus.
OMD2: Findings data for stomach.
OMD3: Findings data for duodenum.

o 0o

ERCP: Findings data for pancreas, papilla major, papitlinor and biliary
tree.

6. GENEL3: Examination characteristics, reasons and contpits data for
ERCP
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7. GENEL12: Examination characteristics, reasons and contpits data for
upper and lower gastrointestinal examinations.

8. EK: Terms for additional diagnostic and therapeutacpdures.

Please refer to Figure 3.2 for relationship diagcditine database.

Figure 3.2Database relationship diagram of primary table B

A system database file was also created which oentables for storing attribute
values for anatomic sites, reasons for examinalisingf diagnoses for each organ as
depicted in MST 2.0 as well as other tables comgimperational data like list of
referring departments, endoscopy devices, endastsbpnd fellows’ names and titles,

social security and medical insurance types andpdeany tables used during
automatic report generation.

MST hierarchy was represented in the databasepdeialy encoding the table and
field names with the following rules:

1) The name of the database table denoted “Examinbyei,

2) First character (uppercase letter) in a field name particular database table
denoted “Organ”,
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3) Second character in a field name (uppercase laftampted MST “Heading or
Class”,

4) Third character (consecutive positive integers)airfield name denoted MST
“Terms” and fields with three characters were usestore the presence of a term
(data type: Boolean),

5) Fourth character (consecutive lowercase letteadphabetic order) in a field name
denoted MST “Attributes” for a particular MST “Tetnand fields with four
characters were used to store enumerated MST bBatgivalues” of this attribute
(data type: Byte),

6) And the fifth character (positive integer) in aldismame denoted MST “Site(s)”
for a particular MST “Term” and fields with five ahacters were used to store
bitwise computed values of multiple anatomic sfittered for each organ (data

type: Long Integer).

For example in the KOLON database table, the figld2” with Boolean data type
(Yes/No) was mapped to the second term of the “lninkeading/Class: “Stenosis”
in MST. lIts first attribute “Appearance” was mapgedhe “KL2a” field, and the site
data were mapped to the “KL2al” field. All the ditite values with given lists were
enumerated and these numeric values were store idatabase. In “Site(s)” fields,
where multiple selections were possible and fretiyersed, each selected anatomic
site was represented by a single bit and the reguiumber was computed and stored

in the database for achieving a smaller databaseasid increased performance.

Each workstation had its own database and apgitatbftware installed; initial
requirements did not force us to design a networkedti-user system. While
designing the GUI, primary concern was user frigredls and simplicity as these are
among key success factors for acceptability of agens and software by clinicians.
We aimed for reduced time and effort during datiyesind report generation. During
automatic report generation, the structured dataated by SDE forms and data from
free-text blocks were merged and formed a validosodpic report. In this process
basic grammatical and syntactic rules of the Tirkimiguage were employed; such as
capitalization of the first letters of words followg a dot or usage of appropriate

suffixes after certain words.

The program has a simple main menu which allowssuseselect functions like Data

Entry/Update, Search and Analysis, System Opemtiamd Program Exit. Steps
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needed for complete reporting of an endoscopic &ation are listed below with
some screenshots from application software GUIsdolware originally in Turkish but
translated into English in figures showing screaptares):

1) Enter patient demographics, clinical and exatronaspecific information (type,
device, sedation, and etc.) using the general Batiy/Update form (Figure 3.3),

Data Entry/Update

T I o G
Surname: |Doe Origin: Istanbul
Name: [Jane Doctor:  [Prof.Dr. S. Boyacioglu
Adm. No: (139797545453 IPﬁ\'atc j DepaﬁmeuﬂGash‘ocuterology j
I~ CRF ¥ HBV [ HCV [ HDV I HIV
Examiation:|[EGD ~|  End Date: | 31/05/2003 Report Date:| 31/05/2003
Device: Olympus GIF XQ30 = Premed:|/Dormicum 2,5 mg, Anexate 0,25 mg IV

Automatically generated and editable textual report

REPORT:
=l
PROCEDURE DIAGNOSIS THERAPY | IMAGING
This patient is registered to clinical trial CT-003 _‘J Delete | New Hittry
NOTES: Edit
Main
LI Prnt | Menu

Figure 3.3GASTROS main data entry form

2) Select examination type and use MST based SDim ftor examination

characteristics and reasons for examination,

3) Select organ and enter endoscopic findings ugi8g based SDE forms and select
Site(s) (Figure 3.4),
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UPPER GIS ENDOSCOPY FORM - Stomach

PAGE-1 PAGE-2
CMUCOSA
[ NORMAL o giry&leg;tizl;s e = Site(s) |
. ; e =
@ Ureage (+) ¢ Urease (-) P Bleeding|No =
m LUMEN Congested
¥ Stenosis  Appearance | Extrinsic v|  Site(s) | {Edematous)
Traversed | Ves ﬂ " Granular
I~ Deformity [~ Friable
[~ Extrinsic Impression
i - I~ Nodular
~ g‘;‘iiﬁesﬁgery Anastomosis | Billroth IT '| ——_—
: ophic
Suture material visible IND v Site(s) |
I~ Hemorrhagic
[ Gastrostomy : -
¥ Petechia Number [Single ~|  site@® |
— CONTENTS -
- Extent | Localised -
V¥ Blood Kind ufmuodIClor ~|  Site(s) | =
I~ Food(residue)
I~ Flud
™ Foreign body
[~ Stent
| Delete | OK |

Figure 3.4MST based SDE form for entry of findings in stomaithing EGD

4) Enter additional diagnostic and therapeutic pdoces,
5) Enter diagnosis and comments,

6) Generate the report and edit if necessary (8@rsuare given freedom to edit

automatically generated reports as necessary ahdadments),
7) Select images to be associated with examinatioinfurther mark for printing,

8) Generate final endoscopic report, sign-out amt.p

The very comprehensive yet easy to use search aatysss functions can be

performed in four categories:

1) General Search Mainly used to find patients’ previous examinagovia surname
and/or name or hospital admission number. A data date range can also be
specified in search.

2) Diagnosis SearchStructured queries can be designed with usendiyeand easy

to use interface by first selecting an organ andassociated diagnosis from a
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dropdown combo-box which is automatically filled thvilist of MST 2.0
diagnoses. It is also possible to search multipdgrbses of the same or a
different organ by combining multiple lines with &ean operators (AND, OR).
These search criteria can also be combined wittAthenced Search criteria to
be able to find records having certain diagnosesaher attributes such as sex,
age or any other field present in the main tabiguife 3.5).

ADVANCED SEARCH

|Exam Type == E”EGD | AND & OR
|Age Hi> Hj> [avp & orR
|Fremedicaﬁon :J|= :JIDomﬁcum IAND ~ OR
|Endoscapy Date =< :_||1!f12f2l:|02 |AND ~ OR
I Hi- = |avp @ or ¢
PRINT SEARCH EXIT
~ DIAGNOSIS PARAMETERS

Advanced Search"Esophagus [x||Barrett's esophagus

& AND  OR IStomach x| Gastric mucosal atrophy

~ AND ( OR IDundenum ﬂ|Crohn's disease

@ AND C OR |[Selectorgan (v

Ll Led Lef Lef L

& AND ¢ OR ISeiectnrgan L"

@ AND COR |

Figure 3.5Diagnosis Search form combined with advanced seaptibns

3) Procedure Search This is a very powerful feature of the applicatisoftware
that it enables users to use the very same SDEsfduring data entry during the
search. They simply point and click as they wowdgiéhentered the case and then
search the database.

4) Advanced Search All fields in the main table can be searched bybining with

Boolean operators by a very simple interface.
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These search functions enable users to query duthfree text parts of the
examination data and the structured MST data. Booleperators can be used to
create complex queries by using a very simple faater A powerful feature of
GASTROS is that the same but empty SDE forms aed @ dynamically building

the search criteria by a simple point and clickrapen.

Due to the fact that GASTROS was used as the oelgns1 to generate endoscopic
reports at the unit by all endoscopists, includiéngergency cases, no field other than

the unique examination number was mandatory to fill

MST and other extra information (such as patienmagraphics, clinical info,
infection markers and so on) were directly incogied into application code,
graphical user interface (GUI) and database schéftar initial installation in a
university hospital endoscopy unit, the system used to capture more requirements
and also demonstrated ways of modeling MST usefuHIS development and aid in
designing a user friendly and robust GUI. It wailent that the physicians preferred
our novel modeling strategy over the original MS€rarchy. As the requirements
frequently changed, it was obvious that it tookyvkmg time and serious effort to
modify the software and redeploy again (Liebowit299). Another shortcoming was
that nearly all of these modifications resultedrdes in the database so an extra task
of converting data was needed. This clearly shawatthe system was not feasible to
maintain - not only economically (Dairo, Giuse dahn, 2003). However it was an
invaluable tool to refine initial requirements. Wave managed to collect more than

15,000 endoscopy records, analyze and evaluate (itag, et al., 2007b).

The bottomline is that this prototype was invalesafiolr experimenting with alternative
modeling strategies of MST to identify best suitede to implement a usable
endoscopic information system. However it shouib dle noted that it has shown us
what shouldn’'t be done when designing and implemgnsuch systems from a
technical point of view (i.e. embedding highly cdmpclinical model into software
code and database schema). It became evident daativee and future-proof IS

development methodologies were needed to keep thpewer changing requirements.
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3.4 Validation of the Turkish Translation of MST

Considering many unsuccessful attempts for termigolstandardization in clinical
medicine and efforts for use in computerized systera have decided to first test the
clinical usability and acceptance of MST before ggeding with the study. This
validation process with the research prototype ardy provided us with invaluable
experience with MST but also gave us consideratsligit for domain modeling. This

had set forth the principles of Archetype modelmdurther stages of the study.

The validation study was performed in a live clalisetting by using the research
prototype GASTROS (Atafa et al., 2007b). It consists of first inspectioh the
collected data, then data analysis and interpogtafihe usage of MST terms was
observed and user acceptance was measured to #ssesdidity of MST and the
research prototype. There was no selection bilseiralidation process and after data
cleaning 15,638 records were analyzed which wereiafy signed out and printed as

valid endoscopy reports.

It should also be noted that we have also idedtififernative MST hierarchies and
then tested if useful for building a usable HISth&ugh this is not a formal usability
study by any means, it was quite invaluable duboth prototype development and

also in further stages during MST Archetype modglin

3.4.1 Data Preparation

Before data analysis, the data in the two sepasatdstations were checked for
consistency and some erroneous records with digéica null entries were discarded
(i.e. only examination numbers were assigned butineing fields were empty). The

data from the two workstations were then consadidat

3.4.2 Data Analysis

For data analysis Structured Query Language (S@terments were created using
Microsoft Access. For example to determine wheM8i based diagnostic terms had
been used, corresponding field values were cheelether they were greater than

zero, the default value for a newly added recont. determination of usage of free
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text in fields allowing both free-text and MST texntheir values were checked
whether they were null or empty (i.e. deleted latex. The discrimination between the
missing values (null) and the zero values (emptgtedeted) was accomplished by this

way.

General distribution of records according to exation type was as follows: 11,381
(72%) EGD, 2,616 (17%) colonoscopy, 1,079 (7%)asobpy, and 562 (4%) ERCP.
Overall usage of MST for recording examination eleégristics (extent and limitation)
was 85% (13,322 of 15,638 records). When we loakaah examination type, 10,277
of 11,381 (90%) EGD, 2,369 of 2,616 (91%) colon@sso624 of 1,079 (58%)
rectoscopy and 52 of 562 (9%) ERCP records hadeat lone MST based entry for
examination characteristics. Reasons for endoseagrg recorded by using MST
terms in total of 346 (2.21%) records. Their disition according to examination type
was: 261 of 11,381 (2.29%) EGD, 61 of 2,616 (2.33%lpnoscopy, 5 of 1,079
(0.46%) rectoscopy and 19 of 562 (3.38%) ERCP dkcofhese usage data were
determined by building SQL queries joining primaatabase table B with GENEL12
and GENELS. After running queries, records haviog-null entries were calculated

for each examination type.

The usage of MST terms for description of endoszépdings is given in Table 3.23.
We had determined the usage by counting numbeelad entries in database tables
that were linked to the primary database tableir&fore the number of records of a
particular examination type in the primary databtsgle B may be different than
(equal or greater) the number of entries recordethe related SDE database tables

due to records with no MST entries.
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Table 3.230verall and detailed usage of MST terms for reaaydif endoscopic findings by

examination type and organ

Exam Type and Organ

Total No. of Exams

MST Usage

EGD-Total 11381 11216(98.55%)
EGD-Esophagus 11210(98.50%)
EGD-Stomach 11199(98.40%)
EGD-Duodenum 11167(98.12%)

Colonoscopy-Colon 2616 2471(94.46%)

Rectoscopy-Colon 1079 751(69.60%)

ERCP-Total 562 258(45.91%)
ERCP-Duodenum 242(43.06%)
ERCP-Other Organs 250(44.48%)

Overall usage 15638 14696(93.98%)

The comparative usage of MST terms and free textréoording of endoscopic
diagnoses is given in Table 3.24. The usage wasrdeted by analyzing both the
fields which contained enumerated MST diagnostimseand also free text fields for

each record.

