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Abstract

Ontologies are now pervasive in biomedicine, where they serve as a means to standardize terminology, to enable
access to domain knowledge, to verify data consistency and to facilitate integrative analyses over heterogeneous bio-
medical data. For this purpose, research on biomedical ontologies applies theories and methods from diverse discip-
lines such as information management, knowledge representation, cognitive science, linguistics and philosophy.
Depending on the desired applications in which ontologies are being applied, the evaluation of research in biomedical
ontologies must follow different strategies. Here, we provide a classification of research problems in which ontolo-
gies are being applied, focusing on the use of ontologies in basic and translational research, and we demonstrate
how research results in biomedical ontologies can be evaluated. The evaluation strategies depend on the desired ap-
plication and measure the success of using an ontology for a particular biomedical problem. For many applications,
the success can be quantified, thereby facilitating the objective evaluation and comparison of research in biomedical
ontology. The objective, quantifiable comparison of research results based on scientific applications opens up the
possibility for systematically improving the utility of ontologies in biomedical research.
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INTRODUCTION

Biomedical ontology is an emerging discipline that
applies theories and methods from diverse disciplines

Many evaluation strategies are based on criteria
stemmed from philosophy, knowledge representa-
tion, formal logics or ‘common sense’, while an em-

such as philosophy, cognitive science, linguistics and
formal logics to perform or improve biomedical ap-
plications. As a scientific discipline, it requires a re-
search methodology that yields reproducible and
comparable results that can be evaluated independ-
ently. Methodological progress in biomedical ontol-
ogy will be recognized when different methods
generate results that can be objectively compared,
such that it becomes possible to evaluate whether
the methods yield better results.

There 1s considerable debate about establishing
metrics for evaluating research results in applied
ontology as well as determining the perspective
from which its results should be evaluated [1-3].

pirical, repeatable and reproducible evaluation based
on the domain of application is challenging to per-
form [4, 5]. The absence of commonly agreed cri-
teria for evaluating research results in biomedical
ontology leads to challenges in the development of
an effective research methodology for the field of
biomedical ontology: before a research methodology
in any scientific field can be established, it is first
necessary to determine what constitutes a research
result, what constitutes a ‘novel’ research result (i.e.
what does it mean that two research results are dif-
ferent) and what constitutes a better result than an-
other (i.e. how can two competing results be
compared and evaluated). Only after these questions

Corresponding author. Robert Hoehndorf, Department of Computer Science, Aberystwyth University, Aberystwyth, Ceredigion,
SY23 3DB, UK. Tel: +44-1970-622950; Fax: +44-1970-628536; E-mail: leechuck@leechuck.de

Robert Hoehndorf is a research associate at the University of Cambridge and a visiting researcher at Aberystwyth University. His
research is focused on using biomedical ontologies for computational analyses in integrative biology.

Michel Dumontier is a professor of Bioinformatics at Carleton University. His research interests involve the development of

ontology-based applications for personalized medicine.

Georgios V. Gkoutos is a reader in Bioinformatics at the University of Aberystwyth. His research interests are in developing

biomedical ontologies and applying them to the study of association between genotype and phenotype.

© The Author 20I2. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial
re-use, please contact journals.permissions@oup.com



Evaluation of research in biomedical ontologies 697

are answered will it be possible to design a research
methodology in a scientific field than enables the
field as a whole to make progress with respect to
the evaluation criteria that the
established.

Here, we review fundamental questions pertaining
to research in biomedical ontologies. We will focus
on the application of ontologies in basic and transla-
tional research and will not discuss the large field of
applying ontologies in health care and medicine,
which is discussed elsewhere [6-9]. First, we
review major applications of ontologies in biomed-
ical research. From the perspective of an ontology
user, we then discuss the problem of the ‘research
question’ of biomedical ontology, i.e. what is the
‘scientific’  problem that research in biomedical
ontology addresses. Third, we characterize and clas-
sify different types of research results in biomedical
ontology, and finally, we discuss in depth difterent
ways for evaluating and comparing research results in
biomedical ontology. Although we will primarily
focus on ontologies as they are used in biomedicine,
we believe that many of our arguments will hold for
research in other areas of applied ontology as well.

