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In this study, we seek to construct the first reliable
FE model of the femur of an adult Asian elephant
(Elephas mazimus Linnaeus 1758) in order to move
towards a better understanding of its form—function
relationship and re-examine previous ideas about bone
strength, scaling and athleticism in these giant land ani-
mals [10,11]. We first test our model’s precision by
conducting a series of convergence tests with regards
to the size and type of elements used in the geometric
mesh. We then perform a sensitivity study on the
model by determining the effects of varying its material
properties. Finally, we compare our FEA results against
the experimental data obtained under prescribed load-
ing conditions in the laboratory (using laser speckle
interferometry). We hope that our study will raise the
methodological standards in zoological applications of
FEA by encouraging the inclusion of convergence
tests, sensitivity studies and validation analyses to
ensure model reliability.
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Finite element modelling is well entrenched in comparative vertebrate biomechanics as a

tool to assess the mechanical design of skeletal structures and to better comprehend the

complex interaction of their form—function relationships. But what makes a reliable subject-

specific finite element model? To approach this question, we here present a set of

convergence and sensitivity analyses and a validation study as an example, for finite

element analysis (FEA) in general, of ways to ensure a reliable model. We detail how

choices of element size, type and material properties in FEA influence the results of . . L. . .
simulations. We also present an empirical model for estimating heterogeneous material In some papers, the citationis in the literature review
properties throughout an elephant femur (but of broad applicability to FEA). We then use . . .

an ex vivo experimental validation test of a cadaveric femur to check our FEA results and I n Oth er pa pe I‘S, th e fln d I ngs areu Sed tO b ul ld u pO n
find that the heterogeneous model matches the experimental results extremely well, and

far better than the homogeneous model. We emphasize how considering heterogeneous

material properties in FEA may be critical, so this should become standard practice in

comparative FEA studies along with convergence analyses, consideration of element size,

type and experimental validation. These steps may be required to obtain accurate models

and derive reliable conclusions from them.
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Testing hypotheses for the function of the
carnivoran baculum using finite-element
analysis
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Accepted: 28 August 2018

mesh’ options. Four-node linear tetrahedra were preferred for
FEA as|previous research has found|such meshes perform well
when compared with ex vivo experimental strain_magnitudes
[24]F Furthermore, FEA strain values fhave been found jto con-
‘verge when element numbers exceed 200 000 to 800 000
[19] elements. Here, meshes comprised on average 2 million
elements (mean 2150467, range 288 326-5527826). Meshes
were exported from Avizo in the proprietary AsaQus FEA
solver (Dassault Systems, Paris) file format.

] Panagiotopoulou O, Wilshin SD, Rayfield EJ,

Shefelbine SJ, Hutchinson JR. 2012 What makes an

accurate and reliable subject-specific finite element

model? A case study of an elephant femur.
J. R. Soc. Interface 9, 351—-2361. (doi:10.1098/rsif.

2011.0323)
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Retractions

What makes an accurate and reliable

subject-specific finite element model? A
case study of an elephant femur

O. Panagiotopoulou, S. D. Wilshin, E. J. Rayfield, S. J. Shefelbine and J. R. Hutchinson
Published: 06 October 2014 https://doi.org/10.1098/rsif.2014.0854

#" This article retracts the following

J. R Soc. Interface 9, 351-361 (7 February 2012; Published online 13 July 2011)
(doi:10.1098/rsif.2011.0323)

Subsequent to publication of ‘What makes an accurate and reliable subject-specific finite
element model? A case study of an elephant femur. J. R Soc. Interface 9, 351-361 (7
February 2012; Published online 13 July 2011, doi:101098/rsif.2011.0323)’, the authors (O.
Panagiotopoulou, S. D. Wilshin, E. J. Rayfield, S. J. Shefelbine and J. R. Hutchinson)
uncovered problems with the methods used in the paper and therefore some of the final
data presented therein.

In the analysis presented in this paper, finite element model nodes other than those
shown in the electronic supplementary material, figure S4, in the paper were used to
select data from for comparison to the experimental (laser speckle interferometry) data.
While that model itself appears to be valid, the data taken from it are therefore invalid, as
they do not match the location of the region that was experimentally sampled.

