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Abstract

All MRI simulations, as well as safety and quality control protocols, have been written with high-
�eld MRI scanners in mind. The recent developments in the �eld of low-�eld MRI scanners (<100
mT) require adaptations to existing protocols and simulations. In this study, we investigate novel
ways to implement the existing protocols such that they �t the low-�eld MRI framework.

We have devised adapted protocols for the displacement forces (originally ASTM F2052-15)
and torque (ASTM F2213-17) of medical devices and image artefacts of passive implants (ASTM
F2119-07). A quality assessment protocol has been developed for the 50 mT system. Apart from
that, simulations were made to investigate the speci�c absorption rate (SAR), and image contrast
within a turbo spin echo (TSE) sequence.

The results show that the low-�eld system produces little displacement forces, torque, and
image artefacts compared to high-�eld MRI systems. SAR simulations show that, under normal
operating conditions, SAR limits cannot be reached. The quality assessment protocol shows a
constant behaviour of the MRI system, except for �eld drift with changing temperatures. The
�eld probes have shown to be a promising solution to measure these drifts. Lastly, �rst simulation
results of TSE sequences were shown.

We concluded that large steps are made in the implementation of the low-�eld permanent
magnet Halbach array MRI scanner. New protocols are devised, compared with high-�eld MRI
scanners, and proven to work.
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Chapter 1

Introduction

Magnetic resonance imaging (MRI) is unique in the sense that it is non-invasive and widely
applicable. However, compared to other imaging techniques, it is expensive in purchase and
maintenance. The system should be radio-frequency (RF) shielded and needs highly trained
technicians to operate [1{4]. Due to these factors, its use is limited to a late stage in the
healthcare cycle, thus playing little role in screening. It is estimated that worldwide, � 70% of
the population has no access to an MRI scan, since its siting is limited to major hospitals [5,6].
For the past few years, development has been done on low-�eld (< 100 mT) MRI systems as a
solution to these problems, both by academia and industry. Some were developed to be used in
intensive care units (ICU) [7{9] or as point-of-care (POC) devices [10], others were designed for
paediatric imaging in developing countries [2,11,12]. These systems all use permanent magnets,
varying from a yoked C-shape magnet [7{9], to a homogeneous Halbach con�guration [2,11,12],
or a gradient Halbach con�guration [10,13{16]. There have been developments in electromagnet
based (ultra) low-�eld MRI, as well [17{19]. In this thesis, the recently developed homogeneous
Halbach array MRI system by O'Reilly et al. [2,11,12] is the main focus point. The reasons this
system is used are its accessibility and its promising results [2,11,12,20{22].

Besides the low cost and portability, the advantages of low-�eld MRI are the reduced patient
contraindications and less severe image artefacts [23]. Its low speci�c absorption ratio (SAR)
allows e�cient data acquisition using long echo train length (ETL) in turbo spin echo (TSE)
sequences, too. However, there are currently no quantitative assessments of these safety aspects
nor comparisons with standard clinical systems. The American Society for Testing and Materials
(ASTM) and the National Electrical Manufacturers Association (NEMA) have written multiple
safety quanti�cation protocols to allow safe MRI scanning [24]. ASTM has speci�cally written
a protocol about the classi�cation of implants as safe, conditional or unsafe in the magnetic
resonance (MR) environment [25]. The protocols used in this thesis are those about magnetic-
ally induced displacement force [26], magnetically induced torque [27], image artefacts due to
metallic medical devices [28] and SAR [29]. However, these protocols cannot be directly applied
to a Halbach array MRI system, due to the limited size of the bore of the scanner, and the
perpendicular direction of the main magnetic �eld B0 with respect to the bore [1].