discipline  has

USES OF ONTOLOGIES IN
BIOMEDICAL INVESTIGATIONS
Biomedical applications of ontologies

At the end of the 1990s and early 2000s, genetics
made a leap forward with the availability of the first
genome sequences for several species [10]. The avail-
ability of genome sequences for multiple species
enabled comparative genomic analyses and revealed
that a large part of the genetic material in different
species was conserved and that many of the genes in
different organisms have similar functions. The Gene
Ontology (GO) [11] was designed as a controlled
vocabulary to provide stable names, textual defin-
itions and identifiers to unify descriptions of func-
tions, processes and cellular components across
databases in biology. Today, with the rise of
high-throughput sequencing technology, genome
sequences for thousands of species are becoming
available, and large international research projects,
such as the 5000 genomes project (which aims to
sequence the genomes of 5000 insects and other
arthropods) [12] or the Genomes 10k project
(which aims to sequence the genomes of 10 000 ver-
tebrate species) [13], will collect even more data in
the near future. High-throughput technologies are

not limited to genome sequencing, but influenced
other areas in biology as well, from high-throughput
phenotyping (to determine the observable charac-
teristics of organisms, often resulting from targeted
mutations) [14, 15] over microarray experiments
(to determine gene expression) [16] to high-
throughput screening in drug discovery [17, 18].
The amount of data produced in biology today
makes the design of strategies for integration of
data across databases, methods for retrieving the
data and developing query languages and interfaces
a central and important part of research in biology.
The prime purpose of ontologies, such as the GO, is
to address these arising challenges in biology and
biomedicine and provide a means to integrate data
across multiple heterogeneous databases.

To facilitate the integration of databases, retrieval
of data and the provision of query languages, ontol-
ogies provided not only terms and textual definitions
but also a basic structure. Initially, this structure was
not expressed in a formal logic-based language.
Instead, ontologies were seen as graph structures in
which nodes represent terms and edges relations
‘part-of’)
Reasoning over these graphs was stated as operations
on the graph, in particular the composition of edges
and the transitive closure [11]. It was not until much
later that formal languages were used to represent

(such as ‘is-a’ or between them.

biomedical ontologies and recast the graph operation
in terms of deductive inference over formal theories
[19-22].

The graph structure of biomedical ontologies is
not only a valuable feature to improve retrieval and
querying but is also useful for other tasks, for ex-
ample for Gene Set Enrichment Analysis (GSEA)
[23] to analyse gene expression. GSEA utilizes the
graph structure of the GO to determine whether a
defined set of genes shows statistically significant,
concordant differences between two biological
states; it utilizes the annotation of sets of genes
with GO terms and the GO graph structure and
inference rules to statistically test for enriched GO
terms. A large number of tools were developed to
perform such enrichment analyses that have lead to
discoveries of cancer mechanisms [23], evolutionary
differences in primates [24], genes involved in par-
ticular functions, such as oxidative phosphorylation
[25] and many more. GSEA is now a standard tool in
many biological analyses, as evidenced by more than
3200 citations (based on Google Scholar, 5 April
2012) for the original paper. Similar enrichment
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analyses are now being performed using ontologies
of other domains, such as the Human Disease
Ontology [26].

The graph structure of ontologies is also widely
utilized for [27].
Semantic similarity measures apply a metric on an
ontology in order to compare the similarity between
data that are annotated with classes in the ontology
[28—30]. Some metrics are based on the distance be-
tween two nodes in the ontologies’ graph structure,
while others compare sets of classes that are closed
with respect to relations in the ontology [31-33]. In
some cases, the metrics include further information,
such as the information content that a class in an
ontology has within a given domain. Importantly,
however, all semantic similarity measures rely on
the number and the kind of distinctions that the
ontology developers have made explicit. Another
application of ontologies is in text mining and litera-
ture search and retrieval [34, 35]. The availability of a
common terminology throughout biology enables
the task of named entity recognition, i.e. the identi-
fication of standardized terms in natural language
texts [36, 37]. When terms from ontologies can re-

semantic  similarity analyses

liably be detected in natural language texts, ontolo-
gles can be used for retrieving text documents from
literature archives such as PubMed [38]. This task is
made easier when terms in ontologies are widely
used, and several biomedical ontologies have been
evaluated based on how well their terms can be
recognized in scientific literature [39]. Furthermore,
identification of ontology term labels in text can be
combined with analyses over the structure of ontol-
ogies (including similarity-based analyses and enrich-
ment analyses) to improve text-mining results based
on the ontology hierarchy.

