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Abstract

Epidemiological monitoring of the schistosomiasis’ spreading
brings together many practitioners working at different levels
of granularity (biology, host individual, host population), who
have different perspectives (biology, clinic and epidemiology)
on the same phenomenon. Biological perspective deals with
pathogens (e.g. life cycle) or physiopathology while clinical
perspective deals with hosts (e.g. healthy or infected host,
diagnosis, treatment, etc.). In an epidemiological perspective
corresponding to the host population level of granularity, the
schistosomiasis disease is characterized according to the way
(causes, risk factors, etc.) it spreads in this population over
space and time. In this paper we provide an ontological anal-
ysis and design for the Schistosomiasis domain knowledge and
spreading dynamics. IDOSCHISTO — the schistosomiasis on-
tology - is designed as an extension of the Infectious Disease
Ontology (IDO). This ontology aims at supporting the schisto-
somiasis monitoring process during a spreading crisis by en-
abling data integration, semantic interoperability, for collab-
orative work on one hand and for risk analysis and decision
making on the other hand.
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Introduction

In this paper, we present the design of the shistosomiasis’ on-
tology as an extension of the Infectious Disease Ontology
(IDO"). The ontology is named IDOSHISTO for “Infectious
Disease Ontology for SCHISTOsomiasis” and is organized in
two modules: “domain ontology” and “process ontology”. The
building of IDOSCHISTO aims at supporting the monitoring
of schistosomiasis. The schistosomiasis is an infectious disease
caused by a parasite.

The monitoring of infectious diseases brings together many
practitioners in the medical domain working at different levels
of granularity (organism, host individual and host population),
who have different perspectives (biology, clinic and epidemi-
ology) on the same phenomenon. Beyond the medical domain,
epidemiological monitoring involves several organizations
(health control and prevention, pharmaceutical industries, so-
cio-political organizations, etc.) all working towards the same
target, but at different levels of decision (environmental, popu-
lation, drug-manufacturing, etc.). This leads to a large number
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of actors (epidemiologist, biostatistician, pathologist, meteor-
ologist, doctor, parasitologist, public health agent, political
actor, etc.) participating in risk analysis and decision-making.
These actors may have heterogeneous profiles and use differ-
ent vocabularies for the same domain concepts which could
lead to many misinterpretations. To settle these issues,
IDOSCHISTO is designed to facilitate communication, inter-
action and collaborative work between these actors and organ-
izations. For this purpose, a “domain ontology” module is built
in IDOSCHISTO.

The IDOSCHISTO is also intended to be used for handling
qualitative simulations. Indeed, modeling of complex systems
such as the spreading of infectious diseases has been long fo-
cused on reproducing the dynamics of the phenomenon to un-
derstand its evolution and make predictions by numerical sim-
ulations. These numerical modeling approaches describe phys-
ical characteristics of processes. These models, built from de-
scriptive surveys, help explain the dynamics of the spread of
disease, and help to validate assumptions. However, the mod-
els are hardly usable for prediction and decision-support pur-
poses in monitoring context. Indeed, simulation models are
either designed for a very limited target, or require input data
that are difficult to acquire in real-time simulations. Further,
the diversity of formalisms used to represent these models
(regular differential equations, agent-based models, etc.) re-
stricts model composition and interoperability which are need-
ed to answer complex queries. In order to provide an alterna-
tive and complementary solution to the monitoring system
during the risk analysis and decision-making steps [1], we
build a “process ontology” module for schistosomiasis’
spreading processes. The ontology-based process modeling
approach considers processes as concepts (abstraction). It al-
lows reproducing possible behaviors of a system from the ab-
stract description of its internal processes and its different pos-
sible states. Thus, a process ontology specifies classes of pro-
cesses, relationships between processes, relationships between
processes and objects, occurrence conditions of processes,
process occurrence effects on states of other processes and
objects, etc. Therefore, reasoning on the “process ontology”
module of IDOSCHISTO will allow the prediction of possible
states or process occurrences, or the explanation of the causes
of process or state occurrences.

The paper is organized as follows: in the first section we pre-
sent the materials used, namely the schistosomiasis knowledge
base and the IDO-Core ontology. The second section specifies
the methodology for building the IDOSCHISTO. The third
section presents the ontological analysis results and models.
We present related works before the discussion and conclu-
sion.
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Materials

Domain experts provided the expert knowledge for our model
via interviews and scientific papers on the schistosomiasis
disease.

