FAKULTAT FUR
ELEKTROTECHNIK UND
INFORMATIONSTECHNIK

Ultra-high Field MRI Bio-effects and Safety Assessment

A Multidisciplinary Approach

Dissertation

zur Erlangung des akademische Grades

Doktoringenieurin

(Dr.-Ing.)

von MSc. Mahsa Fatahi
geb. am 26.05.1985 in Teheran, Iran
genehmigt durch die Fakultat fur Elektrotechnik und Informationstechnik

der Otto-von-Guericke-Universitat Magdeburg

Gutachter:

Prof. Dr. rer. nat. Georg Rose (Otto-von-Guericke-Universitat Magdeburg)
Prof. Dr. rer. nat. habil. Oliver Speck (Otto-von-Guericke-Universitat Magdeburg)

Prof. Dr. sc. techn. M. E. Ladd (German Cancer Research Center, Heidelberg)

Promotionskolloquium am 31.07.2017



This doctoral dissertation is lovingly dedicated to my dear parents for their infinite love
and support.
Mahsa Fatahi
Magdeburg, Germany

QL 3B

S ’ \ Ao.l\ / \ 1\.‘1\% (D

}
/ 4)
L1yl qrjufw ‘g‘

O//f\

Ftte stans and planets in the skies

s 7 337 Ullow: the wive to fantasize;

Hold an te Wisdom as yowr guide
Schemers suffer sclhematicide

d’c/ﬁ:’:’//fuf

. / o / 2
y/))/;/x) cﬂb/

8- v'v N o e S Lt 1 R 1D

[ A DB AD, ¢

Hakim Omar Khayam Neyshabouri (1048-1131)
Persian polymath, astronomer, mathematician and poet



Acknowledgment

Undertaking this PhD has been a truly life-changing experience for me and it would not
have been possible to do without the support and guidance that | received from many

people.

Firstly, 1 would like to express my sincere gratitude to my advisor Professor. Dr. rer. nat.
habil. Oliver Speck, for giving me the chance to be part of his research team and for his
continuous support. He also gave me the freedom to pursue research in different areas,
while focusing on this dissertation project. | also would like to thank Professor. Dr. rer.

nat. habil. Geroge Rose.

This present work would not have been successfully completed without the supportive
and professional academic environment, | found myself in. I would like to thank the
excellent “’MRI-DNA’’ expert team, Professor. Dirk Reinhold, Professor. Dirk
Roggenbuck, Dr. Bjorn Friebe, Dr. Annika Reddig and Dr. Frank Godenschweger. | very
much enjoyed the collaboration with such a great team.

For the genetic damage investigation studies, in particular, I am really grateful for the
excellent guidance, crucial advice and hints from Dr. Vijaylaxmi. Her scientific backup

was fundamental and her enthusiastic approach to work helped push me forward.

Further, I’d like to thank all friends and co-workers at BMMR Group, especially the
“frequent flyers’, who generously helped with the in-vivo experiment. Tobias, Frank,
Sebastian, Uten, Myung-Ho, Falk, Daniel, Michel, Hendrick and Allessandro, thank you

very much!

The survey-based study would not have been possible without the support of the HIMR
project fellows and supervisors. | would like to express my gratitude to Professor Mark
Ladd and his team at DKFZ, Professor. Peter Jezzard and Professor Karla Miller at
Oxford Centre for Functional MRI of the Brain (FMRIB), for hosting my secondment

and welcoming me into their research group.



In regards to the exposure measurement, | thank Dr. Jolanta Karpowicz for her significant

contribution to the experiments.

In particular, I’d like to thank Liliana Ramona Demenescu for the valuable discussions as

well as her positive attitude, encouragement and friendship.

I’d like to thank Melaney Thurow for welcoming me in Magdeburg and helping me with

the administrative process.

I’d like to thank High Field Magnetic Resonance (HiMR) initial training network, funded
by the FP7 Marie Cuie actions of the European commission for supporting the studies

presented in this thesis.

| would not have been able to follow my dreams without the remarkable support of my
wonderful family. My deepest thankfulness belongs to my parents, my lovely sister Dorsa
and my brother Amirmohammad for all their love, encouragement and unconditional

support.



Abstract

We are continuously surrounded by appliances that emit electromagnetic fields (EMFs).
The pace in the development of EMF technologies is breathtaking, and the number of
commercial EMF applications and their users are ever increasing. Much of our daily
exposure to EMFs, both in the workplace and by the general public, is no longer consists
of a single frequency, but is rather a multi-frequency exposure with different
characteristics. Despite a large number of published reports by different expert groups
regarding the biological effects caused by non-ionizing EMFs during the last decades, the
question of whether they can cause biological detrimental effects to health is still open.
Possible genotoxic and carcinogenic effects of magnetic resonance imaging (MRI),
especially with high and ultra-high field strengths, have been among the main questions
and concerns in the last decades. Both theoretical considerations and empirical evidence
indicate that direct damage to genetic material caused by non-ionizing EMFs of a single
frequency, per se, is not likely. However, the question of whether the combined EMFs
generated by MRI scanners, can enhance the effects of genetic-damaging agents remains
still unanswered and there is still no consensus in the scientific community even about the

existence of harmful effects generated by MRI scanners.

In this thesis a profound insight into ultra-high field magnetic resonance imaging (UHF
MRI) bio-effects and safety is given using a multidisciplinary research approach in three
different themes. A series of experiments, starting from in vitro exposure of the human
blood cells to in vivo exposure of human subjects, and from a single exposure to multiple
repeated exposures, was designed to quantitatively and qualitatively assess the potential
biological effects induced by UHF MRI. The results of these experimental studies are
reported in Part I. The other safety aspect of UHF MRI relates to the occupational
exposure level. Part Il of the thesis aims to fill the knowledge gap between safety
concerns in actual exposure and perceived risks in 7 Tesla (T) MRI environments during
routine MRI research procedures. Part Il relates to the measurement of the 7 T MRI

occupational exposure and identifies the worst case scenarios of maximum exposure.



Part I11 focuses on retrospective, self-reported perceptions of safety, and the prevalence
of UHF MR-related sensory effects. The results reported in this part of the thesis, are
based on a comprehensive survey among healthy individuals who occupationally work

with and around 7 T MRI scanners in 8 different MRI centres across Europe.
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Zusammenfassung

Wir sind stdndig von Gerdten umgeben, die elektromagnetische Felder (EMFs)
aussenden. Das Tempo, mit der die Entwicklung dieser Technologien voranschreitet, ist
atemberaubend, und die Zahl kommerzieller EMF Anwendungsfelder sowie deren Nutzer
vergroRern sich weiter. Ein Grofteil der taglichen EMF-Exposition, sowohl am
Arbeitsplatz als auch in der Offentlichkeit, besteht nicht nur aus einer einzigen Frequenz,
sondern ist vielmehr eine Mehrfrequenzbelastung mit unterschiedlichen Merkmalen.
Trotz der groRen Zahl an Verdffentlichungen durch verschiedene Fachgruppen zu den
biologischen Auswirkungen nicht-ionisierender EMF in den letzten Jahrzehnten bleibt
die Frage offen, ob sie schéadlichen Einfluss auf unsere Gesundheit haben. Mogliche
genotoxische und karzinogene Effekte der Magnetresonanztomografie (MRT),
insbesondere bei hohen und ultrahohen Magnetfeldstarken, gehéren zu den Hauptfragen
und -bedenken der letzten Jahrzehnte. Sowohl theoretische Uberlegungen als auch
empirische Nachweise deuten darauf hin, dass direkte Schaden durch nicht-ionisierende
EMF einer einzigen Frequenz, per se, unwahrscheinlich sind. Allerdings bleibt die Frage
offen, ob die in der MRT erzeugten EMF Kombinationen die Auswirkungen von
genetisch bedingten Schadigungen verstarken konnen. Es gibt derzeit noch keinen
Konsens in der Wissenschaft, ob durch MRT-Geréte Uberhaupt schadliche Effekte
hervorgerufen werden. In dieser Arbeit soll ein tiefgreifender Einblick in die
biologischen Effekte und die Sicherheit von Ultrahochfeld-Magnetresonanztomografie
(UHF MRT) mittels eines multidisziplindren Ansatzes in drei Themenfeldern gegeben
werden: Um qualitativ und quantitativ die potentiellen biologischen Effekte durch UHF
MRT zu untersuchen und zu bewerten wurde eine Reihe von Experimenten, beginnend
mit in vitro-Exposition menschlicher Blutzellen bis zur Exposition von Versuchspersonen
im MRT, sowohl in einmaligen Exposition als auch in mehrfach wiederholten
Expositionen, entworfen. Die Ergebnisse dieser experimentellen Studien werden in Teil |
dargelegt. Ein weiterer Sicherheitsaspekt liegt in der berufsbedingten Strahlenexposition.
Teil 11 der Arbeit hat das Ziel, die Wissensliicke zwischen den Sicherheitsbedenken in der

tatsachlichen Exposition und den gefiihlten Risiken bei 7 Tesla (T) MRT-Umgebungen

vii



wéhrend des routinierten Arbeitsablaufs in der Forschung zu fillen. Teil 11 konzentriert
sich auf retrospektiv selbst berichtete Wahrnehmungen der Sicherheit und die Prévalenz
UHF MRT-bedingter sensorischer Empfindungen. Die Ergebnisse dieses Teils der Arbeit
basieren auf einer umfassenden Befragung gesunder Personen, die mit 7 T MRT-
Scannern und in deren Umgebung in 8 verschiedenen MRT-Zentren in ganz Europa

arbeiten.
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1 Introduction
1.1 Exposure to Electromagnetic Fields

All living organisms are constantly exposed to a broad range of naturally present
electromagnetic fields (EMFs) that exist over the surface of the Earth. Superimposed on the
Earth’s magnetic field, are human made EMFs. As technology advances, global emissions of
such EMFs are likely to further increase [1]. The best known examples in everyday life are
EMFs produced during electricity production, transmission and distribution; mobile phone
communication services; cordless telephones, wireless networks; and medical applications.
Typical sources of EMFs in medical applications are X-ray scanners, magnetic resonance
imaging (MRI) scanners, hyperthermia, diathermy and transcranial magnetic stimulation. A

detailed overview of the EMFs spectrum can be found in section 1.2.
1.2 Electromagnetic Spectrum

Electromagnetic radiation is emitted energy that travels through a medium or space with

wave-like and particle-like properties [2]. The EM spectrum is continuous and divided into
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the different frequency ranges, which reflect differences in the physical behavior such as
absorption and reflection in different materials, Figure (1.1). All types of EM radiation share
the same physical properties of divergence, interference, coherence, and polarization;
however, they differ in terms of energy [2].

EMF fields are classified into ionizing and non-ionizing, based on their ability to ionize an
atom or a molecule [3]. lonizing radiation contains enough energy to physically alter the
atoms and change them into charged particles called ions. It is well known that medical
applications using ionizing radiation such as x-ray-based imaging and computed tomography
(CT) can lead to adverse health effects, such as carcinogenic damage in human cells.
Therefore, the ‘as low as reasonably achievable’ (ALARA) principle is widely accepted and
implemented for ionizing-based medical applications [4]. On the other hand, non-ionizing
radiation is a general term for that part of the EM spectrum with weak photon energy, which

is not able to break atomic bonds in exposed materials.

)
Gamma ray X-ray Ultraviolet i Visible Infrared Microwave Radio Radiation Type
1072 10710 10® ' o05x10® 10° 1072 10° Wavelength / m
1
| 1
1
:#
1020 108 10 1 10'° 1012 104 Frequency / Hz
1

Figure 1.1: Schematic representation of the electromagnetic spectrum. It shows various
properties across the range of frequencies and wavelengths. The division between lonizing
and non-ionizing radiation is generally accepted to be at wavelengths around 100 nm (10~7)
of the EM spectrum. (Image source: EM Spectrum Properties, retrieved February 1, 2017
from www.sciencemadesimple.co.uk)
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The work described in this thesis is limited to non-ionizing radiation. Therefore, the EMFs
referred to in this thesis, represent non-ionizing EMFs.

The spectrum of non-ionizing radiation can be further divided into several categories
according to frequency or wavelength: extremely low frequencies (ELF) electromagnetic
fields, intermediate frequencies (IF) electromagnetic fields, radio frequency (RF)
electromagnetic fields, infrared (IR) radiation, visible (VIS) light, and ultraviolet (UV)

radiation.

There is no doubt that the exposure levels from all sources of EMFs must be limited to
prevent adverse health effects in humans. For this purpose a number of national and
international organizations such as the International Commission on Non-lonizing Radiation
Protection (ICNIRP) and the International Electro-technical Commission (IEC) have issued
guidelines for limiting EMFs exposures for the general public and occupational staff to
protect them from potential adverse health effects associated with exposure to human made
EMFs.

Recently, a debate has arisen on potential bio-effects of MRI. MRI is a powerful, non-
invasive, diagnostic medical imaging technique widely used to acquire detailed information
about internal anatomies and functions of different organs, in both healthy and diseased
bodies. It utilizes non-ionizing electromagnetic fields of three different frequency bands: the
static magnetic field (SMF), the gradient magnetic fields (GMF) in the kHz range, and the
pulsed Radio frequency (RF) in the MHz range. However, MR imaging is generally
considered to be a safe and powerful diagnostic tool, but potential long-term biologic effects

on humans is still an open question.

Since MRI is used within clinical and research environments, there are multiple groups of
patients, medical and research staff, manufacturers, and regulatory bodies who deal with
MRI and each have their own interests and demands. However, they all have a common

interest which is the safety of MRI.


https://www.emf-portal.org/en/glossary/term/1187
https://www.emf-portal.org/en/glossary/term/1187
http://www.icnirp.org/
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Over the past decades, there has been an increased demand in MRI magnets with higher field
strength, which are being developed and used. This has increased the already existed

uncertainties in long term effects induced by MRI.

In order to assess and verify the effects of MRI on health, biological studies, as well as
epidemiological studies, have to be taken into account. Evidence of an effect can be only
shown when the results of both types of studies are collected, compared and assessed. On the
other hand, research on the potential health effects of MRI can only cease, when either the
health effects have been established or it is concluded that further studied cannot change the
overall pattern and subsequently reduce the uncertainties. Since the available data on this
topic is inconsistent to draw definitive conclusions, further research on the MRI long term

adverse effects is essential.

1.3 Outline of the Thesis

In this thesis, several different aspects of the ultra-high field (UHF) MRI safety, such as
biological, technical and subjective safety are studied. These aspects are relevant for patients,
subjects, as well as staff and policy makers. A multidisciplinary approach used in this thesis

allowed a broad view on the safety-related topics, which are usually investigated separately.

These aspects are investigated by means of experimental and survey-based studies and focus
is placed on three main themes (Figure 1.2):

Part I. Biological aspect: biological effects of ultra-high fields MRI

Part 11. Technical aspect: exposure assessment in high and ultra-high field MRI environments
Part I11. Psychological aspect: sensory and transient effects of ultra-high fields MRI

Part I: Biological effects
Chapter 2 describes in detail the known interaction mechanisms for EMFs with human
bodies and safety issues in MRI and provides an overview of relevant EMF safety guidelines.

Chapter 3 provides background on genetic material and genetic endpoints. An extensive

review of available literature on genetic damage associated with MRI exposure is presented.
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The results of the experimental studies on the potential genetic damage after exposure to high
and ultra-high field MRI are reported at different levels: in vitro analysis, analysis of

frequently whole-body exposure, and in vivo analysis.

Part 11: Exposure assessment

Chapter 4 links Part | and part Il. This chapter aims to fill gaps about actual exposures and
the perceived risks and safety of 7 T MRI during routine MRI research procedures by
investigation into occupational exposure. It also reports the results from the evaluation of the

exposure levels in (ultra) high field MRI environments during research activities.

Induction of DNA double-strand breaks

Part I:
Biological effects

Micronuclei formation

- Part l: Exposure assessment in (ultra) high field MRI
Dosimetry of exposure to UHFMR environments
Part IlI:

L i Self-reported prevalence of sensory effects
Transient and sensory effects

Ultra-high Field MRI Bio-effects and Safety
Assessment

Figure 1.2: The structure of the thesis consists of three parts.
Part I11: Transient and sensory effects
Chapter 5 reports the results of a multi-centre questionnaire-based study, and explores self-

reported prevalence of sensory effects associated with exposure to high and ultra-high fields

MRI scanners. The perceived safety of respondents in MRI environments is also investigated.
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Chapter 6 provides a general discussion of the main findings. It also covers suggestions for
future research, in which methodological considerations and potential implications are

addressed.






2 Background in Electromagnetic
Exposure and Safety Issues In

Magnetic Resonance Imaging

2.1 Introduction

The enormous expansion in the use of MRI during the last decades is due to the incredible
flexibility of this technique. Owing to its wide contrast range, use of non-ionizing
electromagnetic fields, have relatively low health risk for patients and workers [5]. As a
result, MR imaging has become the gold standard diagnostic tool for soft tissue imaging, and
has had a very high clinical impact. MRI can provide excellent, detailed images of soft tissue
with a wide contrast range. It also provides a functional and dynamic imaging modality,
which is similar to nuclear medicine techniques. It can be used to measure blood flow in

vessels or tissue perfusion, or changes in blood oxygenation levels.
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2.2 Magnetic Resonance Imaging (MRI)

All atoms with an odd number of protons and/or neutrons have a spin correlating with an
intrinsic magnetic moment m that is directly proportional to the quantized angular

momentum J.
m=y.]=y.hm, (2.1)

Where h is the reduced Planck’s constant - Planck’s constant (h) divided by 2z - and the
gyromagnetic ratio y is a proportional constant and characteristic for each nucleus and m, is

the z-component of the magnetic moment.

Nuclei possess only discrete energy levels, according to quantum mechanics. When a nucleus
is affected by an external magnetic field BO, the moment m experiences a precession about
the field direction of BO. The Larmor precession occurs at a specific frequency, called the
Larmor frequency, which depends on the strength of the external magnetic field and the
characteristics of the nucleus. The angular precession frequency w0 is proportional to the

external field strength and can be expressed by
2nf0 = w0 = yBO (2.2)

According to quantum mechanics, the proton has only two possible states (Figure 2.1) with
the values mz =£1/2 and the two energy states, parallel 1 or anti-parallel | in respect to BO,
depend on the internal energy E. In thermal equilibrium and without an external magnetic
field, the numbers of protons in each state of energy are evenly distributed. The energy gap

AE between those two discrete energy bands E—and E+.

AE: =E+—E_=y-h-B0O=h-w0 (2.3)
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Figure 2.1: Schematic representation of the discrete states and precessing spins for
Hydrogen. (a) An external magnetic field BO (z-axis of the MRI coordinate system). (b) Each
nucleus experiences a torque and precesses with the Larmor frequency about the axis of BO.
The proton has only two discrete states, E— and E+ and a small surplus of spins (¢) The two
discrete energy bands E— and E+ are illustrated. The energy gap (AE) is directly proportional
to B0 and the transition between E— and E+ is also determined by Equation 2.2 and 2.3 [6].

When applying an alternating magnetic field with the Larmor (resonance) frequency, energy
is absorbed by the nuclear spins and re-radiated during the relaxation. This forms the basic

principle of MR imaging.

Therefore, in order to create an MRI image, three types of electromagnetic fields are used; a
static magnetic field (B0), a gradient magnetic field, and a radio frequency magnetic field.

Table 1 presents the typical range of magnetic field exposures in MRI scanners.

e The static magnetic field (BO) is used to line up all hydrogen atoms in the body in one
spatial direction. Clinically established scanners have field strengths of 1 T, 1.5 Tor 3 T,

with development towards 7 T, 9.4 T and beyond.

e A pulsed time gradient is used to spatially and temporally apply different effective
magnetic fields to encode the position of the protons. It is applied as switching magnetic

fields with frequency components up to about 100 kHz.

10
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e A pulsed radio frequency is used to energize and excite the hydrogen proton at the
Larmor resonance frequency. This energy is re-emitted by the nucleus (relaxation) and
detected by a receiver coil right after the termination of the pulsed radio frequency. It is
applied as a circularly polarized RF fields with frequencies of, e.g., 42, 64, 128, 298
MHz, depending on the magnetic flux density.

