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Safety for Human MR Scanners at 7T

Tomohisa Okada1*, Thai Akasaka1, Dinh HD Thuy1, and Tadashi Isa1

After introduction of the first human 7 tesla (7T) system in 1999, 7T MR systems have been employed as
one of the most advanced platforms for humanMR research for more than 20 years. Currently, two 7TMR
models are approved for clinical use in the U.S.A. The approval facilitated introduction of the 7T system,
summing up to around 100 worldwide. The approval in Japan is much awaited. As a clinical MR scanner,
the 7T MR system is drawing attention in terms of safety.

Several large-sized studies on bioeffects have been reported for vertigo, dizziness, motion disturbances,
nausea, and others. Such effects might also be found in MR workers and researchers. Frequency and severity
of reported bioeffects will be presented and discussed, including their variances. The high resonance
frequency and shorter RF wavelength of 7T increase the concern about the safety. Homogeneous RF pulse
excitation is difficult even for the brain, and a multi-channel parallel transmit (pTx) system is considered
mandatory. However, pTx may create a hot spot, which makes the estimation of specific absorption rate
(SAR) to be difficult. The stronger magnetic field of 7T causes a large force of displacement and heating on
metallic implants or devices, and the scan of patients with them should not be conducted at 7T. However,
there are some opinions that such patients might be scanned even at 7T, if certain criteria are met. This article
provides a brief review on the effect of the static magnetic field on humans (MR subjects, workers, and
researchers) and neurons, in addition to scan sound, SAR, and metal implants and devices. Understanding
and avoiding adverse effects will contribute to the reduction in safety risks and the prevention of incidents.
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Introduction

Currently, two 7 tesla (7T)MR scanner models have received
510k approval for clinical imaging by the Food and Drug
Administration (FDA) in the U.S.A. However, they are not
yet approved in Japan, and the first-level controlled operat-
ing mode is required by the International Electrotechnical
Commission (IEC) standard 60601-2-33.1 At this level, an
MR scanner of 8T or less is recognized as a medical device
with non-significant risk, where certain imaging parameters
may cause physiological stress, such as peripheral nerve
stimulation or tissue heating. The static magnetic field may
also exert its effects on MR workers and researchers.

The safety issues can be sorted into several categories. In
addition to the increased static magnetic field, additional

safety issues stem from the transmit RF power and its inho-
mogeneity in distribution. RF power deposition increases
quadratically to magnetic field strength or resonant
frequency.2 The RF power deposition monitored as the spe-
cific absorption rate (SAR) imposes a significant restriction
on pulse sequences that use large flip angles, especially on
spin echo and inversion recovery sequences. Nonuniform RF
transmit fields cause variations in the excitation flip angle
distribution, and its correction using a multi-channel parallel
transmit (pTx) system may create a hot spot. Large scan
sound (noise) may also matter. Basically, subjects with
metal devices or implants are not scanned at 7T, but there
are some opinions that such patients can be scanned at 7T,
when some criteria are met. This review article is focused on
the recent reports on the safety of the MR scan at 7T. For a
comprehensive safety information (in Japanese), please refer
to the website of JSMRM issued in 2017 (http://www.jsmrm.
jp/modules/other/index.php).

Static Magnetic Field

Effects on subjects
Many short-term effects have been reported in relation to expo-
sure to time-varying or static magnetic fields, but the effects
have been considered as temporary and non-serious. However,
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at 7T, the static magnetic field and its spatial gradient have
become too large to neglect. Most of the current MR magnets
are actively shielded, and the strength of the magnetic field
changes rapidly at the entry of the magnet (Fig. 1). The static
magnetic field changes from 1T to 6T within a distance of
around 1m.3 Abrupt head motion even at the magnet entry
may cause vertigo. Therefore, when the patient table is moved
as fast as in 3T, patients frequently complain of vertigo. In
extreme cases, nausea and vomiting might be caused. The
table speed should be reduced, and it takes 1 min from the
entry to the isocenter in our institution. Uwano et al. summar-
ized sensations of 504 subjects in 7TMRI.4 Moderate-to-severe
vertigo and feeling of curving/leaning were observed in more
than 10% of subjects when the table was moving (Fig. 2).

Transient vertigo and dizziness have been noted as effects
promoted by the disturbance of the vestibular organ that
becomes stronger at 3T and above.5 Possible causes for ver-
tigo are magnetic susceptibility differences between vestibular
organs and surrounding fluid6 or direct stimulation of hair
cells.7 Vestibulopathy is a significant concern at 7T.

Theysohn et al. assessed vestibular performance before and
after exposure to different magnetic fields of 7T, 1.5T, and 0T
in 46 volunteers.8 They found that exposure to the 7T static
magnetic field causes only a temporary dysfunction or over-
compensation of the vestibular system, which was not
detected at 1.5T or 0T. RF fields, gradient switching, and
orthostatic dysregulation do not seem to affect the results.