Table 3.24 Comparative overall usage of MST terms and free¢ fields for recording of

endoscopic diagnoses

No. OF Exans | MST Ter ns(+) MST Ter ns(-) Sub Total s
Free Text(+) | 4788(30.62% 719(4. 60% 5507(35. 22%
Free Text(-) |[9911(63.38% |220(1.40% 10131(64. 78%
Sub Total s 14699(94. 00% | 939( 6. 00% 15638( 100. 00%

Free Text (+/-): Free text was used for diagnosisod
MST Terms (+/-): At least one MST Term was usedair
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Further data analysis on MST diagnoses is givélralrie 3.25 including the frequency
of normal cases and top three diagnoses by exaomngpe and organ. Presentation
of these results follows the same structure of gbblication of European Union
framework project GASTER (Delvaux, et al., 2000a).

Table 3.25Frequency of the use of MST diagnostic terms byrémation type and organ

Exam Type and MST Diagnosis No. _of % qf % of
Organ entries entries  |exams
Norma 6840 57.45 43.74
EGD-Esophagus  [Reflux esophagitis 2222 18.66 14.21
(Total terms: 11905)Hiatus hernia 997 8.37 6.38
Hypotonic LES 996 8.37 6.37
Norma 525 3.70 3.36
EGD-Stomach Antral superficial gastritf_s 2871 20.25 18.36
(Total terms: 14177)Erythematous (hyperemic) 383 16.81 15.24
gastropathy
Pangastritis 1842 12.99 11.78
Norma 6182 51.85 39.53
EGD-Duodenum  [Bulbitis’ 2642 22.16 16.89
(Total terms: 11924)Duodenal ulcer 992 8.32 6.34
Erosive duodenopathy 634 5.32 4.05
Norma 539 19.06 3.45
Colonoscopy-Colon [Hemorrhoids 838 29.63 5.36
(Total terms: 2828) Polyp 496 17.54 3.17
Diverticulosis 322 11.39 2.06
Norma 51 4.45 0.33
Rectoscopy-Colon |[Hemorrhoids 828 72.25 5.29
(Total terms: 1146) |Anal fissure 211 18.41 1.35
Fistula 17 1.48 0.11
ERCP-DuodenumNormal 1 100.00 0.01
[Normal: cholangiography, Post- [69,9,2] 19.90 0.51
sphincterectomy , Post-
ERCP-Biliary cholecystectomy]
System Choledocholithiasis 165 41.04 1.06
(Total terms: 402)c g elithiasis 59 1468  |0.38
Bile leak 13 3.23 0.08
Norma 150 89.82 0.96
ERCP-Pancreas |chronic pancreatitig 8 4.79 0.05
(Total terms: 167) [Pancreapc tumor, Failed 3 1.80 0.02
pancreaucogram]
Pancreas divisum 2 1.20 0.01
T(_)tal MST 49550
Diagnoses
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Overall usage of MST terms for additional diagnosind therapeutic procedures was
19% (2,953 of 15,638 records). For each examinayipe the figures were as follows:
2,489 of 11,381 (22%) EGD, 315 of 2,616 (12%) cokwopy, 62 of 1,079 (6%)
rectoscopy and 87 of 562 (15%) ERCP records. Theage data were determined by
calculating the number of records with non-nullrest by building SQL queries

joining primary database table B and database tile

7,476 (48%) female subjects versus 6,163 (39%) madgects were present and 1,999
(13%) records had null values in sex field. Numbafrsecords for some fields with
missing values were: 1,522 (10%) age, 1,383 (9%inpdication details and 15,161
(97%) patient origin.

3.4.3Interpretation of the Results

This is among the first evaluation studies of secagrsion of MST to our knowledge.
We believe that high coverage rate of the Turkrsimdlation of MST for reporting
endoscopic examinations in a university hospitaloseopy unit is a strong point for
the validation of the terminology. It is importatat note that the high usage rate of
MST based SDE forms purely resulted from user decee as no field was
obligatory to fill and it was possible to write é&dext in final report. Some sort of
software control measures (i.e. warnings, compulfietds) might have been applied
because high rate of missing values in fields &ige, sex, patient origin, and clinical
information because it is responsible for diminighidata quality. However in this
study these missing data were recorded in the aehtispital information system.
This may be an explanation for the high number a@$sing values. Likewise,
“Reasons for endoscopy” were also recorded in mdhe low rates. This might be
due to organizational preferences or problems WIBSTROS. Examination of free
text entries for endoscopic diagnoses revealed they were mostly used for
additional notes regarding the technical aspectghef study or success of the
procedure which should normally have appeared élsewin the report. There were
also high numbers of repeating diagnoses like “bymic LES” which were later
added to the pick list. However, it is evident thather work on MST is needed for
ERCP for better coverage because as inline withiquie studies, usage was quite low

compared to other examination types (Delvaux,.e2800a).
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Normal cases were relatively few especially in E&@minations. We believe that

this might have resulted from three reasons:

1) Prevalence of H. Pylori in Turkey is believed tovaey high which decreases the
number of “normal” reports,

2) Endoscopists prefer not to give too many normalbrsp(False positives are
better)

3) Itis not crystal clear what is “normal” and “natnrmal” in clinical medicine. Also
as another factor, diagnosis of duodenum was nainely included in ERCP
reports at the unit, in only one out of 562 ERQRI&s, a MST based diagnostic

term (Normal) was selected for the duodenum.

A major weakness of GASTROS was its inability ttowl selection of a MST term
with different set of attributes or attribute vadumore than once. For example if the
endoscopist had observed two different kinds ofp®in colon, each having different
attributes and possibly site data, it was posdibleecord only one. This was one of
the major reasons for free-text editing of the Ifiregport. However in MST it is not
given explicitly whether a term or its attribute(sust be mandatory (existence), how
many attributes terms can contain (cardinality) gmednumber of times they can occur
(occurrence). Therefore we have incorporated thfsrmation in our Archetype
models and we strongly suggest this informatiobdantroduced into future versions
of MST.
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CHAPTER 4

MULTI-LEVEL MODELING AND ARCHETYPES

In Chapter 2 we have extensively reviewed pertitiggrature on health, information
systems and also health informatics fields. Thigere was centered on the objectives
of this study and delineated the position and scopeour research. Chapter 3
described in detail the gastrointestinal endoscdpyain and also discussed many
aspects of its standardized terminology MST. lhititassical modeling and its
implementation as a research prototype gave usgabig insight for Archetype

modeling work.

In this chapter we will first discuss the rationalehe search for a modeling strategy
that would enable HIS development and maintenanceeps to be performed more
efficiently with less effort and cost, and yet résin systems with sufficient
interoperability, flexibility and longevity. openBEH Archetypes and Two-level
Modeling methodology has been identified as theetfind methodology for the study
after comparison with potential alternatives. Wdl wkplore this new approach for
use in developing information systems for nichenical domains by extensively
making use of standardized terminologies and ogieto Within the scope of this
study, our clinical domain for modeling has beereded as gastrointestinal
endoscopy. This chapter is devoted to the discassfoour contributions towards

Archetypes and multi-level modeling.
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The knowledge represented in the standardized netogy MST has been modeled
with the methodology described in this chapter. Nad initially developed a research
prototype by using classical Object Relational rodtto test validity and usability of

MST structure and terms. That work is explained aase study in Chapter 3.

The results of the current study are two-fold: tfireur work made significant
contributions to the MST which can be applied iheotclinical domains. Second, the
modeling methodology originally for use in domaioncept modeling in EHR
systems, was further extended to be able to effdgtmodel a whole clinical domain
and fully express the structure and semantics of MiBis also demonstrated that this

methodology provides the means to extend MST foailloeeds in a feasible way.

4.1 The Modeling Paradigm

Today IS development is a well established disoglvith rigorous engineering
methods. The requirements elicitation and desigased of development are
extremely important because they determine whdaesys needed and how to build
it. Most of the errors in development process digbated to these phases and they
are costly to correct. The modeling comes into athese two pre-implementation
phases to aid in the identification and understagndi domain issues. It also serves as
an effective way of communicating these abstratities among different groups. The
UML, for example, may be used throughout the entiegelopment process, from
requirements to design and then implementation,itaisdeven possible to transform
manually or automatically design artifacts intogmam code. Today we can not think

about IS development without modeling.

When we look at HIS development, as we had menti@xtensively in Chapter 2, it
has to deal with the complexity and changeabilitthe medical domain and also with
the essential difficulties of IS development. So, faccording to literature and the
author’s personal experience over more than a éedhe classical modeling and
development techniques have fallen short of expieos This is especially evident in
HIS development for niche clinical domains where depth of domain knowledge is
greater and this highly volatile form of knowledméluences most of the software

specification.
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The design process of IS development usually staith data modeling after
requirements are elicited. It is assumed that tldeda requirements are fairly stable
and this is the first incorrect assumption in dizdsdevelopment in healthcare
domain. Then shortly after or in parallel, objedented analysis yields abstraction of
the domain, at a level sufficient for the systenbéodeveloped, a conceptual model of
the IS itself as well as their relationships angeatelencies. The second mistake is
assuming the domain will stay unchanged, at leastHe lifetime of the particular
project, and hard-coding the basic assumptionstheosoftware model. This occurs
for two main reasons. First, the level of abstmactis not sufficient from the outset
which may result in very fine details manifestifginselves in upper levels of the
design, such as the trend of a tumor marker otréa@ment scheme. Second, it is not
uncommon that the modeled domain changes altogethemew interrelated domain
comes into play; such as genomic science, genedatnients or new diagnostic
modalities like MRI, PET or SPECT. When these hap@ad they do happen, the
consequences are major: alteration of data moddl smitware model, revising

documentation, retesting and redeployment.

In the above scenario, rock solid domain concelptsthe details of a classical doctor-
patient encounter, the steps of physical exam,tatdils or even clinical data
structures and types are mixed with concepts lie Glasgow coma scale, Forrest
bleeding criteria or even description of a naked-égrmatologic examination. The
situation is also the same with the administratisga derived from medical data, such
as billing codes related with procedures or evemseowith both diagnosis and
procedures plus other parameters like length of. Sthis is the third and biggest

mistake during the whole development process.

One method for improvement in handling of rapidlyanging domain concepts is
using a generic data model, such as the EntityibAitee-Value scheme, where
regardless of their meaning or context all dataséweed in small number of tables in
the database. This overcomes the problems of datdeling but with a price:

structured queries are difficult to build as is lgmi;mg data and maintaining data
integrity. However the problem of software modelittg reflect changes and then

redevelopment still exist.

This thesis is centered on finding better methagie® to overcome the problem of

changing requirements and its negative effects ¢B #evelopment. We propose
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improvements in the early phases of developmerdga®and we address the issue of

modeling as the target of research.

4.2 Alternative Modeling Formalisms

Based on pertinent literature and also taking ounsideration similar research and
development projects, we have decided to evaluya#@®DE, Protégé, openEHR and
HL7 v3 specifically for the purpose of this study.

4.2.1Evaluation of openSDE

openSDE (Los, van Ginneken, and van der Lei, 20@5; et al., 2004; OpenSDE
Website, 2007) which allows for Structured Datari£¢8DE) in clinical medicine is

an excellent tool for providing flexibility to clicians to record what and how they
may want to. While doing that, it also hides thenptexity and changeability of the
underlying clinical model from HIS developers. of&k functionality is based on a
domain model, a knowledge base, which definesdirag for concepts, their structure
and semantics to be presented in a particular xbrevisual data entry application
then uses this domain model and user input to digaiymn generate options for data

entry. The overall components are given in Figule 4

Knowledge L
Modeler <+—> | oditor 9l —s Description

knowledge

Clinician -— SDE -— Patient
data

Figure 4.1 The components and relationships of openSDE

We have observed the main innovation of openSDEh@separation of knowledge

from the technical layer; thus providing meanstémkling classical problems of HIS.
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This knowledge base mainly consists of what thdlyasathe description knowledge
which defines which terms can be used in what coatlins to form medically
meaningful descriptions. It should be noted thangDE only focuses on the capture
of patient data that the clinicians usually recbydhandwriting or dictation. These
typically involve patient history, family historphysical examination, progress notes,

and examination reports such as radiology, endgseopl pathology.

