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a b s t r a c t 

This article presents a novel use of an ontological approach of a rigorous generic model of the human en- 

docrine system. It is based on an existing ontology specifically developed for chemical engineering design, 

named OntoCAPE. It provides most of the necessary concepts for implementing compartmental models of 

the human endocrine system, such as the UVa/Padova model, 1 accepted by the FDA. 2 We named this ex- 

tended ontology Bio OntoCape which is connected with MatLab to perform dynamic simulation with the 

constructed model to predict the impact of the external stimuli such as meals intake and insulin dosage. 

This mathematical model was chosen because is enough versatile to represent healthy, prediabetic and 

diabetic persons. The complete system is thought to be helpful for participants from different disciplines, 

such as, endocrinologists, nutritionists, nurses, engineers and patients among others. In addition, it is en- 

visioned that this development can be extended to configure an e-Health platform for diabetic patients 

treatment in Argentina. This will help to remotely monitoring patients reducing the personal attendance 

at hospitals as well as medical budgets. 

© 2016 Elsevier B.V. All rights reserved. 
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. Introduction 

This work presents a first attempt to implement knowledge re-

ated to bioengineering study that centers the attention on diabetic

atients treatment in the context of ontologies. Since an ontology

s considered as “an explicit specification of a conceptualization” [9] ,

t allows to represent consensual knowledge about a specific do-

ain. Hence, ontologies represent a valuable tool for the ambitious

roject of constructing an e-Health platform for diabetes care. The

ocus of this article is to present an ontology-based modeling of

he human endocrine system taking into account bioengineering

lements. 

For modeling the human endocrine system, we chose an exist-

ng ontology called OntoCAPE [16,18] . This decision was based tak-

ng into account the recommendations of the work of Bogle et al.

10] who emphasizes the potential role for Computer Aided Process

ngineering (CAPE) in developing engineering analysis and design
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odel of the human metabolic system based on the glucose-insulin dynamics in 

uman subjects 
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pproaches to biological systems. The similarity between modeling

hemical process and bio process and the availability of devices

odels such as sensors, valves, pumps, etc. and control algorithms

oo, were the main reasons for choosing OntoCAPE. It has been

riginally developed to support and simplify the development of

oftware applications in CAPE, therefore, it is a good candidate to

e extended to bio systems. We propose a customized knowledge-

ase from OntoCAPE, which contains the knowledge considered

elevant for modeling compartmental models of the human en-

ocrine system. We named this extension Bio OntoCape. 

In the past few years, scientific community, mostly coming from

edical domain, has involved many effort s and resources in the

evelopment of semantic technology. Legaz-García et al. [14] pro-

osed semantic interoperability for using the valuable information

f electronic health care records (EHR) data. Many web services

latforms have been developed with the aim of assisting users

ith health information. One of these platforms is the Personal-

zed Information Platform for Health and Life Services (PIPS) [2] .

t combines a number of technologies in order to give advices to

sers. It is based on an ontological approach to achieve a com-

on understanding of the domains in which the system operates.

t work [1] a framework for diabetes education content manage-

ent in accordance to semantic web concepts is described. The

orld wide web offers a wealth of information resources on di-

betes mellitus that can answer most of the knowledge needs of

linicians and their patients. The aim of the project was to make
odeling based on ontologies, Knowledge-Based Systems (2016), 
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medical web resources more meaningful to computers to reduce

the risk of overloading patients and medical practitioners with un-

necessary or low quality information. At work [19] is proposed

to integrate multidimensional data warehousing with data mining

tools and ontologies. This is because ontologically described multi-

dimensional data warehouse and mining facilitates the knowledge

extraction. Rajbh et al. [20] describes a Medical Information System

based on semantic web technology for sharing data between dif-

ferent hospitals. The heterogeneous nature of the health care data

makes it a very suitable candidate for Semantic Web Application.

The knowledge-based telemonitoring platform described in [23] is

another example of a remote health-care application. This health-

monitoring system checks a patient health status using a smart-

phone. The knowledge-base design involved ontologies and vari-

ous reasoning methods. All of these cited works constitute exam-

ples of the development of semantic web technologies for health

care. 

The modeling of knowledge using ontologies enables the inter-

operability needed by the e-Health platform for the assistance of

diabetic patients. This platform would be used by different actors

like doctors, nurses, endocrinologists, chemical engineers, com-

puter science specialists and, of course, also the patients. The on-

tology will allow to overcome the problem associated to the us-

age of different terminology handled by the different actors that

will use the platform. Search engines can then work on a particu-

lar concept rather than trying to find ambiguous keywords. In the

particular case of the e-Health platform, this feature is very advan-

tageous for a patient who wishes to inquire about his treatment.

This would increase the involvement of the patient into his treat-

ment that would impact in the quality of his life. 

The platform aims to reduce the number of visits to the doc-

tor. This would be a great benefit for patients with low resources

as well as those patients with difficulties to follow any treatment.

All ontologies that will be developed within the project must be

created having in mind that they must be coupled together to im-

prove the quantity and quality of knowledge about the treatment

of a particular person or a group of people. To resume, ontologies

provide a suitable inter-semantic framework for a diabetic patient

through which he may have a better control over his treatment,

his blood glucose levels and a better understanding of his body

behavior, which will help to achieve a better quality of life. 

2. Motivation 

Diabetes mellitus is a chronic disease, which in recent years has

become an epidemic. This disease shows up when the pancreas

can not produce enough insulin (Diabetes mellitus type I - DMTI)

or when the produced insulin does not have the necessary prop-

erties to be effective for a person’s body (Diabetes mellitus type II

- DMTII). The insulin is a hormone that allows to metabolize the

glucose from ingested food for being then used by the body cells

to produce the necessary energy for muscles and tissues. 

