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Abstract 
The Open and Reproducible Musculoskeletal Imaging Research community is a scientific community dedicated to promoting 
openness and reproducibility in musculoskeletal imaging, image processing, and computational modeling. In this perspective 
paper, we outline the motivations for conducting transparent research and provide practical guidelines for implementing it. 
We start by defining open and reproducible research and describing the benefits and challenges of working transparently. 
Next, we redefine the outputs of a computational research study as—ideally—a combination of data, code, and a publication, 
recommend a folder and file structure that reflects these three study outcomes, and describe ho w to maintain and update
such a structure during the study and at study publication. Finally, we emphasize that working in an open and reproducible
manner is a learning process, and the best way to acquire the necessary competencies is simply to start.

Keywords Open research, reproducible research, data sharing, open-source code, computa tional narratives, guidelines, license, ORMIR

Lay Summar y
The Open and Reproducible Musculoskeletal Imaging Research community promotes openness and reproducibility in muscu-
loskeletal imaging research. In this perspective paper, we explain why transparency matters and recommend how to conduct 
a computational study in an open and reproducible manner, focusing on its three outputs: data, code, and the publication.
Finally, we highlight that the best way to learn these practices is simply to start.

Graphical Abstrac t

Introduction 
In 2012, Panagiotopoulou e t al.1 published an article titled “What 
makes an accurate and reliable subject-specific finite element 
model? A case study of an elephant femur.” In this work, they 
sought “to construct the first reliable finite element model of the 
femur of an adult Asian elephant” from CT images. As part of the 
study, the authors conducted convergence analyses f or the size,

type, and number of elements used in the geometry discretization

of the femur anatomy. In the following years, the paper received

33 citations (retrieved from Google Scholar: https://scholar. 
google.com. Accessed July 21, 2025). Some of these publications 
referred to the methodology and findings of this study in their 
introduction or discussion, while other publica tions built upon

the study methodology and findings. Among the latter, in 2018,

Brassey et al.2 published a study in which they used the same 
size, type, and number of elements as in Panagiotopoulou’s 
publication, motivating that “previous research has found such 
meshes perform well” and “strain values have been found to 
converge when element numbers exceed 200,000.” While building 
upon previous work is typical in research, in this case, there was 
an unexpected outcome. In 2014—f our years before Brassey’s

publication—Panagiotopoulou’s paper had been self-retracted

because the authors “uncovered problems with the methods [...]

and, therefore, some of the final data”.3 

This story highlights three important considerations. First, 
Panagiotopoulou et al. deserve high praise for their scientific 
integrity. Second, what occurred to Brassey et al. could happen to
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any researcher who builds a study on previous findings. Third, we 
researchers can be inspired to ask fundamental questions about 
some practical needs that we face in our daily work: How can we 
and our collaborators create and publish verifiable methodologies 
and findings that others can build upon? How can we avoid 
building our studies on incorrect methods and results? And how

can we check the correctness of methodologies and results when

we review a paper and assess its scientific value? The answer to

these questions is: open and reproducible research.

Open and reproducible research: 
definitions, bene fits, and
challenges
Openness refers to “an approach to research based on open coop-

erative work that emphasizes the sharing of knowledge, results 
and tools as early and widely as possible”.4 Reproducibility— 
intended here as computational reproducibility—is the ability of 
researchers to duplicate the results of a previous study using the 
“same input data, computational steps, methods, and conditions

of analysis”.5 Together, openness and reproducibility constitute a 
way of working whose ultimate goal is to improve the reliability

and efficiency of scientific progress.6,7 

The scientific advantages of open and reproducible research 
are several and include ev aluating the correctness of scien-

tific claims,8 building on previous work with c onfidence and

efficiency9—by reusing and extending existing computational 
pipelines—and comparing and validating new methods and 
algorithms ag ainst existing ones without having to reimplement

them.10 These scientific benefits are accompanied by academic 
advantages. Publishing open data can increase the number of 
citations by approximately 70%, regardless of journal impact

factor, author country of origin, and date of publication.11 

Similarly, making code available online can increase citations 
by a factor of three.12 Furthermore, research laboratories can 
greatly benefit from adopting open and reproducible practices. 
Such a transparent methodological approach fosters an intrinsic 
“discipline” that supports the continuity of maintenance and 
extension of computational tools created in the labs, which would 
otherwise risk a short lifespan as they are usually developed

by successive and distinct generations of PhD students and

postdocs.6 

Despite the aforementioned advantages, working in an open 
and reproducible manner has been challenging. Until a few years 
ago, guidelines were scarce, computational tools were not fully 
developed, and permanent, large, and free repositories for data

and code were unavailable.13 However, nowadays there are 
numerous sources of information on open and reproducible 
research. The “Ten simple rules” series includes guidelines

on good research practice,14 open development of scientific 
software,15 and effective research data management.16 Mature 
executable environments are available, such as Binder (https:// 
mybinder.org), and established repositories, such as Zenodo

