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Abstract

The reproducibility of computational biology models can be greatly facilitated by widely
adopted standards and public repositories. We examined 50 models from the BioModels
Database and attempted to validate the original curation and correct some of them if
necessary. For each model, we reproduced these published results using Tellurium. Once
reproduced we manually created a new set of files, with the model information stored by
the Systems Biology Markup Language (SBML), and simulation instructions stored by
the Simulation Experiment Description Markup Language (SED-ML), and everything
included in an Open Modeling EXchange (OMEX) file, which could be used with a
variety of simulators to reproduce the same results. On the one hand, the validation
procedure of 50 models developed a manual workflow that we would use to build an
automatic platform to help users more easily curate and verify models in the future. On
the other hand, these exercises allowed us to find the limitations and possible
enhancement of the current curation and tooling to verify and curate models.

Author summary

Public repositories with models deposited using standard formats are an important
activity in computational systems biology, which allows scientists to easily find, access,
and reuse them to rerun simulations or derive new ones using compatible software or
tools. Common standards and public repositories can facilitate the reuse and
regeneration of computational biology models beyond the software originally used to
perform the simulations. As an exercise to validate and correct the current curation, we
examined a selection of models in the BioModels Database. For each model, we
reproduced some published results in the corresponding papers by a certain software.
Once reproduced we manually created a standard file package using the model and its
simulation information stored in the standard formats. These exercises not only allowed
us to develop a workflow that we would use to develop an automatic online platform to
help users more easily curate models for existing or future databases and repositories
but also allowed us to find the limitations and possible enhancement of the current
curation and tooling to verify and curate models.

Introduction

Because discoveries are almost always dependent on previous results, methodologies,
and theories, reproducibility has become a fundamental part of the scientific process |1].
Therefore, the deposition of models in public repositories using standard formats like
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the Systems Biology Markup Language (SBML) [2] or CellML [3] has been an
important activity in computational systems biology. The repositories allow scientists to
easily find and access models, use them to run simulations, and derive new models and
simulations using compatible software applications. During the last couple of decades,
many classic models have been added to model repositories. Public standards and
repositories can facilitate the reuse and regeneration of computational biology models
that will outlive the original used specific software [4].

The BioModels Database (https://www.ebi.ac.uk/biomodels/) [5/6] is one of the
largest public open-source databases for quantitative biological models, where the
models are manually curated and enriched. However, there are some limitations of the
current curation efforts for the BioModels Database. For instance, some curated plots
are not the same as those found in the published papers, and the description of how the
plots were created is usually limited to a text file listing the simulation software used.
Storing this information using the Simulation Experiment Description Markup
Language (SED-ML) [7] has the potential to encode these experiments and to be
extended to cover more results from the paper. SED-ML files are present in about a
third of the BioModels Database (373 of 1058 entries), but have not been validated nor
verified against multiple simulators.

To validate and correct the curated models, we examined 50 models in the
BioModels Database, and successfully reproduced published results using
Tellurium [8,9]. Once reproduced we updated the existing SED-ML file or created a
new SED-ML file from scratch which repeated this experiment, and stored this with the
original Systems Biology Markup Language (SBML) model in an Open Modeling
EXchange (OMEX) [10] file.

The successful reproduction of the 50 models suggested a certain manual workflow to
generate OMEX files. During the reproducing process, some curated results were
corrected and extended. Therefore, the procedure identified issues in reproducing
models from the perspective of tooling and papers. We found some limitations in the
tooling and papers to achieve reproducibility and suggested some possible enhancements
for curation and tooling in the future.

Materials and Methods

To demonstrate how to validate, correct, and extend the current curation of BioModels
entries, we examined a selection of models to develop a manual workflow to generate
OMEX files. Here, we present a systematic analysis of model reproducibility by
attempting to independently reproduce published modeling results. In total, we
investigated 50 models selected from the BioModels Database. These 50 models looked
promising and seemed easy to fix and extend. For each model, we reproduced the
published results using Tellurium version 2.2.5.2 that uses RoadRunner version

2.3.1 [11L{12]. Omnce reproduced, we manually created a standard OMEX file using
SBML and SED-ML following the manual workflow steps as below.

