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This report describes the results of an investigation of operator exposure to static and switched-gradient fields from
magnetic resonance imaging (MRI) systems. The project involves both computational modelling and the measurement
of personal exposure using dedicated magnetic field dosemeters. The work was undertaken by Professor Stuart Crozier
of the University of Queensland acting as an MCL consultant.

The computational modelling has three strands: modelling of the static and switched-gradient magnetic fields from MRI
systems with 1.5 T, 4T and 7T magnets; modelling of induced current densities and internal electric field strengths
arising from motion through static field spatial gradients; modelling of induced current densities and internal electric
field strengths from time-varying switched-gradient fields.

Close to the ends of the three MRI systems modelled, relevant occupational exposure could be exceeded by movement
through the static field, or directly by the switched-gradient fields.

This project has shown that the MRI personal dosemeter is capable of indicating, in real-time, situations which might
lead to exposure guidelines being exceeded.

This report and the work it describes were funded by the Health and Safety Executive (HSE). Its contents, including any
opinions and/or conclusions expressed, are those of the author alone and do not necessarily reflect HSE policy.
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EXECUTIVE SUMMARY

This report describes the a project undertaken by MCL and the University of Queensland to
investigate the magnetic field exposures of people working in magnetic resonance imaging
(MRI) environments.

The project involved the use computational modelling to calculate the induced currents and
voltages in target issues of people exposed to switched-gradient fields around 1.5, 4and 7 T
MRI systems, and also the induced currents and voltages in target issues of people moving
through spatially-variable static fields of the magnets of the same systems. The project also
included measurements of the actual magnetic field exposure of clinical staff in MRI facilities.
These measurements were made with a personal magnetic field dosemeter designed specifically
for the purpose.

The conclusions of the project are:

. Within a metre or so of the ends of the 3 MRI systems modelled, guidelines for
occupational exposure could be exceeded by movement through the static field or directly
by the switched-gradient fields. Faster movement through the static field than the
modelled 1 m s™ movement would exacerbate the exposure and slower movement would
mean that the exposures would meet the ICNIRP restrictions at smaller distances. The
calculated exposures from switched-gradient fields correspond to a worse-case field
situation which would occur rarely in routine clinical practice, and real compliance
distances may be somewhat less than this.

. Computational modelling of exposure indicates that it is not clear that use of different
exposure guidelines would change the overall situation materially, even though this might
be inferred from external field measurements.

. Although the size of the magnet does affect the compliance distance when movement
through a static field is considered, it does not change the overall picture significantly.
There is likely to be a potential problem with this exposure situation for any clinical MRI
system. However, the extent to which the problem will be manifest will depend strongly
on clinical practice. In particular, exposures to switched-gradient fields occur only when
an image is being gathered, whereas exposures to static fields can occur at any time.

. The dosemeter could be used to give an indication of which clinical practices might lead
to overexposures to the switched-gradient fields.
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1 INTRODUCTION AND BACKGROUND

HSE commissioned from MCL an investigation of operator exposure to static and switched-
gradient fields from magnetic resonance imaging (MRI) systems. An outstanding track record
specific to MRI exposure modelling is a requirement for this project, as is the ability to dedicate
significant effort to the project and to ensuring that it runs to the agreed timeframe. For these
reasons, and with HSE’s prior agreement, MCL used a Consultant-based project model for this
work. The lead scientist was Professor Stuart Crozier of Brisbane University; MCL’s Technical
Director, Philip Chadwick, provided scientific project management and the interface with HSE.

In late April 2007, Professor Crozier provided his final report on the project. This is attached as
an annex. This report is an overall summary of Professor Crozier's findings, intended to inform
HSE’s policy on occupational exposures to fields from MRI systems.

Professor Crozier's work is likely to provide some of the first published data on occupational
exposures to magnetic fields from MRI systems, and will allow bounds to be put on the
magnitude of any specific impact on MRI working practices of enforcement of both the EU
Physical Agents Electromagnetic Fields (EMF) Directive and existing UK guidance.

MRI systems emit electromagnetic fields at a range of frequencies. There is a large magnet at
the heart of the system, and this produces a static magnetic field. The health effects of static
fields are not well-established, and this was one of the reasons why there is no Exposure Limit
Value (ELV) for static fields in the EMF Directive. WHO published its Environmental Health
Criteria Monograph "Static Fields" as EHC 232 in March 2006 and ICNIRP is expected to
publish revised guidelines on static field exposures before the end of the year — these guidelines
are, at the time of writing, out for external consultation and review.

When magnetic fields change with time (in strength or direction) they can induce electric
currents in anything that conducts electricity, including people. If the currents are strong
enough they can cause effects on the central nervous system, and also stimulation of peripheral
nerves. These effects can range from almost imperceptible, though annoyance (and pain in the
case of peripheral nerve stimulation) to (potentially at least) life-threatening. The EMF
Directive, and current UK guidance from the Health Protection Agency- Radiation Protection
Division (HPA-RPD; former NRPB), provides restrictions on the central nervous system,
current density with appropriate safety factors.

Although there is no specific restriction on the EMF Directive for static fields, a worker moving
though the field will experience time-varying current flow in the body as result of this
movement. This current flow is addressed by the Exposure Limit VValues of the Directive. The
issue for the static field from MRI systems, then, is the movement of workers through the field.

