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Abstract

Data analysis with machine learning methods, whmglied to large collections of text data, enablegau
discover new knowledge. This knowledge, once pgetizer, might describe the still unknown connedtion
among phenomena and thus contribute to the formatfonew hypotheses in different fields, medicine
including. Also, connectivity and computer-suppdranalysis of numerous large data sets, which declu
text data, may contribute, in a methodological settsthe development of e-science. Namely, inféiona
that is related across different contexts is diffito identify with conventional associative apacbes. The
context-crossing associations, however, are thes mfeen needed for innovative discoveries. Such
associations are called bisociations.

Automated knowledge discovery based on text dats isethe field of medicine is an intriguing
challenge as it requires intensive collaboratiothwiomain experts during the processes of both dema
specific text analysis and evaluation. Hence agrauative approach is recommended when text miniig a
decision support are combined. Also, it is benafito apply improved methods of literature mining,
searching indirect connections and bisociative Kadge discovery from extensive text databases aach
MEDLINE. The major aim here is to unravel the dtiflden relations between the researched phenomena
and their potential causes. In the process, usappfopriate visualization on the part of the expést
desirable as it supports knowledge discovery atafpretation of results.

The fundamental goal of this thesis is to developpw methodology for knowledge discovery in text
databases that can improve the existing methodexpforing implicit relationships across different
domains of expertise by providing a more intuittemputer aided search of unexplored links in litmea
To contribute to the current state of the literatbased discovery we designed and implemented an
innovative literature mining method for semi-autéeaadiscovery of hidden relations that is basedane
pieces of information in a given domain. When thedations are interesting from a medical poinviefv
and can be verified by medical experts, they represew pieces of knowledge and can contributestieb
understanding of diseases.

The developed literature mining method called Railoks intended to support biomedical experts in
both open and closed discovery process. In the kpewledge discovery process, hypotheses have to be
generated, while in the closed knowledge discoyeogess, given hypotheses are tested. By iderdifyin
relations between biomedical concepts in disjo@is ©f articles, the method implements the Swarsson’
ABC model approach. However, the RaJoLink methaglyses such relations in a new way and expands
the Swanson's ABC model by suggesting how texiwen be determined in advance, as a result ofibe o
knowledge discovery process. The main noveltysemi-automated suggestion of candidates for agents
that might be logically connected with a given pbwenonc under investigation. The choice of candidates
for a is based on rare terms identified in the literatomethe topicc. As rare terms are not part of the
typical range of information, which describe theepbmenon under investigation, such information migh
be considered as unusual observations about theoptemonc. If literatures on these rare terms have an
interesting term in common, this joint term is deed as a candidate far Linking termsb between
literature ona and literature orc are then searched for in the closed discovery gzodo provide
supportive evidence for uncovered connections.

We have applied the RaJoLink method to the scieitiérature on autism and have used MEDLINE as
a source of data. Autism was selected as the prodtamain due to its complexity, insufficient andtjzd
knowledge about its various causes, and becaueaftrong focus of current medical research tosvard
early diagnosis of this disorder. With the propoapgroach we wanted to make a concrete contribirtion
this direction. In the autism domain we discoveaeelation between autism and calcineurin and betwe
autism and transcription factor NF-kappaB, whickienbeen evaluated by a medical expert as releeant f
better understanding of autism. To assess the lassgiof RaJoLink in general, we evaluated thentiate
of our method also in the migraine-magnesium erpamt, which represents a gold standard for the
literature-based discovery. For all these purp@sealso developed a software tool, which implemémgs
RaJoLink method and provides decision support feds in the process of generating and testindpef t
scientific hypotheses in biomedical domains.






Povzetek

Analiza podatkov z metodami strojnegé&nja omogea, da iz velikih kokin podatkov v podatkovnih
bazah izlu&imo dekke znanja, ki obravnavani skupaj morda opisujejogfmznane povezave med pojavi.
Skupaj obravnavana, dotlej nepovezana spoznanja paispevajo k novim hipotezam na ramih
podrajih, med katerimi je Ze dlj€asa tudi medicina. Povezovanje Stevilnih obsezeistovnih virov
podatkov ter njihova tanalniSko podprta analiza prispevajo tudi metodalok razvoju e-znanosti.
Poseben izziv je odkrivanje povezav, ki jih z&@djmimi asociacijskimi pristopi ne zajamemo, kertopajo

v razliénih kontekstih. Prav take povezave, imenovane hidociacije, pa so pogosto potrebne za
inovativna odkritja.

Odkrivanje znanja iz podatkov na podo medicine zahteva intenzivno sodelovanje z eksper
problemske domene ne le pri vrednotenju rezultaiEwye tudi Ze med samo analizo podatkov. Zato je
pomemben interaktivni pristop, pri katerem komkanio rudarjenje podatkov in podporo agiloju. V
sam postopek odkrivanja Se neraziskanih povezav pned@evanimi pojavi in moznimi vzroki zanje je
smiselno vklj@iti tudi nove metode rudarjenja besedil. Te omi@go iskanje posrednih povezav in
bisociativnho odkrivanje znanja iz izjemno obseZgkstovnih baz, kakrSna je na primer baza MEDLINE.
Za laZjo vkljwitev medicinskega eksperta je potrebno razviti prime ndine predstavitve vkljtno z
vizualizacijo, kar pospesi izvajanje ciklov odkniya znanja in olajSuje interpretacijo rezultatov.

Osrednji namen doktorske disertacije je razvoj nmetodologije odkrivanja znanja iz tekstovnih baz
podatkov, ki bo z bolj intuitivnim, ganalniSko podprtim pristopom izboljSala obstgemetode
raziskovanja implicitnih povezav med pojavi, obravanimi v razknih kontekstih. Glavni prispevek k
razvoju znanosti na podfjo odkrivanja znanja iz literature je razvoj in ilmmentacija inovativhe metode
polavtomatskega rudarjenja po literaturi, imenovBadoLink, s katero é&mo dotlej Se neodkrite relacije
med redkimi izrazi iz besedil v prdevani domeni. V kolikor so taka odkritja zanimivaredicinskega
stali¥a in lahko eksperti dokaZejo njihovo povezavo prekebinskin konceptov v literaturi, predstavljajo
te dotlej neodkrite povezave vir novega znanjarispgvek k razumevanju obravhavane bolezni.

Metoda tekstovnega rudarjenja RaJoLink je namenjpepori ekspertom z biomedicinskih podifo
njihovem celotnem procesu odkrivanja znanja, tj.ganeriranju in vrednotenju znanstvenih hipotez v
raziskovani domeni. Zato vkiuje tako zaprt proces odkrivanja znanja, namergstiranju hipotez, kakor
tudi odprt proces, v katerem hipoteze niso vnapgnane. Z odkrivanjem implicitnin povezav med
biomedicinskimi koncepti, ki so omenjeni v dotlgpovezanittlankih, metoda implementira Swansonov
ABC model generiranja hipotez, vendar na nov, itigea n&in, ne da bi vnaprej poznali ciljni koncegt
Ciljni koncepta odkrijemo z metodo, kot rezultat samega procedard potencialnih kandidatov za ciljni
koncepta temelji na redkih izrazih, ki jih dobimo v litetat o problemski doment. Ker redki izrazi
obi¢ajno niso tiptni za raziskovano domeno, jih lahko obravnavamonlemtbtajne, zanimive informacije
0 pojavu c. Preseke med literaturo o takih redkih izrazih,ski pojavljajo v strokovniftlankih o
preiskovanem pojavu, zato preiskujemo z namenondptdano kandidata za ciljni koncept Metoda nato
v zaprtem procesu odkrivanja znanj&eiSveznecélene b med literaturo o pojava in literaturo o
preiskovanem pojave s katerimi bi lahko potrdili novo hipotezo.

V okviru te disertacije smo metodo uporabili neoktivni literaturi o avtizmu, pridobljeni iz baze
MEDLINE. Za testno domeno smo izbrali avtizem, Hdjub intenzivnim raziskavam na posameznih
podrajih Se ni dovolj celovitega poznavanja vzrokov tavipleksne motnje, prav tako pa je v medicinskih
raziskavah zelo aktualno vpraSanje zanesliiveggpgaravanja avtizma Ze v zgodnjem otroStvu. S
predlaganim pristopom Zelimo konkretno prispevatiteknu cilju. Na primeru avtizma smo odkrili
povezavo med to motnjo in kalcinevrinom, ki do mgBedkritja Se ni bila objavljena in je bila medsko
potrjena kot zanimiv prispevek k razumevanju aviizrRodobno je bila vzpostavljena tudi povezava s
transkripcijskim faktorjem NF-kappaB. Metodo smorexnotili Se na primeru eksperimenta migrena-
magnezij, ki predstavlja klagin testni primer pri odkrivanju znanja iz literauZa vse te nhamene smo
razvili programsko orodje, ki implementira metodaJaLink in nudi podporo ekspertom pri otdoju v
postopku generiranja in testiranja znanstvenihteipe biomedicinskih domenah.






Abbreviations

ASD
BDNF
BoW
GRP
MeSH
MMR
NF-kappaB
NFAT
TFIDF
TNF
XML

Autism Spectrum Disorders
brain-derived neurotrophic factor
Bag of Words
gastrin-releasing peptide
Medical Subject Headings
Measles, Mumps and Rubella
nuclear factor kappa B
nuclear factor of activated T cells
Term Frequency / Inverse Document Frequenc
tumour necrosis factor
eXtensible Markup Language






1 Introduction

Internet has become a powerful medium for scientidimmunication. However, as the amount of scientif
articles on the internet has grown so rapidly, pheliferation of electronic scientific publicationas
become overwhelming. Text mining and knowledge aliscy are exciting research areas that play an
important role in solving this information overlogmoblem and many researchers have attempted to
develop text mining techniques in order to impréve efficiency of knowledge discovery systems. Text
mining, which aims at knowledge discovery from tdatabases (Feldman and Dagan, 1995), is also the
principal methodology used in this thesis. In faloe important aspect of the thesis is the metloggical
approach that focuses on methods of text miningkfoowledge discovery and ontology construction.
Besides this, a substantial part of the thesiseigotibd to the studies investigating autism, a cerpl
developmental disorder, which is also the applicatirea of our research. Therefore, we focus mgus
text mining methods for knowledge discovery in baatical literature.

Scientific progress can be accelerated by knowleelgghange between disciplines to foster new
discoveries. Since an abundant quantity of scientfticles is accessible on-line, the usage ofdar
bibliographic databases can support the knowledgmodery process. In biomedicine, databases such as
MEDLINE (PubMed, 2008) provide enormous collectioofs texts that can be used for knowledge
discovery. However, finding the right informatiombroad data collections requires a great deakdf
and time. Consequently, there is a growing needofals and techniques for processing the vast atrmfun
data available on the internet.

Large advances in text mining and knowledge disgotechniques and tools (Fayyad et al., 1996b;
Feldman and Sanger, 2006) facilitate sharing ofwkedge and experience among researchers from
different, so far not related fields of sciencBsis is especially important in interdisciplinamgiences such
as biomedicine, since such disciplines need theréigp at the intersections of their componentress
(Shortliffe, 1993). Finding evidence in the bioneadiliterature to support previously overlookedati@ins
between biomedical concepts can be a way to discosw knowledge. When uncovered relations are
interesting from medical point of view and can teified by medical experts, they can contributeato
better understanding of diseases and related pheram

As stated by Arthur Koestler, the bases of scientiiscoveries are bisociations (Koestler, 1964).
Bisociations, the term coined by Koestler, représiga combination of seemingly unconnected or disga
ideas drawn from distant domains. The idea of parifog literature-based discovery of possible reladi
between previously disjoint concepts was first préasd by Swanson (Swanson, 1986; Swanson, 1990). He
designed the ABC model to facilitate the discovefyhypotheses by linking findings across scientific
literature. The ABC model embodies a search for matirect relations between two disjoint sets of
records A and C) via intermediate words and phrasBs,that are common té and C. According to
Swanson AB relations andBC relations should have already been separatelyrtezhdn the published
literature, but not considered together. Since wethod is based on the same idea, the ABC model
approach is described in detail in the related vebydptet. Other literature-based discovery methods based
on the Swanson’s model of discovery are preserdeel.

One of the main contributions of this thesis is ttevelopment of the new methodology, called
RaJoLink, which implements the Swanson’s ABC maagbroach with a new perspective on literature-
based discovery. There are traditionally two apginea to literature-based discovery that Weeber and
colleagues defined as closed and open discoverelféfeet al., 2001). In closed discovery, reseascher
have to start a discovery process by already hagamgrated a hypothesis about the target coraept
whereas in an open discovery process the targaeteptsy don't have to be specified in advance. Our
literature-based discovery approach combines logibin and closed discovery processes. The maintgovel

1 We use the notations, B, andC (uppercase symbols) to represent a set of terrgs (#erature, or set of
records, or list of terms), whike b, andc (lowercase symbols) represent a single term.



2 Introduction

of the presented method is a semi-automated suggesdtcandidates for agenasthat might be logically
connected with a given phenomenoander investigation. In RaJoLink, the choice afdidates fora is
based on rare terms identified in the literaturecolf literatures on these rare terms have an isterg
term in common, this joint term is declared as lad@#ate fora. Linking termsb between literature oa
and literature ort are then searched for in the closed discoveryaggprto provide additional supportive
evidence for uncovered connections.

The reasoning underlying the selection of candg&kaie the following: If there are some rare termd tha
appear in literature oq, let us have a look at all available records altoese rare terms. If these records
have an interesting joint termin the intersection, let us check if it has sowgidal connections witls.
Concentrating on rare terms increases the probalilat the suggested candidates have not yet been
explored in terms of their connections with

The need to support the process of communicatisgareh findings across the disciplines has been
emphasized also in the context of autism reseasttich is carried out in different fields, such as
behavioural psychology, genetics, biochemistryjrbematomy and physiology (Belmonte et al., 2004;
Zerhouni, 2004). Autism belongs to a group of psiwa developmental disorders that in most cases hav
an unclear origin. The main characteristic comptsi@f abnormal functioning in autism are the early
delay and abnormal development of communicationsaifl interaction skills of affected individuals.
the fourth, revised edition of Diagnostic and Statal Manual of Mental Disorders, a category of
pervasive developmental disorders refers to a godlgymptoms of neurological development, connected
with early brain mechanisms that in large extemdition the social abilities already in the childido
(American Psychiatric Association, 2000). Such togieneous features of autistic developmental
disturbance and its different degrees of affecthigdren have led to contemporary naming of autism
conditions with the termautism spectrum disorde(4SD).

The American National Institutes of Health and Nia#l Institute of Mental Health evidenced the lack
of studies (Zerhouni, 2004) which would increase khowledge about risk factors and early develogmen
of autism, and that would better define characiion of autism spectrum disorders. The complexitg
heterogeneity of autism spectrum disorders, as aglbeveral distinct possible causes pose significa
challenges to autism researchers who try to explareses and to identify phenomena that may lead to
autism. These facts have motivated us to seledsnauts the testing domain for discovering hidden
knowledge of value within the scientific literaturedifferent fields.

This thesis contributes a methodology that appresithe above problems. The proposed methodology
was introduced in (Petriet al., 2007; Urbaf¢ et al., 2007) where our study in mining the litara on
autism was presented. We continued with the dpwetmt of RaJoLink as a method in a general form,
allowing application in many possible scenarios.

The thesis is structured as follows. Chapter 2 ritess the motivation for our research, the hypatkes
and the aims of the study and outlines the scientiintributions of this thesis. Chapter 3 presdeks
mining with related approaches and tasks. This telnaglso reviews the work that relates to our nefea
methodology, namely the Swanson's ABC model appraad associated applications, which use the ABC
model for discovering complementary concepts ijpdis biomedical articles. In Chapter 4 we provitie
necessary background knowledge about the autisnaido@hapter 5 presents the experimental design, th
materials and concepts used for the present tHeélsapter 6 gives an overview on ontologies andemtss
our studies of structuring domain knowledge by tmresion of ontologies. In Chapter 7 we explain the
RaJoLink method for identifying implicit and preusly unknown connections on the basis of rare terms
Chapter 8 presents the RaJoLink system that apghlee®RaJoLink methodology and gives directions for
further development of the RaJoLink system. Chaptéustrates the application of the RaJoLink noeth
to the literature on autism. We describe our lit& mining results by example pairs of implicit
connections that we managed to identify from bioicedarticles. Experimental results given in this
chapter are followed by their evaluation in Chaterthat includes also the method’s evaluationien t
migraine-magnesium example. In the final chaptesuramarize the overall conclusions of this work.



2 Aims and Hypothesis

The primary focus of this thesis is on the develeptrand application of a methodology and a software
tool for text data analysis with the objective atifitating the process of knowledge discovery friaxt
documents. This chapter highlights important bagkgd issues of this research applied to the medical
domain of autism. In particular, our motivationppositions and objectives behind this work are miva
order to exploit existing but often unconscious awerlooked knowledge that is hidden in scientific
articles we investigated the potential of two imfation science disciplines: the text mining and lin
analysis methods. As a result, we aim at specifyiveg contribution of this thesis, both to the fielfl
information science and to the understanding dfaut

2.1 Motivation

Scientific research is increasingly relying on th&ernet as an information source and communication
medium due to the fast information technology depeaient and in particular due to the rapid growtthef
internet access and its widespread use. Sciehtisesto cope with information systems and hetereges
data sources that are constantly increasing. Frngigu¢hey have to go through a large number obras
retrieved from huge databases before they disa@welevant piece of knowledge.

We explore the possibilities to improve the currknbowledge discovery approaches using the text
mining techniques. As a series of text mining resees have already been conducted, we carry out the
comparison of the existing techniques to identifg tssues that have the greatest potential fontifide
progress in the literature-based discovery area.

In accordance with the motive of focusing on therditure-based link discovery, the original ideghef
dissertation was to investigate how to use the m&ring tools to support the analysis work of matlic
researchers in the autism domain and other sdierdis well. Scientific medical knowledge that is
embodied in text such as journal articles and aenfee proceedings has become widely accessibleto t
scientific community, as well as to the general lgudue to the growing popularity of the internet.
Knowledge discovery from text data is an incredgimgnportant area of research driven by the interne
growth and public access to very large digitaldies. The work described in this thesis is pathisf new
research stream on literature-based knowledge \disg@and focuses on particular area of link discpve
by mining public knowledge that has not been exqaldrefore.

As an important component of the knowledge baseuinresearch methodology we use ontologies
constructed from the application domain literatu®uch domain ontologies contain background
information and define the concepts and the straabi a conceptualization of a particular targemdon.

We are confident that ontologies help domain espirttheir cognitive processes to properly model th
conceptual understanding of the domain under ifyegt&in. Therefore, we use ontologies to provide an
integrated view over knowledge fragments that atiss would remain known only to individuals withan
particular research community. When the knowledggireer captures the knowledge of a domain into
ontology, we propose ontologies to be used in boHation with domain experts who can help identiyi
some specific knowledge concepts that fall withire tscope indicated by these experts. Moreover,
ontologies also facilitate communication betwees khowledge engineer and domain experts and make
the understanding and interpretation of the dorit@rature easier.

The idea for our research in autism domain emengéke early spring of 2006 when Slovene parents
of children suffering from autism launched a cdilee campaign to sensitise the wider society on the
problems that children with autism and their faeslface on a daily basis. Through this campaigara n
governmental organisation called Centre for Autisigred the Children’s Rights Department of the Steve
Ombudsman's Office to speak about the scarce m=®and knowledge about autism in order to raise th
public awareness of autism in Slovenia and in otReropean countries (European Network of
Ombudspersons for Children, 2006).

At the end of 2007 the United Nations General Adsgrdecided to designate the pf April as World
Autism Awareness Day, to be observed every yeainbawy in 2008. Therefore all member states,
relevant organizations of the United Nations systegether with other international organizatiorsyell
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as civil society, including non-governmental orgaions and the private sector were invited to nlese
World Autism Awareness Day in an appropriate manfer the purpose of improving health care,
education, training and intervention for childrenthwautism (United Nations, 2007). The growing
international concern regarding autism motivatedresearch, which seeks to understand the aut=mess
and to enable the design of a methodology thairoprove the knowledge discovery in complex domains,
such as autism.

We started our investigation of autism by mining fiublished literature on autism and by consulting
medical doctor Marta Macedoni-LukSia developmental paediatrician who is also a foessl and
directress of the Institute for Autism and Relaiidorders in Ljubljana. After first publications ofr
research results in October 2006 (Re#t al., 2006a; Petriet al., 2006b) we decided to stick to the
research on autism with the aim to improve our wstdading of this disorder and to further expldis t
area of interest. The present thesis therefore tngain new knowledge and more insight into thiésau
domain by literature analysis.

This thesis suggests a new approach to the literdiased knowledge discovery by:

- Developing a novel knowledge discovery methodolfmyyprocessing and analysing text data that
will improve the existing methods of literature-bddink discovery by providing a more intuitive
search of unexplored links between information rinagts;

- Placing domain ontologies in the framework of tliterature-based knowledge discovery to
facilitate the acquisition of insights and undemdiag of a research domain and especially for the
better communication between the domain expertlaméinowledge engineer;

- Yielding a better understanding of the various atpef autism by semi-automatic construction of
autism ontologies based on the scientific literxtur

- Casting more light on the phenomena of autism Bgadiering and exploring some novel factors
that may be helpful in elucidating the nature dfsam.

2.2 Research hypotheses

Text mining has been shown to be useful for disdogeof new, previously unknown information, by
automatically extracting information from differeteixt resources (Feldman and Sanger, 2006). However
from a knowledge discovery science perspectivegetirestill a lack of research studies investigatine
literature-based approach towards link discoverg #re specifics of such practices. It would thus be
interesting to make a systematic examination efadttive techniques for discovering links and refet in
literature through text mining.

Besides this, there is a need to identify critipathways on a hypotheses generation level of the
knowledge discovery process in order to contribistethe selective formation of plausible scientific
hypotheses in a domain of interest. The presen¢edizations give rise to the following research
hypotheses that underlie this dissertation:

- The basic hypothesis is that bisociations, reptesgmovel interesting connections between
distant rarely mentioned research findings, carexteacted from the published biomedical
literature. We suppose that they can add relevamt knowledge to complex biomedical
domains such as autism through the intermedidts limthe chain of events. In this context we
suggest that what is common to the rare terms fomasearch domain literature indicates a
subject that is implicitly connected with the domaf discourse.

- One further hypothesis of this thesis is that givem implicitly linked subjects by an
assumption, this assumption can be verified by himgring documents in the documents’
similarity graphs. Our argumentation is that outyidocuments of two implicitly linked
subjects can be used to search for relevant linikdnmgs between the two subjects.

- Consequently, we assume that a novel approacheratlire-based link discovery, which is
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based on the principle of rare terms together thighnotion of bisociation is going to improve

the support to user-guided knowledge discoverys hexpected as a result of a different point
of view in the text mining approaches with the mopross-disciplinary consideration of the

research domains in order to overcome the baroieteaditional thinking paradigms that are

dominant within disciplines.

Moreover, since literature analysis can be veryetoonsuming, we believe that the literature-based
research to the generation of scientific hypotheais be speeded up by an automated system based on
innovative text mining methods.

2.3 Scientific contributions

The scientific value of the present thesis is tdahf®n the one hand, we made significant contrimstito
the field of knowledge discovery from text docunsemind at the same time we contributed to the
understanding of autism. In particular, the conttitns of this thesis are as follows:

- We improved the open literature-based discoverycgs® with an interdisciplinary, semi-
automated approach to hypotheses generation tlulatelsrthe overspecialization in sciences.
The current literature-based discovery systems rdkpndamentally on the word co-
occurrences in text. Instead, we proposed a radluélin thinking and decided to search for
associative concepts by mining the words thatyappear in the documents about the domain
under examination. Rare terms are thus our innavatiay in the open discovery process
towards the candidates for teem

- We made important progress also in the closed @&sggrocess by focusing on outlying and
their neighbouring documents in the documents’ lgirity graphs. We demonstrated that
outlying documents could be used as a heuristidagge to speed-up the search for the linking
terms and alleviate the burden on the expert whgmotheses have to be tested. We showed
that with the similarity graphs that enable theualsanalysis of the literature it is easier to
detect the documents, which are very interestingfparticular link analysis investigation for
the reason that such outlying documents often septeparticularities in domain literature.

- We observed a particular category of link strucureamely the context-crossing associations,
called bisociations (Koestler, 1964). We employbkdnt in combination with the so called
intermediate links (Swanson, 1988) that serve tolger the disjoint and non-interactive
domains. Bisociations and intermediate links amoubtedly extremely important components
of the scientific research and we proved that comlgithem together enhances the literature-
based knowledge discovery.

- We developed a method supporting the overall ppagsopen and closed knowledge
discovery, which we called RaJoLink after its funmntal procedural elementRare terms,
Joint terms, and.inking terms. To address the need for fast text rettiand text analysis in
practice, we constructed a software tool RaJoLihictvimplements the RaJoLink method and
helps biomedical experts to automatically inveséigget undiscovered relations between
concepts from disjoint research subfields.

- We examined the use of a particular terminologyhinitthe literature on autism and
emphasized the areas in which the autism reseasoimanity has been involved. Our
ontologies of the autism domain reflect the genkenalwledge and understanding of autism as
it is documented in scientific articles. In this mar, our survey of the autism research
represents a worthwhile contribution to communiigevefforts to acquire knowledge about
autism. This way we provided also a general frammkwihat enables the biomedical
researchers in the fast-growing fields of sciendesep abreast of current developments.

- We managed to identify the novel candidate targetselucidate the neurobiological
mechanisms that underlie the autistic spectrunrdéss. As a matter of fact, our study calls
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attention on two indices, both of which we ass@tlatvith conditions seen in patients with
autism. The first one is calcineurin, the major €a2pendent phosphatase in neurons. The
second one is nuclear factor kappaB, a transcnigdotor that plays a pivotal role in immune
and inflammatory responses.

