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Introduction

In 1998, the first 8-Tesla whole body MRI system was installed for research purposes [1]. By
the end of 2010, more than 20 ultra-high field systems, i.e. MR systems above 3T, for human
imaging will be in operation, mainly 7T MR scanners. These fast developments lead to
increased safety concerns regarding potential risks and health effects associated with the
use of MRI. The purpose of this lecture is to identify potential hazards for volunteers,
patients, as well as for MR personnel in the environment of ultra-high field MR systems.
Additionally, possible solutions are pointed out to avoid or at least to decrease these risk
factors.

Three types of fields are responsible for potential hazards during MRI procedures: The high
static magnetic field By generating the macroscopic nuclear magnetization, the alternating
magnetic gradient fields G for spatial encoding of the MR signal, and the radiofrequency (RF)
electromagnetic fields B1 for excitation and preparation of the spin system. After a short
description of the safety regulations and operation modes, the three types of fields are
discussed regarding to safety, especially for ultra-high field MRI.

Operation Modes

Two comprehensive reviews by international commissions form the base of exposure limits.
The International Electrotechnical Commission (IEC) published the international MR Safety
Standard (IEC 60601-2-33) [2] and the International Commission for Non-lonizing Radiation
Protection (ICNIRP) issued safety recommendations for occupational exposure and patients
[3, 4]. To reflect the existing uncertainty about harmful effects of magnetic and
electromagnetic fields and to offer the necessary flexibility for the development and clinical
evaluation of new MR technologies, both safety regulations give exposure limits for three
different modes of operation for patients:

a) Normal operating mode: Routine MR examinations that do not cause physiological stress
to patients.

b) Controlled (first) operating mode: Specific MR examinations outside the normal
operating range where discomfort and/or physiological stress to some patients may
occur. Therefore, a clinical decision must be taken to balance such effects against
foreseen benefits and exposure must be carried out under medical supervision.

c) Experimental (second) operating mode: Experimental MR procedures with exposure
levels outside the controlled operating range. In view of the potential risks for patients
and volunteers, special ethical approval and adequate medical supervision is required.
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Static Magnetic Field

The static magnetic field interacts with the human body at the molecular, cellular, tissue,
and organ level [5]. If the body is moved through the spatially variable magnetic field, e.g.,
head movement of the MR personnel during patient preparation at the bore end, electric
currents induced in the body. Regarding side effects, this might be the most important
difference compared to lower-field magnets [6, 7], as induced currents inside the body
depend on dB/dt. Currents may also occur due to flowing blood [8, 9].

During the recent years, several studies have been published concerning health effects of
MR workers and patients on the exposure to strong static magnetic fields beyond 4 Tesla.
Chakeres et al could not detect any significant effects of vital sign parameters like heart rate,
respiratory rate, diastolic blood pressures, finger pulse oxygenation levels, and core body
temperature at 8 T [10]. The only physiological parameter that was significantly changed was
the systolic blood pressure. This is consistent with a hemodynamic compensatory
mechanism to counteract the drag on blood flow exerted by magneto-hydrodynamic forces
[11]. Some volunteers and patients exposed to static magnetic fields above 1.5 T
experienced sensations of dizziness, vertigo, and nausea [7, 10, 12-15]. Such effects are
thought to be consistent with magneto-hydrodynamic effects on the endolymph of the
vestibular apparatus [15]. The often reported metallic taste in the mouth, which occurs
during approach to the magnet, is not related to dental fillings; instead, the taste sensation
comes from liberation of protons due to currents across the tongue caused by temporally
changing magnetic fields [16, 17]. Moreover, some volunteers and patients reported on
magnetophosphenes occurring during rapid eye movement in a field of at least 2 T, which
may be attributable to weak electric fields induced by movements of the eye, resulting in an
excitation of structures in the retina [6, 14].

