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Purpose: The  use  of  high- performance  gradient  systems  (i.e.,  high  gradient 
strength and/or high slew rate) for human MRI is limited by physiological effects 
(including the elicitation of magnetophosphenes and peripheral nerve stimulation 
(PNS)).  These  effects,  in  turn,  depend  on  the  interaction  between  time- varying 
magnetic fields and the body, and thus on the participant’s position with respect 
to the scanner’s isocenter. This study investigated the occurrence of magnetophos-
phenes and PNS when scanning participants on a high- gradient (300 mT/m) sys-
tem, for different gradient amplitudes, ramp times, and participant positions.
Methods: Using a whole- body 300 mT/m gradient MRI system, a cohort of par-
ticipants  was  scanned  with  the  head,  heart,  and  prostate  at  magnet  isocenter 
and a train of trapezoidal bipolar gradient pulses, with ramp times from 0.88 to 
4.20 ms and gradient amplitudes from 60 to 300 mT/m. Reports of magnetophos-
phenes and incidental reports of PNS were obtained. A questionnaire was used to 
record any additional subjective effects.
Results: Magnetophosphenes were strongly dependent on participant position in 
the  scanner. 87% of participants  reported  the effect with  the heart at  isocenter, 
33% with the head at isocenter, and only 7% with the prostate at isocenter. PNS 
was most widely reported by participants for the vertical gradient axis (67% of par-
ticipants), and was the dominant physiological effect for ramp times below 2 ms.
Conclusion: This  study  evaluates  the  probability  of  eliciting  magnetophos-
phenes during whole- body imaging using an ultra- strong gradient MRI system. It 
provides empirical guidance on the use of high- performance gradient systems for 
whole- body human MRI.
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1   |   INTRODUCTION

Technical  advances  in  gradient  performance  (including 
the  availability  of  higher  amplitude  gradients)  have  led 
to  tremendous  improvements  in  MR  imaging.  In  recent 
years, various high- performance head- only1– 6 and whole 
body7,8 gradient systems have been developed, which con-
fer  performance  benefits  for  microstructural  imaging9– 11 
in  research  and  clinical  studies.12– 16  However,  rapid 
switching of ultra- strong gradient systems also produces 
rapidly time- varying, strong, magnetic  fields which have 
physiological effects on the human body. These phenom-
ena effectively limit the extent to which ultra- strong gra-
dients technologies can be used safely for in vivo imaging.

The interaction of electrical fields with nerves and mus-
cles was established by George Weiss,17 and nature of this 
interaction  was  widely  investigated  by  Eccles,  Hodgkin 
and  Huxley.18– 22  Nerve  stimulation  occurs  when  the  ap-
plication  of  an  extra- axonal  electric  field  pulse,  above  a 
certain threshold and parallel to the main axis of the axon, 
generates an action potential. Reilly23 described the phe-
nomenon  of  peripheral  nerve  stimulation  (PNS),  an  in-
voluntary muscle twitch, induced by rapidly time- varying 
magnetic  fields  produced  by  switching  gradient  coils  on 
and  off.  MR  systems  equipped  with  gradients  stronger 
than 100 mT/m can produce other physiological effects,7 
including magnetophosphenes24 or, in extreme cases, re-
spiratory25 or cardiac muscle stimulation, for example, an 
ectopic heartbeat.26,27 Magnetophosphenes are most likely 
generated  by  stimulation  of  the  retina.  They  are  gener-
ally perceived as a sensation of flashing or a faint flicker 
spanning much of the field of view, but often reported in 
peripheral vision. Magnetophosphenes are a biologically 
reversible  effect  and  thus  are  considered  non- harmful. 
They are, however, a sensitive probe to the lower thresh-
olds of the human physiological response to time- varying 
magnetic  fields  and  thus,  they  are  considered  useful  in 
establishing  thresholds  of  effects  which  are  biologically 
irreversible.28

Electrophysiological models, based on the spatially ex-
tended nonlinear node (SENN) model,21 indicate that the 
applied  electrical  field  must  exceed  a  given  threshold  to 
generate  an  action  potential. This  threshold  depends  on 
the characteristics of the extracellular stimulus, for exam-
ple, single pulse or multiple pulses, monophasic or bipha-
sic  pulses,  and  the  delay  between  consecutive  pulses.23 
Efforts  have  been  made  to  design  gradient  pulse  shapes 

that minimize PNS effects, especially for MRI acquisitions 
such as echo- planar imaging (EPI).29– 31.