(https://zenodo.org), facilitate the sharing of data and code. 
In addition to these practical challenges, many scientists were 
concerned about not receiving proper recognition, having to 
allocate additional time and effort to prepare data and c ode

for release, and providing advantages to competing datasets or

software when releasing seminal work.17 However, nowadays, 

there are funding programs for open science, supported by 
both agencies (eg, Canadian Institutes of Health Research) and 
foundations (eg, Chan Zuckerberg Initiative), and reward practices

involving hiring criteria and credit of scholarly outputs.18 Despite 
these considerable advances, the most critical limitation to 
sharing data and code may be related to the w ay we conceive

the outcomes of computational studies.

What is the outcome of a 
computational research study?
Traditionally, the main outcome of a computational research 
study is a scientific paper. As we know, papers are concise reports 
limited by a defined number of words (typically 3000-6000) and 
a restricted number of figures and tables (usually 3-6). To meet 
these constraints, only a selection of the methods and r esults

developed and obtained during a study are presented in a paper.

Crucial implementation details (eg, computational initializations

and parameters) are often omitted,12 as well as intermediate 
or individual findings, because results are usually presented as 
aggregated statistics, such as means and standard deviations. In 
this context, a scientific paper does not repr esent “the scholarship

itself, it’s merely scholarship advertisement”, as Donoho famously

wrote in 2009.6 In other words, a scientific paper is just the 
tip of the iceberg representing research efforts.19 The actual 
work—that is, the data and code—remains hidden underwater

(Figure 1, left). 
In open and reproducible research, data and code emerge to 

be an integrative part of the outcome of a computational study. 
Together with publications, they constitute the three essential, 
interlocked pieces of the puzzle necessary to understand and

reproduce the entire study (Figure 1, right). From the raw data of 
the input, through the code, researchers can recreate the results 
presented in the publication, and subsequently reuse and extend 
the workflow for new studies. However, for this to be feasible, data

and code should be clearly structured and documented.20 

More recently, numerous guidelines have become available 
on how to publish computational studies in an open and 
reproducible manner while enabling attribution and facilitating

sharing.8,9,15,21,22 Moreover, researchers in many fields have 
formed scientific communities to establish consensus-based 
standards and develop computational tools specific to their

disciplines.23–25 

ORMIR guidelines for open and 
reproducible computational studies 
in MSK imaging research
In musculoskeletal (MSK) imaging, the Open and Reproducible 
Musculoskeletal Imaging Research (ORMIR) community was 
founded in 2020, with the aims of creating open, reproducible, 
well-tested, and well-documented code to analyze MSK images; 
standardizing data acquisition and management to favor data 
sharing and algorithm comparison; and promoting a culture

of openness and reproducibility in musculoskeletal imaging,

image processing, and computational modelling for a faster

advancement of the field.26 The community is currently composed 
of approximately 70 international researchers from academia
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Figure 1 Representation of research outcomes. Traditionally, publications are the main research outcome. They constitute the shared, visible tip of an 
iceberg, whereas data and code remain hidden in the lab (left; modified from https://stodden.net/AMP2011/slides/2011-amp-reproducible-research.pptx. 
pdf). Conversely, in open and reproducible research data, code, and publication constitute the three interlocking pieces of the puzzle and ar e essential  to  
each other to repr esent the entire study (right).

and industry at various career stages who have been active in 
creating guidelines, templates, and software to manage and 
analyze MSK images. At the moment, the following working groups 
ar e active: biomechanics, high-resolution CT, knee, muscle, data

management and sharing, and spine—see www.ormir.org. 
In the next two sections of this article, we will present the 

ORMIR guidelines on how to create an open and reproducible 
computational study using MSK images. These guidelines are 
based on the principle that open and reproducible research con-

stitutes a methodological approach that should be implemented 
throughout an entire study, rather than being considered as a 
time- and resource-intensive task at publication. In addition, 
these guidelines are intended as a recommendation for future 
projects rather than strict rules, and they can be adapted to 
the specific needs of any computational study. ORMIR remains 
open to different folder structures that predate these guidelines 
or that are determined by project-specific requirements. In the

following, first, we will focus on how to conduct a computational

MSK research study for an open and reproducible publication.

