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ABSTRACT

Autism Spectrum Disorder (ASD) is a deleterious neurodevelopmental disorder affecting 1 in 54 children.
The complex interdisciplinary nature of ASD research, however, introduces challenges to the spread and
accessibility of new discoveries among researchers in different disciplines; furthermore, this highly com-
plex research environment makes it even harder for practicing physicians and primary care providers to
keep up with recent advances, which would profoundly impact the extent toward which recent research
impacts standard medical and caretake practices. In order to contribute toward bridging the gaps
between researchers in different fields, practicing physicians, and primary caretakers, we have created
the most expansive autism ontology up to date (AutimsOnt) through utilizing the Protégé ontological
framework. With 676 classes and more than 124 properties, AutismOnt can serve as the foundation to
support a wide range of applications ranging from decision support systems for practicing physicians
to text annotation processes that would allow for the creation of an interdisciplinary research platform
where investigators can easily share and retrieve scientific findings. The Ontology is available in the
NCBO BioPortal.

© 2022 Published by Elsevier B.V. on behalf of Faculty of Computers and Information, Cairo University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

Autism Spectrum Disorders (ASD) is an umbrella term that cov-
ers a multitude of early-onset neurodevelopmental conditions
characterized by a wide array of cognitive, behavioral, and social
impairments [1]. The symptoms exhibited by ASD patients are
diverse, as ASD is very heterogeneous in its manifestation, with a
4:1 male to female gender ratio and a wide range of symptom
severity ranging from highly functioning individuals who can lead
a relatively independent life as adults to severely mentally
impaired individuals who would require constant caretaking and
supervision throughout their lives [2,3]. Despite the diversity of
symptoms, however, most ASD individuals suffer from a reduced
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quality of life, as even high functioning individuals still face social
challenges, which can be a source of distress; furthermore, ASD
also incurs a tremendous emotional and financial toll on the family
of ASD individuals as well as society as a whole [4].

Research on ASD has progressed rapidly over the past two dec-
ades [5]. ASD research, however, is extremely multi-faceted, rang-
ing from basic scientists seeking to understand the molecular and
cellular underpinnings of the disorder through utilizing animal
models and molecular neurobiology approaches to behavioral sci-
entists working with patients in order to develop new approaches
to help the parents and educators better take care of individuals
afflicted with this disorder. This diversity in research makes it par-
ticularly challenging to bridge the gap between such disparate dis-
ciplines; furthermore, as the research environment grows
increasingly complex, the development of techniques ensuring
the accessibility of this research output to practicing physicians
and primary caretakers becomes of paramount importance [6-8].

Biomedical ontologies have recently witnessed a remarkable
increase in popularity as the tool of choice for bridging interdisci-
plinary gaps and ensuring the widespread accessibility and
exchange of information between researchers and professionals
with diverse backgrounds and a broad range of specializations
[6-14]. The striking success of biomedical ontologies stems from
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their ability to provide a comprehensive framework through which
investigators can share their findings and where professionals can
easily access the studies upon which their diagnostic and treat-
ment approaches are based.

While several biomedical ontologies have been made for aut-
ism, they suffer from their focus on specific aspects of ASD diag-
nostic and risk factor information; therefore, their uses are
limited in the scope of their potential applications [6-8]. In order
to address the limitations of the currently available autism ontolo-
gies, we sought to develop a universal autism ontology (Autis-
mOnt) that overcomes the existing limitations through
exhaustively covering all aspects related to autism researchers
and primary caretakers. The expanded hierarchical organization
of AutismOnt, makes it one of the most reliable and versatile ontol-
ogy for the development of future text annotation and decision
support systems for ASD researchers, physicians, and caretakers.

Ontologies are used in the medical domain mainly for repre-
senting and reorganizing medical terms and terminologies. Build-
ing medical ontologies is a challenging task that requires a deep
analysis in the medical domain; nevertheless, this analysis is the
core of building the medical ontologies that handle issues in the
medical field. In this study, the main contributions of AutismOnt
ontology are:

e Developing a universal autism ontology that holds a large
amount of the most useful autism knowledge from various
sources and covers different autism research directions.

