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Abstract 
Dynamic simulation models of physiology are ofte
represented as a set of mathematical equations. S
models are very useful for studying and understand
the dynamic behavior of physiological variables
However, the sheer number of equations and variab
can make these models unwieldy, difficult to unde
stand, and challenging to maintain.  We describe
symbolic, ontologically-guided methodology for repre
senting a physiological model of the circulation.  W
created an ontology describing the types of equatio
in the model as well as the anatomic components a
how they are connected to form a circulatory loo
The ontology provided an explicit representation of t
model, both its mathematical and anatomic conte
abstracting and hiding much of the mathematical co
plexity.  The ontology also provided a framework 
construct a graphical representation of the mode
providing a simpler visualization than the large set 
mathematical equations.  Our approach may he
model builders to maintain, debug, and extend simu
tion models. 

A. Introduction 
Mathematical models are needed for quantitative re
resentation of physiological processes, and they c
help researchers understand how components of th
processes contribute to disease.  The approach to bu
ing these physiological models is to create detail
mathematical representations of the essential featues 
of the physiological system at multiple scales, inclu
ing anatomy and mechanics, in an attempt to produc
realistic computational model of physiology [1].  Th
resulting models usually comprise a large set of or
nary differential equations (ODEs) describing time
varying physiological variables and parameters. 

While mathematical models are a useful representat
for generating quantitative simulations, they can 
unwieldy for the researchers who build them.  It 
difficult to comprehend, maintain, and extend mode
containing huge numbers of equations.  Model desig
ers often think in terms of graphical or schematic re
resentations of the system being modeled, rather t
the long lists of equations entailed by that represena-
tion.  The equations themselves are compiled by stu
ing the schematic diagram of these models, a proc
that can be difficult and error-prone when models a
large.  It can also be difficult to extend these models
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add new components or conditions because of the ne
to relate changes in the schematic representation to the 
necessary updates to the equations in the mathemat
formulation of the model. 

Graphical representations of complex biomedical sys
tems are useful to help users comprehend the comp
nents and attributes of these systems, but pure
graphical models do not directly support analyzing an
simulating these systems mathematically.  There is 
need for a representation paradigm that enables 
searchers to create models in a visual schematic format 
while maintaining explicit connections to the mathe
matical representation of those models in order t
simulate and analyze biological systems. 

Our hypothesis is that it is possible to represent bo
the anatomic components and the mathematical e
ments of a physiological model of hemodynamics us
ing an ontology, and that the ontology can enable 
user to work in an environment where anatomical rela
tionships can be represented graphically and whe
symbolic depiction of physiological constraints drives
the generation of appropriate mathematical equation
In this paper, we describe our work in creating thi
ontology, containing explicit knowledge of the ana
tomical components of a model of cardiovascula
hemodynamics as well as the types of equation
needed to describe the quantitative aspects of t
model.  We also describe our approach of instantiatin
a particular model as a set of linked instances creat 
from the ontology, of connecting the instances of ana-
omic components to create a circulatory loop, and o
describing attributes of those connections using 
graphical view of the ontology instances.  Finally, we 
describe our methodology for deriving the set o
mathematical equations for the model given its sch
matic representation.  We believe this methodolog
may enable a generalizable, extensible approach 
represent, maintain, and evolve multi-scale simulatio
models using the graphical schematic form in whic
these models are originally conceived.  

B. Methods 
We undertook this work in stages. First, we studied a
existing ODE model of cardiovascular hemodynamic
[2, 3] in order to develop abstractions of the physio
logical and mathematical knowledge needed to de
scribe this and similar models using entities and rela
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tions in an ontology. Next, we built an ontology to
describe these entities and relations, and we sub
quently created instances using the ontology to rep
sent a particular physiological model.  Finally, we a
sessed the potential benefits of our approach. 

B.1. Model of Cardiovascular Hemodynamics 

In order to create an ontology of cardiovascular phys
ology models, we examined an existing mathematic
model of cardiovascular hemodynamics [3] with th
goal of abstracting its content.  In that model, the car-
diovascular system is represented as a circulatory lo 
of connected components (anatomic entities), some
which represent a four-chambered heart, a system
circulation, and a pulmonary circulation (Figure 1
The model consists of (1) a schematic diagram repre-
senting the structural relationships in the model, a
(2) a set of mathematical equations representing the 
quantitative behavior in the model and that are used
generate a time-varying simulation.  In the schema 
diagram representation of the model, there are anat-
omic entities, connections between the components
and physiological attributes related to the hemody-
namics of the components and their connections, su
as resistance, capacitance, and inductance (Figure
In the mathematical representation of the model, thee 
is a list of ordinary differential equations that expres 
the quantitative relationships among the physiologic
variables and parameters (155 variables and param
ters, 83 equations, and 21 initial conditions).   

