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Abstract— For computer simulations of physiological experiments using physiological models, a machine-readable format of
experimental protocols is effective. Here, we propose an XMLbased language, PEPML (Physiological Experimental Protocol
Markup Language). In the PEPML, conditions and procedures
of an experimental protocol are procedurally described as a list
of events, each of which consists of a condition for execution
and an action to be executed. Since variables used in a protocol
can be speciﬁed using an ontology, the protocol can be applied
to various models without editing tasks. The PEPML allows
both application of multiple protocols to a single model and
application of a single protocol to multiple models. This feature
facilitates the efﬁcient simulation for veriﬁcations, comparisons
and utilizations of physiological models.

multiple protocols to a single model as well as the use of
one experimental protocol for different models.
Here, we propose a new generic representation format for
experimental protocols, PEPML (Physiological Experimental
Protocol Markup Language), which can describe protocols
independent of models in conjunction with an ontology.
An experimental protocol in PEPML can be applied to a
physiological model described in a representation format
such as CellML.

I. I NTRODUCTION

The protocol of a physiological experiment includes experimental conditions of the environment such as the composition of the external solution and the temperature, and experimental procedures such as the periodic electrical stimuli
and the temporary blockade of an ion channel. A specialised
format based on XML (Extensible Markup Language) to
represent experimental protocols, PEPML describes protocols separately from models. PEPML supports experimental
protocols that can be represented through operations with
model variables. A dosing condition can be expressed as
a quantitative drug effect, e.g. the blocking percentages of
the effected channels. Describable protocols include most
physiological experiments in cellular electrophysiology and
biomechanics.
An experimental protocol in a PEPML ﬁle is described
by a protocol element. Conditions and procedures of the
protocol are represented as a list of events. An event has
a condition for the execution and an action composed of
multiple instructions to be executed, and is declared with
an event element, which contains a condition element and
an action element. A condition is declared as a combination
of elements representing relational operators and Boolean
operators. An action is declared as a sequence of elements expressing assignment statements which can include
arithmetic operations and mathematical functions. Fig. 1

Modelling of physiological cell functions is of importance for the understanding of cellular mechanisms, which
in turn leads to advancement in biological research as
well as in medical and pharmaceutical technologies. Many
models of physiological cell functions are, despite being
already published, constantly being improved and extended
towards more precise and comprehensive ones. During the
development and application of such mathematical models,
computer simulations are necessary to analyze the behaviour.
A machine-readable representation of models is valuable
in making simulations straightforward. Indeed, several representation formats are developed including SBML (Systems Biology Markup Language)[1] and CellML[2]. CellML
designed by the University of Auckland is a description
format for mathematical models. In CellML, mathematical
expressions of a model are described in separate components.
Many models described in CellML were released on the
CellML site (www.cellml.org).
Each simulation experiment with a physiological model
is performed according to an experimental protocol in the
same way as each wet experiment. For model validations and
predictions using models, different experimental protocols
need to be simulated with a single model. Furthermore, for
a selection of various physiological models such as myocyte
models in model applications, the same experimental protocol needs to be used for each model to compare them. A
machine-readable description of experimental protocols as
well as models would advance the efﬁcient application of
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Main structure of PEPML

TABLE I

<event id="tyrode">
<condition>
<always />
</condition>
<action>
<set value>
<variable ref="cmo:ID [Na]o " />
<literal value="140" units="mM" />
</set value>
<set value>
<variable ref="cmo:ID [K]o " />
<literal value="5.4" units="mM" />
</set value>
<set value>
<variable ref="cmo:ID [Ca]o " />
<literal value="2.0" units="mM" />
</set value>
</action>
</event>

O PERATOR ELEMENTS OF PEPML
Relational operators
eq, gt, lt, ge, le
Boolean operators
and, or, not
Arithmetic operators
add, sub, mul, div, mod
Assignment operators
set value, add value, sub value, mul value, div value
<?xml version="1.0"?>
<protocol>
<event id="event1">
<condition>
<and>
<ge><time /><literal value="10.0" /></ge>
<eq><variable ref="x" /><variable ref="m" /></eq>
</and>
</condition>
<action>
<set value>
<variable ref="y" />
<add>
<literal value="1.0" />
<sin><time /></sin>
</add>
</set value>
<mul value>
<variable ref="z" />
<literal value="4.0" />
</mul value>
</action>
</event>
</protocol>

Fig. 2.