Ontologies are also used as knowledge bases (or
structured databases) which are primarily intended to
store and expose information about a domain.
Ontologies of this type are comparable to scientific
databases, such as UniProt [40], in that they contain
information for scientists that can be accessed on
demand. Examples for this type of ontology include
the various anatomy ontologies [41-47] and pathway
knowledge bases such as EcoCyc and MetaCyc [48].
These ontologies can go into great detail; an ontol-
ogy like the Foundational Model of Anatomy (FMA)
[43] is likely the most comprehensive formal descrip-
tion of human anatomy and exceeds the information
and the detail contained in most individual anatomy
textbooks.

Ontologies as formalized theories of a
domain

Although the applications of biomedical ontologies
we discussed so far do not rely on formalized se-
mantics, axioms, the use of knowledge representa-
tion  languages,
philosophical foundations, the past years have seen
a rapid increase in applying formal methods to bio-

automated  reasoning  or

medical ontologies. In particular, the Web
Ontology Language [49] is now widely used to
represent biomedical ontologies [19]. In some

cases, more expressive languages such as first- and
monadic second-order logic are used to specify
ontologies, in particular for biological sequences
[50, 51] and molecular structures and graphs [52].
Using these languages, knowledge about a domain
is expressed following the axiomatic method [53],
based on which axioms (i.e. statements that are
considered to be true about the domain) are as-
serted and the consequences of these axioms are
inferred using inference rules [54]. Automated rea-
soning is the process by which the inferences are
deduced automatically.

The stated aims of applying philosophical founda-
tions, the axiomatic method, knowledge representa-
tion languages and
biomedical ontologies are manifold and include the
search for philosophical rigour and a foundation in
particular philosophical theories [3, 5, 55], providing
expressive and machine-readable documentation of
the meaning of terms in a vocabulary [51], verifying
the consistency of a data model [56, 57], verifying
the consistency of data with respect to a data model
[56, 58], enabling complex retrieval and querying
through automated reasoning [59], integrating mul-
tiple ontologies [60, 61] and decreasing the cost of
developing and maintaining an ontology [62—65].
Furthermore, the application of formal methods in
biomedical ontologies has the potential to reveal
mistakes in the design of ontologies [5, 21, 66, 67]
or to improve their utility for scientific analyses
[61, 68]. Several projects have started to axiomatize
biomedical ontologies [57, 61, 69, 70], and these
projects have led to changes in the ontologies and
the detection and removal of contradictory state-
ments [57, 60]. Other researchers have suggested
changes to improve ontologies’
axioms based on applying formal, ontological and
philosophical methods [21, 55, 66, 67, 71, 72], or
they  provide
domain-specific knowledge by applying a formal

automated reasoning for

structures and

ontological  interpretations  of
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ontological theory to some phenomena in a domain
[67, 73=75]. Table 1 provides a list of use cases and
examples for the application of formal methods in
biomedical ontologies.

THE RESEARCH QUESTIONS OF
BIOMEDICAL ONTOLOGY

The examples we discussed include the current
major applications of ontologies in biomedical re-
search, and additional ontology-based applications
are developed frequently and range from novel sci-
entific data analysis methods over the design of user
interfaces to semantic publishing of scientific art-
One
ontology-based applications reviewed here is that

icles. underlying commonality in the
ontologies determine or guide the ‘way’ in which
domain content is expressed. Research in ontology
answers the questions of ‘how’ a proposed standard
terminology should be built so that it satisfies the
needs of multiple users in the domain, ‘how’
domain content must be expressed so that relevant
retrieval operations or particular scientific analyses
are supported and ‘how’ information must be for-
malized so that data and model consistency can be
verified with regard to specific constraints. In most
cases, there are multiple possibilities for structuring
information within a domain and not all perform
equally well. Additionally, it may be possible to
identify common underlying principles of ‘how’
to structure information within a domain in order
to serve particular applications. While these prin-
ciples disciplines,
including philosophy, linguistics and cognitive sci-
ence, it is their effect on biomedical applications
that makes them either successtul or unsuccessful
choices. In this sense, the research area of ‘ontology’
is the bridge between theories originating from
these disciplines and the
application; ontology is about selecting the right
way of modelling a domain for a particular
application.

