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Abstract

Background: Ontologies have been widely studied in terms of how they are defined, created, evaluated
and applied. Less is known about ontologies specific to the behavioral sciences.

Objectives: The aim of this scoping review is to illustrate the patterns, trends and volume of literature on
ontologies in the behavioral sciences.

Eligibility criteria: Published reviews and evaluations, including book chapters in the behavioral
sciences. Foreign language papers and grey literature were excluded, as were papers published before
2010.

Sources of evidence: Databases searched were: Ovid Medline, Embase, PsycINFO, Web of Science, and
Epistemonikos. All searches were conducted on July 6%, 2021. Additional searches were conducted in
PsycINFO and Web of Science to identify book chapters

Charting methods: The charting of documents was conducted independently by a single reviewer using
two pre-defined tables to chart characteristics of the publications and ontologies identified in the
included studies

Results: From 6,257 screened records, 231 full text studies were examined. The final number of
included studies was 50, and the number of identified ontologies was 49.

Conclusions: This scoping review shows that published reviews and evaluations in the behavioral
sciences are relatively few. The studies identified do, however, provide information on the ways in which
ontologies have been studied, namely how they have been developed, evaluated and applied. The
included studies illustrate the areas of behavioral science which have ontologies, and what their primary
characteristics are.

Introduction
Rationale
In philosophy, ontology is the study of being or existence. In the world of information and data science,
ontologies have been defined by many scholars 2 but they are essentially the structured representation
of a body of knowledge. They are part of a family of classification systems which includes indexes,
thesauri, vocabularies, concept maps and knowledge bases. While some systems provide definitions
and a hierarchical structure of terms, ontologies also show the relationships between concepts thus
providing a more nuanced picture and additional information to facilitate the understanding of complex
bodies of knowledge. * In the field of life science and biomedicine, ontologies are used to advance the
study of particular fields from the very broad (human disease), to the very specific (interventions for
specific conditions). The field of ontology literature is a very large one, covering all aspects from
definitions, descriptions of ontologies in specific areas or study, the methods, use of software,
programs, and techniques involved in ontology creation and evaluation, and the many specific
applications. Biomedicine in particular has been well studied 4, and ontologies are now making major
contributions to research, and in clinical settings. This scoping review aims to extract published reviews
and evaluations pertaining to the behavioral sciences.

Objectives
The aim of this scoping review is to illustrate the patterns, trends and volume of literature on ontologies



in the behavioral sciences. The means of obtaining this information was through the identification of
published evaluations, published reviews, and other relevant published papers. This review is part of a
wider endeavor being undertaken by an ad hoc Committee of the National Academies of Sciences,
Engineering, and Medicine who are drawing upon the broader literature to inform the development of
an ontology for the behavioral sciences. The more specific questions this review seeks to answer are: 1)
By what methods have ontologies been studied? How might the strengths and limitations of the existing
body of work be characterized? 2) What are well supported findings from this work, especially candidate
best practices? 3) is it possible to identify categories/types of behavioral ontologies? 4) Are there
identifiable patterns in which behavioral fields do/do not have/use ontologies?

Methods
This scoping review follows the reporting guidelines outlined in the PRISMA Extension for Scoping
Reviews (PRISMA-ScR) checklist.?

Eligibility Criteria

Articles eligible for inclusion in this review were published reviews and evaluations, including book
chapters. Foreign language papers and grey literature were excluded, as were papers published before
2010. Only articles pertaining to the behavioral sciences were sought. Records were screened in two
stages: At the title/abstract stage, records were included that were: 1) Relevant to topic of this review
and 2) In English. Criteria for including papers are the full text stage were 2) Paper was a published
review or evaluation; 2) The review or evaluation was on single or multiple ontologies; 3) The ontology is
in the field of behavioral science. Articles were excluded if 1) They were not published; 2) They did
review the characteristics of a specific ontology, or ontologies in general, OR if they did not contain
information pertaining to the evaluation of ontologies, and 2) If the paper was from a discipline deemed
not relating to the behavioral sciences.

Information Sources

The following electronic databases were searched for potentially relevant articles: Ovid Medline,
Embase, PsycINFO, Web of Science, and Epistemonikos. All searches were conducted on July 6, 2021.
Additional searches were conducted in PsycINFO and Web of Science to identify book chapters. Further
articles were sought using PubMed Similar Articles. Records from preliminary searches run for this
review were also scanned for relevance.