According to the last World Health Organization (WHO) study

of global burden of disease, diabetes is the 19th leading cause of

disease burden, and it is expected to rise to the 10th position by

the year 2030. In Latin America, the situation is also discouraging,

diabetes is the 6th cause of disease burden. In Argentina, diabetes

affects 9.6% of the adult population, being DMTII the most common

(90%) clinical form [8] . 

Diabetes is an expensive disease in Argentina as well as world-

wide and its prevalence is continuously rising, affecting the quality

of life of people and their life expectancy. It also imposes a heavy

burden to the argentinean health care budget and on the economy

in the form of productivity losses [3] . Overall diabetes prevalence

increased from 8.4% in 2005 to 9.6% in 2009 at national level. In

2009, diabetes was the 7th leading cause of death with a mortal-
Please cite this article as: P. Viale et al., Human endocrine system m
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ty rate of 19.2 per 10 0,0 0 0 habitants. The per capita hospitaliza-

ion cost for people with diabetes was significantly higher than for

eople without the disease, US$ 1,628.- vs. US$ 833.- in 2004. 

Mathematical modeling is now widely applied in physiology

nd medicine to support the life scientist and clinical worker .

ur aim in writing this article is to provide an introduction to

his topic, presenting the underlying principles of good modeling

ethodology together with specific example of the endocrine sys-

em based on the expert knowledge given at the book [4] which is

ery useful for diabetic patients. Mathematical modeling finds ap-

lication in medical research, in education and in supporting clini-

al practice. In the research context, the use of models can, for ex-

mple, yield quantitative insights into the manner in which physi-

logical systems are controlled. In the educational setting, medical

tudents can use computer model simulation to explore the dy-

amic effects of pathophysiological processes or of drug therapy.

n the clinical area, mathematical models can enable estimates to

e made of physiological parameters that are not directly measur-

ble enabling predictions to be made as to how changes in drug

herapy will impact on variables of clinical importance such as

lood glucose concentration. This article could be of interest to a

ide range of student and practitioner backgrounds. In terms of

he student readership, it is designed to appeal to biomedical en-

ineers and to others studying physical and engineering sciences,

nd biological and life sciences. It should also appeal to medical

tudents who wish to enhance their quantitative understanding of

he physical and chemical processes that shore up physiology and

edicine. Further, this article should be of interest to practitioners

f bioengineering who have an interest in quantitative aspects of

hysiology and medicine. This article is based on the exploration

f some of the complexities of physiology involved in the human

ndocrine system and their quantitative features where the ontolo-

ies could help to be better understood. The concepts used here

or constructing efficient mathematical models with the help of

ntologies could be considered as a novel way to be used for a

ide range of purposes: to gain insights, to support processes of

easurement, to make predictions of future behavior and in a va-

iety of ways assist in enhancing clinical research and practice. A

umber of approaches to developing mathematical models mainly

ased on first principles concepts are then considered, with each

eing illustrated by three examples. Ensuring that a mathematical

odel is valid; that is to say fit for its intended purpose. Hence,

he objective here is to demonstrate, how to handle the model-

ng concepts, methods and techniques that are described and dis-

ussed here can be extended to other real-world problems in phys-

ology and medicine. However, since the physiological modeling is

ery much an interdisciplinary subject, the topic is also central to

 range of related disciplines including biomathematics, biochem-

cal, medical and health informatics and systems physiology. The

ocus of this present article is the use of ontology to provide a

omprehensive introduction to the modeling of dynamic, physio-

ogical endocrine systems. The emphasis is placed firmly on devel-

ping sound modeling methodology, with some examples included

s illustrations. Then, to achieve our purpose we had into account

hat the most recently, ontological software engineering has devel-

ped into a scientific field of its own, which puts particular em-

hasis on the theoretical foundations of representation and reason-

ng, and on the methods and tools required for building ontology-

ased software applications in diverse domains. Though this field

s largely dominated by computer science, we propose an interdis-

iplinary work to achieve close relationships to be established with

ts diverse areas of application. Hence, the researchers involved in

his area are interested in exploiting the results of ontological soft-

are engineering, particularly to build large knowledge-intensive

pplications at high productivity and low maintenance effort firstly

edicated to the problem of diabetes care. We detected very
odeling based on ontologies, Knowledge-Based Systems (2016), 

http://dx.doi.org/10.1016/j.knosys.2016.08.002
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Fig. 1. Scheme of the UVA/Padova glucose-insulin system. 
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ittle activity in the field of engineering sciences. In particular, very

ew ontologies have been elaborated for the domain of biochem-

cal engineering. In this context, as starting point we looked for

n existent ontology that at least be able to provide a reason-

ble conceptualization of the chemical engineering domain, which

s a prerequisite for establishing a shared understanding of con-

epts and terms in a certain scientific field and for fostering the

ommunication in a typical cross-disciplinary engineering design

eam. We found the ontology named OntoCape which is able to

upport and to simplify the development of future software ap-

lications in CAPE, a sub-discipline of chemical and biochemical

ngineering. Besides this very concrete engineering objective, the

evelopment of OntoCAPE also aimed at the elucidation and the

enchmarking of architectural principles for the design of large-

cale ontologies, which can be reused in the same domain for dif-

erent applications or even across related (engineering) domains.

herefore, OntoCape was considered the best possible candidate to

evelop a novel ontological software for biochemical engineering

eld able to capture the main conceptualization for constructing

hysiological models.We distinguish this extended concepts under

he new name: Bio OntoCape. 

Some strategies have already been implemented to decrease the

ssociated costs of diabetes care for the argentinean health system.

he Program for the Prevention, Care and Treatment of People with

iabetes (PROPAT) has been applied to the social security sector

rom 1998 to 20 0 0. This program led to significant improvement

n clinical and biochemical indicators and higher quality of care for

eople with DMTII. This was observed also in the reduction of the

umber and duration of hospitalizations of diabetic patients. 
Please cite this article as: P. Viale et al., Human endocrine system m
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The development of a diabetic patients knowledge base could

e relevant for helping educational programs like PROPAT. This

ould facilitate the manipulation of information of diabetic pa-

ients, improving their education for achieving better self-control

echniques and reducing their dependence of experts. 