Read and modify the SBML file

To reproduce figures other than the one initially curated, values in the model itself can
often be changed. This can be accomplished manually using tools such as Antimony [13]
and libSBML [14]. We can also modify SBML files manually and directly.

For example, the curation for BIOMD0000000720 [15]
(https://www.ebi.ac.uk/biomodels/BIOMD0O000000720#Curation) only provides the
reproduced figure Fig 7a. We were able to extend this to reproduce Figures 6, 7, and 9
by adjusting the appropriate parameters and initial values, as listed in Table[l] In Fig
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we have shown the successfully reproduced Fig 7a and extended Fig 7b and Fig 9 as
representations.

Table 1. The 50 reproduced models from BioModels Database.

BioModel 1D Paper | Figure Improvement | BioModel ID Paper | Figure Improvement
BIOMDO0000000003 | [16] Fig 3 validated BIOMDO0000000850 | [17] Fig 3-1, 3-2 | extended
BIOMDO0000000005 18 Fig 3a validated BIOMDO0000000877 19 Fig 1, 2 extended
BIOMDO0000000010 20 Fig 2A corrected BIOMDO0000000894 21 Fig 3a validated
BIOMDO0000000079 22 Fig 3, 4, 6 | extended BIOMDO0000000909 23 Fig 10 extended
BIOMDO0000000548 24 Fig 3 validated BIOMDO0000000911 25 Fig 1 validated
BIOMDO0000000552 | [26] Fig 1 validated BIOMDO0000000916 | [27] Fig 2, 3 corrected
BIOMDO0000000555 [28] Fig 1 validated BIOMDO0000000930 [29] Fig 1 extended
BIOMDO0000000618 [30] Fig 4 validated BIOMDO0000000932 131] Fig 4 validated
BIOMDO0000000642 [32] Fig 1 validated BIOMDO0000000933 [33] Fig 3 validated
BIOMDO0000000667 | [34] Fig 2 validated BIOMDO0000000939 | [35] Fig 2-7 extended
BIOMDO0000000671 [36] Fig 3 validated BIOMDO0000000947 [37] Fig 6 validated
BIOMDO0000000704 | [3§] Fig 8,9 extended BIOMDO0000000948 | [39] Fig 3 validated
BIOMDO0000000712 | [40] | Fig2 extended BIOMDO0000000949 | [41] | Fig2 validated
BIOMDO0000000720 | |15] Fig 6, 7,9 | extended BIOMDO0000000953 | [42] Fig 7B extended
BIOMDO0000000745 | [43] | Fig 6 up extended BIOMDO0000000964 | [44] | Fig 2 corrected
BIOMDO0000000757 | [45] Fig 1 validated BIOMDO0000000967 | [46] Fig 2 validated
BIOMDO0000000780 | [47] Fig 6 validated BIOMDO0000000970 | [4§] Fig 2 corrected
BIOMDO0000000781 | [47] Fig 4 validated BIOMDO0000000984 | [49] Fig 3 validated
BIOMDO0000000782 47 Fig 1-3 validated BIOMDO0000000986 50 Fig 2 validated
BIOMDO0000000785 51 Fig 3b validated BIOMDO0000001004 52 Fig 3 validated
BIOMDO0000000793 53 Fig 2, 3 validated BIOMDO0000001006 54 Fig 2 corrected
BIOMDO0000000795 53 Fig 4 validated BIOMDO0000001023 55 Fig 5 validated
BIOMDO0000000799 56 Fig 8-10 extended BIOMDO0000001026 57 Fig 7 extended
BIOMDO0000000815 58 Fig 5-7 extended BIOMDO0000001037 59 Fig 10 validated
BIOMDO0000000839 | [60] Fig 2, 3 corrected BIOMDO0000001038 | [59] Fig 11 validated

The BioModel 1D, Paper, Figure, and Improvement columns are for the model IDs in the BioModels Database, the published
journal articles where the models were originally from, the reproduced figure indices in the paper correspondingly, and our
contribution to improve the original curation. “Validated” means that the original curated figure is correct, and we
successfully reproduced the curated result and did not reproduce additional results from the original article. “Corrected”
means that the original curated figure is incorrect, but we successfully corrected the results to be the same as in the original
article. “Extended” means that the original curated figure is correct, but we reproduced more results beyond the original
curation.

