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Foreword

"Why, sometimes I’ve believed as many as
six impossible things before breakfast."
The White Queen in Lewis Caroll’s
'Alice Through the Looking Glass'.

W

e like books – printed on paper,
if possible with a beautiful hardcover binding. Thus, putting this
standard textbook on the internet some
years ago was a challenge. Now we return
with a printed version of the magnetic resonance textbook, parallel with the e-version.
The reasons I have described elsewhere. 1
Celebrating the 30th anniversary in 2014
was a pleasant occasion. The child had
grown up, become an adult or, in our case –
a rather successful standard textbook. The
reviews and public reaction to the book
were extremely positive.
The first version of this primer – a little
booklet – was written at Paul C. Lauterbur's
laboratories in the early 1980s. Lauterbur
was the father of MR imaging and received
the Nobel Prize twenty years later. The text
was intended to be used as the Basic Textbook for EMRF, the European Magnetic
Resonance Forum. After Lauterbur saw the
first edition, he commented: "It looks like a
fine book, especially for residents, nurses,
and technicians."
Initially we thought this statement was
not very encouraging, but in hindsight this
was exactly what we had intended to write.
We worked on it for another twenty years –
and finally Lauterbur found the last edition
he read before his death "gratifying". However, the target audience today includes sci1

Rinck PA. An expensive dilemma: Tablets versus
textbooks. Rinckside 2015; 26,7: 17-19.
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entists and university professors. They
should be able to acquire a basic knowledge
which enables them to pursue studies of
their own and to cope with some of the
most common problems, among them tissue relaxation, image contrast and artifacts
or questions concerning possible hazards to
patients – and to become aware of how to
perform reliable research, and to ask and be
critical.
The main author and the contributors
have not attempted to cover the field completely nor to be exhaustive in the topics
discussed, as the field of magnetic resonance still is in a permanent stage of development and therefore changing year by
year. Clinical MR machines and even
equipment sold for scientific purposes have
been increasingly altered into push-button
black boxes with pre-fab, given and unchangeable protocols. We are not interested
in certain gadgets or "apps" of commercial
machines, and won't mention or describe
them. We try to explain the fundamentals
any user should know and understand.
As with everything in life, MR imaging
does not only require knowledge of facts
but also of background information and of
the historical development of the field for
critical decision making. Therefore we have
interspersed some subjective, critical, and
opinion-oriented sections – interludes – intended to offset the technical nature of the
teaching sections and provide some insights
into more practical questions faced by MR
users.
Most of them were taken from Rinckside (www.rinckside.org), a collection of
columns published since 1990.
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There has been a long list of contributors to
this and earlier versions, among them Atle
Bjørnerud, Patricia de Francisco, Jürgen
Hennig, Richard A. Jones, Jørn Kværness,
Willy Eidsaunet, Robert N. Muller, Gunvor
Robertsen, Timothy E. Southon, and Geir
Torheim. Their support, ideas, dedication,
and feedback have added much to the quality of this work. We are also indebted to our
friends who took care of some of the translations of the printed version, among them
Andrea Giovagnoni for the Italian edition,
Valentin Sinitsyn for the latest Russian edition, Luis Martí-Bonmatí and Ángel Alberich-Bayarri for a Spanish e-learning version; and Song Yingru for an earlier Chinese edition. The Editor-in-Charge of the
current Chinese e-Learning and book editions is Qiuju Zhou.
This book was peer-reviewed by a number of competent reviewers in different
fields whom I thank for their efforts.
If you want to learn something about magnetic resonance imaging or its applications
choose your topic of interest. If you want to
learn it from scratch start with Chapter 1;
and if you want to air your brain, read the
interludes that are scattered in between.
If you find any mistakes in this book,
rest assured that they were left intentionally
so as not to provoke the gods with something which is perfect. Still, we would be
happy about your feedback. We hope that
this textbook will be useful for you and that
you will enjoy it. If you have comments or
suggestions, please write to us.
Peter A. Rinck
May 2021
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How it all began

I

n late 1972, a prospective contributor to
the British scientific journal Nature received an apologizing letter from the
editor of the journal that read as follows:
"With regret I am returning your manuscript which we feel is not of sufficiently wide significance for inclusion in
Nature. This action should not in any
way be regarded as an adverse criticism
of your work, nor even an indication of
editorial policies on studies in this field.
A choice must inevitably be made from
the many contributions received; it is
not even possible to accommodate all
those manuscripts which are recommended for publication by the referees."
The paper submitted was very short and described a new imaging technique dubbed
zeugmatography. For those who did not
study Greek at school, zeugma is the yoke,
or as the author put it: "That what is used
for joining."
The author did not mean that two horses
were to be joined with a yoke; rather, he
meant two magnetic fields were to be
joined. His method was derived from an analytical technique that had been used in
chemistry since the late 1940s, called nuclear magnetic resonance, or, for short,
NMR.
The author of the paper was Paul C.
Lauterbur, Professor of Chemistry at the
State University of New York at Stony
Brook. In early September 1971 he had the
idea of how to create three-dimensional images using magnetic resonance and de-
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scribed a "Spatially Resolved Nuclear Magnetic Resonance Experiment."2
A year later he had enough results to
publish them. Lauterbur wanted this paper
to be printed in Nature and wrote back to
the editor proposing to change the style of
the paper:
"Several of my colleagues have suggested that the style of the manuscript
was too dry and spare, and that the more
exuberant prose style of the grant application would have been more appropriate. If you should agree, after reconsideration, that the substance meets your
standards, ... I would be willing to incorporate some of the material below in a
revised manuscript ..."
The answer from the editor was short
and positive: "Would it be possible to modify the manuscript so as to make the applications more clear?"3 Finally, the paper was
accepted and published in the 16 March
1973 issue of Nature under the title:
“Image Formation by Induced Local Interaction: Examples Employing Magnetic Resonance”4
From reading this title, one would not think
that a revolutionary idea in medical imag2

3
4

ing was hidden behind it. However, this
idea was the foundation of MR imaging,
which has developed into one of the most
outstanding medical innovations of the
twentieth century, comparable with Wilhelm Conrad Roentgen’s invention of the
medical application of x-rays.
Magnetic resonance, or nuclear magnetic resonance (NMR) as natural scientists
still call it, is a phenomenon that was first
mentioned in the scientific literature before
World War II. In 1946, independently of
each other, two scientists in the United
States described a physico-chemical phenomenon that was based upon the magnetic
properties of certain nuclei in the periodic
system.
They found that when these nuclei were
placed in a magnetic field, they absorbed
energy in the radiofrequency range and reemitted this energy during the transition to
their original orientation. Because the
strength of the magnetic field and the radiofrequency must match each other, the
phenomenon was called nuclear magnetic
resonance: nuclear because it is only the
nuclei of the atoms that react; magnetic because it happens in a magnetic field; and
resonance because of the direct dependence
of field strength and frequency.
The two scientists, Felix Bloch working
at Stanford University and Edward M. Purcell working at Harvard, received the Nobel
Prize in Physics in 1952.5, 6 In 1991, the Nobel Prize in Chemistry was awarded to

Lauterbur PC. Spatially Resolved Nuclear
Magnetic Resonance Experiments. Handwritten
and countersigned manuscript; 2 September
1971. See Chapter 20.
Hollis DP. Abusing cancer science. Cheha-lis, 5
WA; U.S.A.: The Strawberry Fields Press 1987.
Lauterbur PC. Image formation by induced local 6
interactions: examples of employing nuclear
magnetic resonance. Nature 1973; 242: 190-191.