. Mathematical model of the human endocrine system 

In the area of diabetes, accurate prediction of clinical trials

as been done by the Archimedes diabetes model [6,7] ; a com-

any - Entelos, Inc. - specializes in predictive biosimulation devel-

ped a complex model for diabetes simulations. These existing di-

betes models, however, are based on population models. Hence,

heir capabilities are limited to prediction of population averages

hat would be observed during clinical trials. In this work, we fo-

us on capturing the main concepts for constructing the math-

matical model of the human endocrine system. The methodol-

gy is very similar to that used for chemical process modeling.

he final purpose is that the model be implemented for dynamic

imulation of a patient to prevent undesirable dangerous situa-

ions for the health of the patients. All the necessary informa-

ion and data were presented in the patent [11] . This model was

hosen because of its novelty and strength since it is based on

irtually model-independent measurements of the various glucose

nd insulin fluxes occurring during a meal which represent the

ain information for diabetes care. The endocrine system is very

omplex and only the availability of glucose and insulin fluxes,

n addition to their plasma concentrations, have allowed to min-

mize structural uncertainties in modeling other processes. The
odeling based on ontologies, Knowledge-Based Systems (2016), 

http://dx.doi.org/10.1016/j.knosys.2016.08.002
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model may comprise of 12 nonlinear differential equations, 18 al-

gebraic equations and 35 parameters. The complete description

of those elements are given at the Appendix A . As a result a

user-friendly model, able to be implemented for simulation pur-

poses is of great help for investigators of several disciplines with-

out a specific expertise in modeling. This general model allows

to study both normal and pathological conditions, e.g. type 2 di-

abetes (DMTII), prediabetic and open-and closed-loop insulin in-

fusion in type 1 diabetes. The equations describe the relation-

ship between plasma glucose and insulin concentrations, and glu-

cose and insulin flows. The endocrine system is divided into dif-

ferent subsystems which are divided into compartments. The pa-

rameters are adjusted based on experiments over 300 normal sub-

jects in order to obtain a non-diabetic model. The Glucose Insulin

Model (GIM), is also known as the UVa/Padova simulator because it

was developed by the University of Virginia, USA, and the Univer-

sity of Padova, Italy, adapts the previous non-diabetic model to be

able to represent a DMTI subject. The extension to prediabetic and

DMTII can be found at the patent description [13] . The endocrine

system model includes a model of subcutaneous insulin kinetics,

and a higher endogenous glucose production as shown in Fig. 1 .

The glucose flows are represented using green arrows, the in-

sulin flows with blue arrows and the signals by dotted red arrows.

The complete model equations included in GIM are given at the

appendix. 

Fig. 1 shows the main elements of the mathematical model

which can be implemented for computer simulation environment

acting as the in silico patient behavior working in a closed-loop

control system in case the artificial pancreas is implemented in a

DMTI patient. In the following explanation the list of elements are

briefly detailed: 

1. A sufficiently large cohort in silico subjects based on real in-

dividual data and spanning the observed variability of key

parameters in the general population. In the proposed im-

plementation [12] the simulated “cohort” includes n = 300

simulated subjects in three age groups: 100 adults, 100 ado-

lescents, and 100 children. At patent [11] data for 30 patients

is available. 

2. Sensor-specific simulator for emulating the possible sensor

error capable of reproducing time lag, system and calibration

bias, and random noise of subcutaneous CGM devices. 

3. The model of insulin kinetics in the subcutaneous space

tacking into account that insulin pumps typically deliver dis-

crete insulin subcutaneously, one has to consider the inher-

ent time lag for the insulin transport to the plasma. 

4. In case of healthy person, prediabetic and DMTII the in-

sulin is provided by the insulin subsystem without the pump

model. 

The data base available in patent [13] used to identify the

model consisted of 35 subjects (prediabetes), and 23 DMTII pa-

tients who underwent a triple tracer meal protocol. Hence, it was

possible to obtain in a virtually model-independent fashion the

time course of all of the relevant glucose and insulin fluxes during

specific meal. The authors reported subject characteristics such as

average plasma glucose and insulin concentration, Ra, EGP, U and

SR in prediabetes and DMTII together with the profile obtained in

a matched healthy population. In all cases 26 parameters have to

be given to complete the endocrine system model. 

It must be noted that this work is focused on the main concepts

related to generic endocrine system models construction through

the use of ontologies but is also needed to create a comprehen-

sive algorithm testing environment to evaluate the dynamic be-

havior of the main variables. In this context, we propose here to

integrate our ontological representation with the simulation plat-

form Simulink ®, which is part of the well known scientific soft-
Please cite this article as: P. Viale et al., Human endocrine system m
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are MATLAB 

® which will be described in this work. To do this

mplementation we had into account that simulation methods re-

orted into a computerized simulation platform [12] . 

In the next section, the OntoCAPE ontology as well as the onto-

ogical representation of the human endocrine system will be in-

roduced. 

. Ontological approach 

.1. Introduction to ontologies 

Ontologies have the function of providing a consensual knowl-

dge representation, which can be reused and shared across soft-

are systems and by different groups of users. To convert an ontol-

gy into a knowledge base for a particular application, the knowl-

dge must be specialized and customized. Thus, we propose to ex-

end and customize OntoCAPE ontology for building the knowledge

ase needed by the e-Health platform envisioned. 

.2. OntocapE general description 

OntoCAPE is a fully elaborated formal ontology for the domain

f chemical engineering [16,18] . As its names lets understand, On-

oCAPE has been developed to linking ontologies with CAPE, as

ell as to facilitate the derivation of customized knowledge bases. 