MRI systems also use magnetic fields which deliberately vary with time. These are the so-
called switched-gradient fields which are used to provide spatial data for the image
reconstruction. The switched-gradient fields are effectively pulsed, with frequencies in the
kilohertz (kHz) range. The same considerations of current flow in the body apply as for people
moving through a static field, but in this case no movement is needed for the current to be
induced. It is the changing field itself, rather than movement through a constant field that
induces current flow.

The EMF Directive's Exposure Limit Values on current density (and the relevant Basic
Restrictions of the HPA-RPD [NRPB] advice: they are equivalent) are expressed in
milliamperes per square metre (MA m). The exact value of the ELV varies with frequency.
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The first part of Professor Crozier's work involves the computation of current density induced
by movement through the static fields from typical and future MRI systems, and from their
switched-gradient fields. The computation uses detailed models of the male and female human
body developed by HPA-RPD - called NORMAN and NAOMI respectively - and data on the
electrical properties of tissues that were established by MCL.

Although the EMF Directive is based on the guidance of the International Commission on Non-
lonizing Radiation Protection (ICNIRP), the possibility of applying the exposure guidelines of
the Institution of Electrical and Electronics Engineers (IEEE) for MRI occupational exposures
has been mooted. The reason is that, at the intermediate frequencies generated by the switched-
gradient coils, the magnetic field Maximum Permissible Exposures (MPEs) recommended by
IEEE are more than sixty times higher than the corresponding Action Values of the EMF
Directive. However the IEEE MPEs, like the Directive's Action Values, are to be used as
indicators that a more detailed analysis may be required.

IEEE specify Basic Restrictions analogous to those of ICNIRP and to the ELVs of the EMF
Directive.  Professor Crozier's analyses include a comparison with the underlying Basic
Restrictions of IEEE.

[Technical note: there is not a factor of sixty between the IEEE Basic Restrictions and the EMF
Directive's Exposure Limit Values; it is not possible to make a simple and direct comparison
between them because the IEEE Basic Restrictions are on the electric field strength in tissues,
rather than current density. The relationship between the two quantities involves the electrical
conductivity of the tissue of interest, so it will vary quite widely with tissue type. There may well
be some situations in which the IEEE Basic Restrictions are met when the EMF Directive's
Exposure Limit Values are not, but the disparity is unlikely to be as great as indicated by the
difference between the IEEE MPEs and the Directive's Action Values.]

Professor Crozier's analyses are intended to provide some indication as to the benefits to the
MRI community of pursuing the use of the IEEE guidelines for occupational EMF exposures.

[Technical note: the IEEE guidelines specifically address the issue of non-sinusoidal fields.
They are based on the stimulation thresholds of different (modelled) nerve types, and these
thresholds are calculated explicitly for the sorts of waveforms typical of MRI gradient fields —
sawtooth, flat-tops and other very non-sinusoidal wave shapes. In contrast, the EMF Directive
itself contains no specific guidance or limits for such waveforms. Indeed, the multifrequency
summation formulae that ICNIRP included in its guidelines are not present in the EMF
Directive. Below 100 kHz, the ICNIRP guidelines themselves generally are based on
considerations of steady-state sinusoidal exposure, which are extended by default to non-
sinusoidal waveforms in the 1998 ICNIRP Guidance on Determining Compliance of Exposure
to Pulsed and Complex Non-sinusoidal Waveforms Below 100 kHz with ICNIRP Guidelines
(Health Physics 14, 74).

The EMF Directive itself does not include this extension, or any other explicit advice on non-
sinusoidal fields, and therefore it is not clear quite how - or perhaps even if - it should be
applied to exposures from MRI switched-gradient fields. This issue was discussed in some
depth at an ICNIRP/WHO/EMFNET workshop in Milan in February 2007, and it is clear from
the proceedings of that workshop (in press at time of writing) that the application of the EMF
Directive to the sorts of waveforms that are typical of MRI switched-gradient fields is not
necessarily defensible. For the purposes of this report we have therefore made comparisons
between measured and calculated exposures and the ICNIRP guidelines for occupational
exposure rather than with the action vales and exposure limit values of the EMF Directive]



The second part of the project involves the use of personal dosemeters to measure the exposure
of MRI workers to static and gradient fields during 30 working shifts at three MRI facilities.
The dosemeters were used to compare the calculated field distributions and gradients around the
MRI systems with the actual corresponding values, and to provide information on what levels of
magnetic field exposure MRI staff encounter during their normal duties.



2 COMPUTATIONAL MODELLING

2.1 CALCULATION AND PLOTTING OF FIELD DISTRIBUTIONS AROUND 1.5, 4
AND 7 T MRI MACHINES

1.5 tesla (T) magnet MRI systems are common clinical instruments; 4 T systems exist, although
they are rarer, and whilst 7 T MRI is currently mainly used for research purposes, this and
higher field systems may become more common in the future. The three systems modelled are
a 1.5 T Infinion (actively shielded,), 4T Siemens (actively shielded) and 7 T EMI research
magnet (unshielded and designed in-house). The three field strengths were chosen to reflect a
range of likely exposures rather than to be representative of instruments in common clinical use.

Professor Crozier has modelled the distributions of the static fields around the machines; the
results are shown graphically in Figure 1. It is not surprising that the higher strength magnet
has the higher fields, but it is interesting that the fields from the smaller magnets show much
less uniformity than the field from the 7 T system. This is because the smaller magnets use
active shielding, which involves the use of secondary magnetic coils to shape the field from the
primary.