Table 2.1: Typical range of magnetic fields used in MRI scanners

Field Range Frequency Applies
Static magnetic field 02-7T 0 Hz Always
Spatial gradient 0-25T/m 0 Hz Always,

movement within it acts like a
time-varying field

Gradient fields 0- 70 mT/m 0-10 KHz During image acquisition,
multiple trapezoidal pulses of
few milliseconds duration

Radiofrequency 0- 50 uT 10-300 MHZ During image acquisition,
amplitude modulated pulses
of few milliseconds duration

11



Chapter 2. Background in Electromagnetic Exposure

The combined effect of static, gradient magnetic fields and pulsed radiofrequency fields, as
used in MRI has been getting attention only since 2007. However, the observations so far
reported are controversial [7-17]. Currently the most basic question is whether or not there
are "non-thermal” mechanisms that produce adverse health effects in individuals chronically
exposed to MRI. If such effects do exist, then it must be determined what the effects are, and

how they are produced.

Knowledge of potential mechanisms explaining possible interaction phenomena is widely
demanded, not only for its predictive value for governing bodies for future legislation to
ensure safety of patients and workers, but also as a necessary prerequisite for the stepwise

approach to reach the highest MRI field for human application.

In this chapter the known interaction mechanisms of the EMFs with a human body is
described, and focus is placed on the electric and magnetic fields generated by an MRI

scanner.

2.3 Interaction of Electromagnetic Fields Used in MRI with

Biological Systems

The basics of electromagnetic interaction with the materials were elucidated more than a
century ago, and stated as the well-known Maxwell’s equations [2]. However, it is very
difficult to apply these equations to biological systems, due to the extreme complexity and
multiple properties of living organisms. Nevertheless, there are several known mechanisms

for the interaction of EMFs with living systems.

Electric and magnetic fields often occur together in EMF exposures; however, human body
tissue responds in radically different ways to applied electric and magnetic fields. Electric
fields are associated with the presence of electric charge, whereas, magnetic fields result
from movement of electric charges (electric current) [18]. Electric fields are more
pronounced at the surface of an electrically charged object. Due to the high conductivity of

tissue in a human body, relative to the air, exposure to an electrical field leads to the buildup

12
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of surface charge on the body than an internal field. In contrast, magnetic fields can easily
penetrate the body; therefore the magnetic field strength is virtually the same inside the body

as outside.

2.4 Interaction of Static Magnetic Fields with a Human Body

Interest in the biological effects of static magnetic fields has increased with the invention of
MRI at the beginning of the 80s [19]. In the last two decades, several studies were carried out
to examine the potential hazards associated with exposure to a strong static magnetic field.
The majority of these studies did not report adverse effects on human health. However, It is
known that the static magnetic field interacts with a human body at the molecular, cellular
tissue, and organ level through three established physical mechanisms [18-21]. They are

magnetic induction, magneto-mechanical and electronic interactions.

2.4.1 Magnetic Induction

Magnetic induction can be derived from two phenomena: Electrodynamic interactions and

induced electric fields and currents.

Electrodynamic interactions with moving electrolytes: Static fields exert Lorenz forces on an
electric charge (q) moving with v velocity in a direction perpendicular to the flux density of
B, with the amplitude of F = q(v X B). This interaction results in a change in the direction of
the charges without change in velocity. Therefore, static magnetic fields do not deposit
energy into the tissues [18]. However, such interaction is the basis of magnetically induced
potential associated with flowing blood in a human body. A detailed assessment of the
effects of electric field on cardiovascular function shows that the fields of up to 8 T are
unlikely to affect the heart rate and function [18, 20, 22]. However, as no experimental
studies have been published above 8 T, this conclusion would not necessarily be true for
higher fields. According to theoretical calculations, the electrodynamic-related diminution in
blood flow could be 10% in the aorta in the presence of al0T field [23].

13
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Induced electrical field and currents: According to Faraday’s law of induction, the time-

varying magnetic fields (%) can induce electric current (E) in living tissue.

VXE=-2= (2.4)

Currents may also be induced by movement in a static magnetic field. The magnitude of the
induced currents and associated electric fields is affected by the velocity of the movement
and amplitude of the gradient. These gradient-induced electric fields, at sufficiently high
values, can stimulate nerves and muscles. Calculations suggest that such induced electric
fields can be substantial during normal movement around the fields >2-3 T [24]. Such effect
may account for the numerous reports of transient sensory effects such as; vertigo and nausea
experienced by MRI patients and workers [18, 25-27], which is addressed in chapter 5. The
most established effect of induced currents below the threshold for nerve and muscle
stimulation is the induction of magnetophosphenes. Magnetophosphenes are the perception
of faint and flickering visual sensation which is most likely associated with transient electric
field peaks due to sudden changes in the velocity of the head [18].

2.4.2 Magneto-mechanical Effects

There two basic mechanisms through which static magnetic fields exert mechanical force and

torque on objects.

Magneto-orientation (Torque on magnetic dipole moment): It is known that in a static field,
paramagnetic material experience a torque that orients them in a configuration that minimizes
their free energy within the field. In other words, the rotational motion of a substance occurs
in a uniform manner until achieving a minimum energy state. Although, this force is
negligible in biological material due to very small (~10~°) magnetic susceptibility [18, 21],

an effect cannot be excluded. A Magnetic dipole with moment 771 in an external magnetic

field fexperiences a torque.
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N=mMxB (2.5)
And the potential energy associated with the system is:
U= -m.B (2.6)

The field has a tendency to rotate the dipole toward alignment with the field. To be precise
this phenomena occurs in materials with intrinsic magnetization or with anisotropic
susceptibility. An example of biological material that can be oriented magnetically is
deoxygenated sickle erythrocytes. It has been shown that these cells, which contain
deoxygenated hemoglobin that is paramagnetic, aligned in 0.35 T static fields with the long

axis of the sickle cell oriented perpendicular to the magnetic flux lines [18, 28].

Magneto-mechanical translation (Force on magnetic dipole moment): Another mechanism
through which static magnetic fields exert mechanical force and torques on objects involves a

translational force.
F=(mV)B (2.7)

Magneto-mechanical translation happens in the presence of a gradient, when a static
magnetic field produces a net translational force. The direction of the force is identical, or
opposite to that of the gradient. Such force is very dominant in ferromagnetic materials,
which have a strong magnetic susceptibility. The amplitude of the force is proportional to the
product of the magnetic flux density (B, in teslas) multiplied by its gradient (dB/dx). For the
biological material this force is as large as the force of gravity when the product of flux
density and the field gradient (B.dB/dt) > 1000 T?m™1[29]. The force exerted on a
paramagnetic or ferromagnetic material provides the physical basis for a range of useful
biological and biochemical processes, [30] such as targeting of drugs encapsulated in
magnetic micro-carries [31], the removal of microorganisms from water [32, 33], and
separation of deoxygenated erythrocytes from white blood cells [34]. It has been suggested
that this latter adverse effect could retard the rate of blood flow when the B.dB/dt exceeds
10072 m~1[35].
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2.4.3 Electron Spin Interactions

Several metabolic reactions involve an intermediate state comprising a radical pair, usually in
a single state, with the spin of one unpaired electron anti-parallel to the spin of the other.
These spin correlated radical pair may recombine and prevent the formation of reaction
products [36-39]. The rate and the extent to which the radical pair converts to parallel spin in
which recombination is no longer possible, is affected by the magnetic field. Although the
biological significance of this effect is not clear yet, the effect has been suggested by some
studies [18, 39] to be a source of navigational information which helps birds during

migration.

2.5 Interaction of Time-Varying Gradient Fields with a Human
Body

The gradient magnetic fields, which consist of three orthogonal gradients of the z-axis
magnetic field, are used to select the region of diagnostic interest and to spatially encode the
MR signals. They produce weak magnetic fields, which are switched on and off during image
acquisition, and superimposed on the static magnetic field. Gradient coils are designed to
produce line gradients within a region around the iso-centre of the scanner. These time-
varying fields which lead to an induced electric field, at sufficiently high values, could
stimulate nerves and at very high levels could generate cardiac stimulation or even
ventricular fibrillation [40]. Clinical MR systems generate gradient field strengths in the
region of 25-50 mT/m and maximum slew rates (the peak field amplitude divided by the rise
time) of 100 - 200 T/m/s within the imaging field of view. Gradient fields in UHF MRI
systems can be as high as 100 mT/m and the slew rate can be 800 T/m/s [41].

Many authors have investigated peripheral nerve stimulation perception thresholds for
various combinations of axes on whole-body MR gradient systems [42-46]. The threshold
induced electric field strengths for direct nerve stimulation could be as low as a few volts per
meter and it is likely to be constant over a frequency range between a few hertz and a few
kilohertz [29].
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The primary cause of the acoustic noise associated with MRI is the switching gradients that
impose Lorentz forces and vibrations, and mechanically couples into the system structure.
Patients typically experience elevated sound pressure levels of 80—119 dB [47] which can be
reduced by implementation of a proper hearing protection such as headphones and earplugs.

2.6 Interaction of Radio-frequency Magnetic Waves with a

Human Body

The main effect, and, in most cases, limiting factor, of acute RF exposures is the energy
absorption of the body which is associated with some degree of local tissue heating [2, 48-
49]. Local tissue heating is caused by the periodical movement stimulation of dipole
molecules and charge carriers. They can move and rotate freely (e.g. water molecules in
water, body fluids or tissues containing water). During this process, the field components
exert an action of force on charged groups of the dipole molecules, and charge
carriers resulting in a torque affecting the whole molecules, causing the charge carriers to
rotate. Heat is generated by friction between rotating molecules and/or moving charge

carriers of other atoms [50].

The deposition and distribution of energy and temperature rise within the body is highly non-
uniform and depends on the intensity and distribution of the RF and the electromagnetic and
thermal properties of the tissue, e.g. thermal conductivity, permittivity, electrical
conductivity, heat capacity and local blood perfusion [19, 51-58].

The term utilized to describe the absorption of radiofrequency energy is the specific
absorption rate (SAR), which it is normally measured in W/kg and applies to the whole body,
whereas local SAR which is applied to partial body, is averaged over any 10 g of body tissue.

Several studies have been carried out over the past decades to determine the adverse effect of
RF on a human body. However, these experiments do not apply directly to the conditions that
occur during MRI procedures due to the special pattern of RF absorption and the coupling of
radiation to biological tissues. This pattern is highly dependent on several anatomical
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features, such as the body size, the sensitivity of tissues, as well as the duration of the
exposure. Therefore, the results obtained in experiments with animals or in vitro, cannot
strictly predict thermoregulatory ability or physiological adverse effects in human subjects
exposed to RF radiation during MR examinations [59-61].

With regard to non-thermal interactions, according to ICNIRP [30], “it is in principle
impossible to disprove their possible existence, but the plausibility of the various non-

thermal mechanisms that have been proposed is very low’’.

2.7 MRI Related-Electromagnetic Fields Exposure Guidelines

A number of international organizations and agencies regularly assess the state of knowledge
in science regarding EMF bio-effects. The scientific assessment normally leads to
recommendations to governments, suggested as guidelines for limiting exposure to
electromagnetic fields for protection against all established adverse health effects. The

currently applied limits for EMF are mostly developed by the following organizations:

e Institute of Electrical and Electronic Engineers/International Committee on
Electromagnetic Safety (IEEE/ICES)

e International Electrotechnical Commission (IEC) [62]

e European Committee for Electrotechnical Standardisation (CENELEC)

e Food and Drug Administration (FDA) [63]

e Institute of Electrical and Electronic Engineers (IEEE) [64]

e International Commission on Non-lonizing Radiation Protection (ICNIRP) [30,65]

e European Commission (SCENIHR, Scientific Committee for the Emerging and Newly
Identified Health Risks) [66]

e European Health Risk Assessment Network on Electromagnetic Fields Exposure
(EFHRAN)

e The World Health Organization (WHO)
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All the guidelines agreed that exposed people can be grouped into three categories, and there
are three approach modes for the operation of MRI equipment in line with IEC [62, 67], and
ICNIRP [18, 30, 65]. Three categories are:

1. Patients for diagnosis, volunteers engaged in clinical trials
2. Staff (workers)
3. General public, including visitors/educational visitors

And three approach modes are listed below:

e Normal mode of operation when risk of ill effects to the patient is minimized.

e Controlled mode (first level) of operation when the exposure is higher than the normal
mode. Although the risks are minimal, some people may experience some effects at this
level, such as sensory disturbance or transient discomfort due to peripheral nerve
stimulation. Scanning in this mode requires patient monitoring [18, 30, 65].

e Research or experimental mode (second level) when exposure is only restricted to
prevent harmful effects. Scanning in this mode will require approval of a research ethics

committee and patient monitoring [18, 30, 65-67].

For MRI scanners, to date only scanners with maximum field strength of 3 T have received
the Food and Drug Administration (FDA) clearance for purely clinical scanning without the
requirement for institutional reviewing board (IRB) approval. Scanning for purely clinical
purposes above 3 T requires IRB approval. However, in 2003, the FDA in the Unites State
declared that MRI up to 8T constituted a non-significant risk device for adults, children, and
infants of one month and older [63]. European regulations for MRI adhere to the
International Electrotechnical Commission IEC-60601-2-33 standard and in which magnetic
field strengths of 3 T or less constitute the normal operating mode, field strengths between 3
T and 4 T constitute the first level controlled operating mode, and above 4 T, the second
level controlled operating mode (effectively requiring IRB-approval). In 2009, the
International Commission on Non-lonizing Radiation Protection (ICNIRP), states that,”” The
current information does not indicate any serious health effects resulting from acute exposure

to static magnetic fields up to 8 T*’[18].
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An accepted standard for ensuring basic safety in MRI is the IEC standard 60601-2-33,
which was updated in June 2015 [62]. The summary of MRI-related restrictions is listed in
Table 2.2. It should be noted that the guidelines recommended by the international
organizations include a large safety margin to limit exposure to EMFs, and these are based on
the known and established adverse effects, shown in several biological and epidemiological

studies.

2.7.1 Established Biological Effects versus Established Health Effects

It is important to distinguish between an “adverse effect” and a “biological effect “while
referring to the guidelines. The IEEE [64] defines an adverse health effect as:

“A biological effect characterized by a harmful change in health that is supported by
consistent findings that the effect was published in the peer-reviewed scientific literature, the
evidence of the effect being demonstrated by independent laboratories and, where there is
consensus in the scientific community that the effect occurs for the specified exposure
conditions” and, “The biological effects are alterations of the structure, metabolism, or
function of a whole organism, its organs, tissues, and cells. Biological effects can occur

without harming health and can be beneficial”.

2.7.2 Basic Restrictions versus Reference Levels

Protection against acute health effects is assured if the dose inside human bodies does not
exceed “basic restrictions”. Basic restrictions are limits for personal protection, which
specify the maximum exposure allowed in the whole body or in parts of the body with
respect to the emissions from field-generating devices and systems. Compliance with

the basic restrictions can be validated only in part by direct measurements [18, 30].

In general, dose assessment inside the human body is difficult and cannot be performed for
all types of exposure. Therefore, practical “reference levels” for external exposure are

defined and used to determine whether exposure limits are met.
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Table 2.2: Static magnetic field restrictions for the whole-body according to ICNIRP [18,
30] and IEC [62, 67]

< Normal mode Controlled mode Research mode
ICNIRP <4T 4-8T >8T
IEC <3T 38T >8T

2.8 Ultra-high Field MRI Safety Considerations

Due to the signal to noise advantages of high field MRI systems, increases in the static
magnetic field are inevitable in MRI scanners [20]. As the field strength increases, the signal
to noise ratio in an image increases approximately linearly. This is because the signal
increases quadratically (as it depends on both the polarization of the tissue and induction),
whereas the noise only increases linearly (as it depends only on induction) [6]. On the other
hand exceeding a SMF of 3 T, is impaired by high SAR, which constitutes one of the
reasons, why UHF MRI has not been implemented into routine diagnostic imaging yet [4, 68-
69]. There are currently more than 70 ultra-high field (7 T and above) MRI systems installed
around the world [70]. A few recent review articles provide a comprehensive overview of the
current status of high field MRI [68, 70]. Over the last few years an initiative to design and
build MRI scanners with much higher fields (14-20 T) than currently exist, has been
underway, but safety has yet to be demonstrated. Human subject safety is therefore a

prerequisite for the establishment of MRI systems with higher and higher fields.

21



3 Genetic Damage Investigations of
Exposure to High and Ultra-high

Field Human MRI Scanners

The work presented in this chapter has been partly published in the following articles:
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Reddig A, Fatahi M, Roggenbuck D, Ricke J, Reinhold D, Speck O, Friebe B. Impact of
in Vivo High-Field-Strength and Ultra-High-Field-Strength MR Imaging on DNA
Double-Strand-Break Formation in Human Lymphocytes. Radiology. 2016 Sep
30:160794.

Reddig A, Fatahi M, Friebe B, et al. Analysis of DNA double-strand breaks and
cytotoxicity after 7 Tesla magnetic resonance imaging of isolated human lymphocytes.
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Vijayalaxmi, Fatahi M, Speck O. Magnetic resonance imaging (MRI): A review of
genetic damage investigations. Mutation Research/reviews in Mutation Research. 2015
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3.1 Objectives and Motivation

MRI technology has a very good safety record. The highest energy of electromagnetic waves
used in MRI deposited in tissue, is at the order of magnitude below the ionization limit
molecule, which breaks chemical bonds and is known to cause biological damage. However,
there are structures in biological materials that may be affected by very low energy, such as
the hydrogen bonded structures in which very low energy may cause displacement of protons
[2]. Such effects, if any, must be discovered, acknowledged and taken into consideration for
the safety of the patients, volunteers, clinicians and research staff working with MRI

scanners.

Despite the numerous investigations evaluating the extent of genetic damage in animal and
human cells exposed in vitro and in vivo to SMF, GMF and RF, each one independent of the
other, very little attention has been given to assess the potential combined effects of such
exposures. Due to the combined pattern of EMFs used in MRI, the conclusions from previous
studies may or may not be applicable to MRI exposure. In an MRI scan, during image
acquisition, the body is exposed to different waveforms, duration and amplitudes of all three
different frequency ranges of electromagnetic fields. Nonetheless, there have been a limited
number of investigations which examine whether in vitro and/or in vivo exposure of cells to
EMFs used in MRI can cause significant genetic damage. These studies, which have
previously been critically reviewed elsewhere in a review article [71], are summarized in

section 3.4 of this thesis.

This chapter is comprised of three sections. Section (I) provides a background on genetic
material and genetic endpoints. Section (Il) reports the observations from recent studies
reported in peer-reviewed scientific publications. It also addresses unresolved issues and gaps
in knowledge in MRI genotoxicity assessments. Some hypothesized and potential interaction
mechanism(s) are discussed in this section. Section (I11) describes experimental studies on
the genetic damage investigation at three different levels: in vitro; whole-body exposure;
frequent exposure; and in vivo. The impact of different magnetic field strengths on the human

blood cells under controlled conditions is assessed and the results are reported.
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Section I: Background
3.2 Genetic Material

The term genome was created in 1920 by Hans Winkler, Professor of Botany at the
University of Hamburg [72]. The Oxford Dictionary suggests the name is a blend of the
words gene and chromosome [73]. The human genome is a chemical sequence that contains
all the basic information of human bodies. It consists of tightly coiled Deoxyribonucleic acid
(DNA) and associated proteins (Figure 3.1). A nucleosome is a basic unit of DNA packaging,

which consists of 146 base pairs of DNA wrapped around the core histone octamer.

Chromosome

Figure 3.1: A schematic representation of a chromosome, nucleosome, DNA and gene.
(Image source: chromosome, Credit: Thomas Splettstoesser/Wikipedia/CC BY-SA 4.0,
retrieved December 15, 2016 from https://commons.wikimedia.org/wiki/Category:DNA
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A histone octamer contains two copies of the four core histone proteins H2A, H2B, H3 and

H4 [74]. Histone proteins are schematically presented in Figure 3.2.