Considering the usability and reusability problems, OntoCAPE

as been subdivided into different levels of abstractions. This strat-

gy allows to separate general knowledge from knowledge about

pecific domains and applications. Besides, OntoCAPE modulariza-

ion has been realized by partitioning the ontology into modules

nd partial models and a user can choose to reuse only a selected

art of the ontology. OntoCAPE is formally specified using the On-

ology Web Language OWL, in particular, OWL-DL. The entire on-

ology consists of 62 OWL files, each describing one module of the

ntology. The following paragraphs describe the general structure

f OntoCAPE (a more detailed description is available in [16] ). An

verview of OntoCAPE layers and principal modules is shown in

ig. 2 . 

The Meta Layer is the highest layer of OntoCAPE which has two

unctions: firstly, it explicitly represents OntoCAPE design princi-

les and, secondly, it establishes common standards for the design

nd organization of the ontology. So, this Meta Layer supports on-

ology engineering and it ensures a consistent modeling style pro-

iding a guide for the extension and/or modification of the on-

ology. Specifically, this layer introduces key terms independently

f any domain and establishes a mereotopological theory. Further-

ore, generic design patterns are introduced, which define solu-

ions and best practices for general design problems for lower level

ayers. 

The Upper Layer of OntoCAPE introduces key concepts, which

re specialized and refined in lower layers. 

The Conceptual Layer of OntoCAPE is represented by four main

artial models. The central model is the chemical_process_system

odel and it represents all concepts that are directly related to

aterials processing and plant operations. The material partial

odel provides an brief description of the materials involved in

hemical processes, while the mathematical_model model defines

he concepts required for a description of mathematical models

nd modeling. Finally, the supporting_concepts partial model pro-

ides fundamental notions as space, time, physical dimensions,

nit systems, mathematical relationships, etc; not belonging di-

ectly to the CAPE domain but that are required for the definition

r as a supplement to the domain concepts. 

The Application-Oriented Layer , extends the Conceptual Layer

dding classes and relationships necessary for practical use of on-

ology. 
odeling based on ontologies, Knowledge-Based Systems (2016), 

http://dx.doi.org/10.1016/j.knosys.2016.08.002
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Fig. 2. Overview of OntoCAPE. 
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The Application-Specific Layer contains classes and relationships

equired for particular tasks and applications. 

.3. Modeling the human endocrine system 

The human endocrine system is a biological chemical process

ystem which can be interpreted as chemical plant. As OntoCAPE

as been developed to help in the derivation of knowledge bases

n the domain of chemical engineering, we choose this ontol-

gy as the starting point to represent the human endocrine sys-

em. Moreover, the attention has been centered on the chemi-

al_process_system model which introduces most of the necessary

efinitions useful for representing human physiology aspects . 

The chemical_process_system model is represented at Fig. 2 . As

an be seen it is composed by seven partial models that belong to

he Conceptual Layer as well as the Application-Oriented Layer . The

artial models that are part of the chemical_process_system model

re: CPS_behavior, CPS_function, CPS_performance, CPS_realization, 

rocess_units, plant_equipment and process_control_equipment . Be-

ides, chemical_process_system is able to import modules from

ther partial models. 

The partial models CPS_behavior, CPS_function, CPS_performance,

PS_realization define the model in the Conceptual Layer.

PS_function describes the desired behavior of the chemical

rocess system. CPS_realization represents the physical constitu-

ion of the process system, such as plants equipments and any

echnology present in the plant. CPS_behavior describes how the

rocess system operates under certain conditions. Finally, the

PS_performance model is introduced to evaluate the performance

f the system. 

If we concentrate on the Application-Oriented Layer , we can see

hat the process_control_equipment and plant_equipment are spe-

ializations of the partial model CPS_realization . They give more de-

ail information about machines or instrumentation in the plants. 

Finally, the partial model process_units are examples of typical

quipment of chemical_process_systems . 
Please cite this article as: P. Viale et al., Human endocrine system m
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.4. Bio ontocape development for modeling the human endocrine 

ystem 

In this section we describe how we extended OntoCAPE to rep-

esent the human endocrine system in the context of Bio OntoCAPE

evelopment. The notation used in this section for describing on-

ologies is resumed in Fig. 3 . 

The module chemical_process_systems define a chemical process

ystem as a special technical system . The principal classes of the

odule are chemical process system and process unit , which are

odeled as special types of technical systems . All information about

 system is obtained via its aspect systems . The aspect system de-

cribes the various phases of a system from its design to its op-

ration. See Fig. 3 for a graphical representation of a chemical

rocess system and a process unit, concerning its function and

ealization. 

Consistent with the principles of decomposition of systems, a

hemical process system is composed of a certain number of pro-

ess units . Taking this decomposition into account, the description

f a chemical process system can be guessed from the individual

escription of each of its process units. According to OntoCAPE, a

rocess unit is described by its process steps and its plant items (see

ig. 3 ). A process step represents a transformation function and a

lant item describes where the transformation is physically exe-

uted. So, from a functional point of view, a plant item performs a

ertain process step. 

For describing the human endocrine system, we created an in-

ividual called endocrineSystem , which represents the endocrine

ystem itself. It is an instance of the biological chemical process sys-

em class, which is a subclass of chemical process system , see Fig. 4 a.

he red rectangles in the figures that we will present all along

his section serves to highlight the extensions done to OntoCAPE as

ell as the instances created in the knowledge base. For this par-

icular example, we have created a subclass chemical process system

alled biological chemical process system , and then endocrineSystem ,

s an instance of this last added subclass. 
odeling based on ontologies, Knowledge-Based Systems (2016), 
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Fig. 3. Presentation of the aspect system considerations for chemical process system and process unit [ 16 , pp. 244, 245]. 

Fig. 4. Human e ndrocrine s ystem r epresentation . 
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Fig. 5. Glucose subsystem. 