¢ Conceptualizing the available knowledge in different aspects of
autism and enabling it to be shared and used by the clinical and
research community.

e Providing a comprehensive semantic map for domain terms.

The autism ontology developed in this study unifies some
domain terminologies and help practicing physicians and primary
care providers in their diagnosis and treatment decisions, which
will reflect positively on the autistic individuals’ lives.

The rest of the paper is organized as follows: Section 2, summa-
rizes related work. Section 3, methodology is explained. Section 4
the AutismOnt ontology is proposed. Finally, we conclude by point-
ing out some future research lines.

2. Related Work

Biomedical ontology is an important topic investigated by sev-
eral researchers. It plays a fundamental role in the domain of med-
ical informatics [6] by contributing, for instance, to knowledge
management, data integration, and reasoning and decision support
[7]. Biomedical ontologies can serve as a source of vocabulary to
support various knowledge management tasks such as: annotating
data and resources [8], accessing biomedical information [9],
managing and extracting relevant information [10], and mapping
across biomedical ontologies [11]. In addition, biomedical ontolo-
gies are a crucial component in semantic interoperability and data
exchange in medicine, along with standardizing clinical informa-
tion [12]. Finally, they can help in reasoning through: data selec-
tion, data aggregation, decision support [13], natural language
processing applications, and knowledge discovery [7]. A few
ontologies were developed in the autism domain for certain
purposes.

Tu et al. [14] developed an autism ontology based on the Open
Biomedical Ontologies Foundry (OBO) principles and which con-
forms to the Basic Formal Ontology (BFO) [15]. The ontology sup-
ports the integration and annotation of terminologies to enable
users perform queries and inferences for autism phenotypes from
the National Database for Autism Research (NDAR) repository. This
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ontology consists of 34 classes describing phenotypes, together
with four classes representing autism diagnostic instruments: Aut-
ism Diagnostic Interview-Revised (ADI-R) [16], and two out of four
modules from the Autism Diagnostic Observation Schedule (ADOS)
[17]. Moreover, the ontology contains 15 Semantic Web Rule Lan-
guage (SWRL) [18] giving the ontology the ability to infer pheno-
types for the provided patient data. One year later, the same
team built a project based on this ontology and the main goal
was to assist researchers to access clinical data in NDAR [19].

McCray et al. created a phenotype ontology based on 24 instru-
ments. The selected instruments are the most important and com-
monly used ones, ranging in their structure and type between
interviews, direct assessment, and questionnaires [20]. Their goal
was building an ontology to help in accessing autism data, assess-
ing ASD instruments and comparing these instruments for better
evaluation. In order to define ontology concepts, various diagnosis
instruments and tools have been collected and evaluated for phe-
notype data. Various metrics were applied to build the phenotype
ontology, for instance, existing metrics at the National Center for
Biomedical Ontology (NCBO BioPortal) are used to find structural
weaknesses, in addition, they developed further metrics in order
to analyze ontology content and provide suggestions for additional
ontology development, iteratively applying the metrics over the
ontology to highlight structural imbalances, inconsistencies, and
areas that need a review.

Mugzach et al. extended the ontology developed by Tu et al.
[14] by adding the ability to infer autism phenotypes based on
the Diagnostic and Statistical Manual of Mental Disorders (DSM)
4th and 5th edition (DSM-IV, DSM-5) [21,22] criteria [23]. In addi-
tion, they integrate McCray’s phenotypic hierarchy [20] into BFO
hierarchy used in their ontology. They enriched the ontology by
using instruments such as DSM-IV and ADI-R [16]. The ontology
was expanded based on the DSM-IV and DSM-5 criteria by adding
443 classes and 632 rules that represent phenotypes, together with
their synonyms, environmental risk factors, and comorbidities.
They represent all DSM criteria as OWL classes arranged in a hier-
archy form.