The early papers on this research were accept@&D@6 for the 9th International Multiconference
Information Society, IS 2006 (Petrét al., 2006a; Petriet al., 2006b) and in 2007 for the 11th Conference
on Artificial Intelligence in Medicine, AIME 2007Ufbarti¢ et al., 2007). Our findings were published
also in the Journal of Biomedical Informatics (Rett al., 2009), which presents high-quality origina
research papers and reviews by world-renowned tistenn the area of biomedical informatics. The
following papers show the development and highliflet main scientific contributions of this thesisthe
research in text mining and autism:

Petrit, I.; Urbarti¢, T.; Cestnik, B. Comparison of ontologies built tites, abstracts and
entire texts of articles. In: Bohanec, M.; Gams; Rajkovi, V.; Urbarti¢, T.; Bernik, M;
Mladenk, D.; Grobelnik, M.; Hetiko, M.; KordeS, U.; Marli, O.; Musek, J.; Osredkar, M. J.;
Kononenko, |.; Novak Skarja, B. (eds) 1S-2006. Remtings of the 9th International multi-
conference Information Society. pp 227-230 (LjubgaSlovenia, 2006).

Petrk, I.; Urbarti¢, T.; Cestnik, B. Literature mining: potential foaining hidden knowledge
from biomedical articles. In: Bohanec, M.; Gams; Rajkovi, V.; Urbarti¢, T.; Bernik, M.;
Mladenk, D.; Grobelnik, M.; Hekiko, M.; Kordes, U.; Marli, O.; Musek, J.; Osredkar, M. J.;
Kononenko, |.; Novak Skarja, B. (eds) 1S-2006. Restings of the 9th International multi-
conference Information Society. pp 52-55 (LjubljaS&venia, 2006).

Petri, I.; Urbarti¢, T.; Cestnik, B. Discovering hidden knowledge frbiamedical literature.
Informatica 31(1), pp 15-20 (2007).

Urbarti¢, T.; Petrg, |.; Cestnik, B.; Macedoni-Luk&i M. Literature mining: towards better
understanding of autism. In: Bellazzi, R.; Abu-HanA.; Hunter, J. (eds) AIME 2007.
Proceedings of the 11th Conference on Artificiakliigence in Medicine in Europe. pp 217-
226 (Amsterdam, The Netherlands, 2007).

Cestnik, B.; Pettj I.; Urbarti¢, T.; Macedoni-Luk&i, M. Structuring domain knowledge by
semi-automatic ontology construction. Organizagfjeanj) 40(6), pp 233-238 (2007).

Petri, I.; Urbarti¢, T.; Cestnik, B.; Macedoni-Luk&i M. Literature mining method RaJoLink
for uncovering relations between biomedical coreegburnal of Biomedical Informatics
42(2), pp 219-227 (2009).

The six papers at the core of this thesis desailreresearch on three distinct but related topics i
information science. One of them is the comput@psuted biomedical literature research, which tispac
of intense interest among information scientistaces the biomedical literature is an extremely rich
information source but on the other hand identifisdnformation overload experienced by the biocdi
scientists. The particular problem domain in tleigard is that of autism that we chose for the apfitin of
our methodology. A further topic of interest is t@nstruction of ontologies that can provide theassary
background knowledge and serve as a means towatdsliscovery in the closed discovery process.
Another research topic, which is of particular impace for this thesis and thus the main centr@ctibn,
is text mining for knowledge discovery in the opdiecovery process. The following survey of related
work therefore contains an overview of the discieé of text mining and link analysis with specific
reference to their application to the biomedicahdms.
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The intention of this chapter is to survey previoesearch in text mining and link analysis in ortteput

our work into its proper context. In particular, Ve@k at advantages and disadvantages of approdudies
concerned knowledge discovery in existing biomddmbliographic databases and are based on the
Swanson’s ABC model. Therefore, we review selegtebdlications related to the topics covered in this
thesis and discuss the main issues focusing onoahelitgical aspects of text mining and link analysis

3.1 Text mining and knowledge discovery

The practice of biomedicine is, as well as otheiviies of our society, inherently an information-
management task (Shortliffe, 1993). Internet, theyxcommon and increasingly used information squrce
provides massive heterogeneous collections of ddtme bibliographic databases thus often contain
interesting information that may be inexplicit ore@ hidden. One of such databases is MEDLINE, the
primary component of PubMed, which is the Unitedt& National Library of Medicine’s bibliographic
database.

There is an urgent need to assist researchergracérg knowledge from the rapidly growing volumes
of databases in order to improve the usefulnessasfe vast amounts of data. The situation becowes e
more striking when a person wants to obtain arghitdnto a field that does not fall directly intéstor her
area of expertise. For such reasons, the abiligxtact the right information of interest rematihe subject
of the growing field of knowledge discovery in da#ges. Knowledge discovery is the process of
discovering useful knowledge from data, which ides data mining as the application of specific
algorithms for extracting patterns from data (Falygaal., 1996b). In fact, important informatiowld¢én in
huge databases could be discovered by data minimh kamowledge discovery techniques. More
specifically, those databases that contain bibdipbic semi-structured data can be approached hy tex
mining as specific kind of data mining. Likewisehewn a set of articles serves as a source of daa, t
process is typically called literature mining. liglire 1 we illustrate the main phases of the teixting
process, where the Bag of Words approach (Sebasti@d?) is used for representation of collectidn o
words from text documents disregarding grammarveordi order.
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Figure 1:Text mining processThe sequence of steps is modelled in conformitis & definition of knowledge
discovery in databases (KDD) process as origiraibposed by Fayyad and colleagues.



8 Related Work

We modelled the sequence of the text mining stepsrding to the basic flow of knowledge discovery
steps as defined by Fayyad, Piatetsky-Shapiro amgtt5(Fayyad et al., 1996a). Text mining applied to
texts of a biomedical domain is named also bionadéxt mining. The purposes of such text mining tar
efficiently identify needed information, to uncovalationships hidden by the large amount of abédla
information, and for the most part to provide reskars with automated computer methods that can
simplify the information overload (Cohen and Her2b05).

Although the technology for data and text miningnisll advanced, its potential still seems to lack
sufficient recognition in practice. Healthcare engral is one of the slowest sectors in utilizimgimation
and communication technologies to their full bemdfowever, the need for computer literacy hasaalye
been recognised and acknowledged by professionalthis sector (Stepankova and Engova, 2006).
Therefore, one of the major challenges of bioméd&e mining over the next 5 to 10 years is to mak
these techniques better understood and more usdfidmedical researchers (Cohen and Hersh, 2@@5).
the same time, the continued cooperation with pifmal communities such as the biomedical research
community is required to ensure that their needspanperly addressed. Such collaboration is pdatityu
crucial in complex scientific areas, as for examipleautism field of biomedical research. The specif
requirements in autism research, as presented byodie (2004), actually emphasize the need for
increasing the efficiency of communication of resbdindings to the related science community. Tikat
also a reason why we have examined the text mipitgntial on the literature on autism.

The amount and the growth speed of scientific imfation that is available online have strongly
influenced the way of work in the research commyuwihich calls for new methods and tools to supgort
Biomedical field is a very good example, with MEDE database, the primary component of PubMed
(the United States National Library of Medicine'ibllographic database), which covers approximately
5,200 journals published in more than 80 countgestains more than 16 million citations from 1949
the present (Figure 2), and increases for more 2t200 complete references daily (Pubmed, 2008urEi
2 shows the numbers of documents cited in MEDLIMEheyear since 1948 according to the MEDLINE
citation counts by year of publication (U.S. Nagtbhibrary of Medicine, 2008).
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Figure 2:Citation counts of MEDLINE publicationd’'he numbers of documents cited in MEDLINE in the
period from 1948 to 2007 (Source: U.S. Nationalraily of Medicine, April 2008).



Related Work 9

Knowledge technologies and among them especialhwletdge discovery based on data mining and
text mining, offer new possibilities by their abjlito uncover hidden relationships in data (Faygadl.,
1996b). There are several examples of Europearnandseprojects, where data mining has been
successfully applied in biomedical domains. Varidata mining research activities are integrated the
Information Society Technologies Work Programme aralin this way part of the so-called Framework
Programmes of the European Union.

European projects funded under the Sixth FrameWwoolgramme for the years 2002-2006 involved the
following data mining research activities for biadiwal applications (European Communities, 2008):

Data mining and statistical methods to investighte content of the scientific literature and
exploit the synergy between bioinformatics and maldnformatics;

Context-based information integration achieved doxt tining and link discovery applied to
the evidence-based medicine, literature and pateming, and molecular biology, with the
purpose to study infectious diseases;

Data mining and analysis of the biomedical datanfraruses, patients and literature resulting
in a rule-based decision support system for draoging and knowledge discovery in medicine;

Semantic modelling, fuzzy inference and data miniofgclinical and genetic data for
translation of medical concepts into syntactic galthat facilitate the study of cervical cancer;

Information fusion and data mining of biomedicaltaddor knowledge discovery, early
diagnosis, screening, disease prevention, treat@edtfollow up of children patients with
heart diseases, inflammatory diseases and braiouttan

Semantic interoperability and data mining in biomge including the fields of genomics and
proteomics to facilitate knowledge transfer betwelkiffierent scientific disciplines and to
support cooperation between the academic commanidyorganizations in the health sector;

Collaborative data mining, modelling, and visudiiza of clinical, demographic, and patient-
specific genomic and proteomic data in order tdk liveterogeneous data about metabolic
diseases and cardiovascular risks;

Data mining of heterogeneous clinical data as & @aan agent-based distributed decision
support system for the diagnosis and treatmentaif lumours;

Clinical data mining as a support in developingimutation model of the MAP-kinase
pathway in relaying signals from the plasma membiato the nucleus, which is required for
rational anti-cancer therapies.

Genomic and proteomic data mining for discoverymitations on tumour suppressor genes
that contribute to the development of colon cancer;

Data mining grid services and ontology based semantegration of clinical, genomic and
proteomic data in order to support complex knoweedigcovery in the cancer research area.

While data mining usually operates with collectiafswvell structured data, researchers often have to
deal with semi-structured text collections, tooclsdatasets require the use of text mining teclesiglihe
principal feature of text mining is its concentoation the document collection, which can be anygrof
text-based documents (Feldman and Sanger, 200&3nfzlly, text mining is used to denote the aredys
of large quantities of natural language text arel dietection of usage patterns with the goal toaektr
probably useful information (Sebastiani, 2002).r&sting important information from the increasingly
available biomedical knowledge represented in digiext forms, has been proved as an important
opportunity for biomedical discoveries and hypothegneration. Having access and ability to worthwi
the newest information, indeed means great potdoti&xperts, who can benefit from the advantagfes
information systems and technologies. Biomedicébrinatics thus presents an essential element of
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biomedical research process.

Methods that have been recently used for biomedé@dl mining tasks include the following items
(Cohen and Hersh, 2005):

Named entity recognitiom order to identify all of the instances of a mafor specific type of
domain, within a collection of text;

Examples of recent areas of biomedical research:
- drug names within published journal articles (SagBedmar et al., 2008),

- gene and protein names within a collection of MEREIabstracts (Tanabe and Wilbur,
2002).

Text mining approaches: lexicon-based, rules-bastatistically based, combined.

Synonym and abbreviation extractiaith the attempt to speed up literature search aittomatic
collections of synonyms and abbreviations for ajt

Examples of recent areas of biomedical research:
- gene and other biological names synonyms (Hirschehah, 2002),
- biomedical term abbreviations (Schwartz and He2(43).

Text mining approaches: combination of named enttyognition with statistical, support
vector machine classifier-based, and automaticarual pattern-based matching rules algorithms.

Text classificatiorwith the goal to automatically determine whetheloaument or a part of it has
particular attributes of interest;

Examples of recent areas of biomedical research:
- documents discussing a given topic (Chen et a0
- texts containing a certain type of information (leiual., 2004).

Text mining approaches: classification rule indwueti computation of distances between
keywords, and support vector machine classifieethas

Relationship extractionwith the goal to recognize occurrences of a pesifed type of
relationship between a pair of entities of spedifjzes;

Examples of recent areas of biomedical research:
- relationships between genes and proteins (Giles\aeah, 2008),
- text-based gene clustering (Raychaudhuri et ab2p0

Text mining approaches: neighbour divergence aisalysctor space approach and k-medoids
clustering algorithm, fuzzy set theory on co-ocmgrdataset records, type and part-of-speech

tagging.

Integration frameworksvith intention to address many different user 1seed
Examples of recent areas of biomedical research:
- comparison of gene names and functional terms Hiplauqueries (Becker et al., 2003),

- biomedical terminology recognition and clusteringain integrated framework (Nenadic
et al., 2003).
Text mining approaches: template-based, text jmgfiind clustering based.

Hypothesis generatiothat focuses on the uncovering of implicit relasbips, worthy of further
investigation that are inferred by the presencetioér more explicit information;

Examples of recent areas of biomedical research:

- connection between patient benefit and food substa(Srinivasan and Libbus, 2004),
- potential new uses and therapeutic effects of dfMeeber et al., 2003).

Text mining approaches: Swanson’s ABC model-based.
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3.2 Link analysis

While it is often easy to automatically collect alait requires considerable effort to link and sfanm
them into practical information that can be useddiscovering new knowledge. The process of ideas a
knowledge diffusion from one society to another bancarried through a particular terminology used f
specific subject matters and through citations ok Link analysis can reveal the structures qdlicit
communities and suggest interesting points in stahmunications channels for knowledge sharing. It
enables building up networks of interconnected @bjéy exploring associations among objects and
linking them through the relevant relationships.

Link analysis has developed over the past twengrsyén many different subjects, from computer
science and informatics to social sciences. The ot@gacteristic for the link analysis field is tbategory
of graph representations of objects and links betwhiem such as those illustrated in Figure 3abt, f
graph data structures can be widely applied toasageisearch issues, such as social network analysis
Therefore, they are often employed to investigatkirig patterns in various social networks, inchgli
mailing lists and online social networks of comnti@si of people or of business with common interests

terrorism

ar taliban

. strike
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ijack
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Figure 3:Terror news network analysed by Pajek (a populak knalysis tool) based on news reports following
the September 11 attack on the United States (Bhtagd Mrvar, 2003) In the example network, the thickness
of an edge represents the frequency of co-appearinttvo words that are linked by the given edgeu(Se:
http://vlado.fmf.uni-lj.si/pub/networks/pajek/piesiamples.htm, January, 2008).

Link analysis techniques have frequently been agpib issues such as co-citation analysis to egplor
relationships between authors or as co-couplingsarements to determine the similarity between
documents. McCain, for example, used the autharitetion analysis to display dynamics in intellexdtu
structure of macroeconomics by focusing on changilgtionships among authors in this field of
economics over time (McCain, 1984). A number oklbased algorithms have been proposed also for the
web link analysis to identify web spam (Becchettile 2008).

In computer science, the link analysis functiogalitas incorporated in several web information
retrieval algorithms e.g., the Hypertext Inducedoi€oSearch (HITS) algorithm that was developed by
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Kleinberg (1999). The HITS algorithm (Kleinberg,98) is a link analysis algorithm that views the vesh

a graph where web pages are nodes. It ranks weds fgoutilizing the hyperlink structure of the wéthe
ranking is based on the authority and hub value.fittb value estimates the quality of outgoing lifiaen

the page to other pages. Therefore, a good hubpage that refers to many good authority pages. The
authority value is the sum of the hub values ofiralbming links (i.e. of the web pages that pomthe
page) where a good authority is a page that istgaito by many good hubs. The authority value isth
used to estimate the value of the content of apegfe.

Similarly, in information science, there is a graginterest in link analysis for studying the stuwe of
hyperlink networks of documents (e.g., web pagemsegories, and users of common interests (Thelwall
2004). Such link analysis studies typically appdyadand text mining algorithms to large collectiofsveb
data. Regarding web research, there is a partiinlastructure analysis called webometrics (Almiad
Ingwersen, 1997). Webometrics has emerged asarasfield of information science in recent yeérs.
examines the quantitative aspects of how diffenesgrs access and handle information in different
contexts.

Some programs for large network analysis are initiaddpowerful visualization tools. A notable
representative of such tools is Pajek (Figure 3} s designed by Batagelj and Mrvar to suppokt li
analysis in different areas: internet networksatmn networks, diffusion networks, biomedical and
genomics network structures (e.g., organic molecute protein-receptor interaction networks),
genealogical networks (e.g., marriages or linesl@egcendants) and many others (Batagelj and Mrvar,
1998).

In the example shown in Figure 3, Batagelj and Mwiened to analyse the presence of links between
terrorists on the basis of news reports followihg September 11 attack on the United States tha we
published during 66 consecutive days (Batagelj lindar, 2003). With this purpose, they obtained the
Reuters terror news network from the CRA networkBich was produced by Corman and Dooley at
Arizona State University and subsequently transémtrmto the Pajek format by Batagelj (Batagelj and
Mrvar, 2003). Networks like the example illustratedFigure 3 are composed of set of vertices, which
represent social entities and the set of lines éetwthem, representing the relationships in thevorét
The vertices of this terror news network are wottiswo words appear in the same text unit (i.e.ai
sentence) then an edge is drawn between them.

The popular link analysis tools, such as Pajek,ciwhare designed for building up networks of
interconnected objects, normally need to operatih wiructured data. Therefore, datasets have to be
prepared in particular machine-readable formatsth@nother hand, more specific text mining techagu
have to be used for the fully automated link arialg$ unstructured data such as text documents faoge
bibliographic databases. In the continuation, weaceotrate on mining of such literature to generate
hypotheses as a central point of our researchestteAccordingly, we present the literature minioyglink
analysis as a particular text mining approach tdwamtegration of real problem analysis and exibacbf
potentially useful information from literature.

3.3 Creativity through bisociations

One of the main challenges in literature miningthie extraction of implicit and previously unknown
interesting information from scientific articles. adly scientific discoveries involve the hyptothetico
deductive pattern of thinking (Lawson 2002). Lawstescribes the basic elements of hyptothetico-
deductive science, as can be seen, for examplBalifeo’s discovery of Jupiter's moons. The elersent
involved are: making a puzzling observation, idgitg a causal question, formulating hypotheses and
using them to generate expected results, makingbsbservations and comparing them with the exgokect
ones, and finally drawing conclusions. Analysisimplicit associations hidden in the scientific faeure
can guide the hypotheses formulation and lead wswdiscovery of new knowledge.

The theoretical framework of our literature-basggdiheses generation research is grounded in the
associationist creativity theory (Mednick, 1962jhwparticular focus on the unanticipated conterssing
associations that Koestler called bisociations @tlee 1964). According to his theory, a bisociatis the
link between two concepts from commonly unrelatechdins that joins such domains by observing them
from a particular, innovative point of view. Bisatibns have the potential of generating radical
discoveries, by enabling the entirely new crossigiary connections among concepts from those
contexts that are normally considered as distiattgories. Besides scientific discovery, the bestimns
can enhance also the humour creation techniquegapile the artists to create original works ofsiny
theatre and art (Koestler, 1964).
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Mednick (Mednick, 1962) defined creative thinking the ability to generate new combinations of
distant associative elements (e.g., words). Heaimxgdl that thinking of concepts, which are notctri
related to the elements under research, inspirespacted useful connections between elements arsd th
considerably improves a creative process. Actualyrginal observations are not necessarily chaiaete
by mistakes or inaccuracies but may provide ancatain of valuable information (Barnett and Lewis,
1994). From this point of view, creative thinkingnstantly involves a process of evoking latent
possibilities to discover new useful informatiordamforeseen knowledge.

In the light of bisociative thinking, the creati@f new discoveries lies in linking the previously
independent concepts from two traditionally dispafeames of reference (Koestler, 1964). Thereftre,
more independent are the concepts under obsery#tismore outstanding will be the novel discovefry
bisociation. By such definition, the logic of bisations differs from the classical associative kirig that
according to Koestler refers to previously estdialds connections among ideas, which have been howeve
hidden until the new discovery. In contrast to biabons, where no comprehensive computer aided
methodology has yet been developed on this bdmsassociative contexts have been analyzed by many
researchers also in the literature mining area. Titeeature-based knowledge discovery process as
proposed by Swanson (Swanson, 1986) was extensitteljed.

3.4 Swanson’s model of knowledge discovery

The bibliographic databases such as MEDLINE camesas a rich source of hidden relations between
biomedical concepts, as shown in 1986 by Swansamr{Son, 1986). Swanson regards scientific articles
as clusters of somewhat independent sets of litersit where common matters are considered withih ea
set (Swanson, 1990). He calisninteractivethose literatures that do not cite one anothext iave no
articles in common, and that are not cited at Hreestime by other papers. According to his propesaih
distinct unrelated literatures could be linked &xte other by arguments that they treat. Consequeéhtl
two literatures can be logically related by argutsethat each of them addresses the unobserved
connections between them represent potential sewfagew knowledge. For instance, if literatdré.e. a

set of all available records abauin the database serving as a source of data)tsegloout terna being in
association with ternb, and another literatur€ associates terma with term b, we can thus assume
literatureB to be an unintended implicit potential connecti@tween literature& andC.

When concentrating his attention on finding implielationships between literatur@sandC Swanson
found out that termb can be employed in at least two different manrigns. first is to discover novéiC
relationships, the second is to use existing telnad discover a novel combination of their joining
properties (Swanson et al., 2006).

By considering unconnected sets of articles Swamsanaged to make several surprising discoveries.
In one of them, he discovered a relationship betmRaynaud’'s syndrome and dietary fish oil (Swanson,
1986). Until this discovery, the literature abowtyRaud’'s syndrome and the literature addressimgdiis
were disjoint as they had no common authors or at@itations. Swanson discovered connections betwee
these two literatures by reading biomedical literatfor two distinct reasons. On the one hand, he w
interested in clinical tests that evidenced positiffects of dietary fish oil on blood, arteriesldreart such
as, for example, inhibited platelet aggregationuoed blood viscosity and decreased low-densitpdblo
lipids. On the other hand, he noticed many articiedfRaynaud’s disease reporting on unusually irsaa
blood viscosity and augmented platelet aggregatibimus he could hypothesise that patients with
Raynaud’s syndrome might benefit from consumingedyefish oil.

Similarly, while studying two separate literaturt® literature on migraine headache and the astich
magnesium, he found implicit connections that weneoticed at the outset of his research (Swanson,
1990). Swanson noticed the possible relationshigvden the disjoint literatures on migraines and on
magnesium by the intermediate literature. In faotne linking terms, such &salcium channel blockers
andspreading cortical depressioappeared frequently in the titles of both the muige literature and the
magnesium literature. However, prior to the Swarsdiscovery, a few researchers (e.g., Altura, 1985
had given attention to a direct magnesium-migraimenection, but laboratory and clinical investigas
started numerously only after the publication & 8wanson’s convincing evidence.

Swanson investigated the process of finding imiptionnections between disjoint literatures usirg th
titles of articles and their Medical Subject HeagifMeSH) terminology, which provides descriptas f
MEDLINE records in a hierarchical structure (Nelseh al., 2001). For literature-based discovery,
Smalheiser and Swanson (Smalheiser and Swanso8) d8Signed the ARROWSMITH system based on
MEDLINE search. Their major focus was on the hypsth testing approach (Swanson et al., 2006), which
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Weeber and colleagues (Weeber et al., 2001) definedloseddiscovery process (left model in Figure 4),
where botha andc have to be specified at the start of the process.

As reported by Weeber (Weeber, 2007), Swansorssliierature-based hypothesis that dietary figh oi
might benefit patients with Raynaud’s disease (S0an1986), was a coincidence. Thereafter, Swanson
studied the literatures of both target conceptsjata fish oil @) and Raynaud’s diseasg for finding the
linking terms b) with already having this hypothesis in mind. @a bther hand, ampendiscovery process
(the right model in Figure 4), is characterizedtby absence of requirement for advance specificaitfo
target concepts. If we are investigating a suljecioted with terne, the open discovery starts with having
only termc and the corresponding set of articles in whiciterappears (called also literatu@g, without
knowing target terma, which is discovered later as a result of thixpss.
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Figure 4:Closed (left model) versus open (right model) discy process as defined by Weeber et al. (Weeber et
al., 2001)

3.5 Approaches based on Swanson’s ABC model

Several other text mining and hypothesis generatigiems supporting literature-based discovery were
developed following the early work of Swanson. ldag and Gordon (Lindsay and Gordon, 1999) tested
Swanson'’s discoveries of connecting Raynaud’s deséa fish oil and migraine to magnesium deficiency
by using different lexical statistics, such as wisejuency counts. The authors tried to find retéweords
on top of ranked lists in their open discovery apgh and thus replicated Swanson’s first two distes.
However, their relative frequency statistic failedsuggesting magnesium and extensive analysischbd
based on human knowledge and judgement rathematitamated procedures.

Weeber (Weeber, 2007) pointed out that the expertvledge is indispensable in the literature-based
discovery to choose among possible results anétrmine potentially contradicting information. Videe
and colleagues (Weeber et al., 2001) simulatedahee two Swanson’s discoveries with Natural Languag
Processing techniques by searching biomedical &thifedical Language System (UMLS) concepts (U.S.
National Library of Medicine, 2006b) in texts. Thdgveloped a system for generating new hypotheses
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from the literature, called Literaby (Weeber, 200Me system identifies the concepts in the UML& th
are related to a starting termand executes a MEDLINE query. Consequently, ligktearmsb are
extracted from titles and abstracts of the reggltitations from MEDLINE and selected by the usé&ow
should have the expert knowledge in the domaimtsrést. At this stage, the filter with 134 semanti
categories can help the user to choose the mostiging b terms from the list of potential linking terms.
Then again, a MEDLINE query is performed with tledestedb terms to find their co-occurring concepts
(a terms). Once more, the user forms a semantia filjesetting among the 134 semantic categories to
retrieve the most promising target terms. The gdedr hypotheses are then evaluated in the closed
discovery phase, where both literaturesfoandC are downloaded form MEDLINE and analyzed to find
interesting linkingb terms. The most plausible are those associatietvgelen literatureé andC that have

the highest number of overlappibderms.

The Srinivasan and colleagues’ (Srinivasan et2@i04) discovery approach, on the other hand, relies
nearly completely on Medical Subject Headings (MgSHheir open discovery approach is established on
topic profiles (Figure 5), where topics represeiitjscts of interest that are derived from the g text
collection. As the text collection is obtained fratEDLINE, the topic profiles are vectors of weigtite
MeSH terms. Term weights calculated for the MeSHingeare a modification of the standard TF*IDF
(term frequency inverse document frequency) scéredleSH terms are classified with one or morehef t
134 UMLS semantic types, this advantage of MeSHadsgh is taken to restrict the search processcand t
consider only MeSH terms belonging to certain seéimdypes. The approach begins by building thedopi
profile for the starting literatur€ and restricts the MEDLINE search to only those Mé&ms that belong
to certain semantic types specified by the user.dagh semantic type the top ranked MeSH terms are
automatically selected, which representhiiterms. After that, profiles are built for eachtioéb terms and
analysed in combination to select a candidate taegm a. Although Srinivasan and colleagues reduced
the amount of manual effort and intervention, apadntant part of the open discovery process depends
almost entirely on the user. For example, the nseds to choose th&C pairs of interest and has to
research the related literatureandC in order to find the supporting evidence.

by > by profile

by > b profile

c > c profile by > b;profile a

b, > b, profile
Figure 5:0Open discovery process as applied by Srinivasancafidagues.