Furthermore, the difficult process (due to differences in model versus experiment
resolution, for example) of comparing the finite element data to average ‘nodes’ from

2014
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1. INTRODUCTION

materials and

ptions concerning loading boundary conditions.
Simplifications and assumptions with regards to these
variables must necessarily be made in order to make a
‘model computationally tractable. Nonetheless, the quanti-
tative assessment of the degree of simplification and the
discretization error of an FE model using convergence
tests, sensitivity studies and validation analyses is an
essential prerequisite in order to ensure model reliability.
Convergence tests are conducted by decreasing the

*Author for correspondence (opanagiotopoulouire ac.uk).
Electronic supplancatasy materal i avallable o bt/ dokorg
10,1098 /il 201,032 or via b

element size until the results are repeatedly obtained. Sen-
sitivity studies indicate how much the results change in
response to small perturbations in certain parameters,
such as material propertics or loading conditions. Vali-
dation analyses compare FEA results with experimental
results to maximize model accuracy (e.g. [1]).

A convergence study involves varying the size and
type of clements in the FE model’s mesh. The resol-
ution of the mesh (size and type of clements) affects
the results of the analysis. As the mesh resolution
increases (ic. smaller elements), the solution of the
model converges. After convergence is reached, more
clements will not change the solution. Thus, it is eritical
that FE models have a sufficient number of elements
and/or the appropriate type of clements, o that the
FEA results do not change between models and the
model converges. At this convergence point further
increases to the mesh density will result in the same
solution. Once an FE model is determined to be con-
verged, it can be compared against experimental
(validation) results to assess its overall accuracy.

Convergence studies are commonly conducted in
mechanical engineering studies 23] and in clinical
studies of human bone [1-9], yet are widely overlooked
in zoological jons, Many zoological studies
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What if we build our work on involuntarily wrong or fraudulent results?
How can we verify that we and our collaborators produce correct results?



MIA workflows and their challenges

Image Preprocessing + Feature * Within labs, code is often fragmented
Acquisition Segmentation  quantification * Proprietary software can limit advancement
| ' * In-house code is tied to the creator’s
employment
| D———

* Hard to reuse and extend by new members

* Need for algorithm comparisons and
standardization across labs
* Faster advancement of research




We need to be able to:
Assess correctness of scientific claims
Build on reliable previous work
Compare and validate methods and algorithms

The answers to these needs are
Openness and Reproducibility




What are Openness and Reproducibility?

* Openness refers to the
developed by researchers with the aim to share
knowledge and tools to professionals and citizens (woelfle 2011)

* Reproducibility is the ability of researchers to
using the same data, software, and
methods used by the original authors (golien 2015)
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https://www.nature.com/articles/nchem.1149
https://www.nature.com/articles/nchem.1149
https://www.nsf.gov/sbe/AC_Materials/SBE_Robust_and_Reliable_Research_Report.pdf

The open and reproducible research movement

question more and more the way they work f;*:figshare

* Bottom-up movement . <b

* Creation/explosion of tools to make research
open and reproducible o
« Zenodo, Jupyter notebook, ... Jupyter

* About 15-10 years ago, scientists started to .

L

L .
FTH
-.’:
[HS

<

e Science is more and more intended as a
collective effort

e Creation of communities

11



The Open and Reproducible Musculoskeletal
Imaging Research (ORMIR) Community

e More than 70 international researchers from
Industry and academia

* Goals
* Create open code to analyze MSK images
* Standardize image acquisition and management
* Promote a culture of openness and reproducibility

 Code of conduct
* Inclusive, friendly, respectful, considerate




The Open and Reproducible Musculoskeletal
Imaging Research (ORMIR) Community

* 6 Working groups who create code and manage data
* Biomechanics, High-res CT, Knee, Muscle, ORMIR-MIDS, Splne

SSSSSSS

* Community and Technical Advisory Boards
* Guidelines and templates (ormir.org)

* Events
 Hackathons, Workshops at QMSKI

Organ level analysis

nnnnn

13



http://www.ormir.org/

Why and - to do open and
reproducible research?



What’s a research output?