Search

A combination of subject headings and free text terms were used to represent the concept of
ontologies; terms were applied to limit records to published review articles and evaluations. Due to the
broad scope of the field of behavioral science no terms were used to narrow the search further,
however, searches were limited to English language and from 2010 to August 2021. Copies of all the
search strategies with details of database platforms and dates can be found in Appendix 1.

Selection of sources of evidence
All records were screened in EndNote and assessed for relevance based on the title and abstract.
Potentially relevant articles were reviewed in full-text based on the specific eligibility criteria.

Data Charting Process
All charting of documents was conducted independently by a single reviewer using two pre-defined
tables to chart characteristics of the publications and ontologies identified in the included studies.



Data Items

The elements sought to inform this review were divided into the characteristics of the ontologies
identified: 1) Name; 2) category/domain; 3) Number of classes or terms, and the characteristics of
evaluations: 1) method of evaluation; 2) strengths and weaknesses, and 3) recommendations or best
practices resulting from evaluation.

Synthesis of results

The results are described narratively, summarizing what has been found in terms of 1) the number and
characteristics of ontologies found through the reviews and evaluations, 2) the methods used to
evaluate ontologies, and 3) what best practices and recommendations for evaluation have been
identified.

Results
Selection of Sources of Evidence

The number of studies screened in order to obtain the studies summarized in this review is shown in the
PRISMA Flow Diagram in Figure 1. The total number of records screened at the title and abstract stage
was 6,257, from which 6,026 were excluded and 231 full text studies were examined. The final number
of included studies was 50.

Figure 1: PRISMA flow chart for the identification of studies
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Characteristics of Sources of Evidence

The number of ontologies retrieved through the studies reviewed was 49 broken down into the
following categories: behavioral (n=16), phenotypes (n=6), disease and mental health conditions (n=
13), genetics (n=4), neuroscience (n= 10). The number of classes in each ontology ranged from 167,138
(National Cancer Institute Thesaurus) to 41 (EmotionsOnto). Table 1 contains a list of all of the
ontologies identified through reviewing full text articles. It contains the name and acronym of the
ontology, the number of classes where available, and the study from which the ontology was identified
(not necessarily the original paper since this scoping review primarily drew upon secondary sources).
Figure 2 shows the number of ontologies by category and Table 2 contains the characteristics of the
included studies. A brief summary of the results is given here, and then summarized in more detail
under the headings of: 1) Reviews 2) Development and Authorship 3) Methods of Evaluation and
Assessment 4) Tools and Software 5) Applications of Ontologies 6) Recommendations for Best Practice.
Figures 4 and 5 are wordclouds generated from terms in the behavioral ontologies table and from words
relating to the evaluation of ontologies.

Brief summary of included studies

*  Studies that reviewed ontologies in general were: Aminth 2018,° Blanch 2017, Hastings 2012,8
Konopka 2015,* Larsen 2017,° Lokker 2015, Norris 2019,*! Poldrack 2016,'? Reed 2015,
Stancin 2020,** and Zhu 2015.%*

*  Studies that examined or included methods of evaluation were: Dissanayake 2020,'°> Duque
Ramos 2014, Franco 2020, Hastings 2014, Jung 2016, Kronk 2020,° Malhotra 2014, Norris
2019, and Quinn 2018.%*

*  Studies that described individual ontologies were: Brenas 2019,?? Eisenberg 2018,% Gkoutos
2012,%* Hastings 2014,8 Hicks 2016,% Jensen 2013,%° Jung 2016, Kohler 2012,%” Kronk 2020, %
Malhotra 2014,% Quinn 2018,%! Win 2019,%° Woznowski 2018,%° and Zaveri 2010.3!

*  Studies that described ontology tools were: Aminth 2019,3? Cui 2015, Duque Ramos 2016, 3*

Eivazzadeh 2016, Gkoutos 2015,%® Kohler 2011,*” Toralf 2011,*® and van Damme 2018.%°

Studies that described the development of ontologies were: Brenas 2019, Ceusters 2017,%°

Eisenberg 2018,2® Gkoutas 2012,%* Hicks 2016,% Jensen 2013,%® Kohler 2012,%” Kola 2010,*

Norris 2021,* Rousseau 2018,* Vigo 2014,** and Win 2019.%

*  The metrics used to describe ontologies was outlined by Yao 2011, * and Vigo 2014%* 2014
described the problems in ontologies and recommendations for correction.