Although, Tu’s ontology [14] contains SWRL rules, the ontology
does not include diagnosis criteria; thus, it cannot assist the diag-
nosis process. In addition, the ontology was built for research pur-
poses, thus all classes and sub-classes are defined from literature
keywords and abstracts which results in an inaccurate comprehen-
sive ontology compared to the latest autism ontologies. In addition,
their project that is based on this ontology is not helpful for other
users (i.e., physicians or autistic child family members). The system
can’t provide information like decision making in the diagnosis or
treatment for doctors or therapists. Likewise, the Autism Spectrum
Disorder Phenotype ontology only covers three main topics in aut-
ism domain: the personal traits, social competence, and medical
history [20]. Treatment and other domain topics such as: biology
(i.e., genes), services, and lifespan issues are not covered, and aut-
ism risk factors are not organized in proper groups and only a few
of them are included. Both ontologies didn’t capture a wide range
of domain knowledge nor did they unify a large set of terminolo-
gies. On the other hand, the most recent ontology focuses on the
diagnosis of ASD [23]. Alternatively, the ontology does not cover
any other topics related to autism domain such as, the effect of dif-
ferent autism treatments, and various disorders and disabilities
that occur to autistic people. Nevertheless, the proposed Autis-
mOnt ontology is offering a panoramic view of ASD research main
categories through 8 sub-classes covering: Diagnosis, Risk Factors,
Treatments, Strength and Weakness, Services, Lifespan Issues, Pro-
file, and Family Relationships. The ontology classes indicate the
effect of the diagnosis on treatment and services. In addition, it
provides a diagnosis decision support through reasoning over
SWRL rules.
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3. Materials and Methods
3.1. Materials

Building the ontologies to describe the medical domain or rep-
resenting the medical terminologies is a challenging task, as ana-
lyzing the domain and structuring the medical terminologies
should take place before building the ontology. The medical
domain has its own terminologies and lexicons that represent
the patient information and the medical knowledge in an efficient
way. We started enumerating important terms in the ontology by
searching for the most accurate and efficient top-level hierarchy of
autism domain. The most suitable top-level structure, which has
been chosen for this work is the classification of the “Autism Spec-
trum Disorder Research: The Global Landscape of Autism Research
2012' by The Interagency Autism Coordinating Committee (IACC).
In addition, the terms and terminologies in diagnosis and medical
history instruments available in NDAR are used for sub classes and
data properties. For a further enhancement, autism encyclopedia
are used while building the AutismOnt class hierarchy since it offers
descriptions and definitions of the array of terminologies associated
with autism research and other pervasive developmental disorders
(PDDs) [24-26]. Finally, the DSM-5 classification and diagnosis crite-
ria was included in the ontology.

In considering reusing existing ontologies, we searched in
ontology libraries: NCBO BioPortal?, 0BO?, and the Ontology Lookup
Service (OLS)* for available autism ontologies. The resulting three
ontologies are: Autism Spectrum Disorder Phenotype® (1), Autism
DSM-ADI-R ontology® (2), and Ontology of Language Disorder in
Autism’ (3). The ontology used while constructing our proposed
ontology was the Autism Spectrum Disorder Phenotype Ontology
developed by McCray et al. [20], because of its similarity to our con-
cept representations. Since autism is heritable, it is necessary to
include family relations with their medical history. Thus, we used
a full family relationship tree using the Family Health History Ontol-
ogy®, the relationships have almost all family relations to help in the
future enhancement of autism ontology.

Finally, the data used in the machine learning model to generate
SWRL rules are obtained from the NDAR repository, consist of Sub-
ject Medical History (ace-subjmedhist)® and Autism Diagnostic
Observation Schedule, 2nd Edition (ADOS-2) modules 1, 2, 3, and
410111213 Then records from those files are mapped to generate a
new dataset which consists of both medical history features and
diagnosis results for subjects. The mapping process was especially
challenging since each subject can have multiple records in those
files which occurred on different dates. The diagnosis column in
the generated dataset will be used as a label in the decision tree
model. The total number of subjects is 1534 (1316= Autism,
211= controls). Age ranges between 16 and 254 months. 1024 of
the subjects are males, and 510 are females. The data attributes
are categorized under 13 categories: Diagnostic History (1), Prena-
tal/Early Postnatal History (2), Developmental History (3), Current
Medications (4), Review of Systems (5), Pulmonary (6), Cardiovascu-

https://iacc.hhs.gov/publications/publications-analysis/2012/

https://bioportal.bioontology.org/
http://www.obofoundry.org/
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https://bioportal.bioontology.org/ontologies/LDA/? p=summary
https://bioportal.bioontology.org/ontologies/FHHO/?p=summary
https://nda.nih.gov/data_structure.html?short_name=ace_subjmedhist01
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ontologies/ASDPTO
ontologies/ADAR
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lar (7), Gastrointestinal (8), Endocrine/Metabolic (9), Hematologic
(10), Immunologic (11), Genetic (12), and Mental Health (13).