There were two types of equations in the model: tho
that occur throughout the model in the same canoni
form (“canonical equations”), and specialized equ
tions that occur only once in the model and usua
substitute for a canonical equation to describe uniq
behavior in a specific portion of the model (“custom
equations”).  There were five types of canonical equ

Figure 1.  Representation of a closed-loop circulatory 
model.  The representation is a graphical schematic dia-
gram, consisting of anatomic components, such as Pulmo
nary Vein (PV) and Left Atrium (LA) that are linked by 
connections that have properties such as resistance, ca-
pacitance, and inductance (modified after [2]). 
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tions, each describing particular physiological attrib-
utes:  the dependence of flow on volume, on resistan
on capacitance, and/or on inductance, as well as flo
conservation (sum of flows entering a junction equa
the sum of flows leaving junction).  Thus, particula
combinations of physiological attributes determine th
mathematical equations appropriate to express tho
attributes. 

Accordingly, we determined that the key knowledge 
representation elements needed for our ontology in-
cluded anatomic entities, connections between anat-
omic entities, and physiological attributes.  In addi-
tion, there was domain knowledge relating the physio-
logical attributes that describe connected anatomi
entities to the mathematical equations used to express 
the quantitative representation of that portion of th
model.  In addition to representing the details of th
physiological model, w explored the opportunity to us
our knowledge representation to relate a graphic
schematic diagram view of the model to the math
matical equations that express it in quantitative terms

B.2. Ontology of physiological models 

From the knowledge requirements described in Secti
B.1, we created an ontology containing two type
knowledge needed for models of cardiovascular hem
dynamics: (1) representation of the elements used 
create schematic physiological models, and (2) explic
description of the types of equations in the model.  W
used the Protégé ontology development sui
(http://protege.stanford.edu) to build the ontology.  T
represent schematic physiological models, the onto
ogy contains classes for nodes, arcs, and physiologil 
attributes (Figure 2).  Nodes correspond to anatom
entities in the model; arcs represent connections among 
the anatomic entities; and attributes are physiologic
parameters that are associated with individual ana
omic entities (such as pressure) or the connections e-
tween pairs of anatomic entities (such as flow and r
sistance attributes).  

The anatomic entities are drawn from those in th
Foundational Model of Anatomy (FMA) [4] in order to
enable interoperability among models that use com
mon terminology.  The FMA is an ontology containing
the concepts and relationships that pertain to the stru-
tural organization of the human body.  The FMA con
tains rich anatomic knowledge, relating anatomic en
ties to other entities via relations such as connectivity 
and adjacency that could be used in checking the str
ture of physiological models for consistency.   

Our ontology of physiological models also contain
knowledge about the types of equations in cardiova
cular models.  The types of equations used in the
models depend on the physiological attributes; thu
the physiological attribute classes contain knowledg
roceedings Page - 665
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about the mathematical equations used to express thos
attributes in the model.  There are two types of physio-
logical attribute classes, canonical and custom (Figure
3).  Canonical attribute classes contain the information 
necessary to generate the canonical form of the equa
tion appropriate to the attribute, including the value 
and units for that attribute.  For example, the canonica 
resistance attribute class would be used to generate th
standard form of the equation for resistance, the Ohm’s 
Law equation (P = FR), providing the value and units 
for that particular equation.  Custom attribute classes
contain strings representing the particular specialized
equations needed for the model and that would not be
generated using the canonical form of the equation.   

B.3. Using the ontology to build graphical models and 
generate equations 

While the ontology describes the components of the
graphical and mathematical aspects of cardiovascula
models generically, it does not contain any instance
data—the ontology does not specify the details of a
particular cardiovascular model.  To create a new on-
tology-based model, instances of the appropriate on
tology classes are created and given the necessary da 
values.  Specifically, instances of the Node or Arc 
classes are created to represent the anatomical entities 
and their connections in the cardiovascular model
(Figure 2).  In addition, instances of the physiological 
attribute classes can be associated with anatomic ent
ties and arcs, to describe the mathematical properties 