Some other researchers concentrated on literatimmgnand knowledge extraction from biomedical
databases, too. Among them, Hristovski and Petedimstructed a literature-based biomedical disgover
support system, called BITOLA, and found the evaderior associations between several genes and
diseases (Hristovski et al., 2005). BITOLA appleasociation rule mining to find novel relationsvisegn
literatures. Another literature-based discoverytesys named LitLinker (Figure 6), was presented by
Yetisgen-Yildiz and Pratt (Yetisgen-Yildiz and Rrat2006), who combined knowledge-based
methodologies with statistical methods to captwe sonnections between diseases and chemicalss gene
or molecular sequences from biomedical literatdi@.recognize the linking and their correlated terms
LitLinker follows a statistical approach supporteyl the background distribution of term probabittie
First, it finds the linking termsb(terms) that are directly correlated with a startiarmc. Next, it searches
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for target termsg terms), which are associated with each linkingitfinally, it ranks the target terms by
the number of linking termis that correlate the resulting target teawith the starting terra.
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Figure 6:0Open discovery process in LitLinker

Both systems, LitLinker and BITOLA, like in Srinisan and colleagues’ case, also use MeSH
descriptors as a representation of the MEDLINE duomuts, instead of using title or abstract wordseHe
problems arise since some significant terminologynf the subject content of a document may not be
covered because MeSH indexers normally use onlynthet specific vocabulary terms to describe théctop
discussed in a document (Nelson et al., 2001).

Recently, Hristovski with colleagues proposed tlnicsined application of two natural language
processing systems, BioMedLEE and SemRep (Hristoeskal., 2006) to enhance literature-based
discovery. BioMedLEE integrates syntax and semanfihie system uses online biomedical knowledge
sources and MedLEE’s lexicon (Friedman et al., 20f&veloped from clinical documents. The other
system, called SemRep (Rindflesch and Fiszman,)28G8general knowledge-based semantic interpreter
constructed for searching MEDLINE citations andniifging treatments of diseases. It is a symbolic
natural language processing system that uses uymbéied syntactic analysis and medical domain
knowledge from the UMLS Metathesaurus (U.S. Natiduitarary of Medicine, 2006a) to identify semantic
predications in biomedical text.

Although the majority of the literature-based digey examples are from the biomedical field, the
Swanson’s idea can also be explored in other disei Cory described how hidden knowledge withia t
humanities domains can be extracted from biblidgiapatabases of the humanities disciplines records
(Cory, 1999). He reported that some previously ticed analogies were discovered between the
epistemological ideas of a nineteenth-century Acagripragmatic philosopher and an ancient Greek
philosopher. Although humanities titles are oftemaginative and underdescriptive, Cory showed that
logical connections, which were previously unknoamd could not be discovered by ordinary search
techniques, can be obtained by the applicationw@frSon’s method.

The focus of this thesis is primarily on the aread methods, where text mining potentially enriches
biomedical science and thus interdisciplinary catsmenformation technologies with biomedical expert
knowledge. In this respect, we emphasized the Bpéekt mining approaches in real biomedical sgfsi
towards extracting knowledge from data. A biomeldaaa of our particular interest is the researth o
autism, which is described in more detail in thiéofeing chapter.
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4 Autism Domain

To better understand the nature of autism spectlisorders it is necessary to review the scientific
literature written about this topic. The purposetbis chapter is therefore to investigate the kdic
concerning autism, which are available in the MEREIdatabase. Our investigation starts with a trend
analysis that aims to identify trends in autismestific research and to compare subsets of autism
documents relating to different time periods ofirthreblication. In addition, we review the more eat
autism literature in more detail.

4.1 Trend analysis in autism research

Autism is a complex neurodevelopmental disordehdlongs to a group of pervasive developmental
disorders that the fourth revised edition of Diaglim and Statistical Manual of Mental Disorders
categorizes as a group of symptoms of neurologieatlopment, associated with early brain mechanisms
(American Psychiatric Association, 2000). It is nigimanifested as impairment in social relatedness,
communication and as repetitive routines and isttiinterests (Georgiades et al., 2007).

For the heterogeneity of this developmental distnde and its different degrees of affecting chiidre
the autistic symptoms occur along a spectrum, roften referred to as autism spectrum disorders. The
term Asperger syndrome is often used together thighterm autism. There are few content similarities
between Asperger syndrome and autism, where noam@tardation is present (Klin and Volkmar, 1995).
Both disorders are diagnostically placed within tip@up of autism spectrum disorders (American
Psychiatric Association, 2000).

Throughout the world, the increases in autism ratgédence that autism spectrum disorders are not
rare. The estimated prevalence in United Statesatinet developed countries is 5.8 per 1000 children
(Hirtz et al., 2007). According to the Autism Sdgief America, autism is now considered to be an
epidemic. The increase in the rate of autism rexkaly epidemiological studies and government report
implicates the importance of external or environtakfactors that may be changing.

There’s also a massive increase of informatiorh@drea of autism research, which often impedes to
provide a more complete picture of the researchlteeand leads to a fragmented understanding of the
nature of autism. The most frequent topics undadystinclude genetics, perception and cognition,
neurobiology, physiology and nosolédg§Matson and LoVullo, 2009).

Despite the number of publications on autism kempsncreasing, the autism domain still lacks a
thorough understanding of the underlying phenonmmiag to its rather complex nature, and therefore,
further investigations are needed (Persico and @mon, 2006). This is the reason why studies sgdkin
factors that can help to put pieces together intaique, comprehensible object are so important.

Figure 7 shows the accumulation of the number diEeurelated articles cited in MEDLINE in the
years from 1948 to the end of 2007 in comparisah thie growth of all citations in MEDLINE. The data
in the figure are the result of an advanced seafthe MEDLINE database. An exponential trend & th
autism citation growth line clearly demonstrates icreasing acceleration of the autism publication
MEDLINE.

2Nosology is the branch of medical science thatgiaith the classification of diseases.
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Figure 7:Growth of autism publications in comparison witte tgrowth of all citations in MEDLINEThe
numbers of autism citations and the numbers ofl@luments cited in MEDLINE in the period from 1948
2007 are presented with two different sets of vafoe the Y-axis scale.

For trend analysis in autism research we perforthedime-dependent analysis of the autism liteeatur
from the very first publication in MEDLINE to theuism findings published at the end of 2007. Our
literature review is split into five sub-groups anting to the periods of publications of autismcies. The
first sub-group includes the autism articles thatevpublished since autism was first described agrier
in 1943 (Kanner, 1943) until the year 1968. The amaf autism research was scarce in that period, i
fact this is the smallest of all five groups of doents although it represents the longest period of
publication time. From the beginnings of the auti®search the emphasis was placed on the supposed
difficulties of mothers in relating with their astic children. In particular, the focus was on the
schizophrenic and the so calleddrigerator mothers.

3 The termrefrigerator motherswas introduced and popularized by Bettelheim (196/ho blamed parents,
usually mothers, for their children's autism. Titeérigerator motherswere seen as cold and emotionally
distant from their children and therefore blamed floeir child’s disorder despite the lack of emgzfi
evidence to support the theory.
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Soon followed the research period, when it was shthat such reasoning on the causes of autism had
been false. Several follow-up studies in years 1P%B7 investigated the perception and thinkingutistic
children by analysing family home movies, languageironment of autistic children and their intetied
characteristics. Many authors in this period raigerquestion of the early diagnosis within an appate
nosological system and the suitable methods ofn@rat of the autistic child.

Publications with more striking findings startedetmerge during the late 1970s and 1980s. The geneti
studies found associations of autism with the feadi anomalies and with the Rett syndrome, affectin
almost exclusively females. These publicationsedhithe awareness of clinicians about the importaifice
the systematic genetic screening for the earlyrdtiaig of autism. In this period many authors aégmrted
about the elevated serotonin levels in the bloodwdistic children. This way the diversity of stesli
demonstrated the heterogeneity of the autism agljolOn the other hand, some consensus was achieved
by the autism researchers of the behavioural ctexistics associated with the diagnosis of autism.

A substantial research literature was beginninpeopublished more than forty years after Kanner's
groundbreaking work, in the period 1988-1997. Salvauthors concentrated their attention to speech,
imaginative play, and imitation skills. In this p, many papers related to autism also descrimbest of
features of patients with Tourette's disorder asgekger syndrome. Asperger syndrome was examined as
a subgroup under the autism developmental disqrdérish was described for the first time by Asperige
1944, just a short time after Kanner publishedshisly about infantile autism in 1943 (Klin and Violr,
1995). Next, some authors observed Tourette's diésoand suggested that this syndrome may be
responsible for some of the genetic heterogenaityervasive developmental disorders, such as autism
Besides them, studies included pharmacologicatrveat with fluoxetine in autism with depression and
obsessive-compulsive behaviour.

In more recent studies that were published in trary 1998-2007 marked advances have been made in
genetics research. On the other hand, many coatoagistudies have been discussing links between
autism and immunization with a particular concezgarding the MMR (Measles, Mumps and Rubella)
vaccines containing thimerosal. The quantity ofaesh into autism started to increase dramatidally
these years; therefore we performed a much detadledw of the autism literature published in théiod
that we present in the following section.

4.2 Recent autism research

To gain substantial background knowledge abousatour aim was to review the recent autism liteeat

in some more detail and to identify the most frefquepics researched in this domain in the yea@®8419
2007. With this intention we retrieved and analyseticles from PubMed Central database that treat
problems of autism and were available in full text.

An important goal in our recognition of autism pberena was to uncover the fundamental concepts
that provide necessary clues about autism. Toifgestme background knowledge from the large amount
of digital articles one approach would be to read aanually analyze all available data. Since this
evidently a time consuming task, we instead chasguide our attention only on the most specific
information about the domain of interest. In fagtpothesis generation from text mining resultseelbn
background knowledge, experience, and intuitioin{@san, 2004). With this consideration we staded
examination of autism phenomena with the identiiicaof its main concepts and the review of what is
already known about autism. We identified suchrimi@tion by ontologies construction, which we found
very fast and effective way of visualization angblexation of large datasets. Here we discuss orisflp
the findings of special importance to recent autiesgarch. For further details see Chapter 6.

An interaction of multiple risk factors is considdrto contribute to the autistic disorders. Howethes
etiologies of autism are still largely unknown. tistive neuropathological, genetic and environraéent
studies are of central interest to autism resedrchur literature-based study of autism we havénipa
focused our attention on biochemical substratesn@ndological mechanisms because various neuralbgic
and biochemical abnormalities have been identifs@dong individuals with autism. In fact, many
mechanisms that might be lying behind neurologiisdrders of autistic patients have been examimed a
important advances have been recently made in staheling neural systems that process various types
information. Imaging and other examinations of dludistic brains have shown several brain irregtides
among them the altered neuroanatomy (Bauman andp&en2005), as well as abnormal cellular
neurochemistry (DeVito et al., 2007). Within thisntext, molecular changes in brain development and
neurotransmission, morphological distinctions ofrtipalar neurons, and regional brain volume
abnormalities have frequently been reported (BetimebSikich, 2007).
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Various neurological conditions in autism refleclsca in the heterogeneity of the possible
neuropathological causes of this disorder. Theegfave have started our autism research with an
assumption that neurological substances, procesgkgansformations play a central role in the platyy
of autism.
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5 Materials and Methods of Data Collection

Materials and the methods of data collection usenlir research are presented in this chapter.rticplar,
we describe the corpus collection that we examitiesl XML format version of scientific documents ttha
we utilise to automatically process the documentsnfMEDLINE, and the Medical Subject Headings
classification that serves us for filtering theulesreturned by the RaJoLink method.

5.1 Research outline

Text mining tools make it possible to discover Hewwledge through analysis of text. In order toadrit

an improved insight into the autism domain struetand to make valuable new discoveries about autism
we decided to analyse the professional literathoaitautism that is publicly accessible on the \Wavlide
Web in the MEDLINE database of biomedical publicas.

In our experiments that we conducted within thepscof this thesis, we approached as follows:

- We collected scientific articles about autism friiva MEDLINE database and in the first place
examined the literature on autism by the constouctf domain ontologies. To this end, we
used OntoGeh(Fortuna et al., 2006), the interactive tool fems-automatic construction of
ontologies.

- By text mining the words that rarely appear in tticuments about autism we searched for
concepts that yield to valuable associations wittisen. The search was done in the semi-
automated way with the support of the RaJoLinkvearfe tool.

- We automatically evaluated the novel candidateetartp elucidate their possible relationships
with the autistic spectrum disorders. The autom&taluation was done with the support of the
RaJoLink software tool that retrieved and analyteddocuments on candidate targets together
with the documents on autism from the MEDLINE datbthrough PubMed searches.

- In the closed discovery process we performed alsmi@ focused investigation of the linking
terms between the candidate associative targetawtisin by searching for bisociations in the
documents’ similarity graphs. This investigationswdone by concentrating on outlying and
their neighbouring documents in the documents’ lsifity graphs that we constructed on the
collection of the autism domain literature togetheth the documents on an associated
domain.

- Finally, we performed experimental evaluation of method using the literature on migraine.
In fact, we demonstrated the RaJdoLink's reliabilisnd reproducibility by simulating
Swanson’s migraine-magnesium discovery, which iasimered the gold standard of the
literature-based discovery.

4 One of the most frequently used text representatiortext mining is word-vector representation, vehthe
word-vector contains some weight for each wordeat,tproportional to the number of its occurrenicethe
text (Mladen¢, 2006). Such representations are used also byG@mtowhich enables interactive construction
of ontologies. We used it to construct severalsautbntologies on different parts of scientific elgs.
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5.2 Corpus collection

The material for our experiments was a collectibtegt documents from MEDLINE database through the
PubMed interface (Figure 8). PubMed provides acte#ise U.S. National Library of Medicine’s prenger
bibliographic database MEDLINE, as well as to sadditional sources of bibliographic information on
diseases, public health, pharmacy, pharmacologyodimetr biomedical topics (PubMed, 2008). PubMed
automatically retrieves and displays citations lo@ é€ntered search terms. A single citation mayudel
abstract, full text in PubMed Central or links tdl text available elsewhere.

In the MEDLINE database we found 11,969 articlesaatism that were published till the end of the
year 2007. There were 354 articles with their entiaxt published in the PubMed Central database&hwh
is the U.S. National Institutes of Health free thgarchive of biomedical and life sciences jouradicles
(PubMed Central, 2006). Other relevant publicatiorese either restricted to abstracts of documents o
their entire texts were published in sources oatBidbMed.

National B~
PubNed Library (N
of Medicine Exli
PaoMed NickEotce Prael Geiome Shiche

Hearch | Pubked w | for

About Entrez

Tamemy

MG
Go Clear

Lirits Previewinde:x History Clipboard

* Enter one or more search terms, or click Previews/Index for adwvanced
searching.

» FEnter author names ag smith jo. Initials are optional.

o Fnter journal titles in fiull or as WEDLINE abbreviations. Use the Journals
Dratabase to find journal titles.

PubMed, a service of the National Library of Medicine, provides access to over
12 million MEDLINE citations back to the mid-1960's and additional life science
journals. PubMed includes links to many sites providing full text articles and
other related resources.

. Bookshelf Additions B New PubMed Features
- .- ) The Surmrmary page dizplays a
The KIR G‘-‘ene Cluster, writtan by ’E new icon link for free full-text
The KIR| Mary Carrington and Paul articles
Ganeg Morman, is now available for '
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Bookshelf, options, incduding an 2-mmail seledcian,

have been added to PubMed. See
Mew/Motewarthy,

I Severe Acute Respiratory Syndrome

Citations to aticles about Sewere Acute Respiratony Syndrome (SARS) are provided during this
time of peak interest to facilitate searching this topic.

Figure 8:Screenshot of PubMed that provides access to tiees indexed for MEDLINEPubMed is available
via the Entrez retrieval system, developed by th8. Wational Center for Biotechnology Informationthe
National Library of Medicine, located at the U.SatNnal Institutes of Health.
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For the experiments with full texts of articles, ywerformed preprocessing of such documents by
converting the HTML and PDF papers to text, andibleting graphics, paragraph marks, and manual line
breaks from the full text versions, so that eacbudeent occupied one record in the input file. Qbitej
and handling of full texts of literature requiredra time in terms of locating and converting thero a
plain text format. Also, the full-length articlearcbe only accessed from journals that are availablfree
or via a particular subscription. However, the-faligth biomedical articles contain an abundancdaté
and if the user could capture important informatfoom them, it is worth spending additional time on
obtaining and processing such text.

Unlike titles and abstracts, which are availablédiiML or XML format, the full texts from the early
issues of some journals are provided only as PIHs.fiConsequently, their handling requires extra
processing time. Therefore, we further restrictesltarget set of articles from the listed 354 doewis to
only those that have been published in the lasyéams, namely in the period 1998-2007. As a rewmudt
got 214 articles from 1998 forward. For the neeflour experiments and for analysis purposes, we
decomposed them to titles, abstracts and bodi¢sxts. Accordingly, we created three input texgdila
file with 214 titles, a file with 214 abstracts aadile with 214 bodies of texts without their resfive titles
and abstracts.

5.3 Records in XML format

To automatically process the documents from largalthses, it is very practical if they are avadaibl
XML format. The National Library of Medicine usels@ the eXtensible Markup Language (XML) format
for disseminating its MEDLINE bibliographic citatialata (U.S. National Library of Medicine, 2000).

Each MEDLINE citation has the same structure. To level element in a citation set is called
<MedlineCitation> and contains one entire recordre;l we describe the structure of XML documents and
their building blocs as defined by the U.S. Natioh#rary of Medicine in the MEDLINE/PubMed
document type definitions (U.S. National LibraryMédicine, 2005).

Following is a description of the MEDLINE/PubMederients that we used for literature-based
analysis:

- <AbstractText> consists of English-language abstitaat is taken rigorously from a published
article. If an article does not contain a publishestract, the MEDLINE record lacks the
<AbstractText> because the National Library of Méw does not create one on its own.
Typically, the National Library of Medicine doestmrovide abstracts for articles written before
1975. Whatever the structure of an abstract istekieis not broken into paragraphs. However, as
entry policies for MEDLINE/PubMed citations haveatiged over the years, some abstracts may
be shortened by cutting the end. Such records hdwemational text enclosed in parentheses
(e.g., ABSTRACT TRUNCATED AT 250 WORDS or ABSTRACTRUNCATED AT 400
WORDS). The present maximum length of abstract®j800 characters for a record;

- <ArticleTitle> contains the complete title of a joal article. The articles that are originally
published in a foreign language are translated ttheiditles are always provided in English. Some
citations from the OLDMEDLINE subset of records assigned the valudot Availablefor the
<ArticleTitle>. These records with missing infornaet were published in the years 1964 and 1965
and cited in the Cumulated Index Medicus. The Cated Index Medicus was the first of the
medical indexes that provided access to a broagerah biomedical literature in the years from
1960 to 2000 (U.S. National Library of Medicine 02().

A sample fragment of a record in the XML format ddeaded from the MEDLINE database is
presented in Figure 9. It displays the XML taggewdhfat of the MEDLINE citation of our article (Petet
al., 2009) that was published in the Journal ofidical Informatics.
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<Pubmedirticle:s
<MadlineCitation Status="Publisher" Cwner="NLM":=
<FMID>»18771753</FMID:>
<DateCreated:
<Year=2008</Year:
<Month=9</Month:s
<Day=22</Day>
</DateCreated:>
<Article PubModel="Print-Electronic":
<Journal>
<IS8N I=ssnType="Electronic">1532-0480</I33N:>
<Journallssue CitedMedium="Internet":
<PubDate:
<Year=2008</Year:>
<Maonth=Aug</Months
<Day>19</Day>
</ PubDate:x
</Journallssues
<Titlex=Journal of biomedical informatics</Title>
</Journals
<hrticleTitlerLiterature mining method RaJoLink for uncovering relations
between biomedical concepts.</ArticleTitlex
<Pagination>
<MedlinePgn/>
</Pagination>
<Abstracts>
<BbstractText:>To support biomedical experts in their knowledge
discovery process, we have developed a literature mining method called
RaJoLink for identification of relations between biomedical concepts
in disconnected sets of articles. The method implements Swanson's ABC
model approach for generating hypotheses in a new way. The main
novelty is a semi-automated suggestion of candidates for agents a that
might be logically connected with a given phenomenon ¢ under
investigation. The choice of candidates for a is based on rare terms
identified in the literature on c¢. As rare terms are not part of the
typical range of information, which describe the phenomenon under
investigation, such information might he considered as unusual
observations about the phenomenon c¢. If literatures on these rare
terms have an interesting term in common, this joint term is declared
as a candidate for a. Linking terms b between literature on a and
literature on ¢ are then searched for in the closed discovery to
provide additional supportive evidence for uncovered connections. We
have applied the method to the literature on autism and have used
MEDLINE as a source of data. Expert evaluation has confirmed that the
discovered relations might contribute to a better understanding of
autism.</AbstractTexts
</Abstracts>

Figure 9:The sample record from the MEDLINE database intht format The displayed fields of the sample
record are part of our article from the JournaBaimedical Informatics, viewed as MEDLINE citatiom XML
format (Source: U.S. National Library of Medicifgptember 2008).

For automatic access to the MEDLINE data, which toabe performed outside of the regular web
query interface, called Entrez, we used the ESeaahof the Entrez Programming Utilities (Sayersla
Wheeler, 2004). In particular, we operated withftiwing utility parameters:

- Database naméDbNameg, where the PubMed database is the default valutaeo parameter
DbName

- Date Rangedo limit query results bounded by two specificetatnamely thenindateand the
maxdateparameters;



Materials and Methods of Data Collection 25

- Date Typethat limits dates to a specific date field in dafl@se. Actually, we use tleelattype of
dates, which limits query results according todhte when a citation was added to PubMed.

The Entrez Programming Ultilities are capable ofieeing data records that already exist inside the
Entrez system. Among them, the ESearch tool resptma text query and returns data corresponding to
the results of the query submitted to the Entrestesy. As the results from ESearch are maintainegten
user’s environment, the maximum number of retriesesbrds (URL parameteetmay is 10,000 records
for a search. If there is a need to retrieve miaa 110,000 records from MEDLINE we suggest runrang
combination of queries with different date ranges.

5.4 MeSH classification

The Medical Subject Headings (MeSH) thesaurus aslyred by the U.S. National Library of Medicine,
which has also been maintaining it since 1960. fohmal definition of the goal of MeSH is “to prowca
reproducible partition of concepts relevant to beaigine for purposes of organization of medical
knowledge and information” (Nelson et al., 2001)e$H terms form a controlled vocabulary that is
primarily used for subject indexing and searchifigoairnal articles in MEDLINE database and other
catalogues of the U.S. National Library of Medicine

The MeSH structure consists of three major compisnethe headings, the subheadings and the
supplementary concept records (Nelson et al., 2001 subheadings that are also known as qualdiers
assigned to the main headings by indexers and astlyrused as the topical qualifiers. Supplementary
concept records are mainly related to chemicalsdinds and include names of substances, synonyms,
structural chemical names, registry numbers, amgronotes that are daily added to the Mesh. Main
headings within the MeSH classification are useéhdexing terms in the MEDLINE database to denote
the major topics that are discussed by the citédlearOn the other hand, the MeSH thesaurus reptss
descriptors that reflect the broad meaning of ¢énetunder observation (Figure 10).

AleSH N
Headi Lutistic Disorder
Tree
Number F03.550.325.125
L disorder beginning in childhood. It is marked by the presence of markedly shnorraal or
irrpaired developraent in social interaction and coraranrication and a markedly restricted
Scope Note

repertoire of actrvity and interest. hanifestations of the disorder varsy greatly depending on
the developraental level and chronological age of the indmidual. { DER-TV)

Entry Term | |[Autism

Entry Term |fintisin, Early Infantile
Eniry Term  |&utistn, Infantile
Entry Texm | [Kanner's Syndrome

Allowable |BLCFCICLCODHDIDT EC EH EN EF ET GE HI IM ME W MO WU PA PC PP
Qualifiers PS5 PXFA BH RIS TH UR 1J5 VI

Previous .

Indexi Boutismm (1966-1970)

Previous . . .

Indexi Schizophrenda, Childhood (1966-19700

Online Note | AUTISH, INMFANTILE to search AUTISH, EARLY INFAMTILE 1971-20; use

SCHIZOFHERENIA, CHILDHOOD 1962-70
History Mote [1921(1966)

Date of
Entry
Unique ID | (DO01321

19990101

Figure 10:MeSH descriptor data for autistic disordéSource: U.S. National Library of Medicine, JugaB).
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The basic building block of the MeSH thesaurus,cwhis the descriptor class, is formed by one oremor
terms that represent a concept. The descriptateiMeSH thesaurus are hierarchically related gnia
child relationships so that each descriptor hdsast one parent. Besides, the relationships arongepts
can be explicitly represented as relationshipsiwighdescriptor class (Nelson et al., 2001).

From these points of view the MeSH tree structtinas form the hierarchical MeSH thesaurus can be
regarded as an ontology. In the entire structurth@fMeSH thesaurus, one particular term can appear
different concepts. For example, the teknowledgecan be found under two MeSH categories, nhamely
under the MeSH category Humanities — K01, labelét the MeSH tree number K01.468 and under the
MeSH category Information Science — L01, labellathwhe MeSH tree number L01.535.

The MeSH terminology is organized into the elevevel hierarchical structure. The broad medical
headings are situated at the most general levelsedfierarchy, while the more specific medicaldiegs
are at narrower levels. The top-level categorieh@nMeSH hierarchy are: Anatomy - A, Organisms - B
Diseases - C, Chemicals and Drugs - D, Analytida@gnostic and Therapeutic Techniques and Equipment
- E, Psychiatry and Psychology - F, Biological 8ces - G, Natural Sciences - H, Anthropology,
Education, Sociology and Social Phenomena - |, i@ldyy, Industry, Agriculture - J, Humanities - K,
Information Science - L, Named Groups - M, Healtar€ - N, Publication Characteristics - V,
Geographicals - Z.