Similar plots have been provided for the fields from the gradient coils. [These can be seen in
Figure 1 of Section 2 of Professor Crozier's final report, attached as an Annex to this report.]
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Figure 1 Static field distributions around MRI magnets



2.2 CALCULATION OF INDUCED CURRENT DENSITIES AND INTERNAL
ELECTRIC FIELD STRENGTHS FROM MOVEMENT THROUGH STATIC FIELDS

Four types of movement through the static fields from the MRI systems have been modelled:
I Moving parallel to the magnet's long axis

I Moving transverse to the magnet's long axis

Il Jumping whilst facing a direction parallel to the magnet's long axis

v Jumping whilst facing a direction transverse to the magnet's long axis

These defined movements are illustrated in Figure 2.
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Figure 2 Modelled movements around MRI systems

The four movement directions and the genders of the body models give eight computational
permutations for each position around the magnets. To map out the areas of highest exposure in
detail, calculations were made over a 0.1 m square grid covering 8.8 square metres. This
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corresponds to 880 positions, and therefore 7040 total computational permutations. To make
the overall assessment tractable, the body models were run at a comparatively low resolution of
8 mm for this part of the assessment. Figure 3 shows the way in which the maximum computed
current density at any point in the male model for each of the four defined movements varies
with position around the magnets.

[Technical note: in fact this is not quite the maximum current density; to avoid artefacts
associated with the low resolution of the model, the top 1% of calculated values are excluded.]

The low resolution spatial information shown in Figure 3 was used to identify the locations
where the highest induced currents and internal electric field strengths were to be expected for
each gender and each movement around each magnet. This gives 24 computation permutations,
which were investigated using the body models at high resolution (2 mm).
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Figure 3 Calculated maximum (99% threshold) current densities in the male body
model for the four defined movements around the three magnet systems



Figure 4 shows the distributions of induced current density in the two body models during
“Movement 1”, moving along the magnet axis toward its end at a distance of 0.3 m from the
cryostat.
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Figure 4 Representative high resolution induced current density distributions

The calculated exposures are for movement through the static field at 1 metre per second; the
calculated current densities and internal electric field strengths scale directly with speed.

Professor Crozier's tabulated results indicate that in almost all these worst-case assessment
locations, the Basic Restrictions of the ICNIRP Guidelines could be exceeded for any of the
four defined movements in either gender. The same is true of the IEEE Basic Restrictions. This
is probably no great surprise, as these are by definition worst-case locations. However, it is
clear that the ELVs can be exceeded very significantly in some situations.

[Technical note: In Tables V and VI of Appendix 1 of his report, Professor Crozier provides
maximum 1 cm?-average current density in various target tissues. These averages are across
heterogeneous (multi-tissue) cross sections. Where there are high conductivity materials such
as cerebrospinal fluid around a tissue of interest (such as spinal cord) the 1 cm?-average
current density will be much higher than the true current density in the tissue of interest.
Conversely, where low conductivity tissues (such as bone) surround the tissue of interest, the
calculated average current density may be lower than that in the target tissue. The problem of
course is that the target tissue does not always have a 1 cm- cross section. Calculations of
induced current density by other researchers sometimes follow a suggestion made by ICNIRP to
CENELEC (although never officially published) that the averaging is done over an artificial
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cross section made up entirely of the target tissue, even where this is not physiologically
realistic. Professor Crozier's calculations do not do this, as he was pursuing worst-case
exposure parameters in this investigation. The IEEE's use of internal electric field strength as
a basic restriction avoids this problem, and this is one area where it is superior to ICNIRP's
use of current density.

The overall message here is that the very calculated high current densities in, for example,
cerebrospinal fluid may be of less significance than they appear, and that some of the
apparently high current densities calculated for nervous system tissues may be unduly weighted
by the inclusion of cerebrospinal fluid into the averaging area.]

One of the most useful parts of Professor Crozier's analysis of exposures arising from
movement through static fields is his calculation of likely “compliance distances” based on
meeting the IEEE or ICNIRP restrictions in various tissues. He has provided a series of graphs
in Figure 9 of Section 1 of his final report to illustrate this, one of which is reproduced below as
Figure 5.

The calculated distances are all for Movement 1 at a radial distance of 0.3 m from the magnet's
axis as the earlier calculations indicate that this would be, in general, the worst case.

[Technical note: the reason that the indicated Basic Restriction in Figure 5 is a little above
50 mA m? rather than 40 is because these are temporal peak (as opposed to rms) current
densities]
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Figure 5 1 cm®-averaged current densities induced in the central nervous system and
heart tissues of the male body model versus axial distance away from 1.5 T magnet
end (including cryostat vessel)

Summary

e Calculated 1 cm?- averaged current density magnitudes for people moving at 1 m s™ are
below the ICNIRP occupational basic restrictions at approximately 0.5 - 1.0 m from the
cryostat end of 1.5-7 T MRI systems.

e Use of the IEEE guidelines would not materially affect these distances.

e Faster movement would increase these distances — 1 m s™ is used for illustrative
purposes - and a true estimate of likely exposure would require consideration of actual
speed of movement during various clinical and maintenance practices including patient
emergencies. The current density vs distance graphs provided by Professor Crozier
allow this scaling to done easily: doubling the speed would double current density, for
example, and this would shift the compliance distance indicated in Figure 5 by perhaps
20 cm. Conversely, moving more slowly would mean that the ICNIRP basic restrictions
would be met closer to the magnet than 1 m.
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2.3 CALCULATION OF INDUCED CURRENT DENSITIES AND INTERNAL
ELECTRIC FIELD STRENGTHS FROM SWITCHED-GRADIENT FIELDS

The first part of this work involves the modelling of the magnetic fields from the gradient coils
and the plotting of their distributions, as with the static fields. Because of the shapes of the coils
and the shielding effect of the cryostats, the regions of strongest field are concentrated around
the ends of the MRI system and the directions of the gradient fields will be primarily axial.