As defined by the IEC Standard ISO/IEC- 60601- 2- 33,32 
the PNS limits for a scanner can be established by study-
ing  the  PNS  reported  by  a  cohort  of  volunteers.  During 
routine scanning, a dedicated model, implemented in sys-
tem hardware and software, predicts the specific physio-
logical limits for a given measurement.33

The Siemens 3T Connectom is whole- body system with 
ultra- strong gradients (300 mT/m gradient amplitude and 
200 T/m/s  slew  rate).7,8,11 The  system  was  originally  de-
signed  for  neuroscience  research  but  there  is  increasing 
interest in using the system’s ultra- strong gradients “below 
the neck”, for example, advanced diffusion applications in 
the heart and prostate.34

The production of magnetophosphenes had not previ-
ously been a problem with maximal achievable gradient 
amplitudes  (e.g.,  ≤80  mT/m).  However,  initial  work  on 
an  ultra- strong  gradient  system7  reported  magnetopho-
sphenes when using gradient  strengths greater  than 130 
mT/m,  but  only  when  the  eyes  were  located  more  than 
10  cm  away  from  the  isocenter. Thus,  this  physiological 
effect is particularly relevant for body applications, when 
the eyes are far away from the isocenter.

The IEC Standard ISO/IEC- 60601- 2- 3332 does not de-
fine a regulatory limit for magnetophosphene stimulation, 
nor a procedure for defining this limit in practice. The aim 
of  this  study  was  to  evaluate  the  probability  of  eliciting 
magnetophosphenes  to  develop  a  practical  guideline  for 
minimizing participant discomfort and/or anxiety.

2   |   METHODS

2.1  |  Participants

Ethical  approval  for  the  study  was  obtained  from  the 
School  of  Psychology  Research  Ethics  Committee  of 
Cardiff University. Fifteen participants were recruited for 
this study (age range: 27– 50, M = 38.87, SD = 7.17, weight: 
M = 77.73, SD = 9.59 kg, height: M = 178.6, SD = 6.39 cm; 
M, mean; SD,  standard deviation). All participants were 
male (to define a prostate landmark) and had no disclosed 
medical problems that would influence the validity of the 
results. Participants had provided informed consent prior 
to participation and had taken part in previous MRI stud-
ies. Participants were informed in advance that the aim of 

K E Y W O R D S

gradient switching fields, magnetic fields, magnetophosphenes, peripheral nerve stimulation, 
ultra- strong gradient system
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the study was to investigate physiological effects and were 
briefed on the likely physiological effects that might be ex-
perienced to ensure that these effects could be detected.

2.2  |  Experimental setup

The imaging system used in the study was a Connectom 
MRI scanner, a modified 3T MAGNETOM Skyra system 
fitted with an AS302 gradient coil  capable of 300 mT/m 
(Siemens  Healthcare,  Erlangen,  Germany).  To  assist  in 
providing a reference to other works, the vendor supplied 
maps of the maximum absolute magnetic field of the gra-
dient coil (excluding main magnet B0) allowing the peak 
dB/dt during the experiment to be estimated (Figure 1A).

Participants  were  placed  on  the  scanner  table  in  the 
supine  position  prior  to  data  collection  from  three  ana-
tomical regions: head (head first), heart (head first), and 
prostate (feet first). In each case, the participants’ left arm 
was positioned flat on the table alongside the left hip and 
their  right  hand  on  an  optical  fibre- interfaced  5  button 
response  box  (LxPad,  NATA  Technologies,  Coquitlam, 
Canada) placed on the abdomen. This device was used to 
receive feedback from the participants on the experience 
of  the  physiological  effects.  In  line  with  our  institute’s 
standard procedures,  the participants were also supplied 

with an alarm call button and a pulse oximeter (placed on 
the  left  hand  index  finger)  to  monitor  the  cardiac  cycle. 
The participants were  instructed not  to move. The scan-
ner  vendor’s  standard  pneumatic  headphones  and  ear-
plugs  were  used  to  limit  acoustic  noise.  To  increase  the 
sensitivity  to  any  visual  effects,  the  ambient  light  in  the 
scanner room was reduced to a minimum; the magnet and 
control room lights were switched off and any remaining 
light was from monitor displays. Lastly, absolute distances 
between the nasal area and the end of the sternum (heart 
position) and hip bones (prostate position) were measured 
(Figure 1B).

2.3  |  Acquisition protocol

We  assessed  the  occurrence  of  magnetophosphenes 
in  participants  when  applying  a  continuous  train  of 
128  trapezoidal  bipolar  gradient  pulses,  similar  to 
that  used  in  a  conventional  EPI  read- out.  Each  gradi-
ent pulse train was applied along a single gradient axis 
with ramp times ranging from 0.88 to 4.20 ms and gra-
dient  amplitudes  from  60  to  300  mT/m.  These  ranges 
were constrained by the MR system’s physiological limit 
monitors. The gradient amplitude/ramp time combina-
tions  used  in  the  study  were  defined  by  performing  a 