Table 1: Table of Ontologies Identified from Reviewed Studies

Ontology Number Domains Source
of
Classes/
Terms
Standard Animal Behavior Ontology (SABO) NA Animal behavior Gkoutos 2015
Neuro Behavior Ontology (NBO) 1,036 Behavioral processes and phenotypes Norris 2019
Health Behaviour Change Ontology (HBCO) 92 Behavior change and automated dialogue systems Norris 2019
Behaviour Change Techniques (BCT) 110 Behavior Change Blanch 2017
Persuasion Support Systems (PSS) for Health NA Behavior Change Win 2019
Behavior Change
Ontology of Behavior Change Counseling NA Behavior change counseling Bickmore 2011
Concepts
Ontology of Self-Regulation NA Self-Regulation Eisenberg 2018
Cognitive Atlas (COGAT) 3,639 Cognitive neuroscience and mental Norris 2019
processes

Cognitive Paradigm Ontology (COGPO) 400 Cognitive and behavioral experiments Norris 2019
EmotionsOnto 41 Emotions Norris 2019
Emotion Ontology (MFOEM) 902 Emotions Norris 2019
Exposure Ontology (ExO) 148 Exposure science, genomics and toxicology Norris 2019
Lifestyle Ontology NA Lifestyle concepts Benmimoune 2015
OntoPsychia 1,450 Social and environmental determinants for psychiatry Blanch 2017
Semantic Mining of Activity, Social and Health 87 Health-care data and sustained weight loss Norris 2019
Data (SMASH)
Mental Functioning Ontology (MF) 692 Mental functioning and mental processes Norris 2019
Autism Spectrum Disorder Phenotype (ASDPTO) 284 Autism Spectrum Disorder Phenotype Aminth 2018
Human Phenotype Ontology 13,000 Phenotypes Gkoutos 2015
Mammalian Phenotype Ontology (MPO) 1,528 Phenotypes Kohler 2012
Phenotype and Exposures (PhenX) 533 Phenotypes Blanch 2017



Measurement Method Ontology 701 Methods used to make qualitative and quantitative Yu 2016
clinical and phenotype measurement
Phenotype and Trait Ontology (PATO) 5,607 Biodiversity and Ecology, Plant Phenotypes and Traits Kohler 2012
Disease Ontology NA Disease Gkoutos 2015
Human Disease Ontology (DOID) 12,498 Disease Norris 2019
Symptom Ontology (SYMP) 942 Symptom and Disease Norris 2019
Alzheimer’s Disease Ontology (ADO) 1565 Alzheimer Disease Aminth 2018
Biligual Ontology of Alzheimers Disease and 5,899 Alzheimer Disease Aminth 2018
Related Diseases (ONTOAD)
National Cancer Institute Thesaurus (NCIT) 167,138 Cancer Blaum 2013
AGCT Master Ontology NA Cancer research and management Brochhausen 2011
Adolescents’ Depression Ontology (AdDO) 419 Depression Jung 2016
Epidemiology Ontology (EPO) 191 Epidemiology Norris 2019
Epilepsy and Seizure Ontology NA Epilepsy and Yu 2016
seizure
Mental Disease Ontology (MFOMD) 1,127 Mental Disease Norris 2019
Haghighi-Koeda Mood Disorder NA Mood disorder Yu 2016
Ontology
Neurological Disease Ontology (ND) 700 Neurological Disease and phenotypes Jensen 2013
Gene Ontology (GO) 43850 Genetics Blaum 2013
Micro Array Gene Expression Data NA Microarray data and Wu 2014
(MGED) Ontology experiments.
Ontology for Genetic Susceptibility (OGSF) 127 Genomic and Proteomic, Health Aminth 2018
Pharmacogenetics Relationships Ontology 229 Pharmacogenetics Aminth 2018
(PHARE)
Biomedical Informatics Research Network Project = 3,580 Neurons and neuronal systems Hastings 2012
Lexicon (BIRNlex)
Chemical Entities of Biological Interest (ChEBI) 165,081 = Neurotransmitters Hastings 2012
Consortium for Neuropsychiatric Phenomics NA Neuropsychiatric Disorders Blanch 2017
(CNP)



OntoNeuroLOG

Neural Electromagnetic Ontology (NEMO)
Neuroinformatics Network (NIF)

Neuroimaging Data Model (NIDM)
Neuropsychological Testing Ontology

NeurolLex

Neuroscience Information Framework Ontology
(NIF)