One big advantage of openSDE for modeling of gag#stinal endoscopy was that
the team had already experience with this domaoweé¥er our request for getting

more information or artifacts from this study wagartunately not met later on.

The core of the domain model consists of medicatepts, which may be described
by an external terminology, used for data entry.openSDE these concepts are
organized as nodes in a tree structure. In thés ttedes may have further sub-tree(s)
for allowing a more detailed description of a fimgli The tree can also accommodate
certain information constraints for the presentatiof data entry options. The

openSDE viewer allows for traversing the tree oflit& concepts and selecting those
nodes which correspond to medical observationsetoelborded. The trees within a

particular domain model are specific for that damai

The two main tools of openSDE, the domain modekoedand the data entry
application, are versatile and easy to use. Howasegrovided from its Website and
the open source portal, the documentation is verigdd and not very intuitive. Due

to the unavailability of sufficient documentationdaalso lack of formal support, we
have decided first to use the sample domain mooelotir evaluation which is

cardiology. However as we grasped the use of editol domain modeling, small
fragments of MST like the list of diagnoses andliings, were modeled by the editor.
A segment of the cardiology domain model as appeattse domain model editor is

given in Figure 4.2.

96



omain Model Editor - [C:openEHRYStuffADpenSDE_2005\Bini\Domain Models\Car diology. dm]
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@ Cther, v 1 Fre:
W Intoxications
[ W History of current complaints
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vy, Multiple descr. sllowed, Max. inst|

ption mandatory, Core

B Temperature =nt onl

[] Core Entity
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W Pulse reqularity [] Conditions
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[ Bicture
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Concey hyperchalesterolemia
Mode bype:
(%) Feature () Shorteut
- W Diabetes melitus () Option () Domain Madel Link
W Hypercholesterolemia ) Unit
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|Yes_No_Unknown

risk Factors|hypercholesterolemia

Figure 4.2Domain Model Editor of openSDE (Screenshot from2665 release of openSDE

by the author showing the sample Cardiology domaidel)

= OpenSDE DEMO - [1234M32 P.A. Tient, 23.08.1949 (Male); Dr. Spock, 07.05.2007 11:19:28]
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Depending on the structure of trees and node até#) the data entry application

creates the GUI automatically as shown in FiguBe 4.

A wrapper application to enter patient demographius encounter is also provided to
simulate the use in a real HIS; this was imporfantour evaluation with minimal
development effort. One of the advantages of op&n$d the availability of a
persistence component as a DLL which could be tseadterface with a database

management system of choice when integrating wigh H
If we summarize the advantages of openSDE for tipgse of this study:

- Itis a mature product with field testing,
- Itis open source (readily accessible) and acadproject,
- Separation of domain knowledge from underlying infation and data

models to tackle complexity and changeability o8H8 a big plus,

However we have identified a number of disadvardgagkich resulted in exclusion

from further evaluation in the study.

- It provides just applications, not a framework foodeling HIS that can be
implemented using different approaches and teclgiego

- The modeling is limited only to the free text fieldo be replaced with
structured data fields,

- Other parts of HIS like demographics, security, EBtRicture can not be
modeled,

- Underlying data structures and types are propridtyy do not comply with
the recent EHR standards,

- Dependency on a small team with limited suppost lisg shortcoming.

4.2.2 Evaluation of Protégé

Although designed for a quite different purposethating ontologies and building

knowledge based systems with decision support; aee hconsidered evaluating
Protégé (Noy, Fergerson, and Musen, 2000; Protégbsit¢, 2007). The reason is
three fold: first, defining ontology very broadlg @a common vocabulary for people
who need to share information in a domain, then M&m be seen as an ontology
given its structure and constraints for concep#sco8id, it can separate domain

knowledge from the operational knowledge and ersatdese of domain knowledge.
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Third, it provides a basic data entry interface ahhis created from the underlying
knowledge model.

Since we have accepted that MST is little more flu@h a simple terminology, we
started modeling MST Colon findings. However thassical Object Oriented (OO)
modeling approach turned out to be very difficaltnnodeling. Since MST Findings
are organized in at least five levels of tree npdesrent structure of Protégé with
Class, Attribute (slot) and Attribute Values and jé€aks (instances) created an

“impedance mismatch”. The MST Colon ontology iswshadn Figure 4.4.

Colonoscopy Protége 3.1.1

BX]

(file:\C:\openEHRAStufAProtege\Colonoscopy. pprj, Protégé Files (. pont and . pins))

File Edt Project VMndow Tools  Help
NEeE +« BB X mad ¢% <¢|protége
I @ classes r W Stz | = Forms | # Instances
RE 1
For Project: Colonoscopy For % Reasons for Colonoscopy  (instance of :STANDARD-CLASS) oD
Cilass Hierarchy = Hame Documerntation Constraints S i
(THING |Reasons for Colonoscopy |
| 2 (SYSTEM-CLASS
¥ O MST for Colonoscopy Role
@ Reasons for ?:.:I.énosc_opy_ - | Coricrete @ v|
¥ O Colonoscopy Exam Characteristics
@ Prapatation Template Slots A R =
@ DiemarEyan Mame Cal'dlnalrtgrl Type Other Facets
@ Limitation of exam B Abnormal Imaging proc... single String
¥ @ Findings for Calon BN Agsessment single Symbol allowed-values={Preoperative Post-oper
¥ @ NORMAL BN Diagnostic sampling single String
@ Mormal B Diseases muttiple Symbol allowed-values={Polyps Colo-rectal_can
¥ O LUMEN B Screening single Symbal allowed-values=Familial_history_of_neoj|§
@ Dilated B Symptoms single Symbol allowed-values={Hematochezia Melena_
@ Stenosis
@ Evidence of previous surgery
P © CONTENTS
B O MUCOSA
= © FLAT LESIONS
O PROTRUDIMG LESIONS
B O EXCAVATED LESIONS
@ Complication(s)
@ Diagnosis
B O Anatomic Stes for Colonoscopy
B O Diagnoses for Colon
| -
Superclisses & &
| O MST for Colonoscopy | 1 | e | ’l

Figure 4.4The ontology model for MST Colon Findings (Screaristom the Protégé by the

author showing draft endoscopy domain model)

At first sight, modeling an ontology may seem sanito domain modeling for

designing real HIS. However, Protégé is designenddel for certain purposes, such
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as knowledge base development, decision supporgandric data entry. Therefore

we have observed limited expressive power whileetind our domain.

The pros and cons of using Protégé are very sinilaspenSDE, therefore it was

excluded from further evaluation in the study.

4.2.3Health Level 7 (HL7) Version 3

Considering that our modeling work had started @ary2003, HL7 v3 was not
available by then. In late 2005, the HL7 commuméleased the first version of HL7
v3 — the Normative Edition 2005. Later on in mid-20€& Normative Edition 2006
was published (HL7, 2007). Although we had seledaed method for modeling as
openEHR, HL7 v3 was later evaluated for the purmpdgbe study.

The RIM based message building and interactionblenzertain level of functional
and semantic coherence. However the overtly comrmelet process of creating
messages together with formally reported shortcgmim the RIM caused it to be

excluded from further evaluation. The main bodyr&¥ is shown in Figure 4.5.
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1| snurme: prioritylumber : INT

T ety o
Entity typeCode - C5 Gl k1 05 epitCode: CS
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Figure 4.5UML class diagram of context-level HL7 v3 RIM (HLZQ07; HL7 RIM, 2007)

One big disadvantage with an unstable RIM is thhatings about a big burden during
the maintenance phase of HIS because most of ftwease has already been specified
by the old RIM. Another big disadvantage of HL7 %8 be used as a modeling
methodology for HIS is the proven insufficiencytbhé messaging paradigm for later

establishing a federated virtual EHR.
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4.2.4 openEHR Multi-level Modeling and Archetypes

In search for a robust methodology for modelingagety of clinical domains and yet
meeting aforementioned expectations for developii§, a strong candidate was
openEHR Archetypes and Multi-level Modeling appioa@pidly evolving with
support from a large body of internationally recagd experts and materializing
under the newly established openEHR Foundation [€B€2000, 2002; openEHR
Foundation, 2007).

The pros and cons of this methodology are as falow

The approach is a novel innovation and a paradigifbis the design of HIS. Even

though theoretical work and practical applicatidiesexist in other sectors, neither to
our knowledge nor an in-depth analysis of relatentdture yielded a comprehensive
approach. As in some other evaluated alternativeslso tackles the problems of
domain complexity and requirements changeabilitysbparating data, information
and knowledge levels in software. Like openSDEs #iso results in the separation of
the tasks of domain experts and technical peoplehwhesults in more efficient

development process and empowers non-technicalgpedschematic representation

of this is given in Figure 4.6.

Reference semantics of Arolhetype
Model ¥ X #--------- Somstraint T T ADL | Model/Language
normal instance/ di
class conformance expressed in
semantic &
creates conformance . creates .
fser domain
information . use expert
usad in corf?fé:i
K
terminology

Figure 4.6 Separation of information and knowledge which asparates the tasks (Beale and

Heard, 2006 - with permission from Thomas Beale)
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The separation of information from knowledge isfaallt task and one needs a solid
methodology to do so. The use of RM and Archetypaps to achieve this. At the
information level RM depicts all the necessary infational entities, their
relationships and also semantic rules (occurrerazgdjnalities) that make it relevant
to the domain of interest. Interestingly, the datadeling process which is mostly the
starting point of classical IS development, is anger needed because here all data
are explicitly instances of RM. The consensus-basgdcture and semantics of
openEHR RM which is an accumulation of nearly thdeeades of relevant research
and projects is a very strong point. As of the iwgitof this thesis, with release 1.0.1, it
is also considered quite stable that now many rekees and developers Worldwide

are implementing it.

At the knowledge level, a novel concept called A&tgpe is authored by the domain
specific modeling and knowledge representation dagg, Archetype Definition

Language (ADL), which allows for formally describirclinical concepts. The real
power of Archetype comes from the fact that, whikscribing healthcare specific
aspects of the concept and its meta-data, it atsmdlly defines the structure,
semantics and rules of the concept by using RMiesitas building-blocks and further
constrains the general healthcare related contgraxpressed in relevant RM. An

analog is given in Figure 4.7.
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Figure 4.7 The Multi-level Modeling paradigm (Atalag and Bilg2007a)

102



Archetypes have their local terminology, that igamlless of whether external
terminologies are available or not, it is still pie to express any medical concept. In
the case of terminologies with hundreds of thousaofdterms, such as SNOMED,
when only a few terms are to be used it is a gdedrative to have them as internal
Archetype terms. However when there is need tazetih common terminology
system, such as bounded by a national or orgaoiedtpolicy, local Archetype terms
can be mapped to any number of external terminetodirectly or via a terminology

service.

The ontology section of Archetypes allows for mimgual representation of internal
terms which bring about language independenceeoc€timcept being modeled. In our

domain, since MST is available in 11 languages, ithan extremely important aspect.

When well agreed medical concepts, such as bloeslspre or a hematology result,
are modeled by Archetypes and these Archetypesisgd thoroughly by HIS it is
possible to achieve a high level of semantic irgerability. However while modeling
less common and specific medical concepts, it ig likely that similar but different
models might already exist or the need to altesg¢heodels emerges. Archetypes
allow the freedom to make changes to meet local needs without breaking the
original semantics by a method called as Archetyppecialization. Here,
modifications that would result in more strict coamts than the original or additions
are allowed. Since MST is likely to be extendeddéal) it is an extremely important

point for our study.

Archetype repositories will help to establish gmasrce rules for important medical
concepts likely to be reused globally. MST, whichtle official terminology for
gastrointestinal endoscopy Worldwide, needs sucégsstry to be properly change
managed. The multi-axial archetype identificatiansl embedded key meta-data like
"author", "date", "languages", "specialization" asd on are important points to
achieve proper dissemination of these models whidh help in a high-level of

interoperability among humans and HIS.

The recent acceptance of Archetypes and the sapaditinformation and knowledge
explicitly by other standards developing organimadi like HL7 and CEN, is a
definite sign of universal acceptance of this appho(Munoz, et al. 2007). This alone

is an affirmative reason for preference of openERiRis study.
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The biggest disadvantage of this methodology wasritnaturity and incompleteness
at the time we had started the modeling procetigeagnd of year 2002. There were no
tools and reliable documentation which really bletlour progress for a long time.
Although now the specifications are stable and stoamte available, the lack of

reference implementations is obvious.

openEHR community and developers approach the nmgdelork from atomic
concepts leading some small part of a real HI&. Ielieved that these small portions
of well modeled critical concepts, such as bloodspure or antenatal examination,
will eventually lead to a federated virtual EHR. waver it should be noted that our
approach is at the opposite side; we model theebiggrt of HIS via Archetypes and
try to set forth the path to complete modeling dfliaical HIS in this study which

makes it novel.