Bloch F, Hanson WW, Packard M. Nuclear
induction. Phys Rev 1946; 69: 127.
Purcell EM, Torrey HC, Pound RV. Resonance
absorption by nuclear magnetic moments in a
solid. Phys Rev 1946; 69: 37-38.
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Richard R. Ernst of Zurich for his contributions to the field of NMR spectroscopy.
The two most important scientists for
the development of magnetic resonance in
medicine and biology were Erik Odeblad
who in the early 1950s first described the
differences of relaxation times in human
tissue7 and Paul C. Lauterbur.
In 2003, the Nobel Committee conferred
their Prize in Medicine on Lauterbur for the
invention of magnetic resonance imaging.
He shared it with Peter Mansfield, a British
physicist, who was awarded for the further
development of the technique.
Shortly after the introduction of NMR to
clinical imaging, the adjective nuclear was
dropped by marketing people and radiologists because it sounded like nuclear warfare or nuclear power plant, words that for
some people have a negative connotation –
but with which NMR has nothing in common at all. It was thought that the general
public would be unable to distinguish between one nuclear and the other.
Thus, today we talk about MR imaging
or MRI and, e.g., MR spectroscopy – and
the commercial people have taken over
from the scientists.
However, it should always be kept in
mind that it is the nucleus we talk about because there is another kind of resonance
that also can be used for imaging: electron
spin resonance (ESR). ESR involves the
electrons of an atom.
NMR signals carry encoded information
about the physical and chemical environ7

13

ment of the nuclei. Originally, NMR was
used as an analytical method to study the
composition of chemical compounds. Today, there are applications in a wide range
of areas in chemistry, physics, biology,
medicine, and food science.
However, before Lauterbur's discovery,
nobody could determine from where within
a sample the NMR signal stems. It could
originate at the left or right end, at the top
or at the bottom.
Lauterbur’s zeugmatography changed
this. He joined the strong magnetic field
and a second weaker field, the gradient
field. Because the strength of the magnetic
field is proportional to the radiofrequency,
the frequency of, for instance, a hydrogen
nucleus of a water molecule at one end of a
sample differs from the signal of another
hydrogen nucleus at the other end of the
sample. Thus, the location of these nuclei
can be determined. Once their location is
known, an image can be created, for example of a two-dimensional slice or a three-dimensional volume through a human body.
Basically, therefore, MR imaging requires a strong static magnetic field produced by a large magnet, a second weaker
magnetic field that varies across the sample, a radio transmitter and receiver, and a
computer to calculate an image.
Compared to x-ray and radioisotope
methods, MR imaging uses energy on the
opposite end of the electromagnetic spectrum; the energy of MR imaging is nine orders of magnitude lower than that of x-rays
and radioisotope techniques.
To date, no permanent harmful side efOdeblad E, Lindström G. Some preliminary
observations on the proton magnetic resonance fects of MR imaging with clinical equipin biological samples. Acta Radiol 1955; 43: ment have been reported.
469-476.
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Although Lauterbur did not suggest distinct
applications of the new technique in his paper, he believed that zeugmatography could
be used for medical imaging. Thus, he
urged his university to file a patent application, but because neither the university
patent lawyer nor the university administration believed in his idea, no patent application was filed and Lauterbur never obtained a patent on his invention. Others did
subsequently – relatively fast.
Despite the nonbelievers within the university, it only took eight years for the first
whole-body MR machines to appear in
clinical settings, although these machines
were crude prototypes compared to today's
equipment. Ten years after the first description approximately a dozen research groups
worked with whole-body equipment.
Nobody knows exactly how many MR
machines operate worldwide; more than
36,000 machines are a good guess – the
majority of them in the United States and
Japan, a quarter in Europe.
The hope that MR imaging, or other
adaptations of MR in medicine, would be
able to characterize cancerous cells in the
body has not come true, but many other important applications of MR imaging have
been found during the last decade.
Today, MR imaging influences decisions
in most areas of medicine, from neurology
to orthopedics, from pediatrics to radiation
therapy. MR imaging is even more interdisciplinary than roentgenology, although it is
also more complex and sophisticated.
Updated from: Rinck PA. Magnetic Resonance
Imaging • How it all began. Rinckside 1990; 1,1:
1-3.
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Chapter Eighteen
Safety of Patients and Personnel
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Introduction

A

ny new method in medicine, be it
diagnostic or therapeutic, must be
thoroughly checked for possible adverse effects.
At the end of the 19th century, x-rays
represented a major step forward in diagnostic and therapeutic medicine, but then
sobered physicians and the public after the
hazards of ionizing radiation were detected.
No ionizing radiation is involved in MR
imaging. However, because of the recognized problems with x-rays and radioisotope
examinations, magnetic resonance imaging
and spectroscopy have been intensively examined for possible dangerous side effects.
For a long time, only minimal and reversible physiological effects were reported
from imaging and spectroscopy equipment
operating below 2 Tesla.
Although to date there is no proof of any
Figure 18-01:
Magnets can have fatal attractions – whether it is low permanent damages to patients or staff caufield or high field.
sed by the magnetic or radiofrequency
Top: 900 Gauss (0.09 T) at Paul Lauterbur's first fields of commonly used clinical MR
whole-body machine, or bottom: Decades later at a
equipment, for some years negative health
clinical 1.5 T machine.
effects on humans have been increasingly
published – mostly concerning ultrahigh
machines between 3 T and 7 T and involving both patients and employees.
During the last 150 years, thousands of
papers focusing on the effects or side effects of magnetic or radiofrequency fields
have been published. They range from
anecdotal reports about therapeutic applications of magnetic fields as published by
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Zhang et al.369 to reports on unwelcome side
effects, such as Beischer’s study.370
This overview cannot cover all potential
sources of hazards. Numerous reviews of
the literature have been published immediately after the introduction of MR imaging
into clinical routine, e.g., by Budinger as
early as 1981,371 Rinck,372 by Persson and
Ståhlberg;373 updates are published every so
often, for instance in this textbook or,
among others, by Budinger.374
Several of the side effects associated
with MR are unique to this kind of diagnostic tool; others are similar to hazards of
other diagnostic methods. These hazards
can affect patients, personnel, and other
persons within the field of the magnet.
369 Zhang, Yong-shang, Heng-wang, Wu. Der Einfluß von magnetisiertem Wasser auf Harnstein.
Eine experimentelle und klinische Studie. Acta
Acad Med Wuhan 1984; 4: 31-37.
370 Beischer DE. Human tolerance to magnetic
fields. Astronautics 1962; 7: 24-48.
371 Budinger TF. Nuclear magnetic resonance
(NMR) in vivo studies: known thresholds for
health effects. Comput Assist Tomogr. 1981; 5:
800-811 [review].
372 Rinck PA. Risiken und Gefahren der NMR-Tomographie; Vorschläge zum Schutz und zur
Überwachung (Risks and hazards in MR imaging; proposals for protection and surveillance).
Dtsch Med Wschr 1983; 108: 992-994 [review].
373 Persson BRR, Ståhlberg F. Safety Aspects of
Magnetic
Resonance
Examinations.
International Journal of Technology Assessment
in Health Care. 1985; 1: 647-665 [review].
374 Budinger TF, Bird MD, Frydman L, Long JR,
Mareci TH, Rooney WD, Rosen B, Schenck JF,
Schepkin VD, Sherry AD, Sodickson DK,
Springer CS, Thulborn KR, Uğurbil K, Wald LL.
Toward 20 T magnetic resonance for human
brain studies: opportunities for discovery and
neuroscience rationale. MAGMA. 2016; 29:
617-639 [review].
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Possible hazards can arise from or be connected to:
• static magnetic fields;
• varying magnetic fields
fields);
• radiofrequency fields;

(gradient

and specifically:
• devices necessary to operate the imaging
equipment (such as cooling gases) or to
ensure the quality of life of the patients
(such as intracorporal implants and extracorporal monitors);
• conducting loops such as electrical leads
or accidental anatomical positions of the
patient.
They can be categorized as incidental and
physiological.
There is a wide range of incidental dangers that can lead to accidents (Figures 1801 and 18-02). Nearly all accidents are incidental, caused by negligence (Table 18-01).

Figure 18-02:
"Are you wearing any metal?" Repetitive and detailed screening questions prior to an MR imaging
examination are the best precaution against harm and
injuries.
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Incidental Hazards

Table 18-01:
The three groups of accidents responsible for more
than 90% of all reported injuries to patients and personnel. They are all caused by human negligence –
by staff or patient – or the employment of inappropriate or unsuitable equipment or devices.

Figure 18-03:
A magnetic resonance imaging site.
A – Safety zone 1: reception area;
B – Safety zone 2: patient changing and resting area;
C – Safety zone 3: control rooms;
D – Safety zone 4: magnet room.
Zones C and D are strictly off-limits to non-authorized personnel.

Incidental hazards are created by the static
magnetic field usually covering an ellipsoid
region around the isocenter of the magnetic
resonance machine (Figure 18-03 and Figure 18-04). The range of this fringe or stray
field depends on the field strength of the
system, the type of magnet, and the kind of
shielding used.
The fringe field around the magnetic resonance system may stretch into adjacent
rooms, floors, even gardens and parking
places outside the building. It both influences electronic equipment and can be a
possible hazard to persons passing by. The
official 5-Gauss safety line encircles the
area that pacemaker carriers should not enter. This region can stretch beyond the magnet room itself. The entrance to the magnet
room should be visible to the systems operator.