For these reasons the initial low-resolution assessments, in which the body models are run at
multiple locations to find the worst-case position as was done for the static fields, were carried
out in regions around the ends of the coils and with the body models stationary and facing the
magnets' bores. The assessment geometry and the area over which the low-resolution
computations were made is shown in Figure 6; the area indicated is approximately 2 m square,
and the assessment grid has a 0.2 m spacing, which was reduced to 0.1 close to the magnet. This
gives more than 100 computational assessment combinations for each of the body models.

[Technical note: this is fewer than for the static field assessments because the multifrequency
nature of the switched-gradient fields (Fourier components) makes each computation much
more resource-intensive. This is a procedure that is predicated upon the use of the ICNIRP
summation formulae and cannot, strictly, be done with the EMF Directive alone]

Figure 6 Gradient coil geometry and low resolution assessment region

[Note: Professor Crozier's report (3.2 of Section 2) says: “In order to evaluate the induced
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fields due to each gradient individually under similar conditions, all three gradient coils have
been designed to have approximately same axial length of ~ 1.4 m, ...The axial length of ~ 1.4
m has been chosen so that the gradient coils would fit inside most conventional 1.5T MRI
magnets...and yet be able to provide maximum (i.e. worst-case) exposure to the worker. Table 1
lists some important parameters while Figure 1 (first column) illustrates the geometries of the
three gradient coils. We note that the distance from the end of the gradient coil set to the end of
the magnet varies between MRI systems and, for cylindrical systems, is typically smallest in
short 1.5T magnets and larger in higher field systems. We therefore use the end of the gradient
set as a reference point for model positioning™

On this basis, the calculated exposure levels from the theoretical gradient coils may be
overestimates for the larger magnets, where the actual gradient coils do not reach the ends of
the magnet bore.]

The moving couch that is positioned on a pedestal at one end of the housing will tend to restrict
close approach of a vertical body in many cases and this will tend to make real exposures
somewhat less than those calculated. This varies from system to system, and to address this
Professor Crozier's team have run the simulations to include the worker at 90 degrees to the
gradient coil (in blue in Figure 6) as well as facing it (in red in Figure 6. The distribution of
induced fields and currents changes between the two body orientations but the maxima remain
of very similar magnitude.

The exposures have been calculated for a normalised spatial field gradient of 1 mTm” and a
trapezoidal waveform with a frequency of 1 kHz.

The calculated current densities and internal electric strengths at the worst-case exposure
positions are tabulated (Tables 2 -5 of Section 2 of Professor Crozier's final report), and they
appear to be below the ICNIRP and IEEE restrictions. However, Professor Crozier makes the
point that typical clinical spatial gradients are 40 mT m™, so the values in the tables all should
be multiplied by 40 for a realistic comparison between occupational exposures to switched-
gradient fields and the relevant basic restrictions. When this is done the exposure levels close to
the MRI systems would exceed the ICNIRP levels and the IEEE levels quite significantly.

The switching time of the switched-gradient field also influences the induced current density;
Professor Crozier has calculated scaling factors for a different switching time (250 us) via the
Fourier expansion. To scale to a gradient strength of 40 mT m™ and a rise-time of 250 ps with a
pulse repetition rate of 1 kHz, the scaling factor is approximately 32.

As with the static field situation, Professor Crozier has provided analyses of how likely
exposure levels would change with distance from the the ends of the magnet. He has provided a
series of graphs (his Figure 10 of Section 2) to illustrate this, one of which is reproduced below
as Figure 7.
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Figure 7 1 cm®averaged current densities induced in the central nervous system and
heart tissues of the male body model versus axial distance away from magnet end
(including cryostat vessel)

It can be seen that the ICNIRP occupational basic restrictions would be met at distances greater
than approximately 1 m from the MRI system.

Summary

e The ICNIRP occupational basic restrictions would be met at distances greater than
approximately 1 m from the MRI system. However, this corresponds to the absolute
worst-case of all gradient fields at maximum value. This occurs rarely in routine
practice. The distance also would be affected by switching times: longer switching
times would decrease the distance at which the ICNIRP levels would be met.

e Using the IEEE guidelines would not necessarily change the compliance distance
significantly

e The distance from the end of the gradient coil set to the end of the magnet varies
between MRI systems and, for cylindrical systems, is typically smallest in short 1.5T
magnets and larger in higher field systems.

e The methodology described in this work is able to be used to calculate regions of
compliance for specific magnet/gradient coil combinations.
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RECOMMENDED FURTHER MODELLING WORK

Examining exposures during a variety of work postures. In clinical practice the
workers currently often lean into the MRI magnet to attach accessories to the patient or
to comfort or communicate with a patient who may be nervous or anxious. Workers
also currently lean into the magnets to assess sedated or intubated patients. In these
cases, exposure due to both mechanisms; movement through static gradients and
residing in strong pulsed gradients needs to be simulated. From a modelling viewpoint,
maintaining integrity in the human models with variable posture is not trivial.