Uwano et al. also reported many biological effects other
than vertigo, including headache, fear, tachycardia, and so on,
but almost all of them occurred in less than 10% of the
subjects.4 These symptoms were significantly mitigated when
the table was stationary. When questionnaire was collected
after scan in nearly 1000 subjects, dizziness of moderate to
very high degree was observed in roughly 1/3, especially when
going into the magnet.9 Other symptoms of the same degree
included headache (up to 10%) and nausea (less than 5%).

However, some of the symptoms may not be attributable
entirely to the effect of the magnetic field. Friebe et al. con-
ducted an interesting study using a mock scanner of 0Twith an
actual scanner table and recorded background sound.10 They

Fig. 1 Magnetic field distribution at the entry to the center of a 7T magnet. T, tesla.

Fig. 2 Sensations in MR imaging at 7T. The results are adopted and modified from reference #4. HC, Healthy Control; Pt, Patients; T, tesla.
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compared subjective sensation at 0T and 7T in 44 young sub-
jects. Vertigo was apparently more frequent and severe at 7T,
but unpleasantness by moving in and out of the scanners was
noted even at 0T, although the severity was higher at 7T.
Moreover, five subjects noticed mild magnetic field at 0T.
Some factors other than magnetic field may exert certain effects
on the subjective evaluations. Despite of such observations, it
should be noted that MR operators should always pay attention
to the patients and subjects and take every necessary action to
avoid/alleviate any adverse effect.

Effects on neurons and cognitive function
No serious adverse effect has been reported on magnetic
field itself, and exposure of the brain to high magnetic fields
of up to 8 T does not appear to alter human cognitive
performance.11 There was a significantly better performance
of recognition memory in 0.05T compared with 8T, but the
difference was extremely small, not clinically meaningful,
and attributed to statistical artifact.

However, a recent study showed suppressed excitability
of the human motor cortex using transcranial static magnetic
field stimulation (tSMS).12 The intensity of the static mag-
netic field was 0.1–0.2T using a strong cylindrical neody-
mium, iron, and boron (NdFeB) permanent magnet.
Application of tSMS over the supplementary motor area
increased resting-state functional MRI (fMRI) activity and
bilateral functional connectivity between the supplementary
motor area and related brain areas.13 A higher human cogni-
tion has also been reported to be affected by tSMS, where
misjudgment of pre-bisected lines was observed immediately
after tSMS stimulation of 20 mins over the right superior
temporal gyrus.14 At the cellular level, tSMS seems to alter
the function of membrane ion channels, utilizing the diamag-
netic anisotropic properties of phospholipids.15 The effect of
tSMS for 10 mins at the primary motor area was found to be
temporary and recovered within 20 mins.12 However, a
recent study showed a long-lasting decrease in corticospinal
excitability with an increased intracortical excitability
caused by tSMS for 30 mins.16,17 Even a weak static mag-
netic field may affect the brain function, and caution should
be provided. These findings on tSMS suggest some tempor-
ary changes in the brain function. Such changes can be found
in detailed experiments but are not elucidated on subjects’
behavior after MR scans. We should keep such possibility in
mind and pay attention to it.

Effects on operators
The International Commission on Non-Ionizing Radiation
Protection (ICNIRP) defines guidelines for exposure in the
controlled and uncontrolled working environments. In the latter
environment, the limitations are 2000 mT for the peak static
magnetic flux density and 2000 mTchange over any 3s motion
in the head for protection against vertigo.18,19 When exposure
to static magnetic fields during activities around human MRI
scanners was investigated on five researchers at a research

center, the maximum exposure values were 2057 mT and
2890 mT around the 3T and 7T MR system, respectively. The
dB/dt values were 4347 mT/s and 3900 mT/s.20 Occasional
exceeding over the limitation was observed, but it was only for
a short time and highly variable among the individuals. No
correlation was found between reporting the MRI-related sen-
sory effects and exceeding the reference values.

Despite such results, more than 10% of 7T MR workers felt
vertigo (27%), feeling of instability (11%), and metallic taste
(21%) in equal to or more than half of their working time, when
66 workers were examined at multiple 7T MR centers.21 It is
somewhat odd that no metal taste was reported in the study
conducted by Friebe.10 When the effects of stray magnetic field
outside of a whole-body 7T MRI scanner combined with head
motion were investigated, the performance of a visual tracking
task was decreased by 1.3% per 100 mT exposure.22 In addi-
tion, there was a trend for performance reduction in eye–hand
coordination tasks to be decreased. Even working within the
ICNIRP guideline, some effects have been observed. Operators
should pay attention so that they go near the magnet only when
it is necessary and move slowly.