Figure 18-04:
The fringe field around the magnetic resonance
system may stretch into adjacent rooms and floors.
Never forget that the magnetic memory of credit and
similar cards, as well as magnetic devices such as
tapes, will be erased by MR magnets. Leave home
without them or leave them outside the magnet room.
(500 Gauss = 0.05 Tesla).
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Figure 18-06:
North American classification symbols for implants
and devices. Signs and regulations are different in
different countries or jurisdictions.

Ultralow- and low-field magnets possess a
limited stray field of sometimes less than
one meter radius from the isocenter. The
stray field of large bore, high field systems
Figure 18-05:
may cover a radius of 15 or 20 meters, unDanger and prohibition symbols and signs used
less the magnet is heavily shielded.
worldwide at MR installations.
Appropriate warning signs must be posted
(Figures 18-05 and 18-06).
In this case, warning signs or similar notices should be displayed outside the magnet room, in neighboring rooms on the
same floor, and on floors above and below.
This danger has been reduced by shielded
magnets.

It is of special interest for the observer and connoisseur of bureaucratic and administrative procedures that the 5-Gauss limit is ten times higher
than the average earth magnetic field, but lower
than the magnetic field in electric trains such as
subways (up to 7 Gauss). The fields measured on
the surface of the receiver of a telephone are 35
Gauss and of an audio headset 100 Gauss – and
that in an electric train or car close to the engine
the field strength can reach 9000 Gauss (0.9 Tesla).
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Constant education and training of everybody involved in MR imaging is vital. Every person working or entering the magnet
room or adjacent rooms with a magnetic
field has to be instructed about the dangers.
This should include the intensive care staff,
and maintenance, service and cleaning personnel, as well as the crew at the local fire
station.
The best protection against this danger
is not to allow personnel other than those
directly involved in patient examinations,
i.e., the operator and the radiologist, into
the magnet room by building the room with
a closed and controlled access.
As a general rule, access to the magnet
room should be limited to trained personnel
or to thoroughly screened patients and visitors who are accompanied by trained personnel.

Incidental Hazards:
External Objects

337

Monitors and respirators. The dependence on physiological monitoring, on mechanical respiration, and electric infusion
pumps during MR examinations renders
difficulties, and in certain instances does
not allow such an examination.
However, with the development of appropriate monitoring and life-support
equipment during the last few years, dependence is no longer a contraindication of MR
imaging. Details on monitoring can be
found, for instance, in an official Canadian
publication.375
Contrast agents. Magnetic resonance
contrast agents or other substances which
have to be injected or applied in another
way may present risks similar to those in
any other invasive technique such as x-rays,
particularly in patients with kidney diseases. In patients with kidney diseases certain contrast agents are contraindicated and
were removed from the market in a number
of countries (cf. page 245: Adverse events).
The clinical experience of administering
gadolinium-based or other agents intravenously to patients has shown that these
agents are generally safe and well tolerated.
Still, all necessary precautions for intensive-care treatment have to be considered
when injecting such contrast agents, particularly in patients with a history of allergy
and drug reactions. When contrast agents
are used according to the given guidelines
and regulations such side effects are extremely unlikely.

Projectiles. The most imminent danger
for both patients and personnel in the magnetic field of an imaging system may result
from ferromagnetic objects such as scalpels, scissors, pens, and even sand bags
(not filled with sand but with iron shot) and
gas dewars, which can be attracted by the
magnet and thus behave like projectiles.
To prevent such accidents, the installation of a metal detector through which everybody has to pass before entering the MR
suite has been recommended, but is rather
cumbersome. Instead, automatically locking doors with badge access are recom- 375 Medical Advisory Secretariat. Patient monitoring
system for MRI: an evidence based analysis. Onmended.
tario Health Technology Assessment Series.
Toronto, Ontario; Canada 2003; 3 (7).
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fields of 1.5 Tesla earplugs and headphones
are strongly recommended; at higher fields
they are mandatory. Even with hearing protection there can be hearing loss after examinations at 3 T.379
Acoustic noise can cause detrimental effect in both term and preterm neonates;
they should be examined at field strengths
≤ 1.5 Tesla, if possible in dedicated equipment (cf. page 45).380

Field Strength and Hazards. Many of
the incidental hazards increase with field
strength and the existing research on safety
cannot straightforwardly be extrapolated to
field strengths beyond 1.5 Tesla. Further
studies are required to confirm the hazardfree use of MR imaging at ultrahigh fields.
Until proven otherwise, patient studies at
ultrahigh fields should be considered care- Cooling gases. In superconductive magnet systems, helium and still occasionally
fully.
nitrogen are used as cooling gases. In the
Noise. The noise created by the switching case of a quench, gases are released to the
of the gradients is an additional source of outside. Under normal circumstances, the
inconvenience and can cause ear damage to gases should escape through a pipe system
and not reach the magnet-room atmosphere.
the patient and, occasionally, personnel.376
Sound pressure levels (SPL) increase However, accidentally some gas could be
with field strength. The noise levels at 3 released into the magnet room.
In this case, there are two potential danTesla can approach twice those of those at
gers.
Frostbite can be induced because the
1.5 Tesla. Sound pressure levels at the cengases
are extremely cold. Secondly, nitroter of a head coil can exceed 130 dB(A).
British and US American guidelines stipu- gen is to be considered hazardous, in parlate that the maximum permitted daily ticular under pressure (whereas there is no
noise dosage is equivalent to 90 dB(A) for danger of direct intoxication from helium).
All personnel and patients must evacu8 hours; the guidelines for Europe allow
ate
the area immediately and return only af377
only 80 dB(A) for 8 hours.
ter
proper
ventilation of the magnet room.
Noise-canceling systems and special
earphones are available, and active acoustic
don: Academic Press. 1981, 297-332.
control systems are being developed. 378 At 379 Jin C, Li H, Li X, Wang M, Liu C, Guo J, Yang
J. Temporary hearing threshold shift in healthy
376 Radomskij P, Schmidt MA, Heron CW, Prasher
volunteers with hearing protection caused by
D. Effect of MRI noise on cochlear function.
acoustic noise exposure during 3-T multiseLancet 2002; 359: 1485-1486.
quence MR neuroimaging. Radiology. 2017 Aug
377 Foster JR, Hall DA, Summerfield AQ, Palmer
16:161622. doi: 10.1148/radiol.2017161622.
AR, Bowtell RW. Sound-level measurements 380 Tkach JA, Li Y, Pratt RG, Baroch KA, Loew W,
and calculations of safe noise dosage during EPI
Daniels BR, Giaquinto RO, Merhar SL, Klineat 3 T. J Magn Reson Imaging. 2000;12: 157Fath BM, Dumoulin CL. Characterization of
163.
acoustic noise in a neonatal intensive care unit
378 Mansfield P, Morris PG. NMR imaging in
MRI system. Pediatr Radiol 2014; 44: 1011medicine. Biomagnetic effects. New York, Lon1019.
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interaction between a particular device and
a particular MR imaging equipment that
can lead to complications.381, 382
For clinical MR examinations "MR
Conditional" devices must be considered
unsafe if the contrary has not been proven.
Some equipment manufacturers offer an automatic adjustment of imaging procedures
for "MR Conditional" devices.
The rate of increase of the magnetic
field within the fringe field is described as
the spatial field gradient (SFG or SG) and
expressed in Tesla/meter or Gauss/centimeter. A description is given by the International Electrotechnical Commission383 or,
Figure 18-07:
384
X-ray of a head showing clips after a brain operation: for instance, in a review by Steckner.
safe or unsafe for MR imaging?