H2A, H2B, H3, and H4
A

Figure 3.2: Schematic representation of the domain structures for the histone family. The
histone contains a core of histone molecules, including pairs of H2A, H2B, H3, and H4,
wrapped by double-helix DNA and held together by histone H1. (Image source: The Cell,
Forth edition, 2006, retrieved 15 January 2017, from
http://oregonstate.edu/instruction/bi314/summer09/genome.html).

3.2.1 Deoxyribonucleic Acid (DNA)

A DNA is a double-stranded molecule held together by weak bonds between two base pairs
of nucleotides, which carry the genetic instructions used in the growth, development,
reproduction and functioning of all known living organisms. A DNA molecule contains
many genes, the fundamental physical and functional unit of heredity. The simplified
illustration of DNA is shown in Figure 3.3. Each strand is composed of one sugar, one
phosphate (gray ribbons) and a nitrogenous base. Two strands of the helix are arranged in an
anti-parallel manner. The upper end of one strand is labeled five prime (5'), and the lower end
of the same strand is labeled three prime (3'). This is opposite in the other strand. As a result,
the 5' end of one strand matches up with the 3' end of the other strand on each end of the

double helix. The two strands are held together by the pairing of complementary nucleotide
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bases on opposite DNA strands. The nucleotide bases, shown in different colours, meet in the
middle of the helix [75].

DNA plays a fundamental role in cell division. When a cell divides into two daughter cells,

its DNA and associated proteins are duplicated [2].

Sugar-phosphate ~——— =
/ /

backbone / / \
I"' ’ y

Phosphorus

Carbon in
sugar-phosphate
“backbone”

> 3.4 nm

Figure 3.3: The double helix structure of DNA. The nucleotide guanine (G, shown in blue)
binds with the nucleotide cytosine (C, shown in orange). The nucleotide adenine (A, shown
in green) binds with the nucleotide thymine (T, shown in red) shown in the left figure. The
distance between two base pairs is 0.34 nanometers. The length of one turn of the double-
helix is 3.4 nanometers. The width of the DNA molecule is two nanometers. The right figure
represents the space-filling molecular model, in which the bases, which contain hydrogen,
oxygen, nitrogen, and carbon, connect the two sugar-phosphate backbone chains. (Image
source: [75])
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3.3 Genetic Endpoints

There are several genetic endpoints, which are generally examined in toxicological
investigations, and these include DNA double-strand breaks (DSBs), DNA single strand
break (SSB), chromosomal aberration (CA), Micronuclei (MN), free radical formation, cell
proliferation, apoptosis, and antioxidants status. It is known that no single genotoxic
endpoint, by itself, is capable of determining the genotoxic potential and the consequent
cancer risk from occupational and environmental agents [76]. Therefore, it is relevant to
examine more than one genotoxic endpoints for the overall assessment of genetic damage in

MRI research investigations.

In general, any un-repaired or mis-repaired DNA damage is a key issue when assessing
genetic risks. When an increase in the DNA primary damage in MRI-exposed cells is
observed, it is imperative to examine the extent and the mechanism underlying such damage.
Therefore, the main focus in the experimental studies (in vitro and in vivo) is placed on DNA

DSBs. However, other endpoints including MN and proliferation were also assessed.

3.3.1 Double-strand Breaks

Since DNA is the repository of genetic information in each living cell, its integrity and
stability is essential to life. DNA, however, is not inert; rather, it is a chemical entity subject
to assault from the environment [77]. It is continuously damaged by endogenous and
exogenous factors and then repaired by DNA repair enzymes. Any imperfect repair process
or imbalance in damage and repair and mistakes in repair can lead to mutation, eventually
disease, and cell death [78]. The best-known example of the link between environmental-
induced DNA damage and disease is that of skin cancer, which can be caused by excessive
exposure to ultraviolet radiation in the form of sunlight [78]. There are different types of
DNA lesions. The common ones are DNA strand breaks either single strand break (SSB) or
double-strand breaks (DSB). DNA DSBs are intrinsically more difficult to repair than other
type of DNA damages. Due to its potential to lead to modification or loss of chromosomal

material and genetic instability, it is considered to be particularly important with respect to
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carcinogenesis [79]. The following section briefly describes one of the common methods for

DNA DSBs detection, which was utilized in the experimental studies presented in this thesis.

3.3.2 Detection of DNA Double-strand Breaks

DNA DSB induction can result in post-translational modification of the histone tail, such as
phosphorylation of the histone variant H2AX [80]. Phosphorylated histone H2AX (y-H2AX)
can be used as a biomarker of cellular response to DNA damage as it has the potential for
monitoring DNA damage and repair mechanism in human cells [81]. Due to its sensitivity,
efficiency and mechanistic relevance, it allows detection of individual cells and visualization
of discrete y-H2AX-foci [82-83]. This biomarker has a great potential, but is not limited to
detecting DNA DSB damage.

Upon DSB formation, the core histone protein H2AX becomes rapidly phosphorylated. The
phosphorylated form, y-H2AX, accumulates at the site of damage and can be detected as
foci by immunocytochemistry [84] (Figure 3.4). Cells with such specific sites are detected
using specific antibodies with fluorescent tags and the discrete y-H2AX foci are evaluated
using different methods such as immunohistochemical and/or flow cytometry methods.
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y-H2AX foci detected by

automated Microscopic

1058

Figure 3.4: Schematic representation of y-H2AX formation and detection. When DNA
damage occurs, serine 139 of histone H2AX in the chromatin on both sides of the damaged
site is phosphorylated. Phosphorylated histone H2AX is referred to as y-H2AX foci, shown
in a red ring. (Image source: [85])

Among different immunological y-H2AX-tests, which are all based on the specific binding of
an anti-y-H2AX antibody, the microscopic immunofluorescence test is claimed to be the
most sensitive method [84-85]. This method can be used in different cell types; however

Peripheral blood mononuclear cells are very commonly used in genotoxicity.

A fully automated y-H2AX foci technique (AKLIDES platform), which has been described
in detail and evaluated elsewhere [86-88], was used in three experimental studies presented
in this chapter. This method has some advantages over conventional manual counting, such
as being less subjective and less time-consuming. In brief, a motorized inverse fluorescence
microscope (Olympus 1X81, Olympus, Hamburg, Germany), controlled by a software
application provides a fully automated image acquisition, analysis, and evaluation of
immunofluorescence. An objective with 60 x magnification, (Olympus, semi-apochromat
LUCPLFLN 60X, 0.70 NA, W.D.1.5 — 2.2 mm); a multiband filter for the DAPI; and Alexa
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488 dyes (DA/FI-A, Semrock, LakeForest, USA); 400 nm and 490 nm light emitting diodes
(pE-2,Cool LED, Andover, UK); and a charge-coupled device, (CCD) gray level camera
(DX4, Kappa Optronics, Gleichen, Germany); were used to acquire the image. The
automated y-H2AX AKLIDES system comprises a sequential process, including image
acquisition, object identification and classification [86, 87], which are shown in Figure 3.5.

e isolation of peripheral blood £
mononuclear cells (PBMC)

4 A
m i

\_ selection of xy position Y,
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/ image processing & analysis N\
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Figure 3.5 Flowchart of the main processes involved in automated y-H2AX foci
quantification. After insertion of slides into the system, using dynamic auto-focusing, the
exact focal plane is automatically detected in DAPI channel and an image of the nuclei is
acquired. For each nucleus, the corresponding three images in the y-H2AX foci channel were
analysed to identify the number of y-H2AX foci per cell. (Image source: adapted and
modified based on [87])
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3.3.3 Micronuclei

Another genetic end-point which is normally assessed in genotoxicity studies is Micronuclei
(MN). MN are small, extra-nuclear bodies originated from a chromosome or chromosome
fragments that lag behind at anaphase, and are eventually excluded from the daughter nuclei

during nuclear division [89-95].

Several different mechanisms can be involved in the formation of MN. A MN containing
chromosome fragments may result from direct DNA DSB, conversion of DNA SSBs to
DSBs after cell replication, or inhibition of DNA synthesis. Furthermore, a positive
correlation is known to exist between MN and CA endpoints [71]. Some MN may have their
origin in fragments derived from broken anaphase bridges [96, 97] formed due to
chromosome rearrangements (dicentric chromatids, concatenated ring chromosomes or union
of sister chromatids). Defects in the chromosome, such as damage to chromosomal
substructures, mechanical disruption [98], and hypomethylation of centromeric DNA [99-
101] are also hypothesized to be the essential events in micronucleus formation.

MN frequency in lymphocytes is known to be affected by gender, age, dietary factors, and
lifestyle factors [102]. Also, biological factors such as genetic background can influence the
baseline frequency of MN. It is known that MN frequencies are generally 1.2 to 1.6 times
higher in females than in males. Furthermore, MN frequencies increase steadily and
significantly with age in both sexes [103].

Figure 3.6 shows Micronuclei through a microscope. A micronucleus is visualized as an
extra small nucleus beside the main nucleus. MN are expressed in cycling cells that have
completed nuclear division, which makes the MN assay quantitatively unusable in non-
dividing cell populations.
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Micronucleus

Figure 3.6: Example of Micronuclei (black arrow) in a binucleated human lymphocyte.

(Image source: [104])

The application of MN as an indicator of chromosomal damage has become a standard assay
in both genetic toxicology and human biomonitoring studies [105]. Utilizing MN tests for
human biomonitoring studies was first described by Meretoja et al. [106] and a few years
later, Stich [107] proposed that MN could be used to study genotoxic effects in all human
tissue. Since then, investigations with cells from the buccal and nasal mucosa, esophagus,
bronchi, urinary bladder, and cervix, have been performed [108]. Due to the fact that cells
from the haematopoietic system, especially peripheral blood cells, circulate everywhere in
the body and are attainable easily, they are the most common cell types examined for MN.
MN can be observed in almost any cells; therefore, in the last few years, there has been a
strong increase in the employment of the MN assay as a tool for examining human genotoxic
exposure and potential long term effects. It has also been used to quantify exposure to
genotoxic chemicals and radiation in a large number of studies. A potential predictive role
for this biomarker has been suggested on theoretical grounds [109]. However, the association
between the frequency of MN and long-term biological consequences has not fully been
elucidated yet. In many studies, preliminary evidence that MN frequency in peripheral blood
lymphocytes is predictive of cancer risk, suggests that increased MN formation is associated

with early events in carcinogenesis [110-111].

In particular, three research groups investigated the incidence of MN in cells exposed in vitro
and in vivo to MRI. In in vitro studies, Lee et al. [10] reported MRI exposure duration-
dependent increases in MN frequency, while Szerencsi et al. [13] reported no such increase.
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An in vivo experiment by Simi et al. [9] reported a significant increase in MN frequency
immediately after MRI exposure, but it returned to normal levels within 24-120 hours later.
Thus, the induction or absence of MN induction remains controversial. However, evidence is

emerging that elevated cancer risk in humans may be related to increased number of MN.

3.3.4 Detection of MN

The cytokinesis-block micronucleus (CBMN) assay is the standard method for measuring
MN in cultured human and/or mammalian cells, because scoring is specifically restricted to
once-divided bionuclated cells, which are the cells that can express MN [91-94, 112-115].
The CBMN assay was originally described for human lymphocytes by Fenech and Morley in
1985 [92]. Since then the method has widely been used as a sensitive and reliable technique
for assessing chromosome damage in both in vivo and in vitro. The CBMN technique enables
comparisons of chromosome damage between cell populations that may differ in their cell

division kinetics [92].

Section 11

3.4 Literature Review

Various attempts have been made to quantify the alleged carcinogenic risk possibly
associated with exposure to magnetic fields. Numerous original, confirmation and replication
studies have been conducted over the past several decades, to examine the potential adverse
effects from exposure to SMF, GMF and RF respectively. Among the several
biological/health effects examined, the genetic damage was the focus of research for many
investigators, since excess damage in somatic cells can lead to carcinogenesis, while similar

damage in germ cells can be transmitted to and affect future generations [71].

Several different genotoxicity endpoints, such as DNA SSB, DNA DSB, CA, MN and sister
chromatid exchanges (SCE) and mutations (MUT) were tested to examine the extent of
genetic damage and compared with that observed in un-exposed cells. Apart from a few

comprehensive reviews on biological and health effects of MRI exposures published by
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international organizations such as WHO, ICNIRP and SCENIHR, several other reviews

have already been published on the specific frequency range of EMFs [116-135].

With respect to genetic damage investigations of MRI on human cells, there have been nine
reports in peer-reviewed scientific literature. In these investigations, researchers have
exposed the cells to SMF, GMF, RF, or MRI sequences, which are routinely used in clinics,
and evaluated the extent of genetic damage using SSB, DSB, CA, MN and MUT as
endpoints. The observations in these recent reports were contradictory. While many study
groups fail to detect any genetic damage, others report significant increased genetic damage
in cells from the MR-exposed group. The results from recent studies are critically reviewed

and a summary is presented in Table 3.1.

Four studies investigated DSBs induction using y-H2AX assay and the rest focused on other

genetic end-points.

Three of the studies showed no enhancement of DSBs, following either an in vitro exposure
of human cancer cell lines (Oh, 1h and 24h post exposure)[8], human lymphocytes (Oh, 1h or
20 h post exposure)[4,14-15] or an in vivo exposure of human lymphocytes taken from
patients 5 min after contrast-enhanced cardiac magnetic resonance imaging (CMR)[17]. In
contrast, the following studies report a significant effect on the cells after exposure to MRI.
In 2008, Simi et al. [9] reported a dose-dependent induction of micronuclei in human
lymphocytes of 8 volunteers exposed in vitro to different MRI intensities, as well as in vivo
after non-contrast enhanced cardiac MRI scans of the 8 subjects. After analysing one blood
sample exposed to different exposure times of a routine 3 T MRI scan, Lee et al. [10]
describe a dose-dependent increase of micronuclei, chromosome aberration and comet tail
moment. In contrast, no induction of DNA damage was observed in an equal in vitro trial,

repeated by Szerencsi et al. [13].

A significant increase in lymphocyte DNA damage, measured by alkaline comet assay, was
reported by Yildiz et al. [11] in 2011, following analysing contrast-enhanced 1.5 T
hyperphysical MRI of 28 subjects. Compared to baseline level non-contrast enhanced MRI
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revealed a small, but not significant, rise in DNA damage, whereas the amount of DNA

lesions increased significantly under gadolinium-treated conditions.

Recently, Fiechter et al. [12] reported a statistically significant increase in DSBs in human
lymphocytes taken from patients immediately after a contrast-enhanced CMR. Whereas,
Lancellotti et al. [16], reported no enhancement in T-lymphocytes taken from volunteers 1
hour and 2 hours post exposure to un-enhanced CMR. A significant enhancement was
reported at day 2 and 1 month post exposure before returning to the baseline levels after 1
year (a significant increase was observed at 2 hours and on day 2 for NK cells, but not at

other time points).

There are few concerns regarding the methodology in these two studies. In the study by
Fiechter et al. [12], twenty subjects were included and the induction of DSBs in lymphocytes
after 1.5 T cardiac MRI exposure was quantified by microscopy and flow cytometry analyses
of immunofluorescence-stained y-H2AX foci. However, the source of DNA damage could
not be clearly distinguished between MRI-related effects, contrast agent effects and other
effect, as sham exposed controls and patients receiving non-contrast enhanced MRI were not
included.

In the study by Lancellotti et al. [16], the authors obtained the history of the subjects a week
before the first blood drawing. Such information, i.e., whether the subjects were exposed to
any agents/activity known to impact DNA integrity at later time-points, i.e. 2 days, 1 month
and 1 year, is not mentioned. Also, the authors suggest that NK cells could be more sensitive
markers than T lymphocytes for early CMR induced DNA damage. Although such cells are
more abundant, they have a short-life of ~2 weeks; persistence of increased y-H2AX at 1
month post-CMR needs to be viewed with caution, especially in the absence of alterations in
apoptosis and necrosis during the entire period of study. There were reports indicating that
phosphorylation of histone H2AX (y-H2AX) occurs within minutes after induction of DSBs,
accumulates within 20 to 30 minutes and subsequently, y-H2AX becomes dephosphorylated
over the next few hours [80-136]. In this context, the biological and mechanistic aspects in
the persistence of y-H2AX at 2 days and at 1 month post-CMR are not clear.
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The overall information gained from these recent studies lacks consistency. Good laboratory
protocols, such as blind examination of microscope slides to eliminate observer bias and
inclusion of un-exposed as well as positive controls in the experiments for comparison of the
observations in MRI-exposed cells, should be applied in all studies. Another intriguing
question which has not been addressed is that of the cumulative effects of MR exposure from
serial scanning. We addressed this question by conducting an in vivo study among frequently
exposed volunteers to high and ultra-high field MRI. The results of this study are reported in
section 3.10.

The importance of the studies with regard to health effects of exposure to MRI has been
stressed as a high priority by the European Commission. The latest report by both, the
International Agency for Research on Cancer (IARC) [131] and the Scientific Committee on
Emerging and Newly Identified Health Risks (SCENIHR) [132] suggest the need for large
scale and carefully designed, well-coordinated, multi-centred collaborative in vitro and in
vivo investigations with validated dosimetry, multiple genotoxicity endpoints, blind
evaluations with adequate statistical power, and appropriate analytical methods. Such studies
probably would require exposures from MRI scanners in different centres.
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Table 3.1: Summary of recent studies on genetic damage in cells following in vitro and in vivo exposure to MRI, adapted from [71]

Szerencsi et

Lancellotti et

Brand et al.2015

Studies presented

Schreiber et Schwenzeret ~ Simi et al. Leeetal. Yildiz et al. Fiechter et
al. 2001 [7] al. 2007 [8] 2008 [9] 2011[10] 2011[11] al.2013 [12] al. 2013 [13]  al. 2015[16] [17] in this thesis
[4, 14, 15]
Study In vitro In vitro In vitro and In vitro In vivo In vivo In vitro In vivo In vivo In vitro- frequently
in vivo exposed- In vivo
Flux (T) 15Tand7.2T 3T 15T 3T 15T 15T 3T 15T 15T 7T,3T,15T
Cell Salmonella Humancan  Humanblood Humanblood Humanblood Humanblood  Humanblood Human (T Humanblood Humanblood
origin typhimurium cer Lymphocyte  lymphocytes  Lymphocyte  Lymphocytes  lymphocytes  lymphocytes and lymphocytes lymphocytes
bacteria Cells S S NK cells)
Endpoint CA,
Mutation DSB MN MN, SSB/DSB  SSB/DSB DSB SSB/DSB, MN DSB DSB DSB, MN
>2 expts - In vitro: 8 1 donor 28 patients 20 patients 2 healthy donors 20 healthy 45 patients 16 and 22
Expts 3 platesper healthy (3 repeats) 3 repeats donors healthy donors, 53
Donors exposure donors. In patients
vivo: 8
donors
- - No contrast - With and Gadolinium - No contrast agent Gadolinium With and without
Contrast without
agent gadolinium
Positive Chemical 4 Gy 6MV - SSB: Chemical - 4 Gy y-rays - - 120 kV CT scan
control mutagens X-rays cisplatin mutagens and 0.2 Gyy-rays
MN, CA:
bleomycin
No significant No In vitro and SSB, MN, Significant Significant No Significant No significant No significant
Result effect significant in vitro CA: increase increase significant increase effect effect
effect Significant significant effect
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3.5 Hypothesized Mechanisms for MRI-Induced Genetic Damage

For a damage to occur following an MRI exposure, signals need to be perceived or
transduced in biological molecules in such a way as to alter their size, shape, charge,
chemical state or energy. When the signal is amplified, a cascade of sequential events at the
molecular, cellular, and tissue level would be required without interruption to the final
outcome. The induced changes can be transient, reversible, or repaired. However, the final
outcome or ‘disease’ requires successful completion of many more intermediate steps which
are shown in Figure 3.7. It is also possible that the signal produced by the preceding step
might be within normal variations and therefore, would have no further functional
consequences beyond that point in the causal chain. Since the health of human bodies
depends on the normal structure and function of a large number of molecules (e.g., proteins,
nucleic acids, carbohydrates, and lipids), any mechanism proposed must predict how MRI
could interfere with or modify the normal synthesis, function, or degradation of these
molecules [71]. The interaction mechanisms would then predict thresholds in terms of safety

of exposure amplitudes, frequencies, homogeneity, and exposure duration, etc.