F I G U R E  1  A, Contour plots of the absolute magnetic field generated by the gradient coil used in this study. X- axis corresponds to 
left– right, Y- axis to anterior– posterior, and Z- axis to head– foot directions. To aid in the interpretation of the magnetophosphene results, 
the approximate position of the eyes for the prostate, heart, and head positions are shown (rectangular boxes). Top row: |B| for a 300 mT/m 
X- gradient (Y = 0). Note the plot for the Y- gradient is substantially equivalent for the illustrative purposes of the current figure. Bottom 
row: |B| for a 300 mT/m Z- gradient (Y = 0). B, Descriptive analysis of measured absolute distances between the nasal area and the body 
landmarks for the study population. Dots represent measured lengths, the half violin plot presents the distribution of measurements in the 
study sample and the half box plot represent the median and interquartile range: 41 cm, IQR = 5 cm and 67 cm, IQR = 2.75 cm for heart and 
prostate landmarks, respectively. Please note that Y- axis grid spacing is not uniform

(A)

(B)
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preliminary  investigation  of  magnetophosphenes  on 
three MR- experienced participants.

Data  were  sampled  from  the  lowest  gradient/shortest 
ramp time to  the strongest gradient/longest ramp time (70 
combinations, gradient variation first), for each of the three 
imaging  landmarks  (head,  heart,  and  prostate),  for  each 
gradient axis (X, Y, and Z), resulting in 630 stimuli for each 
participant. The sampling of the gradient/ramp time combi-
nations was weighted towards the high- gradient/long- ramp 
time  measurements,  as  the  low- gradient/short- ramp  time 
measurements had been previously performed by the vendor.

The gradient axes are defined as follows: When stand-
ing  in  front  of  the  scanner  and  looking  into  the  magnet, 
the X- axis points from left to right (horizontal axis); Y- axis 
points from bottom to top (vertical axis); and Z- axis points 
from  rear  to  front  (depth  axis).  After  each  gradient  stim-
ulus,  the participants were asked  to  indicate via a button 
press  whether  they  experienced;  (a)  no  effects,  (b)  PNS, 
and/or (c) magnetophosphenes. In the event of any other 
perceived  effects,  participants  were  instructed  to  use  the 
scanner alarm call button to report this to the experiment-
ers. The participants were not aware of the order of applied 
gradient  amplitude/ramp  time  stimuli. The  only  imaging 
performed was a localizer for landmark identification using 
the whole- body RF coil to verify participant positioning.

From the observations across  the cohort, an estimate 
of  the  probability  of  encountering  physiological  effects 
was established; the probability was calculated as a ratio 
of  counts  of  the  reported  effect  (PNS  or  magnetophos-
phenes) to the number of samples collected for each ramp 
time and gradient amplitude combination.

A  post- scan  questionnaire  was  administered  imme-
diately  after  the  experiment.  The  questionnaire  was  de-
signed to capture any other subjective effects not reported 
by the participants during the tests.

3   |   RESULTS

All study participants successfully completed the experi-
ment and were able to provide valid responses during the 
experiment and feedback via the post- scan questionnaire.

Magetophosphenes were reported by most participants 
in at  least one landmark position, as shown in Figure 2. 
These  visual  effects  were  more  widely  reported  when 
the gradient amplitude was above 150 mT/m, where the 
gradient ramp times are  longer. For the highest gradient 
amplitudes,  when  the  corresponding  gradient  stimulus 
ramp  times  were  above  3  ms,  magnetophosphenes  were 
reported by up to 86.7% of the participants (for the heart 
landmark);  for  lower  gradient  amplitudes,  when  ramp 
times were below 3 ms, fewer than 30% of participants re-
ported magnetophosphenes.

Participant  reports  of  magnetophosphenes  varied 
greatly  between  experiments  performed  in  the  different 
landmark  positions.  For  the  heart  landmark,  80%,  60  %, 
and 86.7% of  the study participants reported perceivable 
changes  in  vision  during  the  experiment,  for  the  X,  Y, 
and Z- axes, respectively. In the other landmark positions, 
there were fewer reports of magnetophosphenes, notably 
in the prostate position (6.7% of participants). For the head 
position, 33.3% participants reported magnetophosphenes 
when the stimulus was applied along the Y- axis; however, 
these were rarely reported on the X- axis (13.3%) and not 
reported at all when pulsing the Z- axis.

The highest  incidence of PNS  (Figure 3 and Table 1) 
occurred when the gradient was applied along the Y- axis, 
where 66.7% of the study volunteers reported some degree 
of PNS (head or heart positions). In contrast to magneto-
phosphenes, PNS was less common when applying gradi-
ents with longer ramp times, with participants reporting 
PNS in less than 20% of the cases when the ramp time was 
greater than 3 ms. PNS was less prominent when the stim-
ulus was applied along the X or Z- axis. There was no dra-
matic effect of imaging landmark on the PNS probability, 
as can be seen from Table 1.