Read and modify the SED-ML file

SED-ML is a representation format based on XML for the encoding and exchange of
simulation descriptions on computational models of biological systems. It stores all the
simulation information of a certain biology model. We first read the simulation
information of the model from the SED-ML file. The model simulation information
includes but is not limited to the model to simulate, time courses, and output formats.
Some curation might not be correct, then we needed to correct the curation by
adjusting the SED-ML files. We used phraSED-ML [61] and libSEDML [62] to achieve
the modification.

For example, the curation of Figure 3 for BIOMDO0000000916
(https://www.ebi.ac.uk/biomodels/BIOMDO000000916#Curation) is incorrect, with
saturation around 0.8 instead of 1. We noticed that the original curation only
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Fig 1. The reproduced results based on BIOMDO0000000720.
BIOMDO0000000720 describes the dynamical behaviors of Rb-E2F pathway including
negative feedback loops involving miR449. (A) is the original curation from the
BioModels Database which is comparable with Fig 7a in the original paper except
line styles. (C), (E), and (G) are the original results published in the paper as Fig 7b
and Fig 9. The figures illustrate the time courses of [E2F], [CycE-Cdk2] and [MiR449]
with different values of kgnig and S. (B), (D), (F), and (H) indicated the comparable
results reproduced by Tellurium.

considered the contribution from X5 to make the saturation value smaller than in the
paper. Therefore, we adjusted the contribution from both X5 and X3, and successfully
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corrected the original curation of Fig 3. In Fig[2] we have shown the corrected figure
(Fig[2B) compared with the figure in the paper (Fig[2]A) and the original curation
(Fig [2C). It is also listed in Table

Figure 3

— X2+ X3

0.8

0.2

Fig.3

mmol/ml

0 05 1 15 2 25 El
s

[The cumulative FOD excreted in the urine (x2)][Time.

Fig 2. The reproduced results based on BIOMDO00000000916.
BIOMDO0000000916 describes a hypothetic model about the kinetics of control
metabolism and excretion. (A) is the original results published in the paper [27] as Fig
3. The figures illustrate the total excretion of the [*H]|F metabolites from the body as
the time goes. (B) indicated the comparable results reproduced by Tellurium. (C) is the
original curation from the BioModels Database which is not the same as in the
corresponding paper.

Here, our workflow just assumed that there were SED-ML files that existed and
might need modifications. However, some models in BioModels do not provide SED-ML
files but only provide SBML model files. Of the 50 models we selected for curation, nine
had no existing SED-ML. For five of these models, a COPASI save file was present
which allowed COPASI to export a new SED-ML file. For four of them, we created new
SED-ML files from scratch.

Generate figures by libSEDML and create OMEX files

The final steps were to generate comparable plots by Tellurium as the plots shown in
the original articles. To make the visualizations vivid, article authors usually use
different colors and line styles to represent their results. libSEDML can modify and
store the styles of the plots in the SED-ML files.

For example, Fig 3 in the curation for BIOMD0000000003
(https://www.ebi.ac.uk/biomodels/BIOMDO000000003#Curation) had different line
styles from the original published article. Then, we adjusted the line style of cyclin
protease (X) to dashed lines from solid line style and added some colors to distinguish
cde2 kinase (M) and cyclin concentration (C). In Fig 3] we have shown our reproduced
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figure with dashed lines (Fig ) compared with the figure in the paper (Fig[3|A) and
the original curation (Fig ) without dashed lines. It is also listed in Table
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Fig 3. The reproduced results based on BIOMDO0000000003.
BIOMDO0000000003 describes a minimal cascade model for the mitotic oscillator
involving cyclin and cdc2 kinase. (A) is the original result published in the paper [16] as
Fig 3. The figure shows how the fraction of active cdc2 kinase (M), cyclin protease (X),
and cyclin concentration (C) go with time in minutes. (B) indicated the comparable
result reproduced by Tellurium. (C) is the original curation from the BioModels
Database with comparable results except line styles.

cyclin

Once we had all the information of the model and the simulation information with
its output styles stored in SBML and SED-ML files, we manually created the OMEX
files in the end.

