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Abstract

Open-source practices and resources in magnetic resonance imaging (MRI) have
increased substantially in recent years. This trend started with software and data
being published open-source and, more recently, open-source hardware designs have
become increasingly available. These developments towards a culture of sharing and
establishing nonexclusive global collaborations have already improved the reproduc-
ibility and reusability of code and designs, while providing a more inclusive approach,
especially for low-income settings. Community-driven standardization and documen-
tation efforts are further strengthening and expanding these milestones. The future
of open-source MRl is bright and we have just started to discover its full collaborative
potential. In this review we will give an overview of open-source software and open-

source hardware projects in human MRI research.

Abbreviations: AC, alternating current; ADC, apparent diffusion coefficient; AFNI, fMRI analysis software; ASCII, data format; BART, image reconstruction software; BIDS, Brain Image Data
Structure; CAD, computer-aided design; CEST, chemical-exchange saturation-transfer; CIL, Core Imaging Library; CNC, computerized numerical control; Dafne, image segmentation software;
DC, direct current; DNP, dynamic nuclear polarization; erwin, quantitative image postprocessing software; ESR, electron paramagnetic resonance; FAIR, Findability, Accessibility, Interoperability,
and Reusability of data; FFT, fast Fourier transform; fMRI, functional MRI; FOV, Field of View; FreeSurfer, image registration and segmentation software; FSF, Free Software Foundation;
Gadgetron, image reconstruction software; GOSH, Gathering for Open Science Hardware; GUI, graphical user interface; hMRI, quantitative image postprocessing software; ImageJ, image

processing software; IP, intellectual property; ISMRM, International Society for Magnetic Resonance in Medicine; ISMRMRD, ISMRM raw data format; ITK, image registration software; JEMRIS,
MR simulation software; Julia, programming language; KiCAD, electronic design software; MARCOS, Red Pitaya SDR-based MR control software; MARIE, EM simulation software; MIRTK, image
processing software; MONAI, image segmentation software; MRILab, MR simulation software; MT, magnetization transfer; NiftyReg, image registration software; OCRA, Red Pitaya SDR-based
MR control software; OSHWA, Open Source Hardware Association; OSI, Open Source Initiative; 0OSI? ONE, low-field MRI scanner; OSI?, Open Source Imaging Initiative; PCB, printed circuit
board; POSSUM, MR simulation software; pTx, parallel transmission; Pulseq, pulse sequence design software; PyQMRI, quantitative image postprocessing software; QMRITools, quantitative
image postprocessing software; gMRLab, quantitative image postprocessing software; QUIT, quantitative image postprocessing software; RF, radiofrequency; Scanhub, MR control, acquisition,
and postprocessing software; SDR, Software-Defined Radio; SigPy, RF pulse design software; SIRF, image reconstruction software; Spinach, MR simulation software; TOPPE, pulse sequence
design software; VeSPA, image simulation software; Yarra, image reconstruction framework.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2023 Physikalisch-Technische Bundesanstalt and The Authors. NMR in Biomedicine published by John Wiley & Sons Ltd.
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1 | INTRODUCTION

Magnetic resonance imaging (MRI) serves as a stark reflection of our global disparities. While MRI machines are indispensable in clinical practice
within resource-rich hospitals, this technology appears to be nonexistent in low-income areas, rendering it practically inaccessible. One of the
most powerful and versatile noninvasive medical imaging devices is also one of the most complex systems encountered in today's clinics. While
some challenges of MRI research, development, and production are inherently tied to its fundamental physics and the realization through electri-
cal, mechanical, and digital components, many other obstacles preventing affordable machines and reproducible research are human-made.

Black boxes, that is, inaccessible software, data, hardware, and documentation, continue to impede collaboration and progress in this vibrant
interdisciplinary field of MRI. Within the realm of science, missing information prevents researchers from accessing, reproducing, and validating
published results, hampering scientific progress and its translation into clinical applications.*?

In machine development, deliberate concealment of information aims to thwart competitors from easily reproducing machines, effectively
leading to higher investments required for already established technologies, subsequently raising costs for healthcare systems. Limited access to
operational knowledge, such as parameters influencing imaging performance, poses challenges in advancing MRI from a qualitative to a more pre-
cise quantitative imaging technique.® Inaccessible information for the operation and maintenance of MRI machines creates difficulties for third
parties attempting to repair and operate the equipment without vendor assistance. This intentional dependency on vendors can result in signifi-
cant financial burdens or, at worst, render the equipment inoperable. Many countries heavily rely on donated or funded healthcare equipment
(in some cases 80% of the total healthcare equipment is being donated).* However, only a fraction (10%-30%) of these donations become fully
operational, largely because of a lack of user training and technical support.*

At practically all levels of healthcare product development, validation, documentation, and operation, whether for scientific purposes or clini-
cal applications, the lack of access to information and/or the limited freedom to utilize available information unnecessarily complicates workflows:
for example, efforts are being directed into time- and resource-intensive nondisclosure agreements, reverse engineering, and reinventing the
wheel. Within healthcare systems, these challenges eventually manifest as exorbitant costs for machines and maintenance, a lack of interoperabil-
ity, vendor lock-in effects, and high barriers to market entry. Consequently, significant disparities arise between regions and patients in terms of
access to critical medical technology.>®

Fortunately, opposing trends are gaining strength. The importance of nonexclusive information sharing has been identified as a vital ele-
ment for efficient global research practices, leading funding agencies in the European Union (EU) to make open-access publications mandatory
for receiving public funding.” Similarly, a recent US government policy announced the implementation of zero-embargo open-access publica-
tions by the end of 2025.87 What initially began with free-to-read publications has now extended to data sharing, aiming to enhance the qual-
ity of results, foster global collaboration, accelerate innovation, and improve scientific transparency. Open-source software is increasingly
being recognized as a fundamental component of an open science strategy, reinforcing officially a working culture that is predominantly
founded on the principles of open source,'® which are the free access, use, modification, and redistribution of code by anyone.'* While still in
its early stages, open-source hardware is also gaining momentum and is expected to follow a similar trend on a much broader scale. In a
research setting, open-source hardware is an excellent fit, because laboratory designs can be (re)produced for only a fraction (~10%) of the
cost of proprietary counterparts.*?>*3 Additionally, open-source hardware allows for customization, which is an asset for inventors with limited
research budgets. Open-source hardware has been identified as a key factor in accelerating science and technology towards the United
Nations' sustainable development goal of “building resilient infrastructure, promote inclusive and sustainable industrialization and foster
innovation”.**

The progress towards open-source ecosystems is backed by various organizations such as the Open Source Initiative (OSI),! the Free Soft-
ware Foundation (FSF),*> the Open Source Hardware Association (OSHWA),'® and the Gathering for Open Science Hardware (GOSH).>” These
organizations play a crucial role in establishing the necessary infrastructure for open-source collaborations. Recent initiatives include standards
for data sharing such as the FAIR— Findability, Accessibility, Interoperability, and Reusability of data—principles,'® certification, and standardiza-

tion efforts for open-source hardware documentation such as the DIN SPEC 3105,1%:2°

open-source hardware licenses such as the CERN OHL
v2,2! and open hardware labs created at universities, which grant access to tools and machines for open hardware production.??

The private sector has been quick to recognize and respond to these developments, adapting their business strategies to incorporate open
source into their products. Open-source software has evolved into a multibillion-dollar market, and interestingly, the quality of the software has

become the primary reason for companies to adopt open-source solutions.?®> Major tech companies, including Linux Red Hat, Microsoft, IBM,
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Amazon, Google, SAP, Intel, OpenAl, and many others, actively utilize and contribute to open-source software. Likewise, open-source hardware
designs are increasingly being commercialized by companies. Prominent examples include Arduino, Sparkfun, Adafruit, and Prusa.

These trends are also reflected in the MRl community. The International Society for Magnetic Resonance in Medicine (ISMRM) has increas-
ingly been incorporating open-source content into its annual meetings. Multiple ISMRM study groups actively promote open-source collaboration
and various initiatives have emerged to establish open-source standards within MRI. MR-Hub (https://ismrm.github.io/mrhub/) serves as a plat-
form for open-source software, while the Open Source Imaging Initiative (OSI?, https://www.opensourceimaging.org) focuses on both software
and hardware.?*25 Furthermore, thematically specialized initiatives have emerged to address specific research interests and improve open science
practices. Examples include the Open Science Initiative for Perfusion Imaging,2%?” MRSHub with open-source resources for MR spectroscopy,?®
and the Renal MRI Initiative.?’