Schistosomiasis disease

The schistosomiasis (or bilharzia) is a parasitic disease that
constitutes an important public health problem? around the
world, particularly in tropical areas. The parasite causing the
infection grows both in water and in the human organism at
different stage of its life cycle. The parasite life cycle follows
several stages: egg, miracidium, sporocyst, cercaria, schisto-
somula, and adult. Each of these stages — requiring an interval
of time and a specific environment — represents a state of the
pathogen in its life cycle. Transition from one state to another
is subject to certain conditions (time or event). Schistosomiasis
contamination mode is based on indirect transmission.

Schistosomiasis spreading process

The schistosomiasis spreading process is based on the standard
SIR (Susceptible, Infected, and Recovered) model [2]. Fur-
thermore, an Exposure (E) state is included between Suscepti-
ble and Infected states (SEIR). It is also possible for a recov-
ered person to lose his immunity against the disease and be-
come susceptible; thus, the complete spreading model for
schistosomiasis is SEIRS.

Infectious disease ontology - core

The IDO’s core ontology (IDO-Core) contains common enti-
ties for all infectious diseases and relevant to biological and
clinical perspectives [3]. Several ontologies (for Brucellosis,
Dengue fever, infective endocarditis, influenza, malaria and
other vector-borne diseases, Staphylococcus aureus, tuberculo-
sis) have been already designed as extensions of the Infectious
Disease Ontology (IDO). They provide a formal representation
of specific disease domain knowledge to support interoperabil-
ity and reasoning capabilities. These ontologies, usually called
“domain ontologies”, focus on describing domain entities and
their relationships regardless of the way they unfold specifical-
ly for the occurrent [4] entities.

Methods

IDOSCHISTO design approach

IDOSCHISTO is designed to take into account the schistoso-
miasis domain knowledge and spreading process dynamics.
Therefore, these two aspects are respectively represented in
the domain and process ontologies modules. Domain ontology
modeling focuses on specifying knowledge about domain enti-
ties and their relationships regardless of their evolution in
time. It provides a common vocabulary and an explicit specifi-
cation of the domain underlying axioms to facilitate communi-
cation, enable semantic data integration, ensure interoperabil-
ity between applications, and support semantic reasoning [5].
In order to represent the dynamic aspect of the infectious dis-
eases in the “process ontology”, we start by analyzing the mac-
ro-process, meaning the spreading process occurring at the
population scale. We also study its causal relationship with the
underlying processes at the individual and biological scales.
We then propose a global model of the spreading process

2 http://www.who.int/mediacentre/factsheets/fs 1 15/en/index.html

based on the interactions between the entities that compose the
infectious diseases domain, such as host, pathogen, vector, etc.

IDOSCHISTO design framework

The diverse perspectives on the disease and the multi-scale
structure of the spreading process are taken into account re-
spectively in the domain and process modules of
IDOSCHISTO. The epidemiological, clinical and biological
perspectives in the domain ontology module correspond to the
population, individual and biological scales in the spreading
process analysis (cf. Schistosomias process ontology analysis
section). In what follows, for a purpose of simplification, we
keep talking about perspectives except for the spreading pro-
cess analysis. Therefore, the domain and process ontologies
modules are organized following these three perspectives: Ep-
idemiological-Perspective =~ Module (EPM), Individual-
Perspective Module (IPM) and Biological-Perspective Module
(BPM). Furthermore, relations between entities of different
perspectives and entities of the same perspective have to be
considered. Thus, we consider two types of relations: Inter-
Perspective Relations (Inter-PR) and Intra-Perspective Rela-
tions (Intra-PR).

For the domain ontology, each of the perspectives on the
schistosomiasis disease is built following a conceptual frame-
work that reuses a foundational ontology, a core ontology and
some relevant domain ontologies as recommended in [6]. The
organization of the framework is showed in Figure 1. The core
level is the IDO-Core ontology of infectious diseases domain
which is already reusing the BFO (Basic Formal Ontology)
foundational ontology. BFO is narrowly focused on the task of
providing a genuine upper ontology [7] which can be used in
support of domain ontologies developed for scientific re-
search, as for example in biomedicine within the framework of
the OBO (Open Biomedical Ontology) Foundry [3]. In the
domain specific level we will reuse existing ontologies from
the OBO project and others that fit to the criteria of the epi-
demiological (spreading process and risk factors, prevention
and control), clinical (diagnosis and treatment) and biological
(pathology and pathogen life cycle) perspectives.

