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Abstract
Background: Health economic models are increasingly used to inform decisions
about the allocation of healthcare resources. Ensuring the robustness and relia-
bility of these models is critical. Currently, quality assurance is conducted by both
technical and non-technical experts assessing different components of the model
manually. This is resource intensive. Understanding how the different components
of the model fit together is time consuming, and testing every part of the model
is sometimes not feasible in the time available. To aid in this, we propose the
assertHE R package.
Methods: The open source assertHE package provides testing functionality for
those building and reviewing health economic models. It provides a series of checks
which can be integrated into the model development workflow to reduce the prob-
ability of common errors. It also provides a suite of functions which allow users to
better understand the network of R functions contained in a model, where they are
defined, if (and where) they are tested, and the test coverage of those that have.
Results: We applied the assertHE package to three open source health eco-
nomic models built in R, showing how to include check functions within the model
code and how to visualise the network of functions, see the test coverage, and ob-
tain a Generative Pretrained Transformer Large Language Model (LLM) generated
summary of any function in the code-base. We have worked with collaborators from
industry, regulators and academia to develop the package to be applicable to the
widest possible range of models, making adaptations to the source code based
upon feedback.
Conclusions: assertHE offers a toolkit for health economists building and re-
viewing models, facilitating a more robust and efficient quality assurance process.
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Introduction
Cost-effectiveness models play a crucial role in health eco-
nomic evaluations, aiding the allocation of limited health-
care resources. These models aim to simulate the out-
comes of alternative courses of action relating to a specific
decision problem.

The computation of health economic models has tradi-
tionally been conducted in spreadsheet software like MS
Excel. While MS Excel is widely accessible and familiar to
many users, it has proven to be error-prone in many ap-
plications, including health economics [1, 2, 3]. Checking
the robustness of these models often involves a laborious
manual review process, in which cells of the spreadsheet
have to be checked individually for errors. This manual
process is not only time-consuming but also subject to hu-
man error, making it an inefficient method for ensuring
the quality of health economic models.

There is a growing shift towards script-based program-
ming languages. In particular, the R programming lan-
guage is increasingly used for developing decision analyt-
ical models [4]. This transition is occurring because of
the improved capabilities, reproducibility, ease of collab-
oration, and reduced model run-time of R compared to
spreadsheet software [5]. Models developed using best-
practice methods in R generally consist of a network of
functions, each of which are defined in a single location,
either within the model code-base or from external soft-
ware packages [6, 7].

This move toward the development of models as software
allows for automated testing and quality assurance tech-
niques to reduce the probability of human error, which
are standard practice in mission critical applications in
the financial sector, aerospace, and other industries, but
are not yet widely adopted in health economic evaluation
[6, 7]. The ISPOR-SMDM Modeling Good Research Prac-
tices Task Force–7 recommendation V11-4 states that “VII-
4 Models should be subjected to rigorous verification” and
that “Coding accuracy should be checked using state-of-the-
art quality assurance and control methods for software engi-
neering”, including “verifying separate parts of a model one
by one” [8] (p. 846). Alarid-Escudero et al. [7] provide
a summary of the benefits of testing for health economic
models built in R, proposing that these are built into the
model development process, with modellers “writing tests
alongside the development of any new function or process or
whenever a bug is found. This practice results in a high level
of test coverage of the analysis code, reducing the likelihood
that unintended interactions or incompatibilities between
functions and/or processes will go undetected” (p. 1335).

Previous work has highlighted the need for verification of
models. The AdViSHE tool provides a validation assess-
ment tool to allow modellers to report the validation un-
dertaken [9]. This tool can be used by modellers and re-
viewers to assess the extent to which a model has been val-
idated. The tool has 13 parts. This paper relates to the 4
contained in part C - Validation of the computerised model
(sometimes called verification, internal validity, internal

consistency, technical validity, and debugging). C1 advo-
cates for External review, which the package aims to facil-
itate, C2 for Extreme Value testing, C3 for Testing of traces
and C4 for Unit testing, all of which are the focus of the R
package described in this paper. The PACBOARD tool pro-
vides software and a user-interface which enables users to
explore and validate the inputs and outputs of the prob-
abilistic analysis outputs of health economic model [10].
Additionally, CADTH’s model validation framework serves
as a comprehensive resource for ensuring the robustness
and credibility of economic models in health technology
assessments, offering detailed guidelines and methodolo-
gies that can be applied across different stages of model
development [11].