The participants reported PNS across a wide range of 
locations in the body: in the shoulders, lower back, neck, 
jaw  and  below  the  ears,  chest,  abdomen,  arms,  fingers, 
legs, and feet. There was no consistent spatial pattern of 
PNS occurrences.

The post- scan questionnaire responses are reported in 
Figure 4. Overall, 13.3% of the participants reported some 
level of discomfort during  the experiment. This discom-
fort was associated with muscle twitches (13.3%), claustro-
phobia (6.7%), or scanner noise (13.3%). In all cases, these 
were classified by participants as either a “very slight dis-
comfort” or a “slight discomfort ”.

The most commonly reported effects were changes in 
vision by 73.3% of  the participants, and muscle  twitches 
which  were  reported  by  60%  (although  primarily  classi-
fied as an “awareness of the effect,” rather than discom-
fort). Other effects reported by participants were changes 
in  smell  or  taste,  dizziness,  elevated  heart  rate  (partic-
ipant’s  subjective  sensation,  not  evidence  from  pulse- 
oximeter measurements) and changes in temperature. In 
each case,  these were reported as an “awareness” rather 
than “discomfort”. These effects were already reported in 
the literature, and are most likely not related to gradient 
switching.10

4   |   DISCUSSION

We established the magnetophosphene stimulation prob-
ability  in  three  anatomical  locations,  for  a  trapezoidal 
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train of gradient pulses up to 300 mT/m. The experiment 
was  implemented  within  limits  imposed  by  regulatory 
bodies on PNS and cardiac stimulation.

While there have been several reports of magnetophos-
phenes associated with MRI, most are associated with the 
movement  of  an  individual  within  the  main  (static)  B0 
field.35,36 To our knowledge, only two previous studies have 
reported the observation of phosphenes in participants aris-
ing  from gradient switching, one  in a similar system7 and 

the other from a dedicated head only gradient coil.37 There 
is renewed interest in application- specific gradient coils, for 
example  for  neuroimaging  applications.38  These  gradient 
coils offer the performance advantages of higher slew- rates 
and greater gradient strength, while their reduced gradient 
fringe fields offer improvements in PNS performance when 
compared with whole- body gradient coils.

Electrophysiological  studies  have  demonstrated 
that  the  magnetic  field  threshold  for  producing 

F I G U R E  2  Percentage of participants reporting magnetophosphenes for the three imaging landmarks and three gradient axis. The dots 
are color- coded according to the percentage of volunteers reporting the effect for each of ramp time/gradient amplitude pair. The hardware 
limit (maximum slew rate and maximum gradient amplitude) is depicted as solid black line curve, the approximate location of the cardiac 
stimulation limit is shown as red dot- dashed line and the PNS limit (SAFE model,33 for X, Y, and Z axes separately) is shown as blue dashed 
line. As outlined in the discussion, the magnetophosphene guideline value, Gamp, is shown as a green dashed line. This represents the 
maximum gradient amplitude, at the maximum slew rate, for which fewer than 10% of participants reported magnetophosphenes. This is 
not defined where the guideline value is greater than 300 mT/m
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Note: Values represent the highest percentages of participants experiencing effects for each landmark- axis 
pair among the tested ramp times- gradient amplitude combinations.

T A B L E  1   Summary of the perceived 
physiological effects (magnetophosphenes 
and PNS) in three body imaging 
landmarks for the X, Y, and Z axes
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magnetophosphenes  depends  on  the  magnetic  field 
switching  rate  with  the  minimum  threshold  occurring 
at  around  30  Hz.39 The  gradient  switching  frequencies 

used  in  this  study  are  significantly  higher,  ranging  be-
tween  approximately  60  Hz  and  300  Hz.  However,  the 
magnetophosphene occurrence reported in this work is 

F I G U R E  3  Percentage of participants reporting PNS for the three imaging landmarks and three gradient axes. The dots are color- coded 
according to the percentage of volunteers reporting the effect for each of ramp time/gradient amplitude pair. The hardware limit (maximum 
slew rate and maximum gradient amplitude) is depicted as solid black line curve, the approximate location of the cardiac stimulation limit is 
shown as red dot- dashed line and the PNS limit (SAFE model,33 for X, Y, and Z axes separately) is shown as blue dashed line
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F I G U R E  4  The post- scan questionnaire results presenting the frequency of other physiological effects experienced during the scan
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consistent with earlier work, showing a reduction in the 
magnetophosphene  threshold  with  a  reduction  in  the 
switching  frequency  (i.e.,  longer  ramp  times).  This  ef-
fect was observed for all axes along which magnetopho-
sphenes were observed.