One of the most ambitious goals was set by OSI? upon its foundation in 2016: to develop a complete open-source MRI system. Since then,
remarkable progress has been made with the first open-source hardware prototypes being presented in 2022, such as the low-field MRI system
OSI1? ONE.3%3! This rapid advancement highlights the potential of collaborative efforts within the research community. Currently, these systems
are diffusing to a wider user range, including industry collaboration. An exciting milestone was achieved when the first OSI> ONE system was suc-
cessfully reproduced in Uganda, a remote place on the MR map.3® To ensure that these technologies eventually reach patients, it is crucial to
include sharing of documentation that can be used to facilitate regulatory approval as a medical device. Currently, such documentation blueprints
are not publicly available yet, but work is underway to address this challenge.®2 The expansion of open-source hardware into the realm of
open-source medical technologies offers numerous potential advantages: cost savings for the healthcare systems by reduced acquisition and
maintenance expenses, accelerated innovation, global collaboration in product development, local adaptation and production, and more transpar-
ent processes in the reimbursement for medical services.®” 3%

The future of open-source MRl is bright, and we have only begun to discover its full collaborative potential. In this review, we aim to provide
an overview of current open-source software and open-source hardware in human MRI research. We will delve into the concept of open-source,
including its corresponding licensing and documentation models, and discuss the challenges involved in implementing open-source practices.
While there are numerous exciting open-source projects in existence, it is not possible to cover them all comprehensively within this review. For
those seeking further information, websites like https://ismrm.github.io/mrhub/ and https://www.opensourceimaging.org serve as excellent
starting points. Other very valuable resources around open science practices and reproducibility in imaging are also available.*°~43

Compressed lists of all open-source software and hardware projects covered in this review are given in Table 1 and Table 2. These lists are
also available online (https://gitlab.com/osii-one/osii-orga) to provide a dynamic resource that can be updated with new project information or

new projects by everyone.

1.1 | Open-source licenses and documentation

The term “open-source” was defined by the OSI and is based on the Free Software Definition by the FSF.}?’ It means that the user is granted full
control to freely use, study, modify, redistribute, and also commercially exploit the shared material. These definitions were primarily written for soft-
ware source code, and software licenses must meet those requirements to qualify as free or open-source software. Both the OSI and FSF maintain a
list of officially endorsed licenses.’*° However, the “freedoms” or “rights of open source” granted by free/open-source licenses can be applied to
any material, including hardware. The OSHWA has published a definition clarifying the requirements for respective licensing terms for open-source
hardware.*®! Today, there is a large variety of open-source copyright licenses available, optimized for different types of materials (software, hard-
ware, images, fonts, etc.) and specific use cases (e.g., domain-specific liability or associated patents). However, especially for hardware, other domains
of intellectual property (IP) rights may apply, most notably patent law or industrial design rights. To make hardware open source, it must be “freed”
from all applicable domains of IP restrictions. Most commonly this is done by publishing the hardware design (1) under an open-source license, and
(2) in a way that it is easily found on the internet (also called “defensive publishing”). The open-source license in turn ensures that the design files can
be freely used, studied, modified, and redistributed. Open-source licensing schemes are often classified by their reciprocality, which determines the
preservation of rights in derivative works (Table 1). Version 2.0 of the popular hardware-specific CERN Open Hardware License (CERN OHL) is avail-
able in three variants, reflecting these licensing schemes.?%*32 Licenses that prohibit commercial use or modification of the material (such as CC BY-
NC or CC BY-ND) do not meet the licensing requirements of any of the abovementioned definitions and hence are not open-source licenses.

For effective reuse and widespread decentralized development of open-source hardware designs, complete and comprehensive technical
documentation is crucial.>”**3 This includes the bill of materials, design files in their native format (e.g., 3D computer-aided design [CAD] models)
and manufacturing-oriented export formats (e.g., STL files for 3D printing). It is important to note that the open-source hardware projects listed in
this review may not adhere to a unified documentation standard, and often files that are needed to fully reproduce the designs are missing. Nev-
ertheless, important pioneering steps of sharing designs have been performed and current community work is focusing on establishing documen-

tation standards to improve documentation quality.
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TABLE 1 List of open-source software resources, corresponding license, available files, published platform, and evaluated reference. A full regularly updated list can be found at https://gitlab.

com/osii/cab.

Project name
3D Slicer
AFNI
ANTs
ANTsPy
BART
PyCoilGen
CoilGen
CoSimPy
Dafne
EPTlib
erwin
FreeSurfer

Gadgetron

GNURadio MRI
HalbachOptimisation
hMRI-Toolbox
Image)

ISMRMRD

ITK
JEMRIS
Keras
KomaMRILjl
LUMC Gradient Design Tool
Madym
MARCOS
MARIE
MIRTK
MONAI
MRILab
MRIReco.jI
NiftyReg

Description

Image computing platform
Image postprocessing
Image postprocessing
Image postprocessing
Image reconstruction
Gradient coil design
Gradient coil design
Circuit co-simulation
Image segmentation
Electric properties tomography
Quantitative MRI

Image postprocessing

Image reconstruction

Pulse sequences
Magnet simulation
Quantitative MRI
Image postprocessing

MR raw data format

Image postprocessing
MRI simulations
Deep learning

MRI simulations
Gradient coil simulation
Quantitative MRI
Console software

EM field simulations
Image postprocessing
Deep learning

MRI simulations
Image reconstruction

Image postprocessing

License

3D Slicer license
Apache 2.0
Apache 2.0
Apache 2.0
BSD-3-Clause
GPL-3.0
GPL-3.0

MIT

GPL-3.0

MIT

MIT

Apache 2.0
GADGETRON Software

License (modified MIT license)

GPL-3.0

MIT

GPL-2.0
Public domain

ISMRMRD software license
(modified MIT license)

Apache 2.0
GPL-2.0
Apache-2.0
MIT

MIT
Apache-2.0
GPL-3.0
GPL-2.0
Apache 2.0
Apache-2.0
BSD-2-Clause
MIT
BSD-3-Clause

9SUDY SUOWWIO) GATERI) A[qEaNIddE o £q POUIDAOS SIE SI[IMIE V() 98T JO SN 10} ATEIIT QUIUQ AO[1A UO (SUOBIPUOO-F

SULI)Y/WOY" K[ IM"A:

License type
permissive
permissive
permissive
permissive
permissive
strong copyleft
strong copyleft
permissive
strong copyleft
permissive
permissive
permissive

permissive

strong copyleft
permissive
strong copyleft
permissive

permissive

permissive
strong copyleft
permissive
permissive
permissive
permissive
strong copyleft
strong copyleft
permissive
permissive
permissive
permissive

permissive

Trapped?
No
No

Yes
No
No
No
No

No

No

Yes

Yes
No

Yes
No
No

Platform

Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com

bitbucket.org
Github.com
Github.com
Github.com
Github.com

Github.com
Github.com
Github.com
Github.com
Github.com
Gitlab.com

Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
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Reference

v5.2.2%

v0.3.8%

v2.4.4%

commit 931b124*”
v0.8.00%8

v0.1.3%

commit d8e6440°°
v1.4.0°*
v1.3-alpha2?
v0.3.3%°

v1.0.2°*

v7.4.1%

v4.1%¢

v3.7%7

commit b5edf2e>®
v0.5.0%7
v2023.07.10%°
v1.13.4%*

v5.3.0?

v2.9.0

v2.13.1%*

v0.7.3%°
1a2dd56%¢
v4.23.0%7

commit 35¢599e%8
commit 3,254,454%°
v2.07°

v1.2.07*

v1.372

v0.7.173

v1.3.974
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TABLE 1 (Continued)

Project name
OCRA

ODIN

Pulseq
PyPulseq
PyQMRI
PyTorch
QMRITools
gqMRLab
QUIT
Scanhub
SEPIA
Shimming Toolbox
SigPy
SimpleElastix
SIRF