1016
1,851
NA

161

NA

NA
1,24337

Neuroimaging

Biological Process
Neuroinformatics
Neuroimaging
Neuropsychological Testing
Neurons and neuronal systems
Neuroscience

Blanch 2017
Blanch 2017
Gkoutos 2015
Blanch 2017
Gkoutos 2015
Hastings 2012
Blanch 2017

NA = number not available




Table 2: Characteristics of Included Studies

Study

Aminth 2018
Aminth 2019
Blanch 2017
Brenas 2019
Brodaric 2010
Carpendale 2014
Ceusters 2015
Cui 2015
Dissanayake 2020
Duque Ramos 2014
Duque Ramos 2016
Eisenberg 2018
Eivazzadeh 2016
Franco 2020
Gkoutos 2012
Gkoutos 2015
Hastings 2012
Hastings 2014
Hicks 2016
Jensen 2013
Jung 2016
Kohler 2011
Kohler 2012

Kola 2010
Konopka 2015
Kronk 2020
Larsen 2017
Larsen 2018
Lokker 2015
Malhotra 2014

Ontology

X

X

Multiple

Adverse Childhood Experiences Ontology

X X X X X X X

Ontology of Self-Regulation

X

X

Neurobehavior Ontology

X

X

Emotion Ontology

Ontology of Medically Related Social Entities (OMRSE)
Neurological Development Ontology

Adolescents’ Depression Ontology

X

Human Phenotype Ontology

X

X

Gender, Sex, And Sexual Orientation Ontology (GSSO)
X

Multiple

X

Alzheimer's Disease Ontology

Type of Study
Review

Tool

Review
Development
Overview of applications
Application
Development

Tool

Evaluation (Systematic Review)
Evaluation

Tool

Development

Tool

Evaluation of metrics
Development

Tools (Commentary)
Review

Evaluation
Development
Development
Evaluation

Tool

Development
Development
Review

Evaluation

Review

Application

Scoping Review
Description and evaluation




Masuya
Michie 2017
Mustafa 2019
Neumuth 2010
Norris 2019
Norris 2021
Poldrack 2016
Prior 2020
Quinn 2018

Reed 2015
Rousseau 2018
Stancin 2020
Toralf 2011

Van Damme 2018
Vigo 2014

Win 2019

Woznowski 2018
Yao 2011
Zaveri 2010

X
X
X
X
Multiple
X

Multiple
X

Personalized education for patients with diabetes or

obesity
Multiple
X
Multiple
X

X

X

Persuasion Support Systems (PSS) for health behavior

change

Ontology for Activities of Daily Living

X
Trial Bank ontology

Application
Application
Application
Application
Scoping Review
Development
Review
Application
Evaluation

Development
Development
Review

Tool

Quality assessment
Development
Proposal

Development
Metrics
Application




Results of individual sources of evidence

Reviews

There were several reviews pertaining to the field of behavioral science. Blanch 20177 conducted a
literature search of ontologies related to human behavior. They give the results of the 17 included
ontologies in table with attributes and narrative description of each, although there are no comments
on evaluation. Larsen 2017° lays the groundwork for the 2019 Norris'! scoping review by providing an
overview of ontologies and the current efforts in creation of ontologies related to behavior change
interventions. The subsequent scoping review includes 15 ontologies relating to human behavior change
in their scoping review. In addition to details about the properties of each ontology, the methods by
which they were evaluated are also presented. The Hastings 20128 book chapter looks at ontologies in
for the analysis of human behavior. The vocabularies and terminologies relating to human functioning
are described (SNOMED CT, ICD and ICF, DSM-1V) followed by two ontologies in this field (Mental
Functioning Ontology, the Mental Disease Ontology. The chapter concludes with the applications of
ontology to clinical data management and translational research. Poldrack 20162 outlines the
challenges in the field of cognitive neuroscience to delineate brain-mapping cognitions. The role of
informatics in overcoming these obstacles, including the use of ontologies as a solution.

At a broader level, Lokker 2015 provides a scoping review of intervention classification schemes and
taxonomies in healthcare (including behavior science) which can be used in knowledge translation and
the integration of research evidence. The review resulted in identifying 51 classification schemes
including 23 taxonomies, 15 frameworks, 8 intervention lists, 3 models and 2 other formats. While
ontologies were not explicitly discussed, this review provides valuable background information and
references. Both Konopka 2015* and Stancin 2020 give good overviews of ontologies in the fields of
biomedicine and education respectively, including criteria for development and applications. Lastly,
Zhu 2015 gives a bibliometric analysis of global ontology research progress. It outlines the trends in
output, geographical placement of authors, and categories of frequently used keywords.