Following this understanding of ‘ontology’, we
can distinguish between several different types of re-
search results. First, ontologies themselves are re-
search results in biomedical ontology. An ontology
is an artefact that specifies a particular set of categories
that are useful and applicable for certain tasks within
a domain. More than 300 ontologies in the biomed-
ical domain are listed in the BioPortal [82] alone, and

may originate from diverse

diverse domain of

their intended applications are highly diverse, cover-
ing all the use cases we discussed so far and more.

A second type of research result is an ‘ontology
design pattern’, i.e. a ‘way’ to represent information
so that it can be applied for a specific purpose [83].
Many of these patterns are currently implemented in
domain ontologies, or arose from best practices in
building ontologies. Most notably, relations in bio-
medical ontologies were a controversial topic for
several years [66] until a set of ontology patterns
was proposed that standardized the meaning of a
large number of relations used in biomedical ontol-
ogies [21]. Similarly, in the biomedical domain, pat-
terns have been proposed for expressing information
about qualities [84], functions [85], dispositions [73],
phenotypes [86, 87] and realizable entities [67].
Often, these patterns are motivated by theories
taken from other scientific fields and applied to the
field of biomedicine. For example, well-developed
ontological theories of functions are available in phil-
osophy [88], biology [89] and linguistics [90] and can
be applied to formulate biological knowledge. Since
not all of them will perform equally for all tasks, the
evaluation of an ontology design patterns requires
the application of the design pattern to a particular
ontology and a measure of its impact in an ontology-
based application.

We consider the ‘application of a design pattern
to an ontology’ a third type of research result.
Applying a design patterns
changing an ontology so that certain information is
structured according to the design pattern. This
can either be done on a single place in the ontology,
in order to demonstrate the consequences of
applying the design pattern, or throughout an ontol-
ogy. In the first case, consequences can be measured
on a single example and their effect on the whole
ontology could be hypothesized. Only the second
case will enable the

often involves

direct evaluation of all
consequences.

Finally, a fourth type of research result is a meth-
odological result. Methodological advances in
applied ontology may abstract from specific applica-
tions of ontologies and identify generic approaches
that will lead to reproducible positive outcomes in
certain scenarios. These approaches can eventually
lead to guidelines for ontology quality with respect
to certain application. For example, the OntoClean
approach [91] is such a general method for building
ontologies that are robust (i.e. re-usable across mul-
tiple applications) and comprehensible.
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EVALUATION OF RESEARCH
RESULTS IN BIOMEDICAL
ONTOLOGY

Despite the large number of research projects that
apply formal ontological theories to scientific do-
mains, no common evaluation criteria are being
applied in these studies. Similarly, the stated goals
of such research are highly diverse and sometimes
the impact of the research on scientific applications
is not demonstrated or even discussed [2]. Examples
of evaluation criteria for research in applied ontology
include formal consistency of the developed theory
[92], the identification of unsatisfiable classes [57, 60],
conformance to a particular philosophical theory
[3, 55, 93], user acceptance [94], conformance to
naming conventions [95] or the recall of ontology
class labels in scientific literature [39]. Only few of
these criteria actually evaluate ‘what ontologies do’,
while the majority of these criteria evaluate the re-
search results based on philosophical, formal and
technical criteria that lie within the domain of ontol-
ogy or its underlying technologies themselves.