All these side effects might be increased in the environment of an ultra-high field system. To
reduce the magnetic-field induced electric currents it is cautioned that patients should be
moved slowly into the magnet bore. MR personnel should not move fast in the stray field of
the magnet, although due to the long bore of ultra-high field machines the magnetic field
strength close to the bore end is not that different than for 3 T MR systems (e.g. at the laser
cross position of a 7T System B =2.0 T, and at same position of a 3T MR System By =1.24 T).
The threshold for motion-induced vertigo has been estimated to be around 1 T/s for
durations greater than 1 s [18]; avoiding these sensations is likely to afford protection
against other effects of induced electric fields and currents that arise as a consequence of
motion in a strong static magnetic field. Some 7T MR systems are equipped with an
automatic patient table that reduces the velocity while the head is moved through the
highest magnetic field gradient (close to the bore end of the magnet). However, for this
technique the head position must be known.

Neurobehavioral effects caused by the exposure to static magnetic fields have been studied.
Eye—hand coordination and a near-visual contrast sensitivity were found to be slightly
declined at 1.5 T [19], whereas a small negative effect on short-term memory was noted at 8
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T [20]. A more recent study could not detect any neurobehavioral effect at 3T, here, the
results of a cognitive test battery were compared to a control experiment without magnetic
field [21]. In a new study from 2010 no significant effect on cognitive function at 1.5 Tand 7
T could be found [22].

Long-term effects of exposure to static magnetic fields are difficult to assess. Until now, after
over 100 million examinations worldwide, of which more than one thousand examinations
were conducted at 4, 7 or 8T, no indications for any lasting health effects on humans have
been observed, except for avoidable incidences related to inadvertent introduction of
metallic objects within the magnetic field (i.e., ferromagnetic objects turning into projectiles
[23, 24]).

Several guidelines and recommendations were proposed concerning the exposition during
the stay and during the movement within the vicinity of the MR magnet for both MR
workers and patients. In Europe, the static magnetic field guideline for MR workers is based
on the ICNIRP guideline from 1998 [3]. From this, occupational exposure is limited to 2 Tesla
for head and trunk, and 5 Tesla for limbs. European guidelines for patients are based on the
International Electrotechnical Commission (IEC) [2] and divide the limits in above described
three operation modes. In the normal mode patients can be exposed to fields up to 3 T, in
the first (controlled) mode, patients can be exposed up to 4 T. For MRI examinations within
the second (experimental) mode (>4 T) significant risks cannot be excluded. In the US, the
non-significant risk status was extended for clinical fields up to 8 T by the Food and Drug
Association already in July 2003 [3].

According to present knowledge, it is not expected that exposure of human subjects to static
magnetic fields of 7 T implies a specific risk of damage or disease, as far as known
contraindications are observed.

Gradients: Peripheral Nerve Stimulations and Noise

The gradient system produces weak magnetic fields which are superimposed on the static
magnetic field. Gradient fields are switched on and off at acoustic frequencies of up to 10
kHz, and electric currents within the body are induced. In 7T systems, gradient performance
is identical to modern 1.5 and 3T systemes, as all systems are made to observe the IEC 60601-
2-33 guidelines [2] for switching gradients.

However, the acoustic noise associated with an MR examination is produced through the
interaction of the gradient system with the static magnetic field due to Lorentz forces, and
the acoustic noise level of ultrahigh-field systems is therefore expected to increase.
However, with worst case protocols at a 7T Magnetom Siemens MR System sound pressure
levels up to 112 dB are generated, which is similar to those of a 1.5 T Siemens MR System
[25]. The low sound pressure level of this 7T MR system results from additional technical
measures to reduce acoustic noise.
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Radiofrequency