3.2. Methods

Ontology building methodologies are very important, it reflects
the ability of an ontology to obtain efficient results and its ability to
grow and integrate. For building the AutismOnt ontology we used a
hybrid method of the Uschold and King et al. methodology [27] and
the guide official for the ontology development that Stanford
University recommended [28]. Based on these two methodologies,
the AutismOnt ontology is built based on a set of guidelines and
steps: Identify the purpose of the ontology (1), Determine the
domain and scope of the ontology (2), Consider reusing existing
ontologies (3), Enumerate important terms in the ontology (4),
Define the classes and the class hierarchy (5), Define the properties
(object and data properties) (6), Define the Semantic Web Rule
Language (SWRL) (7), and Create ontology instances (8). For ontol-
ogy editing, Protégé was chosen due to its powerful abilities and its
full support to OWL ontologies. The ontology was represented in
OWL language, and SWRLTab'* is used for defining and running
SWRL rules representing rules obtained form decision tree algo-
rithms over Subject Medical History.

Fig. 1 shows the methodology workflow, which consists mainly
of: building the structure of the ontology which includes concepts
with their properties and relations (i.e., Descriptive Knowledge),
and the logical relation that allows more explicit knowledge that
enables the drawing of inference from descriptive knowledge,
through SWRL rules (i.e., Procedural Knowledge). The methodology
is further discussed in the following subsections.

3.2.1. Descriptive Knowledge

The terminologies and concepts of the ontology define the aut-
ism domain knowledge. The data discussed in the Material section
are organized in a hierarchical form to build a firm relation among
main classes of Autism, and, at the same time, each class can be
considered as a stand-alone ontology with its own subclasses; nev-
ertheless, the object properties and relation within them is the
coherence of the ontology, as ontology classes cannot provide
enough information solitarily. There are two kinds of properties:
object properties and datatype properties. Object properties point
at a class of the ontology. The datatype properties contain a value
and describe the relationships between instances (individuals) and
data values.

3.2.2. Procedural Knowledge

SWRL is used to add rules into an ontology to provide an addi-
tional layer of expressiveness. We write SWRL rules from valid
relationships between AutismOnt ontology concepts to detect high
presence of autism. Rules are generated from machine learning
model and converted into SWRL format. The machine learning
model used in this study is the decision tree algorithm, each path
from node to leaf represent a single SWRL rule.

The data set is split equally. The first part is used as input in the
decision tree model, while the other part is stored as instances in
the AutismOnt ontology, in order to be used in evaluating the gen-
erated SWRL rules. Before running the model, pre-processing stage
took place to clean and standardize the data, for example unify the
term “Autism” (i.e., a positive diagnosis of autism could be written
by “AUTISM”, “YES”, “1”, “Aut”, “Autistic”, and “autism”). In this
study, we use the 'Decision Tree Classifier’ from scikit-learn, which
uses an optimized version of the Classification And Regression
Trees (CART) algorithm. In evaluating the classifier performance,

14 https://protegewiki.stanford.edu/wiki/SWRLTab
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Fig. 1. AutismOnt building methodology workflow.

we used different metrics and measures. In addition to calculating
accuracy, we calculated the sensitivity which measures the mod-
el’s ability to correctly detect autism patients. Other metrics are
used for evaluation: Specificity, Positive Predictive Value (PPV),
Negative Predictive Value (NPV), Likelihood Ratios (LRs), Positive
LR (LR+), and Negative LR (LR-). Specificity refers to the model’s
ability to correctly reject non-autistic subjects. PPV is the propor-
tion of the number of positive results over number of positive
results predicted by the model, also known as precision. NPV is
the probability that subjects without autism truly don’t have aut-
ism. LRs are used for assessing the performance of a diagnostic test.
LR+ is the ratio of the proportion of patients who have autism and
test positive to the proportion of patients without autism who also
test positive, and LR- is the ratio of the proportion of patients who
have autism and test negative to the proportion of patients without
autism who also test negative. In order to compare results from the
scikit-learn classifier, four decision tree classifiers (ADTree, CDT,
J48, and LADTree) were picked to be compared with the 'Decision
Tree Classifier’ from scikit-learn.