Figure 2.  Ontology of cardiovascular physiology models.  
The ontology classes are shown on the left, and instances 
are shown on the right.  The ontology contains classes de-
scribing components of physiology models, including anat-
omic entities (nodes), connections among those entities 
(arcs), and physiological attributes on nodes and arcs.  The
ontology also describes the types of mathematical equation
needed to describe these attributes quantitatively.  The ana
tomical entity for distal aorta (lower right) has a reference 
to the corresponding entity in the FMA, and internal name, 
identifier, and a pressure attribute.   
AMIA 2006 Symposium P
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of those elements.  Instances of physiological attributes 
are associated with arcs using attributed relation
(Figure 2).  The type of physiological attribute a user
chooses for a connection (canonical or custom) de
pends on whether one wants to specify a specialize
form of the equation governing that attribute (custom
attribute), or whether the canonical form of the equa
tion is appropriate (canonical attribute). 

In order to visualize the cardiovascular model as a se
of linked instances, we use the Protégé Diagram Wid
get [5], which provides a graphical paradigm for creat-
ing, linking, and visualizing instances created using an
ontology.  We created different glyphs to represent the
different types of components in cardiovascular hemo
dynamic models to clarify the distinction among dif-
ferent types of anatomic structures (Figure 4). 

The information in the ontology-based model can be
used to generate a listing of the equations needed 
produce a time-varying simulation of that model.  We
created a script that iterates through instances of th 
physiological attribute classes, evaluating the node
and arcs related to those attributes as well as the type 
of attribute (canonical or custom) to generate an equa
tion file that can be processed by a separate simulatio
program.  The detailed information needed to creat
the equations resides in the ontology instances; there-
fore, the ontology model can be altered and extende
without needing to update the application code which

 

Figure 3.  Representing physiological attributes and equa-
tions in the ontology.  Equations are represented in terms 
of physiological attributes, that latter determining the type 
of general equations (canonical attributes) or hand-crafted 
custom equations (custom attributes). A custom resistance 
attribute (upper right) is associated with the connection 
between systemic arteries and arterioles (arc sa_sad), 
specified by the custom equations shown.  A canonical at-
tribute (lower right) is associated with the connection be-
tween proximal aorta and cerebral arteries (arc aop_crb).  
This resistance has a value of 1.25 mmHg-sec/ml, and it 
will be used to create the equations related to the resistance
on this connection:  Faop_crb = (Paop - Pcrb)/Raop_crb 
and Raop_crb = 1.25 mmHg-sec/ml. 
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creates the mathematical equations from those in-
stances. 

To assess the potential benefits of our approach, we
interviewed the creator of the original equation-only 
model and qualitatively compared the development 
process with that entailed using our methodology. 

C. Results 
We used our ontology to build a representation of the 
cardiovascular model shown in Figure 1 by creating 
ontology instances for the anatomic entities in that 
model, specifying their connections, and adding 
physiological attributes to those connections.  Anat-
omic entities were represented in the physiological 
model as nodes.  For example, the Distal Aorta is repre-
sented as an instance of CardiovascularNode (Figure 2).  
Connections between the entities to create physiologi-
cal continuities were represented by creating instances
of the Arc class; for example, the connection between 
proximal aorta (aop) and cerebral arteries (crb) was 
established by creating arc aop_crb, and that between 
the systemic arteries (sa) and arterioles (sad) by creat-
ing arc sa_sad.  Nodes (anatomic entities) and arcs 
(connections) were assigned the necessary physiologi-
cal attributes (resistance, capacitance, etc) as required 
by the model in Figure 1.   

Figure 4.  Ontology-based representation of model of car-
diovascular hemodynamics.  A portion of the complete 
model (upper right) is shown.  This model, based on that in 
Figure 1, is represented as a set of linked instances using 
the Protégé Diagram Widget.  The nodes and arcs shown to
the user are Protégé instances in the knowledge base.  The 
user can interact with the diagram, adding new anatomic 
entities, change connections and physiological attributes 
while simultaneously altering the underlying mathematical 
model.  Physiological attributes are attributed relations on 
the arcs and can be changed by double-clicking on the arcs. 
AMIA 2006 Symposium Pr
The Protégé Diagram Widget and our ontology e
abled us to produce a graphical schematic version
the model similar to that shown in Figure 1 (Figure 4
At the same time, this schematic representation 
corded the necessary information required to create
output file of the mathematical equations correspon
ing to the graphical representation.  Our ontolog
based model introduced a few additional distinction
among the components of the circulatory system th
differed from the original model, such as valves an
the structure of the coronary and cerebral circulation; 
however, except for these differences, the equatio
among the two models and the simulation results we
similar. 