4.3 Contributions of the Study to the Modeling Methodobgy

4.3.1 Extending openEHR Archetype Definition Language (AL)
Identification of a problem in ordering of internateferences

The order of concepts and their features are impbrh a clinical model to be used in
a HIS for complying with the routine clinical thiimg of physicians during data entry,
validation and querying which greatly affects useceptance. This model is also
important for the design of user interfaces andapglication logic. For example in
the case of a simple body mass index, without maasweight and height, you can
not determine manually or automatically the valdiehis index. Another example
might be the order of physical examination whichally starts from the top (head) to
the bottom (toes) or according to organ system&uinmodeling task, this ordering
became very obvious during modeling of MST Findiry® have encountered highly
repetitive and nested structures with many childredes. Some of these nodes have
common repeating attribute patterns like the sitéhe lesion or extent of a finding
which is already formally described elsewhere his tase there is no need to rewrite
the whole attribute and an internal reference sbingj of the full path to the original
describing node. Internal references are showmalit itext in the example given in
Box 4.1.
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CLUSTERJ[at3300] occurrences matches {0..*} matchesGranular
items cardinality matches {0..*; ordered} matches {
use_node ELEMENT /items[at3000]/items[at3100]/iteat3110] -- Extent
use_node ELEMENT /items[at0050]/items[at0100]/iteat@H00]}} -- Site(s)
CLUSTERJ[at3400] occurrences matches {0..*} matchesHriable
items cardinality matches {0..*; ordered} matches {
use_node ELEMENT /items[at3000]/items[at3100]/iteat3110] -- Extent
ELEMENT[at3420] occurrences matches {0..1} matche®8leeding
name matches {
CODED_TEXT matches {
code matches {[ac3420]}}} -- Blding
value matches {
CODED_TEXT matches {

code matches {
[local:
at3421, -- Yes: Spontaneous
at3422, -- Yes: Contact bleeding
atl122] --No

n

use_node ELEMENT /items[at0050]/items[at0100]/itest@$H00] -- Site(s)

Box 4.1The use of internal references within a contaitigibate of type: CLUSTER

The precise order of the internal references, wbiotur frequently in the modeling
task of MST, could not be set together with variowsles containing elements,
complex types and other internal references. We lnssued a problem report which

resulted in a formal change request at openEHRQQIR-04).

The solution to the problem was to change the gynties of ADL to allow a correct
parser to be built (ADL Issue 1.2, Release 0.95yeMtber 15, 2004). The changed
rules of ADL are:

« Any identifier with a leading capital letter is &kto be a type identifier (i.e. a

class name),

* Any identifier with a leading lower-case letteta&en to be an attribute name,

! This change request resulted in modification dLAand the parser which was

published in ADL 1.2, Release 0.95, 15 Nov 2004.
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* The only other place where identifiers exist in AR as tags in invariants;

here the identifier may have either form (initiplper or lower case).

Introduction of a new method for further constraing occurrences of

internal references at referencing location

The problem was that in an Archetype model it was possible to constrain the

occurrences of internal references (use_node)fatereced point. Technically when

two or more items exist (with {0..y} occurrencesjder a container structure together
with one or more internal references (at the ogbjlacation having occurrences wider
that needed at referencing site such as {0..xgrelwas no way to constrain specific
occurrences (number of instances) or conditionatexce of these items in ADL (See
Box 4.2).

CLUSTERJ[at3100] occurrences matches {0..*} matchesErythematous (Hyperemic)
items cardinality matches {0..*; ordered} ntas { (Container Attribute)
ELEMENT[at3110] occurrences matches {0mhtches { -- Extent
value matches {
CODED_TEXT matches {

code matches {

[local:
at3111, -- Localised
at3112, -- Patchy
at3113, -- Striped
1
ELEMENT[at3120] occurrences matches {0..1} ohas { -- Bleeding

value matches {
CODED_TEXT matches {

code matches {

[local::

at1121, --Yes

atl122, --No

at3123] -- Stigmata of bleeding

i

use_node ELEMENT /data[at0003]/items[at0050]/itent@]®0]/items[at0110] --Site(sjAt origin
occurrences {0..*}

Box 4.2An example depicting inability to constrain refered node
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As can be seen in above example, there are theess i{two elements and one
reference) under container structure CLUSTER. Tdnestraint on occurrences of the
internal reference which is shown in italic texzexo to many {0..x} at original site.

The CLUSTER'’s cardinality is zero to many {0..*} vl means it can have none or
infinite number of items. A typical situation asosin here is that the reference should
occur at least once only if any of the elementsincgnother frequent situation might

be that the occurrence of the reference item shiogild certain number of times or an

interval.

Our proposal for solution was to override origif@atcurrences" property of reference
items at referencing location(s). This has enalplegber definition of the semantics
for occurrences on internal references correctlicivienhanced expressive power of
ADL.

The solution has resulted in the following changes:

-The ADL specification is changed to allow occues to be specified on
internal reference node, so that this overridesottwirrences of target point,

which are otherwise taken as default,

-The AOM explanation of the internal reference
(ARCHETYPE_INTERNAL_REF) class is improved to cfgri how

occurrences should be parsed and serialized.

The resulting change in ADL can be visualized asl lamd underline text as shown

below:

use_node ELEMEN®ccurrences {0..1}
/data[at0003]/items[at0050]/items[at0100]/items]at0] --Site(s) (At origin occurrences {0..*}

We also have issued a problem report which resuiftesl formal change request at
openEHR (CR-000233)

2 This change request resulted in modification ofhbADL and AOM which was
published in ADL 1.4 and AOM 2.0.1, Release 1.@3 Mar 2007.
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Extended Archetype Metadata to include Bibliographinformation and

other Knowledge Sources’ References

The importance of having bibliographic informatimn any artifact in science such as
list of bibliography in an academic publicatiorbisyond dispute. Since the archetypes
are strong candidates for sharing of knowledgdiimcal medicine, it is essential that
they have references to existing publishing anérotimline sources. If we look at the
proposed methodology for Archetype developmentetlaee many similarities in the
design and quality control of Archetypes with thaft scientific articles. Peer-
reviewing is done by domain experts and technieapfe by using online tools (Beale
and Heard, 2006).

The problem we had encountered was that archetgte-data part (description) did

not include a bibliographic section.

Our solution was to extend the ADL meta-data tduidke an extensive bibliographic
section (See Box 4.3) by incorporating informatitems common to all kinds of
knowledge sources (such as articles, books, patemitne repositories, clinical

guidelines and so on). These are:

* Type (scientific article, book, book chapter, conferengroceedings and
presentations, government reports, personal contation, scientific
publications on the Web, technical reports, pantphiginical guidelines and
online resources)

e Status (published/working/preprint/in progress for amieland books, may
include different items for other types)

e UID: Unique Identification for resource (For articleMID, books ISBN or
DOI)

« Reference main description of the resource in classicabmtific reference
list format is recommended.

e Organization: the organization which published the resourceaothor’'s
affiliation.

* Access_URI the URI of the file or online resource Internetass address.

* Annotation: A free area to note any relevant information alibe resource
and how it relates to the archetype

108



Description
original_author = <>
details = <

['en"] =<

language = <"en">

purpose = <"To record some clinmathcept">
use = <"For capturing data in a dtad way">
misuse = <"Not to be used for ott@mcepts">>

lifecycle_state = <"initial">
bibliography = <
[17=<
type = <"scientific article">
status = <"published">
UID = <"PMID=15032077">
reference = <"Atalag K, Bilgen S. Mtidg of domains. JAMA 2001; 40(4):275-87">
organization = <"METU Informaticsshitute, Ankara, Turkey">
access_URI = <"www.ii.metu.edu.tr/pegd1001.pdf">
annotation = <"This article setsiathe domain modeling principles used in this atgpe">>
[27=<
type = <"personal communication">
reference = <"on defining semantiith Semih Bilgen on 14/12/2005">
organization = <"METU Informaticsshitute, Ankara, Turkey">
annotation = <"any information redev for archetype such as topic,result, etc.">>
['3"] = <
type = <"online publication">
reference = <"MTHMST2001 on UMLS Kmiedge Sources v 2007a. Accessed 11/03/200
organization = <"National Library dfedicine, Bethesda, USA">
access_URI = <"http://umisks.nim.gdw/kss/">

annotation = <"Main source of terology used in archetype. Free access ">>

B'">

Box 4.3The extended meta-data of archetype with example

This solution now provides the ability to providasic decision support by providing

users with recent and relevant published paperautalo particular subject

Archetype. Since the papers published in indexést&ed/peer-reviewed journals

in

are

still by far the ultimate sources of knowledge,stmight be extremely useful for

context dependent and seamless linking of Archetypsed clinical information

systems to these knowledge sources. More advarsssdmight be enabling acces
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clinical practice guidelines and Evidence Based iMad (EBM) repositories (van

Bemmel and Musen, 1997).

Extended Archetype Ontology Section Term/ConstraBibhdings parts so as

to reference terms directly to UMLS

The large number of internationally significant oy classification and terminology
systems, medical ontologies, clinical reposito@es even some software system’s
databases in the Unified Medical Language SysteML®) is presented online as
UMLS Knowledge Sources. Recently MST has also betgrated to UMLS which
is extremely important for our Archetypes to corrtecother systems (Tringali, Hole
and Srinivasan, 2002). The glue among these diftekaowledge sources is the
unique CUI — concept unigue ID. However there isnaportant point to be taken into
account when used or referenced from informaticstesys: For each concept there
may be multiple terms (i.e. SNOMED-CT, ICD10AM, ICRnd so on) each with a
different Term Unique ID. So in order to specifparticular term one needs to specify
both the CUI and Term Unique ID.

A specific concept in MST_Esophagus archetype tbimding section is given in
Box 4.4.

Concept Esophageal anastomosis procedure
CUI: C0940040
Semantic Type Therapeutic or Preventive Procedure
Definition: None found.
Synonyms
Esophageal anastomosis
Esophageal anastomosis (site)

Box 4.4Representation of an MST Term linked to a UMLS @pic

As can be seen there are two synonyms for thisegdreach having a different Term
Ul. So in order to specify a particular term in UBlLthe corresponding Term Ul also

need to be specified as well.
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Synonym 1 Esophageal anastomosis, CUI: C0940040, Term 1LB34016
Synonym 2 Esophageal anastomosis (site), CUl: C0940040nTér L1834017

The problem was that it was not possible to refegeto correct terms in ontology

section, term_bindings and constraint_bindings scisns.

Therefore in this study we have extended ADL taestooth CUI and Term Ul in
appropriate subsections under ontology section lwiscshown in part of an MST

archetype in Box 4.5.

[“UMLS"] = <
items = <
['at0003"] = <[umls::C0014876-L0014876]> -- Esophagus
['at0100"] = <[umls::C0577015-L1098274]> -- Normal esophagus
['at0501"] = <[umls::C0939942-L1834903]> -- Esophagus, crico-pharyngeus

>

Box 4.5The extended archetype reference to UMLS by usidga®d Term Ul together

A possible approach to model concepts with encagtad data

When authoring an observation archetype for an @ation modality containing
images or bio-signals, such as ECG or endoscopyfotimal report contains both the
textual and the multimedia data. As increasing renslof these devices comply with
proper data exchange standards, structured teddmialsuch as contextual information
or image annotations and automatic interpretatamesreadily available. However in
HIS, usually the textual and electronic versiomegfort is kept separately and the non-
textual part of the examination data is simply etioas binary objects which render the
textual information inaccessible. This valuablentegtual data and clinical

information are also present in other modalities EEG, EMG to name a few.

Currently any complex e-Modality data is represeriig the DV_ENCAPSULATED
or DV_MULTIMEDIA data type in an Archetype which ghown in Figure 4.8. But

all the embedded structured data becomes inacteagiain - at least feasibly.
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encapsulated

DV_ENCAPSULATED
charset[0..1]: CODE_PHRASE
language[0..1]: CODE_PHRASE

size: Integer
thumbnarl 0.1
; DV_MULTIMEDIA DV_PARSABLE
alternate_text[0.1]- String value[1]- String
un[0..1]: DV_URI formalism[1]: String
data[0..1]: Array<Octet> size: Integer

media_type[1]: CODE_PHRASE
compression_algorithm[0..1]: CODE_PHREASE
mtegrity_check[0..1]: Array<Octet>
integrity_check_algorithm[0..1]: CODE_PHRASE

size[1]: Integer

1s_external[1]: Boolean
1s_inline[1]: Boolean
is_compressed[1]: Boolean

has_integrity_check[1]: Boolean

Figure 4.8 The Encapsulated Package which contains data tgpesn-textual data

(openEHR Reference Models, 2007 with permissiomfopenEHR Foundation)

As can be seen, the only meta-data allowed is sfe™ in DV_ENCAPSULATED
class, the attributes of DV_MULTIMEDIA such as "needype". Specific attributes
or a generic attribute to cover modality speciBatiires or accompanying contextual

information such as type of contrast media in dotadical study is not present.