Exposures in systems used for interventions. Interventions are performed either with
short cylindrical (conventional) magnet systems (such as, for example, The Siemens
ESPREE or Toshiba VANTAGE) or in “open” MRI systems. In both cases workers
(surgeons, nurses, radiographers) perform movements in static field gradients — some of
which require precision, and are exposed to pulsed field gradients. A full modeling
analysis of these systems is recommended as a priority.

Actions of workers in OEM companies and magnet manufacturers who frequently
enter magnet systems in field servicing or magnet installation/construction phases
should be simulated to deduce practices that may be above recommended guidelines.
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3 PERSONAL DOSIMETRY

3.1 THE DOSEMETER

The patented magnetic field dosemeter measures exposure to magnetic fields, rate of change of
magnetic fields, and enables ambulatory monitoring of instantaneous and cumulative exposure
to a wide range of static magnetic fields. It also monitors and measures the cumulative amount
of static field gradient that the monitored person is exposed to, thus providing field gradient
dosimetry.

A combination of Hall sensors and dB/dt (rate-of-change-of-field) loop sensing coils allow high
sensitivity measurements over a large dynamic range of magnetic fields otherwise unattainable
by use of a Hall sensor alone. Hall sensors are either limited in dynamic range due to saturation
and are unable to measure or record high field strengths accurately, or have wide operating
ranges but lack resolution at low field strengths. Loop sensors alone are insensitive to static
fields and low frequency fields. Using a hybrid measurement system avoids these problems.
The dosemeter measures instantaneous magnetic field strength with the Hall sensor and
simultaneously measures rate of change of the magnetic field with the loop coil, located
adjacent to and orientated in the same direction as the Hall sensor. At low field strengths within
the normal operating range of the Hall probe, the dosemeter uses the Hall sensors' high
sensitivity measurements, but at a predetermined field strength below the Hall sensor saturation
point loop coil (with an integrator) is used instead.

The dosemeter can provide accurate measurements over a wide range of magnetic field
strengths between 0 and +/- 7 T, whilst maintaining high resolution of 0.25 mT at low field
strengths. It has a bandwidth of 0 Hz to several tens of kilohertz.

The dosemeter uses a three-axis system orientated in three orthogonal directions, allowing
isotropic measurements over a 1 cm® volume. The dosemeter has an onboard FLASH memory
disk and connects to a PC though a USB interface. A dedicated PC software application uploads
the data and presents the data showing cumulative exposure to magnetic field, rate of change of
magnetic field, peak values, time-weighted-average exposures, and periods of exposure over
any preset value.

3.2 STATIC MAGNETIC FIELDS, AND MOVEMENT IN THEM

A measurement bandwidth from 0 Hz to 7 Hz was chosen for this part of the dosimeter
investigation: in a static magnetic field the kinematics of normal human gait and lateral motion,
such as leaning forward and bending over, produce effective frequency components within this
range. In this configuration the dosemeter has a total active battery life of more than 50 hours
and is able to retain 75 hours worth of data.

The device has been used at various MRI sites in Brishane, Australia and overall 240 hours of
measurements were collected. Workers used the dosemeter during their normal working shifts
in a 1.5T Siemens Magnetom Sonata clinical system at the UQ research facility at the Wesley
Hospital, a 1.5T Siemens Vision clinical system in a private radiology firm at the Wesley
hospital, a 1.5T Siemens Vision Plus system at the Royal Brisbane Hospital, a Bruker
S200/Oxford Magnet Technology 2T research system at UQ, and a Bruker 4T Siemens clinical
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imaging system at the Wesley Hospital. All studies conformed to the ethical standards set down
by The University of Queensland ethics board.

Figures 8 illustrates an example of a magnetic field exposure plot measured during a working
shift in a 1.5 T clinical MRI facility. It shows the absolute value of the total magnetic flux
density, as well as the absolute value of the dB/dt of the magnetic field exposure. From these
data, the cumulative exposure and the time weighted average exposure can be calculated, and
this was done for each of the thirty working shifts. Peak dB/dt and peak B field were also
recorded. This results are shown in Table 3, together with information about the number of
patients attended to during the shift, and the site in which the measurements were taken.

Bnorm, Time Weighed Average = 10.1143mT, Peak Bnorm = 1068.9478mT
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Figure 8 Typical recorded dosemeter data (shift 30)
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Table 1 Static field dosimetry results

Magnet [B] Time weighted Duration of shift

Shift Location strength (T) [B| Peak (T) |dB/dt| Peak(T s™) average (mT) Cumulative |B| (Ts) Number of patients (HH:MM)
1 Wesley- UQ 4 0.616 1.2 9.92 305.29 8 08:33
2 Wesley- UQ 4 0.429 1.65 1.95 45.67 6 06:31
3 Wesley- UQ 15 0.478 5.98 9.05 318.32 12 09:46
4 Wesley- UQ 15 0.321 0.56 2.78 80.26 8 08:02
5 Wesley- UQ 1.5 0.569 0.96 12.54 259.51 9 05.44
6 Wesley- UQ 15 0.494 1.17 4.28 123.12 6 08:00
7 RBH 1.5 0.446 1.27 7.38 192.41 9 07:14
RBH 15 0.713 2.77 2.90 96.22 6 09:12
9 Wesley 1.5 0.575 1.56 2.88 127.58 11 12:19
10 Wesley 1.5 0.315 1.24 1.77 78.19 7 12:18
11 RBH 1.5 1.281 2.71 8.82 313.45 10 9:52
12 RBH 1.5 0.592 2.14 3.44 99.75 6 8:03
13 RBH 15 0.982 3.85 9.69 392.71 12 11:15
14 RBH 1.5 0.526 4.59 2.50 117.49 9 13:03
15 RBH 1.5 0.334 0.92 1.52 47.62 7 8:41
16 RBH 1.5 0.743 1.96 1.52 54.50 8 9:56
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Magnet