Spinach

SPM

ThinWire - MRI
Gradient Coil Design

TOPPE
VeSPA
Virtual MRI scanner

Yarra

95UDYT SUOWWIO) AATERI) A[qEDNIddE Uy Kq POUIDAOS SIE SI[IMIE V() 98T JO SN 10} ATEIIT QUIUQ AO[1A UO (

Description

Console software
Development interface
Pulse sequences

Pulse sequences
Quantitative MR
Deep learning
Quantitative MR
Quantitative MR
Quantitative MR
Console software
Susceptibility mapping
B1/B0 shimming

MRI simulations
Image postprocessing
Image reconstruction
MRI simulations
Quantitative MRI

Gradient coil simulation

Pulse sequences
MRI simulations
MRI simulations

Image reconstruction

License
GPL-3.0
GPL-2.0

MIT
AGPL-3.0
Apache-2.0
own license
BSD-3-Clause
MIT

MPL-2.0
GPL-3.0

MIT

GPL-3.0
BSD-3-Clause
Apache 2.0
Apache-2.0
MIT

GPL-2.0

MIT

MIT
BSD-3-Clause
AGPL-3.0
GPL-3.0

SULI)Y/WOY" K[ IM"A:

License type
strong copyleft
strong copyleft
permissive
strong copyleft
permissive
permissive
permissive
permissive
weak copyleft
strong copyleft
permissive
strong copyleft
permissive
permissive
permissive
permissive
strong copyleft

permissive

permissive
permissive
strong copyleft
strong copyleft

Trapped?
No
No
Yes

Yes
Yes
Yes

Yes
No
No

Platform
Github.com
sourceforge.net
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
Github.com
own website
Github.com
Github.com

Github.com
Github.com
Github.com

bitbucket.org
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Reference
commit aac19077°
v2.0.57¢

v1.4.077

v1.4.078

v1.2.277

v2.0.1%°

v3.3.0%

v2.5.0b82

v3.38°

commit 0075c29%
v1.2.2.4%

v0.18¢

v0.1.25%7
v0.10.0%8

v3.4.0%
v2.7.60497°
commit 81dab04”*
commit 9f020c97?

v3.07°
commit a944347%4
v2.0%°

client v0.62, server v0.977¢
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TABLE 2

List of open-source hardware resources, corresponding license, available files, published platform, and evaluated reference. Native file formats may be using proprietary software.

Export file formats (e.g., STEP) can be processed using open-source software, making the underlying information extractable. They can also support replication if they are delivered in a production-
ready format (e.g., STL for 3D printing). A full regularly updated list can be found at https://gitlab.com/osii/cab.

Project name

32-channel RF receive
chain amplifiers

8ch scalable 19F coil
8ch TX/RXRF coil 3T

8ch TX/RX RF coil 7 T

ASL phantom

COSI measure

COSI transmit

Current driver for local
Bo-shim coils

EASY_MRI_RFPA

GPA-FHDO

GPA-RP-Adapter

H-field RF probe

High peak/average
power
TR-switch for
thermal MR

LimeSDR

Maker-gradient-
amplifier

MGH tabletop MRI

MR dilution phantom
MRI cage test set

95UDYT SUOWWIO) AATERI) A[qEDNIddE Uy Kq POUIDAOS SIE SI[IMIE V() 98T JO SN 10} ATEIIT QUIUQ AO[1A UO (

Description

modular 32-channel RF
signal amplifier and
attenuator

Scalable 3 T RF Coil
8-channel 3 T pTx head coil

8-channel 7 T pTx head coil

Perfusion phantom

3-axis measurement system

RF power amplifier 1 kW

Current driver, 8 A per
channel

BASIC RFPA for MRI
applications

BO shim or gradient amplifier

Red pitaya shield to
connect GPA-FHDO

magnetic field probe

Transmit/receive Switch

NMR console hardware

Gradient amplifier

Tabletop MRI scanner

Contrast agent phantom

Antenna set to measure
attenuation of Faraday RF
cages

License

CERN-OHL-
1.2

none

CERN-OHL-
W-2.0

CERN-OHL-
W-2.0

none

CERN-OHL-
1.2

CERN-OHL-
1.2

none

none

CERN-OHL-
1.2

CERN-OHL-
W-2.0

CERN-OHL-
12

CERN-OHL-
12

CC-BY-3.0

MIT

None

None

CERN-OHL-
W-2.0

License
type

strong
copyleft

weak
copyleft

weak
copyleft

strong
copyleft

strong
copyleft

strong
copyleft

strong
copyleft

strong
copyleft

strong
copyleft

permissive

permissive

weak
copyleft

T SULID}/WOD A .

sdiy) suonIpuoy pue suta], o 998 "[£20¢/11/8T] U0 A1eIqrT AU AA[1A “PIOLIRYS JO ANSIOAUN £Q TGOS WQU/ZOOT 0 /10P/WO KDt

Native
files

Yes

Yes

Yes

Yes

Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No
No

Export
files

Yes

Yes

Yes

Yes

Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Bill of
materials

Yes

Yes

No

No
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No
No

Instructions

Yes

Yes

Yes

No
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Platform

Github.com

Github.com

PTB-hosted Gitlab

PTB-hosted Gitlab

Github.com
Github.com

Github.com

self-hosted

Mediawiki

Github.com

Github.com

Github.com

Github.com

Github.com

Github.com
Github.com

self-hosted
Mediawiki

Github.com
Github.com
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TABLE 2 (Continued)
Project name

MRI compatible
wireless
sensors for motion
tracking

MRI distortion
phantom

NMR relaxometry
system
OCRA tabletop GPA

OCRA1

Open source NIST
phantom

Opencore NMR
OpenForce MR

0512 ONE Magnet
OSI2 ONE RFPA

Pneumatic phantom

pTx implant safety
testbed

Solenoid RF coil

TU Delft GA

Wireless reference
implant
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Description

MRI compatible wireless
sensor for motion tracking

Modular phantom to
measure distortion

Tabletop NMR

Gradient power amplifier

4-channel digital-to-analog
converter to play out
gradient
waveforms

MR phantom

NMR spectrometer

MR compatible force sensor

MR magnet, 48 mT, 30 cm
bore

RF power amplifier

Inflation system to mimic
respiration-induced MRI
artifacts

Parallel transmission
hardware

20.5 cm diameter RF coil

Gradient amplifier

Wireless reference implant
hardware

License

MIT

CERN-OHL-
W-2.0

None

CERN-OHL-
W-2.0

CERN-OHL-
W-2.0

GPL-3.0

none

GPL-3.0

CERN-OHL-
W-2.0

CERN-OHL-
W-2.0

MIT

CERN-OHL-
W-2.0

CERN-OHL-
W-2.0

CERN-OHL-
W-2.0

CERN-OHL-
W-2.0

License

type

permissive

weak
copyleft

weak
copyleft

weak
copyleft

strong
copyleft

strong
copyleft

weak
copyleft

weak
copyleft

permissive

weak
copyleft

weak
copyleft

weak
copyleft

weak
copyleft
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Native
files

Yes

Yes

Yes

No

No

No

Yes

Yes

Yes

Yes

Partially

Yes

Yes

No

Yes

Export
files

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Partially

Yes

Yes

No

Bill of
materials

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

Instructions

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

No

Yes

No

Yes

Yes

Platform

Github.com

Github.com

Github.com

self-hosted

download link

self-hosted
download link

Github.com

Github.com
Github.com

Gitlab.com

Gitlab.com

OSF.io

PTB-hosted Gitlab

Gitlab.com

Gitlab.com

PTB-hosted Gitlab

Reference

commit 1dd041414
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Rev003'Y”
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commit 251e5bd**?
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2 | OPEN-SOURCE SOFTWARE PROJECTS FOR MRI

Making software available as open source has become increasingly popular in MRI. Partly because of community efforts to make research
methods used in publications transparent and reproducible, and partly because of online platforms, such as GitHub,*3* Bitbucket,*3> and
GitLab,*3¢ which facilitate the sharing and collaborative development of software. The increased use of open-source high-level programming lan-
guages such as Python®®” has also contributed to the ease of code sharing. The quality and reusability of open-source software can vary greatly,
ranging from simple scripts with limited documentation to large software projects with comprehensive documentation and community-based sup-
port. In recent years, the application of machine learning techniques in MRI has led to a proliferation of small open-source software projects. The
majority of these consist of the code necessary to reproduce the results of a scientific publication and they provide a very valuable starting point
for further developments. In this review we are going to focus on open-source software projects that do not just reproduce the results of a single
scientific paper, but provide a wider range of functionality. In addition, we only include software projects that provide reasonable long-time sup-
port, that is, which are compatible with up-to-date operating systems and software versions.