Our novel method enables archetypes to model sichtiens effectively, without
loosing data and without altering the current seinamf openEHR specifications too
much such as creating a data value for each mpdahie details of the methodology

are given as follows:

a) Design an Observation Archetype with the usual datactures and
elements

b) Place the multimedia data including contextual rnfation and
annotations complying with DICOM into DV_MULTIMEDIAlata type
such as "dicom"

c) Create in Multimedia or Encapsulated class a patrarfenction (such as
item ID) mapping to the item of interest within tECOM file (i.e.

frequency, latency, duration etc.). This functionll wget/fetch" the
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corresponding data items and convert them to apjptepopenEHR data
types.
d) Some of the elements in the Archetype may set tladires by calling this

function with an appropriate parameter.

Actually there are similarities with the internaferences or Archetype slots. The
notion of referencing values or structures is ayeimplemented in Archetypes. The
only big difference is "when" this happens: Therently supported referencing is at
"Design/Class" level, meaning it happens beforedhbinstantiation. However in our
approach, a value will never be available beforeh&type instantiates but the

structure and type info will be available.
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Definition
CLUSTER [at1000] occurrences {0..1} cardinality {1..*}
ELEMENT [atl 100] occurrences {0..1}
name = Endoscopic Image Resolution
value = \[at5000]::Getltem (imageResolution) -
ELEMENT [at]200] occurrences {0..1}
name = Endoscopic Image Annonations
value = \[at5000]::Getltem (ImageANNOtations) —if—————————

CLUSTER [at2000] occurrences {0..*} cardinality {0..3}
ELEMENT [at2100] occurrences {1..1}
name = Premedication in endoscopy

value = \[at5000]::Getltemn (premedication)

ELEMENT [at5000] occurrences {0..1}
name = Video Endoscopic Image
value = DV_MULTIMEDIA

Resolution of Image: 800x600 pixels
Annotations: (150,100) Esophageal Web
Clinical Context: 50 mg. Dormicum, HIV -

Figure 4.9 Schematic representation of runtime referencinigtoisic data within
encapsulated files. The sample image in the fighoavs an endoscopic view of human
gastrointestinal tract captured from a videoendpsaturing the case study.

When Archetypes are instantiated, each one load#d different multimedia data,
referencing elements' values can be populatedtljireom the multimedia data they
embrace. A huge benefit we foresee is that a qagaynst the persisted Archetype
data can efficiently search for the structured dapadly by using Archetype structure
as guides. Otherwise either the multimedia file teabe indexed or parsed at runtime
(not efficient and may lead to redundancy) or thdata are entered by the feeder

system (unlikely). A schematic description of thethodology is given in Figure 4.9.
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Since this approach is generic and simple, it @agplied to other modalities without
altering/breaking the overall structure and sencantif openEHR approach. Possible
candidates are electronic ECG files and we antieippany more to come from

biomedical and genomic world.

For an example, it enables an openEHR based appiictp retrieve the resolution
and size (pixel) features of an ordinary image \ilich is not currently supported in
the meta-data part. Also it is very likely that adiplogist might want to instantly
know the slice thickness and parameters like étettpotential and current (kV/mA)
of a computerized tomography scan. None of thesibuwtes are currently supported

and it is not a good idea to hardcode these interjedata types.

4.3.2 A Novel Paradigm: Defining Semantic Equivalence ofrchetypes

When modeling a complex clinical domain with theidgmce of a specific
terminology or domain ontology, there exists a radfariginal structure or hierarchy
of the concepts that describe that domain whicklse called as canonical form. This
is usually the format of the original article, census report (if already defined
formally) or as taken from common practice aftealgsis. In this case, the modeling
work usually follows that hierarchy. However whewdeling a clinical observation,
such as a radiologic study, physical examinatioarmtoscopy, one might encounter a
different hierarchical organization of the concegtiser than the original structure in
routine clinical practice. Consider, for exampleyaaliological study of the chest
where similar types of findings (i.e. solitary nejlare dispersed all around the thorax.
In this case the radiologist might prefer to repbd findings by first describing the
abnormal finding and then report in which locatidhsexists. We can call this a
“finding” oriented hierarchy. In another case whemany abnormal findings are
observed in a single or few locations, this apphnoadght not be practical and the
radiologist may prefer a "site" oriented hierarétwydescribing the results of the study
and for reporting. Here the location is given faisd then observed abnormal findings
are described instead of describing each and dimting first and then giving the
location. So we can safely conclude that diffeneiatdeling hierarchies for a given

domain exist.
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This variation creates problems because differesdats for a single domain might
degrade data processing capability and interodéyabf HIS. However, each model
in fact is a valid representation of that domainclthumans can perfectly understand
and interpret the same way. But the problem is tloatputers can not comprehend
these alternative models and process them. Outi@olwas first to define semantic
equivalence of these alternative models and thénedthe means to represent it and

effectively manage in Archetypes.

We can describe the semantic equivalence by arogndb usual human written
communications. Unconsciously we agree on an akthatords and a grammar to
form sentences to properly understand each othexddition we must also know how
different sentences composed of synonyms or haainfferent grammar have the
same meaning. In domain modeling, the RM can bsidered as the alphabet and the
terms possibly from a known terminology can be giduof as words. In the same
way that one has to put words into a logical otdebe able to form understandable
sentences, the terms in a clinical model need ¥e hacertain organization in order to
represent a clinical concept. Inline with the agglohumans communicate and
understand each other while computers exchange aladh interoperate. When
computers are able to send each other messageamnwépgreed data schema they are
considered to have data level or functional interapility. This is accomplished by
the RM in the Archetypes and multi-level modelingethodology. Semantic
interoperability simply means that each communigatparty not only is able to
exchange data but also understand and interpast ihe same. This is accomplished
by the Archetypes coupled with external domain tealogies which assemble terms
into a proper hierarchy and ensure the meaningpetdrms are interpreted the same
by the receiving party. There are different lewalgachieving semantic interoperability
and the quality of domain terminology and linkotber knowledge sources determine
this level. As humans need to know how differemteeces with different words and
grammar may have the same meaning, computers alsbba provided with some
means to identify models with the same purposenlitht different terms or hierarchy.
Semantic equivalence of domain models means thsikility of having different
computationally usable domain models with differéatms or hierarchy without
breaking the semantics of the domain concepts whaiehreadily transformable to

other equivalent models without any loss.
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There was no notion about semantic equivalence rchétypes in the modeling
methodology. First we have shown that such a pgmadixists and elaborated some
notes towards the definition of semantic equivaderaf Archetypes. Then we
proposed a methodology to validate and effectivelgnage semantic equivalent
Archetypes. An example showing the original MSTréwiehy and the modified model
IS given in Figure 4.10. Then two other alternatimedels which are equivalents of
model two are presented in Figure 4.11. Sample steane provided for ease of
understanding next to the boxes of domain hierartthshould be noted that due to
errors in original MST hierarchy it was not conset as the canonical form in the

modeling work in this study.

N Original MST Findings Hierarchy
\ Endoscopic Observation
\ Heading/
\ Class
\ Lumen
\ Stenosis
Current MST. Findings Hierarchy N Appearance
used in the Study N
Malignant
o Site(s
Endoscopic Observation \ Intrinsic
\ Stomach
Headin Antru
Stenosis \ firum
Lumen A \
ppearance \
N
Stomach Malignant \
Antrum Intrinsic \

N

Figure 4.10The original MST Findings hierarchy and modifieddebused in the study
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Possible/Useful MST Hierarchy (Site Oriented by Heading)

Stomach Antrum

‘ Endoscopic Observation

Heading/
Class

Lumen

Appearance

Malignant
Intrinsic

Possible/Useful MST Hierarchy (Site Oriented by Organ)

‘ Endoscopic Observation

Site(s) Lumen

Appearance

Malignant
Intrinsic

Attribute

Figure 4.11Two alternative models which have semantic equivaego model two

As can be seen, there are four distinct modelsremlity describing the same
endoscopic findings by using same terms but witllifferent structure. Some
alternative expressions of this observation acogrtb the model in comparison with

common clinical language are:

Natural language expression: "Malignant intringipearing stenosis of the lumen at

the stomach antrum”

« Model 1: "Lumen has stenosis having appearancenafgnant intrinsic at
stomach antrum "

¢ Model 2: "Lumen has stenosis in stomach antrumrtaappearance of malignant
intrinsic”

* Model 3: "Lumen at stomach antrum has stenosisngaappearance of malignant
intrinsic”

* Model 4: "At stomach antrum lumen has stenosisrtaappearance of malignant
intrinsic”

A clinician can perfectly understand all expressiabove as semantically equivalent.

However in order for computer systems to interpheise expressions as being the

same and process, they must also share the modkterainology that generate these
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expressions. The importance of semantic equivaleecemes apparent at this point
because even after sharing models, there mustvieyao explicitly define models
describing the same domain. Otherwise we can rexagtee that systems are able to

fully understand each other and have a high lefvigiteroperability.

While the models one and two aim to model endosctipdings and use the very
same terms, they are not semantically equivalemiause they not only differ
significantly structurally but also all expressidnsm both models are not equivalent.
So it was not possible to convert between the twamats without using human
reasoning and clinical expertise. However modeleehand four are semantic
equivalents of model two. The simple reason is thase three models are in fact
different views of the same clinical observatiomdi€ommonly in clinical practice.
And computationally it is possible to convert datam one model into the others: the
same terms are used and none is left unused, arghthe constraints can be applied
such as existences, occurrences and cardinalf@sever although the same terms
are used in model one, the constraints for defirgamantics are incompatible. An
example is the inability to express mutual exclifgior conditional existence of terms
and attributes in model one. Another problem ocawith linking of the site to
attribute values; there are many terms withoutbattes but definitely a need to have
site information. All these points are possible éxpress in other models.
Unfortunately there is no single rule to detect aetic equivalence but we have
identified some important points for semantic eglémce in addition to expert

opinion which are listed below.

Notes towards the Definition of Semantic Equivalenof Clinical Domain
Models

1. Models with different hierarchies usually consttadternative views for different
purposes and can be said to have certain axes.aWeitientified a mono-axial
semantic equivalence in the study; that is only omecept in the hierarchy can
change its position at a time without breaking sleenantics of the expression.
Showing existence of dual or even multi-axial caseswhich two or more
concepts change positions at the same time migatdood future study.

2. In this study the semantic equivalence shown in M#®0els have the same terms

but different hierarchy. We believe that semantguiealence may also be
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established by using different (but similar) terwitsich happen in natural human
discourse.

3. Concepts that can interchange always have an Ehtityoute relationship. In our
model this is the Term-Site(s) and Heading-Sitegtionship where Site(s) is an
attribute of the Term which then this relationshgverses. Site(s) may also
become an entity for Heading.

4. These transposing elements are mostly real-worlitieen that can exist by
themselves; such as anatomic locations, time iaterer certain events like high
blood glucose levels. They do interchange with iothal-world entities.

5. A strong feature of these attributes is that thegompany all the entities in the
model; nearly all the terms in our model have amitdocation attributes (Site).
In places where this attribute is not present inTM$S not because it does not
apply for a particular term but because it is aslibby all to have a certain value
such as Hiatus Hernia of the esophagus in whichHabation is implied in the
name of the term. So attributes which apply for maofsthe entities can be
considered to form an axis to the model and arel gandidates for transposition.

6. Adjacent concepts in the hierarchy are more likelychange positions. In our

modelSite, which is an attribute dferm and adjacent to it.

Considering above notes about achieving semantivaignce, the position of Site(s)
after Attribute Value violates points three througik compared with other models.
Consider the following small part of MST Findingw fEsophagus in Box 4.6 and a

possible expression:

Mucosal sclerosis Type Spontaneous Site(s)
Post-therapy
Extent Localised
Patchy
Diffuse Site(s)

Box 4.6 MST Findings for Esophagus depicting list of ternmagtributes and values for

describing abnormal finding mucosal sclerosis

As we had mentioned before, linking Site(s) to ilagtie values results in
inconsistencies as shown in above situation. Whdan be inferred that the Site(s) in
the first attribute can be applied to both attrébwalues, it is linked to the third
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attribute value in the second attribute. It is cletar whether Site(s) is not needed for

the first and second attribute values so it isttefhterpretation of clinical experts.

While perfectly valid expressions can be built adogg to the model, meaningless

expressions are also possible such as:

"Mucosal sclerosis having spontaneous type at raithitd of esophagus and having

diffuse extent at cardia, lower-third and anastorsos

This expression does not make sense because sharsingle finding and it can not
occur in different locations for each attributeuealIn other words, for each observed
term the attributes of that term has to define it@stly a single observation. It

should also be noted that it is not stipulated Wwaeattributes are mandatory or not.