Figure 2: Number of Ontologies by Category
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Development and Authorship

There are 2 methods of developing ontologies, either reusing existing ontologies or classification
systems, or by building using an original ontological model. Several studies describe the development of
single ontologies: Brenas 2019,% the Adverse Childhood Experiences Ontology); Gkoutos 2012,%* the
Neurobehavior Ontology; Hicks 2016% (Ontology of Medically Related Social Entities (OMRSE); Jensen
2013,% the Neurological Development Ontology, Kohler 2012, the Human Phenotype Ontology, and
Woznowski 20183 the Ontology for Activities of Daily Living. Eisenberg 20183 describes the research
program to inform an ontology of self-regulation, and Kola 2010%! discusses the need for an ontology in
psychosis and proposes methodology for building one. Win 2019% outlines a proposal of an ontology of
Persuasion Support Systems for health behavior change, and describes the literature used to develop
the ontology. Larsen 2017° provides the background for work to build ontologies in the field of behavior
change interventions, and gives an overview of why they are needed, how they are created and their
potential in advancing the field of behavioral medicine. Three ontologies are described by Larsen 20184
(The Mental Functioning Ontology, The Emotion Ontology, and The Mental Disease Ontology. The
article further discusses how all three ontologies might be used to build a broad framework which will
capture the complex interrelations in the area of psychiatric disorders. Ceusters 2017%° reports a wider
initiative which aims to classify the field of oro-facial pain (including psychosocial aspects) and specifies
design recommendations for a new system to bring the field up to date. Norris’s 2021%? review makes a
case for including expert stakeholders in the development of ontologies. Methods of how this might be
achieved are outlined and examples are given from the social and behavioral sciences. Reed 20153
proposes a framework for building cognition ontologies using three tools (WordNet, FrameNet and
Suggested Upper Merged Ontology (SUMOQO)). The article also uses psychoses and emotion as examples
to illustrate the objectives of science ontologies.

While not specifically in the behavioral sciences field, several studies provide valuable information for
ontology development and authorship. At a very high level Rousseau 2018 describes a concept map
which will become an Ontology of Systemology and has some principles about ontology development.
Finally, Vigo 2014* identifies problems reported by the authors of ontologies and the strategies they
use to address them. The findings are “mapped to a set of key design recommendations”, thus
providing a tool to support authors and to improve the ontology development process.

Methods of Evaluation and Assessment

There were 6 evaluations on single ontologies, namely, the Ontology of Self-Regulation (Eisenberg
2018),2® Adolescents’ Depression Ontology (Jung 2016),*° Emotion Ontology (Hastings 2014),'® Gender,
Sex, And Sexual Orientation Ontology (Kronk 2020),%° Alzheimer’s Disease Ontology (Malhotra 2014),%
and Personalized Education for Patients with Diabetes or Obesity Ontology (Quinn 2015).%

Although this review has identified several behavioral ontologies which have been evaluated, and whose
methods are outlined below, much of the established criteria for evaluation is reported in the wider
literature and covers multiple disciplines. It was therefore felt to be important to cover some of these
principles here. The evaluation of ontologies ensures that they are fit for the purpose they were
designed for, and to determine whether or not they meet quality standards. The literature describes
the methods used, including tools in the form of models, methodology or software, and the metrics
used in such evaluations.

Both the Dissanayake 2020%° systematic review and the Aminth 2018° review provide valuable
introductions and review of ontology evaluation, as well as quality assurance methods. They cite some
established authors and works in this area. Aminth summarizes their work and outlines the different
criteria by which ontologies may be assessed.® A number of other papers covering aspects of
evaluation, standards and benchmarking but were not in the behavioral field were retrieved; while they
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are not summarized here, they are referenced in the list of excluded studies.

Two papers that provide metrics for ontology evaluation are Yao 2011% who introduces metrics that
describe the extent to which an ontology represents its knowledge domain. Franco 2020" is a report of
an evaluation of a “set of reproducible and objective ontology structural metrics”. The study used 197
ontologies to look at the correlations between metrics, and the stability and structure of metric clusters,
using 19 metrics which each measured a facet of ontology.