Effects on pregnancy
Ray et al. evaluated the risk of stillbirth or neonatal death within
28 days of birth and any congenital anomaly, neoplasm, and
hearing or vision loss from birth to age 4 years.23 In their
comparison between first trimester MRI (n = 1737) and no
MRI (n = 1418451), no increased risk of harm to the fetus or
in early childhood was found associated with MR examinations
in the first trimester of pregnancy. High SAR levels may also
matter, but studies failed to demonstrate substantial heating in
fetal tissues or amniotic fluid when imaging was conducted at
3Twithin normal-operating-mode SAR levels and a maximum
scan time of 30 mins.24,25 Therefore, American College of
Radiology wrote in their manual on MR safety that 3T MR
examinations performed within normal operating mode for
durations less than 30 mins should be considered safe in preg-
nant patients.26 Ultimately, the decision to image a pregnant
patient at 3T should be based on local institutional policies,
medical needs, and accessibility to 1.5T versus 3T MR scan-
ners. At this point, the safety of imaging pregnant patients at
field strengths greater than 3T (i.e., 7T) remains unclear.

Scan Sound (noise)

One of the advantages of 7T is higher spatial resolution, but it
requires larger gradient integral areas. For a fixed gradient
amplitude, the gradient pulse length and the TE become
longer, resulting in a lower SNR owing to the shorter T2
relaxation times at 7T. A larger gradient strength that is
switched quickly makes a larger noise. Applying a large
current that changes at a high frequency to the gradient coil
creates a Lorentz force, and the gradient coil cylinder starts to
vibrate and mechanically deform at frequencies above
100 Hz.27 Using a rampable magnet, Moelker et al. acquired
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acoustic data during various pulse sequences at the field
strengths of 0.5, 1.0, 1.5, and 2.0T.28 They found that most
of the acoustic energy was in the 1 kHz frequency band,
irrespective of magnetic field strength. The relation between
field strength and sound pressure level (SPL) was slightly less
than linear to the field strengths.29

This relationship can be explained by a newly observed
phenomenon called Lorentz damping.30 The intrinsically
stronger vibrations of gradient coil conductors exposed to
higher field strengths lead to greater mechanical damping
compared with lower fields. In addition, there exists an acous-
tic barrier material behind the rigid bore wall and mechanical
interfaces to block the transmission of the acoustic noise.

In spite of these mechanisms, a significantly higher fre-
quency of general discomfort has been reported during 7T than
3T scans (P = 0.031), with the most common discomfort at 7T
being noisiness (43%).31 Hansson et al. reported that approxi-
mately 10% of subjects considered scan noise to be unaccep-
table and scan condition to be uncomfortable.9 However, when
they were asked if they are willing to have a future 7T MR
scan, 5.7% and 1.5% disagreed as a study subject and a patient,
respectively. These results suggest that most of the subjects
will take 7T MRI scans if it is required in clinical practice.

SAR

SAR measures the rate of RF power deposition to the human
body. Independent of the static magnetic field strength, IEC
limits head SAR to 3.2 W/kg in a 6-min average, and the 10-s
average must not exceed the double of the limit value.32 In
addition, the local SAR levels averaged over 10 g of tissue
also need to be restricted.33 Subject age may also matter. The
7T scan might be limited for children < 30 kg, primarily
because of difference in SAR modeling from adults.34,35

The effect of SAR limitation is larger at 7T than at 3T.
Many of the turbo spin echo (TSE) scans cannot be safely
operated below the limit of SAR without increasing TR or
decreasing the number of slices. The variable flip angle
sequence can be a solution, but the current sequence is for
3T and requires optimization for 7T. Some gradient-echo
sequences can be adopted to attain similar contrast, such as
fluid and white matter suppression (FLAWS)36 contrast with
the magnetization-prepared 2 rapid acquisition gradient
echoes (MP2RAGE)37–39 readout compared with double
inversion recovery (DIR)40 acquired using the TSE. DIR is
frequently used to detect the lesions of multiple sclerosis41,42

and epilepsy.43,44 Also, in MRS, scans are frequently limited
by SAR due to multiple RF pulses for water and outer-
volume suppression. The use of stimulated echo acquisition
mode (STEAM)45 sequence can reduce RF deposition and
enables efficient scan with short TR values at 7T.46,47

Multi-coil transmit and SAR
The RF transmit (B1+) field inhomogeneity also raises addi-
tional SAR-related issues.48 Due to constructive interference

of a single-transmit RF pulse, B1+ is highest at the central
area of the brain, whereas it is lower at the periphery.49 The
relative standard deviation of the B1+ field over the whole
cerebrum is 11% and 22% at 3T and 7T, respectively. The
relative B1+ becomes as low as 20%–30% of the intended
RF power at the vicinity of the skull base,50 and some
method to increase B1+ homogeneity is required. One of
the solutions is to use multi-channel pTx mode.51–53 The
pTx has been shown to overcome B1+ inhomogeneities
that are present at high field and to reduce SAR by a factor
of 2 or more.54 It enables spatial field manipulation, but at
the same time, it may create hotspots by focusing the RF
fields.55 This means that accurate subject-specific SAR mea-
surement is mandatory to operate pTx appropriately.