Even though the first model is not computationalbeful, it is still a model that helps
clinicians by establishing a common language. Dudistorted expressive power and
potential inconsistencies in the data collectedcame comfortably say that it does not

conform to semantic equivalence which we descrére.h

In summary, different models may exist for a paitic domain some of them with the
same meaning. Depending on different people, pegosconsequences of
observations and findings, these alternative moohght be used. However in order
for computers to interpret these models as sameirdadrate and consolidate data
collected, semantic equivalence has to be defimet farmally represented in the

model.

For validation of semantic equivalence, the contpwsl knowledge within UMLS;
specifically the canonical model of SNOMED might b®ed to test equivalence of
expressions derived from alternative models. is iethod the Archetype paths and
links to SNOMED concepts for each node in the caranArchetype model will
produce a canonical form based on the SNOMED hakyarAnd then semantic
equivalence of candidate models can be tested &gkuoly if they comply with that
form. While complete matching of models with thiethrod guarantees semantic
equivalence, non-matching models might still be astically equivalent (SNOMED-

Transforming Expressions to Normal Forms, 2006).

The author is aware that the stipulations abovenaloconstitute a strictly formal
definition of semantic equivalence of archetypelisTis because the representative

power of these models has been based on natugaldges, which, as known very
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well, defy formal semantic processing. The problei semantic equivalence,
however, has long been a significant issue, astiited here, and enhancing the

modeling methodology to cater for it is considet@tie a major necessity.

Our solution consists of first discovering altermatdomain models and manual
identification of semantic equivalence then foll@wvby Archetype modeling. The
solution also provides methods to effectively mantdgese Archetype models. These
methods will enable transformation of semanticelipivalent Archetype models and
also aid in data integration and consolidation. Weild like to point out to the fact
that semantic equivalence is not a formal equivadenf Archetype domain models
where in addition to vocabulary and semantics, amsitipnal knowledge within the
model and its information models should also beraito account. In other words
the extra knowledge provided such as existencajroace, cardinalities and rules
defined in invariant sections such as conditioxétence and also information model
types and classes has to be equivalent which iffieutt task and will be considered

as future research.

Archetype Modeling of Semantically Equivalent DonmaModels

There are two basic approaches: either to desigeparate Archetype for each
alternative or find a means to represent all aitives within a single Archetype. In
the former approach, each and every Archetype needserence others. But there is
a potential shortcoming. Alteration of one Archetypay break semantic equivalence
and problems with data integrity and system interapility might follow. The latter
approach is safer and, although harder to implenveat our preference in the study.
Here there is only one Archetype which includes mseto extract any of the
equivalent Archetypes from the original one. Thecessitates addition of a new
section in ADL to define the methods which includensposition rules and element
identifiers. The single Archetype will be designedcording to the canonical
hierarchy, but concepts that can have alternatbsitipns need to be declared in that

section.

This approach should also ensure keeping the sameqtivalence intact during

specialization of an Archetype.
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Creating the optional "Equivalence" Section in Araktypes

The proposed new section is presented in Box 4.7.

archetype (adl_version=1.4)
openEHR-EHR-ITEM_TREE.MST_Colon.v2
concept
[at0000] -- MST Findings for Colon
language:language description
description: archetype meta-data

equivalence new section for declaring semantic equivalencarchetypes

definition: main archetype content
ontology: terms, constraints and bindings

Box 4.7The new optional section in Archetypes for semagdjaivalence

The details of the new section is presented in 88x

equivalence

<1>
different_terms = <True/False>

name = <"Site oriented MST findings model underdiegs">

purpose = <"To provide an anatomic site orienteglwdf MST findings for eack

Heading">
source_entity = <Archetype path of relocating gntit
target_position = <Archetype path of new position>

target_occurrences = <"{1..*}">
<2>

different_terms = <True/False>
different_hierarchy = <True/False>
name = <"Site oriented MST findings model for whotgan">

purpose = <"To provide an anatomic site orienteglwdf MST findings for eack

organ">
source_entity = <Archetype path of relocating gntit
target_position = <Archetype path of new positiendl>

target_occurrences = <"{1..*}">

Box 4.8Details of the new equivalence section
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First item lists the first Archetype features aretldres positions for transposition.

Sub-items are:

different_terms: is a Boolean value whether terms other that tiginal Archetype

are used
name a string consisting of a friendly name for thetigalar equivalent Archetype
purpose a string consisting of a short explanation of plepose

source_entity the absolute Archetype internal path of the rafiog entity (i.e.

anatomic site)

target_position: the absolute Archetype internal path of new pamsfs) under which

the relocating entity will be placed

target_occurrences a string value for overriding occurrences of réd entity of

attribute type

The relocating entity might be positioned at eitaeingle or a set of locations within
the Archetype hierarchy. These locations can bécthkeh manually by writing paths
separated by commas or by using a wildcard charsxteopy relocating entity to all

positions below that level. The details are ex@dim Box 4.9.

target_position = </items [at1000]> -- Single ijpos under this level

target_position = </items [at1000], /items [at2GO0}- Multiple positions under this

level
target_position = </items [*]> -- All positionsder this level

target_position = </> -- Top level position(s)tire hierarchy

Box 4.9Explanation of target position definition in equisace subsection

Handling of Different Terms in Semantic Equivaler&rchetypes

If different terms are used in the equivalent arghes, then new terms with same
local Archetype terminology identifiers [atXXXX] bao be declared in the ontology

section. We propose that each alternative termlIdhioe declared in the ontology
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section together with the original term. The eql@mé Archetype identification
number has to be provided for each alternative .ténnocases where the same term is
used in both archetypes then there is no needxfaa declaration. An example from
openEHR-EHR-ITEM_TREE.MST_Colon.v2 Archetype isegivin Box 4.10. Hence

an Archetype parser will be able to select cortechs during transformation.

["at1200"] = <
description = <"TERM: Stenosis">
text = <"Stenosis">
description(1) = <"TERM: Narrowing in the lumen">
text(1) = <"Narrowing">

>

['at1210"] =<
description = <"Attribute: Appearance">
text = <"Appearance">

>

Box 4.10An example for declaration of different terms iclagtype ontology section

Here in ['at1200"] the first description withoutyaidentifier belongs to the original
Archetype. The following alternative term declareith text in italics has equivalent
Archetype identification number in parenthesis.[lat1210"] there is only single

declaration which means both Archetypes will usaesgerm.

Transposition of Entities and Deriving Semanticalfyquivalent Archetypes
The method for transposition of entities is desatias follows:

1) Check theequivalencesection

2) If equivalent Archetypes exist then get the dieta the first Archetype

3) Cut the entity from its original position de@drinsource_entity

4) Paste it to the position(s) giventarget_position according to the definition. If it
is placed in multiple positions then use interngfierences to first entity at other

positions.
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5) Clear all internal references to the originditgrif any (use_node references)

6) Check CLUSTERs and delete “items” attributetind more contains any child

nodes (after removal of internal references)

7) Check whether different terms are used in thavedent Archetype by assessing
different_terms. If different terms are present then fetch appetdprterms from the

ontology section using the identification numbetted equivalent Archetype

8) Continue with the next equivalent Archetypenfand start again.

All semantic equivalent Archetypes can be derivexnfthe original Archetype by
using this method. It is also useful to convert armhsolidate data collected

conforming to each equivalent Archetype.

There are certain questions to be answered in idgfisemantic equivalence of
different Archetype domain models. Since the deiteation of semantic equivalence
needs to have an expert opinion, it is possiblbeae disagreement among different
experts even though computationally these modelseadily transformable. It should
be noted that Archetype development usually isqoereéd by a panel of domain

experts, a consensus may be reached easily. Celywérss also possible that some
models to have semantic equivalence even thoughaidoaxperts reject. Currently as
we propose, the definite decision of semantic exjance is subjective. However,
future research on this issue may yield formal mes$hof defining semantic

equivalence. Currently we can only demonstrateetkistence of this paradigm and

propose some guidelines to discover them.

4.3.3 Extending openEHR Reference Model (RM)

Introduction of “Flavors of Null” for Missing Data into Top Level RM
Structures

In clinical medicine, when describing a clinicabrst, the first step is to depict if
certain information is present or not. As an exanpluring patient history taking,
when a physician asks if patient is smoking, thie@me might essentially be positive,

negative or no information. Flavours of Null codiigasons of missing data such as:
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not asked, patient not able to answer, patientalanswer, doctor has forgotten and
so on. When modeling this concept, “Smoking” itenil voe represented by a

container structure: CLUSTER in openEHR or abst@ass in Object Oriented

formalism. Then further attributes such as quartitgw many cigarettes per day),
duration (since when) will be represented by leafas: ELEMENT in openEHR (See
Box 4.11).

CLUSTER [at1000] occurrences matches {0..1} matches {  -- Smoking (Container Structure)
items cardinality matches {0..*; ordered} ntage {
ELEMENT [at1100] occurrences matchespPmatches { -- Quantity of smoking (Leaf Node)

value matches {*}

null_flavour matches {CODED_TEXT mia¢s -- Reason for missing data
code matches {
[openehr::
271, --No information
272, --Unknown
273, -Masked
274] -Not applicable

ELEMENT [at1200] occurrences matches}¥pmatches { -- Duration of smoking (Leaf Node)

value matches {*}

null_flavour {0..1}

Box 4.11Introduction of Flavours of Null to container sttues

As can be seen it was not possible to record reasiomissing data about the top level
structure such as the reason for having no datatabnoking which is extremely
important in clinical medicine in the above examglae only indirect solution is to
introduce a new attribute (ELEMENT node in openEHRpicting the presence of
each container structure and use its “value” andl “flavour” attributes to record this

vital information.

Our solution for this problem is to introducenall_flavour attribute into container
structures such as CLUSTER (Figure 4.12). Othenathges of this solution might

include:

* Reducing size, increasing manageability and unaledsibility of (big)
Archetypes,

« During querying of leaf-nodes in a huge repositding search algorithm can

first check parent nodes' presence and then condity go down to leaf-
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nodes. If a whole branch is null from the top, thieere is no need to search

for lower levels and the performance might be enhdn

* The control of adherence to standards will be kdfin the standardization

body because the decision of how to implement thblpm will not be left to

the third parties.

representation

ITEM

items

CLUSTER ELEMENT

null_flavor[0..1]: null_flavor[0..1]:
DV _CODED TEXT DV _CODED TEXT

1s_null: Boolean is_null: Boolean

value

0..1

Figure 4.12Introduction of null_flavour to CLUSTER

Relaxing the Optionality of “items” attribute of CUSTER Data Structure

The CLUSTER data structure in openEHR has “itentsfhaite which contains child
nodes that may be ELEMENTS or other CLUSTERSs. InM$chetype modeling, we
have confronted situations where we had to use lenvels of nested nodes. For
example HEADING (Lumen) > TERM (Stenosis) > ATTRIBB (Length) and
SITE(S). The leaf nodes are naturally ELEMENTs witlues. But the upper level
nodes must be of CLUSTER type. When CLUSTERs docootain any child nodes

by design or deleted during a semantic equivalemaesformation operation the

mandatory attribute should be optional. We havenghkd the multiplicity of this

attribute from {1} to {0..1} in order to accomplisbur task.
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4.3.4 Structural Archetypes

There exist complex medical concepts where thectstrel is highly nested with
similar repeating context-free components. An exXanifppm MST findings is the
upper gastrointestinal examination, an OBSERVATI®fdhetype, which consists of
findings from three different organs: esophagusmsich and duodenum. The
straightforward way of modeling this examinatiorfitst modeling findings for each
organ as separate Archetypes to avoid redundansgras findings of organs are also
used in other examination types. It is possiblechain Archetypes together via
allowing Archetypes to be consumed by others. Tleehanism works by providing
external references. Thus a parent Archetype fax tipper gastrointestinal
examination is constructed which reference theseethorgan based findings

Archetypes.

An Archetype should contain sufficient contextuatadfor human comprehension and
also for correct interpretation in computerizedteys. This is accomplished by
having a number of contextual information withire tArchetype such as state and
protocol information of a clinical observation. Whimodeling the findings of upper
gastrointestinal examination, the findings from reaxf the three organs are also
OBSERVATION type Archetypes each having their ovamtextual information and
also mandatory RM classes like HISTORY, EVENT cagrfiom EHR RM. However
when an Archetype is referencing other Archetypewiry same contextual
information, the necessity of repeating this infation and the possibility of having

differences does not make sense and violate d&igrity.