This paper introduces the assertHE R package, which
aims to make it easier to build and review robust health
economic models in R. The benefits of the package dif-
fer by user. From the perspective of the modeller, the
package provides a suite of functions which can be used
to reduce the probability of human error occurring in it-
erative model development processes [12, 13]; and can
help to map out the relationship between different parts
of the model, to plan new additions to the model code
and identify redundant code. From the perspective of the
reviewer, the package provides a visual summary of the
network of functions that make up the model - identify-
ing where each function is defined and tested, and the
test coverage of those tests. It also allows the user to ob-
tain a short summary of any function in the network. This
summary is generated using a GPT LLM, often referred to
as Artificial Intelligence (AI) prompted with the function
arguments, body, documentation and other information
about the function generated programmatically.

The overall effect of this is to make it quicker and easier
to develop and/or review a health economic model de-
veloped in R. The intended result is to shift the burden of
proof of the quality of the model onto the modeller. In
this context, the assumption is ’guilty unless proven inno-
cent’. The software provided makes it easier for modellers
to test their own code, and providing a visual representa-
tion of the function network with accompanying testing
coverage makes this immediately clear for all parties and
can be used to guide discussions. This may be especially
useful in instances in which the full source code cannot be
made available, since 3rd parties can still get some indi-
cation of how the model has been constructed, that tests
have been incorporated, and what the model dependen-
cies are.

This is not the first paper to provide more specific ver-
ification tools based on AdViSHE. Dasbach and Elbasha
[14] provide the justification for several common tests in-
cluding tests on Life Expectancy, Quality-Adjusted Life Ex-
pectancy, Intervention Costs and Cohort Size. The authors
include an example set of tests for MS Excel. We adapt
and extend these tests, coding them into an R package
which can be downloaded (currently from GitHub) using
a single line of R code. We provide instructions for how
potential collaborators can request to add their own tests
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to the package, suggest improvements to existing tests, or
help us to build software that performs tests already iden-
tified by others as useful. Also of note is the darthtools
R package [15], which already includes some testing func-
tionality, for example functions to check transition prob-
abilities and to check whether progression free survival
exceeds overall survival in extrapolated survival curves.
This package aims to build upon these checks, focusing
exclusively for model review. To the authors knowledge
there is no other existing software which produces a visual
representation of a model structure, or provides AI gener-
ated summaries of R functions contained in a project.

The remainder of this paper broadly describes the func-
tionality of the assertHE package (methods), showcases
two case studies previously described in Krijkamp et al.
[16]and Alarid-Escudero et al. [17] and applied in previ-
ous tutorial papers in a script based format [18, 19] (re-
sults) and describes the implications for development and
review of models in R more broadly (description). Finally,
in the discussion and conclusion sections we outline the
implications of this software, its strengths and limitations
and potential future research which could build upon this
work.

Methods

Implementation

The assertHE package is designed to be used in two
main ways. Firstly, it can be used by a modeller to aid
the creation of unit tests, the isolation and examination
of individual components (called units) within the soft-
ware, to ensure the code is performing as intended in-
dependently of the rest of the software. These tests are
designed to be repeatable, quick to execute, and indepen-
dent of each other, allowing for early detection of issues
in the development process. Since we have pre-created
many of the common tests, experienced modellers may
wish to write the tests before the model code, fostering a
proactive approach to bug detection and promoting soft-
ware quality through early identification and resolution
of issues early on - this is referred to by software engi-
neers as Test-Driven Development (TDD) [20]. Secondly,
assertHE is designed to be used by reviewers who can
visualise the network of functions used in the model, and
the coverage of these tests. The reviewer can then use this
visualisation and equivalent tabulated output as a check-
list when reviewing the model as a starting point before
adding their own tests as required. The aim in both in-
stances is to make models more transparent and to reduce
the burden of verification, thereby reducing duplication of
effort by modeller and reviewer [21].

Detailed documentation for each function can be found
in the software package repository. This provides infor-
mation on each function, what it does and its inputs and
outputs. However, in brief the checking functions are as
follows:

• check_trans_prob_array()

Checks transition probability array for common
errors ensuring the same number of rows and
columns, only numerical values between 0 and
1, with rows summing to 1. The function pro-
vides confirmation or warnings/error messages as
appropriate.