The three steps mentioned above allowed us to achieve a manual workflow to
generate OMEX files programming by Tellurium in Python. There are two sample
scripts about the generation of OMEX files available on GitHub (https:
//github.com/sys-bio/Developing-a-workflow-for-creating-OMEX-files)
under the folder of script_examples. The generation process of BIOMD0000000010
was based on the phraSED-ML string, while the generation process of
BIOMDO0000000003 was based on the SED-ML file.

Results

Successful reproduction with the workflow

We successfully validated, corrected, and extended 50 models in the BioModels
Database following the workflow stated in the section Materials and Methods. Table
indicates all the reproduced models and their corresponding papers and figures. Among
all the 50 models, we validated 30 models, corrected six models, and extended 14
models. “Validated” means that the original curated figure is correct, and we
successfully reproduced the curated result and did not reproduce additional results from
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the original article. “Corrected” means that the original curated figure is incorrect, but
we successfully corrected the results to be the same as in the original article. “Extended”
means that the original curated figure is correct, but we reproduced more results beyond
the original curation. The “Corrected” also included the cases with both correction and
extension. We also adjusted the line colors and styles according to the original papers,
which were not indicated in Table [I Among the 50 reproduced models, we adjusted
eight models with their line colors and styles to be comparable with the original articles.
Here we selected some interesting models as representations to illustrate the current
curated BioModels status corresponding to their original published articles.

The first example is a model of “Validated”. There is usually one plot in one paper
corresponding to a certain BioModel curation. For example, BIOMD0000001023
(https://www.ebi.ac.uk/biomodels/BIOMD0O000001023#Curation) curates the Fig 5
in the corresponding paper [55], which is correct. Here we validated the curation in
Tellurium as shown in Figd] as an example to illustrate that the manual workflow
worked.
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Fig 4. The reproduced results based on BIOMD0000001023.
BIOMDO0000001023 describes a new ODE-based model for tumor cells and immune
system competition. (A) is the original curation from the BioModels Database which is
comparable with Fig 5 in the corresponding paper [55]. The figure shows how the
concentration of normal, tumor, and immune cells go with time in days. (B) indicated
the comparable result validated by Tellurium.

The second example is a model of “Extended”. The model in a BioModels entry can
correspond to multiple reproducible plots. In many cases, some plots were reproduced
during curation, such as BIOMDO0000000939
(https://www.ebi.ac.uk/biomodels/BIOMDO000000939#Curation). In this
BioModels entry, the plots from Figures 2, 3, 4, and 6 were reproduced. However, we
were able to additionally reproduce more plots from Figures 5 and 7 by adjusting the
parameters. Fig[p] provided the validation of the curation of Fig 4 and Fig 6 in the
paper [35] and represented the extra results of Fig 5 and Fig 7 as an extension of the
curation.

In some cases, there are multiple BioModels corresponding to one single paper.
Therefore, a possible extension to the current curation regarding a certain model should
be made after a cross-check with all the BioModels regarding the same paper. As shown
in Table |1} there are three papers covering multiple BioModels. In details,
BIOMDO0000000780, BIOMDO0000000781, and BIOMDO0000000782 correspond to one
paper [47]; BIOMDO0000000793 and BIOMD0000000795 correspond to one paper [53];
and BIOMDO0000001037 and BIOMDO0000001038 correspond to one paper [59].

The third example is a model of “Corrected”. Some entries contained extra
information in their plots than were present in the published figures, making visual
comparison difficult. For example, the entry BIOMDO0000000839
(https://www.ebi.ac.uk/biomodels/BIOMD0O000000839#Curation) contains the

March 15, 2024

108

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142


https://www.ebi.ac.uk/biomodels/BIOMD0000001023#Curation
https://www.ebi.ac.uk/biomodels/BIOMD0000000939#Curation
https://www.ebi.ac.uk/biomodels/BIOMD0000000839#Curation
https://doi.org/10.1101/2024.03.15.585236
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.15.585236; this version posted March 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