Incidental Hazards:
Patient-Related Devices
It is beyond the scope of this textbook to
provide guidelines for every implanted device. For many implants (e.g., pumps, infusion system, and tissue expanders) manufacturers propose detailed MR procedures.
Numerous of these implants are "MR unsafe" or "MR conditional" which also
means unsafe in daily routine. Devices declared “MR Safe” for 1.5 Tesla might not
necessarily be safe at higher fields.
There are a number of guides covering
all different kinds of implants. A general review and explanation of MR labeling information for implants and devices was presented by Shellock and collaborators. They
also gave an extensive overview of the behavior of implants. Note that such lists are
of only limited use because often it is the

Foreign bodies. Hemostatic or other
clips in the CNS can move in their position
(Figure 18-07). Dislocation by magnetic attraction or torque presents a risk of hemorrhage. In other parts of the body, we consider this to be a minimal risk, because after
the healing phase of six to eight weeks, fibrosis and encasement of the clip help to
keep it in a stable position.
381 Shellock FG, Woods TO, Crues III JV. MR labeling information for implants and devices: explanation of terminology. Radiology 2009; 253:
26-30.
382 Shellock FG, Crues III JV. MR procedures: biologic effects, safety, and patient care. Radiology
2004; 232: 635-652.
383 International
Electrotechnical
Commission
(IEC). Medical electrical equipment – Part 2-33:
Particular requirements for the basic safety and
essential performance of magnetic resonance
equipment for medical diagnosis. IEC 60601-233 edition 3.2. Geneva 2015-06.
384 Steckner MC. Chapter 11. Current issues in MRI
safety. in: Medical Physics Publishing. Advances
in Medical Physics – 2012. Madison, WI, USA.
195-203.
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Occult ferromagnetic foreign bodies incorporated in accidents are dangerous, in particular those close to the eyes.
The patient's history may help to rule
out such foreign bodies. Many patients,
however, do not remember such accidents.
In case of doubt, x-rays should be taken
prior to MR imaging. Ferromagnetic
makeup and tattoos cannot only distort MR
images, but can be irritated and makeup can
even be pulled into the eye by magnetic
forces. Makeup should be removed before
the examination, if possible. Pharmaceutical products in transdermal skin patches
may cause burns due to the absorption of
RF energy. Such patches must be removed
prior to MR examinations.
IUDs. Most of the commonly used intrauterine contraceptive devices (IUD) do
not move under the influence of the magnetic field, do not heat up during sequences
usually applied for pelvic imaging, and do
not produce major artifacts in vitro or in
vivo at medium, high and ultrahigh fields
(up to 9.4 Tesla). Thus, patients with either
all plastic or copper IUDs can be safely imaged with magnetic resonance.385, 386
Joint and limb prostheses. Generally,
such prostheses present no risk. However,
they can introduce image artifacts. If possible, they should be removed prior to the
MR examination.
385 Mark AS, Hricak H. Intrauterine contraceptive
devices: MR imaging. Radiology 1987; 162:
311-314.
386 Gaa T, Neumann W, Malzacher M, Schad LR,
Zöllner FG. Safety assessment of copper containing IUDs at 1.5T, 3T and 9.4T. MAGMA
2017: 30, Supplement 1; S258

Table 18-02:
Contraindications to MR imaging, functional MR,
MR spectroscopy, and similar techniques. These contraindications may change from country to country or
at different jurisdictions, but adherence to them is
strongly recommended. Earlier distinction between
absolute and relative contraindications has been
replaced by the term "Potential Contraindications".
* Pregnancy: see page 343.

Pacemakers. For a long time the rapidly
growing group of patients with cardiac
pacemakers (PMs) and implantable cardioverter defibrillators (ICDs) had only
limited access to MR imaging. These devices used to be an absolute contraindication. Meanwhile, this restriction has been
relaxed to "Potential Contraindication" (Table 18-02). Still, patients with pacemakers
and similar devices require specific care.
Potential complications during MR examinations of PM wearers include adverse
effects including tissue heating, unpre-
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dictable reed switch behavior and alteration
of pacemaker programs, asynchronous pacing, or damage to pacemaker circuitry, and
electrode and lead displacement.
The US-American Food and Drug Administration underlines that there are weak
points in the studies of MR imaging in patients with pacemakers and implantable cardioverter defibrillators.387 It seems to be imprudent for patients with certain cardiovascualar devices to undergo MR imaging. Judicious scrutiny with careful patient screening and exact and reliable assessment of the
implanted device are compulsary before an
MR examination of such a patient.
Monitoring of ECG, blood pressure
measurement, and pulse oximetry by trained personnel during the MR study is absolutely necessary. Recommended procedures
vary; in some places the presence of an
anesthesiologist or cardiologist is standard
for the preparation and immediate followup of the patient.
The current scientific statement from the
US-American Heart Association does not
comment on SAR limitations.388 However,
the European Society of Cardiology recommends a SAR limit of 2 W/kg.389 It is recommended to adjust the highest possible
387 Faris OP, Shein M. Food and Drug Administration perspective: magnetic resonance imaging of
pacemaker and implantable cardioverter-defibrillator patients. Circulation. 2006; 114: 1232–
1233.
388 Levine GN, Gomes AS, Arai AE, Bluemke DA,
Flamm SD, Kanal E, Manning WJ, Martin ET,
Smith JM, Wilke N, Shellock FG. Safety of
magnetic resonance imaging in patients with cardiovascular devices: an American Heart Association scientific statement from the Committee on
Diagnostic and Interventional Cardiac Catheterization. Circulation. 2007; 116: 2878-2891.
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SAR for each sequence to ≤2.0 W/kg,
preferably to ≤1.5 W/kg. Note that the SAR
of an identical pulse sequence at 1.5 Tesla
quadruples at 3.0 T and is more than twenty
times higher at 7.0 T. Therefore, the maximum field strength for studies of such patients is 1.5 T.
Other Implants. Similar considerations
hold for pacemakers used for stimulation of
the carotid sinus or intracorporal insulin
pumps. Here, no adverse effects have been
observed.390 However, interference in electronic cochlear implants and ferromagnetic
mechanical stapedial replacements has been
reported.391 Prosthetic heart valves are not
considered to be dangerous in low fields. 392
Patients should not undergo MR imaging in
high or ultrahigh fields if valve dehiscence
is clinically suspected.
Implants that involve magnets such as
magnetic sphincters, stoma plugs, dental
implants, etc., can be demagnetized by the
MR equipment. They should be removed
prior to the examination.
The label stainless steel is not a guarantee for non-ferromagnetic steel.
389 Roguin A, Schwitter J, Vahlhaus C, Lombardi
M, Brugada J, Vardas P et al. Magnetic resonance imaging in individuals with cardiovascular
implantable electronic devices. Europace 2008;
10: 336-346.
390 Schröder P-M, Miksicek A, Koralewski H-E,
Römer T. Kernspin-Tomographie bei Patienten
mit Nervenschrittmachern (English abstract: MR
in Patients with nerve pacemakers). RöFo Fortschr Röntgenstr 1987; 147: 198-199.
391 Hepfner ST, Skelly MF. Radiofrequency interference in cochlear implants. N Engl J Med
1985; 313: 387.
392 Soulen RL, Budinger TF, Higgins CB. Magnetic
resonance imaging of prosthetic heart valves.
Radiology 1985; 154: 705-707.
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Incidental Hazards:
Other Considerations

Figure 18-08:
Burn on the back of a patient who underwent MR
imaging while lying on an ECG lead.

Wires, other metallic objects, and
skin contact. Wire configurations such as
pacemaker lead wires, ECG and plethysmographic cables, and surface-coil connections can act as antennae. Gradient and RF
fields may induce current into these wires
and thus cause fibrillations and burns (Figure 18-08). This presents a risk to the patient and must be eliminated prior to the examination.
In a similar way this holds for all clothing containing metallic threads or components, as well as all metallic objects such as
eye glasses, jewelry, hairpins, buttons,
watches, bracelets, prostheses, etc. All of
these objects must be removed prior to the
examination.
The patient’s skin should not be in contact with the inner bore of the magnet.
Large-radius wire loops should not be
formed by leads or wires that are used in
the magnet bore. If the patient’s arms and
legs are not completely covered with clothing, insulating material must be placed between the legs, and between legs and magnet. Leg-to-leg and leg-to-arm skin contact
must be prevented in order to avoid the risk
of burning due to the generation of high
current loops if the legs or arms are allowed
to touch.