Basic Formal Ontology
High-level concepts and relations.
« Continuant » « Occurrent » « Process » « Participation »

T
Infectious Disease Ontology — Core
Concepts and relations commen at all infectious diseases
« Pathogen » « Population » « Gene » « Host »
I

Domain Specific Ontologies
Epidemiological, clinical and biological perspectives

Domain Ontology Process Ontology

Figure 1- IDOSCHISTO design framework

The process ontology provides the unfolding specification of
the complex processes of each perspective by combining the
atomic (or less complex) sub-processes, for instance the
spreading, contamination and physiopathology processes re-
spectively in the epidemiological, clinical and biological per-
spectives. At the present time, there is a lack of existing pro-
cess ontologies to be reused for this module. However, we
present the related existing works in the related works section.
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Results

The results are divided in two parts: schistosomiasis domain
and process ontologies models. In each of these sections the
perspectives module and the relations modeling are presented.

Schistosomias domain ontology

Schistosomias domain ontology analysis

The IDOSCHISTO domain module is built following the same
schema as the existing extensions of IDO such as [8], namely
extending the biological and clinical perspectives of IDO for
schistosomiasis disease. Moreover, we also add the epidemio-
logical aspect to cover all perspectives on infectious diseases
within the medical domain. The epidemiological perspective
studies the causes and the spreading dynamics of infectious
diseases in a population of host over space and time. The IDO-
Core already contains many concepts relevant to epidemiolog-
ical perspective. We only highlight them and add the missing
ones such as the “spreading” concept. Indeed, even if concepts
such as “infectious disease epidemic” or “infectious disease
pandemic” already exist in IDO, their descriptions correspond
to a specific way of disease spreading according to the covered
area and the temporal frequency. From our ontological analy-
sis of the epidemiological perspective, we have proposed a
general model (Figure 2) of the key concepts that we consider
common for the spreading of all infectious diseases and their
relationships. The concept Spreading is directed modeled here
as a subclass of the “processual entity” concept in BFO be-
cause we consider it more general than the “infectious disease
epidemic” and “infectious disease pandemic”. The Risk Factor
concept here is at the epidemiological level and represents the
events that cause the spreading of the disease in a population.
Notice that risk factor may be also a relevant concept at the
clinical and biological perspectives. A fully formalized ontol-
ogy is probably needed for risk factors. All the other concepts
(Population, Host, Contamination, and Pathogen) already
exist in IDO or in the imported ontologies. The participation
relation is here used to link the objects Host and Pathogen to
the Contamination process, and the Population collection (that
is a continuant [4]) to the Spreading process. And finally, one
can distinguish (i) the probabilistic causality between an event
risk factor and the spreading process, and (ii) a contamination
occurrence that automatically increases the number of infected
persons in the population.
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Figure 2 - General spreading model for infectious diseases

Domain ontologies reused

In Table 1, in addition to the BFO foundational and the IDO-
Core ontologies, we provide the selected domain ontologies
that we aim at reusing for each of the three perspectives.
Moreover, there exist other ontologies that are relevant for
more than one perspective. The v sign means that this domain
ontology is relevant for this perspective and ¥ means that it is
not relevant.

The reused domain specific ontologies are briefly described’
below to show their relevancy to the perspectives module:

e The Information Artifact Ontology (IAO) of infor-
mation entities is originally driven by work by the OBI
digital entity and realizable information entity branch.

e Pathogen transmission (PT) is a vocabulary describing
the process of how a pathogen is transmitted from one
host or reservoir to another host.

e The Human Disease Ontology (DOID) aims at creating
a comprehensive hierarchical controlled vocabulary for
human disease representation. Its mission is to provide
an open source ontology for the integration of biomedi-
cal data that is associated with human disease.

e The Ontology for General Medical Science (OGMS) is
an ontology of entities involved in a clinical encounter.
OGMS includes entities across medical disciplines such
as 'disease', 'disorder', 'disease course', 'diagnosis', 'pa-
tient', and 'healthcare provider'. The scope of OGMS is
restricted to humans, but many terms can be applied to
a variety of organisms.

e The Symptom Ontology (SO) is organized primarily by
body regions with a branch for general symptoms.

e The Vaccine Ontology (VO) aims at facilitating data
standardization, integration, and analysis in this do-
main. Current focuses in the VO development are on
vaccine categorization, vaccine components, vaccine
quality, and vaccine-induced host responses.