As an example, Figure 11 presents the hierarchthefMeSH tree as we navigate from the Mental
Disorders category at the tree top to the AutiStisorder category near the bottom of the MeSH tree
structures.

Adjustment Disorders [F03.075)
| Anxiely Disorders [FO03.080]
| Delirium, Dementia, Amnastic, Cognitive Disorders [FO3.087]
Dissociative Disorders [F03.300)
| Eating Disorders [FO3.375]

| Factitious Disorders [F0-3.400]
| Impulse Control Disorders [FO3.500]

_ Anxiety, Separation [F03.550.075]
Attention Deficit and Disruptive Behavior Disorders [F03.550.150)
| Child Behavior Disorders [F03.550.300]

hi | i P ive [F !
Mental Mental Disorders Diagnosed | Child Development Disorders, Pervasive [F03,550.323]
D'?IEEHSTFS —in Childhood [F03.550] Communication Disorders [F03.550.350] | psparger Syndrome
| Mood Disorders [F03,600] | Developmental Disabilities [F03.550.362)  —{F03.550.325.100]
| Neurotic Disorders [F03.650] | Elimination Disorders [F03.550.375] o)

—F03.550.325.125]

| Personality Disorders [FO3.675] Feeding and Eating Disorders of Rett Syndrome
Schizophrenia and Disorders with Childhood [F03.550.400] {F03.550.325.412]
—Psychotic Features [FO3.700) —Leaming Dlsordf_ers [FO3.550.450] Schizophrenia,
| Sexual Gender Disorders [F03.800] |—Mental Retardation [FO3.550.600] | Childhood
Sleep Disorders [F03.870] Motor Skills Disorders [FO3.550.650) [FO3.550,325.700]
| Somatoform Disorders [F03.875] | MuUsm [F03.550.700]
Substance-Related | Reactive Attachment Disorder [F03.550.750]
Disorders [F03.900] | Stereolypic Movement Disorder [F03.550.787]

| Tic Disorders [F03.550.825]

Figure 11:MeSH tree structure for the Mental Disorders carggf-03] when approaching to the Autistic
Disorder category [F03.550.325.125]Source: U.S. National Library of Medicine, Sepber 2008).

We take advantage of the MeSH classification to thapterms from free text to the concepts within
this biomedical controlled vocabulary. We evaluatminst the MeSH thesaurus each string variant that
results from the text pre-processing and the mdogcal analysis of words. This way we facilitateet
filtering out of terms by providing the possibilitp select only those categories from the MeSH tree
structure that the user is interested in.
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6 Structuring Domain Knowledge with Ontology Construdion

To obtain an overview of the fundamental concefitautism domain knowledge we constructed several
domain ontologies on literature about autism ardbpmed analyses of the constructed ontologieshikn
chapter we provide details about our experimenthénsemi-automated ontology construction in autism
domain. In this objective, we investigated how sefgaparts of scientific articles, such as titl@sstracts
and full texts, influence the constructed ontology.

6.1 Ontologies

For successful text mining a wide background kndgte concerning the problem domain presents a
substantial advantage. Ontologies in general withir tcapability to share a common understanding of
domains support researches with the ability toceas/er and to analyze the information at issushiJo
and Undercoffer, 2004). In information science,otogy is a data model that represents a domainisand
used to reason about the objects in that domaintfandelations between them. In this manner, domain
ontologies represent background information frone #pplication domains. Many tools that help
constructing ontologies from texts were developed successfully used in practice (Brank et al.,5300
Among them, OntoGen (Fortuna et al., 2006), theradtive tool for semi-automatic construction of
ontologies, received a remarkable attention.

Throughout each period of science, ontologies Hasen used as a means to organize scientific
information and, more importantly, to provide a ecoam vocabulary of concepts. From this perspective,
ontologies are part of the common-sense understgnoli the world, which define the concepts and
structures in a domain.

Ontologies are used in information science as @ faff knowledge representation of the world or some
part of it. In general, ontologies include desdoips of objects, concepts, attributes and relatlmetsveen
objects. They integrate and conceptualize the bgésrity of the domain terminologies that can be
identified in text. Therefore, ontologies reflebetcontent and the structure of the knowledge earitbe
recognized through the use of terms in the insgetiterature. The literature that is utilised ineth
construction of topic ontologies must be carefudlected before it is processed and considered for
analyses.

Until recently, the practice of ontology constroctihas relied mostly on the manual extraction of
interesting concepts from scientific literature dhdir organisation in a suitable hierarchy. Nowesldhe
largely increased amount of scientific publicatisaquires automated support for such a task. Wtk n
knowledge technologies, selected scientific ardidan be processed semi-automatically, and theretoe
process of ontology construction can be made nideetive and feasible in practice. Thus, ontologies
particularly important when the process of knowkedgquisition embraces insight and understandiray of
specific domain.

Ontologies as those illustrated in Figures 12 aBdadtually helped us to review and understand the
complex and heterogeneous spectre of scientificlestabout autism. In fact, the examination of the
autism literature indicates a wide diversity in thdism studies. In order to broadly assess thegdsin
the autism research over time, we initially perfedra trend analysis. Trend analysis can be uséskin
mining to recognize the trends in journal paperssemultiple document subsets over time (Feldnmah a
Sanger, 2006). We performed our domain researckehy-automatic construction of ontologies with the
computational support of OntoGen (Fortuna et 8I06).

The ontology-based trend analysis of the autisendttre that is represented by the ontology inf€igu
12 is provided on the bases of the collection dfsaudocuments that we analysed and by relatiosship
between concepts that these documents address.wlyigshe construction of the domain ontologies
enables the observation of the general trendseofi®fcuments topics across different publicatioopler
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Figure 12:Autism trend analysisTrend of autism research is represented by thelagy, where documents
were divided into 5 periods according to the ydaheir publication.

For the ontology-based trend analysis we dividegmudocuments from the MEDLINE database into
five time-dependent datasets by considering théigailon date of the documents. Each dataset, éxhep
first one (i.e. for the period before 1968) compdighe autism research that falls within a peribd®
years as follows: 1968-1977, 1978-1987, 1988-1%8W 1998-2007. Due to the smaller number of
MEDLINE citations we included all the early publitms on autism before year 1968 within a single
dataset. The five datasets consisted of abstratie @utism documents and of the documents’ titlesll
those articles that don’t have their abstractslalvis in MEDLINE.

We split each of the concepts on the first levebmtology into sub-concepts and named them with the
most informative keywords that were automaticalkracted from the concepts documents from each
period. From such representations we were abletiectthose topics that occurred during severabger
of time (e.g., behavioural, language, communicatfoagile X, and other chromosomal studies of awitis
and can be therefore regarded as the most intéynsasearched fields of autism.

We subsequently built the autism domain ontologiegutism articles from PubMed Central database
that were available in full text and published tie tyears 1998-2007. An example of such ontologién
form of a tree-based concept hierarchy is giveRigure 13. In this example, we split the first leggthis
concept hierarchy into four concepts. We furthdit spch of these concepts into at least six suizepts.
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Figure 13:A two-level autism ontologyConcepts are renamed according to autism surtergture, based on
the keywords suggested by OntoGen.

By constructing ontologies we extracted key infaiiora and knowledge from the scientific literature
and got insights into the structure of large litera collections. The medical expert that evaluated
ontologies, which were constructed on the autisendture found a tree-based view on the ontolaide
very intuitive representation of the autism sciimtresearch. Such visualization through the seimant
analyses of scientific literature helped us explgithe autism domain and understanding its hetasmes
nature. Therefore, we integrated ontologies in m&thodology because they model a domain under
research in a way that facilitates understandingthis manner ontologies complement the knowledge
discovery process.

6.2 Semi-automatic ontology construction

Traditionally, ontologies for a given domain arenstiucted manually using some sort of language or
representation and rely on the manual extractiorcahmon-sense knowledge from various sources.
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Recently, several programs that support manuall@moconstruction have been developed, such as
Protégé (Gennari et al., 2002). Since manual ogyotmnstruction is a complex and demanding process,
there is a strong tendency to provide a computbigspport for the task. Based on text mining teghes

that have already proven successful for the tasito@en (Fortuna et al., 2006) is a tool that ersatie
interactive construction of ontologies from textcdments in a selected domain. A user can create
concepts, organise them into topics and also asiigmments to concepts. A screenshot of OntoGen
version 2.0.0.0 is shown in Figure 14.
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Figure 14:Screenshot of OntoGen, version 2.0.@&\Qool for interactive topic ontology construati¢Fortuna et
al., 2006).

With the use of machine learning techniques, OntoGepports individual phases of ontology
construction by suggesting concepts and their natmgsdefining relations between them and by the
automatic assignment of documents to the concépidupa et al., 2006). Our main motivation for gsin
OntoGen was to gain a quick insight into a givermdim by semi-automatically generating the main
ontology concepts from the domain’s documents. Fhei-automatic ontology construction method
implemented in OntoGen incorporates basic textmgimrinciples. The input for the tool is a collectiof
text documents. Documents are represented as seethich together are often referred to as a vector
space model. Using this representation, similariietween two documents can be defined as theecokin
the angles between the two corresponding vectoeseptations. When suggesting new concepts, OntoGen
uses a KMeans clustering technique (Jain et aB9jLland a keyword extraction method (Brank et al.,
2002).
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6.3 Experiments on documents about autism

We investigated the impact of how the inclusion ardlusion of various parts of scientific articfesm

the autism domain affect the constructed ontologMsre specifically, we studied the differences in
automatically constructed ontologies from titlebstaacts and bodies of texts respectively. Whilmeso
experts suggest that the more text one can oltenbetter the constructed ontology (Liu et alQ30
others advocate a more systematic approach thas reh comparably balanced parts of explored texts
(Cohen et al., 2005).With the experiments we aittwedlarify this dilemma. Thus, our main motivation
was to analyse how separate parts of scientificlest influence the constructed ontologies. In this
comparison, we decided to take into account only tibp-level ontology concepts, mostly because
comparing full-scale ontologies can become a varjciate task (Brank et al., 2005).

Initial results presented in our early study (Rettial., 2006a; Cestnik et al., 2007) encourageitiéu
investigation that enabled us to present our figglim a more systematic fashion. When evaluatinighwh
parts of articles would be more appropriate forotogy construction, we assessed two criteria:, fitst
pair-wise similarity of the constructed ontologyncepts, and second, their resemblance to the cotymon
accepted concepts in a given domain.

When designing the experiments, we had two goalsiimd. First, we wanted to become acquainted
with the domain in the sense that we understangtmbtie underlying concepts. Second, we wanted to
evaluate various ontologies constructed on vanauts of documents, such as titles, abstractseatisg. in
addition, we also tried to evaluate the contentmi@ance between titles, abstracts and entire barfiesxts
of the related documents.

Finally, we also wanted to experiment with varioxadues of the parametérused by OntoGen’&-
means clustering algorithm. Clustering algorithsisch as K-means clustering, are useful tools foa da
mining; however, when we have to cluster datasets, not always clear which is the most approgriat
number of clusters (parametrto use (Jain et al., 1999). The earlier versib®otoGen automatically
proposed the use of eight clusters as a defauliveMer, it is strongly recommended to experiment als
with various other values &fin order to determine the best result for the dontaider investigation.

The ontologies were built with two values for trergmetek: first, with k=8, which was automatically
suggested by the earliest version of OntoGen, aodrsl, withk=5, which experimentally turned out to be
a well-balanced trade off between complexity anehmahensibility in this domain. The resultant oatpl
concepts are illustrated by the example ontolodyigure 15.

Moreover, the results obtained wkh5 were more in accordance with the concepts fonrtide autism
survey literature (Zerhouni, 2004) and were alstfiomed by an expert in the autism domain. In thy,
OntoGen generated eight and five concepts resgéctdn the first level of domain ontology for eazh
the input files (titles, abstracts and bodies oftse Each concept was described with the threet mos
relevant keywords as suggested by OntoGen.

For these experiments we used three input text fdile with 214 titles, a file with 214 abstraend a
file with 214 bodies of texts on autism that weaited by our search in the PubMed Central database.
Each text file was used separately as an inputiaioGen; in the process of semi-automatic ontology
construction, we used OntoGen to construct sewemlevel ontology concepts and describe them with
suggested keywords.

Our evaluation of the obtained ontology concepts firat performed at vocabulary level by comparing
keywords of various concepts and analysing theafetecuments that corresponded to each concept, Ne
concept descriptions were presented to the meeixgaért, who also evaluated the concepts from her
perspective.
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Figure 15:Top-level autism ontology concep®riginal concepts descriptions (three for eachcept) as
suggested by OntoGen are included for easier ffitation.

6.4 Experimental results of ontology construction in tle autism domain

Our comparison of ontologies, built with the toalt®@Gen, was made on 214 articles that treat prabtem
autism and are available in the PubMed Centrabdat When dealing with complex phenomena, a good
strategy is to decompose it to more manageables fAupan et al., 1997). The document corpora can
usually be divided by hierarchical structure ofacument into logical sections such as title, alestaad
main body (Hollingsworth et al., 2005). For thesasons we compared the different ontologies buth w
OntoGen on titles, abstracts and texts (main bpdieBubMed articles, also to find out the mosteahiye
definitions of autism concepts. In addition, uparing autism as a multilevel, complex phenomeroam,
goal was also to review the autism literature amddentify the most frequent topics researchedhia t
domain.

Using OntoGen we displayed sub-concepts of thesmutiomain as suggested by its clustering
algorithm, and described them with their main kegdgoextracted from text documents. The keywords tha
we used for concepts description were calculated &ccording to the concept centroid vector, andhiey
Support Vector Machine based linear model (Fortahal., 2006). In fact, OntoGen implements two
keyword extraction techniques. The first one rasint keywords extracted from the concept’'s centroid
vector. The second one extracts keywords from treept's Support Vector Machine linear model by
dividing documents within the concept from the biguring documents and thus takes into account the
context of the topic. However, when describing @mts of autism ontologies we used the first me{fed
the concept’s centroid vector), because we didmivk the contexts of the autism domain in advanek an
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we therefore were basically focused on findingrtiest important words within the concepts that seéia®
keywords. The system also displayed the currenereme of each concept by the number of documents
that it positively classified into the concept a@hd inner-cluster similarity measures.

Finally, we compared the locations of a particaulacument within different ontologies and performed
an analysis on how the variation of paramé&ténpacts the positioning of the title, abstracfudl text of
that particular document. When parameteras set to 5 the title, the abstract and the hafdg given
document frequently appeared in the lexically ezlatlusters with similar or even equal keywordghigir
names. However, when paramekewas set to 8, this correlation was not significdlittis observation
suggests that different number of sub-concepts@ffelso the positioning of a particular documeptists
in a semantic space.

Tables 1 to 6 present the results of our experigenttitles, abstracts and full texts of 214 ag8obn
autism. Each table from Table 1 to Table 6 contamslogy concepts described using three keywonds a
the number of related documents.

Table 1:Eight concepts of autism ontology generated frodhtiles

ID Keywords Number of documents
0 root 214

1 genes, susceptibility, specific 32

2 disorders, linkage, case 32

3 preference, assessment, affects 31

4 reinforcement, children_autism, early 27

5 functioning, syndrome, analysis 26

6 autism, teach, child 25

7 vaccination, schedules, activated 24

8 social, evidence, chromosome 17

Table 2:Eight concepts of autism ontology generated frodh &distracts

ID Keywords Number of documents
0 root 214

1 gene, linkage, regional 60

2 reinforcers, preferred, stimulus 41

3 language, age, children 28

4 stereotypy, behavioural, problems_behavioral 6 2

5 teach, question, procedure 18

6 vaccine, mmr, mmr_vaccine 17

7 parent, mmr, vaccine 16

8 sensory, sounds, auditory 8

Table 3:Eight concepts of autism ontology generated frodh [idies of texts

ID Keywords Number of documents
0 root 214

1 linkage, family, gene 55

2 reinforcement, session, aggression 38

3 stereotypes, reinforcement, problems_behavior 27

4 executive, n¥ cortical 26

5 vaccine, mmr, mmr_vaccine 25

6 prompted, script, teaching 21

7 chemical, infant, sleep 14

8 ht, secretin, legs 8

5Non-verbal
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The evaluation of the obtained results show diffees between ontology concepts constructed from
titles, abstracts, and related bodies of textsurfeigy 16 and 17 compare the distribution of titlsstracts
and entire bodies of texts when documents wera@ivinto eight and then into five sub-concepts with
each ontology.

Each document can only be mapped to one conceptettw, different keywords may appear in a
concept description according to different approsztconstructing ontologies. OntoGen automatically
generates three keywords, which constitute the sgeedescription of documents that are mapped to a
particular concept. In our experimental study, digribution of documents among eight conceptshef t
title ontology (Table 1) is rather uniform. In coast, the ontologies of eight abstract concept®I€ra)
and eight text concepts (Table 3) both show onemmjb-concept of documents that treat genetics and
another important group that describes reinforoestimuli for autistic patients (Figure 16).
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Figure 16:Comparison between the distributions of documehtswvthey were divided into 8 sub-concepts

After experimenting with OntoGen'’s default paramgete8, we also constructed top-level ontology
concepts with several other values kpranging from 2 to 15. As a result, we discovetet value 5 fok
represents a well-balanced trade off between tmeptaxity and comprehensibility of the single-level
ontology concepts in this domain. Although the @pts generated with other valueskaodlso revealed
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some interesting domain properties, they were ettiebroad whek was small or too narrow whéewas
large. Therefore, a careful selection of valuekas a very important prerequisite when constructing
ontologies in a semi-automatic way.

Table 4:Five concepts of autism ontology generated fromtR2tes

ID Keywords Number of documents
0 root 214

1 autism, children_autism, children 67

2 genetic, chromosome, linkage 50

3 disorders, spectrum, neurodevelopmental 39

4 reinforcement, effects, behavior 39

5 syndrome, detection, social 19

Table 5:Five concepts of autism ontology generated fromadstracts

ID Keywords Number of documents
0 root 214

1 linkage, gene, regional 55

2 language, foxp2, children 52

3 reinforcers, behavioural, problems_behavioral 49

4 reinforcers, vaccine, aggression 46

5 virus, infection, trim5alpha 12

Table 6:Five concepts of autism ontology generated fromtidies of texts

ID Keywords Number of documents
0 root 214

1 reinforcement, session, trial 72

2 linkage, family, gene 71

3 reinforcement, sleep, infant 37

4 vaccine, mmr, mmr_vaccine 24

5 infection, pml, patients 10

Document distributions in ontologies of five sulicepts are a little different (Figure 17). There ar
two major groups of titles (Table 4) and bodiesedts (Table 6). The largest group of titles dewmsi
autism in general, whereas the largest text grelgias to reinforcement trials. The second majoujgtin
both cases (titles and texts) deals with genefibe. distributions of abstracts (Table 5), in costirahows
two very important groups that both treat differiagpects of genetics. While the first major grodip o
abstracts is described using clear genetic keywadh#dssecond major group of abstracts includes,ngmo
others, keywordoxp2 which is a gene important for the developmerdpeech.
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Figure 17:Comparison between the distributions of documehtswvthey were divided into 5 sub-concepts

6.5 Evaluation of experimental results

With the purpose to perform the comparison of @g®Es and to describe the similarity between them,
Maedche and Staab propose evaluations at two eliffdevels, the lexical and the conceptual (Maedche
and Staab, 2002). Firstly, they recommend invetitigahow terms are used at the vocabulary level to
determine the meaning of text. Secondly, they psefo study the conceptual relations between tinaste
where they evaluate ontologies by comparing taxaesrof ontologies and by comparing relations in
ontologies.

In most cases, ontologies are rather complex sirest It is therefore often more reasonable togocu
the attention on the evaluation of separate levetmtology, rather than on the direct evaluatiénvbole
ontologies (Brank et al., 2005). In our comparisgnthe ontology concepts from autism, built using
OntoGen, we focused at the vocabulary level of dh&ined concept descriptions and related concept
documents. We observed the distribution of documerithin individual ontology groups on the firsvé
of each ontology model (first-level sub-conceptsaotism domain), considering terminology that was
selected by OntoGen for the presentation of coscept

From the comparison between the ontology of 8 tgsasips versus 8 abstracts groups (Figure 18), the
major similarity is shown between the groups ofa@ndocuments, which include the same 40 articles
from the observed dataset. An important similagtgeen also between the group of texts and thgpgrb
articles that talk about reinforcement. Without specific similarity with groups of abstracts rensbnly
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the smallest group of texts, with keyworti$; secretin, legsFrom the keywords of this group and by the
contextual knowledge of the autism phenomenon wauds that in this case, the group is related to
documents which present the concepts that areynarehtioned in autism context.

The comparison of ontologies with five groups oft¢eand five groups of titles shows the biggest
similarity between the groups of texts and titlas genetics, as well as between the group of texts:
reinforcement, session, tri@ind a group of titles, to which belong keywordstism, children_autism,
children Besides the already mentioned genetics artithese are no specific lexical similarities between
the ontology of abstracts and the ontology ofditle
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Figure 18:Comparison between the distributions of documealsnging to the ontology concepts of abstracts
and bodies of texts when documents were dividedisub-concepts

Among the groups of documents which belong to #tam of five subgroups of texts and at the same
time to its relative subgroup of abstracts, thgdat similarity is between the groups of genetitstend
abstracts (Figure 19), which cover the same 51 meats.
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Figure 19:Comparison between the distributions of documealsnging to the ontology concepts of abstracts
and bodies of texts when documents were dividedisub-concepts

Relatively large similarity is seen also betweea tixts and the abstracts groups that deal withsvir
infections. Less similarity is between the groupeodts and corresponding abstracts subgroup abbR M
vaccine. Even less specific is the similarity betweabstracts and texts from groupsinforcement,
session, triakndreinforcement, sleep, infarih this case we can notice one of the keywores twice, as
a part of definition of two separate concepts tgentology (the termeinforcemen like in abstracts
ontology (the termeinforcergs.

Our graphic presentation of compared ontologiearkieexposes the main clusters of autism articles,
which are shown as the highest columns in the graph-igures 16 and 17. Besides this, the graphic
presentations in Figures 18 and 19 provide a pavevly to visualise the most important similarities
between the observed ontologies. One major sirilds identified between the groups of genetic
documents, which include the major number of thaesarticles from the observed dataset. In additon,
relatively large similarity can be seen also betwége text and abstract groups that deal with virus
infections. Slightly less specific is the similgribetween abstracts and texts from the groups:
reinforcement, session, triaindreinforcement, sleep, infanflthough the concept matching presented in
Figures 18 and 19 is not completely evident, a ggrtendency can clearly be found in the diagonal
elements. It can be seen that the largest colleatioautism documents always deals with genetics.
Determining the proper number of top-level concdfite value of parametég for a specific domain is

6 To facilitate the recognition and grouping of commwords the use of lemmatization or stemming is
recommended. Such text preprocessing tasks impgrevenatching of inflected forms of words based on a
common lemma or root.
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very important when constructing ontologies in aisautomatic way. The goal is to find a reasonable
compromise between the complexity and comprehditgibif the single-level ontology concepts in the
domain. Therefore, experimenting with other valudsk may also reveal some interesting domain
properties.

Our experimental results (Tables 7 and 8) also stiat there is a substantial similarity between
constructed ontology concepts from abstracts alhdefkts, while there is less similarity betweertaagy
concepts from titles and abstracts and still lete/ben titles and full texts.

Table 7:Comparison of individual keywords extracted fromaapts names of autism ontologies when
documents were divided into 5 sub-concepts

Keywords_Titles 5 Keywords_Abstracts 5 Keyword«t3eb
behavior behavioral family

children children infant

genetic gene gene

autism infection infection
linkage linkage linkage
reinforcement reinforcers reinforcement
children_autism reinforcers reinforcement
chromosome vaccine vaccine
detection virus mmr

disorders aggression mmr_vaccine
effects foxp2 patients
neurodevelopmental language pml

social problems_behavioral session
spectrum regional sleep
syndrome trimbalpha trial

Table 8:Comparison of individual keywords extracted fromagpts hames of autism ontologies when
documents were divided into 8 sub-concepts

Keywords_Titles_8 Keywords_Abstracts_8 Keyword«t$e8
child children infant

early age prompted
genes gene gene

linkage linkage linkage
activated mmr mmr

analysis mmr_vaccine mmr_vaccine
preference preferred aggression
assessment problems_behavioral problems_behavior
reinforcement reinforcers reinforcement
autism stereotypy stereotypes
case stimulus reinforcement
teach teach teaching
vaccination vaccine vaccine
children_autism auditory chemical
chromosome behavioral cortical
disorders language executive
effects mmr family
evidence parent ht

functioning procedure legs
schedules question nv

social regional script

specific sensory secretin
susceptibility sounds session

syndrome vaccine sleep
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These findings suggest that titles are not infoiveatnough to be taken as the only source for
constructing ontologies. Compared to general kndgdeon autism, ontology concepts from abstracte/sho
the highest resemblance. Our results thus confirintuitive expectation that constructing ontoésyi
from abstracts is a rational choice when uncovetimggstructure of a given scientific field. Thdet#t as
well as the full texts are typically less usefut fbe given task. However, when dealing with felkts,
some preprocessing tasks such as stemming andvetois removal can improve the utility (Cohen et al.
2005).

The obtained top-level concepts were presentethidoexpert in autism. As advocated by OntoGen’s
literature (Fortuna et al., 2006), we renamed thecepts accordingly, based on the suggested kegword
The domain expert found the tables informative sndccordance with her line of reasoning in autifm.
particular, the clustering of the selected artick&s in most cases fairly intuitive, although thenkord
description of some of the generated concepts wasmstraightforward. An important confirmationtbé
resulting ontology construction is also the recate of autism research as described by Zerh@00iy,
which summarises the main scientific activitiesanfism research in the major areas of epidemiology,
genetics, neurobiology, environmental factors gret#ic treatments of autism.

Therefore, using tools for semi-automatic ontologpstruction from scientific articles can signifitiy
speed up the process of becoming acquainted wétlldmain of interest. Instead of reading an extaal |
of literature, researchers can first generate éoptldomain ontology concepts and thus obtain &rgén
overview and understanding of the domain. Aftet,thadetailed study of the concepts of interesthinize
in order. In such a way, semi-automatically corgrd ontologies actually helped us to review and
understand the complex and heterogeneous specfrsereatific articles about the autism domain.