Behavioral Evaluations.
The Norris 2019 scoping review assessed the quality of included behavioral ontologies under the
following categories:
e  Ontology methods

o Uses existing taxonomies
Uses existing terminologies
Uses existing ontologies
User feedback
Data driven
Unique URIs (Uniform Resource Identifiers)

o Clear definitions

o Quality Assessment

o Clear structure

o Logically consistent

o Evaluated

o Maintained
In addition to the above items, criteria reported for the evaluation of single ontologies not included in
the above list were found in several studies. Eisenberg 20182 used domain coverage and task
orientation in testing the Ontology of Self-Regulation. Kronk’s 2020%° evaluation of the Gender, Sex,
And Sexual Orientation Ontology (GSSO) assessed computational efficiency, mappings to existing
terminologies and used query-based and randomly selected term tagging. Jung 2016*° evaluated the
Adolescents’ Depression Ontology by looking at the frequency of ontology concepts in social data, and
the scope using competency questions. Malhotra 2014% latter divided the evaluation of the Alzheimer's
Disease Ontology into three area: structural (topological and logical properties), functional (“how widely
and precisely ontological concepts represent the semantic space for the indicated knowledge domain”)
and expert evaluation. The use of human experts to evaluate ontologies appears in many papers and
appears to be a widely used despite the subjective nature of this method. Quinn 2018%! describes the
development and evaluation of an ontology for personalized education for patients with diabetes or
obesity. This paper gives a good summary of evaluation methods, and then describes the 2 methods
used to evaluate their ontology: domain expert evaluation, and application-based evaluation using a test
patient profile.
Hastings 20148 reports on an experiment used to evaluation the Emotion Ontology. Figure 3 shows the
range in the number of classes in the behavioral ontologies. (Note: where there is no established
acronym for an ontology, one has been created for the purposes of this chart.)

O O O O O
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Figure 3: Behavioral Ontologies by Number of Classes
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Tools and Software

Only one paper focusing on the behavioral sciences presented tools to aid in the design and use of
ontologies, namely the Gkoutos 20153¢ commentary. As with other aspects of ontology development,
evaluation, and quality assurance there are undoubtedly many studies of models, methods, tools and
programs in the wider literature. Several examples identified during the course of this review are
outlined here.

Duque-Ramos 20163* describes OQuaRE, an ontology evaluation framework based on quantitative
metrics. The methodology presented by Eivazzadeh 20163 is UVON (Unified eValuation using Ontology;
UVON) which was developed for authors to build ontologies; it enables them to “organize, unify, and
aggregate the quality attributes of several health information systems into a tree-style ontology
structure”. Aminth 201932 introduces OntoKeeper, a tool for automating quality scoring for ontology
developers. This paper tests OntoKeeper and assesses it in terms of useability. Cui 201533 describes
COHeRE (Cross-Ontology Hierarchical Relation Examination) a quality assessment tool for ontology
engineers working across multiple ontologies to detect inconsistent relationships in hierarchical
relations. Kohler 2011% illustrates how the Java software tool (GULO) can be used to improve ontology
structures by detecting errors and disagreements. In a similar vein, Van Damme 2018’s*® work aims to
contributes to the quality assurance of biomedical ontologies and terminologies by proposing an
approach which automatically analyzes lexical content. On a broad level, GOMMA described by Toralf
201138 s an infrastructure used to manage and analyze life science ontologies and their expansion.

Applications of Ontologies
In addition to the role of ontologies in representing the concepts and relationships that make up an area
of knowledge, ontologies can then be used in a lot of different practical applications. The applications

found from the studies in this review are wide ranging from research to clinical applications to
education. Hastings 20122 gives an overview of applications to clinical data management and
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translational research, and while Blanch 20177 does not discuss specific applications ontologies are
described as “key instruments to stimulating a collaborative effort among researchers from a
multidisciplinary approach”. The Masuya 2012% review paper provides an historical background of data
integration in biomedical science and the role of ontologies in the field of experimental animal science.
The studies in which research applications are described. Michie 2017 and Larsen 2017° both highlight
the support of efficient knowledge accumulation, the organization and structuring of evidence,
enhanced evidence synthesis, and the automation of meta-analysis. Larsen 2018 gives examples of
the use of several applied ontologies, namely the Gene Ontology’s use in research such as analyzing raw
data and integrating findings across domains and subject areas. They also highlight the benefits of using
a multi-ontology framework for psychiatric disorders which draws upon a wealth of data to refine
diagnostic categories, interrogate clinical information systems, and translate research results across a
range of disciplines. Lokker 2015 gives examples of the use of classification schemes in compiling lists
of behavior change techniques, implementation strategies, and interventions to be included in a
Cochrane Collaboration systematic review.