MRI exposure

v Cell Perception il
None Transduction
(no consequence) 1 (Modification of molecules)
Cell Signal
v v
Within normal variation | Amplification
(no consequence) Biological (Cascade of down-stream events)
v Response v
Transient/ Reversible Genome Change
(repair/ adaption) (disease)

Figure 3.7: Potential cascades of sequential events for MRI-generated EMFs interaction with
a human body. (Image source: [71])
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Furthermore, indirect effects cannot be excluded. EMF generated by MRI possibly may
affect the cells by changing cellular architecture and metabolic processes within cells that

might lead to DNA damage.

The energy levels used in MRI are extremely low, below 1micro electronvolt (1 eV = 1.6%
10*°J). This energy level is directly related to the precessional frequency through the
following equation: AE = hf, where h is Planck's Constant and f is the precessional
frequency, and can be calculated from the Larmor frequency (o), through: ® =2 mf. This
energy is about 1.75x107 eV for a proton in a 1 T field, i.e. an extremely small amount of
energy compared with electron binding energies [137]. Such energy is very unlikely to cause
damage and currently, no direct damage mechanism is elucidated for MRI. Nevertheless, it is

important to examine and understand potential mechanisms if any.

A possible scenario for an effect on DNA is suggested by a few studies [2, 138-144]. The
two chains of DNA are held together by relatively weak H-bonds joining the complementary
bases of DNA. H-bonds are hydrogen (protons) that are bonded to both chains by electron
pairs. If EMFs forces displace electrons in H-bonds, this may lead to local charging and
generate forces that overcome the H-bonds and initiate disaggregation of the chains. Recent
progress in these fields reveals that low energy electrons can attach to DNA or DNA
fragments in any one of the components such as (i) nucleobase [138], (ii) sugar [139] (iii)
phosphate group [140] or, as a dipole bound state (DBS) [141] outside the molecular
framework [142]. The low energy electron attachment to the target may lead to the formation
of a metastable state (also known as a temporary negative ion) or an electronically stable
anionic species. The metastable state, which is often referred to as ‘‘resonance’’ and exists
only for a very short period of time [142-144]. However, the temporary negative ion can play
a prominent role in induced damage to bio-molecules like DNA by causing mutagenesis to

the organisms which is described in details in the study by Bhaskaran et al [142].

Section I11: Empirical Evidences

This section of the thesis refers to the series of experiments (in vitro and in vivo) which were

carried out to quantitatively determine the potential genotoxic and cytotoxic impact of 7 T
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MRI on human peripheral blood mononuclear cells under controlled conditions. The
experiments were planned in a stepwise approach (in vitro to in vivo) to cover some of the
current gaps and uncertainties regarding genetic damage induced by 7 T MRI. Flowchart 3.8
illustrates the experimental design. In all the experiments, to assess genotoxicity potential of
MRI, y-H2AX focus evaluation, as described in section 3.3.2, was carried out by automated

fluorescence microscopy and flow cytometry.

The MRI sequence used in the in vitro and in vivo experiments was Echo Planar Imaging
(EPI) sequences, which is a common fast imaging acquisition technique in cardiac,
abdominal, diffusion, perfusion and functional imaging. In order to enhance the potential
degree of damage and unlike in vivo protocols, EPI sequence was adjusted to reach the
maximum permissible gradient effect and 100% of permissible SAR in the in vitro
experiment. All the experiments presented in this chapter were carried out in collaboration
with the immunology and the radiology department of the Otto-von-Guericke University
Magdeburg, Germany and approved by the local ethics committee (RAD 244 and RAD 265),
and the volunteers gave written consent.

In-vitro exposure
— ] DNA double strands breaks
(section 3.6 )
DNA double strands breaks
Repeated whole-body
exposure
In-vivo exposure
el DNA double strand breaks
(section 3.8)

Figure 3.8: Flowchart of experimental design in three levels, in vitro, repeated whole-body
exposure and in vivo exposure

(section 3.7)

Experimental studies
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3.6 Invitro Analysis of DNA DSB in Human Lymphocytes

The first experiment aimed to investigate the genotoxic and cytotoxic potential of 7 T MRI
on isolated human peripheral blood mononuclear cells with the hypothesis that there is no or
little effect.

3.6.1 Methods

Sixteen healthy volunteers (8 male; 8 female; age 25-58 years, mean age 36 years) were
recruited for this experiment. Heparinized venous blood was obtained from each donor and
peripheral blood mononuclear cells (PBMCs) were isolated by density gradient
centrifugation according to the manufacturer’s instructions using Biocoll separating solution
(Biochrom, Berlin, Germany). After isolation, PBMCs were washed and resuspended to a
final density of 1 x 10° cells/ml in RPMI 1640 medium (Biochrom) containing 10% fetal calf
serum (FCS, Pan Biotech, Aidenbach, Germany), 100 U/ml penicillin and 100 pg/ml
streptomycin (both Life Technologies GmbH, Darmstadt, Germany). Blood drawing was
performed on the day of experiments and cells were kept at 37°C in a humidified atmosphere
with 7% CO, prior to exposure.

The PBMC suspension of each donor was divided into five sample tubes according to the
investigated exposure conditions, as it is shown schematically in Figure 3.9. Cells were either
i) left untreated, ii) exposed to 7 T SMF alone (7 T-By), or iii) exposed to EPI sequences (7
T-EPI). Additionally the cells were irradiated by iv) X-ray-based CT scans and by v) y-rays
at a dose of 0.2 Gy served as a positive control group.
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16 healthy donors
Q d age 25-58 years

R
PBMC isolation R

7T-only Be 7TEPI - 0.2 GY
untreated 1 hour 1 hour )

Figure 3.9: Experimental design for the in vitro experiment

Duration of the MRI exposure was 60 min in a 7 T whole-body MR scanner (Siemens AG,
Healthcare Sector, Erlangen, Germany). 7 T-EPI sequences used with the maximum
permissible switched gradient and a SAR in research mode for 1 hour scan procedure. All
exposures were performed at room temperature. The tubes were placed inside the scanner
bore in close proximity (about 7 cm) to the iso-centre within the exposure period (Figure
3.10).

Figure 3.10: Exposure setup for in vitro experiment. The samples from each donor,
containing 10 ml cell solution, were arranged in a test tube rack within a radial distance of
approximately 7 cm from the iso-centre. Gradient: 65 mT/m, slew rate: 180 mT/m/ms, read
out gradient: 35 mT/m, TR: 7900 ms, TE:22 ms, flip angle: 80, SAR: 10 W/kg for an
average of 5 kg head.
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Right after the exposure, tubes were put on ice to slow down metabolic activities and prevent
potential biochemical or molecular changes that may affect cytometric or downstream
results. They were kept on ice for a maximum of 1.5 hours until the treatment for the

remaining samples was completed.

Positive control cells were exposed to X-rays by conducting a spiral CT-scan (Aquilion
Prime, Toshiba Medical Systems, Tustin, California, USA or Siemens Somatom Definition
AS, Siemens Medical Systems, Erlangen, Germany, respectively) with a constant potential of
120 kV and a current of 200 mA with an aluminum filter of 3 mm (Toshiba) or 6.8 mm
(Siemens) and a rotation time of 0.5 seconds. They were radiated by y-rays at a dose of 0.2
Gy (Biobeam 8000, Cs 137, Gamma-Service Medical GmbH, Leipzig, Germany). Initial
DNA DSBs were measured in PBMCs, by means of y-H2AX analysis, immediately after
exposure. In order to allow phosphorylation process to happen at 37°C and 7% CO,, y-H2AX
foci were determined after a 1h incubation period. The residual y-H2AX foci were
determined 20 hours after exposure. DNA DSBs were quantified by flow cytometry and

automated microscopy analysis of immunofluorescence stained y-H2AX.

For microscopy analysis, immunofluorescence staining was performed at all of the
experiments, as described in section 3.3.2, using a y-H2AX-immunofluorescence staining kit
(Medipan, Berlin/Dahlewitz, Germany). For flow cytometry measurements, cells were
stained in round bottomed falcon tube analog to the protocol for immunohistochemistry
preparation according to the protocol of Redon et al. [82]. In brief, cells were stained in a
round bottomed falcon tube. An additional fixation after PFA-treatment with 70% ethanol
was included, and cells harvested immediately or 1 hour after exposure were stored in 70%
ethanol overnight at 4°C. In contrast, cells fixed 20 hours post exposure on the next day,
were treated with 70% ethanol for 20 minutes at room temperature. After permeabilization,
cells were either stained with anti-y-H2AX antibody or 1gG-isotype control. In order to
enhance the intensity signal, the dilution of the secondary antibody was reduced from 1:2000
for microscopy to 1:500 for flow cytometry analysis. Stained samples were kept on ice in the
dark for the measurement. PBMCs were identified by forward and side scattered light signals

and by an additional fluorescence signal originating from 0.5uM DAPI (Sigma-Aldrich, St.
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Louis, MO, USA) staining. For flow cytometry measurements, a minimum of 20,000 gated
events was analysed for each sample. The level of y-H2AX was quantified by the median
fluorescence intensity (MFI) in arbitrary units (AU) using a BD LSR Fortessa cell analyser
(BD Biosciences, Mountain View, CA, USA) and FlowJo analysing software (Treestar Inc.,
Ashland, OR, USA). For harmonization, MFI data was adjusted by subtraction of the
corresponding 1gG-isotype control of each donor, which was fixed together with the samples
at time point 1 (0 h) [14].

The mean y-H2AX foci/cell, MFI of the nucleus in y-H2AX channel, as well as the
percentage of y-H2AX focus-positive cells, and classification of cells according to their

individual focus number, were assessed from at least 200 cells per sample.

Viability assay, which is an assay to determine the ability of organs, cells or tissues to
maintain or recover viability, was carried out according to the manufacturer’s instructions
(CellTiter-Blue assay, Promega, Madison, WI, USA), in order to monitor the metabolic
activity of unstimulated PBMCs. In brief, 5 x 10* cells/well were seeded as triplicates into
flat bottomed 96-well plates. Cell Titer-Blue reagent resazurin was added to the wells either
24 hours, 48 hours or 84 hours after exposure, and plates were allowed to incubate in the
dark for an additional 2 hours at 37°C and 7% CO,. The fluorescent signal was measured at
an excitation of 560 nm and an emission of 590 nm by a Tecan Safire plate reader equipped
with appropriate Magellan data analysis software (Tecan Austria GmbH, Salzburg, Austria).
Cell viability was normalized to corresponding control samples [14].

DNA synthesis of exposed cells was assessed by a standard [*H]-thymidine incorporation
assay. PBMCs were seeded at 1 x 10° cells/well into a flat bottomed 96-well plate as
quadruplicates and stimulated with 2 pg/ml  phytohemagglutinin  (PHA, life
technologies/Gibco, UK). After 84 h, cells were pulsed with [*H]-thymidine at a dose of
0.2 pCi/well for additional 6 h. Cells were harvested after the incubation period and [*H]-
thymidine incorporation was quantified using the microplate liquid scintillation counter
Wallac MicroBeta TriLux from Perkin Elmer (Waltham, MA, USA). The detailed results are
presented in section 3.10.
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3.7 Repeated Whole-body Exposure to 7 T MRI and Analysis of
DNA DSB and MN in human Lymphocytes

A question, which has not being addressed so far, is about the potential cumulative effects of
MRI exposure from serial scanning. This question is addressed in this section of the thesis by
reporting an experiment which was conducted among frequently exposed 7 T MRI
volunteers.

The other aspect taken into account in this experiment is assessing more than one genetic
endpoint. As previously discussed (section 3.3), it is known that no single genotoxic
endpoint, by itself, is capable of determining the genotoxic potential of an agent [71] and it is
necessary to examine several genotoxic endpoints for the overall assessment of genetic
damage in MRI research investigations. Thus, two different genetic endpoints (DNA DSB

and MN) were assessed in this experiment.
The following objectives are reflected in this section:

e To determine the level of damage (DNA DSB and MN frequency) in PBMCs obtained
from healthy individuals who routinely work with 7 T UHF MRI and participate
frequently in 7 T research investigations, and compare the baseline level in this group
with the non-exposed group.

e To assess potential different sensitivities in two groups of cells (cells from the frequently
exposed individuals and from the control group) by exposing both cell groupsto 7 T.

e To determine whether 7 T MRI exposures alter the genotoxic effect of a genotoxic agent,
such as a chemotherapeutic drug, Etoposide (ETP) and to assess the kinetics of DNA

damage repair.

3.7.1 Methods

Twenty two healthy male individuals, who were non-smoking, non-alcohol drinking and had
never undergone radio-/chemo-therapy, or scintigraphy, and had not had an X-ray

examination for at least one year prior to participating in this study, recruited. Participants
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were divided in two groups as schematically represented in Figure 3.11. The first group
comprise of healthy individuals who have been repeatedly exposed to UHF MRI (Rep). They
were selected either from MRI staff or volunteers of MRI research. Therefore, they have
been exposed to 7 T and 3 T MRI while working with and around MRI scanners and/or
frequently participating as 7 T and 3 T research subjects. The second group of 11 subjects
served as a control group (Ctl), who had never been exposed to 7 T MRI. Only one subject in
this group was examined by MRI at 1.5 T within one year of this study (spinal MRI, 6
months before blood withdrawal).

22 healthy male donors

non-smoking, non-alcoholics, age 33-42 years

[ : |

11 donors 11 donors
repeatedly exposed to 7T never exposed to 7T

PBMC isolation ] )\

......................... » Analysis of Baseline damage in two

groups
Extra exposure to 7T

Analysis of damage in two groups

Figure 3.11: Experimental design for the repeated whole-body exposureto 7 T

The period between the last MR exposure and blood withdrawal was very different among
individuals. Detailed information on repeated exposures to 7 T MRI is presented in Table3.2.

On average the blood was taken between 1-4 weeks after the last in vivo7 T MRI exposure.
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Only one participant (Rep 9) was excluded from this average, as he has not been exposed to 7
T MRI as a subject in the last year, however, due to his routine tasks, he has been exposed to

the fringe field frequently.

Table 3.2: 7 T UHF MRI repeated exposures in participants of the study, adapted from [15]

Exposure to combined
Average

I_Experience exposure to EM_FS as subject
Rep 1-11 Age WItr(]yZa:;ll;’s'\)/lRI I TMRI fringe scalr?r?:a?’e(;ozl!\s/l iljllthe
field (h/week) * I
ast year)

Rep 01 32 4 3 100
Rep 02 38 8 4 75
Rep 03 40 8 6 80
Rep 04 35 8 4 160
Rep 05 31 3 3 175
Rep 06 25 4 4 40
Rep 07 49 8 6 65
Rep 08 28 2.5 0.5 12
Rep 09 32 3 3 0

Rep 10 35 7 4 2

Rep 11 29 2.5 1 10

*: average

A blood sample was drawn from each participant. Heparinized peripheral blood was
collected and PBMCs were separated, washed and re-suspended at the final concentration of
2x10° cells/ml. Similar to the procedures explained earlier for the in vitro study, for each
participant, five aliquots were distributed into separate tubes for different exposure

conditions.

In order to assess the potential difference in genotoxic sensitivity in two groups of cells, they
were additionally exposed to 7 T. The whole body 7 T MR scanner was equipped to provide
the maximum gradient strength of ~70 mT/m and maximum gradient slew rate of

~200 mT/m/ms. An 8-channel head coil was used in normal operating mode and EPI pulse
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sequences were adjusted to simulate a worst case exposure scenario in terms of maximum
switched gradient within the peripheral nerve stimulation threshold and permissible SAR.
The sequences used in this experiment, created an average RF power of 50 W. The
parameters were set as follows for the exposure: 65.43 mT/m maximum gradient strength,
186 mT/m/ms maximum slew rate, 35.33 mT/m maximum readout gradient strength,
7900 ms repetition time (TR), 22 ms echo time (TE), 80° flip angle, 0.8 mm x 0.8 mm x
1.5 mm voxel size and 100 slice. The TR and flip angle were adjusted to reach the maximum
permissible SAR level for the head, i.e., 10 W/kg with an average human head weight of
5 kg. For MR exposure, tubes were placed inside the scanner bore in close proximity (2-7

cm) to the iso-centre for 1 hour.

The unexposed control samples from each participant were also handled virtually in the same
way as their corresponding 7 T samples, but placed in a different room in the MR building at
the same temperature (20 + 2°C). Furthermore, a sample of cells from each participant was
exposed to 0.2 Gy y-radiation (**'Cs source, Biobeam 8000, Gamma-Service Medical GmbH,
Leipzig, Germany) at a dose rate of 2.8 Gy/min as a positive control. After different
exposures, the cells in all tubes were kept on ice for a maximum of 20 min while transporting
to the laboratory. Moreover, to determine if 7 T MRI exposures can alter the genotoxic effect
of a DNA damaging chemotherapeutic drug, cells from both groups were challenged with
etoposide (ETP). For each participant, a sample of cells was treated with 10 uM ETP (Sigma,
St. Louis, MO) 15 minutes prior to exposure. The ETP-treated cells were exposed to 7 T
MRI for 1 hour, whereas, the other sample was left outside the scanner room. The induced
number of y-H2AX foci was determined 1 hour after additional incubation at 37 °C. The
remaining cells were washed, suspended in fresh medium and DNA repair Kkinetics were
analysed 1 h, 4 h and 20 h after ETP-removal [15].

Similar to the in vitro study, number of DSBs was assessed by yH2AX-immunofluorescence
staining as described in detail above. The initial y-H2AX analysis was performed after 1 hour

and the residual DSBs were determined after 20 hours and 72 hours.

For MN assessment cells were treated according to the protocol stimulated with 1%

phytohemagglutinin (PHA, Gibco, Waltham, MA) after exposure and cytochalasin-B
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(4 pg/ml; Sigma) was added at 44 hours. The cells were harvested after a total culture period
of 72 hours, treated with 100 mM KCI for 3 minutes, centrifuged and the cell pellet was re-
suspended in ice cold methanol: acetic acid (5:1) fixative. Fixed cells were dropped onto
microscope slides, air-dried and stained with 5% Giemsa. Finally, the cells were covered
with DPX (Sigma). All slides were coded in Magdeburg, Germany and duplicates were
mailed to San Antonio where they were blindly examined using a light microscope (Carl
Zeiss Microlma-ging GmbH, Jena, Germany) at 1000x magnification. For each sample, 2000
consecutive cells (1000 cells per slide) were examined. The frequency of cells with 1, 2 and
>3 nuclei (1N, 2N and >3N, respectively) were recorded and number of binucleated cells
(BN) were obtained. The proliferative index (Pl) was derived from [(IXN1 + 2xN2 +
3xN3)/N] where N is the total number of cells examined [15]. The incidence of BN cells with
1, 2 and >3 MN was recorded and the sum of MN/2000 cells calculated.

The detailed results are presented in section 3.10.

3.8 Invivo Analysis of DNA DSBs in Human Lymphocytes

This section further investigates the impact of different magnetic field strengths on DNA
DSB formation in peripheral blood mononuclear cells by covering the most common SMF
used in clinics (1 T,1.5T,and3T)and 7 T. The 7 T MR systems, which are currently only

allowed for research purposes, are included for in vivo genotoxicity analysis for the first time.