3.2.3. Ontology Evaluation

In this study, Pellet is used as the reasoner in AutismOnt, having
widespread support for constructing ontologies. The Subject Med-
ical History dataset mapped with the ADOS-2 four modules from
the NDAR are used to evaluate the ontology model. In the begin-
ning, we converted the patient’s data stored in the MySQL database
into the AutismOnt ontology using the Resource Description
Framework (RDF) triple (subject-predicate-object) format. Then,
we run the reasoner and the results generated based on the stored
SWRL rule was evaluated using different metrics: accuracy, speci-
ficity and sensitivity.

4. Results

4.1. AutismOnt Hierarchy

The AutismOnt maps the concepts and knowledge of the autism
domain. The top-level classes of the AutismOnt ontology and their
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sub-classes (shown in Fig. 2) are extracted based on the terms and
terminologies in medical ontologies, alongside trusted medical lit-
erature and autism encyclopedia. The following paragraphs
describe main classes (i.e., Top- level classes) and their subclasses
(Table 1). The ontology main metrics that are shown in Table 2
demonstrate that the maximal depth is 7. In addition, 2,347 axioms
were used to structure AutismOnt. The majority of these axioms
used is-a relations. In NCBO BioPortal, 35 concepts are common
to AutismOnt and Autism Spectrum Disorder Phenotype Ontology,
27 are common to Logical Observation Identifier Names and Codes,
and 4 to the Ontology of Drug Neuropathy Adverse Events.

Diagnosis Class includes: DSM-5 Criteria, DSM-5 Result, Diag-
nostic Instruments, and signs and symptoms of ASD, and such
classes can help in early intervention. Based on DSM-5 diagnosis
criteria, ASD signs fall under two main categories: social communi-
cation and restricted repetitive patterns of interest and behavior.
Autistic individuals’ symptoms in the area of social communication
include: deficiencies in emotional and social reciprocity, deficien-
cies in non-verbal communication behaviors utilized for social
interaction, and deficiencies in maintaining and developing proper
relationships. The expression of social and communication defi-
ciencies ranges a lot.

Risk Factor Class has three sub-classes. First, Genetic Risk Fac-
tors include: genes that are involved in increasing the ASD risk and
genes that can help in understanding autism better. A screenshot
of gene class is shown in Fig. 3. In addition, an example of gene
descriptive logic axioms is shown below (1). Second, Environmen-
tal Risk Factors include: pre and postnatal environmental risk fac-
tors. Third, Epigenetic Processes include: gene function that
happened without changing the DNA sequence. The second and
third factors are related because the environmental factors can
alter the epigenetic processes by affecting the molecules that bind
DNA and control gene function.

genes C Genetic — Risk — Factors M —-Envirmomental — Risk
— Factors, 3has — 17q21.33.chromosomal
— alterations
= diagnosed — by Ristricted — and — Repetitive
— Behaviors

(1)

Treatments Class represents a list of treatments that can help
autistic individuals throughout their life. The treatment becomes
one of the important topics especially for the autistic patients
and their family members because developing effective treatments
will significantly reduce the disability and help enhance the quality
of their lives. Various autism treatments are available with the aim
of reducing disability symptoms such as: (1) Behavioral: for exam-
ple, cognitive behavioral therapy and Applied Behavior Analysis
(ABA). (2) Complementary and Dietary: for example, research on
nutritional supplements, acupuncture, acupressure, cholesterol
supplementation, antioxidants. (3) Educational: for example, spe-
cial education programs, positive behavioral supports, math/read-
ing training, and inclusive education programs.