The selection and application of evaluation criteria
provides the means to distinguish research in
‘applied” ontology from research in ‘non-applied’
ontology. In ‘applied’ ontology, ontologies are
being used for some task within a domain, and that
task lies usually outside of the domain of ontology
itself (A notable exception to this is when we apply
ontological methods to the domain of ontology
itself, and classify different kinds of ontologies, their
parts, analyse the types of relations between classes,
relations, instances and individuals, etc. Such an
ontology could, for example, be used to provide
the conceptual foundation of an ontology editor,
to enable interoperability between different ontol-
ogy learning algorithms, in portals providing access
to different ontologies, or in an ontology evaluation
framework.). Consequently, evaluation criteria for
research results in ‘applied” biomedical ontology
will be derived based on the task to which the
result is being applied, and not from the domain of
ontology itself. The search for philosophical founda-
tion and rigor, including the demonstration that a
particular philosophical theory is capable of express-
ing distinctions that are being made within a domain,
are examples of research goals of non-applied ontol-
ogy, because the aims of the research and its evalu-
ation will generally lie within the realm of ontology,
not within the domain of application. Applying a
particular philosophical theory can, in many cases,

improve the utility of an ontology, and demonstrat-
ing that the application of a particular philosophical
perspective improves the utility of an ontology for
some task in a domain would constitute a result in
applied biomedical ontology.

We can also distinguish between ‘who’ or ‘what’
directly benefits from a particular result of research in
ontology: either the users and uses of an ontology,
ontology-based applications and specific tasks to
which ontologies are being applied, or the devel-
opers and maintainers of an ontology. Developers
and maintainers of ontologies will benefit directly
from decreased maintenance work, ease of construc-
tion and the availability of technical documentation,
while users and applications of an ontology will
only benefit indirectly from such research goals.
Users and applications of ontologies benefit from
the community agreement which ontologies can
bring about and their resulting potential for
ontology-based data annotation and integration, re-
trieval and querying, novel scientific analyses and in
some cases consistency verification of data. Since,
users of ontologies will benefit from something
that ontologies can ‘do’, research in ‘applied’ ontol-
ogy has to be measured based on how well ontolo-
gies ‘do’ their tasks.

One of the most widely cited applications of
ontologies in science is their potential to facilitate
community agreement of the meaning of terms in
a domain. These terms are frequently used as meta-
data in and publications.
Consequently, applying ontologies to standardize
the vocabulary used as meta-data can enable the in-
tegration and interoperability of databases and re-
search results. There are several possibilities for
evaluating an ontology that is intended to effectively
standardize the meaning of terms in a vocabulary and
support interoperability and integration. Since the
prime aim of such a research result is to achieve
community agreement, an obvious evaluation criter-
ion would be to conduct a user-study that evaluates
whether different users can consistently apply terms
within a standardized task such as the annotation of a

scientific  databases

data set with classes from an ontology. For this task,
Kappa statistics can be applied and a x value can be
reported that measures the degree to which annota-
tor agree [96, 97]. Kappa statistics is widely applied in
computational linguistics [98],
mining [99], for the verification and disambiguation
of biomedical resources [100], and to evaluate some
consequences of biomedical ontologies [94].

biomedical text
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The support of queries and retrieval of data is an-
other task for which ontologies and their axioms are
built. Information retrieval is a discipline in com-
puter science for which rigorous quantitative evalu-
ation criteria are available [101], often based on the
comparison to a gold standard or a set of positive and
negative examples based on which statistical meas-
ures can be applied. Quantitative measures include
the F-measure (the harmonic mean between preci-
sion and recall) or the area-under-curve (AUC) in an
analysis of the receiver operating characteristic
(ROC) curve [102]. If an ontology, or axioms in
an ontology, are intended for retrieval, measures
that compare the inferences to a gold standard can
be applied to demonstrate the success of the ontol-
ogy. In many cases, axioms in ontologies are added
in order to enable novel queries that make distinc-
tions which could not be made before. For example,
adding axioms about parthood to a purely taxonomic
representation of anatomical structures enables new
kind of queries based on the use of parthood rela-
tions. Such a result—the addition of new axioms to
enable novel types of queries and retrieval oper-
ations—can be evaluated using the same quantitative
measures as ontology-based retrieval. All of these de-
scriptions assume that there is already some data
which is being retrieved using queries over the
ontology. In the absence of such data, e.g. when a
new ontology is proposed within a domain with the
intent to use this ontology to annotate data in the
future, data could be simulated and then used in
the evaluation.