 

p

The human endocrine system is composed by six subsystems: 

• the glucose, 

• the insulin, 

• the absorption, 

• the liver, 

• the muscle and adipose tissue, and 
• the subcutaneous space 

Please cite this article as: P. Viale et al., Human endocrine system m
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subsystems. 

Each subsystem is represented as an instance of the biological

rocess unit class, which is a subclass of process unit . 

These instances are named: 

• glucoseSystem_unit , 

• insulinSystem_unit , 

• absorptionSystem_unit , 
odeling based on ontologies, Knowledge-Based Systems (2016), 
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Fig. 6. Glucose subsystem realization connections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Ontological representation of process flows. 
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• liverSystem_unit , 

• muscleAndAdiposeTissueSystem_unit , and 

• subcutaneousSpaceSystem_unit , 

respectively. 

The endocrineSystem relates to all its subsystems through the

hasSubsystem Object Property. Figs. 4 a, b and c show a graphical

representation of the endocrine system and its subsystems. 

From now on, we will concentrate and explain in detail the

development of the glucose subsystem. The rest of the subsys-

tems were developed analogously and can be consulted in the

Appendix B . 

Each process unit is composed by process steps . Fig. 5 a introduce

all process step instances created in the knowledge base that relate

to the glucoseSystem_unit . It also show the relationship of each of

those process steps to their corresponding biological process unit

as well as their function. For example, the glucose_rapid_process

is associated to the glucose_rapid_function which can be mathe-

matically described by the ordinary differential algebraic system glu-

cose_rapid_eq_system . 

Besides, each process unit is associated to plant items , these

plant items represent the equipment where the process step is ex-

ecuted. Fig. 5 b introduces all the plant items instances created in

the knowledge base that are related to glucoseSystem_unit . These

plant items, in fact, are not equipment of some plant but repre-

sent some parts of the human body. Some of them can be rep-

resented as reactors, other as tanks, depending on their specific

function. For example, the glucose_rapid is an instance of the glu-

cose_rapid class, which is a subclass of reactor (we have added

this last subclass). This decision has been taken because the glu-

cose_rapid_function is a reaction. 

Each plant item has associated some parameters. In the case of

the glucose_rapid , it has seven associated parameters: F cns , k 1 , k e 1 ,

k e 2 , k p 2 , V g and ksc . They must be defined because they are needed

by the equations of the model. 

Fig. 5 c shows that the ordinary differential algebraic sys-

tem glucose_rapid_eq_system is composed of four equa-

tions named eq_glucoseKinectics_01, eq_glucoseKinectics_05,

eq_subcutaneousGlucose_01, eq_renalExcretion . These last

instances are ontological representations of the UVA/Padova

equations (details in Appendix A ). Fig. 5 d relates the ordinary

differential algebraic system glucose_slow_eq_system with its

equations. 

From the functional point of view, we must indicate which

plant item performs which process step. This relationship is ex-

plicitly shown for the glucose subsystem in Fig. 6 . 

OntoCAPE also provides the necessary concepts for a process

description with enough level of detail which is equivalent to that

of a process flow diagram. The individual process steps can be con-
Please cite this article as: P. Viale et al., Human endocrine system m
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ected to each other via process states. A process state represents

he material that enters or leaves a process step. This includes the

nterchange between two process steps as well as the feeding and

emoving of material. A process step may have various hasInput and

asOutput relations to a process state (e.g., a reactor that has mul-

iple feeds). A process state , by contrast, must enter and/or leave

t most one process step . Even though OntoCAPE had some control

chemes, they were not enough to efficiently represent signal flows

o complete the closed loop effects. Hence, we have introduced an-

ther contribution extending OntoCAPE as shown in Fig. 7 . 

It is time to introduce the whole mereotopological concep-

ion of the human endocrine system. This conception is divided

nto three diagrams. Two of these diagrams present mass flows

f the endocrine system while the third one introduces signal

ows. The mass flows correspond to the glucose and insulin flows.

he classes corresponding to the individuals are given in brackets.

ig. 8 presents the glucose flows diagram, Fig. 9 describes the in-

ulin flows diagram, whereas Fig. 10 introduces the signal flows

iagram, corresponding to the green, blue and red arrows of Fig. 1 ,

espectively. 

. Interaction between bio ontocape and MATLAB for dynamic 

imulation and validation 

The creation of the extended knowledge base has been per-

ormed using Protégé 4.3. Once OntoCAPE has been extended and

he knowledge base representing the human endocrine system has

een completely filled in, it was necessary to validate our model. 

We developed a java application able to read the ontology and

o write and execute a MatLab model. The application developed

ses the Jena Ontology API to have access to the ontology and to

xtract information. Then, it is capable of writing MatLab applica-

ions and to run them using the MatLab Control library. 

As we already have a computer simulation environment imple-

ented in Simulink ®[12] (accepted by the FDA) we decided to use

his environment in the validation process. The validation consists

n comparing the simulations obtained by the original environ-

ent with the simulations obtained using our java application. 

Fig. 11 represents graphically the methodology used for valida-

ion process. In the upper part of the figure, we represent the sim-

lation process using the UVA/Padova original implementation. In

he bottom part of this same figure, we show our java application

hat extracts information about the human endocrine system from

he ontology, then it replaces in the UVA/Padova implementation

he module that represents the human endocrine system consid-

ring the information obtained from the ontology. Afterwards, the

ava application runs the simulations. 