Then, we will provide suggestions on how to integrate and share

the three study outcomes at publication. All recommendations

are summarized in Figure 2. 

Conducting a computational MSK 
research study for an open and
reproducible publication
Begin by organizing your research project into a folder s tructure

similar to the one in Figure 3. You can download the folder 
structure from Zenodo (www.doi.org/10.5281/zenodo.17206440) 
or implement it manually. Start with a main folder and name it 
after the study. Within the main folder, create three additional 
folders, each for one of the three study outcomes: data, code ,
and publication. The structure and content of each folder are

described in more detail in the following sections.

Data 
Within the data folder, add five folders: raw, mids, derivatives, 
and results for data at different stages of the reproducible work-

flow, and data_docs for documentation.

In the folder raw, store the original data of the study, that 
is, the image files—usually in DICOM or proprietary format—and 
demographic or clinical information of the subjects—commonly in 
tabular format. These data constitute the input of your workflow. 
Do not modify them either via computational or manual interven-

tion to ensure the reproducibility of the whole study.8,27 

In the folder mids, restructure the files in raw following the 
specifications defined by the ORMIR Musculoskelet al Imaging Data

Structure (ORMIR-MIDS),28 which extends and adapts the Brain 
Imaging Data Structure (BIDS) principles29 specifically for MSK 
imaging. The new structure comprises a hierarchy of nested fold-

ers arranged by subject, session, and imaging modality. It can be 
created using the ORMIR-MIDS Python pack age, which also con-

verts the images from the Digital Imaging and Communications in

Medicine (DICOM) format30 to the Neuroimaging Informatics Tech-

nology Initiative (NIfTI) format31 (Figure 3, right). The NIfTI format 
was chosen for compatibility with BIDS specifications and because 
it stores 3D/4D MSK imaging data into a single, standardiz ed file,

enabling efficient and reproducible processing.

During the study, in the folder derivatives, store the interme-

diate outputs of the computational workflow—such as segmen-

tation masks, morphological measurements, and finite element 
analyses. Store also files that contain parameters used to modify 
the data contained in mids into the data contained in deriva-
tives—eg, a .csv or .txt file containing the six parameters of a 3D

image cropping. Saving these intermediate outputs will facilitate

debugging and the potential reuse of partial findings.9 

In the folder results, save the final output of the computational 
workflow, including tabular files reporting morphological, den-

sitometric, mechanical, or statistical calculations across subjects. 
These are the data that you will present in the Results section of

the publication.
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Figure 2 Summary of best practices for open and reproducible computational st udies in musculoskeletal imaging r esearch.

Finally, in the folder data_docs, add the data documentation, 
such as acquisition protocol, ethical approval, and any meta-

data—that is, information about the data. As currently ORMIR 
does not provide specific guidelines for dat a documentation,

simply collect all the reasonable information that specify the

“who/what/when/where/why/how” of your dataset,13 so that 
other researchers can understand and reuse it. In general, 
provide information to make your data as FAIR (findable, 
accessible, interoperable, and reusable) as possible to maximize

transparency, facilitate reuse, and support reproducibility.32 

At every stage of the computational workflow, use open and 
widely supported file formats.27 For imaging data, prefer NIfTI or 
other open standards to scanner-specific proprietary formats. For 
tabular data, use comma-separated values (.csv) or tab-separated 
values (.tsv) over proprietary formats, such as Ex cel. Finally, give

files meaningful names that clearly indicate their content.27 

Code 
In the folder code, create the four folders src, notebooks, batch_ 
scripts, and code_docs. In larger projects, add the additional

folder tests for automated unit tests.33 

In the folder src (abbreviation for source), add the core 
algorithms of the study. Write code in the open-source program-

ming language Python, which has gained popularity in medical

imaging for the availability of general-purpose image processing

packages—such as ITK34 and SimpleITK35—as well as deep 
learning and machine learning packages—including PyTorch,36 

TensorFlow,37 and Scikit-learn.38 Within src, organize your code 
into Python modules, that is, .py files. For larger projects, group 
the modules into a Python package and change the folder name

to the package name, as required by the packaging tools.39 If you 
are more familiar with other programming languages, including 

open-source languages such as C++ or R, you may use them as

well, provided that the code is well documented.