Services Class represents high-quality, evidence-based, avail-
able and accessible services that supports ASD individuals. Special
Education Services for autistic students include: Accommodation
Plan 504, Individual Education Plan (IEP), and early intervention.
Autistic children and teenagers can easily reach support and ser-
vices from their family and community. On the other hand, Autistic
adults’ statistics shows that only 15 to 20 percent of them live
independently and work without external support, without taking
in consideration their cognitive functioning level. Therefore, map-
ping needed services to Autistic adults is very important as studies
shows that many of them faces mal-employment, where they work
in jobs beneath their qualifications.
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Fig. 2. AutismOnt top-level class hierarchy.

Lifespan Issues Class represents general categories in this field
that reflect the changing needs in ASD individual’s life from kinder-
garten through college. Although numerous numbers of autistic
children are diagnosed and detected throughout the preschool
years, many of them start their school without being diagnosed.
Life span issues class classified difficulties autistic individuals faced
based on age and academic level: school aged, middle and high
school, and college. Difficulties in middle and high school could
be social challenges, bullying, victimization, mental health issues
(e.g., anxiety and depression), pace with academic demands, and
challenges in independent living skills. While in college life chal-
lenges could be academic accommodations, self-awareness, self-
advocacy, self-disclose, social skills, relationship skills, organiza-
tion, time management, control emotions, and stress.

Strength and Weakness Class autism is said to be a spectrum
because symptoms vary a lot from very mild to very severe, conse-
quently various support and functionating are required for Autistic
individuals across the spectrum. Though there exists this broad
variability throughout autism, it is observed that there exist speci-
fic patterns of strengths and weaknesses related to autism.
Strengths of autistic individuals may include the capability of
recalling and memorizing various information and facts. In addi-
tion, they are good followers to procedures and rules, they use it
with their talent on visual learning. On the other side, they suffer
from patterns of weakness, to start with, they do not have flexibil-
ity, nor can they manage/organize their time. Another drawback
are the challenges they face while working within groups and in si-
tuations where they are required to communicate. The strength
and weakness class is classified into general strengths and weak-
nesses, such as: memorize facts, follow concrete rules, visual learn-
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ing, and flexibility, organize, manage time, work within groups,
social communication, auditory processing, verbal information. In
addition to strength and weakness in school subjects (e.g., reading,
writing, and math) and processing (e.g., attention, memory, and
executive functions)

Profile Class consists of age, blood type, gender, race, dietary
restrictions, dietary supplements, vaccination, and medical history
of the individuals. Medical history contains 61 related disease/co-
morbidities sub-classes organized in tree hierarchy, such comor-
bidities refer to related disorders and disabilities to ASD. Usually,
comorbidity is two or more illnesses or disorders happening in
the same individual at the same time interval or one after the
other. In the AutismOnt Ontology comorbidities were linked to
their related signs and symptoms, as signs and symptoms of some
comorbidities may overlap with ASD, such as attention deficit
hyperactivity disorder (ADHD). It was estimated that 30% to 80%
of autistic individuals meet the diagnostic criteria of ADHD. Such
overlap had a great importance to capture while diagnosis, since
they may have some biological roots that will affect the treatment
prescribed for the subject.

Finally, Family Relationships Class: contains biological family
relationships from 1st, 2nd, and 3rd degree who share behavioral,
environmental, and genetic risk factors of Autism.

4.2. AutismOnt Properties

The AutismOnt maps concepts and knowledge in autism
domain. The ontology classes cannot provide enough information;
therefore, creating object properties and data properties provide
more meaning to the ontology. Object properties play an essential
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Table 1
Description of AutismOnt main classes.
Class Description Subclass
Diagnosis Categorize list of signs and DSM-5 Criteria, DSM-5

Risk Factors

Treatments

Strength and Weakness

Services

symptoms of autism to
enable early intervention and
maximize the possibility to
reduce disability.

List of environmental,
genetic, and epigenetic risk
factors.

Different treatments and
interventions that are safe
and effective to be applied
over autistic individuals
across their lifespan.

Patterns of strength and
weakness in school subjects
and processing.