We will cover three main areas of open-source software: (i) simulation of MR data acquisition and design of vendor-independent MR
sequences; (ii) image reconstruction; and (iii) postprocessing of reconstructed images. It is worth noting that several of the software packages dis-

cussed cover multiple areas.

2.1 | MR simulations and sequences

Several open-source tools have been developed to simulate different aspects of the MR acquisition process. These tools enable the evaluation of
the impact of pulse sequences on the measured data, resulting from changing a simple acquisition parameter such as the echo time to making

more profound changes to specific pulse sequence elements, such as the characteristics of a radio frequency (RF) pulse.

211 | JEMRIS

JEMRIS, written in C++ but taking advantage of a MATLAB GUI, enables fast and efficient MR simulations.®®%8 Pulse sequences can be gener-
ated by concatenating multiple sequence objects, such as RF and gradient objects, each having its own set of attributes. It enables the simulation
of B1 + transmit field inhomogeneity and of multichannel RF transmit systems; the latter is done by providing multiple RF waveforms, each
assigned to a given coil channel. Bio-Savart transmit loops can be simulated, and the option to read external coil files is also provided. Besides
predefined waveforms, this software can simulate arbitrary RF and gradient waveforms that can be defined using symbolic analytical formulas.
Potential applications include simulating nonlinear gradient encoding or the impact of concomitant fields. This tool has been extended to simulate
realistic flow motion.** More recently, JEMRIS has been integrated within an end-to-end open-source MR imaging workflow.*4° This workflow
enables running a simulation with JEMRIS or to acquire data on a real scanner using the exact same pulse sequence, making it easier to carry out
sequence prototyping and debugging. To execute the pulse sequence on different scanners and reconstruct images, Pulseq interpreters,”” the
ISMRMRD open data format,®* and open-source reconstruction tools such as BART*® are utilized (Figure 1).

212 | MRILab

MRILab also enables carrying out numerical simulations of MRI experiments.”>1#! The user interfaces run on Matlab but interface with C++ code and
take advantage of GPU capabilities to enable running on a standard PC. When it was first made available, the main differentiating feature of this software
was to model tissues composed of multiple compartments. This makes it possible to simulate quantitative magnetization transfer (MT), multicomponent

T; and T, relaxometry, as well as chemical-exchange saturation-transfer (CEST) experiments. This feature is currently also available in JEMRIS.

2.1.3 | KomaMRIjl

An alternative MRI simulation platform has been implemented recently using the Julia programming language.®>%? It has the advantage of provid-
ing cross-platform compatibility and high CPU and GPU parallelization, enabling fast computations. It can read pulse sequence files in Pulseq for-
mat (see below) and outputs raw data using the ISMRMD standard. Furthermore, it provides integration with the MRIReco.jl reconstruction

software package and other reconstruction programs compatible with the ISMRMD raw data file format.
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FIGURE 1 MRI simulation using JEMRIS.®® Left: a pulse sequence is built by adding the RF and gradient objects to the tree and defining all
the parameters required for the calculations (e.g., field of view, echo time). Middle: the sequence diagram and the k-space trajectory can be
visualized for debugging. Right: having chosen the sample properties and selected the sequence file, the simulation can be run, and the obtained
signal (bottom right of the middle column) processed to reconstruct an image. Here, an echo planar imaging sequence is simulated in a brain
phantom, including susceptibility effects. The produced image appears distorted as expected.

214 | ODIN

ODIN is a GUI-supported C++ software framework to develop and simulate MR sequences.”® Contemporary MRI techniques are available: for
example, sequence modules for echo planar imaging and spiral-imaging, parallel imaging with GRAPPA reconstruction, 2D-pulses and field map-

based distortion correction.

2.1.5 | Pulseq, PyPulseq, and TOPPE

Pulse sequence design using vendor-specific code requires a steep learning curve because it typically utilizes low-level programming languages.
This can make the testing of new ideas and the translation of a given pulse sequence to systems produced by other manufacturers very compli-

cated. The goal of these tools was to simplify these procedures by relying on high-level programming languages such as MATLAB (Pulseq’”4®

and TOPPE?>1%4) or the freely available Python language (PyPulseq’®14°).

Pulseq proposed a new compact file format (“.seq”) for describing pulse sequences, based on a hierarchical representation consisting of a
timing table that defines when different sequence blocks occur (Figure 2). The seq files can be generated by running high-level scripts or
programmed using the JEMRIS GUI and can currently be interpreted and executed on Siemens, GE (via TOPPE), and Bruker commercial scanners.

The development of interpreters specific to other manufacturers' platforms or open-source scanners can be expected in the future.

2.1.6 | Virtual MRI scanner

Virtual MRI scanner,”>%¢ a result from the ISMRM 2019 Junior Fellow Challenge,147 is a web-based platform that enables running virtual MRI
experiments, simulating the interaction with a console, patient registration, and selection of the imaging protocol and sequence parameters. Once
the experiment is set up, a “.seq” file is written with PyPulseq and Bloch simulations are carried out using a discrete event approach. An important

feature of this software is to outsource computationally heavy tasks to a different computer other than that running the GUI.

2.1.7 | Spinach

Spinach is a spin dynamics library that carries out calculations using the quantum description of magnetic resonance phenomena.”®**® Computa-
tions of complex systems are made possible in reasonable times by keeping only the main contributions from all possible spin-states in the simu-
lated system. This software has the particularity of being able to support simulations of all forms of MR spectroscopy, including not only nuclear
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Pypulseq DW EPI code

.seq file
Pulseq sequence file
# Created by PyPulseq

WS
major 1 ADC map

minor 2 DWI images using SE-EPl  (1m2/5)

revision @

e MR scanner hardware . . @
®F [ox_ov Gz lanc ( '
2 ) ’

[}
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Diffusion decay

I
3
. " _ - ADC = 2.1 mm?/s
lllustrative pulse sequence diagram 3;25‘
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e mmn
: ‘ ‘ ‘ ) ‘ |
1 0 10b 260 300 406 500

b-value [s/mm?]

0 [ n [T n |

Nl 0. 0 U 00O NDAONCNONCOAUOOOOO O S

Gradient waveforms: G,, G, and G,

FIGURE 2 Pulseq’” and Pypulseq’® workflow, illustrating the design and testing of a diffusion-weighted echo planar imaging (EPI) sequence.
Left: the pulse sequence is designed using high-level Matlab (Pulseq) or Python (Pypulseq) code as in this example, and its diagram is displayed
below. Middle: a seq file is written, containing all the instructions concerning the RF, gradient, and sampling objects, and is imported into the MR
scanner for running the sequence. Right: a set of images with different levels of diffusion-weighting (b-values) is acquired and used to estimate
the apparent diffusion coefficient (ADC) map through monoexponential fitting of the signal decay in each voxel.

magnetic resonance (NMR), but also electron paramagnetic resonance (ESR) and dynamic nuclear polarization (DNP), among others. This is possi-
ble by splitting the code so that all core operations can be performed using a general algebraic abstraction applicable to any finite-state quantum

system, whereas a separate part of the code is designed to deal with the specific assumptions required to model each spectroscopy modality.

218 | VeSPA

The Versatile Simulation, Pulses and Analysis (VeSPA) software enables users to create RF pulses, simulate their behavior and compare their per-
formance for use in MR applications, including MR spectroscopy.’*4° The software contains a database of pre-existing RF pulse designs that can
be refined by the user, and the designed RF pulses can be exported using multiple file formats including ASCIl and vendor-specific formats

(Siemens). It is also possible to simulate and analyze spectroscopic data using VeSPA.