Claustrophobia. This is a very real psychological danger for some patients. Claustrophobia and other psychological stress situations have been reported to be severe
enough to interrupt the examination in
about 1-4% of cases.
A high incidence of claustrophobia requires additional psychological training of
doctors and staff.
Explanation of the imaging procedure
and the equipment prior to the examination
helps to reduce claustrophobia significantly.
Friendly, compassionate, and caring bedside manners help avoid claustrophobia.
The contact, dialogue and understanding
between patient and radiographer are
among the most important ingredients of a
successful MRI examination.
Most claustrophobic patients are able to
complete their examination when some effort is made to support them corresponding
to their individual needs.393
Particular considerations that proved
helpful to patients according to the Norwegian study are summarized in Table 18-03.
The patient should be given:
• general information in advance, including the room, the location of the operators' console, the MR machine and
the positioning of the patient;
• explanation of the strategy and handling
of the examination;
• a debriefing.
393 Landrø Svarliaunet AJ. Pasientkommunikasjon
og gjennomføringsstrategi ved MR. Hold Pusten.
2014; 41: 24-28 (in Norwegian).
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Which strategy to be used depends on the
patient. When given some advice about
how to handle stress inside the magnet,
most patients achieve the needed feeling of
self-control. Communication leads to the
choice of the right strategy for the individual patient, as the radiographer can act and
adjust the examination on the response of
the patient.
Small, open, wide-bore and low-noise MR
machines are advantageous because the
percentage of claustrophobic incidents
drops significantly.
The possibility of the patient falling from
the examination couch and hypotonic syndrome (due to heat, motionless horizontal
lying for a certain time, and psychological
agitation) are additional hazards.

Table 18-03:
Avoiding or relieving claustrophobia.
These actions are simple, but very practical and helpful. They indicate a positive attitude towards the patients' problems and aid the patients in building up
the confidence in themselves to manage the situation.

Claustrophobia, MRI, and
the Human Factor
Claustrophobia isn't a technical problem that can be
solved by technical means.
Compassionate bedsite manners are called for. Read
more on page 355.

Pregnancy. There is no evidence that MR
can harm the fetus or embryo. An epidemiological study by Kanal, et al. concluded
that data collected from MR imaging technologists were negative with respect to any
statistically significant elevations in the
rates of spontaneous abortion, infertility,
and premature delivery.394 As a safety precaution, MR scanning should be avoided in
the first three months of pregnancy.
MR imaging is indicated for use in pregnant women if other non-ionizing forms of
diagnostic imaging are inadequate, or if the
examination provides important information which would otherwise require exposure to ionizing radiation such as x-ray or
CT.
394 Kanal E, Gillen J, Evans J, Savitz D, Shellock
FG. Survey of reproductive health among female
MR workers. Radiology 1993; 187: 395-399.
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MR imaging is used for fetography (Figure
18-09), particularly for imaging the brain.
At 3.0 Tesla, the specific absorption rate
(SAR) and the increased noise may, at least
potentially, adversely affect the fetus.395
With imaging times shorter than 30 minutes, normal SAR regimens did not lead to
temperature increases above 1° C in pregnant animals. However, longer imaging
times can lead to an increase of 2.5° C.
Therefore some major hospitals refer pregnant women to 1.5-Tesla (or lower field
strength) machines.
Similar considerations hold for pregnant
staff of a magnetic resonance department.
Mainly for psychological reasons, it might
be a wise precaution that pregnant staff
Figure 18-09:
members do not remain in the scan room MR fetography in the 32nd week of pregnancy.
during actual scanning; however, they are
allowed to prepare and position the patient,
administer contrast agents, and to scan.
Sedation. MR has become an important
tool in pediatric imaging. Since some infants and children are unable to cooperate
with the examiners, there is an increased
demand for sedation.
Some infants sleep soundly through an
MR examination, particularly if they have
eaten; however, many infants and children
up to eight years require sedation, even if
they are accompanied by their parents into
the scanner room.
395 Cannie MM, De Keyzer F, Van Laere S, Leus A,
de Mey J, Fourneau C, De Ridder F, Van
Cauteren T, Willekens I, Jani JC. Potential heating effect in the gravid uterus by using 3-T MR
imaging protocols: experimental study in
miniature pigs. Radiology. 2016; 279: 754-761.

In most instances, teenagers can be treated
like adults.
Details on sedation and procedures can be
found in the literature.396, 397, 398
396 American Academy of Pediatrics, Committee on
Drugs. Guidelines for monitoring and management of pediatric patients during and after sedation for diagnostic and therapeutic procedures.
Pediatrics 1992; 89: 1110-1115.
397 American Academy of Pediatrics, Committee on
Drugs. Guidelines for monitoring and management of pediatric patients during and after sedation for diagnostic and therapeutic procedures.
Pediatrics 1992; 89: 1110-1115.
398 Kanal E, Shellock FG. Policies, guidelines, and
recommendations for MR imaging safety and
patient management. J Magn Reson Imaging
1992; 2: 247-248.
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Physiological Hazards
The physiological risks of magnetic and radiofrequency fields have been intensively
examined for a long time. There is, for instance, danger of radiofrequency heating, of
shear forces between brain tissues, nerve
stimulation by gradient fields, as well as
genotoxic effects. There are reports about
sensations of vertigo, nausea, and metallic
taste at 3 and 7 Tesla. Yet, there are hardly
any long-term studies following persons
who were exposed to such fields. To get an
impression of the complexity of the topic
we shall discuss some possible physiological hazards in more detail on the following
pages. A number of topics require further
evaluation, in particular concerning ultrahigh magnetic fields.
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Physiological Hazards:
Static Magnetic Fields
In every MR examination, a large static
magnetic field is applied. Field strengths
for clinical equipment can vary between 0.2
and 3.0 T; to date, experimental imaging
units have a field strength of up to 17.5 T
(Table 18-04).
There are a number of biophysical effects whereby static magnetic fields might
influence biological processes or an organism's behavior.

Vestibular system. In 1988 a group at
the General Electric Corporate Research
and Development Center described in an
abstract sensations of vertigo, nausea, and
metallic taste in a group of volunteers.
There was statistically significant evidence
for field-dependent effects which were
greater at 4 T than at 1.5 T. In addition, they
found magnetic phosphenes caused by motion of the eyes within the static field. The
results were published in a full paper in
1992 and considered proof that there is a
sufficiently wide margin of safety for the
exposure of patients to the static fields of
conventional magnetic resonance equipment operated at 1.5 to 2 T and below.399
More than twenty years later, scientific
articles and two PhD theses from the
Netherlands throw new light on hazards of
ultrahigh field magnetic resonance equipment operating at fields higher than 2 Tesla,
Table 18-04:
Definition of field strength. Ultralow-field machines describing reversible decline in cognitive
operate at a field strength below 0.1 T, low field
between 0.1 and 0.5 T, medium field between 0.5 and 399 Schenck JF, Dumoulin CL, Redington RW, Kres1 T, high field between 1 and 2 T, and ultrahigh field
sel HY, Elliott RT, McDougall IL. Human expomachines above 2 T (Definitions set by EMRF in
sure to 4.0-Tesla magnetic fields in a whole1989).
body scanner. Med Phys. 1992; 19: 1089-1098.
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function as well as symptoms of nystagmus, vertigo, postural instability, nausea,
and metallic taste in employees working
with MRI at fields of 3 T and, to a higher
degree, at 7 T.400, 401, 402 One third of the severely ill patients enrolled in a comparative
study at 7 Tesla complained about vertigo
and nausea caused by the equipment.403
These symptoms, with the exception of
the observed change of taste, hint to an effect of the magnetic field on the vestibular
system that is responsible for the sense of
balance, spatial orientation, and posture
which was substantiated by Houpt and colleagues. They observed that rats did not enter a 14.1 T magnet. After a first climb into
14.1 T, most rats refused to re-enter the
magnet or climb past the 2 T field line. Detection and avoidance required the vestibular apparatus of the inner ear, because after
surgical removal of the labyrinth rats readily traversed the magnet.404
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Magnets, superstition and
the fear of the unknown,
power and money …
Everybody puts in their own
two bits. But times change
and new facts turn up, also in
MRI safety.
Read more on page 359.

It is not advisable to prescribe histamineblockers such as diphenhydramine to preventively mitigate the strength of vertigo
and nausea at ultrahigh static magnetic
fields, although this procedure has been
proposed to "pave the way to even higher
field strength".405 Such patients should
rather be referred to lower field machines.
Some additional results are contradictory and cannot be explained by biophysical
or biochemical mechanisms. The effects
observed may be attributed to other causes
not considered by the researchers in the
setup of the experimental protocol.