For doing the validation tests we choose the parameters of 3

dults, one healthy person, one with DMTI and the third with
odeling based on ontologies, Knowledge-Based Systems (2016), 
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Fig. 8. Glucose flows. 
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MTII. We consider that this example represents a good alterna-

ive to show that the selected conceptual model for endocrine sys-

em is generic enough to be able to analyze different kind of de-

eases related to regulation problems on blood glucose (glycemia).

ince glycemia varies because of different meals intake our exper-

ment consists on giving the same meal to the three subjects at
Fig. 9. Insulin

Please cite this article as: P. Viale et al., Human endocrine system m
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he same time. Since the most important information is related to

he quantity of carbohydrates intake with specific meal we detail

nly the grams of carbohydrates consumed at different hours of

he day. The food intake implies the endocrine system will produce

he metabolism procedure which will impact on the blood glu-

ose variability. Obviously, the meal intake is taken during certain
 flows. 

odeling based on ontologies, Knowledge-Based Systems (2016), 

http://dx.doi.org/10.1016/j.knosys.2016.08.002


10 P. Viale et al. / Knowledge-Based Systems 0 0 0 (2016) 1–20 

ARTICLE IN PRESS 

JID: KNOSYS [m5G; August 20, 2016;16:10 ] 

Fig. 10. Signal flows. 

 

 

 

 

 

 

 

 

 

 

Table 1 

Food intake in grams of carbohy- 

drates . 

Breakfast Lunch Dinner 

50 g 65 g 80 g 
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period, hence it is represented in a graph where appears the grams

of carbohydrates and time required for consumption as a square

pulse where the base is the temporal duration and the height is

the grams of carbohydrates. A healthy person produces his own

insulin to do the metabolism properly, a person with DMTI need

to calculate the insulin dosage based on the meal intake and inject

it externally because he is practically unable to produce it. A per-

son with DMTII does not have an acceptable response to his own

insulin so he must be careful with the diet and physical exercise. 

Then, for the three adult subjects we programmed the specific

food intake shown in Table 1 . At minute 690, the subjects start
Fig. 11. Validatio

Please cite this article as: P. Viale et al., Human endocrine system m
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aving breakfast lasting about 2 min with a carbohydrate content

f 50 g. At approximately minute 960, the subjects take a lunch

eal containing 65 g of carbohydrates. The meal duration is about

5 min. At minute 1320, the subjects start taking a dinner meal

ontaining 80 g of carbohydrates being the meal duration 15 min.

he parameters for DMTI correspond to patient 21 [11] , who has a

ody weight of 76.37 kg. 

Fig. 12 a shows the blood glucose evolution for the three pa-

ients considering the food intake given in Table 1 . Besides, Fig. 12 b

hows the insulin pump action simulated using an artificial pan-

reas with a predictive functional control (PFC) algorithm to define

he insulin dosage for the DMTI patient. For the healthy and DMTII

ubjects represent the insulin generated by their own body. 

Therefore, we demonstrated that, with the same entries for the

hree subjects we have observed good agreement between both

imulations, the original and those obtained by using our java ap-

lication (which reads our proposed Bio OntoCape). These prelim-

nary results would indicate that we are in the right way with

ur assumptions about the extension of OntoCape to bioprocess to-

ether with its integration with MatLab for temporal evaluations of

ertain critical variables. The validated results indicate that the on-

ological representation for the endocrine system is well done and

chieve our first objectives of the bigger project for constructing

n efficient e-Health system for blood glucose regulation. Concern-

ng clinical implications, it can be seen from the simulations that

aving good models for each patient is possible to predict wether

he insulin dosage is correct or not according to the impact of dif-

erent meals intake. Hence, the therapists could have an efficient

ool for tacking right decisions and make proper recommendations

bout changes for diet or insulin dosages. Another inherent ben-

fit is that both, patients and therapists, learn more about each

iabetic person endocrine system behavior and it drives to better

reatments for handling well this disease. 
n process . 

odeling based on ontologies, Knowledge-Based Systems (2016), 
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Fig. 12. Simulation of patients . 
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. Conclusions and future work 

In this work we presented an efficient way for using and ex-

ending an existing ontology for developing our Bio OntoCAPE and

chieving one of the main objective of our project. We detailed

ow to incorporate expert knowledge of a domain in a way that

omputers can ‘understand’ and ‘reason about this’. To propose

n ontological representation of the human endocrine system, we

ave deeply studied the OntoCAPE ontology and the methodology

or obtaining mathematical models of biological systems. This on-

ology is a general-purpose one for applications in the domain of

omputer-aided bio process engineering, which focuses on com-

lex bio chemical process systems. In addition it considers the use

f devices such as sensors, valves, pumps and allows taking into

ccount control algorithms which are helpful for several deceases.

his is an important issue since pathological problems associated

ith deceases like DMTI needs some or all of those elements to

e properly treated. Our first fundamental assumption is that the

uman endocrine system is a chemical process system too, that

as the reason of why we considered OntoCAPE as a good start-

ng point. Therefor, we are confident to have demonstrated through

he three cases presented here that this is a valid argument. In

his work, we described the way in which we captured the ex-

ert knowledge for constructing mathematical models of the hu-

an endocrine system healthy and with some pathologies and the

sed tools for transforming that knowledge in an ontological rep-

esentation. By applying this methodology we believe that we have

enerated the first version of an ontology dedicated to model bio

rocess using rigorous engineering concepts. The development of

his first part of Bio OntoCAPE consisting of the ontological rep-

esentation of the human endocrine system was performed having

nto account the future integration with other ontologies to assist a

ultidisciplinary staff with different levels of expertise. This proce-

ure was followed having in mind the main objective of conform-

ng an e-Health platform for diabetes care. 

The main disadvantage of using OntoCAPE was its size (com-

osed of 62 files). It was very difficult to use the reasoners be-

ause it took an average of three hours to check consistency. We

re planning to recreate the work done using OntoCAPE to develop

ur own ontology. This would enable us to use reasoners to infer

ogical consequences from a set of asserted facts and axioms, in an

asier way. Another disadvantage could be considered the inherent

ifficulties of representing the human body behavior through the

se of phenomenological models. In this context, we found in the

iterature some interesting works where the predictive models are
 G  

Please cite this article as: P. Viale et al., Human endocrine system m
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btained through time series decomposition, see for example [22] .

ence, in future we plan the use of data from diabetic patients to

onstruct efficient models for predicting the responses when spe-

ific meals intake and insulin dosage are given. 