219 | SigPy

SigPy is a Python tool that includes toolboxes for MRI reconstruction and RF pulse design.8”2°° The latter (SigPy.RF) enables designing, for exam-
ple, adiabatic, multiband, and B;*-selective RF pulses, including k-space trajectory design and parallel transmit capabilities. It also performs Bloch

simulations to predict the performance of the designed RF pulses.

2.2 | Image reconstruction

Image reconstruction commonly describes the process of solving the inverse problem of obtaining an image from the acquired MR raw data.
Often this problem is ill-posed and prior knowledge needs to be included in the form of additional regularization terms, which can require iterative
methods. In addition, image reconstruction also involves other tasks such as prewhitening of the MR raw data, k-space trajectory estimation, cal-
culation of coil sensitivity maps, and more. Here, we focus on image reconstruction software that covers the entire pipeline from the raw data to

the final image.
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221 | ISMRMRD

Most MR vendors have their own MR raw data format that can only be interpreted using proprietary tools, which makes it cumbersome to create
vendor-agnostic image reconstruction and postprocessing software. To facilitate software compatibility regardless of the scanner, at an ISMRM
workshop in 2013, a group of MR scientists defined an open-source MR raw data format named ISMRM raw data (ISMRMRD).6**°! The
ISMRMRD project also provides a standard for reconstructed image data and open-source converters to translate proprietary raw data formats to
ISMRMRD. This community-driven initiative was a huge step towards reproducible science and enabled the harmonization of image reconstruc-

tion software.

222 | Gadgetron

In parallel to the development of ISMRMRD, the image reconstruction pipeline Gadgetron was created.>¢*521%2 The main aims of Gadgetron are
to be flexible and modular by utilizing a chain of individual gadgets. These modules carry out tasks such as noise prewhitening, sorting of the data,
iterative image reconstruction, and estimation of quantitative parameters. The input and output of each gadget are standardized so that gadgets
can be easily combined to generate tailored image reconstruction pipelines. MR raw data (e.g., ISMRMRD) can be sent to Gadgetron via a Trans-
mission Control Protocol/Internet Protocol connection. This allows for the streaming of data directly from the MR scanner to a custom image
reconstruction pipeline. The reconstruction can be carried out on a separate reconstruction server with multiple cores of modern CPUs and GPUs
that ensure short reconstruction times. This enables, for example, the reconstruction of highly undersampled non-Cartesian MR raw data with
iterative image reconstruction approaches during image-guided interventions. Gadgetron is implemented in C++, but high-level interfaces using,

for example, Python, are also available, which merge computational speed with rapid prototyping.

223 | BART

BART focuses on image reconstruction providing a range of solvers and regularization functionals (e.g., total variation, sparsity in the wavelet
domain, or low-rank approaches).*®1>4 It is mainly implemented in C++ and image reconstruction can be carried out via the command line. High-
level interfaces using, for example, Python, are also available. BART uses its own format for raw and image data but some support for ISMRMRD

is already available.

224 | SIRF

SIRF is a framework that allows for the reconstruction of multimodality medical imaging data such as PET-MR.8%1% Conveniently, the framework
provides a unified interface to already existing image reconstruction packages (e.g., Gadgetron for MR and Software for Tomographic Image
Reconstruction [STIR] for PET*>%). In addition to image reconstruction, SIRF also provides image registration capabilities utilizing NiftyReg and
advanced iterative optimization techniques using Core Imaging Library (CIL).2°71%® These capabilities also allow for motion-corrected image

reconstruction.*®?

225 | MRIReco.jl

A more recent software package is MRIReco.jl, which enables MR image reconstruction using Julia.”>° It provides algorithms for iterative regu-
larized image reconstruction, is SMRMRD compatible, and also contains an MR simulation module.

Figure 3 shows the reconstruction of the same MR raw data file with Gadgetron, BART, SIRF, and MRIReco.jl. This should not be seen as a
comparison of different reconstruction packages but an illustration that all these reconstruction packages can process real MR raw data (a docker
file providing all the necessary reconstruction packages and a script to reproduce this figure can be found at https://github.com/ckolbPTB/
OpenSourceMrRecon). It can also be used as a starting point to try out and compare different reconstruction packages, avoiding a lengthy installa-
tion process.

Apart from Gadgetron, all the other image reconstruction frameworks are aimed at offline image reconstruction, that is, the MR raw data
need to be exported from the scanner first. This can be challenging to apply in clinical practice. Yarra is a project that provides a general frame-

work to integrate custom image reconstruction methods in the standard clinical workflow for easy translation of novel developments.”®
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Direct Parallel imaging

Gadgetron Gadgetron BART MRIReco.jl

/4 N

FIGURE 3 Reconstruction results of a turbo spin echo black-blood acquisition on a 3-T Siemens scanner using Gadgetron, BART, MRIReco.jl,
and SIRF in three different orientations of the heart. The dataset was undersampled by a factor of ~2. The direct reconstruction corresponds to a
simple FFT followed by coil-combination and was carried out with Gadgetron. For parallel imaging, the information from the different receiver
coils was utilized to remove undersampling artifacts. The type of algorithm used by each method varies but the final results are comparable. See
https://github.com/ckolbPTB/OpenSourceMrecoRecon for more details.

2.3 | Image postprocessing

Image postprocessing is a method to extract information from an MR image. For general image analysis and postprocessing with a wide range of
options, ImageJ is one of the most widely used open-source programs.® ImageJ) can display, edit, save DICOM images, and perform
deconvolution, registration, segmentation, and many more features that can be embedded via Plugins. More specialized MR analysis techniques
such as more complex image registrations, automatic segmentations or quantitative analysis require more specialized software, details of which

are presented below.

2.3.1 | Image registration

Image registration aligns two images so that common features overlap and can be used to compensate for misalignments due to subject motion
and geometric distortions, align images from different modalities, timepoints (follow-up scans), or subjects (population studies). Among others,
registration makes it possible to combine structural images with functional information and improves tumor delineation for surgical planning.

ITK
ITK emerged in 2002 and is one of the most used open-source tools for image registration in medical imaging.®>* Numerous MR scientific

papers use ITK and often ITK algorithms are used as standard references for implementations of different registration techniques.*¢?-1¢¢ Several
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scientific groups expanded ITK's core functions. Prominent examples are Elastix and its Python, Java, R, Octave, Lua implementation Sim-

88.167. ANTs*1%8 and its Python implementation ANTsPy.%”

pleElastix
AFNI

AFNI is a software for the analysis and visualization of 3D human brain functional MRI (1’MRI).45'1"9'172 It enables visualizing neural activation
maps within higher resolution anatomical scans. Slices in each cardinal plane can be viewed simultaneously. Manual placement of markers on ana-

tomical landmarks allows transformation of anatomical and functional scans into stereotaxic (Talairach-Tournoux) coordinates.

FreeSurfer

FreeSurfer is a set of software tools for the study of cortical and subcortical anatomy.>>*”% In the cortical surface stream, the tools construct
models of the boundaries between white and cortical gray matter, and the pial surface. Once these surfaces are known, several anatomical mea-
sures become possible, including cortical thickness, surface area, curvature, and surface normal at each cortical location. Surfaces from individuals
can be aligned via an atlas with a high-dimensional nonlinear registration algorithm.

MIRTK

MIRTK is a research-focused image processing toolkit.”® It provides a collection of libraries and command-line tools to assist in processing and
analyzing imaging data. The main application of MIRTK is in adult and neonatal brain MR image registration, as well as the reconstruction of corti-
cal surface meshes.

NiftyReg
NiftyReg is a suite of image registration and alignment tools primarily intended for use with MRI and other brain scan images.”* NiftyReg is able

to perform rigid, affine, and nonlinear registration of 2D and 3D images stored as Nifti or Analyze (nii or hdr/img).

2.3.2 | Image segmentation

Image segmentation techniques extract image features by subdividing the image into different regions. Manual MRI segmentation is still a com-
mon practice; however, it suffers from poor reproducibility, user variability, and is a very time-consuming task. Automatic segmentation tools have
emerged in recent years using different segmentation techniques (e.g., threshold, clustering, edge, region or atlas-based image segmentation and,

more recently, deep learning-based segmentation).1”*

3D Slicer
3D Slicer supports versatile visualizations and provides advanced functionality such as automated segmentation and registration for a variety of
application domains.**”> Unlike a typical radiology workstation, 3D Slicer is not tied to specific hardware. An example of the 3D Slicer workflow

using different open-source postprocessing tools is illustrated in Figure 4.