400 Roberts DC, Marcelli V, Gillen JS, Carey JP, Volume forces – shear forces. Volume
Della Santina CC, Zee DS. MRI magnetic field forces are dependent on tissue susceptibility
stimulates rotational sensors of the brain. Curr
and the product of field strength and spatial
Biol 2011; 21: 1635-1640.
401 Schaap K. Working with MRI: An investigation field gradient. Their threshold for human
of occupational exposure to strong static mag- tolerance is still unknown.
netic fields and associated symptoms. Thesis, There is also limited knowledge about the
Utrecht University. 2015.
susceptibility differences between iron con402 van Nierop LE. The magnetized brain. Working
mechanisms for the effect of MRI-related mag- taining tissues in the cerebral cortex and
netic fields on cognition, postural stability, and surrounding tissues and possible shearing
oculomotor function. Thesis, Utrecht University. issues at ultrahigh magnetic fields, such as
2015.
subtle variations in the magnetic properties
403 Springer E, Dymerska B, Cardoso PL, Robinson
of brain tissue, possibly reflecting varying
SD, Weisstanner C, Wiest R, Schmitt B, Trattnig
406
S. Comparison of routine brain imaging at 3 T iron and myelin content.
and 7 T. Invest Radiol. 2016; 51: 469-482.
404 Houpt TA, Cassell JA, Riccardi C, DenBleyker
MD, Hood A, Smith JC. Rats avoid high mag- 405 Thormann M, Amthauer H, Adolf D, Wollrab A,
netic fields: Dependence on an intact vestibular
Ricke J, Speck O. Efficacy of diphenhydramine
system. Physiology & Behavior 2007; 92: 741in the prevention of vertigo and nausea at 7 T
747.
MRI. Eur J Radiol. 2013; 82: 768-772.
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Nerve conductivity. As early as 1893,
the first results of experiments about a possible influence of static magnetic fields
upon nerve tissue were obtained. 407 These
and all later experiments showed negative
results. There are apparently no effects on
the conduction of impulses in the nerve
fiber up to a field strength of 0.1 T generated by either changing the electrical resistance or the potential of the excitation.408, 409
The minimum magnetic field required to
produce observable effects seems to be
quite large. Theoretical considerations argue that fields of 24 T are required to produce a 10% reduction of nerve impulse
conduction velocity.410

Orientation changes of macromolecules, living cell subcellular components, and magneto-biomaterials in
the brain. A re-orientation caused by diamagnetic anisotropy is seen in highly ordered biological structures, such as sickle
cells and retinal rods in magnetic fields of
0.35 and 1.0 Tesla, respectively. While it is
not possible to orient the individual constituent molecules with such fields, these
structures can be oriented as a whole by
summing the anisotropy over a large number of mutually oriented molecules. These
results are reproducible.411
It is still unknown what happens to magneto-biomaterials in the human brain at
high/ultrahigh fields; it is also still unChanges in enzyme kinetics. Up to 45 known what their function is – whether
Tesla, no important effects on enzyme sys- they are, e.g., bioreceptors or biosensors. 412,
413
tems have been observed.
Biogenic magnetite in the human brain was
detected as a minimum of 5 million singledomain crystals per gram for most tissues
406 Fukunaga M, Li TQ, van Gelderen P, et al.
Layer-specific variation of iron content in cere- in the brain and greater than 100 million
bral cortex as a source of MRI contrast. Proc crystals per gram for pia and dura. MagNatl Acad Sci USA. 2010; 107: 3834-3839.
netic property data indicate the crystals are
407 D’Arsonval MA. Action physiologique des in clumps of between 50 and 100 particles.
courants alternatifs à grande fréquence. Arch d
Apparently, such nanoparticles can also be
Physiol 1893; 5: 401-406.
408 Abashin VM, Yevtushenko GI. Influence of a incorporated into the brain by breathing in
permanent magnetic field on biological systems. polluted air.
Biofizika 1975; 20: 276-280; and
Abashin VM, Yevtushenko GI. A permanent 411 Hong FT. Magnetic field effects on
magnetic field and the conduction of an impulse
biomolecules, cells, and living organisms. Bioalong the nerve. Biofizika 1975; 20: 281-285.
systems 1995; 36: 187–229 [review].
409 ACR, American College of Radiogy. Kanal E, 412 Kirschvink JL, Kobayashi-Kirschvink A, DiazBarkovich AJ, Bell C, et al. ACR [American
Ricci JC, Kirschvink SJ. Magnetite in human tisCollege of Radiology] guidance document for
sues: a mechanism for the biological effects of
safe MR practice. AJR 2007; 188: 1-27. [Guideweak ELF magnetic fields. Bioelectromagnetics
lines mainly for the United States of America].
1992; Suppl 1: 101-113.
410 Wikswo JP, Barach JP. An estimate of the steady 413 Schultheiss-Grassi PP, Wessiken R, Dobson J.
magnetic field strength required to influence
TEM investigations of biogenic magnetite exnerve conduction. IEEE Trans Biomed Eng
tracted from the human hippocampus. Biochim
1980; 27: 722–723.
Biophys Acta. 1999; 1426: 212-216.
–
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Magnetohydrodynamic effects. In a
model of the human vasculature it was
shown that changes in hydrostatic pressure
in the presence of a large static magnetic
field (10 Tesla) were less than 0.2%.414
These changes are claimed to be caused
by interaction of induced electrical potentials and currents within a solution, e.g.
blood, and an electrical volume force causing a retardation in the direction opposite to
the fluid flow. This decrease in flow velocity must be compensated for by an elevation in pressure. At and below 1.5 T no significant changes are expected.415, 416
Membrane transportation and blood
sedimentation. Other potential hazards
from static fields include, for instance,
membrane transportation and blood sedimentation induced by the field. As Mansfield pointed out, static magnetic field gradients of 0.01 T/cm make no significant difference in the membrane transport processes. The influence of a static magnetic
field upon erythrocytes is not sufficient to
provoke sedimentation, as long as there is a
normal blood circulation.417
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Cardiac changes. A field-strength-dependent increase in the amplitude of the
ECG in rats has been observed during exposure to homogeneous stationary magnetic
fields. The minimum level at which augmentation could be observed was 0.3 T; at
2.0 T, the increase was by an average of
400%. The augmentation in T-wave amplitude occurred instantaneously and was immediately reversible after exposure to the
magnetic field ceased (Figure 18-10). There
have been no abnormalities in the ECG in
later follow-up.418 The authors suggest that
augmentation of the signal amplitude in the
T-wave segment may result from a superimposed electrical potential.
At field strengths of between 7 and 10 T,
no arrhythmia could be proven.419 According to the national radiation protection
agencies, it is unlikely that cardiac fibrillation occurs as a result of induced flow potential in the major blood vessels or heart
chambers at this level of field intensity.
No circulatory alterations coincide with
the ECG changes. No biological risks are
believed to be associated with them.
Genetic effects. There have been several

414 Keltner JR, Roos MS, Brakeman PR, Budinger
TF. Magnetohydrodynamics of blood flow. reports that static magnetic fields may provoke genetic mutations, changes in growth
Magn Reson Med. 1990; 16: 139-149.
415 Budinger TF. Safety of NMR in vivo imaging rate and leukocyte count and other effects;
and spectroscopy. in: Budinger TF, Margulis AR:
Medical magnetic resonance imaging and spectroscopy. A primer. Society of Magnetic Resodon: Academic Press. 1981, 297-332.
nance in Medicine: Berkeley, CA, U.S.A. 1986; 418 Gaffey CT, Tenforde TS. Alterations in the rat
215-231 [review].
electrocardiogram induced by stationary mag416 Tenforde TS, Gaffey CT, Moyer BR, Budinger
netic fields. Bioelectromagnetics 1981; 2: 357TF. Cardiovascular alterations in Macaca mon370.
keys exposed to stationary magnetic fields: ex- 419 Battocletti JH, Salles-Cunha S, Halbach RE,
perimental observations and theoretical analysis.
Nelson J, Sances Jr A., Antonich FJ. Exposure of
Bioelectromagnetics 1983; 4: 1-9.
rhesus monkeys to 20,000 G steady magnetic
417 Mansfield P, Morris PG. NMR imaging in
field: effect on blood parameters. Med Phys
medicine. Biomagnetic effects. New York, Lon1981; 8: 115-118.
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Figure 18-10:
Flowing blood can behave as a moving conductor in
a magnetic field. The field can induce a voltage that
will be highest during the part of the cardiac cycle
with the fastest blood velocity. This coincides with
the T-wave of the ECG and enhances the T-wave, potentially mimicking pathology.
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genotoxic effect from MRI up to 7 T,423 although, for instance, Takashima and collaborators described genotoxic effects in
DNA-repair
defective
mutants
of
drosophila melanogaster after 24-hour exposure to static magnetic fields of 2, 5, and
14 T.424 According to the National Radiological Protection Board of the United
Kingdom,425 the available experimental evidence weighs against electromagnetic fields
acting directly to damage cellular DNA.
This review implies that these fields
may not be capable of initiating cancer in a
manner that parallels that of ionizing radiation and many chemical agents (for instance ultra-violet and ionizing radiation,
e.g., x-ray CT, virus infections, and temperature as well as beta blockers used by cardiovascular patients and MRI contrast
agents).
No reports have been published that persons exposed to at commonly used magnetic fields, including personnel at MR departments, have a higher incidence of genetic damage to their children than found in
the average population.