[B] Time weighted

Duration of shift

Shift Location strength (T) [B| Peak (T) |dB/dt| Peak(T s™) average (mT) Cumulative |B| (Ts) Number of patients (HH:MM)
17 Wesley 15 0.542 0.85 3.02 86.83 12 7:59
18 Wesley 15 0.694 1.37 4.93 159.05 9 8:58
19 Wesley- UQ 4 0.516 2.04 6.63 195.62 10 8:11
20 Wesley- UQ 4 0.493 2.50 7.15 208.83 11 8:06
21 Wesley- UQ 4 0.511 1.27 6.24 183.00 8 8:08
22 UQ-CMR 2 0.584 1.15 6.03 184.56 8 8:30
23 UQ-CMR 2 0.538 1.75 7.67 234.38 8 8:29
24 Wesley 1.5 0.570 1.95 4.49 114.64 9 7:05
25 Wesley 15 0.366 111 4.20 199.69 20 13:13
26 Wesley 1.5 0.474 0.68 3.61 153.27 18 11:47
27 Wesley 1.5 0.589 2.12 5.23 194.55 14 10:19
28 Wesley 15 0.704 2.00 7.73 273.29 11 9:49
29 Wesley 15 0.439 3.20 3.61 117.46 11 9:01
30 RBH 1.5 1.070 5.08 10.11 401.22 15 11:01
19

© MCL-T & UniQ, 2007



The average worker at these sites attended to 9.9 patients per shift on average during this study,
and worked an average of 9.3 hours per shift. However typical workloads experienced by
medical personnel are two to three patients an hour, and working shifts can be as long as 14
hours.

The time-weighted-average magnetic field exposure ranges between 1.5 mT and 12.5 mT. The
maximum and minimum cumulative exposure values are 401 T s and 46 T s, and are not
dependant on the magnet strength but rather on the amount of time spent at high fields, the
number of patients attended to, and the nature and position of movements inside the magnet
room.

The peak |B| and |dB/dt| values are approximately 1.3 T and 5.1 T s™ respectively, and are
independent of the magnet strength because these values largely depend on the positioning of
the person within the magnet room and the nature of the body movements whilst in the magnet
room. Higher field magnets do, though, have the potential to cause higher peaks in both |B| and
|dB/dt|, due to their higher field profile outside the bore. 28 out of the 30 peak values of |db/dt]
recorded exceeded 767.9 mT s™ within the measurement bandwidth.

[Technical note: the value of 767.9 mT s is referred to several times in Professor Crozier's
report, as a maximum allowable dB/dt. This value is calculated from the IEEE standard
(C95.6-2002). Section 5.2.4.1.2 of that standard, Peak Environmental Field, describes the
procedure used to calculate this value. For the frequency range 0-7 Hz, because the MPE is
frequency dependant, the peak dB/dt value remains constant. The derived value is for head and
torso exposures.

The 1998 ICNIRP Guidance on Determining Compliance of Exposure to Pulsed and Complex
Non-sinusoidal Waveforms Below 100 kHz with ICNIRP Guidelines (Health Physics 14, 74)
gives the basis for deriving similar dB/dt values corresponding to the ICNIRP guidelines. If it
could be argued that this approach also could be applied to the exposure limit values of the
EMF Directive (see Section 2 for further discussion on the validity of this) then the
corresponding value for the torso at 7 Hz would be 220 mT s™. The basic restrictions are
frequency-dependent between 0 and 7 Hz, and for example at 1 Hz dB/dt would be 883 mT s,
The ICNIRP Guidance makes the point that a different sized current loop dosimetric model
would be appropriate for head exposures. If, conservatively, this were taken to be half the
radius of the torso current loop then these values would become 440 mT s at 7 Hz and 1.8 T s™
at1 Hz]

The peak |BJ-fields and spatial gradients of |B| are encountered near the inner edges of the
magnet ends and this location is where maximum dB/dt values occur as the radiologist is
undergoing a fast translational or bending motion near the magnet bore's inner edges. To
investigate this further, exposures at these specific locations were analysed in more detail.
These would be, specifically, exposures of the head.

The instantaneous peak magnetic fields measured during the head exposure studies during
bending movements at the inner edges of the magnet ends, for the 1.5, 2 and 4 T magnet
systems, are presented in Figures 14 to 16 of Section 3 of Professor Crozier's report. Figure 9 of
this report, below, shows a typical dosemeter trace for a 1.5 T system

20
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1800

1600

1400

1200

1000

Magnetic Field Strength (milliTesla)

8000 T T T T T T
7000
6000
5000
4000
3000

2000

1000

Magnetic Field Strength per Second (milliTesla/second)

Figure 9 Detailed exposure of head during movement close to bore end of 1.5 T
magnet

The peak B fields are 1.798 T, 1.713 T, and 3.646 T for the 15 T, 2 T, and 4 T magnets
respectively. However for the 2T system it was not possible to measure immediately against the
inner bore due to the physical structure magnet enclosure. This may explain why the maximum
instantaneous peak for the 2 T system is slightly lower than for the 1.5 T system.