3.8.1 Methods

Patients receiving either an MRI (n = 43) or CT (n = 10) scan were recruited for this study
between April 2014 and October 2015. Eligible participants were adults aged 18- 80.
Patients were excluded if they received X-ray-based or nuclear imaging within the last three
days, had undergone radiation therapy- or chemotherapy, or if they were previously
diagnosed with lymphoma or leukemia. Patients were assigned to the nine following groups

according to the scan procedure:
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e 1T MRI without contrast agent (n =5)

e 1T MRI with contrast agent (n =5)

e 1.5 T MRI without contrast agent (n = 5)

e 1.5 T MRI with contrast agent (n = 5)

e 3T MRI without contrast agent (n = 5)

e 3T MRI with contrast agent (n = 5)

e 7 T MRI without contrast agent (n = 13)

e CT without contrast agent (n = 5)

e CT with contrast agent (n = 5)
In each group a minimum of 5 subjects (7 T: n = 13) were involved. Subjects examined by
contrast-enhanced MRI were included when Gadolinium-based contrast agent (GBCA)
Gadovist® was administered to keep the groups as homogenous as possible. Gadobutrol (Gd-
DO3A-butrol) 0.1 mmol//kg body weight - Gadovist, Bayer Healthcare, Leverkusen,
Germany) was used for 1, 1.5and 3 T MRI.

43 patients (mean age 46.1 years [range: 20—77 years]; 22 women: mean age 44.5 years
[range: 26-71 years]; 21 men: mean age 47.7 years [range: 20-77 years]) were examined by
MRI. Demographic characteristics of patients assigned to the different MRI subgroups, the
type of scan and the mean RF exposure are displayed in Table 3.3. For estimation and
quantification of the exposed RF in different MR protocols, the mean applied whole body
specific absorption rate (SAR) for each protocol employed is listed, as is a standardised
energy dose in J/kg (whole body SAR multiplied by total exposure time). Further, 10 patients
were examined by CT scan (mean age 64.6 years [range: 48-80 years]; 3 women: mean age
63.0 years [range: 51-77 years]; 7 men: mean age 65.3 years [range: 48-80 years]) served as
positive controls. Depending on the additional injection of iodinated CA, CT patients were
also classified in unenhanced and enhanced group (2 thorax and 3 abdominal CTs per CT

subgroup).

Different scanners were used for the diagnostic MRI, including: 1 T (Philips Panorama,
Philips Healthcare, Best, Netherlands), 1.5 T (Philips Intera), 3 T (Philips Achieva), and 7 T

(Siemens Healthcare, Erlangen, Germany) MR system. Serving as positive controls for
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ionizing radiation-induced y-H2AX foci, patients receiving either an unenhanced or iodine-

based contrast-enhanced (80-120 ml Imeron 300, Bracco Imaging, Milan, Italy) CT scan

(Aquilion Prime, Toshiba Medical Systems, Tustin, California, USA or Siemens Somatom

Definition AS, Siemens Healthcare, Erlangen, Germany, respectively) were enrolled.

Table 3.3: Calculated whole body SAR and standardised energy dose (SED) in J/kg (SAR
multiplied by the exposure time) for each used MR protocol as well as patient’s demographic

characterization, taken from [4].

Protocol SAR Wbean Exp.time SED n female male Age [year]
[W/kg] [s] [J/kg] Mean + SD

1 Tesla MRI - without contrast agent

Shoulder 0.4 2070 840 \ 5 \ 3 \ 2 \ 328+11.7
1 Tesla MRI - with contrast agent
Cardiac 0.3 605 193 [5] 3 [ 2 | 398%172
1.5 Tesla MRI - without contrast agent
Abdominal 1.4 755 1065 | 3 5 0 442 +11.9
Knee 2.1 1345 2808 1
Thorax 24 679 1149 1
1.5 Tesla MRI - with contrast agent
Lumbar spine 2.6 1656 4379 1 1 4 54.2+19.8
Lung 2.0 679 1369 1
Pancreas 2.0 1409 2818 2
Pelvis 1.4 761 1027 1
3 Tesla MRI - without contrast agent
Ankle 0.9 1439 1295 1 3 2 45.0+8.9
Cervical spine 1.3 2038 2726 1
Knee 1.1 1227 1350 | 3
3 Tesla MRI - with contrast agent
Lumbar spine 1.3 1188 1511 1 1 4 67.8+10.3
Pelvis 1.1 1673 1757 | 2
Prostate 1.2 1432 1718 1
Rectum 1.2 1861 2311 1
7 Tesla MRI - without contrast agent
Knee 0.2 1982 312 \ 13 \ 6 \ 7 \ 43.2+135

Venous peripheral blood was drawn from each patient into heparinized vacuum tubes directly

before the scan (t;) as well as five minutes (t;) and 30 minutes (t3) after examination. This is

schematically presented in Figure 3.12.
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Figure 3.12: Experimental design for the in vivo experiment

3.9 Statistical Analysis

GraphPad Prism software version 5.01 (Graph Pad Software, La Jolla, CA, USA) was used
for the statistical analysis. Significance levels were calculated by repeated measures ANOVA
with a 95% confidence interval (o = 0.05), followed by Dunnett’s post-hoc test. A P-value of
<0.05 was considered as significant difference, and data in text and figures are displayed as
mean + standard error of the mean (SEM). For the in vitro study, pairwise comparisons of the

interaction between groups were done using Fisher’s least significant difference test.

Significance levels were calculated by Friedman tests with a 95% confidence interval (o =
0.05) followed by Dunns post-hoc tests. Comparison was only performed within the same
group between initial values and corresponding values at different times post exposure. In the
figures, significances are indicated by asterisks (**: P <0.01, *: P <0.05).

In the in vivo study, no mathematical correction for multiple comparisons was made,
increasing the probability to falsely detect a DSB-inducing effect that is not present. To
compare differences between MR and CT exposure, normalized data was analysed by a
Mann-Whitney-Test at t, and t; after exposure. Minimal detectable effect size was calculated

according to Cohen’s d, by performing a power analysis for nonparametric tests for the given
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a = 0.05, standard deviation, number of patients and power of 0.8, using XLSTAT for MS
Excel (version 2015, Microsoft, Redmond, WA).

3.10 Results

In this section the results of three experiments (in vitro, repeated whole-body exposure and in
vivo) are reported respectively in section 3.10.1- 3.10.3.

3.10.1 Invitro Analysis

The results from in vitro analysis using two different detection methods: flow cytometry

analysis and automated microscopy, are presented in Figures 3.13 and 3.14.

In the flow cytometry method no significant changes were detected in the 7 T SMF group
(MFI =412 AU; range 12-927 AU) and the EPI sequence group (MFI = 414 AU; range 80-
899 AU) at time point 0 h in comparison to the control (MFI = 414 AU; range 38-807 AU).
A minor increase in y-H2AX level directly after CT scan (MFI = 442 AU; range 65-996 AU)
and a significant rise (MFI =765 AU; range 184-1744 AU) after 0.2 Gy y radiation was
found. An enhanced intensity was detected in all the groups after a 1h incubation period at
37°C, but this increase was not significant among any of the MRI groups, whereas samples
exposed to ionizing-radiation (CT: MFI =834; range 155-1458 AU and 0.2 Gy: MFI=
2130 AU; range 1151-3378 AU) showed a significant increase.

Due to DSB repair 20 h post exposure, the determined y-H2AX levels in cells after 7 T and
CT exposure did not differ significantly from the control (MFI =1042 AU; range 81-
1807 AU) and even samples previously treated with 0.2 Gy y-radiation only showed a slight
increase in MFI (MFI = 1256 AU; range 103-1963 AU).
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Figure 3.13: Analysis of y-H2AX-stained DNA DSB using flow cytometry. Mean y-H2AX
intensity was assessed in PBMCs immediately, 1 h and 20 h after the indicated exposure
conditions. Difference of mean fluorescence intensity (MFI) of y-H2AX and 1gG-isotype
control staining from 16 independent experiments at three different time points after
exposure as mean + SEM (***: P <0.001, ns: non-significant) [14].
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Analysis of y-H2AX-stained DNA DSB was also performed by automated microscopy (Fig.
3.14). Intensity data (Fig. 2b) was similar to the results obtained by flow cytometry and
confirmed those results. In this method, no differences in the mean number of y-H2AX
foci/cell between cells harvested immediately or 1 hour after exposure were determined.
Cells exposed to 7 T SMF (1 h - mean: 0.065 y-H2AX foci/cell; range: 0.005-0.137) or EPI
sequences (1 h - mean: 0.057 y-H2AX foci/cell; range: 0.004-0.169) revealed no changes in
the number of DSB compared to baseline level of unexposed cells (1 h - mean: 0.058 y-
H2AX foci/cell; range: 0.009-0.196) (Fig. 2c).

In contrast, a significant (P <0.01) rise in y-H2AX foci formation was detected for all
samples irradiated with CT scan (1 h - mean: 0.377 y-H2AX foci/cell; range: 0.183-0.730)
and 0.2 Gy (mean: 2.101 y-H2AX foci/cell; range: 1.063-3.123). Following 20 h, 0.2 Gy
treated cells still showed a statistically relevant increase in y-H2AX foci (mean: 0.267 v-
H2AX foci/cell; range: 0.101-0.542), compared to the unexposed control (mean: 0.088 y-
H2AX foci/cell; range: 0.021-0.225) [14].
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Figure 3.14: Analysis of y-H2AX-stained DNA DSBs by automated microscopy [14]. (A)
Representative images of DAPI (blue) and y-H2AX-stained (green) PBMCs measured 1 h
after indicated exposure. (B) Mean fluorescence intensity of y-H2AX-level, (C) amount of
mean y-H2AX foci/cell and (D) mean foci ratio from 16 independent experiments at three
different time points. Mean + SEM (***: P <0.001; **: P <0.01; *: P <0.05; ns: P > 0.05).
Cells with nuclei exhibiting the maximum y-H2AX fluorescence signal throughout the whole
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nucleus were classified as pan-stained. These cells were recorded separately and not included
into y-H2AX focus and intensity analysis. (Image source: [14])

For cytotoxicity analysis, cell viability of unstimulated PBMCs was determined 24 hours,
48 hours and 84 hours after exposure. The detailed values are presented in Table 3.3. No
significant changes in viability could be detected at any of the analysed time points for
PBMCs exposed to 7 T magnetic field or CT. The only significant decrease in cell viability
compared to normalized control (100%) was detected after 48 hours (90.1% + 11.8%) at a

dose of 0.2 Gy radiations. After 84 h viability decreased further to 84.4% + 11.6% in this
group.
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Table 3.4: Individual data depicted in Figure 2b: Mean fluorescence intensity (MFI) of y-H2AX staining determined by automated
microscopy as arbitrary units [AU].

24 h 48 h 84 h
Donor control 7 T-SMF 7T- CT 0.2Gy control 7T- 7T-EPI  CT 0.2Gy control 7 T-SMF 7T- CT 0.2 Gy
No. EPI SMF EPI
01 100 100 100 88 86 100 108 94 81 82 100 100 103 72 68
02 100 95 101 106 95 100 111 104 111 92 100 107 100 103 79
03 100 105 105 100 100 100 112 104 99 98 100 114 107 93 89
04 100 108 109 104 97 100 110 103 93 83 100 121 114 87 69
05 100 113 105 109 108 100 110 117 122 122 100 103 102 96 91
06 100 111 107 113 113 100 112 112 105 101 100 117 116 110 102
07 100 104 120 119 127 100 102 102 99 101 100 105 99 96 95
08 100 96 96 90 98 100 93 92 92 95 100 113 109 104 99
09 100 93 99 108 91 100 85 93 101 80 100 89 97 107 86
10 100 93 92 91 89 100 85 86 86 79 100 98 96 102 87
11 100 86 78 89 87 100 84 68 78 77 100 79 61 73 67
12 100 100 104 106 103 100 96 96 97 95 100 106 108 107 97
13 100 95 91 92 87 100 93 89 89 79 100 98 98 96 72
14 100 93 97 99 96 100 94 93 97 89 100 97 100 103 88
15 100 92 97 101 93 100 92 99 102 86 100 100 111 110 88
16 100 94 98 100 91 100 90 100 99 83 100 91 106 103 73
mean 100.0 98.6 99.9 100.9 97.6 100.0 98.6 97.0 96.9 90.1** 100.0 102.4 101.7 97.6 84.4 ***
std 0.0 7.6 9.2 9.2 10.9 0.0 10.5 11.2 10.9 11.8 0.0 10.9 12.4 11.6 11.6
min 100.0 86.0 78.0 88.0 86.0 100.0 84.0 68.0 78.0 77.0 100.0 79.0 61.0 72.0 67.0
max 100.0 113.0 120.0 119.0 127.0 100.0 1120 117.0 1220 122.0 100.0 121.0 116.0  110.0 102.0

Cell viability analysis of unstimulated PBMCs by CellTiter-Blue assay [14]. Metabolic activity was measured 24 h, 48 h and 84 h
after indicated exposure conditions. Diagrams display mean = SEM of 16 independent experiments (***: P < 0.001; **: P < 0.01)
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Proliferation response was investigated 84 hours after exposed PBMCs were subsequently
stimulated with PHA (Figure 3.15). Compared to unstimulated cells (497 = 172 cpm), PHA-
induced proliferation lead to a mean [*H]-thymidine incorporation of 12,362 + 4,220 cpm in
unexposed control samples. No significant changes in proliferation response were detected
for cells exposed to 7 T SMF field alone (11,630 £ 3,849 cpm) or to 7 T SMF combined with
GMF and RF in EPI sequence (10,967 + 3,827 cpm). PBMCs exposed to lower doses of
ionizing radiation, CT (11,386 * 3,765 cpm) and 0.2 Gy (12,924 + 3,895 cpm), did not differ

significantly from the control.

[ PHA stimulation ]
E 16 ns ns ns ns
g 14 _ T
e 12 = T - T
=404
Q
.E B
2
E ©
£ 4

& & &
& & & o

Figure 3.15: Proliferation assay of subsequently PHA-stimulated PBMCs [14]. [*H]-
thymidine incorporation was determined 84 h after different exposure conditions. Diagram
displays mean + SEM of 16 independent experiments.

3.10.2 Repeated Whole-body Exposure Analysis

DNA DSBs were determined in the repeatedly exposed (Rep) group (mean age 34 + 7 years)
and age-matched control (Ctl) group (mean age 33 £+ 9 years). The mean base-level of y-
H2AX foci/cell and MN/2000BN in two groups of cells, Rep (0.10 £ 0.01) and Ctl (0.09
+ 0.02) are shown in Figure 3.16. No significant difference, neither in y-H2AX foci/cell nor

in frequency of MN was detected in the baseline levels of the two groups.
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Figure 3.16: (a) The mean base-level of y-H2AX foci/cell in two groups of cells. (b) The
baseline incidence of MN/2000 BN cells in two groups of Rep in red and Ctl in blue.

After additional in vitro exposure to 7 T MRI, analysis at 1, 20 and 72 hours post-exposure
also did not present any significant difference between the two groups. In contrast, exposure
to 0.2 Gy y-radiation resulted in a ~20-fold significant increase in y-H2AX foci in both Rep
(2.01 £0.1) and Ctl (1.92 £ 0.16) cells at 1 h after irradiation (Figure 3.17). The spontaneous
incidence of MN/2000 BN cells, without additional 7 T MRI, were not significantly different
between Rep (14.4 £ 0.6) and Ctl (13.8 + 0.6) cells. Figure 3.16 and 3.17 illustrate these
results.

No significant changes in MN frequencies were detected in Rep (14.6 £ 0.6) and Ctl (14.1 =
0.7) cells after an additional in vitro7 T MRI exposure. In contrast, exposure to 0.2 Gy y-
radiation resulted in a similar and significant increase in MN in Rep and Ctl cells (22.9 + 1.2

and 22.2 + 1.3, respectively).
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Figure 3.17: Isolated PBMCs of 11 healthy individuals repeatedly exposed to 7 T MRI (Rep;
red bars) and 11 unexposed control subjects (Ctl; blue bars) were treated either unexposed,
exposed in vitro for 1L hto 7 T MR or irradiated with 0.2 Gy y-radiation. (Image source: [15])

The mean number of y-H2AX foci/cell was determined (top row) 1 hour, 20 hours and 72
hours after exposure. The bottom row shows the micronucleus frequency in 2000 binucleated
(BN) cells determined 72 h after additional PHA-stimulation and cytokinesis-block,
differences in cell division determined by the ratio of BN cells and calculation of
proliferation index. Bars display the mean £ SEM of 11 experiments (***: P <0.001; ns: P
>0.05) [15].

In addition to incidence of MN/2000 BN cells, figure 3.17 contains the information on the
percentage of BN cells and proliferation index (Pl), which were assessed in two groups,
before and after additional in vitro exposure to 7 T. The percentage BN were similar in Rep
(56.3 £ 0.70%) and Ctl (57.0 = 0.64) cells and, additional in vitro exposure to 7 T MRI had
no significant effect in either of the two groups: 55.9 + 0.87 Rep and 57.6 £ 0.67 Ctl (Figure
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3.17). The PI was essentially the same in Rep (1.68 + 0.01) and Ctl (1.72 = 0.01) cells and,
additional in vitro exposure to 7 T MRI had no significant impact: 1.64 + 0.01 Rep and 1.68
+ 0.02 Ctl (Figure 3.17). Positive control samples exposed to 0.2 Gy radiation showed a
significant decrease in percentage BN cells (Rep: 47.05 = 0.86; Ctl: 46.05 + 0.86) and PI
(Rep: 1.49 £ 0.01; Ctl: 1.48 £ 0.01). Detailed data are presented in Appendix A.

The result of repair kinetics in cells exposed to ETP with and without 7 T MRI exposure
indicated that the both Rep and Ctl cells treated with ETP showed a significant increase in y-
H2AX foci/cell, however, no significant difference between the two groups of cells was
found (Figure 3.18). The numbers of y-H2AX foci induced by ETP were significantly
reduced in both Rep and Ctl cells 4 h after ETP removal. However, the residual damage in
Rep and Ctl cells at 20 hours was higher than in those that were not treated with ETP.
Treatment with ETP of Rep and Ctl cells with or without additional 7 T MRI exposure
showed no significant impact: (Rep- ETP: 2.80 + 1.23; Rep- ETP+7 T: 2.87 + 1.14; Ctl-
ETP: 2.54 + 1.26, Ctl- ETP+7 T: 2.60 = 1.27 foci/cell).

wo
m o

10 yPMETP 0 Rep: unexposed
1T «7TmRi ‘¥ Rep: ETP

-4 Rep: ETP+ 7T MRI

o
i

- Ctl: unexposed
- Ctl: ETP
=+ Ctl: ETP + 7T MRI

mean yH2AX focifcell
= = M N @
e B o &

=
™

R B s
2 0 2 4 & B8 10 12 14 16 18 20
Recovery time [h]

g
=

Figure 3.18: The initial y-H2AX foci in isolated PBMCs of 11 healthy individuals repeatedly
exposed to 7 T MR (Rep, gray lines) and 11 unexposed control subjects (Ctl, black lines) was
analysed in different condition: unexposed (dotted line) or treated with 10uM ETP either
alone (V) or combined with a 1 hour 7 T MR examination (A ). DSB repair was analysed 1
hour, 4 hours and 20 hours after the ETP was removed and mean y-H2AX foci/cells are
plotted against recovery time. (Image source: [15])
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3.10.3 Invivo Analysis

The mean level of initial y-H2AX foci (t1) in lymphocytes from all 53 patients was
0.13 = 0.02 foci/cell. No significant difference (P = 0.699) in basal DSB level was observed
between male and female subjects. The combined results of all 43 subjects within the MR
groups revealed a mean baseline level of 0.13 £ 0.02 foci/cell (t1). No significant changes
were determined after MR exposure (to: 0.12 +0.02; t3: 0.11 + 0.02 foci/cell), as shown in
Figure 3.19. In contrast, CT examination led to a significant induction of DNA DSBs,
increasing from a mean y-H2AX baseline level of 0.14 +0.05 foci/cell (t;) to
0.26 £ 0.07 foci/cell (t2) and 0.24 + 0.07 foci/cell (t3) after CT scan.