• check_markov_trace()

Validates Markov trace for feasibility, confirming
numerical values, equal row sums, and optionally
monotonic increase in dead state proportions, gen-
erating confirmation or warnings/error messages.

• check_init()

Checks initial health state proportions vector
for validity, ensuring values within valid probability
range, no missing values, sum equals 1, and distinct,
non-duplicated names, generating messages for
inconsistencies.

• plot_PSA_stability()

Generates informative plots to inspect stability
of results across model iterations, calculating met-
rics like INMB, ICER, incremental costs, or effects,
allowing customization for specific needs, enhancing
visual clarity.

The model overview functions provide a visual and tabu-
lated summary of any R model that has a set of functions
in one folder (commonly R/). If the model has a set of
tests in another folder (commonly tests/testthat),
this can be passed to the overview functions to in-
clude data on the location, and coverage of tests for
each function in the summary table and network di-
agram. In the network diagram, created using the
visualise_project function, tests with coverage be-
low 20% (or no test) are shown in red, tests with cov-
erage from 20-80% are shown in amber, and tests with
greater than 80% coverage are shown in green. From the
interface that is generated by the function, it is possible
to see or navigate to the source code for any function,
the source code for any corresponding test, or to gener-
ate a short layperson text summary of what the function
does. This summary is generated by creating a custom
‘prompt’ which contains the function arguments, code and
documentation along with information on testing cover-
age on dependencies, and sending this to a GPT LLM via
an Application Programming Interface (API). To do this,
internet connection and an API Key to the GTP LLM is re-
quired. With the existing model, each request uses a small
amount of tokens, equating to under $0.01. A summary
of this process can be seen in Figure 1.
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Figure 1. Diagram showing the process of summaris-
ing a function for a user from the network diagram
using a GPT-LLM accessed via an API request.

The assertHE package has been developed using the
same framework of unit testing that it proposes. Each
function has associated unit tests that are run using
GitHub Actions every time a change is made to the code-
base [22].

Operation

To use assertHE, users need R version 3.5.0 or higher.
The package imports several dependencies, including
assertthat, ggplot2, scales, tidyr, stringr,
dplyr, utils, data.table, visNetwork, covr,
htmltools, officer, flextable, knitr, here,
shiny, shinyjs, rstudioapi, roxygen2, methods,
waiter, igraph, and httr.

Use Cases
The assertHE package has been used in a few ways.
Firstly, it was trialled on the sick sicker model described
in previous publications [6, 19, 18]). This is used as a vi-
gnette to showcase the functionality of the package, and
is the focus of the majority of this section. Secondly, it
was used to visually inspect a CDX2 biomarker expres-
sion model (cdx2cea model) and the NICE RCC pathways
pilot model (RCC model), two of the few open-source
health economics models [23, 24]. Finally, it has been
used on closed source models by HTAs, consultancies and
industry. The model developers provided feedback on the
tool, resulting in iterative improvements in its functional-
ity. We acknowledge those contributions at the bottom of
the package README.

The sick sicker model

In this section, we showcase the functionality of the
assertHE package on the sick-sicker model described in
previous publications [6, 19, 18, 16, 17]. This includes
inserting the checks into the model functions while devel-
oping the model code, allowing for a quick identification
of errors or irregularities. An example of this implemen-
tation can be seen on Github.

Within the model code, the health economic modeller or
reviewer can insert a check into the model code in a sin-
gle line. For example the check_trans_prob_mat()
function checks that a transition probability matrix (e.g.
m_P in the example below ) conforms to a set of rules
including that values are between 0 and 1, the matrix
is square (same number of rows and columns) and that
the names (if any) of rows and columns match. This
gives some assurance that a transition matrix object is
credible, without requiring a large quantity of code to
be included directly into the model, which would make
it more difficult to adapt and review. This function can
be used multiple times throughout the model to review
different transition matrices, and an alternative function
check_trans_prob_array() is available for three di-
mensional transition probability arrays commonly used
where transition probabilities are time dependent.