In addition, our observations from the analysethefautism domain ontologies supported the filggrin
of the research results obtained with our liteatonining method. Using the MeSH filter in each sbép
our knowledge discovery process reduces the seasthits to only show the terms which map to the
selected MeSH categories that we choose considéregiain concepts identified beforehand in domain
ontologies. In fact, in our text mining experimemt#th the autism literature, we observed that those
concepts, which emerge from domain ontologies, lerthle establishment of relationships between #ye k
research topics identified in the research domiémature with particular subject categories frome t
MeSH thesaurus that serve us to filter the regiltext mining.

Our graphic presentation of compared ontologiearieexposed the main clusters of autism articles,
which are shown as the highest columns in the graBhch thorough examination and comparison of
autism domain ontologies revealed distributionsdo€uments inside certain ontology and established
relations between titles, abstracts, and bodietextk. This way we visualized the differences dmal t
similarities in observed ontologies. The major &nilies always appeared in collection of thosdsaut
documents that deal with genetics. Thus, in thee cafs a subfield with specific terminology, the
experiments showed high similarity between ontaediuilt on abstracts and ontologies built on b®die
texts.



41

7 RaJoLink Method for Literature Mining

In this chapter we describe our text mining meticatled RaJoLink that we developed for discovering
implicit relationships hidden in biomedical litenag. First, we present an outline of the methodisoxy on

the role of rarity in the open discovery process an the role of outliers in the closed discovenycess,
followed by a detailed description of the consaaitsteps in the RaJoLink approach. The method is
presented decoupled from the application examptéctwallows for a more general and better structure
description. Comments on different choices and théliuence on the output of the text mining pracase
presented as well.

7.1 The role of rarity in the open discovery process

In our approach that we called RaJoLink we haveardpd the Swanson's ABC model for literature
mining by suggesting how ternascan be determined in a semi-automatic way. Altioagr literature-
based discovery approach combines open and clasealvdry processes (Figure 20), the main focusis o
the open discovery, which is represented in theupplf of Figure 20 with a goal to identify teras
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Figure 20:Combined open and closed discovery process in #&¥®lEnk methodThe upper half of the figure
corresponds to the open discovery (identifying tarensr and finding a joint terna) and the lower half to the
closed discovery (searching for linking terh)s
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The main emphasis in text mining investigation bha&en to directly exploit co-occurrence based
relationships between MEDLINE documents (Srinivasaral., 2004). The open discovery process in
RaJoLink is, on the contrary, based on identifyimgre terms within literatur€. Rare terms are our
innovative pathways to an unknown teamEach rare term in the RaJoLink method refersterma that is
exceptional for the literature on teenMore precisely, a term is rare if it appearsasslthan or equal to
recordsh being a parameter that can be varied in the axgarts. In our case, was set to 1, as the more
rare a term is the higher is its possibility todea novel connections. The rationale to motivate choice
of n is that if a piece of information appears rarelytiie set of articles, not many researchers are
acquainted with it, so it might be worth explorihdurther. Note that the role of rare terms in approach
does not correspond to the role of temas used in the Swanson's ABC model for relating digjoint
literatures (literatur€C and literatured). In our case, rare terms are used to generatea&s a joint term
that is shared by two or more individual literatiom the selected rare terms.

The reasons for our focus on rare items withirrdiigre C lay in the associationist creativity theory
(Mednick, 1962) with particular regard to the kinofscontext-crossing associations, called bisomiegti
(Koestler, 1964). Bisociation involves the literpfocesses of the mind when making entirely new
connections among concepts from contexts or cagsyof objects that are normally considered separat
categories. Throughout the history of science, tieshanism has been the essence of innovativentasig
and paradigm shifts. However, no comprehensive n@&thodology has yet been developed on this basis.
Therefore our aim is to show that the RaJoLink métthogy can contribute to this particular approtzh
scientific discovery, which is based on an existimgt hitherto not computationally implemented antof
bisociation.

Rare observations that appear to be inconsistethit the remainder of datasets are not necessarily
characterized by errors but may provide an indicatif something unexpectedly useful (Barnett andise
1994). To discover new useful information and iesting knowledge, people have to be constantly
involved in a process of creating and evoking fapassibilities, for that reason Magnani (2007)sidars
humans as chance seekers. Chen (2005) claimshérat &re even many hard decision-making problems
that are solvable by discovery of chance eventg;iwdre typically rare.

Rare events may co-occur with important events]entie important events can be obtained by data
mining (Wu and Tawfik 2006). As the aim of moderisadvery is obtaining the previously unnoticed
chances at the intersections of multiple meaningéenarios, tools for indicating rare events aragions
play a significant role in the process of reseaanl discovery (Ohsawa 2006). From this perspective,
researchers have to be sensitive to the curiouarerobservations of phenomena in order to pronies|
possible opportunities for reasoning (Magnani 2G0%) be aware of the powerful support that datangin
tools can have for choosing meaningful scenaridssé@a 2006). In this regard, Wu and Tawfik (2006)
propose an application of combined abductive araloggcal reasoning to generate rich knowledge base
and to support the discoveries by extension of thgiwal reasoning. Ohsawa, on the other hand,
concretely suggests the integration of data mindwgs for chance discovery such as KeyGraph togethe
with the Influence Diffusion Model, a method foisdovering influential comments, opinion leaders] an
interesting terms, which he proved to be successfudiscoveries in the hepatitis domain (Ohsaw@60

Rarity as a principle has been extensively resedrdh the field of ecology statistics (Ellison and
Agrawal 2005). These investigations include thétyrawith which exceptions really occur and they are
usually driven by biodiversity and conservationigies (Carney 1997). Considering this, special eomc
of ecologists has been devoted to studying rareispéBoughton 2001). They recognized two syndromes
of rarity: habitat-limited species that were ragcéuse their habitat was rare and dispersal-linsipeties
that were rare because they stayed behind dueataatrophic turnover of old growth. While ecoldsjis
primary concern was preventing the extinction oferapecies, they also identified the potential of
dispersal-limited species to adapt to the changedament.

Historic exception discoveries often evidence tloanection between surprise and interestingness
(Suzuki and Kodratoff 1998). Rare events actudiigaat a lot of attention in the research world ame
becoming increasingly popular in text mining apafions as well. Moreover, exceptions in data often
comprise valuable information on abnormal behavafithe phenomenon described by the data (Aggarwal
and Yu 2005).

Detecting meaningful terms that rarely appear texa collection, can be viewed as searching for the
needles in the haystack. This popular phraseiititest the problem with rarity since identifying fudeare
objects is by itself a difficult task (Weiss 2005).the RaJoLink method the rarity principle is doyed in
the open discovery process as a means to find ninesting pieces of knowledge that were previously
unrelated in the available literature.

Typically, we take that a term is rare if it appeprst in one record of the input set of recordsnadter
how many times the term appears within that pdetictecord. The rationale behind it is that if aqa of
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information is abundant in the set of articlesnight be speculated that its impact to the fieldamstudy

is well-covered; however, if it appears rarely, nwny researchers are acquainted with it, so ihtrig
worth exploring it further. Besides, Schonhofen &whczur disproved the commonly held presumption
that rare terms are not informative for text repreation (Schonhofen and Benczur, 2006).

Similarly to dispersal-limited species from ecolpguch pieces of information might be either onrthe
way to extinction or might embody a potential f@wndevelopment in the field. In order to distinduis
between the two options, expert guidance is negdte process.

7.2 The role of outliers in the closed discovery procss

In statistics, an outlier is an observation thanisnerically distant from the rest of the data,noore
formally, it is an observation that lies outside thverall pattern of a distribution (Moore and Mb€a
1999). While in many data sets the outliers arallysvegarded as false signals or an imbalancherdata
(Lavrat and Gamberger 2001), there are also several ezamiere the outliers actually led to important
discovery of intriguing information. Outlier miningas proved to have important applications in fraud
detection and network intrusion detection (Aggaraat Yu 2005; Lazarevic et al. 2005; Singhal and
Jajodia 2006). Similarly, much attention to thedgtof outliers is paid in the economic field, pauiarly in
finance and business, where rare events can lgnasinteresting unusual activities or observeagitke,

for instance potential sales opportunities (Leungl.e2006).

A specifically intriguing aspect of outlier detemriiis emerging within the climate research andeexér
weather events prediction. There has been muchegitén investigating the impacts, intensity and
distribution of rare extreme events over a certanod of time (IPCC 2007). Current attention toera
weather phenomena is driven by their possibilithéocome regionally more variable or extreme memace
human life, civil infrastructure and natural ecdsyss, what may have significant socioeconomic irtgpac
(Frei and Schéar 2001).

Examples of outlier relevancy can also be foundacial research. Anselin et al. (2007) performed th
outlier detection by an explicit spatial analysigh® social indicators such as prenatal care rigesbirth
weight, and infant mortality across Virginia cowsti With the visualization of extreme values they
suggested how outlier analysis could contributéaéodiscovery of counties with persistently eledathild
risk factors over time.

In the closed discovery process of the RaJoLinkhodht linking termsb that bridge literaturé and
literature C can be considered as outliers. Having dispargaeaturesA and C the RaJoLink method
proceeds towards the closed discovery. At thaestagth domains are examined in order to assestharhe
literaturesA andC can be connected by implicit relations. RelatibesveenA andC are established via
AB and BC relations. To that end, we automatically retrieanticles on a selected joint term from
MEDLINE and consider their analysis together wite tinalysis of the starting literatu®e Each document
from the two literaturesA and C) is represented by a set of words using the BagVofds (BoWw)
representation (Sebastiani, 2002) and the appea@nco-occurring words is employed as a measure of
the content similarity between documents.

The similarity between documents can be deterniiryechlculating the cosine of the angle between two
documents represented as BoW vectors (GrobelnikMiadent, 2005). This measure is calledsine
similarity (Grobelnik and Mladej 2005) and is commonly used in information retieand text mining
to determine the semantic closeness of two doctewemen the document features are represented aising
vector space model. This way, all the documentsbesalisted according to their similarity in the #amty
graph (Figure 21).

The visualization of documents in the closed discp\process is supported by using the OntoGen tool
(Fortuna et al., 2006). One of its features ic#@pacity of visualizing the similarity between tbelected
documents of interest in the document’s similagitgph, as illustrated in Figure 21.
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Figure 21:Similarity graph representing instances of litenau\ and instances of literature C according toithe
content similarity The distinctive outliers are positioned far enoagvay from the most typical representatives
of the two heretofore unrelated literatures.

The idea of representing instances of literatiremgether with instances of literatu@&in the same
similarity graph with the purpose of searching floeir links is another unique aspect of our methrod
comparison to the literature-based discovery ingattd by others. By focusing on outlying and their
neighbouring documents in the documents’ similagitgph that is defined over the combined dataset of
literaturesA andC, we perform also the closed discovery phase imaovative way. In this manner, the
outlying documents can be used as a heuristic go@éo speed-up the search for the linking ternts an
alleviate the burden for the expert.

7.3 Method overview

The entire RaJoLink method involves three princgtapsRa, Jo andLink, which have been named after
the key elements of each step: rare terms, jomtigeand linking terms. Therefore, we have calleal th
method RaJolLink after these key procedural elem&us, Joint, andLinking terms. The three method’s
steps are presented in Figure 22. RRe@and steplo together implement the open discovery procesdewhi
stepLink implements the closed discovery.

In stepRa the literature about phenomen@n(i.e. the domain under investigation) is examirnEade
aim of this step is text analysis of the literatat®mut phenomeno@ in order to identify interesting terms
that rarely appear in the documents about phenom@ntn stepJo, separate sets of documents about the
selected rare terms are inspected and interegtingterms that appear in the intersection of thests of
documents about rare terms are examined. At lemsbbthem is then selected as the candidaté.féhe
relationship between phenomen@nhunder investigation and a candidate joint temmmepresents the
hypothesis generated in the open discovery prooésthe RaJoLink method. In stepink, which
implements the closed discovery, linking tetothat bridge the gap between the domaend the domain
C are searched for. Relations between literafuead literatureC are established with pairs of documents
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that contairAB andBC relations. Finally, the user has to evaluateABeBC pairs of documents in support
of the generated hypotheses about the relationdegitthe domaiA and the domairt.

In the continuation we present these steps in metail.

RaJoLink method
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Figure 22:Flow chart showing the procedures of the RaJoLiekhod

7.4 StepRa

The aim of this step is to identify rare piecesirdbrmation in a set of documents about tecnithe
literature C) in order to increase the chance of discoveringfulsimplicit relations, which are still
unpublished in the literature. Let us denote thal toumber of records in the input file wity and with
n(T) the number of records that contain tefmin practice, the attention is focused on terna tarely
appear in the input set. A term appears rarehénimput set of records if it appears in a reldgivanall
portion of them. Typically, we take that tefivis rare ifn(T) equals 1. However, note that such constraint
is quite sensitive to adding new articles to thguirset of records. The term rareness or commorinésst
corpus may change by adding new text to the egistiput corpus. An infrequent term will become more
frequent if the text that was added to the indetdontains such a term.

The graph in Figure 23 shows the number of terntk vespect to the total frequencies of terms. The
total frequencyn(T) of a termT, therefore, represents the number of records, @oguments) that contain
term T. While moving along the X-axis, we observe termwsrf the least frequent to successively more
frequent ones. For a given total frequency, thexié-aalue reveals how many terms appear with theng
total frequency in the set of records.
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Figure 23:The number of terms according to their total fremgies in the set of abstracts that were available
from 11,781 articles on autism published in MEDLINH:il the end of year 2007The total frequency of a term
(X-axis) represents the number of abstracts thatago that particular term. The Y-axis value regdabw many
terms appear with a given total frequency in theoeecords.

In the graph in Figure 24 only the terms with tdtafjuency equal to 1 have been considered. Thiese a
the terms that occurred in only one record withie set of records about autism. In this graph,thei
internal frequencies are represented. The intdreguency of a ternT also known agerm frequency
(Salton and Buckley, 1988) is the number of tineemifT appears within a single record.

In the abstracts of 11,781 articles on autism fidEDLINE, about 7,500 terms have been found that
appeared only once in a given record. This meaatstiiey not only appeared in just one record frhen t
whole set, but also just once in that record. @natier hand, there have been a small numberro§ttirat
occur relatively frequently in a single documertteTmost frequent of the rarest terms in our expanta
case has been the tei@IB2 which is used for a human gene, also known asjgagtion beta-2 or
connexin 26 (Wiley et al., 2006). It appears 18enn a single abstract on autism and exclusivelpat
one article on autism.

While the graphs in Figures 23 and 24 show differgatistics the distributions reveal substantial
similarity. The most terms have both frequenciesaédo 1, which is not surprising. They are natural
candidates for rare terms. However, in order to enidle process more efficient, additional mechanisms
like filtering according to Medical Subject HeadifideSH) should be applied.

To implement filtering of terms there are altermatoptions that can be chosen by the user, whinh ca
be either one or more top-level and/or second-lezdgories from the MeSH hierarchy. Words thatére
high interest in the medical science are incluagedlédical Subject Headings. Focusing on such woaths
narrow down the search space and, thus, speeddumanove the inference process.
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Figure 24:The number of rare terms according to their intédritfaquencies observed in the set of abstracts that
were available from 11,781 articles on autism psiéid in MEDLINE until the end of year 200he internal
frequency of a term (X-axis) is determined by thenber of times the term appears within a singlérabt

In order to make the search for rare terms effectiie preprocessing step includes lemmatization,
exclusion of words from a stoplist and filteringcarding to MeSH classification. The presented meétho
first compares three-word terms from the input teith the 2008 MeSH terms. If a multiple word teisn
found among MeSH terms, it is added to the listesins for the further statistical analysis of ggn
Afterwards, the same is executed with two-word &fram the input text. Multiple word terms that ac
found in MeSH thesaurus are treated as individuaida: We use the second-level categories from the
2008 MeSH tree structure (e.g., Behaviour and BebawWechanisms- FO1, Psychological Phenomena
and Processes - FO2, Mental Disorders - FO3, Betegali Disciplines and Activities - FO4) to classify
terms from the input text collection. Each of tleeand-level categories belongs to one of the taphe
categories in the MeSH hierarchy.

On the other hand, words that are not part of tleSN| are automatically added to the second-level
general category, which we named Various - VO5adtkd to the second-level categories V01, V02, V03,
and V04 of the top-level MeSH category: Publicati@maracteristics - V. For this reason we use tpe to
level category also named Various (Figure 25) awstef the originally named top-level MeSH category
(i.e. Publication Characteristics).
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Figure 25:A screenshot of the RaJoLink system showing sdesrtiMeSH categories (V01, V02, V03, VO4)
and the general category of terms (V05) withinrthep-level category (V)

Lemmatization is the morphological analysis of wothat is used to correctly identify the lemma for
each word and in this way eliminate various fornfisacsingle word. We employed the lemmatizing
software from the LemmaGen library developed bgidand colleagues (Juisét al., 2007).

Stoplists contain words that are predictably ofimerest and should, therefore, be excluded froen th
input records. In this way, all the terms that rsoé subject-oriented should be ignored. We usstafi571
English stop words (i.e. generic words such abla, about, above, and according).

For each ternT that appears in the set of recondd)) is calculated using frequency statistics based on
Bag of Words (BoW) text representation (Sebastiabf)2), wherefore we employed the Txt2Bow utility
from the TextGarden library (Grobelnik and Mlader?004). As previously stated, all terms wit{T)
equal to 1 are selected as rare. Let us denotetstrok withr. After that, the domain expert has to indicate
interesting rare terms, ro,...r, out of them, with regard to the background knalgkeabout the subject of
interest. Note that can be regarded as a parameter of the method.

When rare terms cannot be found by using this mininfrequency of term’s occurrence, it is necessary
to return back to the beginning of this step anmbat the process by taking into account larger rmurob
input documents or by choosing higher value of patern(T). The appearance of the selected rare terms
in the literatureC, however, means that they had already been reportéhe context related to term
Therefore, the rare terms represent only interntedesults towards the new knowledge discoverythgei
should they be considered to have the same propstiyterms, although the rare terms individually co-
occur with the literaturdé and the literatur€, but not withA andC jointly. The reason is that when testing
the hypotheses by searching for meaningful linkiegnsb between the literature& and C, the focus
should be on the most frequent terms, while thestaones are interesting in the hypotheses geowerati
phase.

7.5 StepJo

When the data analyses described in Refare completed, new individual sets of records, fonesach
selected rare term, have to be obtained and fuaiielliyzed. For this purpose, a set of articles abach of
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the rare terms selected in stBa are automatically retrieved from MEDLINE or extred from other
document source. After preprocessing each setiofearas in steRa, the goal is to find the terms that the
text collections have in common. Again, BoW représton is used for the task. For taking into aetou
multi-word terms, the maximal length of n-gramsnigeB can be used as standard set of parameters for
Txt2Bow utility (Grobelnik and Mladej 2004). A term from the BoW qualifies as a joietm if it
appears in at least two sets of records abouttieeterms. At the same time, it has to be absent the set

of records about termmy generated in steRa The intermediate output of this step is, themfguint terms

ay, ay,...,84 as the intersection of the literatures on the tam@s. If joint terms are not obtained via theerar
terms selected in stépa, it is necessary to return back to the resultthefprevious step and broaden or
change the actual selection of rare terms and réipeprocess.

The expert role is crucial also in sté@ Based on the expert’s opinion, one of the proggs@at terms
is selected for further investigation to be donestepLink. On the basis of the selected joint term new
hypotheses are formulated and subsequently testéalving the Swanson’'s ABC model for closed
discovery.

7.6 StepLink

In order to provide explanation for hypotheses gated in ste@o, our method searches for links between
the literature on joint terna and the literature on term This step is equivalent to Swanson’s closed
discovery (Swanson, 1990). Nevertheless, our cldssmbvery approach contains another unique agpect
our method in comparison to the literature-basedaliery investigated by others. It is the focusimg
neighbouring documents in the documents’ similagtaph (Figure 26), which is defined over the
combined dataset consisting of literatukesndC as we extensively analyzed in Section 7.2.

Within the whole corpus of the text dataset comgistf literaturesA andC, which acts as input for step
Link, each text document represents a single recotdr pfeprocessing similar to that used in siepand
Jo, a single document is represented by a set ofsuasthg the BoW representation. The appearance-of ¢
occurring words is employed as a measure of corgentlarity. Its computation is performed with
OntoGen, which was designed by Fortuna and colesdpr interactive data-driven construction of topi
ontologies (Fortuna et al., 2006).

The content similarity is based on the textual dpon of documents and is measured using the
standard TF*IDF (term frequency inverse documeatjdiency) weighting method (Salton and Buckley,
1988). This way, all the records are sorted acogrdd similarity and the content related documents
obtained by comparing neighbouring documents frioenlist (Figure 26). Since the search for theifigk
terms can be combinatorially complex (Swanson, 1996arst, 1999), focusing on neighbouring
documents can be used as a heuristic guidanceet s the process and alleviate the burden on the
expert to sort out the meaningful explanations.

Some articles in MEDLINE are represented with ditlsome with titles and abstracts, but only few of
them have full text content available. Any of thestcles’ parts can be used as an input for RaJoLi
When the input for RaJoLink (e.g., titles, abssamt full texts) is being prepared, the choice @fument
parts that are taken into account has an impontaeict on the guidance of the entire text miningcpss.

In this step, using abstracts rather than entkts &f articles is recommended. This recommendationbe
argued by one of our previous studies (Retti al., 2006a), which pointed out that using calbstracts
produced better results than using whole textsndy titles. Besides, the terminology used in atztfrdas

a stronger importance when compared to a randohdgen part of the article’s text corpus of the same
size. In our supposition, the linking tertmg b,,...b; that are searched for by word intersections ats@ h
an even stronger connecting role between the texatures this way.
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Figure 26:0ntoGen’s similarity graph of a set of autism aradcteurin articles’ abstractsTwo main article
topics AUTISMandCALCINEURIN are listed on the left side of the window. As theism topic is selected,
the list of abstracts, which are in the relatiopshith this selected topic, is presented in thetre¢part of the
OntoGen’s window. The distinctive calcineurin addiqCN 437 is visualized among the autism context
documents.

The presented linking approach suggests the noagltavimprove the evidence gathering phase when
analyzing individuala terms in their potential connection with teenin reality, even Srinivasan and
colleagues, who declared to have developed theitdgs that require the least amount of manual viork
comparison with other studies (Srinivasan et @042, still need significant time and human efffant
collecting evidence relevant to the hypothesizathegtions. In the comparable RaJoLink’s approduh, t
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domain expert should be involved only in the cositle actions of stepink to accelerate the choice of
significant linking terms. The presented procedetaments of stepRa, Jo, andLink are recapitulated in
the schema of Figure 27.
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Figure 27:Schema of the RaJoLink method
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8 RaJoLink System

In this chapter we present the RaJoLink system. R&&olLink system has been designed to support the
extraction of information from scientific article®d to advance automated processing of such infarma

in order to provide the basis for connecting digjditeratures. The RaJoLink system provides a éaork

for literature-based discovery from texts writtenEnglish. The system has been developed with Bdrla
Delphi and uses two knowledge sources for its apptins in biomedical domains: Medical Literature
Analysis and Retrieval System Online (MEDLINE®)daedical Subject Headings (MeSH®).

8.1 The RaJoLink system description

In order to guide the search towards results isterg for the user, the system is interactive anésyto
the user the possibility of making his/her own sgd® out of suggested terms at each of the s@ps.of
the important features of the system is also thikityatb show to the user a list of suggestionsnglavith
the information he or she might find useful in nmakthe selection.

The literature-based discovery in RaJoLink typicatharts with stefRa The aim of this step is to find a
list of rare terms to support the open discovencess. For this purpose, the frequency statistised on
Bag of Words (BoW) text representation is usedjexcribed within this section. The system seartes
MEDLINE database to retrieve literature on thetstgrtermc. The search for termcan be specified as a
single word or a phrase containing several word¢hé later case, search terms are combined usjncal
operators AND, OR, NOT with capital letters. Whée user specifies the starting term (word or phrase
and the parts of texts that should be considelidds(bor abstracts), the system searches MEDLINEE an
automatically retrieves the resulting set of resoithe user has also the possibility to retriexéstéfom a
specific file rather than from the MEDLINE.

After obtaining the set of records about the gtgrttermc, the preprocessing phase takes place.
Preprocessing includes deleting graphics, paragnagtks, and manual line breaks from the textshab t
each document occupies exactly one record in et ifile. To effectively build a list of terms from set
of records about the starting teenthe preprocessing step includes also lemmatizatial exclusion of
words from a stoplist.

Lemmatization is used to eliminate inflected foraisa single word. Stoplists contain words that are
predictably of no interest and should, thereforegkcluded from the input texts. Hence, the telms are
not subject-oriented should be ignored. After ppepssing phase, the text corpus is transformed in a
manner that each record is represented by thef sistterms and terms’ frequencies. Following, tbial
frequencies of terms in the whole text corpus araputed.

To the output list of terms, containing terms ahdirt total frequencies(T), the Medical Subject
Headings (MeSH) codes have been added as qualifierssequently, the filtering according to the MeSH
classification can be performed in order to resfiicther investigation to only those medical sabgethat
are of specific interest. The sample output is joied in Figure 28 showing the results of sRgpwhere
only rare terms from autism documents were displayed additionally filtered by MeSH codes. In ftw
terms displayed are those with their total freqyesgual to 1 and appertaining to the restricted ib&d
Subject Headings.

Regarding the total frequencyT) statistics, the rare terms are identified amongténms extracted
from sets of records about the starting teemPrincipally, the attention is focused on termat trarely
appear in the input set of records. Since the nurobesuch terms can be very big, additional MeSH
filtering is used to substantially reduce the pt&rcandidates.
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Figure 28:A screenshot of RaJoLink where only rare terms featism documents are displayed (parameter
Frequency =1) MeSH codes for each term are listed on the ihgimd side. The terms chromogranin and cofilin
are selected (checked) for further analysis.

The domain expert defines a subset of rare tertagamt for the further investigation in the follow
stepJo. The computing applied in stelp is an extension of the algorithm for executingpdRa As a
consequence, the system looks up for sets of re@lydut each of the rare terms,r,,...r,, which have
been selected by a subject expert. To retrieveatitee on each of the rare terms, ro,...rp,, it again
searches in the MEDLINE database.