The measured isotropic magnetic flux density strengths and profiles correspond quite well with
the calculated field magnitudes and distributions described in Section 3.1. The peak dB/dt
values are 7.3 Ts*, 44 Ts* and 6.17 Ts™* for the 1.5 T, 2T, and 4 T systems respectively. It
can be concluded that as an MRI worker's head is undergoing a fast translational or bending
motion near the magnet bore inner edges, the likelihood for significant in situ current induction
increases due to the spatial (non-uniform field profile) and temporal (movement) change in the
impressed magnetic flux density. It is interesting to note that the peak dB/dt values experienced
by workers can approach the types of magnitudes that the measured pulsed gradient fields
produce (see section 4.3).

The dosemeter will be useful in further scientific studies to explore the potential health effects
of EM exposure at low frequencies related to movement through a spatially-varying static field.
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3.3 SWITCHED-GRADIENT FIELDS

For switched-gradient measurements the bandwidth of the dosemeter was extended to a
sampling frequency of 40 kHz per channel. In this configuration the active battery life of the
dosemeter is reduced down to 1.5 hours and it is able to retain 2 hours' worth of information.

Exposures to gradient-switched magnetic fields have been measured during echo-planar
imaging (EPI) sequences at the Siemens Magnetom Sonata whole-body MRI clinical system,
and at the Bruker S200/Oxford Magnet Technology 2 T research system.

[Technical note: echo-planar imaging is a specific MR imaging technique that is considered
particularly rapid. It uses a standard pulse sequence. Because of its speed and comparative
insensitive to motion, echo-planar imaging a popular choice for imaging dynamic physiological
processes.

The standard EPI gradient waveforms are shown in Figure 10; the total “switched gradient
field” is a summation of these. The slice-selection gradient is primarily an axial (z) component
field that is used to select an imaging slice in a given x-y (transverse) plane. The read-out
gradient field is applied to give a transverse (x) gradient in the axial field and the phase-
encoding gradient is applied to give a transverse (y) gradient in the axial field. Between them,
the three switched-gradient fields can be used to interrogate an imaging voxel.]
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Figure 10 The standard echo-planar imaging switched gradient waveforms

Because the three EPI gradients waveforms are applied in mutually orthogonal directions, then
if the dosemeter is aligned so that the axes sensors coincide with the coordinate axes of the
gradient fields, it should be possible to identify each of the EPI gradient waveforms with a
separate dosemeter sensing direction. Figure 11 shows a dosemeter dataset where this can be
seen clearly; in other datasets the alignment is less good — but since the dosemeter is intended to
be used in arbitrary orientations with respect to the MRI coordinate system, this is of little more
than academic interest.
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Figure 11 Measured switching gradient dosemeter data during the EPI sequence at
position z = 120cm, x = 3cm, and y = Ocm

Section 3.3 contains results of the numerical modelling of switched-gradient exposures using a
simple trapezoidal waveform and assumed gradient coil geometries for a series of MRI systems.
Because of the strong spatial variation of the switched-gradient fields, exposure close to the end
of the magnet bore will be very dependent on actual gradient coil geometry. The dimensions of
the gradient coils of the Bruker system are known, and for this reason, and also to assess the
performance of the dosemeter when used to measure real gradient fields, it was decided to
model the switched-gradient fields from this system specifically so that direct comparisons
could be made with measured data. The exact current pattern that generates the field is not
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provided by the manufacturer so instead the dimensions of standard theoretical actively
shielded, symmetric gradient coils were appropriately scaled to conform to the actual size of the
gradient set in the Bruker system. This will not give a perfect match to the measured dosemeter
data, but it should be reasonably informative.

Measurements were taken on the XZ plane at Y = 0cm, from X =0 to 60cm and Z = 120cm to
175cm. Figure 12 shows the region over which the measurements were taken.

. MRI magnet and cryostat

I:I Measurement region

| Z-axis

0.5m

0.5m

Figure 12 The measurement region for the switched-gradient fields

Figure 13 shows comparisons between measured (with the dosemeter) and theoretical
distributions of rms magnetic flux density (B) and dB/dt for the Bruker 2 T system with the EPI
gradient sequence.
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There is good agreement between the measured and calculated B and dB/dt distributions shown
in Figure 13. The slight discrepancies in spatial distributions probably reflect differences
between the theoretical and actual gradient coil current distributions and therefore somewhat
different magnetic field profile to that of the 2T Bruker’s gradient set. The results indicate that
there is a good corroboration between measured and calculated B field profiles even though a
temporally challenging EPI time sequence was engaged during both simulation and
measurement. Furthermore, this particular result confirms the validity of the numerically
evaluated male and female occupational worker exposures to magnetic fields produced by
trapezoidally switched gradient coils that are described in Section 3.3. There is more variability
between the measured and calculated dB/dt values than between the B values. The values are
similar, but as well as differences between real and modelled gradient coils the discrepancies
may well arise because the largest numerical values occur at sharp corners and are therefore
susceptible to changes to the cryostat vessel parameters (i.e. a 5 mm deviation in cryostat vessel
position can noticeably change the dB/dt values).

When it comes to comparison between the switched-gradient fields and human exposure
guidelines, there are two issues to consider. One is the rms magnetic field strength and the other
is dB/dt. Both IEEE ad ICNIRP specify frequency (or duration)-dependent restrictions on these
quantities. Table 2 lists these for the waveform parameters of the EPI gradient sequence. It
should be noted that these are external field quantities rather than internal currents and in situ
field strengths as calculated in Section 3.3, and as such can be measured directly using the
dosemeter.