Unlike two experiments presented previously, where only healthy volunteers were enrolled,
heterogeneity of initial y-H2AX values increased in this in vivo study, ranging from 0.01—
0.58 foci/cell. This spread in individual baseline DSBs led to high standard deviations. To
account for individual differences and not to underestimate the personal risk, we normalized
the results from t, and t3 to the individual DSB values at t; = 1 (figure 3.19). Thereby the
coefficient of variation for the MR group was reduced by more than 50%. Again, relative
results revealed no changes within the MR group (t: 0.94 £0.07; t3: 0.96 + 0.06 fold),
whereas y-H2AX foci increased significantly (P < 0.05) after CT examination (ty:
4.00 £ 1.13; t3: 2.562 = 0.49 fold). In comparison to absolute values, CT results exhibited even
stronger differences in relative y-H2AX levels, due to the high range of individual baseline

levels.
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Figure 3.19: y-H2AX analysis in lymphocytes from patients isolated before (t;) as well as 5
minutes (t;) and 30 minutes (t3) after in vivo MRI or CT exposure. A) Mean y-H2AX
foci/cell of all 43 patients receiving MRI (light bars) and all 10 patients receiving a CT (dark
bars) scan. B) Data depicted in (A) normalized to the individual y-H2AX value at t;. Bars
display mean + SEM (**: P <0.01; *: P <0.05). (Image source: [4]).

Differentiated analysis of subgroups, classified according to the applied SMF and the
administration of GBCA, shown in Figure 3.20 (A), also showed no significant change in the
amounts of DSBs before and after the MR scan. Compared to unenhanced high-field (1 T,
15T, 3T) MRI (t;: 0.11 £ 0.02 foci/cell; t,: 0.10 + 0.02 foci/cell; t3: 0.10 £ 0.02 foci/cell)
there was no evidence that GBCA-enhanced high-field MRI (t;: 0.15 £ 0.04 foci/cell; ts:
0.13 £ 0.04 foci/cell; t3: 0.13 + 0.04 foci/cell) or unenhanced ultra-high-field 7 T MRI (t;:
0.12 £ 0.04 foci/cell; t,: 0.11 £ 0.04 foci/cell; t3: 0.11 + 0.04 foci/cell) lead to an increase of
y-H2AX foci. In the unenhanced CT group the level of DSBs increased from initially
0.18 £ 0.08 foci/cell to 0.21 + 0.10 foci/cell (t2), and 0.27 = 0.12 foci/cell (P < 0.05) (t3) and
after CT examination combined with iodinated CA, from initially 0.10 £ 0.05 foci/cell (t;) to
0.32 £ 0.10 foci/cell (P < 0.05) (t2), and 0.21 +0.08 foci/cell (t3). Diagrams displaying the
normalized data (Figure 3.20.B) revealed again, no changes in relative DSB levels after MRI,
but an increase after unenhanced CT (t,: 2.22 £ 0.88 fold; t3: 2.27 £ 0.51 fold, P < 0.05) and
contrast-enhanced CT (t2: 5.79 + 1.83 fold, P < 0.05; t3: 2.77 £ 0.88 fold).
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In order to exclude heterogeneity among different MRI groups, stratified analyses of
normalized data were conducted. The results showed that neither the applied field strength
(P =0.392) nor administration of gadolinium-based contrast agent (P = 0.317) affected the y-
H2AX value determined at t, and t3 significantly. Although the total number of subjects is
high, each subgroup for this analysis contained only 5 patients potentially limiting the
sensitivity of the study. Comparison of normalized data between the MRI and CT group
revealed significant differences in the level of induced y-H2AX foci at t; (P < 0.0001) and t3
(P =0.0002) after exposure.
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Figure 3.20: Mean results of y-H2AX analysis in lymphocytes before (t;) as well as 5 minutes (t,) and 30 minutes (t3) after in vivo
MRI or CT exposure. Groups were divided according to SMF of the MR scanner applied (1 T, 1.5 T, 3 T, 7 T) and further subdivided,
whether or not gadolinium-based contrast agent (CA) was injected. For comparison with imaging using ionizing-radiation patients
receiving CT with and without iodine-based contrast agent were enrolled. The mean + SEM (**: P < 0.01; *: P < 0.05) of five
patients per condition (7 T = 13 patients) is displayed for each time point, depicting (A) the mean number of y-H2AX foci/cell and (B)
the relative increase in y-H2AX-level, normalized to individual baseline value determined before the scan (t; = 1) (Image source: [4]).
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Since no significant changes in y-H2AX foci values after MRI were found, we additionally
performed a reverse power analysis to state how high a potentially undetected effect of
induced y-H2AX foci may be. Reverse power analysis from all normalized MR data revealed
a minimal detectable effect size of 0.396, i.e. changes of more than 39.6% should have been

detected. This equals a change of more than 0.05 foci referred to the mean at t;.

3.11 Conclusions and Discussion

This chapter reported a set of experiments that helped to resolve some of the current
uncertainties in the field. In the first experiment, the un-stimulated human PBMCs were
exposed to 7 T SMF alone or 7 T EPI sequences (SMF combined with imaging gradients and
pulsed radio frequency). For comparison, cells radiated by routine CT scan as well as y-rays
at doses of 0.2 Gy were included. Genotoxicity assessment of y-H2AX-stained cells did not
reveal any differences in levels of DSB after 7 T exposures compared to untreated samples.

In the second experiment, the control group was compared with frequently exposed
participants, who were exposed inside a 7 T MRI for up to 175 hours within one year. This
study revealed no differences in DNA integrity (y-H2AX foci, micronuclei) supporting the
hypothesis that no long term or delayed effects are induced.

The results from the third experiment (in vivo) indicated that neither MR examination alone
(AT,15T,3T,or7T)nor addition of GBCA led to a detectable induction of DNA DSBs in
PBMCs. For standardised assessment of y-H2AX foci nuclei were evaluated by automated

image analysis.

Despite the fact that the energy levels associated with electromagnetic fields used in MRI
unlike ionizing radiation, which is known to induce DNA DSB even at very low doses, are
not sufficient to induce any direct breaking of chemical bonds [145], a few recent in vitro and

in vivo studies reported contradictory results.

The study by Fiechter et al. in 2013 [12] raised attention due to reporting of an increased
level of DNA DSBs in 20 patients before and after contrast-enhanced 1.5 T CMR using y-
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H2AX microscopy and flow cytometry analysis of lymphocytes. In 2015 two additional
reports were published to determine the level of damage in DNA by evaluating y-H2AX
formation in lymphocytes isolated before and after 1.5 T CMR. Brand et al. [13] investigated
the effects of three different CMR protocols, all combined with GBCA. Microscopy analysis
of lymphocytes from 45 patients showed no significant changes in DSB levels before and
5 minutes after MR scan. Lancellotti et al. [10], enrolling 20 healthy male participants for
non-contrast enhanced CMR, studied the DSB induction as well as blood cell counts and
activation. Whereas flow cytometric measurements of different T cell subsets and the whole
T cell population showed no changes in y-H2AX level one and two hours after MR exposure,
the authors reported a significant rise in the amount of DSBs within the whole T cell
population, two days and one month post CMR. However, the described increase in y-H2AX
level two days after CMR only occurred in a few subjects and a high inter-individual

variation was observed in subjects one month after CMR.

The results of the presented study do not confirm the results from Lancellotti’s study [10].
Despite using a higher BO and SAR than those used in Lancellotti’s study [10], no similar
increase in yYH2AX foci was detected at any of the time points (1, 20 and 72 hours after

exposure).

The time period used in Lancellotti’s study [10] study was also covered in the presented in
vivo study, as half of the participants were either MRI staff or active research participants,
and therefore they were repeatedly exposed to UHF strengths for months (or years). Yet, no
significant effect of 7 T MRI exposures was detected compared to the unexposed controls.
The reported correlation between the y-H2AX values one month after exposure and the initial
SAR in Lancellotti’s study [10], is intriguing, however this correlation cannot be

extrapolated, e.g., to no exposure, where a negative number of y-H2AX is predicted.

Moreover, sufficient controls were not included in this study and thus it is difficult to judge
whether the observed increase in y-H2AX fluorescence intensity reflects a specific MR-
related effect [94].
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In the in vitro experiment presented in this thesis, the impact of exposure to static field alone,
as well as combined exposure of all three electromagnetic fields, was considered and
assessed. There were no differences found in DSB formation between the unexposed samples
and both 7 T MR conditions. In the in vivo study, the main focus of the experiment was
placed in the realistic and common exposure scenarios for the staff and volunteers. If
differences between unexposed and 7 T MR-exposed samples were found, investigations
with specific exposure (BO, BO + GMF and BO + RF) could have been added to separate
potential effects of the different frequency ranges [15].

Moreover, the incidence of spontaneous MN was determined in the study on repeatedly
exposed participants. The incidence of MN detected was similar in Rep and Ctl cells and also
after additional in vitro 7 T MRI exposure (~14 MN in 2000 BN cells). All these indices
confirmed those reported in a large database such as the study by Vijayalaxmi et.al, (n =
14,888; mean MN 8.6/1000 BN cells + 7.78 s.d.) [146]. In contrast, 0.2 Gy irradiation
resulted in a significant increase in MN in both Rep and Ctl cells, as well as after invitro 7 T
MRI exposure (~23 MN in 2000 BN cells).

In a study by Tucker et al. [147], it is reported that the lowest detectable y-radiation dose that
could induce significantly increased MN was different among individuals: 0.18 to 0.26 Gy
for 20 to 70 year-old individuals, respectively. In the in vivo experiment of this thesis, a
significant increase in MN in both Rep and Ctl cells exposed to 0.2 Gy y- radiation was
detectable. However, the extent of increase in MN was not similar in all participants: in one
participant, it was an increase of only 2 MN in 2000 BN cells. It is also interesting to note
that while 0.2 Gy y-radiation caused a significant increase in yH2AX foci in all 22
participants, such increase in MN was not observed in all subjects. This could be due to

differences between sensitivities of genotoxicity assays used to evaluate DNA damage [15].
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4 Evaluation of Exposure to (Ultra)
High Static Magnetic Field during
Research Activities with MR

Scanners

The work presented in this chapter has been partly presented in the following published
article:

Fatahi M, Karpowicz J, Gryz K, Fattahi A, Rose G, Speck O. Evaluation of exposure to
(ultra) high static magnetic fields during activities around human MRI scanners. Magnetic
Resonance Materials in Physics, Biology and Medicine. 2016 Dec 16:1-0, DOI:
10.1007/s10334-016-0602-z.
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4.1 Introduction and Objectives

Recent advances and emerging applications in high and UHF MRI have inevitably led to the
increased occupational exposure to EMFs generated by MRI systems. It is known and well-
documented that a human body moving in the stray field of MRI scanners induces electric
currents inside the body as discussed in Chapter 2. Such currents may cause transient sensory
effects experienced by MRI workers, such as vertigo, metallic taste, nausea and headaches
[30], which are explored and discussed more in Chapter 5.

Data on individual exposure of UHF MRI personnel to SMF and motion-induced time-
varying magnetic fields (TVMF) is scarce. Currently, no standardised assessment procedure
dealing with SMF and movements in SMF is available in the literature. Such a procedure,
however, is a prerequisite for determining compliance with the proposed restrictions and

guidelines regarding B and dB/dt, in particular, for motion around the MRI magnet.

Only limited data is currently available on occupational exposure to high and UHF SMF, and
most of them are focused on the occupational exposure levels among personnel in clinical
MRI facilities, but not research facilities [9, 18, 148-152]. However, such assessment in

research environments is also relevant.

In research as well as clinical practice, workers may lean into the MRI magnet to attach
accessories such as coils to the patients or volunteers, or to communicate with or comfort
them. The fringe fields from radio-frequency excitation (B:) and gradients (Gy, Gy, G,)
decrease very rapidly with distance from the bore, and are only active during the image
acquisition [154]. However, the SMF is continuously present and extends beyond the scanner
bore, so most of the personnel who enter the area around the scanner are subject to a strong
and inhomogeneous SMF. Therefore, in extreme cases, MRI personnel may be exposed to
almost the same extent as patients and volunteers. Due to the fact that they usually move
faster close to the MRI scanner than the patients who are lying down on the patient table,

they may even be exposed to a larger TVMF.
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A proper assessment of exposure to UHF MRI scanners requires a broad research on
workers’ exposure patterns, local safety regulations, average duration of the task performed
close to the scanner, construction of the scanner and individual sensitivity to the EMFs

generated by an MRI scanner.

There are many studies in which occupational exposure to MRI-generated SMF and TVMF
are estimated using different methods, including measurements of simulated movements of
MRI personnel [1,155-160], measurement of the fields at various points around the scanner
[160] or numerical calculations in anatomical models [162-163]. These studies provided an
estimation of MRI workers’ exposure. However, they are more focused on the job titles and
have not been able to provide exposure variability either among different individuals with the
same job title, or in different movement patterns around the scanner. Therefore, it is difficult
to directly compare the results of those studies, since different strategies and measuring

equipment were used [157].

In the chapter, individual exposure to high (Bo =3 T) and ultra-high (Bo =7 T) magnetic
fields during research activities close to the MRI scanners was measured, both to assess
compliance with exposure restrictions proposed by the current guidelines and for future

epidemiological studies on the potential adverse effects (if any) of SMF.

The focus of the current chapter is on MRI research-related activities, which can also be
relevant for the clinical use of scanners. However, due to the fact that medical personnel have
a relatively standardised shift length, work protocol, and consequently a similar pattern of
exposure [155], which is not the case for the work of MRI researchers, which varies a lot,
ranging from scanning patients and volunteers to test coils and phantoms at different

locations around the magnet: the levels of exposure in these two groups could be different.

4.2 Methods

Before starting with the measurements, a questionnaire was completed by the participants (n

= 5). The questionnaire included questions regarding age, height, weight, current job title and
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incidence of MRI-related symptoms and their perceptions of safety. In addition to the
questionnaire, we conducted a short interview with the participants to obtain information on
their typical activities, tasks and movements around the scanner. Based on the interview
results, three simplified trajectories, including lateral motions and rotation around the body
axes (leaning forward and bending over), were chosen as the most common elements of

movements by the MRI research personnel around the scanner.

Five researches who routinely work with both 3 T and 7 T (Siemens Healthcare, Erlangen,
Germany) were recruited for the measurement of individual exposure to the SMF and TVMF
(dB/dt). The 7 T MRI scanner used in this study was passively shielded whereas the 3 T
scanner was actively shielded. The measurement of the SMF was carried out using a three-
axis Hall magnetometer (THM1176-HF, Metrolab, Geneva, Switzerland) with a resolution of
+0.5 mT and a sampling frequency of up to 6.5 Hz. The absolute values of B and dB/dt were
calculated according to Equations. 1-3. Taking into account that the international guidelines
[30] do not specify the formula to analyse the rate of time variability of the magnetic flux
density vector, dB/dt can be evaluated using two different equations (Egs. 2, 3), which may
result in slightly different values. Eq. 2 was used to calculate the dB/dt throughout the

experiment.

B(t) = {(B)® + (By)® + (By)? (1)

dBy _ |B(t2)—B(t1) (2)
dt tr—t

dBxyz

Loz — [(dB,/d0? + (dB,/d)? + (dB,/d)? ®)
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Participants were asked to follow the pre-defined paths, which were a selection of motions
covering a range of normal human gait and typical exposure scenarios for researchers in

close proximity to MRI scanners.

The subjects, three males and two females with an average height of 169 + 13 cm were asked
to wear an elastic strap to fix the Hall sensor on their head or chest. The sensor was
connected to the data logger (Figure 4.1.A). A zero-field adjustment of the sensor was carried
out before starting the experiment. All three orthogonal components of B (Bx, By, B;) were

recorded as a function of time (Figure 4.1.B).

Dosimeter probe

Figure 4.1: A: Three-axis Hall probe of the magnetometer attached to the subject’s head. B:
The top schematic view of the Hall sensor probe

To assess the exposure variability among the individuals, according to the coordinate system
(Figure 4.2), the three paths (a, b, ¢) shown schematically in Figure 4.3, were followed by

five participants of different heights, weights and walking pace, while having the Hall probe
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attached to two different positions, on the head and chest, at two different scanners (3 and

7 T). Overall, 60 scenarios were analysed.

Figure 4.2: Coordinate system used in all the measurements and analysis

Path a (1-7) comprised seven different movements. It was designed to mimic activities
related to the patient/volunteer positioning inside the bore and adjustment of the coil. It
included movements along the bed and the long axis of the magnet (Z axis) while facing the
scanner bore. It was started from one corner of the scanner room, followed by a 180° rotation
around the Y axis, a movement along the Z axis, 90° rotation around the Y axis, followed by
a movement along X axis, 90° rotation around the Y axis and another movement along the Z
axis. Finally, the participants were asked to follow an orthogonal path in the X-Z plane
toward the coil shelves and to end the path by walking outside of the scanner room.
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Figure 4.3: Schematic top view of the trajectories (path: a, b, ¢) considered in the assessment
of the typical exposure scenarios around the MRI scanner
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Path b (1-3) mimicked activities related to an experimental setup and positioning of a
phantom at the entrance or partially inside the scanner bore. This path covered movement
along the Z axis; 90° rotation around the Y axis and bending of the upper body about 90°
around the Z (leaning towards the table), followed by a bending in X-Z plane (leaning
towards the inside of the magnet bore). It was completed by a 90° rotation around the Y axis
and the subject walking back along the Z axis.

Path ¢ (1-5) mimicked some unusual movements around the scanner, e.g. accessing the MRI
patient or volunteer from the end of the bore, adjusting the peripherals, such as a camera,
mirror or cable by bending toward the inside from the end of the bore. It included movement
along the Z axis, followed by a semi-circular path toward the end of the magnet, rotation of
the upper body around the Z axis and a similar path in the opposite direction to get to the

endpoint.

In order to conduct a realistic measurement of the fields, participants were asked to follow
the paths at the same speed they usually walk near the scanner during their daily work. The
spot measurement of the SMF was also carried out along the patient table to characterize the
spatial distribution of the field for both scanners. Participants were asked about the incidence
of MRI-related symptoms and potential discomfort during and right after the completion of
the movement along the paths.

Magnetic flux density (B) was recorded at the head and chest, during the movements,
expressed in mili-Tesla (mT). The metrics of exposure, including the actual value [B(t)], the
actual value of the time derivative (dB/dt and the changes of B over any 3-s motion (AB33)
have been taken into consideration to be compliant with the restrictions for workers’

exposure provided by ICNIRP guidelines [18, 30].

According to ICNIRP there are two sets of exposure guidelines, for the controlled and
uncontrolled working environments. Guidelines for a controlled environment accept higher
levels of exposure for workers. There are applied only when appropriate work practices are

implemented to control movement-induced sensory effects [30].
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In the event of exposure in an uncontrolled environment, the following exposure restrictions
are provided: 2000 mT as the limit of the spatial peak magnetic flux density in exposure of
the head and trunk to protect against vertigo due to movement in the SMF [156], and
2000 mT to be the maximum change of B over any 3-s motion to protect against vertigo due
to TVMF exposure, with a frequency not exceeding 1 Hz [1]. In extremities and controlled
exposure of the head and trunk, the limit goes up to 8 T [156] but this case was not evaluated
in this study, as neither scanners exceed 8 T. Additional basic restrictions have been provided
with regard to the electric field induced in the body due to movement in SMF or exposure to
time-varying B fields at frequencies of 0-25 Hz. They are set to protect against potential
adverse effects in the peripheral nervous system (in a controlled environment) or to protect

against magnetophosphenes (in an uncontrolled environment) [18, 30].

Generally, the basic restrictions are not easily measurable at the workplace, therefore,
compliance can be assessed based on the reference levels expressed by dB/dt, at a fixed level
2700 mT/s (with respect to the controlled environment), or a frequency-dependent level:
2700 mT/s up to 0.66 Hz and 1800/f mT/s at higher frequencies (with respect to the

uncontrolled environment).

Based on this structure of ICNIRP restrictions, the following standardised parameters
characterizing the exposure over the recorded exposimetric samples were analysed.
L, = B(t)/2000; L, =I1dB/dtl/2700; Ls=IdB/dtl/(1800 x 2 x At); L4 =1AB3¢/2000. Each
metric (L1, Lo, L3, L) was standardised based on the particular ICNIRP limits, i.e. exceeding
the value of one, when overexposure was detected. Metrics were analysed with respect to
their maximum value over particular subsets of data, as well as the statistical distribution
(median and 95th percentile in the set of samples) in the subsets of results spread between the
head (H) and chest (C), between paths (a, b, ¢, over a group of all five subjects), between

subjects (1, 2, 3, 4, 5 over a group of all three paths) and at 3- and 7 T scanners separately.