Further applications of formalized ontologies in-
clude the verification of data with respect to certain
constraints that are expressed within the ontology.
For example, in the domain of biological pathways,
the BioPax ontology [56] has been proposed, and
one of its aims is to verify pathway data with respect
to the model that the BioPax ontology provides.
Similarly, a recent study used formal ontological ana-
lysis and automated reasoning to investigate the con-
sistency of a database of computational models and
identified a large number of incorrectly characterized
database entries [58]. A quantitative measure of suc-
cess would then be the number of inconsistencies
that were identified in a data set.

Applications of ontology research in scientific ana-
lyses and in the process of making novel scientific
discoveries are maybe the best evaluated contribu-
tions in applied ontology, since the contributions
that ontology research can make in these areas is

commonly subject to the same evaluation criteria
as other contributions in the scientific domain of
application. For example, the GSEA method was
evaluated both using statistical measures and experi-
mentally verified data that has been extensively stu-
died [23, 25|, and the use of semantic similarity
measures to identify interacting proteins based on
GO is rigorously evaluated and compared using
ROC and correlation coefficient analysis [103].
In each case, the domain to which
ontology-based methods are being applied has estab-

scientific

lished, and often demands, quantitative evaluation
criteria that can ensure the objective and empirical
evaluation and comparison of research results.
Furthermore, an integrated scientific analysis of the
data in multiple databases between which interoper-
ability is intended to be achieved can be performed
and evaluated on a scientific use case. For example,
the development of formal definitions for phenotype
ontologies [86] can be quantitatively evaluated by
using these definitions to integrate multiple model
organism databases and analyse the integrated know-
ledge with regard to its potential for revealing novel
candidate genes for diseases [68].

There are several other tasks that may fall in the
domain of applied ontology research. For example,
formal ontological analysis can be applied to specify a
conceptual model, verify its consistency and identify
modelling choices that potentially lead to faulty re-
sults; or formal ontology can be applied to formally
specify the meaning of terms in a vocabulary (e.g. to
enable communication between autonomous intelli-
gent agents). Some of these tasks can also be evalu-
ated quantitatively: while consistency of a conceptual
model is a binary quality that relies on a consistency
proof, incorrect consequences can be estimated using
predefined tests that aim to make inferences of a
certain kind [104]. A formal specification of the
meaning of a term using an ontology can be accom-
panied by a meta-theoretical analysis and a com-
pleteness proof for the ontology [105].

Depending on the application to which ontology-
based research is applied, we can derive quality cri-
teria, some of which are illustrated in Table 2. The
heterogeneity of ontology-based applications pre-
vents the application of a single quality and evalu-
ation criterion. Instead, research results in biomedical
ontology must be evaluated in conjunction with a
task to which this result is being applied. For ex-
ample, instead of evaluating the quality of an ontol-
ogy O that represents biological pathways, we have
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to evaluate O with respect to different tasks that it is
intended to perform. For example, O may be used to
achieve community agreement about the terms used
to annotate pathway databases (task f1), and we can
evaluate O with respect to #1. On the other hand, O
may also be used to verify the consistency of biolo-
gical pathway data (task #,), and we can evaluate O
with respect to f,. A consequence could be that O
achieves one task very well while its performance in
a second task is poor.

‘Robustness’ can then be evaluated based on eval-
uating an ontology (or another research result in
biomedical ntology) on multiple tasks: if the ontol-
ogy performs well in multiple heterogeneous tasks,
the ontology is ‘robust’. Additionally, it becomes
possible to evaluate how much the quantitative re-
sults change under changing application conditions.

ONTOLOGY PEER REVIEW

Several evaluation methods for research in applied
ontology have been proposed, and multiple studies
have attempted to evaluate the quality of ontologies
in biomedicine. Currently, there is little emphasis on
the need for objective, quantitative evaluation cri-
teria for applied ontology research; on the contrary,
many quality criteria are derived from philosophical
and social considerations. In particular, several studies
emphasize the need to treat ontologies similarly to
scientific publications and propose an evaluation
strategy similar to scientific peer review. For ex-
ample, Obrst ef al. [4] aim to identify ‘meaningful,
theoretically grounded units of measure in [ontol-
ogy]” and perform an extensive review of previous
ontology evaluation attempts, including a brief dis-
cussion of application-based evaluation approaches
and quantifiable results. However, Obrst ef al. dismiss
application-based evaluation strategies since they are
‘expensive to carry out’, and instead propose ontol-
ogy evaluation by humans based on principles
derived from common sense, formal logics or phil-
osophy (especially in the form of philosophical real-
ism). A similar route is being taken by Smith who
suggests that peer review of ontologies should
become standard practice, since ‘[pleer review pro-
vides an impetus to the improvement of scientific
knowledge over time’ [1, 5]. The criteria for peer
review of ontology-based research results proposed
by Smith [5], Orbst ef al. [4] and others [111], are
largely derived from ‘common sense’ or philosoph-
ical positions and do not rely on an objective,