This step involves also combining frequency stiaistor literatures on rare terms and literaturetton
starting termc. Based on the Bag of Words text representatiotal toequenciesn(T) of terms are
computed for each set of records about the selgatedterms. This way, the numbers of records,(e.g.
documents) in the whole corpora, which contain rant&, are counted. The list of terms is therefore
composed of terms, their total frequencies in eétecords for each of the selected rare termstei
total frequency in the set of records about theistatermc. This last frequency is automatically added to
the list of joint terms in order to facilitate tkialidation of terms regarding their possibilitylie selected as
a promising joint terma. Actually, the term is valid as a potential joi@tm only if it has not been reported
yet in the literature on the starting tearTherefore the last frequency, which is the téeduencyn(T) of
a termT in a set of records about the starting tefrshould equal 0. This means that none of the dscor
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from the whole corpus of records about the startimmc contains a ternf. Thus, only those terms that
have their last frequency equal to 0, pass ther@it of possible hypothesis generation. Howeus, t
higher number of occurrences of a joint téfrin the sets of records about the selected ranesteneans
the better matching of a termas the desired joint terea On the other hand, any joint terms that have thei
total frequency in the set of records about thetistatermc, equal to 1 or more, should be judged as
unlikely to provide worthwhile knowledge discovemnythe problem domain.

An example of searching for a joint term is illag&d in Figure 29. It lists the numbers of recandhe
abstracts of articles on calcium channels, chroartgr cofilin, lactoylglutathione, and on synaptggi,
which contain the listed terms (e.g., ethylmaleieiélectophoretic, and others). For instance, ¢hnen t
calcineurin appears in 5 sets of records; in 1i8laston calcium channels, in 6 articles on chroranin,
in 8 articles on cofilin, in 1 article on lactoylghthione, in 4 articles on synaptophysn, but inenof the
articles on autism.

In fact, the system searches for the potentialt jiirm also in the set of articles on the startiegn
(termc), which was autism in this example, and calcul#tiestotal frequency of the term in the starting se
of articles. In the case we took under considematii® word carbon, which is actually not shownha t
screenshot in Figure 29, we would see that thé fieiguency of the term carbon in the set of alottraf
10,000 articles on autism equals 4. This meansthigaterm carbon appears in 4 records about autism.
Consequently, as it has been already mentioneteiterature on autism, it is not interesting faw
discoveries in the autism domain. Therefore, weerasearch for terms that have not been reportéukin
literature on autism yet. In the example list gfite, such a term is calcineurin, which has theueegy of
the term in the set of articles on autism equél.to
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Figure 29:A screenshot of RaJoLink showing part of resultscémdidate joint termsThe term calcineurin is
selected for further analysis.
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The obtained list of candidate joint terms withitheequencies is arbitrary, since each term can be
taken as relevant for the generation of new hymahenly if the last of all total frequencies equal0. As
a result, only the candidate joint terms that hiénedr last total frequency value, which is compufedthe
appearance of a given candidate term within theofatrticles on the starting term (terg)y equal to O,
should be considered for further analysis. Thecsedkjoint terma is then considered in the last stémnk)
for the detection of implicit links with the prololedomain denoted by term In this manner, a substance
calcineurin has been chosen as a joint term iregperimental case of autism (P&t al., 2007; Urbafic
et al., 2007).

Having disparate literatures andC the user can proceed towards the closed disco¢rthis stage,
both domains are examined in order to assess whigthditeratureg\ andC can be connected by implicit
relations. To this end, the system retrieves adidn a selected joint teranfrom MEDLINE. Similar to
the Swanson'’s closed discovery approach, the sdardimking terms consists of looking for terrhghat
can be found in both sets of records, i.e., inrdwrds on terna as well as in the records on teon
Finally, pairs of recordsXC) containing the same term b have to be inspetdethnfirm the relevancy of
termsb. Therefore, a subject expert should assess whttbgointly considered statements in given pairs
of records can really support the hypothesis abougl relation betweea andc.

8.2 Future development of the RaJoLink system

There are two main complex areas in which the Riakotystem requires some further work. The first is
about matching ambiguous, idiosyncratic terms. laditine, this is often the case of acronyms,
abbreviations, symbols and synonyms for chemicedesa Therefore, other text analysis methods should
be comprised, for automated identification of seticamariants such as abbreviations, acronyms and
synonyms. We plan to use contextual features atetred resources (e.g., thesauri and ontologies) th
might resolve such ambiguities for RaJoLink. Intigatar, WordNet, a lexical database for the Ermglis
language (Miller, 1995) can be used to disambigssmantic variants of terms before calculating
frequencies of semantically related terms in thedellections.

Secondly, some further work also remains in evalgahe results at steRa of our method, which is
necessary for proper prediction of relevant termrsféirther analysis at stepl and Link. The actual
RaJoLink system provides filtering according to MetBat enables the user to limit search resulsn®
particular or several medical subjects and to tHecsed maximal number of terms frequency. However,
although such filtering is extremely useful for roaving down the search space it would be necegsary
apply additional measures for predicting the quatif results obtained by the RaJoLink method (e.g.,
against some standards) and this way improve fieecimce capabilities of the method. This issue d:tel
resolved by the development of approaches thatdvalibw incorporation of pre-existing text mining
standards developed on independent domains. Gandiatd approaches of this kind would construct a
benchmark for validation of the literature-basest taining results. This way a common evaluation
framework would be provided, which could quantif tresults of the literature-based text mining iepolp!
to a general biomedical domain. Comparing the tesalitained in a real experiment to the resultthef
general evaluation framework would allow for refiment of the experimental design or would highlight
interesting areas for further investigations.

For further development of the RaJoLink system ige want to provide more guidance to the users. In
future work we will implement different visualizatis of results in the RaJoLink system. This wag, th
system may become an even more efficient knowleég®very tool in biomedicine.

An example of an advanced solution to this chakergyillustrated for stepink in Figure 30. We
suggest that results should be visualized as phaifse articles’ parts retrieved from MEDLINE thabuld
link specific findings from the literatur@ to the hypothetically related observations inlttezatureA. The
novel hypothetical relations betwe@randC would be represented with highlighted linking terim order
to provide the basis for quick expert’'s choice alinable results.

An additional examination should further investgahe role of parameters’ values such as the
threshold frequency of terms to be marked as theenumber of selected rare terms, etc. Moreoetha
RaJoLink system is generally applicable, we waktié also on other problem domains.
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Figure 30:A screenshot of the proposed user interface shothi@gisualization of results for candidate linking
terms Each candidate linking term would be highlightegbairs of articles from literatur& and from literature
C.

Nevertheless, the RaJoLink system already implesndmeg RaJoLink method in an easy-to-use way,
appropriate also for general usage. The proposgdoagh is illustrated in the continuation by its
application in the autism domain, where we mandgerenerate new medical hypotheses from MEDLINE
articles with the automated support of the RaJokiydgtem.
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9 Application of the RaJoLink Method to the Literatur e on Autism

This chapter is dedicated to a practical applicatid the RaJoLink method to the text analysis of
biomedical scientific documents. We present how taiing and link analysis techniques, which are
implemented in our method, can be performed utifjzhe infrastructure developed in this thesis simav
how they can be applied to a biomedical domain.tRerexperimental field we chose autism, for which
causes and risk factors are still poorly recognaéubugh it is known, that both genetic and envinental
factors influence this disorder.

9.1 Experimental setup

Autism is a complex, heterogeneous domain and blojemvestigation in several subfields, which use
different procedures for its examination: obseoradi of behaviours and responses to visual, auditory
social and other stimuli, treatment of genetic dest magnetic resonance imaging, questionnaires, an
others. The question of how to connect partialltesi individual sciences into a complete pictioenow
remains an unsolved challenge.

To examine the autism domain we used the scietitéiature published on the subject of autism that
can be found in the MEDLINE bibliographic databa#& retrieved the documents for application of the
RaJoLink method to the autism literature usingRleMed search engine. We performed a PubMed search
of articles on autism for the period 1998-2007 #mas collected 214 documents with their full text
available in the PubMed Central.

The reason for taking full texts of articles insted abstracts or titles is that the rare termschviare
encountered in articles' abstracts, might be meaticalso in some full texts of articles but nottheir
abstracts due to the low importance for the sulgpéthe article. In fact, in such cases these tenmsid
not all be the rarest ones for the domain undetystOn the other hand, many of the truly rare tewoald
be overlooked if we observed only abstracts adithstead of full texts.

After analyzing the literature on autism to gairckground knowledge about the autism domain, we
generated its statistics of terms and a compilgdofi rare terms. With the RaJoLink system, ab@@02
terms were fully automatically detected in sR@ Each of them appeared only in one of the docusnent
from our set of 214 autism documents. This meaas dhly terms witm(T) equal to 1 were selected as
rare, no matter if they appeared once or sevarastiin that particular document. However, according
Schoénhofen and BenczUr a feature instance is férésipresent in up to 10 documents (Schénhofesh a
Benczur, 2006). Therefore, the parameidn could be set to a higher number of documentsase ¢here
are no meaningful, interesting results win€f) is equal to 1.

We disregarded the terms that are not subjecttedesuch as the wordstomic bundle checkoutand
dipper. In our case study, there were more than 9,00@stewithout stopwords (that are automatically
deleted), which each appeared only in one abdimatt the whole corpus. These account for nearly#5
of the whole list of different terms that were fduin the set of records about autism. As such g lish of
terms can still be time consuming and confusingfiwther analysis, we execute filtering according t
MeSH classification by choosing one or more topelew second level MeSH categories. For instance,
suppose that our main interest was in enzymes egazgmes that could influence the phenomenon under
research. In this case we would choose only theHMegegory D08, to which enzymes and coenzymes are
designated as illustrated also in Figure 31. Byndiltering the number of rare terms in our expenal
case decreases from more than 9,000 of all ramestey 264 rare terms that refer to organic chemical
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Figure 31:The Ra stepOverview of rare terms detection within the Radéls literature-based knowledge
discovery approach.

In our experiments we considered only 1h&2 second-level category from the 2008 MeSH tree
structure, i.e Amino Acids, Peptides, and Proteifidelson et al., 2001) because our research has bee
driven by neurological concepts, which we obsemub@n constructing ontologies on autism documents.
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Thus we chose meaningful rare terms belonging tmamcids, peptides, and proteins vocabulary, as in
our experimental case the wortictoylglutathionesynaptophysinandcalcium channels

In stepJo, we collected the MEDLINE abstracts of articlesatblactoylglutathione, synaptophysin and
calcium channels literature, respectively. We deaddor the terms that the 3 text files have in cmn
and thus singled out joint terms for the literasuom the 3 rare terms. From several joint terms ileae
found automaticallycalcineurin a protein phosphatase that is widely presentammalian brain (Rusnak
and Mertz, 2000), was chosen for further invesiigat

We began the final step of our method by retriedbgtracts of articles on autism as well as agiole
calcineurin from MEDLINE database. In the combinset of literature on autism and literature on
calcineurin, we were looking for exceptions withéach of the two subgroups of literature, i.e. the
calineurin articles among autism major groups ti€las, and vice versa.

From the similarity graphs that we drew with OntoGee could quickly notice which documents are
semantically strongly related to each of our rededomains, autism and calcineurin, respectivedgabnse
they were clearly positioned on the two oppositesiof the similarity curve. However, regarding gaal
of looking for relations between our two domaingedearch, the most prominent examples from thetinp
dataset should be positioned on those graph sidese the autism articles lay near the calcinearticles.
Therefore we focused our attention on the grouph@falcineurin-autism articles that were poséibin
the vicinities according to their similarity. Inishway we obtained pairs of calcineurin-autismcet
containing terms with similar meanings. We usechgecms as a hypothetical conjunct of calcineurd a
autism domain. As the candidate hypotheses foinmaldn and autism relationship we found thirteairg
of MEDLINE articles that, when put together, coglonnect the two categories, autism and calcineurin,
respectively.

According to the expert evaluation, the experimengsults resulted in uncovered relations could
present a contribution towards better understandingutism. The reapplication of the RaJoLink metho
on a restricted set of records mentioning bothisauand fragile X, resulted in some other findingigvant
for autism research. More concrete, NF-kappaB destified as a joint term with potential role intism.

In fact, it should be mentioned that a full tabléhwdentified pairs of related articles provedote very
useful in our dialog with the domain expert sintguided the discussion very efficiently towardsvne
ideas for further investigations. More concretelge suggestion was to have a closer look at the
significance of the fragile X protein loss in auotisas reported by Huber and colleagues (Huber gt al.
2002). This evaluation significantly helped uséducing the hypothesis space. It encouraged ugttoef
mine the data on autism in its particular relatiorthe fragile X. We did it by reapplying the Raildd
method, this time on a restricted set of artidhes tealt with both, autism and fragile X, as diésct in the
following sections.

9.2 Experimental results

9.2.1 Autism and calcineurin relationship

In 1967 Cheung discovered the existence of a praeiivator of cyclic nucleotide phosphodiesterase
mammalian brains (Cheung, 1967). Wang and Desarides this modulator binding protein in the year
1977 as a factor that inhibits the cyclic nucleetiphosphodiesterase by the Ca2+-dependent protein
modulator (Wang and Desai, 1977).

Klee, Crouch and Krinks gave this inhibitory protehe namecalcineurin for its Ca2+-dependent
mechanism and because of the initial findings, Wwhdemonstrated this protein to be specific for the
nervous system (Klee et al., 1979). Klee and cgliea determined the calcineurin composition of two
polypeptide chains: of a catalytic subunit, calom® A and regulatory subunit, calcineurin B. Thedgo
indicated that calcineurin is a Ca2+-binding proteith a high affinity for Ca2+ even in the preseraf
physiological concentrations of Mg2+. Thereforeytiseggested the calcineurin function in the condrfol
Ca2+-dependent processes in the brain, where CaR+a lerucial role in various neuronal processeas) su
as the biosynthesis and release of neurotransmitiem synaptic vesicles into the synaptic clefiegket
al.,, 1979). Already in 1980, biochemical and immeytochemical studies associated calcineurin with
neuronal elements at postsynaptic sites withinar@lrsomata and dendrites (Wood et al., 1980).

Distinct studies investigating the mechanisms imgdl in the inhibition of cell signalling led to
groundbreaking discovery that calcineurin is a camrarget of the immunosuppressant drugs cyclaphili
cyclosporin A and FKBP-FK506 complexes (Liu et dl991). Calcineurin inhibition (Figure 32) is
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currently practiced to achieve successful immunpeegsion in patients after organ transplantatiahian
treating several other medical problems (Steintechi., 2007).
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Figure 32:The calcineurin signalling pathway in T-celReprinted by permission from Macmillan Publishers
Ltd: Nature Reviews Microbiology (Steinbach et 2D07), copyright (2007).

Since the perspective of a domain can be easilyczghwith ontologies that are based on corpuexif t
documents, we decided to review the critical poiofscurrent calcineurin knowledge through the
construction of ontologies. To represent the calaiim domain in such a data model and to review the
concepts inspected in the calcineurin literature, wsed OntoGen. We constructed ontologies from
abstracts of the calcineurin literature that weieeed from MEDLINE.

Of 6,290 citations identified on September 9, 269&he PubMed search engine, 5,886 were selected
for our calcineurin study because their MEDLINE tednsts were available at the time of accessiorurgig
33 shows the ontology constructed from the mentlob®886 abstracts of calcineurin articles iderdifie
through the MEDLINE search. This calcineurin domairiology consists of five concepts with their most
important sub-concepts and their relationshipsiwithe domain. It resulted as good domain ontolag)jt
helped us to quickly identify the concept structoféhe calcineurin literature and to compreheralrties
that calcineurin plays in various biological proaaes
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Figure 33:A two-level calcineurin ontologyConcepts are named with the keywords suggesté&hbyGen.

In our experiments with the combined set of literaton autism and literature on calcineurin, some
articles on calcineurin were found in the subgrotiprticles on autism according to the semantidlarity
measure. Similarly, there were some articles orsmuin the subgroup of articles on calcineurin. ISuc
exceptions led us to terni&cl-2, calmodulin synaptic plasticityand ten other linking terms between the
literature on autism and the literature on calciiretResults are demonstrated according to the Sovés

ABC model in a Venn diagram (Figure 34) and asspafr MEDLINE articles that link specific autism
findings to the calcineurin observations (Table 9).

<1__bh> calmodulin [

b, synaptic plasticity >

Figure 34:Venn diagram of arguments;\found as connection between the scientific litene on autism (C)
and the scientific literature on calcineurin (A)
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Table 9:Hypotheses for autism and calcineurin relationsiipirs of MEDLINE articles that connect some
autism findings on the one hand to the specificinalrrin observations on the other hand.

Autism literature Calcineurin literature

Fatemi et al. (2001) reported a reductiorBof-2 (a Erin et al. (2003) observed that calcineurin ocedirr
regulatory protein for control of programmed braias a complex witiBcl-2 in various regions of rat
cell death) levels in autistic cerebellum. and mouse brain.

Roesler et al. (2006) reported about a translocatiGorral et al. (2007) showed thadmbesirpromotes

in the GRPR gene, the mammalibombesidike the activation of the nuclear factor of activated T
peptide gastrin-releasing peptide, being associatedls (NFAT) through a Ca(2+)/calcineurin-linked
with autism. pathway.

Huber et al. (2002) showed evidences about WAfinder and Sweatt (2001) described the criticad rol
important functional role of fragile X protein, arof protein phosphatase 1, protein phosphatase 2A
identified cause of autism, in regulating activityand calcineurin in the activity-dependent alteraio
dependensynaptic plasticityn the brain. of synaptic plasticity

Belmonte et al. (2004) reviewed neuropathologic@hen et al. (2003) reported about the decrease in

studies of cerebral cortex in autism indicatingrotein ubiquitination in synaptosomes and in

abnormal synaptic and columnar structure ancdhonneuronal cells that may play role in the

neuronal migration defects. regulation of synaptic function by a calcineurin
antagonist FK506.

Vorstman et al. (2006) stated that autism spectriBivagnanasundaram et al. (2007) examined the

disorders and subthreshold autistic symptoms aifferential expression of genes mapping to human

common in children with 22911.2 deletion chromosome 22g11.2 @22q11.2 deletion syndrome

syndrome and found the decreased expression of calmodulin 1
encoding a calcium-dependent protein involved in
the calmodulin-calcineurin regulated pathway,
which is implicated in learning and memory.

Mouridsen et al. (2007) observed two autoimmuiginter and Schatz (2003) listed immunosuppression

conditions associated with infantile autisnby calcineurin inhibitors as one of the promising

ulcerative colitisin mothers andype 1 diabetesn strategies for intervention in autoimmurgpe 1

fathers of children. diabetes mellitusBesides this, Shih et al. (2008)
suggested the calcium-calcineurin/NFAT pathway
as a novel therapeutic target tdcerative colitis

Roman (2007) proposed that morphological braBinha et al. (1992) found that calcineurin was
changes in autism may be produced rbgternal compromised in young progeny when they
hypothyroxinemiaresulting in low triiodothyronine investigated thematernal hypothyroxinemiffect

in the fetal brain during pregnancy. during pregnancy on brain of young progeny.

Omura (2006) published the results dfi et al. (2002) investigated the role of reactive
measurements ofasbestos accumulation where oxygen species, bgsbestosin activation of nuclear
relatively high levels of asbestos were found factor of activated T cells (NFAT). They found that
autism. pre-treatment of cells with cyclosporin A, a
pharmacological inhibitor of calcineurin, blocked
asbestos-induced NFAT activation.

Thornton (2006) argued that artificially generatedanikonda et al. (2007) indicated that the exposure
electromagnetic radiatiormay play and importantto the extremely low frequencglectromagnetic
role in the mirror neuron dysfunction associatdiklds caused increased activities of calcineurin in
with autism. rat hippocampal regions.

Bernard et al. (2008) revealed that adults witRunyan et al. (2005) illustrated how the inhibition
autism showed impaired performance on the testsaffcalcium activated phosphatase calcineurin causes
working memory impairegrking memory
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9.2.2 Autism and NF-kappaB relationship

When verifying hypotheses for the autism-calcineurélationship by comparing pairs of MEDLINE
articles, the medical expert in our team calledattention to the calcineurin role in synaptic plasy and
neuronal activities. Since the impaired synaptesfitity was reported also in fragile X syndromat tis
one of the genetic causes of autism (Irwin e28l02) we decided to analyse the autism literatusedeals
with fragile X in more detail. With the goal to d@ver unsuspected associations between pieces of
knowledge about autism and fragile X, we retriewsticles from MEDLINE that contain information
about autism and that at the same time talk atheufraigile X. We found 41 articles with their eatiext
published in the PubMed Central, which served asmaut file of data on autism and fragile X. Asthre
case of our literature mining on pure autism aticlve used them in the open discovery procesthéor
identification of those terms that rarely appeaiedhe MEDLINE documents collected in our input
dataset.

When searching the word frequency statistics weceotmated our attention on listed terms that
appeared only in one document from the input datasehis way we chose some of these rare terms fo
the following text mining on the smallest piecesaotism and fragile X knowledge. The following thre
were chosen based on background knowleB&aF (brain-derived neurotrophic factobicuculling and
c-Fos By searching in MEDLINE articles that treat eagh the three selected terms domains, we
constructed three separate ontologies. Afterwakgssearched the combined files of BDNF, bicuculline
and c-Fos articles to find some interesting wohds the listed domains have in common as joint $ekive
found several promising terms belonging to threthefdomains. One of such terms, which we fourttién
intersection of the three domains, was the tbiRkappaB Figure 35 illustrates how the resulting joint
term was obtained for treutism+fragile_Xdomain.

c_fos

NF-kappaB ."I |

BDNF | \ f."bicucullin_e |

literature: \ % © lterature '
\"‘:f_;__ = a

EDMF gftos hicuculline

“autism and fragile 377
articles from MEDLINE

Figure 35:Experimental results obtained on autism+fragile_ofrain

The choice of NF-kappaB as a joint term provedddhe right decision, as the appearance of a recent
study sponsored by the U.S. National Institute @&hk4l Health has shown (National Institutes of ieal
Clinical Center, 2007).

NF-kappaB is a transcription factor that was fastcovered by Sen and Baltimore in 1986 through its
interaction with the immunoglobulin enhancer se@esn(Sen and Baltimore, 1986). They showed that thi
protein complex has a binding activity specific fibre immunoglobulin kappa light chain enhancer
sequence. They referred to the binding site fos thiclear factor as the B site and therefore cahed
factor NFxB (nuclear factor-kappa B).
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To provide tracks of the commonly used terms anddagture the knowledge in the domain of NF-
kappaB we generated ontologies like we did in dudises of autism and calcineurin domains. We

considered abstracts of MEDLINE articles as a gatading point for knowledge modelling. Therefore w
constructed ontologies such as the one in Figurdr@® the 30,893 abstracts of NF-kappaB articles

identified through the MEDLINE search on October 2008. The presented NF-kappaB domain ontology
consists of four main concepts of the domain aed thost important subconcepts.
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Figure 36:A two-level ontology that captures the view of NipgaB domainConcepts are named with the

keywords suggested by OntoGen.

To test our hypothesis about the connection betwediem and NF-kappaB we analyzed the combined
set of abstracts of 9,365 articles on autism an89articles on NF-kappaB. From the similaritymirsi it
is easy to identify the documents that are semalhtistrongly associated with one of the research
domains, which were autism and NF-kappaB in ouechecause they are clearly positioned on the two
opposite sides of the similarity line that représestocuments on a graph. Moreover, with the siibyjlar
graphs it is simple to detect the documents, whrehexceptions within other groups of documentgu(fé

37) and that are for this reason very interestmmddrther investigation.
As we were looking for relations between our twanains of research, namely the autism and the NF-
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kappaB domain we focused our attention on thoses pdithe NF-kappaB-autism articles that could be
localized in the neighbourhood according to theimtent similarity. Therefore we graphically analyzbe
combined input dataset to find articles positiomedthose graph sides, where the autism and the NF-
kappaB articles lay very near to each other.
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For a given hypotheses of NF-kappaB and autisntioakhip we found pairs of MEDLINE articles that
could connect the domain of autism with the knogkdjained through the studies of the transcription
factor NF-kappaB. In fact, according to the sentasitinilarity measure we identified some articlesN#w
kappaB in the subgroup of articles on autism. Iditawh, there were also some articles on autisrth@
subgroup of articles on NF-kappaB. Such exceptitirexted us towards the linking terfsl-2, cytokines
MCP-1, oxidative stressand other meaningful linking terms between therditure on autism and the
literature on NF-kappaB. In Table 8 we presentdkthe specified pairs of MEDLINE articles that neak
logical connections between the specific autisnenlaions and the NF-kappaB findings.
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Table 10:Hypotheses for autism and NF-kappaB relationsRigirs of MEDLINE articles that connect specific
autism findings on the one hand to the NF-kappafnlations on the other hand.

Autism literature NF-kappaB literature

Araghi-Niknam and Fatemi (2003) showe#lattson (2005) reported in his review that

reduction of Bcl-2, an important marker ofactivation of NF-kappaB in neurons can promote

apoptosis, in frontal, parietal and cerebellaricest their survival by inducing the expression of genes

of autistic individuals. encoding antiapoptotic proteins such Bd-2 and
the antioxidant enzyme Mn-superoxide dismutase.

Vargas et al. (2005) reported altereytokine Ahn and Aggarwal (2005) reported that on

expression profiles in brain tissues anaktivation NF-kappaB regulates the expression of

cerebrospinal fluid of patients with autism. almost 400 different genes, which include enzymes,
cytokines (such as TNF, IL-1, IL-6, IL-8, and
chemokines), adhesion molecules, cell cycle
regulatory molecules, viral proteins, and angiogeni
factors.

Vargas et al. (2005) also indicated that macrophabgbeault et al. (2001) showed tH4tCP-1 gene is
chemoattractant proteiMCP-1 and tumor growth expressed within particular populations of cells in
factor-betal were the most prevalent cytokines riesponse to inflammatory molecules that employ
brain tissues from autistic patients. NF-kappaB as intracellular signaling mechanism.

Ming et al. (2005) reported about the increas€du and Crews (2006) reported about increase in
urinary excretion of aoxidative stres®iomarker - NF-kappaB DNA binding followingxidative stress
8-iso-PGF2alpha in autism. neurotoxicity.