In the folder notebooks, add the study’s Jupyter Notebooks, 
which are the ideal format for integrating code with narrative, 
equations, and visualizations to effectively document repro-

ducible workflows.9 Download the Jupyter Notebook template 
created by the ORMIR community from Zenodo (www.doi.org/10. 
5281/zenodo.17206440) and adapt it to your study. The template 
has a clear structure composed of aims, computational steps, 
outputs, and dependencies—that is, a print of the hardware

characteristics and Python package versions.9 Use notebooks 
to analyze tabular data, generate figures for the publication, 
collect the main function calls from the modules in src into a 
comput ational workflow with narrative, and create examples or

demos for your project.

In the folder batch_scripts, save the bash files. These files are 
the scripts that call the algorithms from the folder src and that you 
use f or large-scale computations on servers.

In all cases, write code “for humans”, that is, make it re adable

rather than unnecessarily complex.40 To create clear code, use 
variables with descriptive names that reflect their role in the com-

putation40 and adhere to the Python coding convention PEP8.41 

Moreover, modularize code into functions—or classes—that rep-

resent units of operations.9,27 Document each function follow-

ing the NumPy Style42 or Google Python Style43—which clearly 
describe functionality, inputs, and outputs—and add inline com-

ments to explain non-obvious steps and clarify the underlying 
logic. Finally , synchronize the code to a repository like GitHub

(https://github.com), GitLab (https://gitlab.com), or similar. Such 
repositories provide version control to preserve the history of 
changes and revert to previous code in case of errors, and they are 
convenient for coordina ting programming tasks in collaborative

software development.21
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Figure 3 Folder and file structure of a computational research study for an open and reproducible publication. File extensions with acronyms expansions: 
.dcm: Digital Imaging and Communications in Medicine (standard file format for medical imaging data and associated metadata); .json: JavaScript 
Object Notation;.nii.gz: Neuroimaging Informatics Technology Initiative (compressed file format used to store medical imaging volumes);.txt: Plain 
Text; .tsv: Tab-Separated Values; .csv: Comma-Separated Values; .pdf: Portable Document Format; .py: Python Script; .ipynb: Interac tive Python 
Notebook; .sh: Shell Script (script file containing commands for a Unix/Linux shell); and .tex: TeX (source file for documents written using the LaTeX

typesetting system).

Finally, in the folder code_docs (or simply docs) create code 
documentation for developers and users, especially if you are

building a large project.44 In the documentation for developers, 
carefully explain the technical details of the code. Create this

documentation using Sphynx45 or Read the Docs46 as they are 
compatible with the NumPy and Google Python styles. In the 
documentation for users, explain in nontechnical language how 
to install and execut e your code and provide examples or demos.

Write this documentation using Jupyter Book.47 

Publication 
In the last folder publication, store all the material relative to the 
scientific paper. Write the manuscript in a format that permits 

version control, such as LaTeX or Mark down, and opt for online

tools that allow tracking changes and collaborative editing,

such as Overleaf (www.overleaf.com), Google Docs (https://docs. 
google.com), Microsoft Word for the web (https://word.cloud. 
microsoft), or similar .27 

Publishing a computational MSK 
research study as open and
reproducible
At publication, the primary task is to decide how and where to 
share the three study outcomes. Here are the details for each

of them.
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Data 
Sharing study data requires attention to two main aspects: assess-

ing the feasibility of sharing and choosing a data repository.48,49 

The feasibility of sharing depends on legal and ethical factors, 
including whether the study participants signed an appropriate 
consent form, the level of data anonymization or deidentification 
required, and the privacy legislation of your institution and coun-

try. These factors can preclude sharing some or all the content of 
the folders raw, mids, derivatives, and data_docs. However, you 
should be able to share the final aggr egated data of your study—

that is, the content of the folder results—which should not contain

any personal data of the individual study participants. Further

details are provided in the ORMIR Data Sharing Guidelines50 (www. 
ormir.org/data_sharing_guidelines), which aim to clarify the main 
aspects involved in sharing MSK imaging data. These guidelines 
include information about informed consent, data ownership, and 
other legal and ethical considerations. For example, the consent 
form page provides templates of generic consent forms, including 
examples that are compliant and non-compliant with the Euro-

pean General Data Protection Regulation (GDPR), as well as insti-

tutional consent forms from the University of Calgary, Hamilton 
Health Sciences in Ontario, the UK Biobank, and the National 
Institutes of Health (NIH). The guidelines also address the issue of 
data ownership, which remains an unresolved problem. In some 
cases, data belong to the researchers and/or academic institutions 
supporting the research. In other cases, data belong to funding 
agencies sponsoring the projects (eg, the NIH in the United States). 
In still other cases, data are considered to belong t o the study

participants, who may have the right to request the erasure of

their personal paper and electronic research records, as stipulated

by the European GDPR. In general, before sharing data, discuss

this possibility with your Principal Investigator, your institution, or

your local Ethical Committee, who can provide appropriate legal

and ethical advice.