Fig. 3.

<event id="default">
<condition>
<always />
</condition>
<action>
<set value>
<variable ref="cmo:ID stim current" />
<literal value="0.0" />
</set value>
</action>
</event>
<event id="periodic stimuli">
<condition>
<and>
<ge>
<mod>
<time /><literal value="400.0" units="ms" />
</mod>
<literal value="50.0" units="ms" />
</ge>
<lt>
<mod>
<time /><literal value="400.0" units="ms" />
</mod>
<literal value="52.0" units="ms" />
</lt>
</and>
</condition>
<action>
<set value>
<variable ref="cmo:ID stim current" />
<variable ref="cmo:ID stim amplitude" />
</set value>
</action>
</event>

A PEPML document

illustrates the main structure of PEPML as a UML (Uniﬁed
Modelling Language) class diagram. Table I shows a list of
operator elements supported by PEPML. In the condition and
the action, operands of operators and functions are indicated
with variable and literal elements. To demonstrate a PEPML
document, a pseudo experimental protocol is shown in Fig.
2. During the execution of a protocol, if the conditions of
multiple events are met at the same time, the actions of all
events are processed in the order of description.
A variable element is referred to a variable in the target
model by using the ref attribute. There can be done in two
formats for the value of the ref attribute. One way is to
specify a variable of a particular model directly:
<variable ref="compA.var1" />
A variable in a CellML ﬁle can be referred by a concatenation of the component name and the variable name with a
single dot. The other way allows an independent reference
to variables from model instances. In this case, the value of
the ref attributes is an identiﬁer of an ontology:
<variable ref="cmo:1234" />
To use this format, the target CellML ﬁles need to be
associated with an ontology. Previously, we have developed
a Cell Model Ontology[3] on components of physiological
models, which is suitable for this application. To connect
CellML ﬁles with the Cell Model Ontology, identiﬁers of
the ontology instances are assigned to variables of CellML:
<component name="compA" ...>

An experimental condition of external solution

Fig. 4.

An experimental procedure for periodic stimuli

<variable name="var1"
cmo:id="1234" .../>
In addition, we also reported an estimation method to identify
components and variables of CellML ﬁles with the Cell
Model Ontology[3]. PEPML ﬁles which only use the ontology style for references can be applied broadly to different
physiological models.
Fig. 3 shows an event which represents the experimental
condition of external solution. In this event, three variables
for external ion concentrations are always set to respective
values throughout the experiment, i.e. these variables are
kept constant. Fig. 4 demonstrates events of an experimental
procedure for periodic stimuli to a cell. The ﬁrst event sets
the default value of the stimulation current to zero. Then, if
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the condition of the second event is met, i.e. periodically, the
stimulation current is set to a speciﬁed value.
B. Simulation of Experimental Protocols
A computational physiological model is generally formulated as a set of temporal ordinary differential equations
or temporal differential algebraic equations. In numerical
simulation, a physiological model deﬁnes a target system
of equations, and an experimental protocol is used as a
boundary condition for these equations. To demonstrate how
PEPML ﬁles can be processed in simulations, a simulator
is implemented as a reference software, which performs
a physiological experiment by applying an experimental
protocol in PEPML to a cell model in CellML.
The software executes simulations using the following
steps. First, equations in a target CellML ﬁle are converted to
program code. Next, the calculation procedure of equations
is determined by analyzing dependencies between equations,
using an experimental protocol in a PEPML ﬁle as the
boundary condition. Then, differential equations are explicitly solved in a stepwise fashion while sequentially checking
and executing events of the protocol in each step.
III. E XPERIMENTS
Simulation experiments were performed using PEPML
and the implemented simulator. In these experiments, public
CellML ﬁles are used with minor corrections and modiﬁcations, i.e. initial values of the variables are changed to
the original values of the models and interleaved stimulation
protocols are removed.
Fig. 5 shows the results for the experiments using the
human ventricular cell model by tenTusscher et al[4], to
reproduce the simulation experiments in their publication. An
action potential and a calcium transient are shown in Fig. 5A.