The Konopka 2015* review gives examples clinical applications in 4 areas: annotation (e,g. automated
annotation of radiology images), terminology mapping (e.g. mapping terminology to phenotypic clinical
data to advance knowledge of genetic diseases), the use of natural language processing to code text
from clinical documents, and query enhancement i.e. the use of search terms to recognize context and
thus provide synonyms and additional terms to enhance the query. Poldrack 20162 reviews the role of
ontologies in helping to “clarify, refine, and test theories of brain and cognitive functions”, while
Neumuth 2010% outlines the advantages bestowed by the method of ontology-supported recording for
complex behaviors in the modelling of surgical processes. Zaveri 20103! describes the use of the Trial
Bank ontology to code RCTs in neurosurgery.

In the area of learning and education, Stancin 2020** reviews the use of ontologies to develop
educational software to enrich the description of e-learning content, to personalize and recommend
additional content, to design curricula, and to assess the learning process. Brodaric 2010°° summarizes
uses of ontologies in online science activities and Mustafa 2019,>! the use of ontologies to generate
content for preschool cognitive skills learning. Prior 2020°2 proposes the use ontologies for setting age-
appropriate passwords. Carpendale 2014% examines the impact of ontology use in biological data
visualization.

Although Zhu 2015°* does not give specific examples the reporting of author keywords used in the
bibliometric analysis gives some insight into how ontologies are being used. For example,
bioinformatics, information extraction, machine learning, metadata, description logics, and knowledge
management.

Recommendations for Best Practice

Several papers included sections with explicit recommendations. Ceusters 2015 makes
recommendations for developing ontologies, and Duque Ramos 2014 evaluates the Good Ontology
Design Guideline, although they don’t make specific recommendations of their own. Norris 2019!
identifies some best practices for ontology development from their review of methods and evaluation of
the studies included in their scoping review. In a follow up paper, Norris 2021*? advocates for the
engagement of domain experts in ontology development. Finally, Vigo 2014** give insights into design
and give recommendations. While there was not an abundance of best practice recommendations,
most of the studies provided lessons learned of some description which can be used to inform the
overall picture of ontology design and evaluation.
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Figure 4: Wordcloud generated from behavioral ontologies identified
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Figure 5: Wordcloud generated from words relating to the evaluation of ontologies
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Conclusions
Summary of Evidence

There were 50 studies includes in this scoping review, and 49 ontologies identified as belonging to
the behavioral sciences. The large number of records retrieved through the searching is evidence of
the extent of literature on ontology, including ontology as a philosophical concept. It also shows the
many different disciplines which have studied and applied ontologies, giving a wealth of studies on
all aspects of ontologies from overviews and definitions to very specific methods of development
and evaluation. While this scoping review has revealed a relatively small number of published
reviews and evaluations specific to the behavioral sciences, it is clear that the broader biomedical
literature is much larger and contains a wealth of information for developers. It is evident that the
top level and large biomedical ontologies are often used to test out methods of development,
evaluation, updating and expansion. It is also clear that there are a large number of ontologies in
existence from the very large and very broad, to the very small and specific, depending upon the
objectives and intended use. The number of behavioral ontologies included here could be added to
depending on how behavioral is defined, and repositories of ontologies would likely identify more.
It should also be noted that many of the large biomedical ontologies will invariably include concepts
on animal and human behavior, but these were considered outside of the scope of this review.
Evaluations were shown to have a variety of methods and tools involving software programs,
modeling, human expert opinion and knowledge, guidelines and benchmarks. However, despite
several systematic and scoping reviews being found, there was no study which conducted a meta-
analysis of evaluation methods. The broad array of applications for which ontologies are being used
was also revealed. Not only do they contribute to the understanding of a body of knowledge, they
enable researchers to work across disciplines and standardize definitions and relationships of
concepts. On a practical level they are being used in research in fields such as information science,
computer science, medical education, healthcare research, and in clinical settings. Broad principles
can be taken from the overall body of work to guide development as well as the ongoing evolution
and improvement of ontologies.

Strengths and Limitations

The main strength of this scoping review is the large number of references screened to obtain the
studies which were included. The results were from 2 sources, a very broad search of literature
relating to ontologies, and a second, comprehensive but structured and targeted search designed to
hone in on published reviews and evaluations. The combined set enabled the identification of
studies to fit the eligibility criteria, but also a view of the literature as a whole, from which general
principles and methods can be drawn given the relative paucity of specific information to the
behavioral sciences. The information has been organized narratively and visually to enable readers
navigate the information, see overall themes, and access the main points from each of the sections
relating to the objectives of the review.