e The Ontology for Biomedical Investigations (OBI)
provides integrated ontology for the description of bio-
logical and clinical investigations. The ontology will
represent the design of an investigation, the protocols
and instrumentation used, the material used, the data
generated and the type of analysis performed on it.

e Chemical Entities of Biological Interest (ChEBI) is a
database and ontology of molecular entities focused on
'small' chemical compounds. These molecular entities
are either products of nature or synthetic products used
to intervene in the processes of living organisms.

e The Protein Ontology (PO) provides an ontological
representation of protein-related entities by explicitly
defining them and showing their relationships.

e The Taxonomy Database is a curated classification and
nomenclature for all of the organisms in the public se-
quence databases. The NCBI houses genome sequenc-
ing data in GenBank and an index of biomedical re-
search articles in PubMed Central and PubMed, as well
as other information relevant to biotechnology.

Intra-PR and Inter-PR

The intra-perspective relations (Intra-PR) and inter-
perspective relations (Inter-PR) of the IDOSCHISTO domain
ontology module reuse the existing relation ontologies and
specifically those which are semantically relevant to the medi-
cal domain. For defining inter and intra perspective relations
we are reusing the Relation Ontology (RO) and the RO-Bridge
ontologies that are the only ones we have found in the medical
domain. RO provides relevant and well-founded relations in
biomedical ontologies. This guarantees the interoperability

3 The ontologies were manually checked but their descriptions are
taken from their respective web pages.
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purpose of ontologies and supports automated reasoning about
the spatial and temporal dimensions of biological and medical
phenomena [9]. RO-Bridge provides domain and range con-
straints using BFO entities. For example the participates_in
relation is used for Inter-PR between a Host and the Spreading
process (cf. Figure 3). This same relation is also used for the
participation of a Host and a Pathogen in the Contamination
process. The transformation_of relation is used to model the
life cycle of the different species (e.g. here for the parasite).

Table 1 - Relevant domain ontologies to be reused for per-
spectives module

Ontologies ESO | ISO | BSO

Basic Formal Ontology (BFO) v v v
Infectious Disease Ontology (IDO) v v v
Information Artifact Ontology (IAO) | v v v
Pathogen transmission (PT) 4 x x
Human Disease Ontology (DOID) x v x
Ontology for General Medical Sci- x v <
ence (OGMS)

Symptom Ontology (SO) x v x
Vaccine Ontology (VO) x v x
tCl):rtlo(lg}I,;)} )of Biomedical Investiga- x v v
Chemical Entities of Biological In- « < v
terest (ChEBI)

Protein Ontology (PO) x x v
NCBI Taxonomy Database x x v

Schistosomias process ontology

Schistosomias process ontology analysis

The analysis provided here can be adapted for any infectious
disease and more specifically a parasitic disease. The spread-
ing of infectious diseases in an epidemiological perspective
describes the mechanism of disease spreading in a population.
The spreading itself is a consequence of the increasing number
of infected hosts (human) by a pathogen (parasite) through the
contamination process. The contamination process depends on
the pathogen life cycle and on the physiopathological devel-
opment because we are here (schistosomiasis spreading) in the
case of contamination by transmission between infected and
healthy hosts. Thus, the spreading of infectious disease can be
modeled with three scales:

e The epidemiological scale concerns the population of
living beings. A restriction is made at this scale by con-
sidering only the human population (Susceptible, Ex-
posed, Infected and Recovered) in which the disease
spreads. We will therefore have at this scale the process
of spreading of the disease.

e The individual scale is for individuals among which we
can distinguish human, pathogen, intermediary host,
vector, etc. Processes resulting from the interaction be-
tween two individuals of different populations such as
the contamination process are modeled at this level.

e The biological scale concerns living beings with pro-
cesses such as the life cycle of the pathogen, the patho-
logical response of the infected person, etc.

This analysis reveals that the spreading process, as the macro-
process of the infectious disease, emerges from the interac-
tions between entities at the individual scale and process oc-
currences at the biological scale. Applying this to the schisto-
somiasis, we have therefore proposed a multi-scale model of
its spreading process by integrating epidemiological, individu-
al and biological scales in a single model (Figure 3).