Publications

=

s \
Jupyter n
- A

O

Bonarettiet. al. Open and reproducible research in musculoskeletal imaging: why it matters and how to implement it with the guidelines
ofthe Open and Reproducible Musculoskeletal Imaging Research (ORMIR) community (https://doi.org/10.1093/jbmrpl/ziag025) 15


https://doi.org/10.1093/jbmrpl/ziag025

ow to organize a research project?

study_name
— data - ses-01
raw mr-anat
902145989_001.dcm sub-01_ses-01_T1w.json
798346781_001.dcm sub-01_ses-01_T1w.niigz
mids ct
b-01 |: sub-01_ses-01_ct.json
sub sub-01_ses-01_ct.nii.gz
sub-02 m ses-02
derivatives — ses-01

|: sub-01
mr-anat
sub-02 l: sub-01_ses-01_T1w_seg.nii.gz

sub-01_ses-01_T1w_crop txt

results | ot
mor.ph.ology.csv I: sub-01_ses-01_ct_seg.nii.gz
daftatlstlcs.csv sub-01_ses-01_ct_morph.tsv
& a_docs L ses-02

acquisition.pdf

— code

src
I: preprocessing.py
segmentation.py
notebooks
preprocess_images.ipynb
segment_images.ipynb
batch_scripts
run_preprocessing.sh
run_segmentation.sh
] code_docs
—— sphynx/readthedocs/jupyterbook

— publication
L— paper.tex

Find the template on www.ormir.org/templates.html!



http://www.ormir.org/templates.html

ow to organize a research project?

ses-01

study_name
— data
raw
902145989 _001.dcm
798346781_001.dcm
mids
|: sub-01
sub-02
derivatives
|: sub-01
sub-02
results
morphology.csv
statistics.csv
data_docs
—— acquisition.pdf

mr-anat
sub-01_ses-01_T1w.json
sub-01_ses-01_T1w.niigz
ct

|: sub-01_ses-01_ct.json
sub-01_ses-01_ct.nii.gz

ses-02

ses-01

mr-anat

l: sub-01_ses-01_T1w_seg.niigz

sub-01_ses-01_T1w_crop txt
ct

I: sub-01_ses-01_ct_seg.nii.gz

ses-02

sub-01_ses-01_ct_morph.tsv

17



Data and metadata

data

raw
902145989 _001.dcm
——798346781_001.dcm

mids

— sub-01

— sub-02
derivatives

— sub-01

— sub-02

results
morphology.csv
statistics.csv

data_docs
——acquisition.pdf

ses-01

— mr-anat
sub-01_ses-01_T1w.json
sub-01_ses-01_T1w.nii.gz

—| ct

sub-01_ses-01_ct.json
—— sub-01_ses-01_ct.nii.gz
ses-02

ses-01

—— mr-anat
sub-01_ses-01_T1w_seg.nii.gz
sub-01_ses-01_T1w_crop.ixt

—| ct

sub-01_ses-01_ct_seg.nii.gz

sub-01_ses-01_ct _morph.tsv
ses-02

1 figshare

e

Data

* Data provenance
* Raw/derived data

* Open file formats
* E.g.,.csvinstead of .xlsx

18



B :r:‘nqshare

e M

Data

Sharing data

Discuss sharing data with your supervisors/institution!
* See the ORMIR Data Sharing Guidelines (www.ormir.org/data_sharing_guidelines/)

Version 3 Jan 14, 2020
* Atleast 3 types:
* Institutional (E.g. escholarship.org/uc/ucsf) ereion s e
* Topic-specific (E.g. openneuro.org) 10.5281/zen0do 3540477 |
* Generic (E.g. Zenodo, Figshare) ereion -
. Why a data repository? 10.5281/zen0do.3262308
* Th rovi
ey p ° de a - . . Cite all versions? You can cite all versions by using the DOI
* Llnk to personal repOSItOrleS Often get deleted 10.5281/zenodo.3262307. This DOI represents all versions,
 Citations! and will always resolve to the latest one. Read more.
* They can provide version control
o 608 O
|~ BY NC_ |
» License 01©) P00 [FOSG
* Online material is automatically protected by copyright @ L@m @:‘m:mmJ

e Creative Common licenses/ Institutional licenses UBLIC
h ://creativecommons.or licen 19



https://www.ormir.org/data_sharing_guidelines/
https://creativecommons.org/about/cclicenses/

How to organize a research project?

study_name

=
Jupyter :
‘y B

O

— code

src
I: preprocessing.py
segmentation.py
notebooks
preprocess_images.ipynb
segment_images.ipynb
batch_scripts
run_preprocessing.sh
run_segmentation.sh
] code_docs
—— sphynx/readthedocs/jupyterbook




Code and open source

code

* Python (R, Julia, ...)