High standard services and
supports needed by autistic

Result, Diagnostic
Instruments, Signs

Genetic Risk Factors,
Environmental Risk Factors,
Epigenetic Processes
Behavioral, Complementary
and Dietary, Educational,
Medical and Pharmacologic,
Model Systems/Therapeutic
Targets, Occupational,
Technology Based

Strength, Weakness, School
Subjects, Processing

Student Disability Service
Centers, Housing Supports

individuals.

Lifespan Issues

Requirements and issues that
faces autistic individuals

Tool Kit, Supplemental
Security Income, Division of
Vocational Rehabilitation,
Developmental Disability
Waiver, Department of
Rehabilitation Services,
Special Education Services,
Early Intervention

School aged, Middle and
High School, College

across their lifespan.
Profile General individual

information and medical

history profile

Family Relationships
relationships

Capture different family

Race, Blood Type, Gender,
Age, Dietary Restrictions,
Dietary Supplements,
Vaccination, Medical History
First Degree Relation, Second
Degree Relation, Third
Degree Relation, Female
Blood Relation, Male Blood
Relation

Table 2

AutismOnt Metrics.
Ontology Metrics Number
Classes 676
Properties 124
Upper-level terms 8

Maximal depth

Maximum number of children
Classes with a single child

Classes with more than 10 children

N O oo

role in linking ontology classes. In object properties, there are
implicit relations such as is-a and part-of relations, they refer to
relationship between classes and their sub-classes, more examples
of object properties defined in the AutismOnt are shown at the left-
bottom in Fig. 2.

Data properties capture the relationship between ontology
classes and their individuals. Data properties describe the relation-
ships between class instance and their data values. Examples of
data properties include: Age-at-diagnosis, Gross-Motor, has-
Abnormal- Breathing and has-Birthmarks are added to the Autis-
mOnt ontology to connect instances with their classes and assign
values to instances in classes, sample of data properties are shown
in Table 3. Furthermore, the reasoner plays an important role in
building and using the AutismOnt. We applied Pellet reasoner on
the AutismOnt ontology to verify the consistency of ontology
classes and properties.
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4.3. The Implementation of SWRL Rules

The classification performance was tested on the Subject Med-
ical file for the five decision tree algorithms on 69 features. The
scikit-learn shows the best accuracy (91.1%), while sensitivity,
specificity, PPV, NPV, LR+, and LR-, results were 0.91, 0.71, 0.98,
0.41, 5, 0.12 respectively. Fig. 4 shows a comparison between
scikit-learn and other decision tree algorithms. The resultant deci-
sion tree is too big to be visualized here; therefore, Fig. 5 shows a
segment of it. Each path of the decision tree is converted into a
SWRL rule, generating 12 SWRL rules.

SWRL rule includes a high-level abstract syntax for Horn-like
rules in OWL Lite and OWL DL (Description Logics). SWRL rule
can mainly cover everything from diagnosis to treatment, however,
in this study we focus on diagnosis rules. The symptoms and labo-
ratory indexes of autism screening and the specific conditions of
patients could lead to early diagnosis which in turn leads to some
early intervention which can make significant results on autistic
individuals. Given that genes are not easily available in patients’
medical records, genes are not taken into account in the diagnosis
rules. Examples of SWRL rules are given in Table 4.

Finally, instances (i.e., the patient’s medical history) are stored,
then we run the reasoner and store results generated based on the
stored SWRL rule. The performance analysis for AutismOnt in
terms of accuracy of disease prediction/diagnosing autism was
85%, it is shown that the diagnosis specificity is 90.2%, while sensi-
tivity reveals a value of 87.18%.
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I Izilass_Annotatiohs [CIaés Usage \ |

BeoX Asserted | ghow: []this [/] disjoints [/ named sub/superclasses
© DSM.-5 Result A © ® hsa-miR.548f pal |

s ?;an‘:i'l'yosRi:lationships ) hsa-miR-548f SubClassOf genes

) Lifespan Issues

[ Class hierarch;/ ‘

© Profile [=| @ hsa-miR-590-3p
[=] @ Risk Factors ) hsa-miR-590-3p SubClassOf genes
[+ @ Environmental Risk Factors
@ Epigenetic Processes =] @ hsa-miR-944
(=] © Genetic Risk Factors @ hsa-miR-944 SubClassOf genes
[=] @ Cellular Adhesion Molecule v

" ephrins and Eph

" N-cadherin/B-catenin
@ neurexins

© neuroligins Equivalent To A
" neuronal transmembrai

" SynCAM receptors and

[=] @ chromatin Remodeling SubClass OF
& v @ 'Chromatin Remodeling’'
[+ &% chromasomal alterations ® "Copy Number Variations’
< 2 @ "Cytoskeletal Dynamics’
Datatypes @ 'neuronal transmission"
Annotation property hierarchy @ 16p11.2
Individuals by type @ 229112
Data property hierarchy @ miRNAS
Object property hierarchy .