empirical demonstration that the criteria improve
the performance of ontologies in any biomedical ap-
plication. Such a peer review system is intended to
be adopted by the OBO Foundry ontology commu-
nity [1, 5].

The OBO Foundry principles (accepted and pro-
posed principles can be found on http://obofoundry.
org/crit.shtml) form some of the most widely used
criteria for ontology development in biology. The
majority of the OBO Foundry criteria are intrinsic-
ally social and highly valuable for enabling wide
access to the content of the ontologies, serving sci-
entific discourse about and investigations into the
ontologies and their content. To evaluate ontologies
based on social criteria, peer review is valuable. Some
criteria could be further extended by asking for em-
pirical, quantifiable evidence. For example, while the
inclusion of textual definitions (criterion 6) and
documentation (criterion 8) can improve compre-
hensibility of ontologies, comprehensibility will pri-
marily depend on the quality of the textual
definitions and documentation: not all definitions
and all documentations are equally well suited.
User-studies can be used to evaluate and quantify
the quality of the definitions and even compare
them against automated methods to generate textual
definitions [112].

BUILDING AND EVALUATING
ONTOLOGIES FOR INTEGRATIVE
RESEARCH

The development of a systematic evaluation strategy
grounded in real biomedical data will help to further
improve the utility of ontologies for integrative bio-
medical research. To develop such a strategy, differ-
ent approaches for evaluating ontologies can be
combined. The direct evaluation of ontologies (see
Figure 1), such as facilitated by ontology peer review,
1s an approach for evaluating ontologies that ensures
availability of the ontologies, compliance with good
scientific practices and reporting standards, the use of
standard formats in distributing ontologies, and other
valuable criteria.

However, a review of an ontology alone does not
immediately evaluate the ontology’s suitability for
applications Therefore,
ontology evaluation can be further substantiated by
an application-based evaluation (see Figure 2). In
such an evaluation, an ontology is not assessed dir-
ectly, but rather by means of an application that

particular and analyses.
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makes use of the ontology. Depending on what type
of application the ontology is used for, a large variety
of evaluation criteria can be applied to report, com-
pare and quantify the results. Some of these criteria
are listed in Table 2.

One major type of application in a research setting
is to facilitate the integrated analysis of scientific data.
In such a scenario, the ‘application’ that is used to
evaluate an ontology is an integrated scientific

Ontology development

Ontology evaluation

Figure I: A direct evaluation of an ontology can
assess intrinsic properties of the ontology such as con-
sistency, expressivity, or the inclusion of natural lan-
guage definitions and labels. Furthermore, the
evaluating person can examine definitions and axioms
of the ontology and either agree or disagree with their
content.

analysis (see Figure 3). Evaluation criteria in such a
scenario follow the established criteria in the scien-
tific domain and range from comparisons with a gold
standard to experimental validation.

These three strategies for evaluating research in
ontology are complementary and ensure different
aspect of an ontology’s quality. Peer review can
assure social criteria as well as adherence to scientific
reporting standard, application-based evaluation en-
sures that ontologies can be used efficiently and the
evaluation using a scientific analysis ensures that
ontologies lead to verifiable novel insights in science.
An adoption of this combined evaluation method-
ology shifts the research focus in ontology research
from building better ontologies towards systematic-
ally improving the ontologies with regard to
ontology-based applications and ontology-based sci-
entific analyses, and thereby paves the way for the
critical role that ontologies will continue to play in
the future.