We propose that such contextual information shoadly exist in the top level
archetype and the archetypes being referenceddhbeutree of them. Our solution to
this problem is introduction of structural Archedg which are devoid of all
contextual meta-data or some of the mandatory Ridsels. These Archetypes contain
only the necessary data structures and values dorath modeling; for example
instead of starting with the general type of thehfstype (i.e. OBSERVATION or
EVALUATION) and accompanying mandatory RM classashsas HISTORY, they
start with top level data structures which depibether it is a tree or list of a simple
value. Valid structural archetypes can be compadetfEM_TREE, ITEM_LIST,
ITEM_SINGLE, ITEM_TABLE and also a container stuet CLUSTER which are
defined in openEHR Data Structures RM (openEHR Ref= Models, 2007) as
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shown in Figure 4.13. Then these structural Arghesycan be used as reusable

components in building formal clinical Archetypes.

litem_structure

ITEM STRUCTURE

ITEM_TREE ITEM_LIST ITEM_SINGLE | |ITEM_TABLE

. [representation|
items | # items |4 1] item rows, | %

ITEM ELEMENT CLUSTER

Figure 4.13Valid data structures to be used in structural Atgpes

By using structural Archetypes of type ITEM_TREEe tmodeling of MST Findings
was possible which is represented in Figure 4.1g&teHhe single examination type
(involving one or multiple organs) is modeled by@BSERVATION Archetype and

the individual organ based findings are represeasestructural Archetypes.
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(OBSERVATION) MST-Finding

-Organ
-Overall Finding

-Images/Video
(ITEM_TREE) MST-Colon (ITEM_TREE) MST-Papilla Major
) -Normal
Normal | 1 Abnormal Output or Content
-Lumen (ITEM_TREE) MST-Esophagus (ITEM_TREE) MST-Duodenum Abi
_Contents -Abnormal Appearance
N Normal -Normal
-Flat Ies!ons B FLumen -Lumen
-Protruding Iesl_ons -Contents -Contents
-Excavated lesions [-Flat lesions -Flat lesions
FProtruding Iesi_ons -Protruding Iesi_ons (ITEM_TREE) MST-Papilla Minor
FExcavated lesions -Excavated lesions
-Normal
Ab | Output or Content
-Abnormal Appearance
(ITEM_TREE) MST-Stomach

-Normal
-Lumen
o s (ITEM_TREE) MST-Pancreas
-Protruding lesions |___[Normal

-Excavated lesions Al

(ITEM_TREE) MST-Biliary System
-Normal

Figure 4.14The use of structural Archetypes in modeling of MSiidings

4.3.5 Archetype Modeling of MST

For complex observations such as endoscopy theremany ways of describing
findings; such as for a colonoscopy examinationmight start by first describing the
site of the organ, general class of lesion, typkesibn, attributes of this type of lesion
and their values. However, the following approactvpd to be a better one due to the
fact that the organs visualized during endoscopynawstly hollow and long and same
lesions generally tend to involve more than one. Siherefore describing findings in
the hierarchy of general class of lesion, typeesidn, attributes and anatomic sites
this lesion was observed is obviously easier andkgu for the user. There was also
another major design decision which altered notcthr@ent but structure of the MST.
During an endoscopic examination in addition toesbations physicians may also
perform some diagnostic or therapeutic procedwsesh as stone removal or polyp
excision. This was linked directly to the Site stvad been quite difficult and most
possibly not useful at all to implement in reseapmfototype software model.

Therefore it was separately modeled from the figgias shown in Figure 4.15
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Original MST Hierarchy

Malignant Appearing
‘ Endoscopic Observation }7 Stenosis of the Antrum
of the Stomach

Stenosis
Attribute

Appearance /

. Malignant
Intrinsic
[ervention | {0
Antrum
Biopsy
Cold

Modified MST Hierarchy

Malignant Appearing
Endoscopic Observation }; Stenosis of the Antrum of

the Stomach

Stenosis
Lumen
Term
" Malignant
Attribute Intrinsic
Stomach Appearance /
Antrum
. j Cold Biopsy at the
Endoscopic Intervention Antrum of the
Stomach
;
iopsy
Diagnostic /
Procedures Term
/ Cold
Stomach Method
Antrum

Figure 4.15The original and modified structure of MST in thady

ontology
primary language = <"en'"s:
languages_available = <"en",

term definitions = <
[llenll] = <
items = <

["atooOo0O"] = <

|Itrl|>
terminologies available = <"MTHMSTZ2001",

"SNOMED CT"=>

description = <"MST Findings for Colcon in lower GIS endoscopy":
text = <"MST Findings for Colon"s

=
["at0003"] = <

description = <"the name of TREE Structure"s

text =
>
["atQ0o05"] = <
description =
text = <"NORMAL"=>
>
["at0l00"] = <

<"Colon"=

<"HEADING: NORMAL":=

description = <"TERM: Normal"s

text = <"Normal"=

>

["at0l10"] = <
description = <"Site(s)
text = <"Site(s)">

=1

["at0l1ll"] = <
description = <"Colon:
text = <"Anus"x>

for Colon"=

Site">
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["tr"] = <
items = =
["at00oo"] = <
description = <"Alt GIS Endoskopisinde Koleon igin MST Bulgulari"s
text = <"Kolon igin MST Bulgulari"=

=
["at0003"] = <
description = <"TREE Yapisinin Ismi"=
text = <"Kolon"=
=
["at0005"] = <
description = <"BASLIK: NORMAL":=
text = <"NORMAL":=
=
["at0lo0"] = <
degcription = <"TERIM: Normal"=
text = <"Normal"=

=

["at0llo"] = <
description = <"Kolon igin Bélge(ler) "=
text = <"B&lge (ler) "=

>

a = <

["ato111"]
description = <"Kolen: Bdlge'"s
text = <"RAnis"=

=

Box 4.12The English and Turkish definitions of MST ColonchAetype

After modeling the main organs which are colonpbsgus, stomach and duodenum
according to MST structure and using English terths, Turkish terms were also

added as a second language in the ontology sedtiog.enabled the dual-language
representation of the model shown in Box 4.12 whwdhbring about multilinguality

in HIS and also establish language independencelleicted data across borders.

In the study term bindings to UMLS Metathesaurusioe of MST (MTHMST2001)
as described by Tringali, Hole, and Srinivasan B2O8NOMED (2007) and UMLS
(2007) were performed. This will be extremely imaot for linking of collected data

with medical knowledge sources.

As we had stressed throughout the thesis, oneraf@als was to develop HIS that is
easy and feasible to maintain. Since MST Archetyelel provides the means to
extend the terms and the structure of the domaidein@ithout breaking the original

semantics by specialization, it will be possibleetdend MST for future needs by
domain experts using high level tools. This extemss more than likely because as
the name implies it is a minimal list of terms tsdribe endoscopic findings and that
many users will extend for their local use. Arclpetynodeling will not only enable

extension of MST but also preserve the original MBilis seamlessly provide data
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consolidation and interoperability. This will clgareduce the time and effort during
maintenance of MST based HIS. A graphical overvadwesulting MST Archetype
Model is given in Figure 4.15.

4.3.6 Validation of the MST Archetype Model

All MST terms and structure has been modeled bgguspenEHR Archetypes and
Multi-level Modeling methodology. The extended M8&ikrarchy has been preferred
during modeling and it has been demonstrated toptzigly cover the original MST
structure and semantics.

More technically the resulting Archetypes that ammponents of the top level
endoscopic record composition were tested by ushey openEHR Archetype
Workbench which complies with ADL and also utiliza&gpropriate Reference Model
classes to formally validate the syntax of Arches/pThe Archetype Workbench also
validates the ontology section of Archetypes whiohtain MST terms and links to
external knowledge sources. All of MST Archetypasdibeen successfully validated

by using this tool.

Further validation studies may be conducted aftgniémentation of a gastrointestinal
endoscopy HIS by using MST Archetypes and multelewodeling and development

methods which are mentioned in Chapter 5 as fuiume:
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CHAPTER 5

CONCLUSIONS

In this study we have identified the separatiordofmain knowledge from software
code as the primary approach for alleviating diffies in HIS development related
with affordability/feasibility, usability, maintaability, longevity and interoperability.
In current practice, the domain knowledge for atipalar medical field is directly
hard-coded into software code, user interfacesdatabase schema. When functional
requirements change due to changing or emergingathomoncepts, the full
development cycle starts again which leads to problof high cost of development
and maintenance, late delivery and degraded usahilie to latency in the
incorporation of user feedback. Consequently tlespan of the HIS is also shortened
as maintenance costs override cost of new HIS dpe@nt. Classical methods which
prove to be successful in other areas unfortun&dllghort in the healthcare area due
to the size, complexity and high variability of nal practice. Interoperability also
becomes extremely difficult to achieve with suckelepment methods because as the
requirements change it is hard to keep the strecnd semantics of HIS in control.

Therefore it was evident that we needed efficieathods to handle these problems.

Gastrointestinal endoscopy has been selected asdtigal domain in the study. It is
a small and manageable domain where very good tdvadmmon medical language
has already been reached. MST which is the offigaminology Worldwide is

available in many languages including Turkish. M®X only contains domain terms
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but also depicts a sufficient level of domain stunoe which would help us for

conducting our research.

We have developed a research prototype applicaB&ETROS, based on MST to
capture initial requirements and also to get usedlback for better usability. It turned
out to be extremely useful for this purpose anghéetifor detection of problems with
MST and also extension. Before proceeding to thx¢ please of the research, we have
conducted a validation study on the coverage andmance of MST by endoscopists.
Large set of data were collected during three yaatsanalyzed. The positive results

encouraged us to proceed.

After an extensive literature survey, we have eaa@d a number of modeling
methodologies. openEHR Archetypes and Dual-Level Muti-Level Modeling
methodology has been selected as the fundamertdas fof this study. The true
separation of data, information and knowledge whiledeling HIS is a paradigm
shift. Common information items and some domainwkedge unlikely to change
constitute the reference model (RM). All the datdlected and processed by the
resulting HIS are instances of this RM so a dedailata model is not needed; just a
simple generic schema is sufficient. One big nagplect in openEHR methodology is
the modeling of highly volatile domain knowledge &yormalism called Archetypes.
Domain experts may use high level tools (i.e. Atgpe editors) to glue together RM
items to assemble valid clinical concepts to beduse the HIS, either in the
application logic or presentation layers. Archetypedeling of volatile domain
knowledge by domain experts which drives the furctand appearance of HIS is a
paradigm shift and it is proposed to decrease disg effort and time to build HIS. It
may also significantly improve maintainability atitdus provide a longer life to the
HIS. Because all Archetype domain models use thesar a compatible RM and all
data are instances of this RM, a high level ofrimperability can be reached. We can
now safely conclude that openEHR approach provefédient methods to reach our

research goals.

We then started with modeling of MST, we have dett@nd reported a number of
problems and corrected them. We also extended tbdeling methodology by

introducing novel concepts and methods. This stadyvel because we have used a
methodology which was developed for a differentaateHR, and applied the same

methodology in another area - modeling and devetopirof a specialized HIS.
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Finally we have modeled the whole endoscopic exatian defined by MST and also
our extensions. While building the model we havestutted domain experts and
collected key knowledge about MST concepts suctexastence, cardinality and
occurrences, and also their interrelations (i.e.tuaduexclusivity or conditional
existence). This should enable full computer prsices capability for both HIS
development and also in data processing. By tlosgqss, MST which is a medical

terminology system has now become a formal medictdlogy.

5.1 Contributions of the Study

It should be noted that this study is an intergiscary one covering both IS and

Medical domains so contributions have been attetniptéoth domains.

5.1.1 Development of a Research Prototype Application (GETROS)

For the purpose of validating MST and having a samexperience with the research
domain we have decided to develop a prototype egisin based on MST terms and
structure for reporting endoscopy examinationseaiged in a real clinical setting. It
was an invaluable tool for further refining initiséquirements to build a usable
gastrointestinal endoscopy information system anovided us with insight for

conducting further stages of the study.

We had to modify the original hierarchy prescribedMST so as to design more
intuitive and user-friendly data entry forms andsimence layer. It was evident that
the physicians preferred our novel modeling stiateger original MST one as

GASTROS has been used exclusively at the unit duha research period.

MST model and other extra information were directlgdeled into application code,
graphical user interface (GUI) and database sché&ima.approach turned out to be
extremely problematic during development and esgflgcin maintenance phase
because the functional requirements arising fromado concepts were on constant
change. Therefore it has shown us what shouldn'dbee when designing and
implementing such systems from a technical poinwieftv (i.e. embedding highly

complex clinical model into software code and dasgbschema).
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5.1.2 MST Related Contributions

During analysis of MST, substantial amount of peol related with content were
detected which were mostly semantic errors. Fomgia some attribute values were
not appropriate for the attributes or at some @adeibutes defining the position of a
term were wrongly placed in the MST hierarchy. Eh&srors were corrected by

consulting to domain experts.