The code below creates the visual representation of the
network of model functions, with each function repre-
sented as a circular node. The size of each node relates
to the out-degree centrality of the function, the number
of functions called by that function, created using the
igraph R package [25]. Arrows point from the function
being called to the function calling (from child to parent).
Colors are used to display testing coverage with custom
colors and thresholds passed to the function. Informa-
tion about each function can be seen by hovering over the
function. This information includes the location of the
function definition, the location of any tests of the func-
tion, and the test coverage.

The code below generates the visual representation. It
requires the user to provide the path of the project, the
location of the functions (normally “R”) and the locations
of tests. Calculating test coverage is optional, since some
projects may be set up in such a way that it is not possible
to test coverage, or the tests break (which itself is useful
information for reviewers). If the coverage is run and the
tests break then the visual will still appear, albeit with a
warning message.

visualise_project(
project_path = "path_to_project_directory",
foo_path = "R",
test_path = "tests/testthat",
run_coverage = T)

The package also includes an RStudio add-in [26], allow-
ing users of RStudio to click on a button on the RStudio
IDE and then use an interface to select the arguments to
visualise_project() rather than writing code exe-
cuted in the console. This aims to make assertHE eas-
ier to use for those who may have access to the model in
RStudio but may have limited programming skills.

The resulting visual can be seen in Figure 2. The nodes
in green have testing coverage > 80%, in orange testing
coverage between 20-80% and in red either no test or cov-
erage < 20%. In Figure 3, hovering over a single node
reveals the location of the function definition, the test lo-
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cation and the coverage metric. Users can either click on
the eye symbol to see the file in the app, or the navigate
symbol to navigate to the file and line number in RStu-
dio. The robot symbol returns the GPT-LLM generated
lay-summary of the function as seen in Figure 4.

Figure 2. Function network for the sick sicker model
developed in R, with the colours indicating testing cov-
erage.

Figure 3. Function network for the sick sicker model
developed in R, with definitions and locations.

Figure 4. GPT-LLM generated lay-summary of a func-
tion.

The cdx2cea model

The cdx2cea model is a cost-effectiveness analysis (CEA)
of testing average-risk Stage II colon cancer patients for
the absence of CDX2 biomarker expression followed by
adjuvant chemotherapy. It is described in detail in Alarid-
Escudero et al. [23]. The data and code were made avail-
able in R package format with an MIT Licence on GitHub
with a version released via Zenodo. It is an example of
transparency and good practice in cost-effectiveness mod-
elling. Functions are stored in a folder (“R”) and tests in
another folder (“tests”) as is standard in R package.

The cdx2cea model was used to help guide development
of assertHE. The function network for local functions
(i.e. not those functions called from external packages)
can be seen in Figure 5 (at the end of the paper). In
this model, only a few key functions, decision_model,
calculate_ce_out and load_all_params are tested
in the tests folder. Note the interconnectedness of a large
number of the functions (top centre), made more trans-
parent to a prospective reviewer with a visual represen-
tation, relative to attempting to follow nested functions
through multiple R scripts.

NICE Renal cell carcinoma Pathways Pilot

The NICE Renal cell carcinoma (RCC) Pathways Pilot
project developed as part of NICE’s proportionate ap-
proach to technology appraisals. The aim and process
of the model build is described in Lee et al. [24], and
the code is made publicly available at (the somewhat
pessimistically named) NICE Model Repo. The code-
base is extensive, with approximately 25,000 lines of
code. Functions are stored in 3_Functions and tests in
tests/testthat. The function network visual, shown
in Figure 6 is much larger than the sicksicker and cdx2cea
models.

Requirements of a model to be suitable for
assertHE

The current functionality of assertHE is primarily tai-
lored for Markov Models utilising transition probability
matrices or arrays for constructing Markov traces. To
broaden the software’s applicability, we are eager to en-
gage the wider community in suggesting and developing
checks for other types of health economic simulation mod-
els. These may include partitioned survival models, which
partition survival extrapolations into discrete time units to
estimate population proportions in various health states
over time, and microsimulation models, where individual
agents are simulated and results aggregated to estimate
impact at the entire population level. We welcome com-
munity involvement to expand assertHE’s capabilities
and enhance its utility in health economic evaluations.