Yoo et al. (2008) observed statistically significar.ee et al. (2004) elucidated the role of spinal NF-
associations between polymorphisms of PTGS2, tkegppaB in theCyclooxygenase-2ipregulation and
gene encoding Cyclooxygenase-2and autism pain  hypersensitivity  following  peripheral
spectrum disorders. inflammation.

Ma et al. (2007) performed a genome-wide linkadgalaci et al. (2007) mentionezthromosome 12q14

analysis on 26 extended autism families and fouad a region of IRAK-M gene, which is a nf-kappaB-

significant linkage tehromosome 12q14 mediated, negative regulator of the Toll-like
receptor/IL-1R pathways.

Steele et al. (2007) demonstratsplatial memory Denis-Donini et al. (2008) highlighted the function
deficits in high-functioning individuals with autis of NF-kappaB in hippocampal neurogenesis and in
particularly as tasks required heavier demands simort-termspatial memory

working memory

Jyonouchi et al. (2005) revealed intrinsic defexfts Thomas et al. (2005) confirmed that NF-kappaB has
innate immune responsés children with autism a crucial and multifaceted role imnate immune
spectrum disorders and gastrointestinal symptomsesponses

Grigorenko et al. (2008) identifiednacrophage Gore et al. (2008) showed thanhacrophage

migration inhibitor factor which is an upstreammigration inhibitor factor regulates subsequent
regulator of innate immunity as a possibladaptive immune responses by initiating a sigrgllin
susceptibility gene for autism spectrum disorders. cascade that activates NF-kappaB.

Johnson and Malow (2008) highlighted frequeMamauchi et al. (2006) identified significantly
sleep problems among children with autism, such geeater activation of NF-kappaB, which occurred in
obstructive sleep apnoea obstructive sleep apnoea
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The expert's comment to these findings was asua@idt is thought that autism could result from an
interaction between genetic and environmental facteith an oxidative stress and immunological
disorders as potential mechanisms linking the tBelrfionte et al., 2004; Ming et al., 2005). Bothtlod
mechanisms are related to NF-kappaB as the refsolir@nalysis.

The activation of the transcriptional factor NF-gap (Figure 38) was shown to prevent neuronal
apoptosis in various cell cultures and in vivo med®lattson, 2005). Oxidative stress and elevatibn
intracellular calcium levels are particularly impant inducers of NF-kappaB activation. In addition,
various other genes are responsive to the activafithe NF-kappaB, including those for cytokinkesthis
way the NF-kappaB can be involved in the complekdge between the immune system and autism
(Belmonte et al., 2004; Vargas et al., 2005). Thassording to our analysis one possible point of
convergence between “oxidative stress” and “immaogickl disorder” paradigm in autism is NF-kappaB
(Macedoni-Lukst, 2007).
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Figure 38:The NF-kappaB activation pathwapF-kappaB is mainly sequestered in the cytoplasent to
inhibitory IkappaB-alpha proteins. Reprinted by masion from Macmillan Publishers Ltd: Nature Revse
Molecular Cell Biology (Chen and Greene, 2004),\cight (2004).
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10 Evaluation of the RaJoLink Method

The evaluation of the RaJoLink method, presentedhis chapter is carried out by considering two
experimental cases. First, we evaluate the propastdod in terms of its contribution to understagdof
autism. In the second part, we evaluate it in teofihe human effort required for the method exiecut
With this regard, we investigate the ability of tRaJoLink system to detect the relationship between
migraine and magnesium, which is regarded as agjattiard for the literature-based discovery.

10.1Contribution to understanding of autism

The qualitative evaluation of the generated hypsithhat calcineurin may play an important rol@inism
was performed by a medical expert. She confirmesl résults, which drew attention to interesting
connections between two well developed, but ndticeftly connected fields. Her short evaluationswa
first presented in Urbdit et al. (2007). In particular, she justified thiatement by the recent calcineurin
studies, indicating that calcineurin participatedritracellular signalling pathways that regulayaaptic
plasticity and neuronal activities (Qiu et al., BD0Oin addition, she commented that an impairedgtio
plasticity is thought to be also a consequencéeidack of FMR1 protein in fragile X syndrome, whiis
one of the identified causes of autism (Irwin et2002).

At the time of conducting our experiments, no diregidence of calcineurin role in the autism
phenomena has been reported on the internet yetefbine, investigations of the calcineurin rolautism
would be of great interest. However, we have foandarticle, which has been published recently in
Molecular Psychiatry (Liu et al., 2007), reportitige evidence of the significant associations of a
calcineurin isoform located at the chromosome 8p2é&gion and the schizophrenia subgroup of patients
with deficits of the sustained attention and theoexive functioning. Although very young autistitildren
do not demonstrate specific executive dysfunctidngmains unclear whether executive function dei
present in individuals with autism are the consegaeof living with autism or of the difficulties in
complex information processing and other non-exeeudtinction tasks (Yerys et al., 2007). Besidas, th
the executive function deficits have been repodasdhe familial prevalence in first-degree relativa#
autistic children (Filipek et al., 2000). Additidlya many very young children with autism have idifities
maintaining their attention to externally imposedkis (Garretson et al., 1990). Therefore, invetitigs of
the calcineurin role in neurodevelopmental funaildies and neurological difficulties of autism wdibe
of great interest.

Similarly, also the relation between autism and kdppaB, which was confirmed as relevant for the
autism research during the course of our studyigNak Institutes of Health Clinical Center, 2007ywid
be interesting for further examinations. Currenilg U.S. National Institutes of Health Clinical Gamare
recruiting participants to test the effectivenegsnmonocycline in treating regressive autism through
blockade of NF-kappaB nuclear translocation. Irt,féwe anti-inflammatory antibiotic minocycline &
potent inhibitor of microglial activation, whichdeces inflammation by blocking the nuclear transtmn
of the proinflammatory transcription factor NF-kafp (National Institutes of Health Clinical Center,
2007).

To further evaluate the RaJoLink method for theigalf candidate link discovery in the autism domain
we give a discussion of the ten selected linkingulte (shown in Table 9) for the calcineurin-autism
hypothesis and next also for the linking candidéteghe NF-kappaB-autism hypothesis (listed in [Eab
10). For this purpose, we firstly present the shimscription of the linking results for the calainie-
autism relation and give explanation of the lodieach association.

Bcl-2 is a regulatory protein for control of programniedin cell death. Fatemi and colleagues reported
a 34 % to 51 % reduction of Bcl-2 levels in autisterebellum compared with controls (Fatemi et al.,
2001). Their experiments showed that deregulatfdBob2 may result in some of the brain structuaat
behavioural abnormalities in patients with auti§rin et al., on the other hand, observed that maigin
occurred as a complex with Bcl-2 in various regiohsat and mouse brain, in particular during tinoés
cellular stress and damage (Erin et al., 2003).

Bombesinis a gastrin-releasing peptide (GRP) homolog.akgfocation in the mammalian bombesin-
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like peptide gastrin-releasing peptide was assediatith autism (Roesler et al., 2006). Besides,skee
and colleagues pointed that the GRP receptors am kareas are involved in regulations of synaptic
plasticity and autistic behaviours. Moreover, bosibgromotes the activation of the nuclear factbr o
activated T cells (NFAT) and these effects are iobth through a Ca(2+)/calcineurin-linked pathway
(Corral et al., 2007).

Synaptic plasticityprovides the structural and functional basis foe tnaintenance of the complex
neural network in the brain. Many researchers emathihe diverse functional consequences of regglati
activity-dependent synaptic plasticity. Huber anolleagues showed evidences about an important
functional role of fragile X protein, an identifierhuse of autism, in regulating activity-dependsmtaptic
plasticity in the brain (Huber et al., 2002). Irdétbn, winder and Sweatt described that calcinmeptays
the critical role in the activity-dependent alt@as of synaptic plasticity (Winder and Sweatt, 200

Synapsesare specialized intercellular junctions that reguieuron specific processes and proteins.
Belmonte and colleagues reviewed neuropathologitalies of cerebral cortex in autism and indicated
abnormal synaptic and columnar structure and neliromgration defects in patients with autism
(Belmonte et al., 2004). Chen et al. concentratedhe regulation of synaptic function by a calcireu
antagonist FK506 (Chen et al., 2003). In particultey reported about the decrease in protein
ubiquitination in synaptosomes and in nonneuroeds chat may play role in the regulation of symapt
function by the calcineurin antagonist FK506.

22011.2 deletion syndronresults from a micro deletion on the long armdfjcthromosome 22. The
disorder typically involves developmental disaliland frequently results in serious psychopathalogy
Vorstman and colleagues examined psychopathologpatients with the 22q11.2 deletion syndrome and
the intelligence level influence on their psych@symptoms. Thereafter they found that in childvath
22q11.2 deletion syndrome also autism spectrunraiss and subthreshold autistic symptoms are fraque
(Vorstman et al., 2006). Sivagnanasundaram epalieal microarray technology to identify the molkgu
changes in the hippocampus that may underlie thritree deficits and behavioural problems as altegu
the 22q11.2 deletion. Thus they found the decreasgdession of calmodulin 1 encoding a calcium-
dependent protein involved in the calmodulin-cadairn regulated pathway, which is implicated in
learning and memory (Sivagnanasundaram et al.,)2007

Ulcerative colitis and type 1 diabetesare both autoimmune conditions. Mouridsen andeegilies
observed these two autoimmune diseases associdkethfantile autism: on one hand, ulcerative éslih
mothers and on the other hand, the type 1 diabetésthers of children with autism (Mouridsen e, al
2007). Winter and Schatz studied the preventioatesies for type 1 diabetes mellitus. As a reshéty
listed immunosuppression by calcineurin inhibitassone of the promising strategies for intervention
autoimmune type 1 diabetes mellitus (Winter anda®;h2003). Besides, the calcium-calcineurin/NFAT
pathway was suggested as a novel therapeutic famgelcerative colitis because it was highly asated
with disease activity (Shih et al., 2008).

Maternal hypothyroxinemigs defined as thyroxine (T4) concentrations that law for the stage of
pregnancy and thus increase the risk of damageumdevelopment of the fetus (Morreale de Escobar e
al., 2004). Studies show that the most common sao$én utero hypothyroxinemia include maternal
flavonoid ingestion during pregnancy as well asimmmental antithyroid contaminants (Roman, 2007).
Roman proposed that morphological brain changesaitism may be produced by maternal
hypothyroxinemia resulting in low trilodothyronirme the fetal brain during pregnancy (Roman, 20Q7).
the past, when investigating the maternal hypotkipamia effect during pregnancy on brain of young
progeny, Sinha and colleagues found that calcinemais compromised in young progeny as a reguldtor o
neurite elongation (Sinha et al., 1992).

Asbestoss a fibrous silicate, which is generally consatbthe main agent in causing a variety of lung
disorders and occupational diseases. Omura publlishe results of measurements of asbestos
accumulation where relatively high levels of asbestiere found also in autistic patients (Omura,6200
Therefore, the author suggested asbestos to bssibfgcause of autism disorders. On the other,Hared
al. (2002) investigated the role of reactive oxygeecies, by asbestos, in activation of nucleaofaaf
activated T cells (NFAT). They found that pre-treant of cells with cyclosporin A, a pharmacological
inhibitor of calcineurin, blocked asbestos-indubdeAT activation.

Electromagnetic radiationis the artificially generated disturbance in eleghagnetic space and the
most likely source of temporal noise in the envinemt. It is supposed to interfere with the initial
calibration of networks of nerve cells in the bracluding the mirror neuron system (Thornton, 2006
Thornton argued that artificially generated elemtagnetic radiation may play and important roletia t
mirror neuron dysfunction associated with autisrhdffiton, 2006). Accordingly, the author proposeat th
a temporal disruption from the environment may hare important impact on the mirror neuron
dysfunction observed in autism. Recently, Manikoadd colleagues indicated that the exposure oftoats
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the extremely low frequency electromagnetic fieldmised increased activities of calcineurin in the
hippocampal regions (Manikonda et al., 2007).

Working memorys the active, transient maintenance of infornmafio mind that manipulates several
cognitive functions. As a consequence, it is inedlvn many neurological and psychiatric disorderd a
this way working memory contributes to the cogmitand behavioural dysfunctions associated with such
conditions. Bernard and colleagues examined exardtysfunction in adults with autism (Bernard et al
2008). Their results revealed that adults withsmtshowed impaired performance on the tests ofimgrk
memory. Runyan and colleagues, on the other hédindirated how the inhibition of calcium activated
phosphatase calcineurin causes impaired working anerand indicated that it is critical for working
memory tasks (Runyan et al., 2005).

Similarly to a discussion of the ten selected Hgkiresults for the calcineurin-autism hypothesis, w
also present the analysis of the candidate links$ #e listed in Table 10 for the NF-kappaB-autism
hypothesis. We provide short explanation for edctihem and propose how these links may contribate t
understanding of autism.

Bcl-2 is an intracellular membrane protein that is a &el survival regulator. It prevents cells from
undergoing apoptosis in response to a variety ibleath signals. Araghi-Niknam and Fatemi showes t
reduction of Bcl-2 in superior frontal and cereleltortices of autistic individuals by 38 % and %6
respectively when compared to tissues of contrbjesits (Araghi-Niknam and Fatemi, 2003). Mattsam, o
the other hand reported that activation of NF-k&pjmaneurons can promote their survival by induding
expression of genes encoding antiapoptotic prosinhk as Bcl-2 (Mattson, 2005).

Cytokinesare small soluble proteins that are produced spamrse to an antigen and function as
mediators and regulators of immunity, inflammatiand haematopoiesis. Vargas and colleagues reported
altered cytokine expression profiles in brain tessand cerebrospinal fluid of patients with autiéangas
et al. (2005). Ahn and Aggarwal specified that otivation NF-kappaB regulates the expression oaim
400 different genes, which include also the inflamtony cytokines, such as TNF, IL-1, IL-6, IL-8, and
chemokines (Ahn and Aggarwal, 2005).

MCP-1is a potent macrophage chemoattractant proteirgagaand colleagues indicated that MCP-1
and tumor growth factor-betal were the most prewadgtokines in brain tissues from autistic patsent
(Vargas et al., 2005). Besides, Thibeault and aglles showed a marked increase in MCP-1 gene
expression within particular populations of celisresponse to inflammatory molecules that employ NF
kappaB as intracellular signaling mechanism (Thiltezt al., 2001).

Oxidative stresss related to an imbalance between the producaiforeactive oxygen-derived species
and the antioxidant defences. Ming and colleagepsrted about the significantly hither urinary etmm
of an oxidative stress biomarker - 8-iso-PGF2alphautistic patients (Ming et al., 2005). Apartrfro
them, Zou and Crews reported about increase in &fp&B DNA binding as a result of the oxidative stre
neurotoxicity (Zou and Crews, 2006).

Cyclooxygenase- an inducible enzyme that contributes to theroasticity and the neuropathology
of the central nervous system (Yoo et al., 2008)o ¥and colleagues observed statistically significan
associations between polymorphisms of PTGS2, the gacoding Cyclooxygenase-2 and autism spectrum
disorders. On the other hand, NF-kappaB regulée®xpressions of Cyclooxygenase-2. As an example,
Lee and colleagues elucidated the role of spinakdifpaB in the Cyclooxygenase-2 upregulation arnd pa
hypersensitivity following peripheral inflammatidbee et al., 2004).

Chromosome 12qgléhdicates one of the regions of the long arm (fclwromosome 12. Ma and
colleagues performed a genome-wide linkage anatysi®6 extended autism families using a high-dgnsit
single-nucleotide polymorphism genotyping assayfanodd significant linkage to chromosome 12q14 (Ma
et al., 2007). Moreovver, they found this linkadgngficantly enhanced in the families with only raal
autistic patients, what suggested a significantdgespecific involvement of the chromosome 12ghia t
aetiology of autism. Balaci and colleagues mentioderomosome 12q14 as a region of IRAK-M gene,
which is a NF-kappaB-mediated, negative regulatdhe Toll-like receptor/IL-1R pathways (Balaciat,
2007).

Spatial memontypically refers to the capacity of keeping inf@tion in mind across trials within a
given retention session associated with discrimiaatpatial localization of reinforcement such asd (de
Oliveira and Nakamura-Palacios, 2003). Steele al@éagues demonstrated spatial memory deficits in
high-functioning individuals with autism, particdla as tasks required heavier demands on working
memory (Steele et al., 2007). On the other sidei¥P@onini and her colleagues observed a defect in
short-term spatial memory performance in NF-kapp®B-deficient mice and this way highlighted the
function of NF-kappaB in hippocampal neurogenesid i@ short-term spatial memory (Denis-Donini et
al., 2008).
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Innate immune responsese part of an evolutionarily conserved systendefence that is critically
involved in the detection of invading pathogens #rainduction of primary adaptive immune responses
Jyonouchi and colleagues revealed intrinsic defettisnate immune responses in children with autism
spectrum disorders and gastrointestinal symptonad tere assessed by measuring production of
proinflammatory and counter-regulatory cytokinggm@buchi et al., 2005). Additionally, it was comfied
that NF-kappaB has a crucial and multifaceted ¢elg., the role of NF-kappaB translocation whewds
required for production of the proinflammatory megdis) in innate immune responses (Thomas et al.,
2005).

Macrophage migration inhibitor factois an upstream regulator of innate immunity. Grégnio and
colleagues identified macrophage migration inhibfictor as a possible susceptibility gene for smti
spectrum disorders (Grigorenko et al., 2008). Besithey found that among family members the pigtien
with autism exhibited higher concentrations of plasmacrophage migration inhibitor factor than their
unaffected siblings. Furthermore, Gore and colleagshowed that in B lymphocytes macrophage
migration inhibitor factor regulates subsequentpéita immune responses with initiating a signalling
cascade that activates NF-kappaB (Gore et al.,)2008

Obstructive sleep apnoeaeans interruption in breathing during the sleepré. Johnson and Malow
highlighted frequent sleep problems among childwdth autism, such as obstructive sleep apnoea
(Johnson and Malow, 2008). Separately, Yamauchi eolleagues identified significantly greater
activation of NF-kappaB, which occurred in obstivetsleep apnoea (Yamauchi et al. 2006). Takingethe
two observations together, we can therefore supfi@ethe activation of NF-kappaB such as that occu
with sleep-disordered breathing may be relatedtalsbe pathogenesis of autism spectrum disorders.

Although no direct assessment of calcineurin anekhifpaB involvement in the phenomenon of autism
has been published yet, we have been able to figesiginificant links between calcineurin and autism
literature and similarly between NF-kappaB and smtiiterature by combining the articles from two
domains in a single set of literature and searclfamgemantic similarities among documents fromhsuc
combined input set. However, we observe that difficult to isolate important domain concepts, Iswas
neurological aspects, without proper backgroundwhedge. Therefore, by interacting with a subject
expert, the entire process of knowledge discoveny lgenefit in terms of speed and guidance towards
meaningful solutions. Especially in the cases whmerdexical classification is available for theeasched
domain, the domain expert can provide the necedsacikground knowledge for the identification of
meaningful results.

In order to get a straightforward medical confirimatof our hypotheses generated in the autism
domain, additional expert investigations are nee8étte this may take some time, we wanted to chexk
capabilities of RaJoLink also in another way, msuéable for an immediate evaluation. To answeayod
if RaJoLink has the potential to reveal future diseries without waiting these discoveries to adyula¢
confirmed, we decided to make an experiment asai¢ wWone in the past. Therefore, we wanted to
investigate whether by having all evidence that aeglable at a certain time in the past, couldaRank
point to discoveries that were not known at thatipaar moment, but were confirmed some yeargfate
To answer this question we carried out an expetirimethe migraine domain, simulating the Swanson’s
migraine — magnesium discovery as follows in thet section.

10.2Required human effort

Due to an enormous quantity of articles availabtelime, literature-based knowledge discovery has
become a very time consuming and laborious task.RdJoLink method is intended to support experts on
their search for new discoveries. It covers botfgrodiscovery and closed discovery processes. i bo

processes it tends to reduce the required humart.eff

Swanson stated that in open discovery processeessiaepends entirely on the knowledge and
ingenuity of the searcher (Swanson, 1990). ThediRaJoLink is to reduce the search space, thusngnak
the task easier for the searcher. At the same tiopefpcusing on rare terms the system identifies th
candidates that are most likely to lead towardsmnimegul unpublished relations. This way, the system
automatically produces intermediate results. Seapate is further reduced by human choices of rare
terms and joint terms. In addition, human involvetmén these steps assures that search process
concentrates on those parts of the search spatarthdnteresting and meaningful for a subject expe
Based on these strategies, RaJoLink is designedake the expert’s involvement friendly and more
efficient.

To quantitatively evaluate the performance of tleddtink system we decided to apply the RaJoLink
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method to yet another important application domdiherefore, we replicated the early Swanson’s
migraine-magnesium experiment that represents a gtdndard for the literature-based discovery.
Moreover, besides the magnesium, we estimatedlasest of the potential discoveries that the Ribo
system generated in the open discovery procedseimigraine domain. This way we performed a more
complete evaluation of the RaJoLink method, whidheg additional information about the method's
capability of detecting interesting terms in latget collections.

Like Swanson in his original study of the migraliterature (Swanson, 1988) we used titles as ifquut
our literature-based discovery. However, we exalutfem the analysis the article that mentioned both
migraine and magnesium in their title (Vosgerau73)%although it was published before the Swanson’s
discovery of the migraine-magnesium connection. elmw, this article was not analysed by Swanson,
most probably because it was written in Germans Tay we proved the originality of the magnesium
discovery in our migraine experiment.

With the automatic support of the RaJoLink system,performed the experiment on the entire set of
the MEDLINE titles of articles that were publishieefore 1988 and that we retrieved with the seaftheo
phrase:migraine NOT magnesiunAs a result we got 6,135 titles of the MEDLINEiaes that we
analysed according to the RaJoLink method to ifieimieresting discoveries in connection with migea

With the goal to support the domain expert durimg ¢hoices of the potentially relevant rare terms i
the open discovery process, we performed the dealjshe migraine-magnesium experimental resujts b
observing which MeSH categories are significantrfew discoveries. By estimating the number of rare
terms within a particular MeSH category that ledthe discovery of magnesium as a joint term, we
obtained the density distribution of MeSH categari@ased on the number of rare terms that resaked
relevant for the hypotheses generation in the 3tepve can observe the influence of a particular MeSH
category to the achievement of results. The finslioigthis analysis are demonstrated in Figure 39.

In the open discovery process of the migraine éxpert we were able to obtain another three
important discoveries related to migraine, besit@gnesium. In fact, among the interesting jointter
we identified also the terms:

- interferonthat denotes proteins, which are produced byehs of the immune system,
- interleukinthat is a type of signalling molecules called &ytes,
- tnfthat stands for tumour necrosis factor.

Figure 39 presents the results for the four joerms, namely the termmmterferon interleukin
magnesiumandtnf that we examined in more detail during the opestaliery process of the migraine
experiment. For the sake of this experiment weraatally retrieved from the MEDLINE database 1000
titles of articles for each of the selected rarengeidentified in the literature about migraine.afg the
PubMed search and text analysis was performedearticles published before 1988 with the suppbrt o
the RalJoLink system. We calculated the documemjuércy statistics for all potentially relevant rare
terms. The MeSH category rankings were computedratgly for each of the selected joint terms:
interferon interleukin magnesiumandtnf.
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Figure 39:The results of the RaJoLink method applied to tivaan of migraineBesides magnesium, another 3
discoveries were obtained with the RaJoLink systeamely the joint terms: interferon, interleukirdanf.

As shown in Figure 39, the rare terms from the Me&tégory D — Chemicals and Drugs were the most
prominent in the migraine literature because thgelst number of terms that led to the discoveryhef
four joint terms were from the category of Chenscahd Drugs. The second category of terms that
frequently led to the four discoveries was the MaSitegory A — Anatomy. The third significant MeSH
category for each of the analyzed joint terms \waschategory C — Diseases.

Since the detection of rare terms and their graypagether according to their MeSH categories was
done automatically without the help of a medicaperx, these ranks represent the reliability and the
objectivity of the calculated statistics. Therefthey provide an objective view to the evaluatidrthe
MeSH categories and their role in choosing the npesspective rare terms for new discoveries in a
biomedical domain, such as migraine.

The discoveries of the interferon’s, interleukirdad tnf's role and their underlying mechanisms
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involved in the migraine headaches have been dgammorted in 16 scientific articles about intedie, in
39 studies of interleukin and in 29 scientific sagdof tumour necrosis factor (Source: MEDLINE sbar
December 2008).

On the other hand, with the text analysis of thilas that were published in MEDLINE before 1988,
we succeeded in identifying interferon, interleukind tnf as potential discoveries in relation tgraine
although no article about their involvement in naige can be found in MEDLINE before the year 1988.
fact, tnf and interleukin were first associatedhwihigraine in articles accessible through MEDLINE i
1990 and 1991, respectively (Covelli et al., 1996yelli et al., 1991). The connection between fetan
and migraine was established even later, startin995 according to articles published in MEDLINE
(Detrey-Morel et al., 1995).

In the migraine domain, we performed another atmlgé rare terms by focusing on their MeSH
categories. With the RaJoLink analysis of the 6,fi8&s of the MEDLINE articles about migraine that
were published before 1988, we identified 4,66%d#nt terms. To obtain a particular estimate efrénk
of rare terms with their document frequency eqoal t which led to the discovery of magnesium, we
analyzed the rare terms together with their MeStdgmxies in which the magnesium occurred as attarge
term in the Jo step. We analysed their rank seglgrfr each of the MeSH categories.

We analysed the document frequency for each urigggeterm that the RaJoLink system identified in
the collection of titles of articles on migrainerRhe purpose of the RaJoLink’s evaluation we m@rsd
in detail the meaningful rare terms with regardheir MeSH categories and excluded those termsctrat
be treated as stop words (esgmbo] type andsubgroup). Figure 40 shows the rare terms together with
their document frequencies calculated for thestitteat included the term magnesium.

We used the document frequencies of terms to tamkare terms according to their likely relevarme f
linking the starting concept with the target termagnesiumAs we already stated, the document frequency
of a term is the number of documents in which graticular term occurs. As a result of this analysie
obtained a top ranked list of terms with their MeGitegories (Figure 40). These top ranked categjodn
be considered by human experts as the most iritegestes for generation of hypothesis in the bioiced
domains of research. Accordingly, the terms andt teSH categories with a higher ranking will more
likely draw the attention of a human expert andstthey provide an expert-guided discovery model.