The most prominent problem with MST was relatechvifs structure. The depicted
hierarchy for describing findings was neither ajppiate nor capable of correctly
expressing all findings. Also the content of MST diot follow this hierarchy at all
times. So we had to modify the hierarchy by figdttsng the endoscopic observation
and interventions and then linked the specialtatté for anatomic sites directly to

terms describing findings and interventions.

After the installation of the research prototypéhat endoscopy unit, some extensions
to MST content were made. These include additiones¥ anatomic sites, new terms,
attributes and attribute values for describing ifigd and interventions and also a

whole new section which was not present in MST teefo

We have decided to first test the practical usgbdnd acceptance of MST before
proceeding further with the study. The experienaened during initial period of

prototype usage encouraged us to collect more dath perform a large scale
validation study. After three years of uninterruptere usage, the data collected by
the research prototype were analyzed in accordartbeprevious validation studies

and has been validated formally. This validationdgtis the first one to evaluate
second version of MST in literature and the resulticate a clear improvement over

previous version.

5.1.3 Modeling Methodology Related Contributions

The modeling of a clinical domain with openEHR lafiyainvolves selection of an
appropriate reference model and then modeling thmmath knowledge by a novel
knowledge representation formalism called Archesypehe Archetypes are defined

by a formal language called Archetype Definitiombaage (ADL). RM classes are
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used as building blocks to assemble domain terndssémicture into valid clinical

concepts. Links to external knowledge sources tsmlze declared.

It should be noted that this modeling methodologs \guite new at the beginning of
our modeling work and the studies based on it wewstly experimental. During the
MST Archetype modeling process, we have encountses@ral problems and also
did some extensions. After communication with tipe@EHR community, some of

our contributions have been incorporated into trenél specifications.

Extensions to openEHR Archetype Definition Langua¢&DL)

We have identified a problem in ordering of clidicancepts in the ADL parsing rules
when internal references (use_node) are used itaioen attributes. This problem
became apparent while modeling MST Findings witmynehildren nodes including
internal references. The precise order of varicaden containing elements, complex

types and other internal references could not be se

It was not possible to constrain the occurrencemtefnal references (use_node) at
referenced point. So we have introduced a new rdefioo further constraining
occurrences of internal references at referencowation. The method overrides
original “occurrence$property of reference items at referencing lawafs). This has

enabled defining the semantics for occurrencesi@nrial references correctly.

Another contribution was to extend Archetype metad@ include bibliographic
information and other knowledge sources’ referenBewce the Archetypes are strong
candidates for sharing of information and knowledgeclinical medicine, it is
essential that they have references to existindigheal and online sources. We have
extended the ADL metadata to include an extensh@lraphic section consisting of
information items common to all kinds of knowledgmurces (such as articles, books,
patents, online repositories, clinical guidelinesl 8o on). By this extension it is now
possible to provide users with recent and relepaiblished papers about a particular

subject in the Archetype.

Archetype Ontology Section has been extended $o &$erence terms directly to the
National Library of Medicine Unified Medical Langge System (UMLS) which is a
gateway to internationally significant knowledge usmes; such as coding,

classification and terminology systems, medicablmgies, clinical repositories and
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even some software system’s databases (Lindbe®@)1%he problem was it was not
possible to reference to correct UMLS terms in Atgpe ontology section. Our
extension includes storing both CUI and Term UMBT Archetypes in appropriate

subsections in the ontology section.

Another contribution includes a methodological agmh to model domain concepts
with encapsulated non-textual data such as X-ragiraple photographic images. In
current HIS implementations usually the textual andltimedia part of report is
handled separately and the non-textual part of eaion data is simply stored as
binary objects which render the structured textuaflormation within them
inaccessible. In openEHR this kind of encapsuldtdd are represented by the generic
DV_ENCAPSULATED or DV_MULTIMEDIA data types in Anrahetype which
makes access to embedded structured data verguftifif not impossible. Our
methodology consists of introducing dynamic runtireéerences from the definition
section of Archetypes to the encapsulated datalwbantains parsable structured
textual data. Our novel approach enables Archetyjpesnodel such situations
effectively, without loosing data and without ailtgy the current semantics of

openEHR specifications too much.

Extensions to openEHR Reference Model (RM)

In clinical medicine, recording reasons of missttaga such as not asked, patient not
able to answer, patient do not answer, doctor loagoften and so on are also
important for clinical decision making. openEHR Ridntains “Flavors of Null” to
represent this in leaf nodes but it was still nosgble to record reasons of missing
data about top level structures. We have introdde&d/ors of Null” for missing data
into top level RM structures. The advantages o thethod include reducing size,
improving manageability and increasing understaitithalof Archetypes, efficient
querying of leaf-nodes in a huge repository, anttebeadherence to standards by

confining implementation strategy within the stamfitzation body.

We have also relaxed the optionality of “items'riatite of CLUSTER in openEHR
Data Structures RM. It is now possible to have telsswithout any child nodes but
yet still able to have Null_Flavor value to cheadlridg runtime for presence of a
value without further specifying an ELEMENT Classedy for this purpose. This is
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also important in semantic equivalence during fi@ansation of equivalent

Archetypes when no child nodes are left due totaelef internal references.

Creation of Structural Archetypes

It is possible to chain Archetypes together viawihg Archetypes to be consumed by
others. The mechanism works by providing extere&trences. However when an
Archetype is referencing other Archetypes havingiesazontextual information, the
necessity of repeating this information and thespmlgty of having differences does
not make any sense and it may even violate da&gnity. In our approach such
contextual information only exists in the top leuwkichetype and the so called
structural Archetypes being referenced only prowige needed subparts. Structural
Archetypes are devoid of all contextual informatemmd some of the mandatory RM
classes. These Archetypes contain only the negesdsaa structures and values for

domain modeling.

5.1.4 Defined Semantic Equivalence of Archetype Models

When dealing with complex domains, modelers usufdliow the natural/original
structure or hierarchy of domain concepts. Thisugsially the format of original
article, consensus report or as taken from commmagtipe. However alternative
models describing the same domain might be possilte at times necessary. We
have discovered that different models might repretige same domain and thus can

be considered to have “semantic equivalence”.

In openEHR there was no notion about this paradi@uor. solution consists of first

discovering alternative domain models, manual ifleation of semantic equivalence
and then followed by a novel Archetype modelinghefse domains. The solution also
provides methods to effectively manage these Aygeetnodels. These methods will
enable transformation of semantically equivalenth®&type models and also aid in

data integration and consolidation
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5.1.5MST Archetype Modeling

This is the last and most important part of thedgiuNVe are convinced that our
approach, after making significant contributions loth MST and modeling
methodology, is capable of reaching the objective goals of the study. As the proof
of acceptance of our modeling strategy the int&8T-Colon archetype model has

been published electronically by the openEHR spciet

The modeling task consisted of first mapping MSé@r&ichy onto existing openEHR
EHR RM and then deciding on appropriate data sirest types and also some
auxiliary models like support and common RM. Thgangart of MST is composed
of endoscopic findings which were modeled as alsir@bservation Archetype.
Findings for each organ according to the examinaiipe were modeled by Structural
Archetypes all of which are embraced by the togll@bservation Archetype. MST
diagnoses were modeled by Evaluation Archetypes, T M8terventions by
Intervention Archetypes and all the remaining MS3rtg by Action Archetypes.
Finally all these Archetypes constituting partsMBT were collected under a single
Composition Archetype which defined a whole valiescopic examination that can

be used to represent a formal clinical report.

After modeling of the findings for different organsing English terms, the Turkish
terms were also added as a second language imtbke@y section. This is important
for enabling multilinguality in HIS and also estsbhes language independence of
collected data. Term bindings to UMLS and SNOMED-G&re also performed

which is important for linking of collected datattvimedical knowledge sources.

Our goals included better maintainability and iopmrability of endoscopic HIS and
we strongly believe these goals can be reachech®yMST Archetype model. It

provides the means to extend the terms and thetsteuof the domain model so it is
possible to extend MST for future needs by domajeds. Archetype modeling not
only enables extension of MST but also preservestlginal semantics by a method
called Archetype specialization, thus it will ermbtasy data consolidation and
interoperability. Now that the software will be bdson more stable requirements, it

would be expected to require less effort and ressuio develop and maintain HIS.

One important point related with modeling we wamtetmphasize is that our novel
MST Archetype model differs from existing studiesedto the fact that a whole

clinical domain is modeled here in contrast witheststudies where only particular

143



concepts are modeled. In other words the modeliathodology had been designed
for the purpose of establishing a standard lifetlEhR for a single individual but we
have extended it to be able to model a complexicdindomain in which the
developed HIS can operate by itself and may aa &eder system to the EHR if
available. It was extremely important to demonstrttat the RM and Archetype

modeling methodology was capable of meeting thelsieéour research.

5.2 Auto-critique and Future Work

To reach the objective of the study we have sairaber of goals and conducted our
research accordingly. All specific goals of thedstlisted in Section 1.2 have been
reached. Validation of the MST and also refining ioftial requirements for
development of an endoscopic HIS were performethbyresearch prototype which
was an important step. However it took much maretand effort to reach this stage
than we have anticipated. In addition the modehmgthodology we have selected,
openEHR Archetype domain modeling, turned out toséey immature to meet the
needs of our modeling task at the time we hadestdrt year 2003. Therefore it was
not possible to develop the next-generation engwscHlIS by using Multi-level
Modeling technique and MST archetypes. However ntend to accomplish this as
further research. We came to the conclusion that fur objective was over-
ambitious and the goals were difficult to reachthia given time and with available
resources. Secondly the inevitable delays due @blgms in MST and serious

limitations in the modeling methodology also playgerble in this outcome.

It might be criticized that comparative modelingiwalternative modeling formalisms
has not been performed. However it should be ntitedArchetypes and multi-level
modeling formalism is quite new and alternative moeblogies were either too
immature to evaluate or did not meet the needsuofgwals from the start. For
example the closest approach, HL7 v3, has beeasetequite recently and many
problems still exist. The classical OO or OR methakd not permit separation of

knowledge from information explicitly.

As the immediate future work, development of anomadpic HIS based on the
methodology described in this thesis might be ddNe. must stress that reference

implementations have just recently been startedtlastddevelopment of a full-fledge
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HIS via openEHR formalism has not been performdeeréfore we foresee that this

might be a high impact research in the field.

It can be observed that in this study a terminolgggtem authored by domain experts
coming from the medical society has been transfdrmé& computationally usable
domain ontology by using the methodology underlimnedhis thesis. Apart from
developing HIS, the methodology also offers sohgidor the governance of the
terminology content. These include the possibildy local extensions to the
terminology without breaking original semanticsArgchetype specialization and also
establishment of regional or global Archetype répogs. Another short term future

work is realization of this by collaborating withet associated medical society.

Now that HL7 v3 CDA and a more mature RIM are afzi, comparative modeling
might be performed as another future work. Althottity has originated to establish
messaging among disparate HIS, this version inslgdgeral methodologies to model
clinical and administrative domains and thus eshbinteroperability. It might be
interesting to investigate the proposed capabilftyhis message based paradigm in
HIS modeling. The results of this study might skigtt onto evolution of this novel

approach.

Other future work may include performing variousdsés on HIS modeling strategies
other than multi-level modeling such as refining j&@b Oriented methodology
specifically for HIS. Automatic code generationrfr&JML models might be explored

for providing the benefits mentioned in this study.

Currently we are able to model the static aspec#dilS; that is the knowledge and
operational rules. The dynamic aspects of an Hkbuding workflows and other

program flow due to user input or external evergschto be considered for fully
realizing a workable HIS from the model. This wotbidhly decrease the cost, effort
and time when developing HIS. The foundations ofkffow modeling work have

been set forth by openEHR society and various aw@dstudies (Barretto, 2005).
This is a very broad area and has potential forde wange of future work in the long

term.

Multi-level modeling and Archetypes cover a coneidbde part of an HIS during
design. UML is also being used widely for HIS deygrhent. Both approaches overlap

with each other and both are useful. So a hybridlatiog notation is needed for

145



providing developers with a framework in HIS deyetent. This is also expected to

be a high impact research work for future.

Narrowing the gap between genetics and medicinginesjestablishment of common
understanding among both researchers and informagistems. Currently vast
amount of genomic data, such as Human Genome P(@@@7) and also disease or
population specific databases are available. Homiinese neither relate to individuals
and their clinical outcomes nor to environmentaltdes. Integration of individual

clinical data captured by HIS with genomic databdseessential for finding real cure
for many diseases and to design personalized dandstreatments for individuals.
The modeling formalism might be extended so asddehgenetic domain and hence

enable this integration. This future research ipashmount importance.
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