Fig. 3. gene class hierarchy and its properties.

Table 3 5. Conclusion and Future Work

AutismOnt Data Properties.
Data property Domain Range In this paper, we: conceptualized knowledge, unified terminolo-
Age_at_3-word_sentences Family_Relations int gies and provided a comprehensive semantic map for domain
Age_at_diagnosis Family_Relations Int terms in a form of a formal ontology accessible by both machines
Gross_Motor Family_Relations String and humans, therefore facilitating access to ASD knowledge and
has_Abnormal_Breathing Family_Relations Boolean

supporting professionals and physicians in their clinical decisions

Eizﬁﬂf,ff;‘ al-Rhythm_or_Heart_Rate Eg;“l:g‘ggzgzgz gzg}:gg (1). In addition, it enables, reuses, and benefits from the knowledge
has_Autism_Disorder Family_Relations Boolean obtained from different studies (2). We focused on the diagnostic
has_Birthmarks Family_Relations Boolean process, the constructed rules and patterns from machine learning
has_Bleeding_Disorder Family_Relations Boolean model enable physicians and experts in their diagnosis. The limita-
Egz:?::gelllzzz?;;;]may Egﬁg:g:i:ggg: ggg:z:g tions of this study are: the absence of the graphical user interface

Performance of 5 machine learning algorithms

6
5
4 e Scikit-learn
w— ADTree
3
148
—CDT
2
| ADTree
1
0

Accuracy Sensitivity Specificity PPV NPV LR+ LR-

Fig. 4. Performance of 5 machine learning algorithms evaluated for classifying autism cases and non-spectrum controls over the Subject Medical History data.
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Table 4
Subject Medical History SWRL rules.

SWRL Rules Prediction Class

asd:Patient(?p) Aasd: has_Cleft_P alate(?p, "1" A Axsd: Autism
boolean) A has_Developmental_Delay(?p, "1" A Axsd:
boolean)ABirth_weight_pounds(?p, "< 6.45" AAxsd: int)

asd:Patient(?p) Aasd : has_Cleft_P alate(?p, "1" A Axsd: Autism

boolean) A has_Developmental_Delay(?p, "1" A Axsd:
boolean) A Birth_weight_pounds(?p, " greater than 6.45"
A Axsd : int) A Recurrent_Otitis_M edia(?p, "0" A Axsd:
boolean)

asd:Patient(?p) Aasd : has_Cleft_P alate(?p, "1" A Axsd:
boolean) A has_Developmental_Delay(?p, "1" A Axsd:
boolean) A Birth_weight_pounds(?p, " > 6.45" A Axsd: int)
A Recurrent_Otitis_M edia(?p, "1" A Axsd : boolean)

asd:Patient(?p) Aasd : has_Cleft_P alate(?p, "1" A Axsd:
boolean) A has_Developmental_Delay(?p, "0" A Axsd:
boolean) A T otal_days_baby_stay_in_hospital(?p, " < 1.5"
A Axsd: int) A Age_at_3_word_sentences(?p,” <

27" A Axsd: int)

non-spectrum

non-spectrum

that enables researchers to easily query over the ontology and not
annotating research studies to ontology classes, leaving this for
future work. For future uses, the ontology can provide supportive
decisions to physicians in: (1) the diagnosing process, (2) finding
the best treatment plan, (3) and creating a roadmap for the patient,
by finding strength and weakness points and services needed for
him/her, based on the patient’s signs and symptoms, risk factors,
medical history, life issues, and family medical history.
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5. Part of the Subject Medical History decision tree.
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