Because of its small fringe �eld, low-�eld MRI has the potential to be operational outside
an RF shielded room [30]. This will increase the portability and reduce the costs of the system,
making it easier to ship to and use it in developing countries. However, low-�eld MRI has an
intrinsically lower signal [30] and will be even more sensitive to noise when operated outside a
temperature-controlled RF shielded room [12]. The interfering noise can come from everywhere
and can show multiple types of distortions in the sampled data. Temperature changes reduce
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CHAPTER 1. INTRODUCTION

the SNR as well, because they lead to magnetic �eld drift [12, 13, 31]. NEMA has written
multiple protocols for performing noise measurements [32,33], but the amount of noise does not
necessarily show its source. It is important that the quality is frequently assessed, since the
permanent magnet Halbach MRI system is under constant development and currently there is
only one setup available. To test certain parts of the scanner, for example, the SNR or gradient
non-linearities, phantoms are needed [22]. By using quality checks, temperature monitoring, and
phantoms, it can be made sure that the system operates with similar speci�cations after being
shipped to developing countries.

A consequence of the limited access of MRI is that little people are trained to operate such
systems. A simulation tool can be a useful part of a remote training course, where the qualitative
and quantitative e�ects of all parameters can directly be visualised by changing them within the
simulation. It must be fairly easy to get access to the tool and to use it, otherwise people are
not likely to use it.

In this thesis, we search for solutions to the problems detailed above. Tools are created to
measure the magnetically induced displacement force and torque of multiple devices inside the 50
mT system by incorporating suitable adaptations of the ASTM protocols. Susceptibility artefacts
are measured on the same system and compared to high-�eld MRI systems. Additionally, an
attempt is made to induce SAR at 50 mT and as a veri�cation, the SAR is also simulated. A
quality assessment protocol for the 50 mT permanent magnet Halbach array is also created,
based on the idea of switching on and o� multiple parameters in combination with phantoms
to detect possible noise sources. Other phantoms, for example, grid phantoms, are created to
show the gradient non-linearities or �eld inhomogeneities. A is made with a simulation tool of
the 50 mT system. The focus is on developing a 2-dimensional tool, showing the results of a
TSE sequence. The parameters of the permanent magnet Halbach array MRI are used for the
B0 map, the gradient �eld and the T1 and T2 relaxation times at this particular �eld strength.

The thesis is structured in the following way: �rst, background information is provided on
low-�eld MRI and particularly Halbach array permanent magnet MRI. The noise sources who
play a role at (low-�eld) MRI are introduced and the e�ect of temperature change is highlighted.
The ASTM protocols, on which the safety measurements are based, are summarised. SAR cal-
culations and a NEMA protocol describing suitable measurements are shown. A theoretical
description of the TSE sequence is provided as well. Secondly, more details about the permanent
magnet Halbach array MRI scanner are provided, together with the proposed changes to the
safety protocols and SAR calculations. Methods and materials, such as phantoms and nuclear
magnetic resonance (NMR) �eld probes, to assess the quality of the low-�eld system are de-
scribed. A method is proposed to create an educational simulation tool and the corresponding
parameters are given as well. Thirdly, the results of the at 50 mT measured magnetically in-
duced displacement force, magnetically induced torque, image artefacts, and SAR are given. The
results of the quality control are provided together with the �rst results of the simulation tool.
Lastly, the results are discussed and propositions are made for future experiments.
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Chapter 2

Theoretical Background

The focus of this thesis will be on particular aspects of low-�eld MRI, such as its safety aspects,
quality control and commonly used sequences. It will assume prior general knowledge about
MRI.

2.1 Low-�eld MRI

During the last decade, the possibilities of low-�eld MRI (< 100 mT) have been shown by several
groups [2, 7{13, 15{19, 34{41]. They all used their own con�gurations and techniques to create
a homogeneous magnetic �eld. A brief overview is given in this section about the developed
low-�eld MRI system. Sarracanie and Salameh [3] and Wald et al. [4] provided an overview of
the progress made in low-�eld MRI. Huang et al. [42] provided an overview of solely permanent
magnet-based low-�eld MRI systems.