however, some results of these experiments
could be reproduced, others could not.420, 421 423 Budinger TF, Bird MD, Frydman L, Long JR,
Nevertheless, some authors claim it be
Mareci TH, Rooney WD, Rosen B, Schenck JF,
unlikely that mutagenic effects are introSchepkin VD, Sherry AD, Sodickson DK,
Springer CS, Thulborn KR, Uğurbil K, Wald LL.
duced by fields lower than 1.0 T,422 in addiToward 20 T magnetic resonance for human
on, there is no convincing evidence for a
brain studies: opportunities for discovery and
neuroscience rationale. MAGMA. 2016; 29:
420 Schwartz JL, Crooks LE. NMR imaging pro617-639 [review].
duces no observable mutations or cytotoxicity in 424 Takashima Y, Miyakoshi J, Ikehata M, Iwasaka
mammalian cells. AJR 1982; 139: 583-585.
M, Ueno S, Koana T. Genotoxic effects of strong
421 Vijayalaxmi FM, Speck O. Magnetic resonance
static magnetic fields in DNA-repair defective
imaging (MRI): a review of genetic damage inmutants of drosophila melanogaster. J Radiat
vestigations. Mutat Res 2015; 764: 51–63 [reRes 2004; 45: 393–397.
view].
425 Radiological Protection Board, National (United
422 Mansfield P, Morris PG. NMR imaging in
Kingdom). Electromagnetic fields and the risk of
medicine. Biomagnetic effects. New York, Loncancer. Documents of the NRPB 3, 1 Didcot,
don: Academic Press. 1981, 297-332.
Oxon: NRPB. 1992.
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Physiological Hazards:
Varying Magnetic Fields
Varying magnetic fields are necessary for
the localization of nuclei with magnetic
properties within the sample.
A well described effect of varying magnetic
fields is the so-called magnetic phosphenes,
which were first observed in the late 19th
century.426
Phosphenes are stimulations of the optic
nerve or the retina, producing a flashing
sensation in the eyes. They seem not to
cause any damage in the eye or the nerve.
They are attributed to magnetic-field variations, but difficult to create in common
clinical systems and may occur in a threshold field change of between 2 and 5 T/s.
Motion-induced magnetic phosphenes
were easily visible at 4 Tesla.427
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Peripheral nerve stimulation (PNS).
The mean threshold levels for various stimulations are 3,600 T/s for the heart, 900 T/s
for the respiratory system, and 60 T/s for
the peripheral nerves. They increase with
field.429 Guidelines in the United States
limit switching rates at a factor of three below the mean threshold for peripheral nerve
stimulation.
Varying magnetic fields are also used to
stimulate bone healing in non-unions and
pseudarthroses. The reasons why pulsed
magnetic fields support bone healing are
not completely understood.430 Rapid echoplanar imaging and high-performance gradient systems create fast-switching magnetic fields inducing currents that stimulate
muscle and nerve tissues (cf. EPI, page
155).

The electrogustatory effect is claimed not to
be connected to the presence of metallic
tooth-fillings. An exact threshold could not
be determined. It seems to be set off by the
motion of the head, depending on rate and
direction.
However, one experimental publication
hints that in an ex vivo setting, mercury
may be released from amalgam fillings af- 428 Yilmaz S, Adisen MZ. Ex vivo mercury release
ter exposure to 7.0 Tesla but not at 1.5
from dental amalgam after 7.0-T and 1.5-T MRI.
Radiology. 2018 Jun 26:172597. doi: 10.1148/
Tesla.428
426 D’Arsonval MA. Dispositifis pour la mesure des
courants alternatifs à toutes fréquences. C R Soc
Biol (Paris) 1896; 3: 451.
427 Schenck JF, Dumoulin CL, Redington RW, Kressel HY, Elliott RT, McDougall IL. Human exposure to 4.0-Tesla magnetic fields in a wholebody scanner. Med Phys. 1992; 19: 1089-1098.

radiol.2018172597.
429 Budinger TF, Fischer H, Hentschel D, Reinfelder
H-E, Schmitt F. Physiological effects of fast oscillating magnetic field gradients. J Comput Assist Tomogr 1991; 15: 909–914.
430 Bassett CAL, Mitchell SN, Gaston SR. Pulsing
electromagnetic field treatment in ununited fractures and failed arthrodeses. JAMA 1982; 247:
623-628.
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Physiological Hazards:
Radiofrequency Fields

Because of the nearly unlimited number of
variables it is nearly impossible to collect
unbiased statistics in huge populations; for
Radiofrequency pulses are used in MR instance, the death toll caused by air pollution is orders of magnitude higher than the
imaging for the excitation of the nuclei.
claimed toll by leukemia caused by ELF.
The influence of extremely low-frequency (ELF) fields has been blamed for
numerous reactions, occurrences and diseases in animals and humans, for instance
cancers, Alzheimer's disease, or even causing a decrease in milk production in cows.
The most likely best known publications
among articles about this topic are those associating an increase in the incidence of
leukemia with the location of buildings
close to high-current power lines with ELF
electromagnetic radiation of 50-60 Hz, and
industrial exposure to electric and magnetic
fields. In 1979, Wertheimer and Leeper reported an association between childhood
cancer and “electrical current configuration” of houses in Denver, Colorado. 431 This
publication provoked a torrent of questions
and research programs.432, 433
To date, there is neither a final confirmation
of a connection nor is there a corroboration
of the contrary. Anyway, a transposition of
such effects to MRI seems rather unlikely,
if they exist at all.
431 Wertheimer N, Leeper E. Electric wiring
configurations and childhood cancer. Am J Epidemiol 1979; 109: 273-284.
432 Milham S. Mortality from leukemia in workers
exposed to electrical and magnetic fields. N Engl
J Med 1982; 307.
433 Willett EV, McKinney PA, Fear NT, Cartwright
RA, Roman E. Occupational exposure to electromagnetic fields and acute leukaemia: analysis of
a case-control study. Occup Environ Med 2003;
60: 577–583.

Heat deposition. RF fields may interact
with both tissues and foreign bodies, such
as metallic implants, in the patient. The
main result of this type of interaction is
heat.
The higher the frequency (and thus magnetic field), the larger will be the amount of
heat developed; and the more ionic the biochemical environment in the tissue, the
more energy that will be deposited as
heat.434, 435
This effect is well-known for homogeneous model systems, but the complex
structure of various human tissues makes
detailed theoretical calculations very difficult, if not impossible.
RF power deposition and thus heating
are increased by changing MR parameters
such as decreasing the RF repetition time,
adjusting flip angles, and changing matrix
size.436, 437
434 Led JJ, Petersen SB. Heating effects in carbon13 NMR spectroscopy on aqueous solution
caused by proton noise decoupling at high frequencies. J Mag Res 1978; 32: 1-17.
435 Radiological Protection Board, National (United
Kingdom). Electromagnetic fields and the risk of
cancer. Documents of the NRPB 3, 1 Didcot,
Oxon: NRPB. 1992.
436 Bottomley PA, Edelstein WA. Power deposition
in whole-body NMR imaging. Med Phys 1981;
8: 510-512.
437 Mollerus M, Albin G, Lipinski M, Lucca J. Magnetic resonance imaging of pacemakers and implantable cardioverter-defibrillators without spe-
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In several in vitro and in vivo low and
medium field experiments, no life threatening increase in temperature could be shown.
Even in high magnetic fields, no local
temperature increase greater than 1° C occurred.438, 439
The highest skin temperature increase
described in humans reached 2.1° C,440
however in the uterus of pregnant animals
at ultrahigh field (3 Tesla) 2.5° C were
measured.441
Eddy currents may heat up implants and
thus may cause local heating. In vitro
worst-case experiments performed with a
large and very thin thermally insulated aluminium sheet at 1.5 T after 15 minutes of
exposure showed a temperature rise of only
0.08°C.
Hot spots may occur in the exposed tissue. At present, it seems unlikely that such
hot spots in the body exist, but to avoid or
at least minimize effects of such theoretical