While comparing the equations produced by our onto
ogy-based method and those in the original model, 
discovered a few discrepancies which subsequen
proved to constitute errors in the original model.  W
also identified two cases where a physiological attri-
ute was missing from the original model.  The creat
of the original model told us that such errors, whil
rare, do arise in complex models and that a graphic
based approach such as ours improve the model de
opment process.  In addition, the schematic view of t
ontology-based model enabled users to interroga
focused pieces of the model and to examine a limit
subset of the model equations. Thus, the mathema
could be localized regionally within the model, assis
ing with comprehension and debugging. 

D. Discussion 
Complex physiological models generally contain man
mathematical equations as well as a graphical sc
matic representation of the model.  The schematic d-
gram is useful to help users visualize and comprehe
the model; however, the schematic representation u
ally serves only to document the structure of the mod 
(Figure 1).  Such graphical representations are usua
disconnected from the mathematical equations th
provide the quantitative description of the model; if th 
diagram is changed, the equations need to be update

The task of amassing and maintaining the mathema
cal equations necessary to the schematic form of mo
els is a time-intensive and error-prone effort.  Potential 
errors become more likely as models become large a
complex.  In addition, extending or changing an exis
ing model is challenging because alterations in t
graphical representation do not automatically transla 
into changes in the mathematical equations.   

We represented the information content of a model 
cardiovascular hemodynamics in an ontology, provi
ing a structured and explicit framework, enabling s
multaneous graphical and mathematical representat
of the model.  Our implementation in Protégé allow
users to create and edit their models in a graphi
oceedings Page - 667
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l 
paradigm, to describe the physiological attributes, a
to automatically create the mathematical equatio
needed to simulate and analyze the model.  Our 
proach permits unification of graphical symbolic rep
resentations of physiological models with their math
matical formulation.   

Previous work has focused on creating graphical la
guages for describing biomedical systems [6].  Sta
dard languages for exchanging simulation models ha
also been created, such as SBML [7].  However, n
ther of these approaches directly addresses the nee 
connect the graphical schematic representation to e 
mathematical formulation of models.  Graphical met
ods have been developed to create kinetic models 
though in such systems there is no declarative rep
sentation of the connection between the graphical a
quantitative models.  There has also been work in 
ing object-oriented approaches for modeling biologic
systems; however, we believe the ontological approa
is advantageous because ontologies are separate 
the implementing software, and they can be brows
by developers and processed by machines.  Ontolog
are also extensible, enabling interoperability and reu 
of information in other ontologies.  In fact, our ontol-
ogy used anatomic knowledge of organ identity co
tained in the FMA (Figure 2). 

Although we have not performed a formal evaluatio
we believe our approach has several potential adv
tages.  The ontology can help manage the complex
of physiological models because it localizes the info
mation as instances of particular classes.  In our onl-
ogy, we could readily identify portions of the mode
where custom equations were employed, indicati
components of the model where there were differe
mathematical representations.  Recognizing and re
ing particular equations to the corresponding portion
the schematic representation of the model would 
difficult without the ontological representation.   

Another advantage is that explicit knowledge represe
tation in the ontology makes it possible to detect i-
consistencies in models.  We identified missin
physiological attributes and a few errors in equatio
in the original physiological model by browsing th
ontological representation of the model.  Our ontolo 
can link to other ontologies, which could provid
knowledge to perform additional validations, such 
checking that anatomic entities connected in the mo
are known to have continuity relations in the FMA
We also believe our approach is extensible and co
be applied in representing other types of biomedic
models. 

There are limitations to our approach.  We assume t 
the knowledge necessary to generate all equations 
be localized to the arcs and nodes in the model, but
AMIA 2006 Symposium P
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some models there could be equations needed to 
scribe groups of nodes and arcs or other types of co
ponents.  We believe the ontology could be extend
to handle such cases.  Another limitation is that w
have not yet developed a debugging facility to ensu
that valid combinations of attributes or values are us
in the ontology.  Debugging knowledge could be add
to the ontology in the future.  

Our ultimate goal is to expand our ontology-based sy
tem to permit researchers to build many different typ 
of biomedical models, giving developers a graphic
environment in which to develop and modify thei
models while dynamically creating and executing th
corresponding quantitative simulation equations.  Th
methodology may provide a more robust approach 
represent, maintain, and extend large multi-scale sim
lation models. 
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