Since an MRI environment is considered as a controlled environment, parameters L, and L,

were the most relevant metrics to assess compliance with the exposure restrictions.
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4.3 Results

Maximum SMF values recorded for all five subjects at both field strengths are shown in
Table 4.1. At 3T, a max B of 2057 mT was recorded, which is about 68% of the By, and at
7 T, amax B of 2890 mT, which is about 41% of the By was recorded.

Table 4.1: The SMF exposure in 60 scenarios. B measurements (five subjects, three paths,
two scanners and two locations for the Hall sensor), adapted from [157].

Height SMF Max B on head Max B on chest
(cm) strength (T) (mT) (mT)

path a Path b path c path a path b path ¢

Subject 1 183 3 140 1246 759 282 548 313
7 698 1977 1317 1018 1127 939

Subject 2 175 3 246 2057 1671 282 1098 878
7 900 2890 2672 1113 1439 1279

Subject 3 171 3 126 1909 2000 388 651 732
7 680 2505 1894 1102 1105 1000

Subject 4 169 3 195 1600 1138 465 642 537
7 806 1942 834 1188 1247 982

Subject 5 147 3 512 550 673 176 1464 1440
7 983 2026 2265 1387 1200 126
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Figure 4.4: SMF exposure measurement for five subjects recorded from the starting point to
the end point during path b in close proximity to the 7 T MRI scanner. (Image source: [157])

Figure 4.4. summarizes the SMF exposure level recorded on the head of five participants
along path b, at the 7 T MRI scanner. The figure shows a similar pattern of exposure for all

the participants; however, the exposure level is different among them.

Since this study only included 3 and 7 T scanners, the 8 T limit for exposure of the

extremities and head or trunk under controlled conditions was never exceeded.

Figures 4.5 and 4.6 present statistical distributions of standardised metrics L;—L, of exposure
near 3- and 7 T scanners, in the subsets of results spread between the head (H) and chest (C),
between paths (a, b, c; over a group of all five subjects) and between subjects (1, 2, 3, 4, 5;

over a group of all three paths).
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Figure 4.5: Distribution of standardised values of exposure metrics (Li—L4) in sub-sets covering exposure of all subjects (S1—Ss),
during particular movements (a, b, c), at the head (H) and at the chest (C), near 3- and 7 T scanners. Black areas show medians, green
and blue bars show the 95th percentile. Adapted from [157].
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Sub-sets of exposimetric samples (all paths: a,b,c)

Figure 4.6: Distribution of standardised values of exposure metrics (L1—L4) in sub-sets covering exposure during all movements (a, b,

c), performed by particular subjects (S1—Ss), at the head (H) and at the chest (C), near 3- and 7 T scanners. Black areas show medians,
green and blue bars show the 95th percentile. Adapted from [157].
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Exposure to time-varying fields arising from movement within the B fringe field resulted in a
max dB/dt of 4347 mT/s for the head and 1200 mT/s for the chest at 3T. For 7T, the
measured max dB/dt values were 3900 and 1700 mT/s for the head and the chest,

respectively.

The repeatability of the measurement result for path ¢ was tested at the 3 T scanner using
nine recordings of head exposure. The metric of intra-subject variability for maximum
exposures was defined as VRy=[(maximum value —minimum value)/average
value] x 100%. Parameter VRy showed a higher value in dB/dt than in B values (in
maximum values of B at the head, the repeatability was VRy = 39%, while in maximum
value of dB/dt, the repeatability was VRy =57%). The VRy parameters for the 95th
percentiles of exposure levels for B and dB/dt were 35 and 46%, respectively. On average,
max B values over nine recordings at the head during movements of the same subjects in
path ¢ was 756 mT (with an average 95th percentile value of 490 mT and an average value of
105 mT). In this set of samples, the average value for max dB/dt was 2220 mT/s (with the

average 95th percentile value of 543 mT/s and an average value of 105 mT/s).

The results indicate that the exposure to the SMF as well as the TVMF was highly variable
among individuals, although they worked with the same scanner in the same manner and they
followed the same paths near the scanner. The metric of inter-subject variability for
maximum exposure was defined as VS =[(maximum value — minimum value)/average
value] x 100%. The parameter VSy for maximum values in head exposure at the 3 T scanner
was 32 and 169%, for B and dB/dt, respectively. In chest exposure, VSc = 74% for B and
170% for dB/dt.

At the 7 T scanner, VSc = 19 and 68%, VSH = 20 and 116%, for B and dB/dt, respectively.
In general, VS showed a higher variability at the 3 T scanner than at the 7 T scanner. It was
also higher in the head exposures than in the chest exposures. In the head exposures, the VSy
parameter for the 95th percentiles of exposure level has similar values to the mentioned
values for maximum levels, whereas in the chest exposures, variability in values of the 95th

percentiles is roughly twice as low.
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On average, maximum B values over subjects and paths were approximately twice as high
when working with a 7 T scanner (1300 mT) compared to working with a 3 T scanner
(820 mT). However, this average for max dB/dt was not much higher for the 7 T scanner
(1822 mT/s) than for the 3 T scanner (1475 mT/s). More detailed distributions of particular
metrics of exposure near both scanners are shown in figures 4.5 and 4.6. The plots indicate
that the parameter which exceeded the ICNIRP restrictions, the most at both scanners is
L3 = [dB/dtl/(1800 x 2 x At), which is more relevant for an uncontrolled environment,
whereas exceeding the restrictions for a controlled environment (L, and L) happened only in
a few cases during path b and c, where rotation and bending were included in the movement.
In general, overexposures were not found up to the 95th percentiles. They happened in an
extremely small percentage of recorded samples, i.e. less than 5% of exposure duration was
related to exposures exceeding the recommendations for workers’ exposure in a controlled

environment.

Considering the incidence of sensory effects during and after the experiment, only one of the
participants (subject #5) reported feelings of vertigo and headaches right after completing
each path (a, b, c). Other participants did not report any adverse feeling or discomfort related
to the magnetic fields, regardless of their exposure level covered by the range of movements
in this study. In the results of the exposimetric measurements of SMF exposure, no
significant difference between the exposure pattern of subject #5 and the other subjects was

found. All the participants stated that they feel safe while working with the scanner.

4.4 Conclusions and Discussion

Chapter 4 characterises the most common exposure scenarios to high and ultra-high field
MRI in research activities. Maximum exposure values of B =2057mT and
dB/dt = 4347 mT/s for a 3 T scanner and B = 2890 mT and dB/dt =3900 mT/s fora 7 T
scanner were determined. It should be noted that the movements near the MRI scanners in

this study were not randomly sampled, but were identified using a questionnaire and chosen
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to include the typical movements of MRI researchers in the vicinity of MRI scanners,

including translations and rotations.

Considering the average over subjects and paths, the maximum B value was approximately
twice as high when working with a 7 T scanner compared to a 3 T scanner. However, the
average for max dB/dt was not much higher for a 7 T scanner than a 3 T scanner, and even
95th percentiles are comparable in these two cases. Variability of the results, observed
between and within subjects shows that the inter-subject variability is larger than the intra-
subject variability. The high inter-subject variability can be easily explained by many
parameters, such as the spatial distribution of the field at different individuals’ heights and
differences in personal behavior (i.e. walking velocity and bending angle) [162]. This may
explain why dB/dt recorded near the actively shielded 3 T scanners, where stronger dB/dx

inhomogeneity normally exists, was higher than dB/dt around the 7 T scanner.

In passive shielding, tons of iron is used to effectively reduce the extent of the fringe field,
whereas the concept of active shielding is to include two reverse polarity coils in the coil
array, which reduces the field immediately at the entrance of the bore. This design commonly
results in smaller fringe fields and, consequently, stronger spatial gradients of the magnetic
field close to the magnet. The maximum dB/dt recorded close to the magnet cover at 7 T in
the current study was about 1.5 times lower than that in a similar, but actively shielded
scanner. This difference was smaller between actively and passively shielded 3 T scanners.
All measurements were conducted at a Siemens scanner (Siemens Healthcare, Erlangen,
Germany). As scanner from other manufacturers may use different designs for the magnet,
they may lead to different outcomes. Regarding the incident of MR-related sensory effects
and the perception of safety, the perception of safety of healthy individuals working with

human 7 T MRI is retrospectively assessed [164] and the result is reported in chapter 5.

The results from that study indicated the average perception of a moderately safe work
environment, which is confirmed in the current study. In the current study, only one subject
(20% of subjects involved) reported vertigo and headaches right after completing the

experiment which is similar to the previous results [165]. Since this particular subject was
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expecting sensory effects prior to the experiment, due to her previous experience, along with
the fact that she was reluctant to bend over the bed completely in path b, we hypothesize that
this subject appeared to be more sensitive and susceptible to MR-related symptoms than the
others. Considering the height (Table 4.1) and the walking velocity of the subject (Figure
4.3), we also hypothesise that both height and walking velocity were significant determinants
in exposing that particular subject to higher B and dB/dt, which resulted in experiencing
more sensory effects. This may also explain the small value of B and dB/dt in all paths,
recorded for subject #1, who was the tallest among the participants and spent more time to
complete the paths (i.e. path b, shown in Figure 4.3). This result could be due to the fact that
the head and chest of the taller workers are further away from the strong B.

Considering the answers from all participants, no correlation was found between reporting

the MRI-related sensory effects and exceeding the reference values.

Previous personal exposure data are available, in which the 3-axis Hall sensor was worn on
the hip or chest [166]. It is generally accepted that the exposure measured at the head is
usually higher than exposure measured at the chest and lower body; however, this is highly
dependent on the individual’s height and there is no data available that directly compares the

impact of various positions for the Hall probe.

A limitation of the methodology in the current study was that, due to the long cable used for
data transmission, the participants had to be more attentive while walking around the
scanner. This might possibly affect (reduce) their walking velocity, though this should not

affect their speed of rotation and bending.

The present results from available data indicate that violation of the ICNIRP restrictions for
max B during workers’ exposure in the controlled environment at 3- and 7 T MRI scanners
was unlikely to happen, which is in accordance with the previous studies [150, 167,168].
Exceeding of the dB/dt reference level at 3 and 7 T were almost similar (30% of 60 exposure

samples).
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Analysis of the max B revealed a large variability between participants, even though the
paths, and therefore the chance of approaching the bore, were identical for all the
participants. This result accords well with the study by Schaap et al. [155]. The relatively
large variability between subjects may suggest the importance of performing personal
exposure measurements instead of relying solely on mathematical calculations. By using a
simply designed personal exposure measurement probe for MRI researchers, it will be
possible to gather a wide and reliable pool of data on exposure levels during research
activities in the proximity of MRI scanners. Such data would assist studies on the possible
bio-effects of MRI-generated electromagnetic fields. However, further multi-centred,
comprehensive studies assessing exposure levels at different positions around high and ultra-
high field MRI scanners, which research personnel encounter during their routine research
activities, deserve consideration. This study seeks to provide a realistic overview of what
level of exposure can be expected in typical research activities. The inter-subject variability
of exposure levels found in this study may be considered in future instructions for workers in

a controlled high and ultra-high field MRI environment.

This result can also be used as a starting point and may help to develop guidelines for the
adoption of some simple precautionary rules for researchers’ behavior around MRI scanners
to avoid exceeding the limits.
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5 Transient and Sensory Effects of

Exposure to Ultra-high Field MRI

The work presented in this chapter is partly published in the following article:
Fatahi M, Demenescu LR, Speck O. Subjective perception of safety in healthy individuals

working with 7 T MRI scanners: a retrospective multicentre survey. Magnetic Resonance
Materials in  Physics, Biology and Medicine. 2016 Jun 1;29(3):379-87.
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5.1 Introduction and Objective

Currently, more than 70 UHF MRI human research sites are in operation worldwide
[169,170]. The rapid growth in the number of UHF MRI sites has quickly led to the
development of active research areas, such as: neuroscience, brain, cardiac, body and breasts
[68,172-174]. This expansion in the use of UHF MRI inevitably increases the exposed
groups and possibly can multiply the already existed safety concerns.

It is known that the exposing of a human body to MRI scanners may cause transient sensory
effects, including but not limited to vertigo, metallic taste, nausea and headaches [30]. As
discussed in Chapter 2, safety guidelines are published by international organizations to
minimize the unwanted effects of EMFs used in MRI systems. Apart from those, many
research groups have assessed the transient effects induced by MRI scanners. However, most
of the works carried out in this domain have focused on prevention and reduction of
“objective” risks. Only limited attention has been directed toward subjective perceptions of
safety in MRI environments. With regards to UHF MRI even fewer publications are
available. Only a few studies have assessed the acceptance of UHF MRI among volunteers
and subjects [155,175-176].

Subjective perceptions of safety and risk at work are shown to be linked to objective risks
and therefore can affect safety outcomes in organizations [177]. Thus, it is essential to
evaluate how workers perceive the safety in UHF MRI environments and what adverse side

effects, if any, are reported by them.

In this chapter, the focus is on retrospective, self-reported perceptions of safety and the
prevalence of UHF MR-related sensory effects. The results of a comprehensive survey
among healthy individuals who occupationally work with and around 7 T MRI scanners is

reported and discussed.
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5.2 Methods

A total of 118 UHF MRI personnel from 8 different locations across Europe, where 7 T MRI
scanners are used for human research: Magdeburg, Leipzig, Heidelberg, Essen in Germany;
Oxford and Nottingham in the United Kingdom; Utrecht in The Netherlands; and Pisa in
Italy, were identified and given the opportunity either to agree or refuse participation in the
study. Finally, 66 individuals, 23 females and 43 males with the mean age of 31 + 7 years
agreed to participate in the study. An overview of the study population can be found in Table
5.1.

The study was approved by the ethics committee of the Otto-von-Guericke-University
Magdeburg, Germany. The participants who agreed to participate in the study completed
either a paper-based or web-based questionnaire (depending on their physical location),
during two consecutive months. There were variations in participants’ job titles and usual
physical locations during the work in the 7 T MRI suites. The majority of the participants
were students performing UHF MR research (n = 33). The second group were scientific
researchers at UHF MR centres (n = 28) followed by (n = 2) physicians and (n = 2) MRI

technicians.

Participant in Magdeburg and Heidelberg completed a paper-based questionnaire and other
participants completed a web-based question, which they received via their email.
Participants were asked to answer some questions on demographics; years of experience
working with 7 T MRI scanners; how often and for how long they usually stay in the 7 T
MRI scanner suite; their physical location with respect to the 7 T MRI scanner during image
acquisition (inside or outside the scanner room); average working hours per week; number of
months they had been working; and their perceptions of safety in their working environment.
The other questions related to the 7 T MRI exposure-related symptoms, including sensory
and transient symptoms. The questionnaire contained 19 different symptoms, which were

commonly reported by previous studies [155, 178-179].
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Table 5.1: Overview of the study population for the retrospective survey, taken from [164]

7 T Ultra-high  MRI Scanner  Shielding

Field MRl site  vendor method N %
Magdeburg Siemens Passive 24 36.2
Heidelberg Siemens Passive 22 33.3
Leipzig Siemens Passive 4 6.1
Oxford Siemens Active 2 3.1
Nottingham Philips Active 6 9
Utrecht Philips Active 2 3.1
Essen Siemens Passive 2 3.1
Pisa GE Active 4 6.1
Total 66 100
Characteristics N Mean + SD
Female 23

Male 43

Age (years) 31+74
Hours/week working with 7 T MRI 3.2+36
Work experience with 7 T MRI 47 £ 32
(months)

Apart from two of symptoms which were related to switched GMFs, i.e., tingling sensation in
the body and involuntary muscle contraction, the other symptoms were SMF-related
symptoms, i.e., vertigo, nausea, seeing light flashes, feeling of instability, metallic taste,
ringing in the head or ear, tachycardia, sweat attacks, depression, fear, headaches, feeling
faint, changes in appetite, fatigue, and loss of concentration. Two unrelated symptoms,
including irritated and red skin and blurred or double vision, were used to control for
potential over-reporting of symptoms. All of the above symptoms were rated on a five-point

Likert scale from “never” to “always” referring to the frequency of occurrence.

Participants were also asked whether their work practice had been adversely affected by the

symptoms they experienced and if yes how.
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The perception of safety level was assessed with the question “How safe do you feel while
working with 7 T MRI?” Response options ranged on a seven-point Likert scale from “very

unsafe" =1 to “very safe" = 7.

The questionnaire ended with an open question, with a direction to record any other regularly

experienced symptoms during their work, which were not included in the questionnaire.

The data was subjected to the Mann-Whitney U-test to identify significant differences in the
response of the participants to the questions on the paper-based questionnaire with those on
the web-based questionnaire: no significant differences were observed between the two
methods (P => 0.05), and hence, all data was pooled. The response rate for the paper-based
questionnaire in Magdeburg was 74% and in Heidelberg was 55%. The response rate for the

web-based questionnaire, which was used in other 7 T MR centres, was 47%.

Testing for potential relationships between different factors, as presented below, was
conducted using non-parametric bivariate Spearman correlation (rs). The correlation was
calculated between the number of symptoms experienced by the participants, their perception
of safety and (i) the location of work with respect to the scanner (inside/ outside of the
scanner room); (ii) the number of hours spent in the scanner suite; (iii) participants’ gender;

and (iv) self-reported workload.

The answers that related to working with or around an actively or passively shielded scanner
were examined using a non-parametric independent test, between n = 3 samples from
actively shielded scanners and n = 3 randomly selected samples from the rest of the scanners
(passively shielded). The test showed no significant differences (P> 0.05) between both
shielding methods, and thus answers from both scanner types were combined.

In order to test the potential effects of different centres on the results, a stratifying analysis
was conducted. The following samples were chosen out of the total samples: Magdeburg (n =
2), Leipzig (n = 2), Oxford (n = 2), Nottingham (n = 2), Utrecht (n = 2), Pisa (n = 2), Essen
(n = 2) and Heidelberg (n = 2). We conducted a non-parametric test for independent samples

to check if any centre showed any significant differences in the number of reported

94



Chapter 5. Transient and Sensory Effects of Exposure to UHF MRI

symptoms or the level of perceived safety. A similar test was performed between participants
from Magdeburg (n = 24) and Heidelberg (n = 22) which were comparable in numbers. The
results showed that the factor “centre” did not have any effect either on the number of
reported symptoms or on the perception of safety (P > 0.05) and therefore the answers from
all centres were combined. Values with 95% confidence interval (CI) were calculated and p-
values of less than 0.05 were considered as significant differences.

5.3 Results

5.3.1 Prevalence of Sensory Effects

The detailed prevalence of different symptoms reported by the participants is presented in
Figure 5.1. The results indicate that, among the 19 symptoms, vertigo (62%) and metallic
taste (51%) followed by headaches (36%) and fatigue (33%) were by far the most frequently
reported sensory symptoms. The least prevalent symptoms were irritated or red skin and
blurred or double vision, which were added as assumed EMFs unrelated symptoms to control
for potential over-reporting of symptoms. Both symptoms were reported by one male

participant.

The results indicate that 7.6% (5/66) of the participant who routinely work with and around 7
T MRI did not report any MR-related transient symptoms during their work with MRI.

The most frequently experienced symptom in this study was vertigo, which is believed to be
due to an interaction between the magnetic field and the vestibular system of the inner ear
responsible for balance [180].
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Figure 5.1: Prevalence of different symptoms reported by participants (n = 66). SMF-related
symptoms are shown in gray, GMF-related in blue and a priori unrelated symptoms are
shown in red.