At  the  location  of  the  eyes,  the  estimated  maximum 
absolute magnetic field due to the gradient coil alone, at 
maximum  output  (300  mT/m,  Figure  1)  is  ~20  mT,  ~50 
mT  and  ~20  mT  for  the  head,  heart,  and  prostate  land-
marks,  respectively.  The  magnetophosphenes  reported 
by participants during the study (Figure 2) are consistent 
with these data— lower gradient amplitudes produce mag-
netophosphenes when the heart is at isocenter, than when 
the head or prostate are at isocenter. As a comparison with 
existing  literature, Lovsund39  reported  thresholds of ~10 
mT for a stimulus of 30 Hz and ~14 mT at 45 Hz. In our 
results,  magnetophosphenes  were  consistently  observed 
for gradient amplitude 150 mT/m and ramp time 4.2 ms 
in the head position (X- gradient) equivalent to Bmax of ap-
proximately 25 mT at ~60 Hz.

No  participants  suffered  discomfort  due  to  the  expe-
rience of magnetophosphenes, and they are not believed 
to  be  associated  with  any  long- term  health  effects.28 
Phosphene generation by magnetic, electrical and/or me-
chanical stimulation of retina and cortex are well known 
and  generally  reversible  (non- harmful)  phenomena.40– 42 
For  example,  visual  phosphenes  are  commonly  experi-
enced  in  brain  stimulation  techniques  and  these  phos-
phenes have been attributed to a combination of cortical 
and retinal effects.43– 45

Due  to  the  variability  in  participants’  physiological 
responses, participant positioning, gradient waveforms, 
and  MR  hardware,  it  is  challenging  to  condense  these 
results into general guidance for the treatment of mag-
netophosphenes  in  MRI  research.  We  have  attempted 
to do so, acknowledging a number of caveats, by using 
the  following  approach:  For  each  condition  (gradient 
axis  and  landmark),  a  “magnetophosphene  guideline 
value" was defined, representing the maximum gradient 
amplitude (Gamp), at the maximum slew rate, for which 
fewer  than 10% of participants  reported magnetophos-
phenes. These guideline values are  shown  in Figure 2, 
for each gradient axis and landmark. Please refer to the 
Supporting  Information  section  for  a  detailed  descrip-
tion of the guideline definition (Supporting Information 
Figure S1).

Studies exceeding the maximum Gamp should take ad-
ditional measures before routinely scanning research par-
ticipants.  Such  additional  measures  will  depend  on  the 
institution’s  local  rules but  should  include steps  such as 
participant informed consent, Institutional Review Board 
approval, monitoring and/or limiting the duration of the 
exposure,  pilot  studies  to  evaluate  stimulation  in  novel 

sequences/protocols/waveforms  and  additional  monitor-
ing of the participant during scanning (e.g., MR safe pulse 
oximeter  or  interaction  via  the  intercom).  Ideally,  pilot 
studies  should  include  the  determination  of  probability 
maps, such as the ones determined in this work, to take 
advantage of  the  full potential of high- performance gra-
dient systems.

The reports of PNS presented here are also in line with 
previous findings,46,47 namely that the PNS probability is 
higher along when pulsing the Y- gradient, most likely due 
to the larger anatomical cross- sectional area normal to the 
Y- axis. At ramp times longer than 1.5 ms, fewer reports of 
PNS were obtained (33.3% of participants across all imag-
ing landmarks and gradient axis). A fraction of these PNS 
reports may have been sensations of gradient coil vibra-
tions which are substantial at higher gradient amplitudes. 
When  participants  were  uncertain,  these  observations 
were included as a report of PNS. Although the intensity 
of  the  PNS  was  reported  to  increase  with  higher  ampli-
tudes of the applied impulse, comparison to literature is 
not feasible; in the previous works, protocols were stopped 
upon reaching the physiological threshold.38,48

We questioned participants on any aspects of discom-
fort  during  the  study  to  investigate  for  any  unexpected 
effects  of  high  gradient  field  systems.10 The  reported  ef-
fects, such as elevated heart rate, dizziness or a sensation 
of warming during the scan, were consistent with reports 
from participants in studies on other systems in our cen-
ter.  However,  in  our  study,  changes  in  vision  (related  to 
gradient switching, not  static magnetic  field) were more 
consistently reported, especially for high gradient ampli-
tudes, as expected due to change of body position within 
scanner bore.