To date, only a few dedicated MSK repositories exist where you 
can share your data, such as the Universal Musculoskeletal Ultra-

sound Repository (UMUD).51 If your data does not fit the scope of 
such repositories, share the data in your institution repository, fol-

lowing their regulation. Otherwise, use g eneral purpose reposito-

ries such as Zenodo (https://zenodo.org)—where ORMIR is present 
as a community label—or Figshare (https://figshare.com). Both 
these repositories provide a digital object identifier (DOI) to ensure 
permanent availability and enable citation, versioning for data, 
and an embargo period if you cannot immediately share your data. 
Avoid links to personal websites or cloud st orage, because these

links tend to expire or be deleted.52,53 

Code 
To make your code open, simply change the repository visibility 
from private to public on GitHub (or a similar platform). Complete 
the README.md file of the repository using the template

provided by the ORMIR community (www.doi.org/10.5281/ 
zenodo.17206440). Whenever possible, share the notebooks in an 
interactive and r eproducible cloud environment, such as Binder

(https://mybinder.org).54 Host the code documentation created 
with Sphynx or Jupyter Book on GitHub Pages55,56 or the hosting 
service provided by Read the Docs. Finally, synchronize the GitHub 
repository with Zenodo,57 Figshare,58 or Software Herit age59 to 

obtain a DOI that enables reproducibility and citations. Note 
that sharing data and code alone may not be sufficient to 
guarantee inter-group computational reproducibility as software 
dependencies and execution environments may vary across 
institutions. Robust testing and documentation can significantly

improve reproducibility in this respect, and guidelines such as

those used by the Journal of Open Source Software (https://joss. 
readthedocs.io/en/latest/review_criteria.html) and the Journal of 
Open Research Software (https://openresearchsoftware.metajnl. 
com/about/editorialpolicies) can help support good tes ting

practices.

Publication 
Add the links to data and code repositories to the manuscript. If 
possible, add the specific links to the data and code used to create 
the graphs in their caption to enable readers to “recalculate the

figure from all its data, parameters, and programs”.60 Upload the 
paper to a preprint archive, such as arXiv (www.arxiv.org), bioRxiv 
(www.biorxiv.org), or medRxiv (www.medrxiv.org), and then sub-

mit it to a journal that supports open access. In the not too distant 
future, we may be able to write fully e xecutable and interactive

papers in which readers can rerun the described experiments.13 

This vision is supported by existing pilot projects, where Jupyter 
Notebooks are submitted together with conference abstracts.61,62 

Licenses 
Finally, add a license to your data, code, and publication to specify 
how you want them to be reused and modified. Without a license, 
you would retain all the rights and other researchers would not be

allowed to use your material.27 If available, use the licenses rec-

ommended by your institution. Otherwise, the ORMIR guidelines

are reported below.

For data and publication, use the Creative Commons (CC) 
license, whose features—attribution (BY), Non Commercial 
use (NC), Share-Alike (SA), and No Derivative (ND)—can be 
combined to create a customized license. Creative Commons 
also provides the CC0 license, which permits releasing material

to the public domain without retaining any copyright (https:// 
creativecommons.org/share-your-work/cclicenses). 

For code, two main types of open-source licenses exist: restric-

tive—which extend openness to derived work (eg, GNU licenses)— 
and permissive, which do not require openness for derived work 
(eg, MIT, BSD, or Apache). For a complete list of licenses with their

permissions and limitations, see https://choosealicense.com/ 
appendix. Choose a license that is compatible with the licenses 
of the computational tools you used in your study and that you 
consider the most appropriate for the future of your project.22 

Just st art!
Open and reproducible research is a way of working that supports 
our needs as researchers to assess scientific claims, build on pre-

vious reliable work, and contribute to faster advancement of our 
research field. In this perspective paper, we proposed concrete 
guidelines created by the ORMIR community on how to work in

an open and reproducible manner. Adopting this methodological

approach is a learning process that is most effective when learned
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by doing. If you have doubts about some guidelines or tools, con-

tact the ORMIR community. Do not aspire to perfection from the 
very beginning. Just start! Your efforts will prove valuable because 
other researchers will be able to deeply understand and build on 
your r esearch, and you will have contributed to a more transparent

and faster advancement of MSK imaging research.
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