Dafne
Dafne is a program for MR image segmentation that includes advanced deep learning models (based on Keras®) for automatic segmentation.>2

The user can refine the automated results, and the software will learn from the improvements and modify its internal models accordingly.

MONAI
MONAI is based on PyTorch and Numpy libraries especially created for deep learning in healthcare.”*8%178 |t aims to capture the best Al develop-
ment practices for healthcare researchers, focusing on medical imaging. MONAI has a repository (Model Zoo) that hosts medical imaging segmen-

tation models developed by the scientific community.

2.3.3 | Quantitative parameter estimation

Commonly, MRl is used as a qualitative imaging modality, that is, the pixel values of reconstructed images are unitless and individually do not pro-
vide diagnostic information. Diagnosis is only possible due to the contrast between pathological and healthy tissue. In recent years this has started
to change, and more and more quantitative MR techniques have been proposed, which directly provide quantitative (bio-)physical parameters

(e.g., T1 relaxation time or blood flow). These parameters can be estimated by fitting a model to a sequence of qualitative images with different
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Registration with Elastix

B
(A) 3D Slicer GUI &)

Segmentation with FreeSurfer

FIGURE 4 3D Slicer and workflow examples for MR image registration and segmentation. (A) 3D Slicer GUI.** (B) MR brain registration
using the Elastix extension for 3D Slicer.®8 Moving images are registered to fixed images. As an output the software provides the registered
images and deformation fields. Image source from SlicerElastix.1”® (C) Visualization of FreeSurfer>®> segmentation for the assessment of
stereotactic surgery in epilepsy. Figure adapted from previous works.'””

67,180

contrasts. Examples of the numerous quantitative tools are electric properties tomography,>>1”? blood perfusion quantification, and suscep-

tibility mapping.2>181 Here, we focus on software packages for quantitative analysis that are actively maintained and documented.

gMRLab

gMRLab provides a framework implemented in MATLAB/Octave to estimate quantitative parameters such as T1 and T2 relaxation times, B; and
B, field maps, and magnetic transfer ratios for a wide range of MR sequences.®282 Parameter estimation often requires additional information
about data acquisition and image reconstruction, which is frequently not part of the data exported from the MR scanner. gMRLab also advocates
the development of gqMRI-BIDS, an open-source data format for gMRI.282 This format is derived from the Brain Image Data Structure (BIDS),'8*

aiming to provide all the necessary metadata for accurate parameter estimation.

hMRI-toolbox

Another software package for quantitative parameter estimation implemented in MATLAB is hMRI-toolbox.>%18>

It relies on the Statistical Para-
metric Mapping (SPM) software package also available for MATLAB?? and is targeted for qMRI of the brain.

QMRITools
QMRITools is a software package written in Mathematica.®%*8¢ Similar to gMRLab, its functionality is very broad and ranges from T1 and T2 map-

ping to fat-water quantification.

PyQMRI
A Python implementation for quantitative parameter estimation is provided by PyQMRI.”?*8” This software package is specifically aimed at both

image reconstruction and parameter estimation.
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QuUIT

QUIT is a C++-based software package that allows for quantitative susceptibility mapping, B; mapping, perfusion estimation, and many

more.83188

erwin
A similar range of parameter estimates is provided by erwin, a Python-based software package for quantitative parameter estimation.”* erwin can
be imported as a Python package or used directly from the command line.

In addition to these software packages mainly aimed at processing reconstructed images, quantitative parameter estimation can also be car-
ried out with the software packages discussed in “Image Reconstruction” (section 2.2). Gadgetron and SIRF allow for parameter estimation after
image reconstruction. BART provides reconstruction techniques that directly reconstruct (bio-)physical parameters from the MR raw data without

an intermediate step of reconstructing qualitative images.*8’

3 | OPEN-SOURCE MR SCANNERS

Designing the hardware required for a complete MR system involves a great deal of expertise in a wide range of engineering areas. The combina-
tion of multidisciplinary expertise, costly infrastructure, and materials costs have long restricted the handling of this technology to a handful of
privileged manufacturers. Therefore, designing a complete open-source MR system was, for a long time, elusive. Recently, portable, permanent
magnet-based low-field (Bo < 75 mT) MRI systems have been shown to provide useful diagnostic value and address the MRI accessibility issue
through a lower cost of ownership compared with more conventional higher field systems.}?°-1%4 These low-field scanners are the most suitable

candidates to exercise an open-source strategy, for several reasons:

1. Lower material and instrumentation costs, facilitating access to a larger community on limited budgets and in different places around the
globe.

Construction feasible with easily accessible manufacturing methods.

Minimal siting requirements (low stray-field, no RF-shielded room, low power requirements).

Safer to produce and use: the lower magnetic field strengths and power usage largely reduce hazards presented to builders and practitioners.

v WD

Reduced risk on operating a scanner safely on human subjects (overall greatly reduced specific absorption rate [SAR] risks, simplified SAR
modeling and monitoring).

6. Low-field MR companies would benefit from an open ecosystem helping with scanner development.

Within this strategy, the OSI> ONE low-field MR scanner, which consists largely of open-source software and hardware components, has been
presented (Figure 5).3%311%5 The MR magnet optimization is performed by an open-source Python code that finds the optimal location of small
cubic permanent magnets in a ringlike arrangement.’®17%1%¢ A 47-mT magnet for imaging of the head and extremities was designed with an inner
bore diameter of 30 cm using 12 x 12 x 12 mm? N48 NdFeB magnets.'?? The low-field magnet can be constructed by hand using relatively
affordable production machines such as CNCs, laser cutters, or 3D printers. The inevitable deviations through this low-cost manufacturing process
led to a substantial difference between the simulated and realized By, field distribution of the magnet, which, however, can be corrected for by Bo-

101197 equipped with a magnetic field sensor can map the initial magnetic field distri-

shimming routines. A three-axis robotic stage COSI Measure
bution. This information is then applied to run various shimming algorithms to calculate the position and orientation of smaller cubic magnets to
homogenize B,.1781%? After a few iterations, B, homogeneities of ~450 ppm over a 20 cm diameter spherical volume can be achieved.

For the gradient coils, several open-source software tools exist to calculate the wiring paths based on predefined requirements such as linear-
ity over a target volume or coil efficiency.*?°0:¢¢92:290 These digital models can then be exported to CAD software to design a holder for the gra-
dient coil wire. For low-field head-only systems, the gradient coils are much more efficient, experience substantially lower Lorentz forces, and can
be driven by much lower currents than for whole body high-field systems. This enables relatively easy construction, using 3D printed holders to
glue the wires into place. The gradient coils for the OSI? One have efficiencies around 0.5 mT/m/A, meaning that for typical imaging experiments
no more than 10 A per gradient coil is needed. OS> ONE currently uses a three-channel linear gradient amplifier able to deliver +/-15 A at
approximately 12 V, with the voltage chosen so that the system can run off two car batteries for improved portability.*2”2°* Other designs of linear

103,105,202-205 and

amplifiers exist with a maximum output current of around 8 A per channel that can be used to drive gradients or By-shimming coils,
experimental designs with 20 A/100 V1192% are also available.