A B ) Figure 4
‘ Figure 4-2 p21
-1 — p53
175
150
=08 Tias
£ B
E %100
- 5
g
8ors
050
025
- Mrwe o.
3 o & % % %
Time (h)
Figure 5
2 T T T P —
e
175
1.5 B 150
1 |
0.5 E 050
025
0 . o 5 10 5 20 25 30
1
16 24 32 Time (h)
E Time (h) F
N Figure 6
Figure 6-2 P21
—
175
|
150
] | 1 ] ] ] | ]
Tizs
= :
E £
E ' 10
g
8o
050
AV V VUV YV T AN
025
ST o
e - 7 o % % E)
Time (h)
Figure 7
p
9 T T T —
e
p53 1.75 E
15T 150
p21
Tizs
B
1 Eio0
§ors
0.5 050
02s
0 Cool ol i I
H T 5 % B £
0 8 16 24 32 Time ()
Time (h)

Fig 5. The reproduced results based on BIOMDO0000000939.
BIOMDO0000000939 describes the mathematical modeling of cell cycle regulation in
response to DNA damage. (A) and (E) are the original curation which is comparable
with Figs 4 and 6 in the paper [35] except the line styles and axis scales. (C) and (G)
are the original results published in Figs 5 and 7 in the paper. Figs (A), (C), (E), and
(G) illustrate how the concentrations of p53 and p21 go with time in hours with the
DNA damage signal (DDS) as 0.002, 0.004, 0.008, 0.016. (B), (D), (F), and (H)
indicated the comparable results reproduced by Tellurium.

entire simulation from time zero to time 250, while the paper only displays the plot
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between time points 150 to 250. There is also a time shift in the curated plot compared
with the original article. We corrected these plots as shown in Fig[6]
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Fig 6. The reproduced results based on BIOMDO0000000839.
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BIOMDO0000000839 describes the transcription-based circadian mechanism that controls
the duration of molecular clock states in response to signaling inputs. (A) and (C) are
the original results published in the paper |60] as Fig 2. The figures illustrate the
mammalian circadian clock described by a model focused on transcriptional regulation.
(B) and (D) indicate the comparable results reproduced by Tellurium. (E) is the

original curation which is not exactly the same as the original paper.

Following the validated, extended, and corrected examples in the three BioModels
BIOMDO0000001023, BIOMD0000000939, and BIOMDO0000000839, readers could also go

to GitHub (https:

//github.com/sys-bio/Developing-a-workflow-for-creating-OMEX-files) to
cross-check all our successfully reproduced models by comparing the reproduced plots
with their original results in the corresponding papers. The original curation from
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BioModels Database was stored under the folder original_curation inside each
BioModel folder, i.e., BIOMDO000000XXXX, as a comparison to illustrate our
improvement. Figures available on GitHub could also get re-generated via the OMEX
files provided on GitHub by a simple type in the Tellurium command line:
te.executeCombineArchive ("path to/BIOMDOOOOOOXXXX.omex")

The 50 successfully validated and corrected BioModels curation on GitHub
illustrated that our manual workflow described in the section Materials and Methods
worked somehow with the current curation and tooling. However, there were still some
limitations.

Non-reproduction due to tooling

The tooling we used were Tellurium, RoadRunner, 1ibSBML, 1libSEDML, and
phraSED-ML. The successful 50 reproduced models illustrated the advantages of these
tools, however, the current tooling also had some limitations. The figures that we
successfully reproduced were mostly simulations based on time courses. While more
complex figures were not able to be reproduced due to the software and standards used,
i.e., figures of bifurcation, 3D plots, etc. For example, we were not able to create an
OMEX file following our manual workflow for the phase portraits of Fig 1 and Fig 2 nor
the 3D plots of Fig 4 and Fig 5 in the Alharbi paper [59], because the current version of
SED-ML does not support it. Therefore, the tooling needs to be improved and
advanced in the future for curation.