RF electromagnetic pulses for spin excitation will deposit energy in the tissue in the form of
heat. Particularly, the dependence of RF power deposition on the Larmor frequency (or Bg
field strength) has been a topic of research over the last 30 years. For ultra-high field whole
body MR systems accurately predicting the RF power absorption has become essential to
classify the potential clinical practicality of these systems as well as future ones. The RF wave
length in tissue Ayss decreases with By which results for protons in Ayss = 11 cm at 7T (for
comparison: Asss = 52 cm at 1.5T and A4iss = 26 cm at 3T). The reduced wave length leads to
constructive interferences of standing waves within the body and thus produces
inhomogeneous RF excitation [26]. Beside the resulting inhomogeneities in image signal and
contrast a main problem is the inhomogeneous distribution of RF power deposition.
Therefore, the critical health concern is not only associated with RF power deposition in the
whole head/body, but with the rise in local temperatures. In practice, one of the important
safety concerns is the RF “hot spots”' produced by the rise in specific absorption rate (SAR).
In addition, coupling of the RF pulse energy with local receive-only coils and other medical
devices further raises the risk of heating. Also of increasing concern is the potential RF
heating during MRl in patients with medical implants.

The IEC or FDA limits for tissue energy deposition should be respected similar to lower-field
systems. However, SAR scales quadratically with the magnetic field strength [27]. Therefore,
at ultra-high field MR systems the SAR related pulse sequence parameters like RF flip angle,
TR, number of slices etc., are more restricted than for 3T applications. Especially for high-
SAR pulse sequences like fast Spin echo and SSFP sequences or for high-flip angle
applications as fat suppression or magnetic transfer pulses the compliance with SAR limits is
difficult to archieve. To overcome these problems the variable-rate selective excitation
(VERSE) algorithm has been proposed for slice-selective RF pulses [28], which maintains
short pulse duration while reducing the SAR. At ultra-high field imaging the VERSE method
has been applied for SAR optimization of time-of-flight angiography [29] and in
multidimensional parallel transmission pulses [30].In a recent study an acoustic noise
optimized VERSE algorithm is presented [31].

Most important is the correct calculation of possible SAR values due to the used RF-transmit

coil, sequence parameters, and patient weight. At normal applications the MR systems have

SAR monitoring implemented and for ultra-high field scanners a conservative SAR restriction
is disposed. Custom-build RF coils, however, need to be assessed concerning SAR, where SAR
simulations with human models are required since hot spots cannot be revealed adequately

with phantom measurements only [32, 33].

The SAR determination of multidimensional parallel transmission pulses is even more
challenging. As mentioned above, MR imaging at field strengths of 3T and higher suffers
from RF field inhomogeneities. Therefore, parallel RF transmission was introduced which
allows shaping the B1 transmit field in a patient-specific way for slice selective RF excitation
[34, 35] as well as multidimensional RF pulses [36]. However, the introduction of parallel
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transmission requires a thorough revision of the present (single-channel) SAR management
concept. Recent studies revealed significant, highly safety-relevant differences between
single-channel and multi-channel RF transmission leading to a worldwide search for new,
adequate SAR monitoring systems (e.g., [35, 37, 38]). A comprehensive management
concept should include SAR estimation prior to the MR scan, RF monitoring where the
actually transmitted RF fields is measured during the examination, and in the case that the
RF power is rated to be dangerous the scan execution has to be aborted [39]. Moreover, as
the problem of B1 inhomogeneity is patient depended, SAR simulations should be
performed before each MR examination.

Conclusion

Up to now, no health risks of ultra-high field applications could is reported, as far as known
contraindications are observed. Nevertheless, special safety care has to be taken at MR
systems with field strength beyond 3T. Awareness of the growing likelihood for side effects
to arise at higher fields should be a motivation for physicians to take additional time for
patients. It is important not to alarm the subjects, but to give them a reasonable and
sensible outlook on possible side effects. As switching gradients are the same as used for
modern 3T or 1.5T MR systems, no special safety management is needed for ultra-high field
systems. However, as the SAR is related to the RF electromagnetic field and this to the field
strength of the MR system, transmitted RF is highly-safety relevant. Especially for new RF
coil designs like multidimensional transmit pulses a deliberate SAR management concept is
needed. Special care has to be taken for patients with metallic implants, because also non-
ferromagnetic devices can lead to hazardous heating due to local SAR increase.
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