Subject motion and SAR
It also should be noted from the viewpoint of safety that local
SAR can be increased by patient head motion. Kopanoglu
et al. applied RF pulses to a movable head phantom in an 8-
channel transmit array coil and analyzed the effect of relative
position shift/rotation.56 They compared conventional quad-
rature excitation and multi-spoke parallel-transmit excitation
after RF shimming and found that the local SAR increased
by more than 100% in 1 and 4 cm3 for quadrature and
parallel-transmit excitation, respectively, in the worst case
where the head model was shifted by 20 and 10 mm in right
and posterior directions, respectively. Considering that
patients may not keep still during an MR scan, comprehen-
sive evaluation for safety would be required. As a user of the
parallel transmit system, the counter measures would be
limited, but the subject should be fixed using soft foam
pads, etc., and instructed not to move for securing safety, as
well as maintaining high image quality.

Use of an original pTx coil
Development of RF coils is frequently required, and this is an
active field of research at 7T. Safety of RF coil is an impor-
tant issue, especially when a custom-built transmit RF coil is
used. Hoffmann et al. presented a comprehensive overview
of the testing procedures for electrical and mechanical safety
tests, SAR simulation and verification, risk analysis, and
operational procedures.57 However, it should be noted that
simulations need to match actual measurements as close as
possible because coupling between transmit channels signif-
icantly influences peak SAR.58

Implant/device Safety

Almost all of the MR safe/conditional devices and implants
are limited to their use in up to 3T. Conservative operation
may exclude all subjects with metallic implants and tattoos
from the 7T scan. Some clinical research sites conduct their
own safety tests for cranial fixation plates59 and aneurysm
clips,60 but such an evaluation requires extensive numerical
RF and temperature simulations in addition to their direct

T. Okada et al.

534 Magnetic Resonance in Medical Sciences



measurements. The results may also be affected by the RF
coil design, and formulation of a generalized approach would
be required.

Attraction force can be compared to the gravity by mea-
suring the deflection angle. Some vascular clips and implants
show deflection angles larger than 45 degrees at 7T, i.e.
attracted more than the gravity.61 Non-approved vascular
clips and implants need to be avoided, but dental metals are
usually fixed well and may not be problematic, except for
orthodontics that frequently cause large signal defects. Oriso
et al. examined metallic dental materials at 7T.62 Alloys of
platinum, gold, and silver were not attracted, but some
cobalt/nickel–chromium alloys were attracted by the MR
magnet, although their deflection angles were less than 45
degrees.

Barisano reported a research subject with bilateral knee
replacement implants made of cobalt–chromium–molybde-
num and titanium–aluminum–vanadium alloys scanned at
7T.63 No significant effect was observed on their brain
images, and no discomfort, pain, or other sensations were
complained by the subject. Safety comes first, but all metal-
lic implants may not be required to be excluded from the 7T
scan.

A practical consensus
There is a practical report by Noureddine et al. on their
experience in 7T imaging.64 Their decision-making process
on imaging subjects with metal implants that were not
approved for 7T was dependent on the distance from the
RF coil. This is because there is no whole-body coil for 7T.
Instead, transmit–receive coils are used for head and knee for
7T. When an implant is more than 30 cm away from the RF
coil and approved for MR safe/conditional labeling at 3T, the
subject can be scanned at 7T. This is because interaction
between the RF field and the implant may be negligible, as
long as attractive force and gradient-induced heating do not
cause a safety concern. When the implant is within 30 cm but
outside of the RF coil, there is potential interaction of a stray
field and the implant needs to be investigated. These recom-
mendations have been published as a consensus within the
German Ultrahigh Field Imaging (GUFI) network.65 It
suggests that subjects with implants may be imaged at 7T,
when the implants are outside a local RF transmit coil and
labeled with 3T MR safe/conditional without magnetizable
components.

Conclusion

The 7T MRI system will be gradually accepted in clin-
ical practice owing to numerous methodological and
hardware developments. It can be safely used for
human subjects including patients, but its operators and
users should be aware of its limitations and potential
adverse effects that are more frequently encountered at
7T. This review article is focused on the brain scan, but

7T application is also investigated for other body
regions. It should be advised to keep the safety knowl-
edge updated by forthcoming research for MR safety at
the ultra-high field.
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