Src _ * Look atthe available packages in your field!
preprocessing.py

 seamentatonpy * Write code and documentation for humans!
preprocess_images.ipynb * Style guide for Python Code
segment_images.ipynb (https://peps.python.org/pep-0008)

batch_scripts . .
run_preprocessing.sh ° NumPy documentation gl.“de
run_segmentation.sh (https://numpydoc.readthedocs.io/en/latest/format.html)

code_docs

——sphynx/readthedocs/jupyterbook

docstring HTML documentation

21


https://peps.python.org/pep-0008/
https://peps.python.org/pep-0008/
https://peps.python.org/pep-0008/
https://numpydoc.readthedocs.io/en/latest/format.html

Computational narratives

* Jupyter notebook /R markdown

* |[ntegrating and structuring narrative
images, and code

* Used for drafting, reports, use cases, ...

Brknos.examoie_ 2 oqs x
B+ X D0 r s o Code

Relaxometry - Extended Phase Graph (EPG) modeling

Image information

Visualize 7> maps

20 MAP: For sach image,

30 MAP: Interactive rendering of 7 maps

i 1ge_ID] [*relanssetryFolder™] + insge_dutalisage_10) [*t2napmashs L iename” |
¢ G onne

CytoGLMM Workflow

Christof Seiler

2 Prepare Simulated Data

We construct our simulated datasets by sampling from a Poisson GLM. We confirmed—with
predictive posterior checks—that Poisson GLMs with mixed effects provide a good fit to mass
cytometry data (Seiler et al. 2019). We consider one underlying data generating mechanisms
described by a hierarchical model for the ith cell and jth donor:
X;; ~ Poisson(A;)

=B;+U;

Normal(8”, £5) if ¥; = 0, cell unstimulated

Normal(@", £5) if Y; = 1, cell stimulated
U; ~ Normal(0, £y).

log(4;;

By

The following graphic shows a representation of the hierarchical model

Byj ~ Normal(8'”, £5) U; ~ Normal(0, Ey)
\ 1

X ~ Poisson(exp( + N A
)

Bi; ~ Normal(6'"), £5)

Library("CytoGLMM™)
Library(“magrittr")
set.seed(23)
df = generate_data()
4F[1:5,1:5]

o # A tibble: 5 x 5
##  donor condition mOl me2 O3
2  cint> <fct>  <int> <int> <int>
1 1treatment 2 127 116
# 2 1treatment @
3 1trectment 1
# 4 1treatment 6 20 34
# 5 1 treatment 18

Session Info

sessionInfol)

22



Computational narratives

CytoGLMM Workflow

* Jupyter notebook /R markdown

* |[ntegrating and structuring narrative
mages, and code -> HNTENEHERTRELE

* Used for drafting, reports, use cases, ...

* Creation of reproducible workflows

* Automatically download data from a repository import wget
* Automatic intervention for data analysis [l pandas
* Dependencies, I.e., versions of libraries and on x| [ —
machine N A O
swatermark --iversions éﬁlﬂ Ehgame
ithub.com/rasht/watermark | &2 s
. . 23
Find the template on www.ormir.org/templates.html!



https://github.com/rasbt/watermark
http://www.ormir.org/templates.html

Version control and licenses

e \Version control

 GitHub/Zenodo allows code citations O u

* Find the template for the README.md file on www.ormir.org/templates.html

ssssssssss
Commercial | _ __ | . . . | . | . | Disclose |  _  |Networkuseis| = | |
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

nnnnnnnnnnnnnnnnnnn

LLicense

* Open source license e | @
* Permissive / Restrictive i

| BSD 2-Clause
THE ) A "Simplified” L
\ [BSD 3-Clause
[Clear License .
SOFTWARE FOUNDATION [BSD 3-Clause
Ng  |'New " or .
o "Revised” License

BBBBBBBBBBB

LLicense

uuuuuuuuu

h -//ch licen m ndix

24


http://www.ormir.org/templates.html
https://choosealicense.com/appendix/

How to organize a research project?

study_name

publication

25



Sharing the findings

* Openly share our work reports
* Preprints on archive or Zenodo/Figshare
* Open access in traditional journals
* Specific journals for code and data

[ o0

bioRyiv

THE PREPRINT SERVER FOR BIOLOGY R ™
m e CI X lV @& Computer Methods in Biomechanics and
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE Biomedical Engineering

J®SS

The Journal of Open Source Software

SCIENTIFIC DATA:

26



Towards reproducible publications <

Repository | Metadata / Selvoey License DpoI Citation
Software
Used
. . Preprocessing Bitbucket Wiki C#+, ITK Apache https://doi.org/ | [59]*
10.1016/j .media.
. 2014.05.008*
elastix 4.8 GitHub Github Wiki C+, ITK Apache https://doi. [28]*
0rg/10.1109/TMI.
2009.2035616*
Developed
PYKNEEX GitHub Website python, GNUGPLv3 | https://doi.org/ | Bonaretti S. et al.
° ° Jupyter 10.5281/zenodo. "pyKNEER"

[ ] notebook 2574172 (v0.0.1). Zen-
odo. 2019.
10.5281/zen-
0d0.2574172

Data
3 3 Original OAI Website - Data user https://doi.org/ [491*
[ S C P ' agreement 10.1016/j . joca.
i roceedings are Jupyter notebooks
y p . Derived (results) Zenodo | Jupyter notebook - CC-BY-NC-SA | https://doi.org/ | Bonaretti S. et al.
10.5281/zenodo. Dataset used in
. . 2530609 (Bonaretti et al.
https:// d /202 s
S. roceedings.scipy.or odo. 2015
10.5281/zen-
0d0.2530609

il
g SciPy 2025 Articles 2025 Conference

Viusizaton

As detailed by the Nyquist-Shannon Sampling Theorem, high frequency content in an

Distribution of DSC Thickness correlation

image must be reduced before downsampling to avoid aliasing_artifacts. On this page

Introduction

Slice FALS Motivation

Brief history of Wasm

oy KNEE ickness [em)

Slice Axis

‘Wasm and scientific

computing p, Py 3

Ground truth thickness [cm]
)

Methods

Overview Distribution of DSC

T2 correlation

C++ core

Build environment
Docker images

3

Command line interface
(cLh

PYKNEE! T [ms]

o

Language-specific
libraries and idiomatic
bindings

Dice similarity coefficient

Ground truth volume [ cm | Ground truth T ms]
© (@
Figs. OALZ-BL (cyan), - (8) Vilin plots

Figure 5: Aliasing artifacts at the second resolution scale. With naive subsampling (top) aliasing
artifacts introduce noise in the image at frequencies not supported by the sampling frequency. With
gaussian anti-aliasing filtering prior to downsampling (bottom), signal fidelity is preserved.

Traditional file format
support

OAILDESS OAN-T2  OAZBL  OAIZFU
Dataset

. and T, maps (d). (See & putatio

McCormick 2024, : i i i 1

Bonaretti 2020, https/doi.org/10.1371/journal.pone.0226501 27


https://proceedings.scipy.org/2025
https://doi.org/10.1371/journal.pone.0226501




Take home message

* Open and reproducible research is a way of working that
supports researchers’ needs!

* Nowadays, we have all the tools to do open and
reproducible research!

* Find plenty of material on www.ormir.org: templates,
code and data guidelines, resources to learn more

* ltis alearning process! We are not alone! So, just...

29


http://www.ormir.org/
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Some references

* Ten simple rules for writing and sharing computational analyses in Jupyter Notebooks
(Rule et al, doi.org/10.1371/journal.pcbi.1007007)

* Ten simple rules for reproducible computational research
(Sandve et al, doi.org/10.1371/journal.pchbi.1003285)

* Ten simple rules for taking advantage of Git and GitHub
(Perez-Riverol et al, doi.org/10.1371/journal.pcbi.1004947

* Good enough practices in scientific computing
(Wilson et al, doi.org/10.1371/journal. 1.1 10)

* A quick guide to software licensing for the scientist-programmer
(Morin et al, doi.org/10.1371/journal.pcbi.1002598)

* Toward the Geoscience paper of the future: Best practices for documenting and sharing
research from data to software to provenance (Gil et al, doi.org/10.1002/2015EA000136)

* Jupyter: Thinking and storytelling with code and data
(Granger & Peréz, doi.org/10.1109/MCSE.2021.3059263)
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https://doi.org/10.1371/journal.pcbi.1007007
https://doi.org/10.1371/journal.pcbi.1003285
https://doi.org/10.1371/journal.pcbi.1004947
https://doi.org/10.1371/journal.pcbi.1004947
https://doi.org/10.1371/journal.pcbi.1005510
https://doi.org/10.1371/journal.pcbi.1002598
https://doi.org/10.1002/2015EA000136
http://www.doi.org/10.1109/MCSE.2021.3059263
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