One advantage of the work done is that we were able to cope

ith time by connecting our Bio OntoCAPE with MatLab platform

sing the java application developed, we were able to simulate

atients evolution over time. This is an important issue since we

eed to know how to construct this kind of biological models but

hrough their computer implementations we are able to predict

n certain time horizon the dynamic behavior of the most criti-

al variables. In this context, we have in mind as future work to

nalyze if it could be necessary to develop a new ontology based

n the ideas of [21] who presented an ontology-based framework

o support intelligent data analysis of recorded temporal data. They

ave shown how a process condition can be inferred when qualita-

ive temporal patterns are available. These skills are very useful for

oing recommendations each time the patient is out of the healthy

ange of glycemia. Another possibility is to take into account the

ork of [17] who proposed a fuzzy framework for encoding un-

ertainty in clinical decision-making to analyze insulin dosage and

eals and recommend corrections to both. 

Other planned topic to do in the next future involves the de-

elopment of the ontological representation of control system, to-

ards the implementation of the artificial pancreas for patients

ith DMTI. Hence, the insulin dosage can be suggested by running

 control algorithm, specially designed for each patient accounting

pecific external stimuli such as meals intake and insulin. Besides,

e are working on a nutritional ontology, thought to be integrated

ith our Bio OntoCape which will contain information about food

s well as useful rules for recommending to diabetic patients to

ave a proper daily diet. 

ppendix A. Mathematical representation of the human 

ndocrine system 

In this section, we present a detailed explanation of the

VA/Padova model equations. 

The behavior of the subsystems considered in Fig. 1 are de-

cribed by the following Eq. [5] : 

˙ 
 p (t) = EGP (t) + Ra (t) − U ii (t) − E(t) − k 1 G p (t) + k 2 G t (t) (A.1)

˙ 
 t (t) = −U id (t) + k 1 G p (t) − k 2 G t (t) (A.2)
odeling based on ontologies, Knowledge-Based Systems (2016), 
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Table A.2 

Variables and parameters used in the UVA/Padova glucose-insulin system [ 5 , p. 29]. 

Variable/parameter Unit 

G p : Glucose mass in plasma and rapidly equilibrating tissues. [mg/kg] 

G t : Glucose mass in slowly equilibrating tissues. [mg/kg] 

G : Plasma glucose concentration. [mg/dl] 

G M : Plasma glucose concentration measured subcutaneously. [mg/kg] 

EGP : Endogenous glucose production. [mg/kg/min] 

k p 1 : Extrapolated EGP at zero glucose and insulin. [mg/kg/min] 

k p 3 : Parameter governing amplitude of insulin action on the liver. [mg/kg/min] per [pmol/l] 

R a : Glucose rate of appearance in plasma. [mg/kg/min] 

E : Renal excretion. [mg/kg/min] 

k e 1 : Glomerular filtration rate. [min −1 ] 

k e 2 : Renal threshold of glucose. [mg/kg] 

U ii and U id : Insulin independent and dependent glucose utilisations. [mg/kg/min] 

V m ( X ): Parameter from the Michaelis Menten equation. [mg/kg/min] 

K m 0 : Parameter from the Michaelis Menten equation. [mg/kg] 

p 2 U : Rate constant of insulin action on the peripheral glucose utilisation. [min −1 ] 

F cns : Glucose uptake by the brain and erythrocytes. [mg/kg/min] 

k 1 and k 2 : Rate parameters. [min −1 ] 

V G : Distribution volume of glucose. [dl/kg] 

I p : Insulin mass in plasma. [pmol/kg] 

I : Insulin mass in liver. [pmol/kg] 

I : Plasma insulin concentration. [pmol/l] 

V I : Distribution volume of insulin. [l/kg] 

HE : Hepatic extraction of insulin. Dimensionless 

m 1 , m 2 , m 3 and m 4 : Rate parameters. [min −1 ] 

I d : Delayed insulin signal. [pmol/l] 

I 1 : Insulin signal associated with I d . [pmol/l] 

k i : Rate parameter accounting for delay between insulin signal and insulin action. [min −1 ] 

R i : Rate of appearance of insulin in plasma. [pmol/kg/min] 

k d , k a 1 and k a 2 : Rate parameters accounting for subcutaneous insulin kinetics. [min −1 ] 

X : Insulin in the interstitial fluid. [pmol/l] 

Table A.3 

Variables and parameters used in the UVA/Padova glucose absorption model [ 5 , p. 30]. 

Variable/parameter Unit 

Q sto : Total amount of glucose in the stomach [mg] 

Q sto 1 : Amount of glucose in the stomach (solid phase) [mg] 

Q sto 2 : Amount of glucose in the stomach (triturated phase) [mg] 

Q gut : Amount of glucose in the intestine [mg] 

D : Ingested glucose dose [mg] 

k gri : Rate of grinding. [min −1 ] 

k abs : Rate of intestinal absorption. [min −1 ] 

k empt : Rate of gastric emptying. [min −1 ] 

k max : Maximum rate of gastric emptying. [min −1 ] 

k min : Minimum rate of gastric emptying. [min −1 ] 

b : Percentage of the dose for which k empt decreases to(k max − k min ) / 2 . Dimensionless 

c : Percentage of the dose for which k empt is back to to(k max − k min ) / 2 . Dimensionless 

f : Fraction of the intestinal absorption which appears in plasma. Dimensionless 

BW : Body weight. [kg] 
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G (t) = 

G p (t) 

V G 

(A.3)

˙ G M 

(t) = k sc G p (t) − k sc G M 

(t) (A.4)

EGP (t) = −k p1 − k p2 G p (t) − k p3 I d (t) (A.5)

 ii (t) = F cns (A.6)

 id (t) = 

V m 

(X ) G t (t) 