In addition, it would be good for SED-ML to combine two plots into one in the
future, but the current tooling does not make use of this capability. For instance,
BIOMDO0000000815 has an interesting procedure of cell density change at the beginning,
elimination, after the change, and escape. We have extended the curation to cover Fig 7
in the paper [58]. However, the current tooling could only display the procedure in two
separate figures as shown in Fig|[7]

Furthermore, SED-ML does not support the capacity to insert subplots into one plot
nor support bar plots. For instance, in MODEL2002110001 corresponding to the
paper [63], Fig 2a has a bar subplot as shown in Fig This can be expressed in
SED-ML, but few interpreters yet support these features. However, it is possible that
SED-ML can store all the simulations regarding subplots and bar plots in the future, as
we successfully reproduced this model by Tellurium and curated the simulation by
Python scripts in BioModels Database
(https://www.ebi.ac.uk/biomodels/MODEL2002110001#0verview) and GitHub
(https://github.com/SunnyXu/Unlimited_multistability) several years ago.

Non-reproduction due to paper information

In addition, not all the figures in one paper were reproducible due to errors or a lack of
information from the corresponding papers. For instance, some parameters were given
incorrectly or even not given. Some figures needed experimental data to fit, while some
formulas or functions were not given to reproduce the dynamical behaviors. There are
some examples shown in Table

Therefore, it would be good to provide the data to plot or fit in the paper. For
instance, Fig2B in the BIOMDO0000000839 corresponding to the paper [60] shows data

that is unavailable, and therefore cannot be added to the plot. See Fig[6IC and Fig[6D.
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Fig 7. The reproduced results based on BIOMDO0000000815.
BIOMDO0000000815 describes a mathematical model of induced cancer-adaptive immune
system competition. (A) is the original result published in the paper [58] as Fig 7. The
figure illustrates the evolution of the area of the sarcoma for mice M3, from the
beginning, elimination, to the treatment, escape. (B) and (C) indicated the comparable
results reproduced by Tellurium.

Table 2. Non-reproduction examples with certain limitations from papers.

Limitations Examples

non-reproduction due to given parameters 548, 642, 757, 780, 877, 949, and 984
non-reproduction due to lack of formulae 005

non-reproduction due to lack of data 745 and 909

non-reproduction due to lack of related instructions | 953

The numbers in the Examples column are the last three digits of the ID from the certain related BioModel.

Discussion

In the BioModels Database, the SED-ML, is not often present, and even when it is, is
not always able to reproduce the figures shown in the corresponding papers. In addition,
there is a potential to extend the curation with more results, which means some of the
current entries could be extended. Our work cross-checked 50 BioModels and
corrected /extended some of them if necessary. The exercises of the 50 models allowed us
to develop a manual workflow that would help us achieve a possible automatic workflow
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Fig 8. The reproduced results based on MODEL2002110001.
MODEL2002110001 describes the unlimited multistability in multisite phosphorylation
systems. (A) and (B) are the original results published in the paper as Fig 2. The
figure illustrates the Multistability of an n = 4 distributive sequential system. (C), (D),
and (E) indicated the comparable results reproduced by Tellurium.

to generate a possible automatically on-line platform in the future, i.e., 203
https://biosimulations.org and www.reproducibilityportal.org, and eventually 20
to help users more easily curate models. 205

The tooling we used were Tellurium, RoadRunner, libSBML, libSEDML, and 206
phraSED-ML. The successful 50 reproduced models illustrated the advantages of these 207
tools, however, the current tooling had some limitations. The figures that we 208
successfully reproduced were mostly simulations based on time courses, while more 200

complex figures were not able to be curated as OMEX files, i.e., figures of bifurcation, 2w
3D plots, or bar graphs. Therefore, the tooling needs to be improved in the future. It  n

would also be good for more interpreters to implement certain advanced SED-ML 212
features such as combined subplots. 213

In addition, not all the figures in one paper were reproducible due to a lack of 214
information provided in the paper. For instance, some parameters were given incorrectly 215
or not given. Some figures needed experimental data to fit, while some formulas or 216
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functions were not given to reproduce the dynamical behaviors. Therefore, it would be
good for the authors to publish papers with corresponding data. It would also be good
for authors and/or curators to store all the information regarding the publications, i.e.,
models by SBML files, simulation by SED-ML files, related experimental data, code in
repertoire, and possible attachment of the corresponding article.
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