For RF transmission, solenoidal coils wired on 3D printed forms can be used. Solenoids are more sensitive for low fields than other RF coil
designs such as birdcage or saddle coils and are very simple to construct. The design files for a 20.5 cm diameter solenoid for OSI?> ONE are avail-
able here.*?® The RF coil versus body noise dominance at low frequencies also implies a simpler receiver chain because coil arrays (> 2 receive

channels) are less beneficial for increasing the signal-to-noise ratio. To amplify the RF pulses, several RF power amplifier designs with up to 1 kW
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FIGURE 5 Photographs and components of the open-source low-field MR scanner OSI> ONE.2?° (A) Photograph of a 20.5-cm diameter
solenoidal coil wound on a 3D printed former.22 (B) One of four 3D printed gradient segments of the Y gradient. (C) Open-source gradient and
RF amplifiers.??>127 (A-C) have all been designed for the OSI? ONE. OSI2 ONE scanners constructed at (D) The Leiden University Medical Center
(LUMC) in Leiden, The Netherlands, (E) At the Physikalisch-Technische Bundesanstalt (PTB) in Berlin, Germany, and (F) At the Mbarara University
in Mbarara, Uganda. (G) 3D turbo spin-echo (TSE) of the ACR phantom (FOV: 220 x 220 x 200 mm?, resolution: 2 x 2 x 2 mm?, TR/TE:
400/20 ms, ETL: 8, acquisition time: 10 min 5 s). (H) 3D TSE of an adult head (FOV: 220 x 220 x 225 mm?, resolution: 2 x 2 x 3 mm?, TR/TE:
600/15 ms, ETL: 7, elliptical k-space mask, acquisition time: 9 min 3 s). (I) 3D inversion recovery TSE of an adult head (FOV:

220 x 220 x 180 mm?3, resolution: 2 x 2 x 3 mm?, TI/TR/TE: 200/6000/18 ms, ETL: 110, acquisition time: 6 min O s). A Tl time of 200 ms was
chosen to suppress signal from brain tissue. A center-out k-space trajectory was used with the first echo after 18 ms to maximize the CSF signal.
All images have been corrected for By distortions and gradient nonlinearity, no denoising has been applied.

of peak power with good linearity are available.192194123.207 Thjs power output is more than enough to drive the highly efficient low-frequency
RF coils that generate much higher B;*/VkW than their high-field counterparts, because component losses increase and tissue losses dominate at
higher frequencies.

Regarding the console hardware, there are two open-source hardware-based NMR spectrometers with the capability to transmit RF and
receive and digitize MR signals, the Opencore NMR*2%2%8 and LimeSDR.%72°? However, to the best of our knowledge, no open-source console
designs exist yet with the capabilities to control gradient pulses with the fidelity needed for imaging. Nonetheless, relatively affordable proprietary
electronic boards have been used for MR imaging by dedicated open-source software packages such as gr-MRI,>7?1° OCRA,”>?!! and MAR-
C0OS.98212 gr-MRI can be used with GNU Radio?*® compatible software-defined radios (SDRs), thus not limiting the software development to a
single piece of hardware, being able to upgrade or change hardware designs without major modifications of the software. OCRA and MARCOS

operate on the Red Pitaya hardware, which offers two independent transmit and receive channels and relies on external add-on boards to
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generate the gradient waveforms.1°4118 A similar hardware-agnostic approach to gr-MRI is followed by the compatibility of MARCOS to

Pulseq,”””8

allowing independent and parallel pulse sequence and hardware developments, an important feature to successful open-source devel-
opments of a larger decentralized community.

In addition to these specific software solutions to drive the console hardware, more general software tools for scanner control, acquisitions,
and postprocessing, such as Scanhub,2423¢ are being developed. Scanhub is a cloud-based generic and modular solution enabling integration of
many of the aforementioned software packages (e.g., image reconstruction or postprocessing) to be used with actual MR scanner hardware such
as the OSI? ONE system. These cloud-based platforms will gain further importance, beyond their core functionality to operate the scanner, by
connecting users and experts from various backgrounds, exchanging imaging protocols and postprocessing routines while reducing the local com-
putational requirements, or performing remote quality checks and maintenance of the scanners. An interesting aspect of the OSI> ONE project is
the goal to also produce and provide documentation that follows the requirements for regulatory approval as a medical device according to EU
regulation 2017/745. Such documentation, if publicly available, will greatly facilitate the translation from research prototypes to products, while
simultaneously providing valuable documentation blueprints for other medical devices that are currently unavailable.

116,214

While the OSI? ONE project eventually targets in vivo imaging, other lower cost tabletop systems for NMR relaxometry or fully capable

111117215 4re successfully applied in the educational field (Figure 6). These tabletop scanners come with a full set of components to

MRI scanners
learn, understand, and perform MRI experiments of small volumes: magnet, console, RF and gradient coils, amplifiers, transmit/receive switches,
GUI, pulse sequences, etc. Such educational systems offer stimulating practical learning experiences for a wide audience. Physics students can
design pulse sequences to gain insight into the physical and technical principles that generate an MR image. Medical students can obtain hands-
on experience of different contrast mechanisms of MRI and their interpretation. Chemistry students can exercise chemical analysis through rel-
axometry and spectroscopy techniques. Electrical engineering students can learn small signal, power, and digital electronics. Mathematics and
Information Technology students can explore the information encoding/decoding power of linear algebra, information compression and machine

learning with data generated by themselves.

3.1 | Open-source resources for MR safety, quality assurance, and novel applications

Within proprietary MR systems, customized hardware components are often needed to evaluate the feasibility of a novel application, investigate,

and extend currently applied safety procedures, and advance science through novel experimental procedures. On the RF transmission side,

(A) 14 bit ADC  Red Pitaya _@\ =
125 M ) i, =2
Tabletop MRI °P <= I ?
System Gate 1abss)  Client et =
— RF Preamp MY Gradients Python-based GUI
T/R SPI
itch
Switc _ RF pulse 200 kHz output
R?‘Amp 33 MHz clock
DAC | 18bit
Gradient G A o, LBoard|100ks/s
X
coils j,‘ Gy
>1__Gz
<l

FIGURE 6 Two different educational tabletop systems. (A) Schematic, and (B) Photograph of the hardware setup of the instructional tabletop
system from MGH/MIT.1! (C) Photograph of the hardware, and (D) GUI and MR images from the OCRA Tabletop MRI System from Magdeburg
University.*”
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particularly at ultrahigh-field (UHF) or for X-nuclei MRI, dedicated RF coils are often missing, leading to many customized research designs. Simi-
larly, many research sites have already engaged in building their own phantoms. Recently, more open-source resources are becoming available, all-
owing easier reproduction, evaluation, and improvement by other groups.

For RF coils, an eight-channel transmit/receive design is available??2%¢ to, for example, perform 7-T parallel transmission (pTx) experiments.
A similar sized eight-channel RF coil was also constructed for 3 T, allowing an easy measurement-based comparison of pTx techniques between
these field strengths.”®2” Another scalable 3-T pTx RF coil design has been applied for *°F imaging and could in principle also be tuned to *H
frequency.?1821?

To characterize and investigate the electromagnetic fields of these or similar RF coils, the open-source electromagnetic simulation package
MARIE is available.®*?2° While MARIE might be an alternative to costly proprietary EM simulation software, other open-source software tools

expand the functionality of proprietary software, such as CoSimPy,>%2?!

which allows speedy circuit co-simulations (e.g., for fast RF coil optimiza-
tions). To homogenize B, for multichannel transmit RF coils, the shimming toolbox that implements static B; shimming routines can be used.8¢%22
The shimming toolbox is not restricted to B; shimming; it can also be applied for real-time By shimming and By dynamic shimming using AC/DC

coils, effectively operated by open-source hardware current drivers, 103105202

Because parallel transmission hardware is not readily available, pTx systems have been assembled (e.g., for implant safety testing).12>22% This
setup allows a relatively flexible configuration of transmission and reception channels (up to 32 channels) over a wide frequency range, covering

practically all relevant transmission frequencies from low-field to UHF MR at 7 T. Together with broadband RF power amplifiers and an open-

V
d
o E-field i
sensor - =5
= Digital

multimeter

3D view Top view

Simulaticn

FIGURE 7 Open-source hardware for RF safety testing in and outside the MR scanner. (A and B) Parallel transmission medical implant safety
testbed?® used to measure E-fields inside the MRI system. (C and D) Parallel transmission (pTx) testbed setup outside the scanner to validate EM
simulations by measuring B;* with time-domain H-field probes at various locations using COSI Measure®? in an open-source 7-T RF coil.”?
Figures adapted from previous works.22®
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101197 Jutomated RF safety experiments can be performed outside or inside the MR scanner (Figure 7). This setup has

source positioning system,
been used to validate electromagnetic and temperature simulations, for RF safety measurements and sensor calibrations of implants. These con-
figurations are extended by providing wireless reference implant hardware that can communicate with the pTx system over Bluetooth and
exchange measured implant sensor information.*28224 Other MR-compatible low-cost sensors have been presented, for example, wireless sensors

for motion tracking,11422° 121,226

or sensors to measure force during muscular exercises inside the MR scanner.

