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SIMULATION OF PHYSIOLOGICAL processes is a powerful tool to
help students integrate and apply the knowledge they gained
during traditional forms of teaching (e.g., lectures, textbooks).
Several physiology simulation packages are commercially
available or custom made and are usually tailored to specific
processes or systems. Typical commercial examples are, e.g.,
SimHeart, SimVessel, SimNerv, SimMuscle, SimNeuron (2),
SimBioSys Physiology Laboratories (3); noncommercial examples include ECGSIM (11) and CircAdapt (8). They are
typically student proof, which makes them very suitable as a
teaching tool. Many of the software packages available require
software to be installed locally and administration-intense
planning to deploy and use them in university computer
classes. Because locally installed software requires specific
operating systems and is usually licensed, installation on the
devices of students is not always an option. The constraint of
most packages is that it holds only one or a limited number of
simulated model systems. The model itself, or the parameters
that can be modulated by students, is generally not under
control of the teacher.
From the research field of physiology, a large source of more
than 600 of highly relevant, but complex models from various
disciplines, encoded in the CellML format (6) is freely available (7). CellML is an open standard based on the XML
markup language and was developed by the Auckland Bioengineering Institute at the University of Auckland (1). The
flexibility of these models and tools is extremely useful for
researchers, but a serious drawback for use in a teaching
context. The models are usually complex, and it is difficult for
students to understand all the different parameters of a model
and know to what extent a specific parameter can be altered
without destabilizing the model. Furthermore, with the available software tools, they are not easy to set up and deploy for
teaching purposes.
We, therefore, aimed to combine the best of both the
teaching and research simulation worlds and have created a
web-based, versatile simulation platform called “eSolv.” It can
be used on any device, and allows teachers to load any CellML
model and define exactly which model parameters are available
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to the students, and whether and to what extent these can be
manipulated.
MATERIALS AND METHODS

Software development. Using the C# .NET framework, we built a
graphical user interface (GUI; called eSolv: http://www.esolv.nl/) that
interacts with Csim (5, 10) to run CellML models (both open source).
The benefit of running simulations on the server is that computationintensive models can also be accessed from handheld devices, such as
tablets.
Evaluation. eSolv was tested by several groups of students from
high school, bachelor and master’s students, and biomedical sciences
and biomedical PhD students. They all performed our “AxonLab” training, built on several eSolv laboratories and models. This included
several laboratories, i.e., action potential, action potential threshold, refractoriness and sodium current, rheobase, Na/K pump,
voltage clamp, conductivity, and m and h parameters (all based on
a modified Hodgkin and Huxley squid axon model from https://
www.cellml.org). In total, 140 students filled out a digital evaluation form about performance, usability, and perceived instructiveness of eSolv using a five-point Likert scale (1 ⫽ strongly disagree
to 5 ⫽ strongly agree). Data are presented as means ⫾ SD.
RESULTS

The user interface of eSolv is shown in Fig. 1. Model
input parameters can be altered using standard GUI elements, such as switches, sliders, radio buttons, or check or
text boxes. After defining the parameter values, the user
clicks the “Simulate” button, which runs the model and
displays the teacher’s selected parameter values as line
charts. Values in the line chart can be shown using the
mouse pointer, which can also drive an animation of a
cellular process linked to the parameters shown.
After logging in, teachers can define a “laboratory,” add a
title and contact name, and upload a model retrieved from the
CellML repository (http://models.cellml.org/cellml), or select a
previously uploaded model from the library. Subsequently,
guided by easy-to-use dialog windows, the time frame and
interval of the simulation are set, as well as the output
parameters to be displayed. Finally, the input parameters,
which can be modified by the student, are configured. Here,
the teacher must specify the range of values a given parameter can take; this is to prevent model instability. If useful,
a static picture can be included below the simulation to
provide background information or instructions to the stu-
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dent. The reset button will restore all settings to their default
values. Multiple laboratories can be aggregated on a page
with an introductory text, providing an entry point for a
specific course.
Our evaluation results showed that the performance of eSolv
was found to be good, and it scaled linearly with the number of
students. eSolv worked well on all modern browsers on both
desktop computers and tablets. Students rated eSolv GUI
elements and functions to be very clear (4.0 ⫾ 0.15), with a
high level of usability (3.9 ⫾ 0.12) and the simulations as a
whole to be very instructive (3.8 ⫾ 0.09).
DISCUSSION

We have developed a CellML-based simulation tool that
is very suitable for teaching. Its strong points are as follows.
1) It is user friendly: it is adaptable to students’ levels by
allowing the generation of both simple and complex laboratories using the same underlying CellML model. 2) Many
models are freely available. 3) The simulation platform
performs well on all modern browsers and platforms. Current functionality can be extended by including other application-specific animations.
As is true for other approaches relying on computer simulations, it is important that the teacher understand the strengths
and caveats of simulations. By building eSolv on the foundation of CellML, teachers can use published and validated

CellML models, which can also be studied in detail by the
teacher using the simulation tools developed for researchers
[e.g., Chaste (9) or OpenCOR (4)].
The eSolv simulation tool is now being integrated in the
(bio)medical curricula of the University Medical Center
Utrecht, starting with “AxonLab,” in which eSolv is used in
combination with an e-module. The e-module provides students with basic knowledge about neural electrophysiology,
serves as a practical guide for the more complex neural
simulations in eSolv, and gives students direct feedback on
their performance.
We would like to encourage our colleagues to have a look at the
demo simulations on the eSolv website (http://www.esolv.nl/),
and, if interested, request a free teacher account to explore
whether eSolv may be suitable for their physiology teaching
(http://www.esolv.nl/admin/).
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Fig. 1. User interface with relevant GUI elements of eSolv
while running a cardiac cell model.
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