To generate a visual representation of the model using
assertHE, it’s essential to construct the model using
functions, which should be organised within a single di-
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rectory (e.g., an R folder). To generate information about
the existence of tests, tests must be included in a sepa-
rate folder (e.g., tests). Additional information on code
coverage can only be provided if the code complies with
the covr package’s code coverage requirements, most im-
portantly that tests pass [27]. While these requirements
align with standard coding practices in the R program-
ming language [28], it’s important to note that the use of
R in health economic evaluation is still in its early stages,
leading to variations in coding practices among models.
By adhering to these practices, assertHE not only facil-
itates the creation of visual representations but also en-
courages the adoption of good coding practices within the
health economic research community, ultimately enhanc-
ing collaboration and reproducibility.

Discussion
Health Economic models are typically conceptualised and
described in words and figures and converted into a math-
ematical model, often with only important or novel subset
of the equations provided. However, it is the computa-
tional model that generates the results, and the full com-
putational model is often only provided to a small number
of reviewers, who have limited time and resources to re-
view. It is crucial for decision-makers, who often do not
have the technical skills to verify the model itself, to have
confidence in the computational model [29].

The hope is that assertHEwill make model development
and review more efficient and reduce the number of er-
rors in models written in the R programming language,
thereby improving the confidence of decision-makers in
models. There may also be indirect benefits if it encour-
ages the wider use of formal testing frameworks in health
economic models, or mitigates against the reluctance of
modellers to make their code open-source [30]. It may
also contribute to push the industry toward the use of R
for health economic models, resulting in other significant
benefits including reduced model run-time, easier collab-
oration and more efficient model updates [31]. However,
it is not a silver bullet. Improving verification of the model
code does not validate the model’s premise, parameters
and structural assumptions. This must be done separately
[32]

Strengths

• This is the first paper we are aware of providing
open-source software for verification of health eco-
nomic models. The R package documentation pro-
vides detailed documentation for each function, with
examples provided.

• Provided an example, in the form of a case study on
the Sick Sicker model to showcase the functionality
of the package functions in combination.

• Demonstrated the integration of assertHE into con-
tinuous integration frameworks, showcasing an au-

tomated testing approach with each model revision.

• Aligns with best practices recommended by ISPOR-
SMDM Modeling Good Research Practices Task
Force–7 V11-4 for rigorous model verification.

• Open-source collaboration should improve quality,
generate consensus and foster transparency.

• Providing standardised testing functions should
make the most common checks more efficient, free-
ing up time for modellers and reviewers to critique
models in more innovative ways.

• The authors come from a variety of organisations,
providing a diversity of opinion and objectives
amongst modelling applications.

Limitations

• The package assertHE is in development phase,
and has not yet been submitted to CRAN.

• This paper primarily focuses on R, limiting appli-
cability for health economic models developed in
other programming languages. However, function-
ality does exist to run R code from Python via the
software r2py [33].

• Most of the functions are developed for State Tran-
sition Models, although they can be fairly simply
edited for microsimulation models.

• The long-term maintenance and evolution of the
assertHE package may be subject to challenges, es-
pecially if community contributions are limited.

• There is a danger that modellers and reviewers are
over-reliant on the checks provided. It should be fre-
quently noted that the functions provided are not ex-
haustive and further review should be undertaken.

• Outputs returned from pretrained transformer mod-
els like OpenAI’s GPT models should be treated with
caution. In particular there is a risk that models will
be biased by the models on which it is trained, and
may not be sufficiently intelligent to recognise par-
ticularly novel code. It is also likely to be biassed by
any comments in the code.

• The assertHE visualisation functions assume that
the model is structured as a network of functions.
Models that are scripted without the use of functions
(e.g. scripts that source one another and store data
for intermediate steps) will not be well described by
this function.

Further research

This paper is only intended to be the beginning of the
development of assertHE. We invite open collabora-
tion to continuously improve and expand the open-source
R package before we submit to the Comprehensive R
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Archive Network (CRAN) [34]. It’s essential to assess
whether and how much the package improves and speeds
up the review of health economic decision models in prac-
tice. This may involve an examination of its applica-
bility across diverse health economic model types such
as microsimulation, decision-tree, and agent-based mod-
els, to evaluate its generalizability. it could also incorpo-
rate information about external packages used and cross-
reference to HTA agency lists of approved packages [35].
HTA agencies and funders could play an important role in
improving modelling practices by recommending testing
and other good software development practices in sub-
missions.