Not all MR systems are equipped with highest end technology and specialized open-source hardware configurations can help to close this
gap. A good example is a modular RF preamplifier/attenuator system, which was used to expand the initial four receive channels of a 4.7-T MRI
to 32, potentially adjustable to other frequencies (Figure 8).5>3¢ A similar approach that extends the standard performance of an available MR
hardware configuration, enabling novel applications is, for example, a transmit/receive switch design capable of handling much higher average RF
powers for thermal MR RF heating experiments.'°®228 Simple but useful open-source hardware tools for the laboratory or MR environment are,
for example, RF field probes, which can be used to measure the frequency response of an RF coil, electromagnetic interferences, or RF shield
attenuations. 17113

For phantoms, several designs are available. A very simple phantom, which can be assembled by mostly 3D printed parts, is the open-source
NIST phantom.2122 Phantoms for very specific applications are also available to assess image distortions, for example, in image-guided interven-
tions such as MR-guided radiation therapy,>2%° 3D printed phantoms to evaluate contrast agent solutions,**223 for perfusion imaging,*°° or
pneumatic phantoms to mimic respiration-induced artifacts.'?#?%2 A very useful tool to calculate gel ingredients for sucrose and poly-
vinylpyrrolidone (PVP)-based phantoms with a targeted permittivity and electric conductivity is available online.233-23> While sucrose gives strong

chemical shift artifacts, PVP is often preferred for imaging phantoms.

3.2 | Challenges and suggestions for open-source MRI

This section presents a summary of the observations we have made over the years regarding current open-source practices and areas that we
believe require further improvement to enhance the generation of useful results.

3.2.1 | Communication and project management

Community is at the heart of open-source and its main workforce. Open-source projects are often inclusive, interdisciplinary, and intercultural.
Communities are typically decentralized, and nonhierarchical, and community members often work voluntarily without monetary compensation
and without strict deadlines. Because IP is organized as a common good, open-source technologies live independently from their originators or
primarily distribution entities (e.g., companies or research institutes). Consequently, conventional communication and management structures with
mostly clear responsibilities, goals, and decision-making hierarchies, are often missing. There is yet no standard solution for community gover-

nance. For large complex pioneer projects, such as open-source MRI technology, this needs to be piloted and iterated as the project grows. Today,

magnetic

resonance &

engineering «
-

FIGURE 8 Open-source hardware for customized applications. (A) Modular 32-channel preamplifier/attenuator system.¢ (B) Low-cost eight-
channel digitally programmable current driver with 8 A per channel to drive Bo-shimming coils.2°® (C) Simple RF probe for the laboratory in its
manufactured form®” and its PCB layout designed with the open-source software KiCAD.??”
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multiple software platforms support decentralized project development and community management (e.g., GitLab and OpenProject), but they are
not yet fully streamlined for efficient use in a corporate scenario and also primarily cater to software development.
This knowledge helps to manage expectations of newcomers to the field who seek rapid results, and leave under the impression of slow, cha-

otic, and inefficient processes. Open source is not a sprint, it is a marathon, and so is the development of the underlying infrastructure.

3.2.2 | Documentation and licensing

Clear open-source licensing and complete, comprehensive documentation is crucial for the successful reuse of open-source resources. Numerous
projects lack clear licensing terms, thus the use of these resources might lead to copyright infringement. In addition, the quality of documentation
across open-source projects varies greatly. Particularly for open-source hardware, the stakes and the risks are much higher because monetary
investment and time to build and test a device need to be invested. It is illusive that documentation standards will be unified across all technologi-
cal disciplines. Therefore, technology-specific documentation criteria (TsDC, DIN SPEC 3105-1') are defined and evaluated in standardization
efforts to improve open-source hardware documentation. As experience shows, well documented projects can be reproduced without any or with

minimal input from the original creator.

3.2.3 | Funding and infrastructure

Currently, there are few funding opportunities specifically available for open-source software projects, and even fewer (if any) for open-source
hardware projects. Typically, researchers must find alternative paths by incorporating open-source technologies (e.g., as part of novel research
proposals). Overall, more scientific results could be produced if essential proprietary technologies are available open source. A prerequisite for
that is dedicated funding schemes. Other mechanisms to free designs would be to extend current open science guidelines and the requirements
of public funding to open-source software and hardware.

In addition, no infrastructural support exists for developers after the release of a software or hardware. Even though extra efforts must be
taken to create an open-source tool, the investment in the development and documentation of the tool is still reimbursed to some extent for the
developer (e.g., through journal publications and increased visibility). However, after the release, there are no incentives and no support for ongo-
ing development, bug fixes, maintenance, and user requests. This is particularly frustrating if the tool developed is successful and needed, because
the developer is flooded with user requests. Institutional resources that exist, for example, for technology transfer and the costs associated with
expensive patent applications or legal offices dealing with nondisclosure agreements, could be extended or partly transformed to strengthen
open-source outputs.

3.24 | Open-source products

Currently, no, or very few products exist around the open-source projects presented in this review. To accelerate the distribution of technology
and results produced with these, more participation is needed by the private sector. Not everyone wants and not everyone is able to reproduce
open-source technology and there is strong interest in open-source products.

The challenge is that the principles of open source are difficult to conciliate with standard business models because protection of IP is a com-
mon practice to attract investment and to secure sufficient funds for product development. This is especially important for the commercialization
of medical devices, which usually take several years to reach the market because of the lengthy certification processes. For such long develop-
ment times, IP brings some security to investors, at the expense of slower development time, limited adoption, and dramatically reduced collabo-
ration. In open-source-based business models the expertise on product development, support, and customization could be outsourced to the
open-source community. Companies are curious but still hesitant to make the effort or take the risk to adapt or even connect with these new
ways of value creation. To break the ice and accelerate the process, cooperation with innovation-driven businesses, which traditionally rely on IP

restrictions, may need dedicated funding schemes.

3.2.5 | Medical devices

Open-source hardware cannot be used as a medical device on humans unless regulatory approval has been given. Regulatory approval and its
documentation are lengthy processes that require substantial resources for companies. Currently, no blueprints are available to facilitate the

roadmap towards regulatory approval. It has to be evaluated to what extent and in which documentation format open-source hardware and
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software documentation can be aligned along the regulatory pathway. This would greatly ease the transition from research prototypes to actual
products and would require less investment by the private sector. It is already difficult to establish open-source hardware documentation,
let alone introduce documentation standards that go beyond current levels. This, together with the missing infrastructural support from institu-
tions, seems to be a challenging task. However, based on observations from open-source software development over the last decades, profes-
sional documentation practices are being increasingly diffused into state-of-the art research. This trend was largely supported by dedicated
software platforms (e.g., Github or Gitlab) allowing widespread collaboration, while enforcing certain documentation standards through built-in
Wikis, project pages, git versioning, project management tools, etc. Software tools and blueprints to support documentation structures for regula-

tory approval are needed and would close the current gap between research prototypes and medical technologies used on patients.

4 | DISCUSSION AND CONCLUSION

Open-source practices and resources in MRI have substantially increased in recent years, indicating a clear trend towards a culture of sharing and
establishing nonexclusive global collaborations to advance the field. These highly favorable advancements continue to enhance the reproducibility
and reusability of code and designs, while providing a more inclusive approach to low-income settings. Despite these important steps, the docu-
mentation quality of current open-source projects is still strongly variable. Developers and scientists are mostly left alone in their efforts to make
open-source releases, with little guidance on the publishing process, the documentation requirements, postrelease maintenance, and community
management. Community-driven standards and initiatives are forming to address these infrastructural needs, but more dedicated support is
needed (e.g., at the institutional level), by funding agencies, and by widely visible academic publishers. Here, in particular, open-source research
hardware has the potential to substantially lower the cost and access to MR technology and, in close collaboration with the industry, enable an
easier translation from research prototypes to actual products benefiting patients. Open source can be more than an accelerator for science, it

can be the foundation for sustainable global collaboration in the development of medical devices, making MRI more accessible and transparent.
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