Scale Spreading Process

Population - -
panizipates_in couses  Poricipats_in couses|  ParTCinates_in
| Contamination Transmission

Scale

Individual 3
Humen paricipates_in Parasite participates_tn Mollusk
sustaing sustaing susiaing
Scale
Biology Physiopathology Life Cycle Life Cycle

Legend : | Processus Okject

Figure 3 - Multi-level analysis of ID spreading process

Schistosomias processes modeling

There exists no process ontology in the medical domain for
our needed purpose of running qualitative simulations. We
have provided here process ontologies for each perspective
regardless of time, duration, and space. We only consider for
this first version the precedence relationship between process-
es. Instead of using the precedence relation in RO, we formal-
ized the processes in Process Specification Language — PSL*
[10], which was originally designed to model processes. Even
if PSL was designed originally for manufacturing processes, it
provides a domain-independent core module that is complete
enough for our actual purpose and generic enough to allow
extensions if needed. As an example, we provide below the
relation between the Exposition and the Contamination pro-
cesses (individual scale) based on the SEIRS models already
presented in the materials.
;. The occurrence of a contamination is preceded by an exposition
(forall (?occContamination)
(implies (and (occurrence_of ?occContamination Contamination)
(subactivity_occurrence ?occContamination ?occSpread))
(exists (?occExposition)
(and (occurrence_of ?occExposition Exposition)
(subactivity_occurrence ?occExposition ?occSpread)
(earlier ?occExposition ?occContamination)))))

Reasoning on process ontologies can help interpret the origin
of an observation using preconditions and precedence relation-
ships. It could be useful in identifying causes of infectious
disease emergence or spreading. For instance, the occurrence
of a new infected host is the result of the occurrence of a con-
tamination process. Since every contamination is preceded by
an exposition according to the model above, this means that
there exists at least a water point (as it is the source of contam-
ination) in the area of the infected host that is infested by the
schistosomiasis parasite. Therefore, several decisions can be
made depending on whether the host lives in the same area
where he was diagnosed (block access to water points and
carry out disinfestation) or comes from outside (trigger an alert
to the public health agent of the area where he comes from).

4 http://www.mel.nist.gov/psl/
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Related works

Many specific disease domain ontologies are extending the
IDO-Core. However, the dynamic aspect of the epidemiologi-
cal perspective is not usually represented in these disease on-
tologies because of their target limited to domain knowledge
representation and to clinical and biological interests. There-
fore, these existing ontologies could not be used for the quali-
tative simulation purpose. However, there are some works on
the topic. Biocaster [11] Ontology aims at supporting monitor-
ing of infectious diseases by detecting and assessing public
health risk events from online media reports. The Network of
Epidemiology-Related Ontologies (NERO) [12] is designed
for epidemiological resource annotation and can serve in a
monitoring process by helping in simulation model discovery
and composition. The Epidemiological Ontology [13] - model-
ing terms that are mostly related to statistical studies - and the
Dictionary of Epidemiology [14] provide respectively guide-
lines on how the epidemiological concepts should be orga-
nized and the concepts that are relevant to this perspective.

Discussion and Conclusion

In this paper we presented the ontological analysis and design
of IDOSCHISTO ontology as an extension of the IDO-Core
for schistosomiasis’ disease. IDOSCHISTO is designed to
support the monitoring of the spread of schistosomiasis. On
one hand, it is aimed at being used as “domain ontology” for
facilitating semantic data integration, semantic interoperability
of applications of involved organizations, and collaborative
work between domain experts. On the other hand, its “process
ontology” module is designed to perform qualitative simula-
tion for risk prediction, explanation of observed phenomena,
and decision making. IDOSCHISTO is also designed as a mul-
ti-perspective model - with a sub-module for each perspective
- and follows the systemic modeling approach [15]. Each of
these perspective modules in the domain ontology reuses the
IDO-Core ontology, the BFO foundational ontology and rele-
vant domain specific ontologies.

Although the paper focused on the design approach for the
IDOSCHISTO, its novelty lies in constructing a process ontol-
ogy of the spread of infectious diseases for monitoring purpos-
es. Although the IDOSCHISTO ontology is not fully available,
we have successfully studied and imported all the relevant
domain ontologies that we will reuse for each perspective and
the relations ontologies for the inter-PR and intra-PR.

As future work, we will initially undertake enriching the rela-
tional ontologies, and resolve any redundancies that may occur
during the importation process of the different domain ontolo-
gies we are reusing. Next, the remaining domain specific con-
cepts and relations to schistosomiasis will be added to finalize
the extension. The final step will be the evaluation of the on-
tology itself and the evaluation of its contribution to the schis-
tosomiasis monitoring effort in Senegal.
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