4.1  |  Study limitations

The sampling of the gradient/ramp time points was lim-
ited  by  the  scanner:  the  PNS  limit  (as  implemented  by 
the SAFE model33) and the IEC cardiac limiter32 (as im-
plemented via a hardware limit on gradient output) were 
both enabled during the study. Additionally the set of gra-
dient/ramp time measurement points was kept consistent 
for all gradient axes. This results in the X and Z gradients 
reporting  a  lower  PNS  probability  than  the  Y- axis.  As  a 
result, it was not possible to define a physiological thresh-
old  in  all  cases,  for  example,  the  phosphene  threshold 
usually  exceeds  the  existing  scanner’s  cardiac  limit  for 
ramp times shorter than 3 ms. This is due to a conserva-
tive interpretation of the IEC cardiac limit, based on Reilly 
extrapolation from animal studies,27 which was set to an 
estimated probability of 10−9  to produce an ectopic beat 
(ISO/IEC- 60601- 2- 33).
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The  magnetophosphene  guidelines  yield  indicative 
values  for  when  further  investigation  is  required  when 
planning a study involving a novel gradient waveform or 
pulse sequence. Further work will be conducted to investi-
gate physiological effects in applications using alternative 
diffusion  encodings  such  as  multidimensional  q- space 
imaging,49  and  to  evaluate  the  consistency  of  the  mag-
netophosphene guidelines on the application of different 
waveforms. For generalized gradient encoding, as well as 
for newly developed gradient systems,4,37 further work is 
required  to  predict  the  stimulation  patterns  precisely.48 
Comparisons  with  other  studies  using  bipolar  gradient 
schemes can be impaired by slight differences in the tim-
ing between the studies.38,48

As  our  main  interest  was  in  the  longer  ramp  time/
stronger gradient domain, a limited dataset was acquired 
in the gradient/ramp time combinations more commonly 
sampled during PNS studies  (less  than 100 mT/m and 1 
ms). As a consequence, the conclusions that can be drawn 
relating to PNS are limited.

Finally,  the  participant  group  contained  only  males 
(due  to  the  interest  in  the  prostate). Thus  the  magneto-
phosphene  and  PNS  probabilities  may  be  different  for 
females, adolescents or younger groups, as differences in 
anatomical distances will  lead  to participants experienc-
ing different parts of the gradient field (Figure 1).

5   |   CONCLUSIONS

Evaluation of the physiological limits is critical for human 
safety  on  high- performance  gradient  MR  systems.  This 
study  investigated  the elicitation of magnetophosphenes 
by  a  high- gradient  field  system  when  different  ana-
tomical  locations were placed at  isocenter. Based on the 
framework provided by this work, the likelihood of mag-
netophosphenes  can  be  estimated  in  future  studies  of 
different anatomical regions when using ultra- strong gra-
dient whole- body MR systems.

ACKNOWLEDGEMENTS
CMWT is supported by a Sir Henry Wellcome Fellowship 
(215944/Z/19/Z) and a Veni grant (17331) from the Dutch 
Research  Council  (NWO).  This  research  was  funded  in 
whole, or in part, by a Wellcome Trust Investigator Award 
(096646/Z/11/Z)  and  a  Wellcome  Trust  Strategic  Award 
(104943/Z/14/Z). For the purpose of open access, the au-
thor has applied a CC BY public copyright licence to any 
Author  Accepted  Manuscript  version  arising  from  this 
submission. This work was also supported by an EPSRC 
equipment  grant  (EP/M029778/1)  to  DKJ.  MM  is  sup-
ported by a Siemens Healthcare Limited grant.

CONFLICT OF INTEREST
FF and RK are employees of Siemens Healthcare GmbH. 
MM holds a PhD studentship that is co- funded by Siemens 
Healthcare GmbH.

ORCID
Malwina Molendowska   https://orcid.
org/0000-0001-8540-8424 

REFERENCES
  1.  Foo TK, Tan ET, Vermilyea ME, et al. Highly efficient head- only 

magnetic field insert gradient coil for achieving simultaneous high 
gradient amplitude and slew rate at 3.0 T (MAGNUS) for brain mi-
crostructure imaging. Magn Reson Med. 2020;83: 2356- 2369.

  2.  Foo TK, Laskaris E, Vermilyea M, et al. Lightweight, compact, 
and  high- performance  3  T  MR  system  for  imaging  the  brain 
and extremities. Magn Reson Med. 2018;80:2232- 2245.

  3.  Weiger  M,  Overweg  J,  Rösler  MB,  et  al.  A  high- performance 
gradient insert for rapid and short- T2 imaging at full duty cycle. 
Magn Reson Med. 2018;79:3256- 3266.

  4.  Versteeg E, van der Velden T, Hendrikse  J, Klomp D, Siero  J. 
Dual axis gradient insert for supersonic MRI. In Proceedings of 
the ISMRM & SMRT Virtual Conference & Exhibition, 2020, ab-
stract #0617.

  5.  Webb AG. Magnetic resonance technology: hardware and system 
component design. The Royal Society of Chemistry; 2016.

  6.  Versteeg E, van der Velden TA, van Leeuwen CC, et al. A plug- 
and- play,  lightweight,  single- axis  gradient  insert  design  for 
increasing  spatiotemporal  resolution  in  echo  planar  imaging- 
based brain imaging. NMR Biomed. 2021:e4499.

  7.  Setsompop  K,  Kimmlingen  R,  Eberlein  E,  et  al.  Pushing  the 
limits  of  in  vivo  diffusion  MRI  for  the  Human  Connectome 
Project. Neuroimage. 2013;80:220- 233.