438

439
440
441

complications, the frequency and the power
of the RF irradiation should be kept at the
lowest possible level.
The specific absorption rate (SAR)
helps to estimate RF heating effects. It
might be a poor indicator of magnetic resonance-related implant heating.442 However,
SAR is regulated and MR operators are required to follow these regulations.
SAR increases with field strength, radiofrequency power and duty cycle, as well
as transmitter coil type and body size. In
high and ultrahigh fields, some pulse sequences or procedures may create a higher
SAR than recommended by the agencies.
At low fields, the maximum SAR is at
the surface; this changes if the field
strength is increased to high and ultrahigh
fields. With the exception of the eyes, the
human head, for instance, has good heat removal mechanisms for its surface, but not
for the brain. As Hoult pointed out in a review paper,443 caution should be exercised
when imaging at ultrahigh fields.

cific absorption rate restrictions. Europace 2010;
12: 947-951.
Budinger TF. Safety of NMR in vivo imaging
and spectroscopy. in: Budinger TF, Margulis AR:
Medical magnetic resonance imaging and spectroscopy. A primer. Society of Magnetic Resonance in Medicine: Berkeley, CA, U.S.A. 1986;
215-231 [review].
Liboff RL. A biomagnetic hypothesis. Biophys J
1965; 5: 845-853.
Shellock FG, Kanal E. Magnetic resonance: bioeffects, safety, and patient management. Philadelphia, PA, U.S.A.: Lippincott-Raven 1994.
442 Nitz WR, Brinker G, Diehl D, Frese G. Specific
Cannie MM, De Keyzer F, Van Laere S, Leus A,
absorption rate as a poor indicator of magnetic
de Mey J, Fourneau C, De Ridder F, Van
resonance-related implant heating. Invest Radiol
Cauteren T, Willekens I, Jani JC. Potential heat2005; 40: 773-776.
ing effect in the gravid uterus by using 3-T MR 443 Hoult DI. Sensitivity and power deposition in a
imaging protocols: experimental study in miniahigh-field imaging experiment. J Magn Reson
ture pigs. Radiology. 2016; 279: 754-761.
Imaging 2000; 12: 46–67 [review].
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Regulations
and Legal Aspects
It is difficult to get a proper overview of
regulations concerning MRI equipment on
national or international levels.
Since the early 1980s, a number of national health and radiation protection
boards established recommendations concerning magnetic resonance equipment and
spectroscopic units.444, 445, 446, 447, 448
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All limits set by them were recommended
levels, not mandatory ones. In the meantime, however, some manufacturers started
using field strengths beyond 2.0 T, different
pulse sequences, and gradient switching
procedures without any reported ill effects.
Adjustments made do not cover all possible medical applications of MR imaging,
although the US-American Food and Drug
Administration extended the designation of
‘nonsignificant risk’ to MR systems with
field strengths of up to 4.0 T in 1997 and
8.0 T in 2003 (4.0 T in neonates younger
than one month).449
The International Electrotechnical Commission followed suit in 2016.450 At present,
there is an investigational device exemption
of the US Food and Drug Administration
for fields up to 9.4 Tesla.
For legal reasons, the owner of MR
equipment has to ensure that the equipment
does fulfill the local requirements. In some
countries, the regulations are more stringent
than in others; in other countries, they are
nonexistent.
The RF energy during an MR examination must be adjusted to avoid producing a

444 Hentschel K, Goltz S, Ruppe I, Eggert S,
Neuschulz H, Angerer M. Electrified railway
transport systems, part 2: electric and magnetic
fields emitted by conventional railway transport
systems. Bundesanstalt für Arbeitsschutz und
Arbeitsmedizin BAuA. Research Report Fb 800.
Bremerhaven, Germany 1998.
445 ICNIRP, International Commission on Non-Ionizing Radiation Protection. Guidelines for limiting exposure to time-varying electric, magnetic.
and electromagnetic fields (up to 300 GHz).
Health Physics 1998; 74: 494-522. [review]; and
– ICNIRP statement on the "Guidelines for limiting exposure to time-varying electric, magnetic,
and electromagnetic fields (up to 300 GHz)."
Health Physics 2009; 97: 257-258.
446 Radiological Health, Bureau of (United States of
America). Guidelines for evaluating electromagnetic risk for trials of clinical NMR systems. De- 449 U.S. Department of Health and Human Services;
partment of Health and Human Services, Public
Food and Drug Administration; Center for DeHealth Service, Food and Drug Adminstration.
vices and Radiological HealthRadiological DeRockville, 25 February 1982; and:
vices Branch; Division of Reproductive,
– US Food and Drug Administration: Magnetic
Abdominal, and Radiological Devices; Office of
resonance diagnostic device; panel recommendaDevice Evaluation. Guidance for Industryand
tion and report on petitions for MR reclassificaFDA Staff Criteria for Significant Risk; Investition. Fed Reg 1988; 53: 7575-7579.
gations of Magnetic Resonance Diagnostic De447 Radiological Protection Board, National (United
vices; Document issued on: July 14, 2003.
Kingdom). Exposure to nuclear magnetic reso- 450 IEC, International Electrotechnical Commission.
nance clinical imaging. Radiography 1981; 47:
Medical electrical equipment - Part 2-33:
258-260.
Particular requirements for the basic safety and
448 Radiological Protection Board, National (United
essential performance of magnetic resonance
Kingdom). Electromagnetic fields and the risk of
equipment for medical diagnosis. IEC 60601-2cancer. Documents of the NRPB 3, 1 Didcot,
33:2010+AMD1:2013+AMD2:2015. Geneva:
Oxon: NRPB. 1992.
IEC. 2016.
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core temperature rise in excess of 1°C and
localized heating greater than 38° C in the
head (3.2 W/kg averaged over head mass),
39° C in the trunk (or 10 W/kg over any 10
grams), and 40° C in the extremities (or 10
W/kg over any 10 grams).451
The legal requirements must be guaranteed by the manufacturer because the user
in general is unable to check power output,
gradient strength, or even field strength.
This guarantee must cover authorized hardware and software updates after the initial
installation. Specially designed computer
programs usually supervise the power output of MR systems and will not allow or
will interrupt any imaging or spectroscopy
procedure exceeding those limits considered safe.
According to the specific FDA criteria
for SAR (specific absorption rate) limits, 452
the SAR must not be greater than:
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An update of the US-American FDA
guidelines was published in 2021453
Some European countries have also issued
national SAR restriction. No common denominator has been found.
In July 2016, the European Commission's Directive on electromagnetic fields
(EMF) came into force. At present, this directive addresses only short-term effects,
not yet possible long term effects. And, also
at present, MRI equipment is excluded
from the regulations of this directive.454

• 4 W/kg averaged over the whole body
453 U.S. Department of Health and Human Services,
for any 15-minute period;
Food and Drug Administration, Center for De• 3 W/kg averaged over the head for any
vices and Radiological Health. Testing and Labeling Medical Devices for Safety in the Mag10-minute period; or
netic Resonance (MR) Environment -- Guidance
• 8 W/kg in any gram of tissue in the exfor Industry and Food and Drug Administration
tremities for any period of 5 minutes.
Staff. Document issued on May 20, 2021.
451 NEMA Standards Publication MS 8-2008. Characterization of the Specific Absorption Rate for
Magnetic Resonance Imaging Systems. www.nema.org.
452 U.S. Department of Health and Human Services;
Food and Drug Administration; Center for Devices and Radiological Health, Radiological Devices Branch; Division of Reproductive,
Abdominal, and Radiological Devices; Office of
Device Evaluation. Guidance for Industryand
FDA Staff Criteria for Significant Risk; Investigations of Magnetic Resonance Diagnostic Devices; Document issued on: July 14, 2003.

https://www.fda.gov/media/74201/download
454 European Commission. Directive of the European Parliament and of the Council on the minimum health and safety requirements regarding
the exposure of workers to the risks arising from
physical agents (electromagnetic fields) (XXth
individual Directive within the meaning of Article 16(1) of Directive 89/391/EEC). Brussels:
European Commission, 2013. and:
– European Commission, Directorate-General, for
Employment, Social Affairs and Inclusion, Unit
B3. Non-binding guide to good practice for implementing Directive 2013/35/EU, Electromagnetic Fields, Volume 1: Practical Guide. Brussels: European Commission, 2015.
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