In the MeSH category C — Diseases, magnesium resdhe top rank for the terhypocalcemiahat
appeared in 56 titles of the observed articlesttagewith the termmagnesiumHowever, the most of the
rare terms that appeared also in more than files taf documents about magnesium belong to the MeSH
category D — Chemicals and Drugs. Such rare tehaiswe identified in the titles of the articles abo
migraine arephosphorusoxalate salicylate potassiumparathormone andterbutaline This means that
the migraine—magnesium hypothesis is very plausible take more terms from the MeSH category D —
Chemicals and Drugs. Besides, this category wasdf@s the most prominent in our migraine experiment
also for the discoveries of interferon, interleusimd tnf.

As demonstrated in Figure 40, we managed to idessf/eral rare terms in our training datasets that
have led us to discover magnesium in relation witQraine. These results indicate that with the Rino
method it is possible to discover knowledge frofifiedént domains, which are usually treated seplrate
(e.g., in genetic, epidemiologic, clinical or otlsefentific literature). Rare terms are able tddate if there
exists a joint term (i.e. magnesium), which carlibleed to the domain under study (i.e. migrainghis
case). Thus the identification of valuable rarentecan enrich the knowledge discovery process.
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Figure 40:The document frequencies of rare terms that appktrgether with the term magnesium in the titles
of MEDLINE documents published before 198Be rare terms (e.g. the tesmizure} that appeared in more
than five titles of articles together with the temmagnesiumare marked with their series name (i.e. the MeSH
category) and the point name (i.e. the observeslteam).

The text mining process normally identifies a hagenber of rare terms in a document collection. This
leads to a question of how a subset of terms doeildetermined that would form a valid statistigétecion
for selection of a relevant subset according tokthewledge domain. With our experimental results we
confirmed that MeSH categorisation can effectiiedyp the human expert with identifying the relevant
target terms. Besides this, we improved the RalJdd.iperformance by providing further quantitative
evaluation of results as described in the followgegtion.
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10.3Improvements of the RaJoLink's performance based otthe evaluation
results

The evaluation of the RaJoLink method in terms e human effort that would be required for the

detection of the relationship between migraine mwagjnesium showed us that, although MeSH filtering i

very helpful in identifying interesting terms frothe huge list of results, the method needs further
improvements in the restriction of the potentialdidates’ lists for each discovery task.

Following the migraine-magnesium evaluation reswisimproved RaJoLink in stdpaand in steplo.
Firstly, in stepRa, we provided the possibility to automatically ranalke terms according to the number of
MEDLINE articles, which contain a rare term togethéth the starting terne. This way any higher co-
occurrence of a rare term with the starting terindicates the already explored connection, whichois
interesting from a novelty point of view. Therefptiee user should regard only those terms, whicte tize
lowest value for th&€ & Rare termthreshold (i.e. starting from the value 1). The difrare terms can be
further filtered by MeSH categories as can be deehigure 41, where from all 4,669 different terms
identified in the literature on migraine (doma only the truly rarest terms from the MeSH catégoA
— Anatomy, C — Diseases and D — Chemicals and Catgydisplayed. Such a list helps experts evathate
possible terms from the starting literature in orgledetermine the ones which represent the very bat
meaningful terms in the domain literature undeeagsh.

Results Terms’ frequencies v Check A and Rare term
|Term Frequencies | MeSH codes | C&Rare term | |1 j Filter

2221 il 1 coo:Cisicie:,.. 1 v fnatomy [A]
2290 VESICULAR 1 BO4:C02:C17., 1 organises [E]
2308 WASCULOGEMIC 1 C12 1 | Diseases [C]
Oz313 vAQUEZ 1 C15 1 v ghelmitc_alsl c‘g{d Drugt_s [DIId " e o iE

, , nalytical, Diagnostic and Therapeutic Technigues and E
2332 URACIL 1 DO2:003:008... 1 Psychiatry and Psychalogy [F]
[ 2365 TYMPANIC 1 AD9:C09 1 Biological Sciences [G]
2373 TUBERCULIN 1 C20:023:E01 1 Matural Sciences [H] ) )
2379 TRISMUS 1 c10 1 Anthropaology, Education, _Socmlogy and Social Phenomer

Technology, Industry, Agriculture [J]
[ 2224 TRIFLUOROMETHYL 1 DO2:003 1 Hurnanities [K]
2388 TREMNALMNAY 1 14 1 Infarmation Science [L]
(2292 TRAMKILIUM 1 D03 1 Hgg‘l?ﬁg;f:ﬁ][”]
[ 2299 TRAMSCARBAMYLASE 1 C10:008 1 Warious [¥]
Oz404 TRAIL 1 D12 1 Geographicals [Z]
[ 2407 TPM 1 Dog 1
2424 TICLOPIDINE 1 Doz 1 v| Inorganic Chemicals; D01
2426 THYMIDINE 1 D03 1 | Organic Chemicals; D02
v| Heterocyclic Compounds; D03
[ 2450 THALIDOMIDE 1 Doz 1 | Falyeycie Compounds: D
2439 TERBUTALIMNE 1 Doz 1 v| Macromolecular Substances; DOS
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02476 TANDEM 1 DIZEOS:GOE 1 9 lpidsiDiD
M 2477 TAMOXIFEN 1 Doz 1 v| Amino Acids, Peptides, and Proteins;D1Z
2487 SYMEIMESIS 1 ci0 1 : gucleilc P.Ic\ilc_lst, l‘\lun:h;oztéclesJ and Mucleosides; 013
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< >
Number of target terms: 898 All terms: 4669

Figure 41:A screenshot of RaJoLink showing filtered resultstep Ra for the migraine-magnesium experiment
The selected rare terms from the literature abagtaime are chosen for further analysis.

When we replicated the analysis of the 6,135 titlehe MEDLINE articles about migraine that were
published before 1988, we were able to restricttéinget rare terms from the all identified 4,668eatent
terms to only 898 terms from the MeSH categorieCAand D and furthermore to only 100 meaningful
rarest terms that each appeared just in one MEDI4dNiEle on migraine. Nine of these rarest ternsnfr
the migraine literature led to the discovery of megjum in stedo, with the analysis of 100 titles for each
of the 100 selected rare terms. These discovedes proven that RaJoLink is capable of automaticall
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identifying meaningful connections in the open diszry process without requiring the user to maguall
prune the non-relevant candidates from the listexifmining results.

Similarly, in stepJo, we included the automatic ranking of the candidaint terms, where RaJoLink
checks each candidate joint teenwhether it appears together with the starting terim the MEDLINE
articles. If a candidate joint teranis found in any article together with the starttegmc, the value for the
A & C assessment becomes greater than 0, which meamsdbiected joint term cannot be regarded as a
novel discovery in the domain under research. Adiogty, the A & C assessment solves the second
problem of pruning those candidates for joint teanthat have been already connected with the starting
term c in the MEDLINE articles. When we applied the no®RdJoLink functionality on the migraine-
magnesium experiment, it resulted in fewer but meliable results for candidate joint terms.

Results Terms' frequencies v Check & and €
| Term Freguencies | Surn of Fg | MeSH codes | A% C ~ 0 Al j Filter
Ozz STABILITY 170,0,0,2,... 21 C23:E0SE.. O =
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Psychiatry and Psychalogy [F]
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0115 SULFUR 10:0,0,0,0,... 11 BOZ:DOLD.. O Geagraphicals [7]
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Figure 42:A screenshot of RaJoLink showing filtered resutscindidate joint termsThe terms magnesium,
interferon and interleukin appear on the top 30dicandidate joint terms.

When replicating the migraine-magnesium experimire terms magnesium, interferon and interleukin
appeared on the top 30 list of candidate joint seamong the 8,455 terms identified in slems shown in
the screenshot of RaJoLink (Figure 42). Our repbcathus shows that increasing the quality of Rado
features improves the rank of relevant novel disc@s and is therefore effective in automatically
identifying novel relationships in the publishedtiedical literature.
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11 Conclusions

The knowledge gathered by various specialised segethroughout the digital era has resulted inelarg
volumes of data and complex data interrelationstiptracting useful knowledge in the form of unceade
relations can therefore be very time consuming. stipport biomedical experts in their knowledge
discovery process, we have developed a literatuningi method called RaJoLink that uncovers hidden
relations from large sets of scientific articlesairgiven domain. The method implements the Swasson’
ABC model approach for generating hypotheses irew mnovative way without knowing the target
concept in advance, which is discovered later witthie process. The RaJoLink method searches for
logically connected pieces of literature on ramente identified in the literature on a given phenaore
under investigation (e.g., disease). This way fpsuts human expert in the process of generatimg an
testing hypotheses in the domain under study. Ththad is named RaJoLink after its key procedural
elements, which are: rare terms, joint terms an#tilg terms. Consequently, the entire RaJoLink’s
approach consists of three principal sté&es,Jo andLink.

In stepRa, a specified number (set by user as a paramelee)vaf interesting rare terms in literature
about the phenomenadd under investigation are identified. In stdp, all available articles about the
selected rare terms are inspected and interestingterms that appear in the intersection of itegdtures
about rare terms are identified. One of them iscdetl as the candidate farin stepLink, linking termsb,
which bridge literature abowk and literature about, are searched for. Relations betweeand C are
established vi&B andBC relations. Evaluation of pairé\B, BC) as support for potential hypotheses about
the relation betweeA andC is carried out by the domain expert.

In the described RaJoLink method, the knowledgeodisry process starts with the open discovery, in
which hypotheses are not known in advance. Onkeofrtain advantages of RaJoLink therefore, layhen t
support of the open discovery processes by thevative use of rare terms from the problem domain
literature to guide the generation of new hypotkesecordingly, the crucial step of the method ¢stssof
selecting rare terms that are identified in theréitureC. The intuition behind this research idea was that
the rarer a term is in the domain literature, tighér is the probability to encounter observatidimest
represent something unexpected that may lead @tieeediscovery of new knowledge. This way we
managed to employ rarity as a principle and mearfd¢l new interesting pieces of knowledge thatever
previously available in the dispersed literaturd eould be linked together.

The unique contribution of the RaJoLink method anflundamental difference from the previously
proposed models of the open discovery approachidigbe rarity principle that we apply to the open
literature-based discovery. In fact, we use rarmgeidentified in the literatur€ to guide the search for
new hypotheses. To this end, we have applied tiity minciple together with the notion of bisodat. In
fact, the context-crossing connections, called diimns, are often needed for creative, innovative
discoveries (Koestler, 1964).

Bisociative relationships can only be discovered tbe basis of a sufficiently large and diverse
underlying corpus of information. In our case ttispus are MEDLINE papers. The larger the corpus is
the more likely it is to contain bisociative retatships. The RaJoLink approach has the potential fo
bisociative relation discovery as it allows swittdibetween contexts (papers from different aregs) b
exploring rare terms in the intersection betweentexts (Petd et al., 2007; Urbati¢ et al., 2007; Pettiet
al., 2009).

Besides this, we contributed an innovative appraashb to the closed discovery process. The closed
discovery process in RaJoLink is based on theearatldetection in the content similarity graphsfanot,
having two disjoint literature# andC, we automatically search for linking terms thag¢ amentioned in
both, the literatured as well as in the literatur€. Pairs of documents with the same linking terne ar
subject to closer inspection in order to find oliether by putting statements about a linking tarihese
two articles together supports the hypothesis alaouteaningful relation between previously disjoint
literatures. In this manner, our search for linkiegms is done in a semi-automated way that reduces
manual work and efficiently points to meaningfubt®ns between the conceptandc.

The huge sets of biomedical articles that augmbat dpace of possible hypotheses for problem
solutions represent a significant challenge inftakel of biomedical discoveries based on literatifée
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have carried out a series of investigations alfwaitifferences between titles, abstracts and baditexts
(Petri et al., 2006a; Cestnik et al., 2007). For thigppse we constructed and analysed several ontologies
and drew comparisons between them. Articles abotigsra from the MEDLINE database served as our
testbed. First, we provided an overview of autigmerntype and aetiology research. Then we presented
ontology construction approaches and our studiedoonments about autism. At this stage, we compared
and evaluated the obtained ontologies. Ontologidls Wwith OntoGen helped us to substantially spapd

the process of reviewing and understanding the t&rgnd heterogeneous spectrum of scientific adicl
about autism. The main concepts of autism phenorasrtaey result from the first level of our ontojog
models are: genetics, autism treatments, epidegypleurobiology and environmental factors. Sigaifit
verification of the resulted ontology constructicem be obtained from the recent state of autiseareh
represented by Zerhouni (2004) that summarizestthim scientific activities of autism research ie th
major areas of epidemiology, genetics, neurobiglagwironmental influence and specific methods for
treating autism.

We used ontologies in the knowledge exchangingecordas representations of autism theories. Our
observations show that ontologies help sharing nstaieding in a given subject area. Therefore, we
propose to include ontologies in knowledge discp\emmeworks for facilitating communication among
interdisciplinary groups of experts. In particulantologies help exchanging views between knowledge
engineers and domain experts and thus verifyingitigerstanding of the domain knowledge.

In the comparison of autism ontologies, built w@htoGen, we focused on vocabulary level of results
of automatic concepts construction. A graphicabpntation of comparison results was also propcEeel.
experiments show high similarity between ontolodiadt on abstracts and ontologies built on tertshie
case of a subfield with specific terminology while other cases, the role of whole texts was more
important. Compared to the analysis of matchingidmdf texts and abstracts, we observed signifigant
lower similarity between texts and titles of théated articles, as well as between their abstaudstitles.
Articles about genetics are the only fairly impattgroup of documents that apparently use moreaimi
vocabulary in their titles and abstracts and in e¢héire bodies of their texts. The likely cause tiois
observation lies in the genetic terminology andh@ genetic context itself, which is reasonablyceme
when compared to other fields of autism research.

We also conducted experiments in which the RaJohi@thod was applied to a concrete problem
domain (Pett et al., 2006b; Petriet al., 2007; Urbati¢ et al., 2007; Pettiet al., 2009). With our
experimental results we wanted to show how conoestbetween rare concepts that appear in distinct
contexts of domain under study can lead to innggaliscoveries in the open discovery process. Wieen
applied the method to the autism domain, we dis@mlealcineurin as a joint term in the intersectbthe
literature about the selected rare concepts that vaentified in the autism literature. The resulisre
medically confirmed as relevant for the autism aesle during the course of our study, and as intieges
for further examinations. Similarly, the transcigpt factor NF-kappaB was recognized as a joint ephc

In the closed discovery process we presented impbdonnections among information embedded in
autism and calcineurin literature, as well as etahips between autism and NF-kappaB literature. W
discovered such connections by analysing outlierthé published evidence of some autism findings on
one hand that coincide with specific calcineurid &l-kappaB observations on the other hand.

The main motivation for our study of this biomedidamain was the desire to discover connections,
crucial for understanding of autism developmenisdidiers for earlier and more reliable medical dasis
and intervention strategies for children with amtig\s autism incidence is increasing in Slovensanall
as in the world, and it profoundly affects the gatiand his family, every new piece of knowledgat th
helps better understand this disorder is welconmvever, further research about timing, environmenta
conditions, maturational differences in brain depehent, and other determinants of calcineurin afd N
kappaB involvement in autism spectrum disordereided for stronger evidence.

Besides this, also the methodological relevanaesilts is important, since it is difficult to capa all
the available information with existing machinertéag methods from heterogeneous data availabla fro
different sources of various types. Actually, tlesults of the initial experimental case studiesitism
domain suggest that the RaJoLink method can enhthecgtate-of-the-art methods for the literaturseoia
discovery. To evaluate the RaJoLink method, we dtigated its ability to detect also the relatiopshi
between migraine and magnesium, which has beendrgly used as a gold standard in the literature-
based discovery community. Specifically, we imvgatied two issues: having information about pageat t
were available in 1988, (1) does RaJoLink find nesjum, and (2) does RaJoLink maybe find something
else that has later proved to be connected withraimig. In the migraine documents published befoee t
discovery of the migraine-magnesium relationship,managed to identify several rare terms that leve
us to discover magnesium in relation with migraiktreover, besides the magnesium, we were able to
obtain another three important discoveries reladedigraine, namely the termsterferon interleukin and
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tnf. In fact, at the time of the Swanson’s experimangrferon, interleukin and tumour necrosis fagtar)
were not connected with migraine in MEDLINE artglat all. The connections appeared in MEDLINE
some years later.

For improvement of RaJoLink we have suggested éuartlirections for its development. Among them,
the automated identification of semantic exceptiontexts, and the prediction of relevant rare tifor
analysis in closed discovery process and more goato the users are planned in the future. Adllinwe
hope that the presented work will improve the ddfierprogress based on knowledge discovery from th
scientific literature and will provide support fexperts on their way towards new discoveries imigidical
domains.
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Appendix: RaJoLink — User Manual

The current version of the RaJoLink applicationhwdietailed installation instructions can be obtdibg
sending a request by email_to ingrid.petric@ung.si

When the installation is done, start the RaJolLipgliaation. Each research must begin in the main
search window with the phase "Rare". You careelttcate literature (e.g., bodies of articles)bgwsing
manually for a specific text file or you can autdicaly retrieve titles or abstracts of the MEDLINE
articles using a simple word search. In any caselcthe parts of articles you want to analyze.

Start the search for rare terms. In the searchawintiype a search query in tBearch fortext box. You
can enter your search query in a natural languagaatt (e.g., autistic disorder) or as a Booleamcéea
string comprised of terms connected by Booleanaipes (i.e., AND, NOT, OR). For best results, eselo
phrases in quotation marks (e.g., “autistic disd)derou can additionally limit your search resulis
articles published in a date range up to a desletd or by limiting the number of articles — instltiase
RaJoLink displays the most recent MEDLINE publioas first. Click theGo button to perform the query.

Search for
|auti5rr|

Retrieve
700 Titles |

Before

26 | |03 v j2ooe |

RaJoLink searches for documents matching your Begrery, and displays a list of matching texts and
a statistics of terms in the form of a result list.

Filter the results. RaJoLink offers filtering acdimyg to Medical Subject Headings (MeSH) that enable
you to limit your search results to a particulardinal subject and to maximal number of terms freqye
Focusing on such words can narrow down the seg@@tesand, thus, speed-up and improve the inference
process.

We use the second-level categories from the 2008Hviieee structure (i.e., Behaviour and Behaviour
Mechanisms- FO1, Psychological Phenomena and RexesF02, Mental Disorders - FO3, Behavioural
Disciplines and Activities - FO4) to classify terfiiem the input text collection. Each of the secdenkl
categories belongs to one of the top-level categan the MeSH hierarchy. In the example below, the
Chemicals and Drugs [D] main heading is selected.
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Show terms' frequencies

1 | Filter

Anatomy [A]

Crganisms [B)

Diseases [C

hemicals and Drugs [

Analytical, Diagnostic and Therapeutic Techniques and Ex
Pswchiatry and Psychology [F]

Binlogical Sciences [G]

Matural Sciences [H]

Anthropology, Education, Sociology and Social Phenomer
Technology, Industry, Agriculture [1]

Hurmanities [K]

Information Science [L]

Mamed Groups [M]

Health Care [M]

Yarious [W]

Geographicals [Z]

Inorganic Chemicals; D01

Crganic Chemicals; D0z

Heterocyclic Compounds; D03

Polycyclic Compounds; D04

Macromaolecular Substances;D0S

Hormones, Hormone Substitukes, and Hormone Ankagoni
Enzvmes and Coenzymes; D05
Carbohydrates; D09

Lipids; D10

Amino Acids, Peptides, and Proteins; D12
Mucleic Acids, Mucleatides, and Mucleosides; D13
Complex Mixtures; D20

Binlogical Factors; D23

Biomedical and Dental Materials; D25
Pharmaceutical Preparations; D26

Chemical Actions and Uses; D27

] T P P P P [ [ [ [ [ P T T [

Click the Filter button to perform filtering. The number of resudtiterms substantially decreases
according to the performed filtering.

O717 + zeERo D12:a0E:H01

Ovz1 1 u C15:005:008:012

723 1 WEIGHT CEH005:009:012:013:027:E0:EDS:FO2: HO1: 103 MO 1

O 1 wITAMIN CO50C150C18:002:003:004:0058: 010: D1 2:027 06

Oz 1 viIRaL A1 16042010202 C04: 210: 008 012: 01°3:020: D23:E01 . E0S: G04:G05:G1 4
O7ss 1 vYASOPRESSIM L0601z

Oz 1 wACCINES D03:D12:020

O7s0 1 UBIQUITIM L0301z

For instance, suppose that your main interest wanzymes and coenzymes that could influence the
phenomenon under research. In this case you wduwdse only the MeSH category D08, to which
enzymes and coenzymes are designated as illustatstedn figure below. Click thEilter button again to
perform filtering.
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By such filtering the number of resulting terms @ases to a smaller number of those terms théiein t
example case refer to enzymes and coenzymes. Tam@xpe original query or perform another search,

Show terms' frequencies

1 ~|

Anatonmy [A]

Qrganisms [B]

Diseases [

Chemicals and Drugs [D

Analytical, Diagnostic and Therapeutic Technigues and Ex
Psychiatry and Psvchology [F]

Biological Sciences [G]

Matural Sciences [H]

Anthropology, Education, Sociology and Social Phenomer
Technology, Industry, Agriculture [1]

Hurnanities [1]

Information Science [L]

Mamed Groups [M]

Health Care [M]

Various [4]

Geographicals [Z]

Inorganic Chemicals; D01

Crganic Chemicals; D02

Heterocyclic Compounds; D03

Polycyclic Compounds; D04

Macromolecular Substances;D0S

Hormones, Hormone Substitutes, and Hormone Antagoni
Enzvmes and Coenzvmes; D05
Zarbohydrates; D09

Lipids; D10

Amino Acids, Peptides, and Proteins; D12
Mucleic Acids, Mucleatides, and Nucleosides; D13
Complex Mixtures; D20

Biological Factors; D23

Biomedical and Dental Materials; D25
Pharmaceutical Preparations; D26

Chermical Actions and Uses; D27

105

define different query parameters in Bearch fortext box and/or type a new term and click @ebutton.

Select the interesting rare terms. Before procegetiinthe next step you have to choose at least two
interesting rare terms (e.g., "UBIQUITIN", "PTEMNd "BDNF" in the above example) that will be

analyzed in the "Joint" step. To go to the neeqt 8f the method click thdext stepoutton.

O70 1
O 1
Fr T

Fl1o0e 1
Oz 1

[Fli7ss 1

YITAMIN 05 C150C15:002:003: 004: D08 D1,
YIRAL 11604201 0202:204: C10:0058:01...
UBIQUITIN Dog:D1z

PTEM Dos

PROTOMN DO1:005: 012 027:E0LEQS:G06

BONF Dos
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Start the query for joint terms. In the search windappear the previously chosen rare terms in the
Search fortext box. You can manually add more terms or chaingname, delete) the proposed ones by
selecting a row and clicking on it.

Previols step Mext step

Search for ~
UBIQUITIN
PTEM
BDMF

Retrieye
1000 Titles |

For each rare term, the system displays the relditles or abstracts in the left bottom window dhd
terms statistics in the main window. Like in prexgostep, the total frequencies of terms are cordpfote
each set of records about the selected rare tdimeslist of resulting terms is compound from terthgjr
total frequencies in sets of records for each ef sklected rare terms and their MeSH codes. All the
frequencies are summed in the coluBum of frequencie3 his number is added to the list of joint terms i
order to facilitate the validation of terms regagitheir possibility to be selected as a promiginigt term.

The system displays only those terms that werefootd in the corpus of records about the starting
term (autism in our case), and therefore pass riterion of possible hypothesis generation. Therds
can be sorted by clicking on the column title.

Io | Term | Frequencies | Surn of frequencies | MeSH codes
Oo XEMOPLUIS 2,24 g BO1:012
O1 WD 48,815 31 WIS
Oz WITROD 210,920 29 E0Z:E0S: W03
Oz WIABILITY 1,33 7 D12:G04,G07
O4 WESICLE CHCE bl ADS: A0S AL1L:D12
Os WECTOR. &:1,4,9 14 EO1:G03:514
Os WASCUILAR, 24,112 17 ADZ:A04, 807 A0S A11,C04:C060, .,

Filter the results and select the interesting jaarn/s. When you are satisfied with search results
continue with the next step of the method by cfigkiheNext stefoutton.

I0 | Term | Frequencies | Surn of frequencies | MeSH codes
272 CALCINEURIN 32,1,2 3 Doz

Start the query for linking terms. In tiSearch fortext box of the search window appear the previousl
chosen joint term/s. You can manually change tpgsed term/s by selecting a row and clicking do it
insert a new term or change the existing one. Adtieking on theGo button, the system automatically
retrieves articles on the selected joint term/snfldEDLINE and considers their analysis togethehwlite
analysis of the starting literature.



Appendix: RaJoLink — User Manual

CALCINEURIN

Retrieve

1000 itles

ﬂ G0

107

Filter the results and display the significant limkterms (e.g., interleukin in the autism exanyase).

| Term | Frequencies | Surn of freguencies | MeSH codes
342 INTERLELKIMN 23,1 4 Dog:012
347 INTEGRIM 2:2,1 3 D12
349 IMSLILTM 26,1 7 A0FC10:C18:006:002:012:0D27:...
354 INHIBITORY 2:6,2 g DO5:006:003:012:E05:G07
355 INHIBITION 2:133,1 34 D12:E01:E02:FO1:G04:G07 GOS: ...
377 IMPLIME 27,3 12 A1Z2:A15:B0O4:C02:C10:C13C20:..,
378 IMMEDIATE 21,2 3 C13:C20:012:E0E:FO2:514
382 JLETE] 21,1 2 C15:012
387 HLUIMAM 2:38,7 43 A01:403:A03:411:412:B01:B04: ...
388 HOMOLOG 21,1 2 Dog:012:G06
391 HIGH 2:10,33 43 A08:BOZ:CO4: 209210214216,
395 GUIDAMCE 2:3,2 5 D12:E0&:FOZ:MNO2
396 GROWTH 21228 20 ADZ2: A0 A02:CO4COSCIRCE3:..
393 GLUTAMATE 24,3 7 DO3:012:027
404 GEMERAL 21,1 2 CO01:C10:012:027:E03:FO4:G02: ...
403 GABL 2:2,3 ] DOZ:008:012:027

At any time, you may return to the previous stepthe method by clicking th€revious stefoutton
and enter a different search. To display the rextitdt satisfy new search criteria, click on @@button

again.