  8.  Kimmlingen R. Pioneers of connectome gradients. Magnetom 
FLASH. 2017;68:122- 136.

  9.  McNab JA, Edlow BL, Witzel T, et al. The Human Connectome 
Project and beyond: initial applications of 300 mT/m gradients. 
Neuroimage. 2013;80:234- 245.

 10.  Kangarlu A, Baudendistel K, Heverhagen J, Knopp M. Clinical 
high- and ultrahigh- field MR and its interaction with biological 
systems. Der Radiol. 2004;44:19.

 11.  Jones DK, Alexander DC, Bowtell R, et al. Microstructural im-
aging of the human brain with a "super- scanner": 10 key advan-
tages of ultra- strong gradients for diffusion MRI. NeuroImage. 
2018;182:8- 38.

 12.  Nilsson  M,  Lasič  S,  Drobnjak  I,  Topgaard  D,  Westin  CF. 
Resolution  limit  of  cylinder  diameter  estimation  by  diffusion 
MRI: the impact of gradient waveform and orientation disper-
sion. NMR Biomed. 2017;30:e3711.

 13.  Tax  CM,  Szczepankiewicz  F,  Nilsson  M,  Jones  DK.  The  dot- 
compartment revealed? Diffusion MRI with ultra- strong gradi-
ents and spherical tensor encoding in the living human brain. 
NeuroImage. 2020:116534.

 14.  Kleban E, Tax CM, Rudrapatna US, Jones DK, Bowtell R. Strong 
diffusion  gradients  allow  the  separation  of  intra- and  extra- 
axonal gradient- echo signals in the human brain. NeuroImage. 
2020:116793.

 15222594, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.29118 by A

ustralian C
atholic U

niversity L
ibrary - E

lectronic R
esources, W

iley O
nline L

ibrary on [17/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0001-8540-8424
https://orcid.org/0000-0001-8540-8424
https://orcid.org/0000-0001-8540-8424


2520 |   MOLENDOWSKA et al.

 15.  Huang SY, Tian Q, Fan Q, et al. High- gradient diffusion MRI re-
veals distinct estimates of axon diameter index within different 
white matter tracts in the in vivo human brain. Brain Structure 
Function. 2019;1- 15.

 16.  Genc S, Tax CM, Raven EP, Chamberland M, Parker GD, Jones 
DK. Impact of b- value on estimates of apparent fibre density. 
Human Brain Mapping. 2020;41:2583- 2595.

 17.  Weiss G. Sur la possibilite de rendre comparables entre eux les 
appareils servant a l’excitation electrique. Archives Italiennes de 
Biologie. 1901;35:413- 446.

 18.  Hodgkin AL, Huxley AF. A quantitative description of mem-
brane current and its application to conduction and excitation 
in nerve. J Physiol. 1952;117:500- 544.

 19.  Frankenhaeuser B, Huxley A. The action potential in the my-
elinated nerve fibre of Xenopus laevis as computed on the basis 
of voltage clamp data. J Physiol. 1964;171:302- 315.

 20.  McNeal DR. Analysis of a model  for excitation of myelinated 
nerve. IEEE Trans Biomed Eng. 1976;329– 337.

 21.  Reilly JP, Freeman VT, Larkin WD. Sensory effects of transient 
electrical  stimulation- evaluation  with  a  neuroelectric  model. 
IEEE Trans Biomed Eng. 1985:1001- 1011.

 22.  Rattay F. Analysis of models for external stimulation of axons. 
IEEE Trans Biomed Eng. 1986;974- 977.

 23.  Reilly J. Peripheral nerve stimulation by induced electric cur-
rents: exposure to time- varying magnetic fields. Med Biolog Eng 
Comput. 1989;27:101.

 24.  Brindley G. The site of electrical excitation of the human eye. J 
Physiol. 1955;127:189- 200.

 25.  Bourland J, Nyenhuis J, Mouchawar G et al. Physiologic indi-
cators  of  high  MRI  gradient- induced  fields.  In  Proceedings of 
the 10th Annual Meeting San Francisco.  Society  for  Magnetic 
Resonance in Medicine, 1991, p. 1276.

 26.  Irwin  D,  Rush  S,  Evering  R,  Lepeschkin  E,  Montgomery  D, 
Weggel  R.  Stimulation  of  cardiac  muscle  by  a  time- varying 
magnetic field. IEEE Trans Magnet. 1970;6:321- 322.

 27.  Reilly J. Peripheral nerve and cardiac excitation by  time vary-
ing  magnetic  fields:  a  comparison  of  thresholds.  Final  re-
port  Metatec  MT90- 100,  submitted  to  the  Food  and  Drug 
Administration. 1990.

 28.  International  Commission  on  Non- Ionizing  Radiation 
Protection,  et  al.  Guidelines  for  limiting  exposure  to  time- 
varying electric and magnetic fields (1 Hz to 100 kHz). Health 
Phys. 2010;99:818- 836.