In these simulations, constant external ion concentrations,
5.4 mM [K+ ]o , 2 mM [Ca2+ ]o , and 140 mM [Na+ ]o were
employed for the “experimental conditions” and 1 Hz pacing
for the “experimental procedure”. Fig. 5B shows the changes
in the intracellular calcium and sodium levels when the
pacing frequency is changed from 0.25 to 0.5Hz and then
in 0.5Hz steps from 0.5 to 3Hz with maintaining each
frequency for 10 minutes. By applying these two PEPML
ﬁles containing different protocols to the same CellML ﬁle,
both experiments could successfully be reproduced almost
matching the published[4].
Fig. 6 shows a comparison of action potentials of two
guinea-pig ventricular cell models, the LRd model[5] and the
Noble model[6] under a high extracellular potassium concentration, 8.1 mM [K+ ]o and 1Hz pacing. These experiments
were performed by applying the same PEPML ﬁle to these
different CellML ﬁles. An increase of the [K+ ]o from 5.4
to 8.1 mM results in APD90 shortening by about 11% and
30% for the LRd model and the Noble model respectively.
As reported by Wan et al.[7], the percentage of APD90
shortening for sub-endocardial, mid-myocardial and subepicardial myocytes are 13%, 17% and 28%, respectively.
The results for the LRd model and Noble model is similar
to sub-endocardial and sub-epicardial cells.
IV. D ISCUSSION
The generic representation of experimental protocols is an
effective method for computer simulation of physiological
models. Machine-readable descriptions of protocols make
experiments efﬁciently reproducible. In addition, separate
declarations of protocols from models allow application of
different protocols to each model, and a generic deﬁnition of
a protocol facilitates the simulation of multiple models with
the same protocol.
The proposed PEPML allows appropriate representations
of generic experimental protocols. In fact, CellML, which is
a representation format for physiological models, can be used
to describe experimental protocols through declaration of
mathematical expressions, ¡and allows separated descriptions
of protocols from models by using the ‘import’ feature.
However, an experimental protocol is procedures considered
by experimentalists. In addition, it is difﬁcult for some
protocols to convert them into mathematical descriptions,
e.g. doubling of a current value of a variable at a certain
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time. Therefore, a procedural expression, which PEPML
is based on, is more appropriate than a declarative one.
Furthermore, difﬁcult editing tasks are required to make
connections between variables of a protocol CellML ﬁle
and those of a model, which is an unavoidable step if an
experimental protocol written in CellML is applied to a
CellML model. In contrast, PEPML allows applications of
protocols without any editing tasks by employing ontology.
Since the representation of models and that of experimental
protocols have different characteristics, descriptions using
specialised formats for respective representations are efﬁcient
and intuitive for developers and users of models.
As shown here, each simulation can be executed by just
describing the protocol in PEPML and applying it to the
target CellML ﬁle. This fact proves that an independent description of experimental protocols by using PEPML makes
simulations for model validation and comparison easier.
Furthermore, a set of PEPML ﬁles can be a test case for
different models. These features of PEPML facilitate model
developments, curations and applications.
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V. C ONCLUSION
This paper reports PEPML, a generic representation format for physiological experimental protocols. PEPML is
intuitive in the description of protocols because of its procedural format. A protocol can be described independently of
physiological models by using our proposed ontology, Cell
Model Ontology[3]. PEPML allows an efﬁcient simulation
of various experimental protocols with different physiological models. Although applications for models described in
CellML are mainly discussed in this paper, PEPML could
be applied to other formats including SBML. As discussed
in MIRIAM[8], reproducibility of published models is fairly
important. Distribution of models with experimental protocols in PEPML ﬁles can simplify reproduction of models.
Furthermore, since a set of PEPML ﬁles can serve as a
test case for models, PEPML will facilitate validation and
veriﬁcation of models.
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