5.3.2 Sensory Effects and Work Locations around the Scanner

Since there were some variations in the physical location of work among the participants,

in order to control the potential effects of physical location on the number of reported
symptoms, participants were asked about their physical location with respect to the 7 T MRI
scanners during image acquisition (inside or outside the scanner room). A significant effect
of location on the number of reported symptoms (P = 0.001) was found. Those participants,
who frequently attended inside the scanner room due to the nature of their work, reported

significantly higher number of sensory symptoms. There were no significant differences in
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the number of reported symptoms (p > 0.05, 95% CI [-2.23 to 1.52]) between males and

females.

There was also no significant correlation (1) between the number of reported symptoms and
the number of hours spent in the vicinity of the 7 T MR scanner (rs = — 0.069, 95% CI [—0.55
to 0.58]), and (2) between the number of reported symptoms and the self-reported workload
level (rs =—0.37, 95% CI [-3.27 to 0.002]).

None of the participants added any more information regarding additional sensations that

were not mentioned in the questionnaire.

Participants were asked whether their work practice has been adversely affected by the
symptoms they experienced. Sixty-five (98.5%) reported that their work practice is not
adversely affected by any of the symptoms mentioned in the questionnaire. Only one
participant (female, 1.5%) reported that her work practice is slightly affected by regularly
experiencing headaches and vertigo during her work, which resulted in her terminating the

experiment as an investigator.

Moreover, in the other section of the questionnaire, participants were asked about their
medical condition, if any, and whether they need to take medication, and what medication.
No case was found to have any medical condition triggered by or related to working with 7 T
MRI.

5/66 (7.6 %) of the participants did not report any MR-related symptoms while working with
7 T MRI scanner.

5.3.3 Perception of Safety

Safety refers to the state of being "safe", the condition of being protected from harm or non-
desirable outcomes. However, perceived or subjective safety refers to the users' levels of

comfort and perceptions of risk, without consideration of standards or safety history.
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Participants in this study were asked about the subjective perception of safety at the 7 T MRI

environments.

45.5% participants (30/66) reported that they feel very safe; 39.4% (26/66) moderately safe;
4.5% (3/66) slightly safe; 9.1% (6/66) neutral; and 1.5% (1/66) reported a slightly unsafe
feeling while working with UHF MR. None of the participants stated that they feel

moderately or very unsafe.

No significant difference in the perception of safety was found between males and females (p
> 0.05, 95% CI [—0.56 to 0.41]).

Subjective perception of safety
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Figure 5.2: The perceived level of safety reported by n = 66 UHF workers, on a seven-point
Likert scale: "very unsafe"; "moderately unsafe"; "slightly unsafe"; "neutral"; "slightly safe";
"moderately safe” and "very safe". Adapted from [164]

5.4 Conclusions and Discussion

A fair number of studies have examined the possible transient effects of UHF MRI on human
subjects and volunteers, but most of them are based solely on damage thresholds established

mainly for heating effects of UHF MRI and generally try to quantify the associated objective
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risk. Despite that subjective and objective assessment of hazards being strongly related, they
are distinct phenomena. Both are relevant in risk assessment in a working environment [181],
as employee’s perception of safety is directly linked to safety outcome in an organization
[182].

Workers do not use quantitative risk analysis when evaluating their subjective occupational
risks [183-184]. A number of factors can contribute to how we view the safety and risks at
our work environment. Williams et al. [177] observed internal factors such as memory,
experience, and stress, as well as external factors such as the work environment, exposure,

and sensory information that may contribute to the workers’ perception of risks and safety.

In this chapter subjective safety perceptions among 7 T MRI workers retrospectively was
assessed. The most important finding of this retrospective survey is those participants
routinely working with 7 T MRI scanners on average viewed their work as a safe

environment, despite a clear experience of UHF MR-related symptoms.

This could be due to their prior knowledge about MRI and knowing the transient nature of
MR-related symptoms. The most frequently reported high-field sensation in this survey was
vertigo, followed by metallic taste and headaches. This result confirms findings from
previous studies [169, 175, 185]. Moreover, this accords very well with the study by Schaap
et al. [155], in that MR-related symptoms other than vertigo and metallic taste are shown to

be manageable and not so common among the staff [155].

Perceptions of safety were not affected by the number of hours per week the staff spent in the
vicinity of the 7 T MR scanner, or the number of months they worked with 7 T MR. We,
therefore, conclude that staff working around 7 T scanners do not initially have major
concerns regarding safety, and that their concerns reduce with more experience. This may be

due to their prior experience with lower-field systems.

There are few studies in which the risk perception is assessed in a different working
population [155]. However, we believe that as the risk factors to which they are exposed in

their work environment are not similar to MRI environments, the result of those studies may
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or may not be comparable to the MR environment. In the study by Dongen et al. [178],
perception of health risks of EMFs by MRI radiographers and airport security officers was
compared to the general working population. It is shown that MRI radiographers had a lower
perceived risk, felt less negative, and more positive towards different sources of EMFs than
the general working population and the security officers at airports. The authors concluded
that MRI radiographers have more education and training in their occupational EMF sources
(MRI) than the security officers, and are probably more technology-orientated than security
officers and the general working population. However, we believe that MR workers do not
have entirely different risk perceptions from the other working populations, partly because of
their prior knowledge regarding the transient nature of the sensory effects, and also because
the research may be more than “only a job”. Hence, they may have a relatively positive view
about working with 7 T MRI scanners. This could have a profound effect on their perception

of safety and potential risks of 7 T MR scanners.

SMFs extend beyond the limits of the scanner bore and, consequently, most of the staff who
stay in the area around the scanner are subject to a strong magnetic field. Whereas all the
fringe fields from B1 and Gx, y, z decrease very rapidly with distance from the bore entrance
[154]. As it was expected, only staff who remain very close to the scanner within the scanner
room during the image acquisition reported switched gradient field target symptoms; a
tingling sensation in the body and involuntary muscle contraction. These symptoms were
rarely reported by the other staff. Overall, MR workers may only be exposed to B1 or
switched gradient fringe fields when they stay very close to or even inside or partially inside
the bore during scanning, which is unlikely to happen. Therefore, the strong magnetic field
seems to be the main contributing factor to evoke most of the acute transient symptoms. This
may suggest that vertigo can potentially be stimulated by the SMF which is present all
around the scanner and, more importantly, by the speed of motion within the field, e.g.,
during subject positioning. This hypothesis is supported by some recent studies [185-186].
Schaap et al. [179] reported that at almost all of the MRI departments that performed scans
on human subjects for research purposes, which is the case in 7 T MRI facilities, workers
regularly volunteered to be scanned. This exposes them to all three types of MRI-generated
fields. In the questionnaire, workers were asked about MR-related effects and perceived
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safety while working with 7 T MRI. They were not asked to ignore their experiences as a
volunteer. This may overestimate the frequency and intensity of the effects, and may
consequently affect the results. Since volunteering as a research subject seems to be common
for many workers in almost all 7 T MR research centres, it should be taken into account
when assessing the perceptions of safety. It should also be noted that due to a lack of
reference data from lower-field strength, the assignment of symptoms as UHF-related effects

need to be confirmed by future studies.

In this research, due to the large variability between subjects and the fact that subjects who
report side effects usually reported many of them, it is hypothesized that some participants
appeared to be more sensitive and susceptible to the MR-related symptoms than others.

This finding suggests a possible underlying trait of personal sensitivity to MR-related

symptoms consistent with the findings of the study by Schaap et al. [155].

Given the fact that only a few hundred personnel work in and around UHF MRI scanners in
Europe, the number of participants investigated (n = 66) is a good representation of the

research personnel associated with 7 T MRI scanners.

The number of limitations regarding this work merits discussion. Due to the descriptive
nature of the study, a control population which was not associated with UHF MRI facilities
was not recruited and their perceptions of safety and the prevalence of symptoms were not
assessed. Given the fact that very specific experience and expertise was required to answer
most of the questionnaire items, such as MR-related effects, it is not straightforward to
include a proper control group with similar knowledge about MRI, but without respective
experience. Even when assuming willingness and honesty of the participants in the survey, a
control group would also not have been able to deal with potential different individual
interpretations of the wording chosen in the Likert scales (very/moderately/slightly [un]safe),
including language-related issues in this multicentre study. Although we believe that MR
workers do not have entirely different risk perceptions in different 7 T MRI centres, as the
safety regulations are identical, an individual’s perception of safety is very subjective, and

can be different to others due to factors such as: previous experience, levels of education,
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training, and personal factors such as confidence, attitudes, interests, and motives. Therefore,

by definition, an individual’s perceptions are neither right nor wrong.

The next limitation of this study lies in its retrospective nature. The retrospective design
allows immediate access to the data, but at the cost of limited control over data collection and
recording of covariates. Thus, the inclusion of a scientific metric, such as physically

measured subject exposure levels, was not possible by design and it calls for further study.
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and Future Research

6.1 General Discussion

MRI has established itself as a routine technique in medical diagnostics. The absence of
ionizing radiation as well as the excellent soft-tissue contrast and flexibility, are the major
advantages of MR systems compared to ionizing techniques such as computer tomography
(CT). It has been used for clinical and research purposes for about three decades with an
apparently good safety record and few or no serious side effects aside from well-documented
acute injuries resulting from acceleration of ferromagnetic materials or RF-induced burns due
to poor positioning of the patient in the scanner [187]. However, the legal status of UHF
MRI, as well as official documentation, is currently lagging well behind the lower field
strengths. It is not yet approved for clinical use and it is labeled as “’investigational devices’’

by the regulatory authorities.
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The concern of the general public has mainly been centred on the possibility of long-term
effects of EMFs used in MRI scanners, with particular reference to a possible association
with the incidence of genetic damage. Questions about possible genotoxic effects from MRI
go back for many years. This issue has recently reemerged, with an inconsistent and even

contradictory set of reports.

The results from the available literatures show, with few exceptions, that animal and human
cell exposed in vitro and in vivo to SMF, GMF or RF (i.e., each one independent of the other)
at different frequencies, modulations, flux densities, SAR, at or below the international
recommended guidelines, do not exhibit significantly increased genetic damage compared
with that in un-exposed cells. Moreover, despite the numbers of known and scientifically
documented interaction mechanism for each of the fields used in MRI, the interaction
mechanisms of combined sources of exposure in MRI with living materials remains
unexplained. This absence of a plausible biophysical mechanism in MRI remains a
significant component in the weight of the evidence against health effects. It is, however, not
practically possible to prove “a negative”, i. e., that no effect exists. It is best discussed in

terms of a very low probability.

One prerequisite to pave the way for transferring UHF MRI scanning to clinical use is to
assure that the risk is minimal for both subjects and workers. An important step in this

direction is presented within this thesis.

This thesis has exhibited a multidisciplinary approach to evaluate the UHF MRI safety
concerns in different aspects (biological, technical, subjective) that are relevant for patients,
subjects, staff and therefore, it is crucial for policy makers. Such multidisciplinary approach,

helped to provide a broad insight on the topics which are usually investigated separately.

In the context of genotoxicity potential of UHF MRI, impacts of 7 T MRI on human

lymphocytes were assessed through a set of experiments. In the in vitro study, human
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PBMCs were exposed to the SMF of a 7 T MRI alone or combined with imaging gradients,

and a pulsed radiofrequency in EPI sequences.

To mimic the worst case scenario and enhance the potential degree of damage, the power
deposited in the samples was maximized by using the maximum permissible SAR level and
switched gradient. Genotoxicity assessment ofy-H2AX-stained cells did not reveal any

differences in levels of DSB after 7 T exposures compared to untreated samples.

The uncertainties about the impacts of repeated 7 T MRI expositions were also addressed in
this thesis. It is to be noted that some study participants have been exposed to 7 T MRI as
research subjects for hundreds of hours, i.e., much longer than most patients or other
subjects. These “frequent flyers” may be among the most exposed individuals. The result
reflected no significant impact on genetic damage and cytotoxicity indices from their
lymphocytes.

For the first time, 7 T MRI, which is currently only allowed for research purposes, was
included for in vivo experimental study in this thesis. In the in vivo study impacts of different
field strengths on DNA DSB formation were investigated and it was attempted to reveal a
potential hazardous effect of contrast material. The results revealed no induction of DSBs by
MR imaging irrespective of the field strength and contrast material enhancement. The results
of all experimental studies are based on y-H2AX analysis, one of the most sensitive assays
for detecting DSBs.

6.2 Conclusions

As far as we can ascertain from the results presented in this thesis and the previous available
literature, the balance of scientific evidence does not indicate that harmful effects occur in
MRI. The risks, if any, should be very small and its impact on public health substantially
negligible compared to other risks. The absence of increased y-H2AX foci and MN indices in
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cells after exposure to 7 T indicates that in vitro, in vivo and even repeated exposure to 7 T

can be considered a safer alternative to ionizing based imaging techniques.

Nonetheless, further investigation on potential genotoxic effects may shed light on the
mechanism of interaction (if any), and should be considered.

Uncertainties about the actual exposures and the perceived risks and safety of 7 T MRI
during routine MRI research procedures was investigated by evaluating a number of scan
scenarios and various exposure schemes in (ultra) high field MRI1 environments. In this thesis
it is shown that the guidelines are compliant, i.e. the EMF reference levels are sufficient to

keep the dose under the permitted basic restrictions for UHF MRI research activities.

With regard to the perceived safety and sensory effects experienced by the MRI occupational
group, the 7 T scanner is shown, to be similar to 3 T, except for limited transitory physiologic
effects. Among the most frequently reported are vertigo and metallic taste.

6.3 Future Research

Further advances in the research field of UHF MRI safety are subject to progress in the

following areas:

e establishing new hypotheses on interaction of EMFs used in MRI with the human bodies
and in vitro, in vivo analysis of the hypotheses.

e Dlinded evaluations of multiple genotoxicity endpoints (including appropriate positive
and concurrent unexposed controls) with adequate statistical power

e evaluation of UHF MRI impact on formation of oxidative stress and free radicals in
living materials.

e implementation of broader analysis methods that search for different genotoxicity and
cytotoxicity markers to highlight potential hazardous biologic effects of MR in large
cohorts.
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The analysis in this thesis was restricted to human blood lymphocytes. However, the extent
of genetic damage in other tissues needs to be examined, as the impacts of MRI focused on
different organs, such as the brain and the heart, may be different. For instance, little is
known about a potential genotoxic effect on e.g. highly proliferative human haematopoietic
stem/progenitor cells or on cells from individuals carrying deficiencies in DNA damage

repair mechanisms.

e implementation of appropriate and straightforward methods for the measurement of real
exposure in UHF MRI environments.

e verification of previous studies

An additional issue to be addressed would be to determine the critical component of exposure
(SMF, GMF, RF) if any. To address this issue, experiments with animals can be useful.
Small and larger animals can be exposed to very high magnetic fields with immunologic
different markers for potential defects, including endpoints, which are generally examined in
toxicological investigations, such as; free radical formation, cell proliferation, apoptosis,
single/double-strand breaks, chromosomal aberrations, micronuclei, sister chromatid

exchanges and mutations.

In the context of transient and sensory effect and its relationship with the actual exposure, the
presented studies in chapter 4 and 5 of the thesis suggested that some participants appeared to
be more sensitive and susceptible to the MR-related symptoms than others. Therefore,
differences in magnetic field susceptibility between individuals should be studied in the
future. It is also recommended that studies are conducted to assess the relationship between

“subjective” perceptions and “objective” assessment of MR-related sensory effects.

Future research could also focus on assessing potential neuro-behavioral and cognitive
effects of exposure to UHF MRI scanners. Potential effect modifiers, such as the
psychological factors, personality and character traits, and depression, stress, and anxiety
levels should be considered. The applicability of a standard questionnaire to assess the
transient effects and its correlation with individuals’ susceptibility for magnetic field

exposure should be considered for future research.
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Appendix A

Isolated PBMCs of 11 healthy blood donors (CTR group) and 11 highly exposed MR
volunteers (MR group). Micronucleus frequency in 2000 binucleated (BN) cells was
determined 72 h after additional PHA-stimulation and cytokinesis-block and differences in
cell division were determined by the ratio of BN cells and calculation of proliferation index.
All data are displayed as the mean + std of 11 experiments and significance levels between
the untreated sample and the exposed samples among the same group are indicated behind
(***: P <0.001; ns: P >0.05). P-values between the two groups, comparing only identical
treatment conditions are displayed in the column CTL< >MR.

Table 1. Micronucleus analysis of PBMCs after 7 T MRI and 0.2 Gy exposure

MN /2000 BN lymphocytes

treatment CTL group MR group CTL< >MR
unexp. 13.8+21 144+19 P>0.05
7TMRI  141+£2.2™ 146 +2.0™ P>0.05
02Gy 222+447 229+40 P >0.05
Binucleated lymphocyte %
treatment CTL group MR group CTL< >MR
unexp. 57.0+x21 56.3+2.3 P>0.05
7TMRI 57.6+2.2" 56.0 + 2.9" P>0.05
02Gy 46.1+297 4714297 P >0.05
Proliferation Index
treatment CTL group MR group CTL< >MR
unexp. 1.72+0.05 1.68 £ 0.05 P>0.05
7T MRl 1.68 +0.05™ 1.65+0.05™ P>0.05
02Gy 1.48+004" 1.49+0.03™" P>0.05




Isolated PBMCs of 11 healthy blood donors (CTR group) and 11 highly exposed MR
volunteers (MR group) were either left untreated, exposed for 1 h to 7 T MR combined with
strong gradient and radiofrequency fields or were irradiated with 0.2 Gy y-radiation. Mean
number of YH2AX foci/cell was determined 1 h, 20 h, and 72 h after exposure. All data are
displayed as the mean + std of 11 experiments and significance levels between the untreated
sample and the exposed samples among the same group are indicated behind (***: P <0.001;
ns: P>0.05). P-values between the two groups, comparing only identical treatment
conditions are displayed in the column CTL< >MRV.

Table 2. Analysis of YH2AX foci in PBMCs after 7 T MRI and 0.2 Gy exposure

mean yH2AX foci / cell - 1 h after exposure

treatment CTL group MR group CTL<>MR
unexp. 0.09 £ 0.07 0.10+£0.04 P >0.05
7T MRl 0.09 £ 0.05™ 0.08 + 0.04™ P>0.05
02Gy 1.92+052" 2.01+055 P >0.05
mean yYH2AX foci / cell - 20 h after exposure
treatment CTL group MR group CTL<>MR
unexp.  0.12+0.06 0.10 £ 0.05 P>0.05
7TMRI  0.12+0.07™ 0.12 +0.08™ P>0.05
02Gy 0.24+0.107 0.31+0.097" P >0.05
mean yH2AX foci / cell - 72 h after exposure
treatment CTL group MR group CTL<>MR
unexp. 0.17+£0.09 0.18 £0.11 P >0.05
7T MRl 0.16 +£0.08™ 0.16 +0.08™ P>0.05
02Gy 0.15+0.09™ 0.20 +0.14"™ P>0.05
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List of Acronyms

ALARA

CA

CA

CBMN

Cl

CT

CMR

DNA

DSB

ELF

EPI

ETP

FDA

GBCA

GMF

IRB

As Low As Reasonably Achievable
Chromosomal Aberrations

Contrast Agent

The cytokinesis-block micronucleus
Confidence Interval

Computed Tomography

Cardiac Magnetic Resonance
Deoxyribonucleic Acid

Double Strand Break

Extremely Low Frequencies Magnetic Fields
Echo-Planar Imaging

Etoposide

Food and Drung Adminstration
Gadolinium-based Contrast Agent
Gradient Magnetic Field

Institutional Review Board
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MFI
MN

MRI

MU
NMR

RF
PBMC
SAR
SCE
SCENIHR
SMF
SSB

T

TRITE
TVMF
UHF

uv

VIS

WHO

Mean Fluorescence Intensity
Micronuclei

Magnetic Resonance Imaging
Mutation

Nuclear Magnetic Resonance

Radio Frequency

Peripheral Blood Mononuclear Cells
Specific Absorption Rate

Chromatid Exchanges

Scientific Committee for the Emerging and Newly Identified Health Risk
Static Magnetic Field

Single Strand Breaks

Tesla

Repetition Time/Echo Time
Time-Varying Magnetic Field
Ultra-high Field

Ultraviolet

Visible Light

World Health Organization
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