To enhance the user experience and promote broader
adoption, further research should delve into the impact
of user proficiency in R programming on assertHE’s ef-
fectiveness. Developing and evaluating training resources
to complement existing publications [36, 6, 19, 18, 37,
38, 39] that cater to users with varying levels of pro-
gramming experience will be crucial in facilitating a wider
adoption of the tool. It is also worth exploring the feasi-
bility of adapting assertHE for health economic mod-
els developed in languages other than R, particularly
Python. This investigation should include an assessment
of the challenges and benefits associated with extend-
ing assertHE’s functionality to accommodate other pro-
gramming languages that may become commonly used in
the health economics domain.

Securing assertHE’s long-term future hinges on actively
exploring ways to maintain and improve it. If health
economists working in R can be encouraged to contribute
their tests, the tool will become increasingly useful and
therefore will in-turn engage people. Engaging health
economists, training them in its use, and in how to con-
tribute, will be essential. Building confidence with HTA
agencies, with a view for long-term use as standard prac-
tice once a critical mass of use and testing has been
achieved, could increase the impact of the software.

The sustainability of assertHE requires a commitment
to software maintenance and adaptation in the long-term.
To achieve this it will be important to incentivise collabo-
ration from the health economics community. Where op-
portunities exist to integrate assertHE with popular R
packages commonly employed by health economists, such
as heemod [40] and hesim [5], these could be encour-
aged since integration could enhance the accessibility and
usability of assertHE for a broader audience, extending
its impact beyond experienced R users.

Future research could also include fine-tuning a large lan-
guage model on health economics-specific content, such
as Health Economics textbooks and open-source R mod-
els, to potentially enhance the performance of the model
currently used in the prototype described in this paper.
This improvement could be evaluated by an independent
group of health economists, who would assess both the
quality of the current summaries and the impact of fine-
tuning. Additionally, integrating a chat-bot into the code
would enable users to interact with the model, facilitat-

ing discussions about its outputs. Further research should
also explore the broader implications of verification soft-
ware like assertHE on the willingness of modellers to
share their code as open-source. Finally, it is crucial to
assess the possibilities and risks associated with a future
where models and reviews are largely conducted by gen-
erative AI.

The checks provided are not intended to be exhaustive.
The intention is that others will contribute checks as they
use them. This can be done by submitting a pull request to
the package on GitHub (with all automated checks shown
to pass), or creating an issue describing the checks that
would be required, ideally with an example of the code
needed to implement them. We would be particularly in-
terested in checks that can be performed outside of model
functions, to assess the external validity of models, as de-
scribed in a recent model validation checklist created by
CADTH [41]. More information on how to contribute can
be found at the package’s Github repo.

Summary
This paper has introduced assertHE, an R package de-
signed to enhance the efficiency of the verification pro-
cess for health economic models and reduce the likeli-
hood of errors. The case study, using the Sick-Sicker
model, illustrates the practical application of assertHE
on a health economic model, using a continuous integra-
tion framework. This automated testing approach with
each model revision aims to reduce the risk of introduc-
ing bugs during model edits. Meanwhile the visualisa-
tion and summary functionality aims to make it easier for
external reviewers to understand how the individual al-
gorithms in the model fit together. Used alongside other
tools, such as quality checklists and tests of external valid-
ity, assertHE may help increase confidence in the verac-
ity of health economic models, allowing decision-makers
to make better-informed choices regarding the allocation
of limited healthcare resources, contributing to improved
population health outcomes.

Data availability
No additional source data are required.

Software availability
This section will be generated by the Editorial Office be-
fore publication. Authors are asked to provide some ini-
tial information to assist the Editorial Office, as detailed
below.

1. https://github.com/dark-peak-analytics/assertHE
(AUTHOR TO PROVIDE; optional)

2. https://github.com/dark-peak-analytics/assertHE
(AUTHOR TO PROVIDE; required)
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3. Link to source code as at time of publication
(F1000Research TO GENERATE)

4. Link to archived source code as at time of publication
(F1000Research TO GENERATE)

5. Software license (MIT)
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Figure 5. Function network for cdx2cea R model.
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Figure 6. Function network for RCC Pathways R model