The group at the Aberdeen Biomedical Imaging Centre, led by prof. Lurie, works closely
together with groups in Graz, Austria and Marseille and Paris, France [34,35,38{40]. They have
used a fast �eld cycling imaging technique. Their system consists of a 50 cm diameter resistive
magnet, creating an axial magnetic �eld, which can be ramped between 0.05 mT and 200 mT.
The gradients operate at e�ciencies between 0.17 and 0.18 mT=mA.

The group of Harvard and MIT, who formed the Martinos Center for Biomedical Imaging,
[10,13,15{19] have used multiple techniques, but mostly electromagnet-based ultra low-�eld MRI
systems. They have also been the founders of the company Hyper�ne.

By Tsai et al. and Sarracanie et al. [17{19] a biplanar electromagnet MRI system with
a horizontal open bore of 79 cm is described. The system operates at 6.5 mT, after passive
shimming. The maximum gradient strength of the planar gradient coils is 0.7 mT=m.

On the other hand, by Cooley et al. [10,13{16] a Halbach array permanent magnet was built.
This Halbach array has a linear gradient in the direction of the main magnetic �eld \built-
in", with a strength of 7.6 mT =m. The whole system operates at 80 mT and specialised pulse
sequences are used because of the design. The two remaining gradient coils operate at e�ciencies
of 0.575 and 0.815 mT=mA.

The Hyper�ne company has designed a C-shaped dipolar MRI system, with an opening of
30 cm in the vertical direction. The system operates at 64 mT and is portable in the sense that
it can be ridden around and used for bedside imaging. The maximum gradient strength of the
biplanar gradient coils is 26 mT=m. It uses an 8-channel receive-only head coil, and the complete
setup is shown in �gure 2.1. The system has been FDA approved in February 2020. The most
interesting aspect of the scanner is that all ICU equipment can stay operational and located in
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CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.1: The portable Hyper�ne point-of-care MRI system (64 mT), using a C-shaped, dipolar
permanent magnet. [9]

the same room during the scan. Therefore, it has been used at Manhasset, NY [8] and at Yale [9]
to do research on imaging in this setting.

The group at Chongqing University, China [7] makes use of a similar yoked C-shaped dipolar
magnet. In this case, the gap is 26 cm between in the planes and the �eld strength is 50.9 mT.
The planar gradient coils have e�ciencies between 0.13 and 0.36 mT=mA.

The group in Tsukuba, Japan [41] uses a similar system as well, but operating at a higher �eld
strength of 0.2T and having a much smaller opening of only 16 cm. The whole setup, including
the ampli�ers and spectrometer, is built inside a minivan to make it transportable.

And our group at the Leiden University Medical Centre [2,11,12] uses a permanent magnet
Halbach array MRI system as well, but now with separate gradient coils in all three directions.
The system operates at 50.4 mT. The gradient coils have e�ciencies between 0.37 and 0.80
mT=mA. More details of the system will be described in the method section.

2.1.1 Halbach array

To get a homogeneous main magnetic �eld using permanent magnets, it is best to locate a set
of multiple smaller magnets in a Halbach array con�guration [43{48]. Such a Halbach array is a
special con�guration of permanent magnets rotated with respect to each other. The �rst magnet
has its magnetic �eld pointing to the left, the second one up, the third one to the right, and the
fourth one down, and so on, as can be seen in �gure 2.2. It would prove a strong magnetic �eld
under the array and a near zero �eld above it. The con�guration can be repeated inde�nitely and
keep the same e�ect. The advantages of this con�guration are that it has little fringe �eld and
that it is lightweight, and therefore more portable. The idea is that creating a ring of a Halbach
array forms a net magnetic �eld in the centre. This �eld will point in one direction, from one
side of the ring to the other. Since a ring structure is used, the exact rotation and location of
the elements with respect to one another has to be altered a bit. The angle of rotation between
the elements should be 35.3� instead of 90� [46]. The design has to leave some space for active
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