 29.  Harvey  PR,  Mansfield  P.  Avoiding  peripheral  nerve  stimula-
tion:  gradient  waveform  criteria  for  optimum  resolution  in 
echo- planar imaging. Magn Reson Med. 1994;32:236- 241.

 30.  Mansfield  P,  Harvey  P.  Limits  to  neural  stimulation  in  echo- 
planar imaging. Magn Reson Med. 1993;29:746- 758.

 31.  Irnich  W,  Hebrank  FX.  Stimulation  threshold  comparison  of 
time- varying magnetic pulses with different waveforms. J Magn 
Reson Imaging. 2009;29:229- 236.

 32.  IEC  60601- 2- 33.  Medical  electrical  equipment- Part  2– 33:  par-
ticular  requirements  for  the basic  safety and essential perfor-
mance of magnetic resonance equipment for medical diagnosis. 
IEC Geneva. 2015.

 33.  Hebrank FX, Gebhardt M, et al. SAFE model— a new method 
for predicting peripheral nerve stimulation in MRI. Proc Int Soc 
Mag Res Med. 2000;8:2007.

 34.  Tang L, Zhou XJ. Diffusion MRI of cancer: from low to high b- 
values. J Magn Reson Imaging. 2019;49:23- 40.

 35.  Schenck JF. Health and physiological effects of human expo-
sure to whole- body four- tesla magnetic fields during MRI. Ann 
New York Acad Sci. 1992;649:285- 301.

 36.  Friebe B, Wollrab A, Thormann M, et al. Sensory perceptions of 
individuals exposed to the static field of a 7T MRI: a controlled 
blinded study. J Magn Reson Imaging. 2015;41: 1675- 1681.

 37.  McCurdy  CM,  Louka  AM,  Handler  WB,  Chronik  BA.  Magneto- 
phosphenes in head- only gradient coils. In Proceedings of the ISMRM 
& SMRT Virtual Conference & Exhibition, 2020, abstract #1128.

 38.  Tan ET, Hua Y, Fiveland EW, et al. Peripheral nerve stimulation 
limits of a high amplitude and slew rate magnetic field gradient 
coil for neuroimaging. Magn Reson Med. 2020;83: 352- 366.

 39.  Lövsund P, Öberg P, Nilsson S, Reuter T. Magnetophosphenes: 
a  quantitative  analysis  of  thresholds.  Med Biol Eng Comput. 
1980;18:326- 334.

 40.  Grüsser OJ, Hagner M. On the history of deformation phosphenes 
and the idea of internal light generated in the eye for the purpose 
of vision. In History of Ophthalmology. Springer, 1990;57- 85.

 41.  Schwiedrzik CM. Retina or visual cortex? The site of phosphene 
induction by transcranial alternating current stimulation. Front 
Integrat Neurosci. 2009;3:6.

 42.  Brindley GS, Lewin WS. The sensations produced by electrical 
stimulation of the visual cortex. J Physiol. 1968;196:479- 493.

 43.  Schutter  DJ,  Hortensius  R.  Retinal  origin  of  phosphenes  to 
transcranial alternating current stimulation. Clin Neurophysiol. 
2010;121:1080- 1084.

 44.  Marg E. Magnetostimulation of vision: direct noninvasive stim-
ulation of the retina and the visual brain. Optometry Vision Sci. 
1991;68:427- 440.

 45.  Webster K, Ro T. Retinal and visual cortex distance from tran-
scranial magnetic stimulation of the vertex affects phosphene 
perception. Experiment Brain Res. 2017;235:2857- 2866.

 46.  Schaefer  DJ,  Bourland  JD,  Nyenhuis  JA.  Review  of  patient 
safety  in  time- varying  gradient  fields.  J Magn Reson Imaging. 
2000;12:20- 29.

 47.  Ham C, Engels J, Van de Wiel G, Machielsen A. Peripheral nerve 
stimulation  during  MRI:  effects  of  high  gradient  amplitudes 
and switching rates. J Magn Reson Imaging. 1997;7:933- 937.

 48.  Davids M, Guérin B, vom Endt A, Schad LR, Wald LL. Prediction 
of  peripheral  nerve  stimulation  thresholds  of  MRI  gradient 
coils using coupled electromagnetic and neurodynamic simu-
lations. Magn Reson Med. 2019;81:686- 701.

 49.  Westin CF, Knutsson H, Pasternak O, et al. Q- space trajectory 
imaging  for  multidimensional  diffusion  MRI  of  the  human 
brain. Neuroimage. 2016;135:345- 362.

SUPPORTING INFORMATION
Additional  supporting  information  may  be  found  in  the 
online version of the article at the publisher’s website.
Figure S1 Visualization of “magnetophosphene guideline 
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