In particular, an area that will benefit from inte-
grated ontology-based data analysis methods include
experiment design [113]. In experiment design,
ontologies can be used to relate experimental assays
to the biological phenomena that are recorded by the
assay catering for the experiments to be then de-
signed so that they can test specific hypotheses
about the scientific domain [114].

Furthermore, ontologies are now being used to
annotate large data sets, including those originating
from high-throughput technologies in all areas of
biology, and it is a major challenge of biology to
synthesize the available information into an under-
standing of whole organisms and their interactions

Ontology development

Evaluation of application

Ontology-based application

Figure 2: An application-based evaluation does not directly assess an ontology, but rather evaluates an application

that utilizes an ontology for its operations.
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/“ Ontology development ’\

Quantitative evaluation
of analysis results

Ontology-based
integration of data

M

(Ontology-based)
data analysis

.

Figure 3: An analysis-based evaluation performs a scientific data analysis that relies on an ontology and evaluates
the success of the analysis using criteria established in the scientific domain.

with the environment as well as to transform this
information can benefit
human health. Ontologies will play a crucial role
in this integration process because they provide the
means to integrate data not only within domains, but
also across domains, across species and across levels of
granularity.

For example, personalizing the treatment of dis-

ease based on the background of the individual pa-

into knowledge that

tient requires integration of large amounts of data
across domains, including information about genetic
variation and their associations with phenotypes and
drug response [115], genomic, transcriptomic, prote-
omic, metabolomic, and autoantibody information
[116, 117], environmental factors [118], and the pa-
tient’s medical history [119]. Another example in
which ontologies will increasingly be applied is to
bridge the gap between basic research results and
clinical applications. In the last years, several pion-
eering studies used ontologies as a means to under-
stand, diagnose and find treatment strategies for
human diseases [68, 120-122]. Again, it is the po-
tential of ontologies to connect data from different
scientific domains and disciplines on a large scale that
has enabled such analyses, and it is one of the most
promising future applications of ontologies in
biomedicine.

One of the great challenges in using ontologies
to facilitate integrative, translational biomedical ana-
lyses 1s to connect ontologies that cover basic
research domains, such as the GO [11], with medical
ontologies, such as SNOMED CT [123] and the
repository of ontologies that are within the
Unified Medical Language System (UMLS) [124].

The medical ontologies provide access to data in
health care and medical knowledge while the biolo-
gical ontologies enable access to findings from basic
research in biology, and the integration of both types
of ontologies has the potential to enable analyses that
connect basic research with clinical applications and
support the personalization of medical treatment. A
strategy for evaluating the ontologies involved in
such a task, as well as assessing the ontology-based
integration results, is a crucial step to facilitate this
goal.

CONCLUSIONS

Research results in biomedical ontology should
always be evaluated against a biomedical task for
which the ontologies are intended. Whether the re-
search result is an ontology, an ontology design
pattern, or a method to formulate biomedical phe-
nomena, the benefit ontologies can bring cannot be
evaluated based on the ontology alone; instead, any
evaluation criteria must evaluate the whole system
consisting of the ontology and the tasks to which
they are applied. Many ontology-based applications
are amenable to quantitative evaluation criteria.
Quantitative measures enable the objective compari-
son of research results and play a crucial role in their
evaluation. These quantitative measures can be
adopted in addition to already established qualitative
evaluation criteria, and they can also serve to justify
and  refine  existing  qualitative
Furthermore, with the application of quantitative

measures.

measures, ontology development methodologies

can be evaluated with respect to how well they
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ensure or improve the performance of research re-
sults in particular tasks within a domain. More im-
portantly, objective evaluation criteria for research
results are the next step in developing a research
methodology for the field of biomedical ontologies.
A research methodology based on quantitative
evaluation with respect to biomedical applications
will improve the ontologies’ utility in data and
knowledge integration and thereby increase their
potential to improve integrative biology and transla-
tional research.

Key Points

e Ontologies are used in biomedicine to standardize terminology,
to enable access to domain knowledge, to verify data consistency
and to facilitate integrative analyses over heterogeneous bio-
medical data.

e Biomedical ontologies must be evaluated with respect to the
purpose for which they are built.

e Ontology-based applications can be evaluated quantitatively.

e Quantitative evaluation can lead to developing a methodology
for systematically improving biomedical ontologies.
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