The first limitation is that although several databases were searched, and additional searches
conducted, the search terms used may have resulted in potentially relevant studies being missed.
Time constraints did not allow for the potentially very large set of results to be screened had a more
comprehensive strategy been used. Similarly, although some additional searching was conducted
around the most relevant studies found, the planned extensive follow up of references was not
done, and thus studies may have missed that were in the scope of this review.
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Secondly the review was conducted by one person, and decisions made about what should be

included in terms of behavioral science, and which studies should be included or excluded may have

been different with a second reviewer. Thirdly, no formal appraisal of studies was conducted and
while the essential elements of the included studies have been summarized, they have not been

examined in depth.
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Appendix 1: Search Strategies

All searches were run on August 6, 2021.

Ovid Medline

MEDLINE (Ovid) And Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations
1946 to July Week 5 2021, 1946 to August 5, 2021

1 ontolog$.ti.

2 (informatic$ adj2 (infrastructure$ or architectureS)).tw.

3 ((semantic or terminolog$) adj2 (relationship$ or mining or network$ or model$)).tw.
4 taxonomS.tw.

5 (domain adj2 (content or coverage)).tw.

6 (knowledge adj2 (organi?ation or organi?e$ or represent$)).tw.
7 relational databaseS.tw.

8 or/1-7

9 meta-analysis.pt.

10 meta-analysis.sh.

11 (meta-analysS or meta analysS or metaanalys$).tw,sh.

12 systematic review.pt.

13 (review or overview or evaluat$ or critique$S).ti

14 or/9-13

15 8and 14

16 limit 15 to (english language and yr="2010 -Current")

Embase (Embase.com)
1980 to August 6, 2021

#16. #15 AND (2011:py OR 2012:py OR 2013:py OR 2014:py OR 2015:py OR 2016:py OR 2017:py OR
2018:py OR 2019:py OR 2020:py OR 2021:py)

#15. (#9 OR #13) AND ([article]/lim OR [article in press]/lim OR [review]/lim) AND [english]/lim

#14. #9 OR #13

#13. #8 AND #12

#12. #10 OR #11

#11. review:ti OR overview:ti OR evaluat*:ti OR critiqu*:ti

#10. 'meta analys*':ab,ti OR 'meta analysis':ab,ti OR 'meta-analyses':ab,ti OR 'meta analytic':ab,ti OR
metaanalys*:ab,ti

#9. (#1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7) AND ([systematic review]/lim OR [meta analysis]/lim)
#8. #1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7

#7. 'relational database':ab,ti OR 'relational databases':ab,ti

#6. (knowledge NEAR/2 (organi?ation OR organi?e* OR represent*)):ab;ti

#5. (domain NEAR/2 (content OR coverage)):ab,ti

#4. taxonom*:ab,ti

#3. ((semantic OR terminolog*) NEAR/2 (relationship* OR mining OR network* OR model*)):ab,ti
#2. (informatic* NEAR/2 (infrastructure* OR architecture*)):ab,ti

#1. ontolog*:ti

PsycINFO (EBSCOhost)
1597 to August 2021



S1 Tl ontolog*

S2 Tl ( (informatic* N2 (infrastructure® OR architecture*)) ) OR AB ( (informatic* N2 (infrastructure* OR
architecture®*)) )

S3 Tl ( ((semantic OR terminolog*) N2 (relationship* OR mining OR network®* OR model*)) ) OR AB (
((semantic OR terminolog*) N2 (relationship* OR mining OR network* OR model*)) )

S4 Tl taxonom™* OR AB taxonom*

S5 Tl ( (domain N2 (content OR coverage)) ) OR AB ( (domain N2 (content OR coverage)) )

S6 Tl ( (knowledge N2 (organi?ation OR organi?e* OR represent*)) ) OR AB ( (knowledge N2
(organi?ation OR organi?e* OR represent*)) )

S7 Tl ( "relational database" OR "relational databases" ) OR AB ( "relational database" OR "relational
databases" )

S8 S1 OR S2 OR S3 OR S4 OR S5 OR S6 OR S7

Epistemonikos

Ontolog* in Title or Abstract limited to last 10 years and Systematic Review
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