K m 0 + G t (t) 
(A.7)

E(t) = 

{
k e 1 [ G p (t) − k e 2 ] , G p (t) > k e 2 

0 , G p (t) ≤ k e 2 
(A.8)

For the insulin and the subcutaneous insulin infusion subsys-

tems, represented in Fig. 1 , the corresponding equations are [5] :

˙ I (t) = −(m 1 + m 3 ) I(t) + m 2 I p (t) (A.9)

I  
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˙ 
 p (t) = −(m 2 + m 4 ) I p (t) + m 1 I(t) + R i (t) (A.10)

(t) = 

I p (t) 

V I 

(A.11)

 3 = 

HE b m 1 

1 − HE b 
(A.12)

˙ 
 1 (t) = −k 1 (I 1 − I)(t) (A.13)

˙ 
 d (t) = −k i (I d − I 1 )(t) (A.14)

 m 0 = 

(EGP b − F cns )(K m 0 + G tb ) 

G tb 

(A.15)

 m 

(X ) = V m 0 + V mx X (t) (A.16)

˙ 
 (t) = −p 2 U X (t) + p 2 U [ I(t) − I b ] (A.17)

˙ 
 sc1 = −(k + k a 1 ) I sc1 (t) + I I R (t) (A.18)
d 
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Table B.4 

Relation between equations in the knowledge base and the mathematical 

model. 

Ontological representation (equation 

instances) 

UVA/Padova 

equations ( Section 3 ) 

eq_stomach_01 Eq. (A.21) 

eq_stomach_02 Eq. (A.22) 

eq_stomach_03 Eq. (A.26) ( α) 

eq_stomach_04 Eq. (A.26) ( β) 

eq_stomach_05 Eq. (A.25) 

eq_stomach_06 Eq. (A.23) 

eq_intestine_01 Eq. (A.24) 

eq_intestine_02 Eq. (A.27) 

eq_glucoseKinetics_01 Eq. (A.1) 

eq_glucoseKinetics_05 Eq. (A.3) 

eq_subcutaneousGlucose_01 Eq. (A.4) 

eq_renalExcretion Eq. (A.8) 

eq_glucoseKinetics_04 Eq. (A.2) 

eq_insulinInTheLiver_01 Eq. (A.9) 

eq_liver_01 Eq. (A.5) 

eq_insulinActionOnProduction_01 Eq. (A.13) 

eq_insulinActionOnProduction_02 Eq. (A.14) 

eq_insulinActionOnGlucoseUtilization_01 Eq. (A.17) 

eq_insulinKinetics_01 Eq. (A.10) 

eq_insulinKinetics_02 Eq. (A.11) 

eq_glucoseUtilization_01 Eq. (A.6) 

eq_glucoseKinetics_02 Eq. (A.16) 

eq_glucoseKinetics_03 Eq. (A.7) 

eq_subcutaneousInsulinKinetics_01 Eq. (A.18) 

eq_subcutaneousInsulinKinetics_02 Eq. (A.19) 

 

b  

U

 

i  

n

 

o  
˙ 
 sc2 = k d I sc1 (t) − k a 2 I sc2 (t) (A.19)

 i (t) = k a 1 I sc1 (t) + k a 2 I sc2 (t) (A.20)

ote that suffix b denotes basal state. The model notation is re-

orted in Table A.2 . 

The glucose absorption model is presented in [15] and illus-

rated in Fig. 1 . 

The key feature of this model is that the gastric emptying rate

 k empt ) is described realistically, because it depends nonlinearly on

he amount of glucose in the stomach ( Q sto ) as shown in the fol-

owing equations: 

 sto (t) = Q sto1 (t) + Q sto2 (t) (A.21)

˙ 
 sto1 (t) = −k gri Q sto1 (t) + Dδ(t) (A.22)

˙ 
 sto2 (t) = −k empt (Q sto ) Q sto2 (t) + k gri Q sto1 (t) (A.23)

˙ 
 gut (t) = −k asb Q gut (t) + k empt (Q sto ) Q sto2 (t) (A.24)

 empt (Q sto ) = k min + 

k max − k min 

2 

{ tanh [ α(Q sto − bD )] 

− tanh [ β(Q sto−cD )] + 2 } (A.25) 

= 

5 

2 D (1 − b) 
, β = 

5 

2 Dc 
(A.26) 

a (t) = 

f k abs Q gut 

BW 

(A.27) 

The model notation is reported in Table A.3 . 

ppendix B. Ontological model 

This section completes the ontological model of the human en-

ocrine system. Fig. B.13 a shows the binary tree structure used

or representing equations. Fig. B.13 b shows how we represent Eq.

A.21) using this structure. 
Fig. B.13. Ontological repres
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Table B.4 relates the equation instances in the knowledge

ase with the equations presented by the mathematical model

VA/Padova. 

Figs. B.14–B.18 present the development of the absorption, the

nsulin, the liver, the muscle and adipose tissue and the subcuta-

eous space subsystems, respectively. 

Finally, Fig. B.19 completes the model from the functional point

f view. It indicates which plant item performs which process step.
entation of equations. 
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Fig. B.14. Absorption subsystem. 
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Fig. B.15. Insulin subsystem. 
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Fig. B.16. Liver subsystem. 
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Fig. B.17. Muscle and adipose tissue subsystem. 
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Fig. B.18. Subcutaneous space subsystem. 

Please cite this article as: P. Viale et al., Human endocrine system modeling based on ontologies, Knowledge-Based Systems (2016), 

http://dx.doi.org/10.1016/j.knosys.2016.08.002 

http://dx.doi.org/10.1016/j.knosys.2016.08.002


P. Viale et al. / Knowledge-Based Systems 0 0 0 (2016) 1–20 19 

ARTICLE IN PRESS 

JID: KNOSYS [m5G; August 20, 2016;16:10 ] 

Fig. B.19. Realization connections. 
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