Table 2 |IEEE controlled exposure and ICNIRP occupational levels for the EPI gradient

sequence
Parameter Read-out gradient Slice select gradient Phase encode gradient
IEEE ICNIRP IEEE ICNIRP IEEE ICNIRP

Brms  Extremities 21mT 1.9mT 1.5mT

Head/Torso 1.1 mT 30.7 uT 1.0mT 30.7uT  0.82mT 30.7 uT
Peak  Extremities  2.9mT 2.7 mT 21mT
B

Head/Torso 1.6 mT 43.4uT 1.5mT 43.4uT 1.2mT 43.4uT
Peak  Extremities  10.7 Ts™ 107 Ts* 107 Ts*
dB/dt 1 1 1 1 1 1

Head/Torso 5.8Ts 016 Ts™ 58Ts 017Ts™ 58Ts 022 Ts
Frequency 1.8 kHz 2 kHz 2.5 kHz

Figure 14 shows the areas of the calculation region defined in Figure 12 in which the IEEE and

26



ICNIRP occupational field levels are exceeded for the various components of the gradient
sequence. The darkest blue areas of each field plot are where the field value is not exceeded. It
can be seen that the IEEE values are exceeded within perhaps 10 to 20 cm of the end of the
magnet but that the ICNIRP values are exceeded over most of the calculation region. This is a
somewhat different result than that of Section 3.3, where it is shown that when internal currents
and fields are calculated, the compliance areas for the IEEE and ICNIRP guidelines are not
dissimilar. The difference reflects the rather large level of conservatism built into the
dosimetric model used to derive the ICNIRP reference levels.

3.4 SUMMARY
Dosemeter

e An ambulatory tri-axial magnetic field dosemeter has been used experimentally to
quantify exposures of MRI personnel to both static and dynamic magnetic fields during
normal working shifts within clinical MRI settings

e There is good agreement between dosemeter measurements and calculated field
distributions around MRI systems

e Magnetic field dosimetry can be achieved in a practical manner and will be extremely
useful in further scientific studies. There is scope for a larger and more detailed study,
investigating how details of clinical procedures and practice affect recorded levels of
exposure.

Static magnetic field measurements

e Time-weighted-average static magnetic field exposures are quite small for the sets of 30
shift data analysed

e dB/dt values experienced by workers as they move around the magnet room, especially
during bending motions near the inner bore at the magnet ends often exceed guideline
levels.

Switched gradient magnetic field measurements
e Both |Brms| and dB/dt have been calculated and measured around a 2T MRI system
e There is good agreement between measured and calculated field quantities

e |EEE field-strength guidelines for controlled areas are exceeded in regions near the
gradient coil ends, as predicted in the numerical models

e ICNIRP occupational field strength guidelines are exceeded through the whole region
that was measured, reflecting the conservatism in the ICNIRP dosimetric model used to
derive reference levels
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4  OVERALL CONCLUSIONS

Within a metre or so of the ends of the 3 MRI systems modelled, the ICNIRP basic restrictions
for occupational exposure could be exceeded by movement through the static field or directly
by the switched-gradient fields. Faster movement through the static field than the modelled 1 m
s would exacerbate the exposure and slower movement would mean that the exposures would
meet the ICNIRP restrictions at smaller distances. The calculated exposures from switched-
gradient fields correspond to a worse-case field situation which would occur rarely in routine
clinical practice, and real compliance distances may be somewhat less than this.

Computational modelling of exposure indicates that it is not clear that use of the IEEE
guidelines rather than those of ICNIRP would change the overall situation, even though this
might be inferred from external field measurements.

Although the size of the magnet does affect the compliance distance when movement through a
static field is considered, it does not change the overall picture significantly. There is likely to
be a potential problem with this exposure situation for any clinical MRI system. However, the
extent to which the problem will be manifest will depend strongly on clinical practice. In
particular, exposures to switched-gradient fields occur only when an image is being gathered,
whereas exposures to static fields can occur at any time. This project has shown that the UniQ
dosemeter is capable of indicating, in real-time, situations in which movement through a static
field might lead to exposure guidelines being exceeded.

The results indicate also that the dosemeter could be used to give an indication of which clinical
practices might lead to overexposures to the switched-gradient fields.
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EXECUTIVE SUMMARY

This report describes investigations into the exposure of healthcare workers due to low
frequency electromagnetic fields around MRI systems. The first two sections report on
theoretical modelling studies of workers moving around MRI magnets and when exposed to the
fields produced by switched field gradients, the components responsible for spatial location in
MR imaging. The final section reports measured values.

The results of the movement through static field simulations indicate that the ICNIRP threshold

of 40 mAm™ - rms in the head and trunk can be easily exceeded when the worker is moving
close to any of the three MRI magnets used in this study. Since the velocity of motion has been
normalized to 1 ms™* in all designated cases, the results can be scaled linearly for other
velocities. It is shown that the levels of induced electric fields and current densities clearly
increase for increasing static magnetic field strength. In order to limit the induced current
densities to less than 40 mAm™- rms in the tissues of the central nervous system when walking
along the magnet bore, the simulation results suggest that the worker should be at least ~0.5-1.0
m axially away from the ends of 1.5-7 T magnet cryostats respectively, or should be moving at
correspondingly lower velocities than 1 m/s. Further theoretical and experimental studies will
need to be conducted to completely describe the regions around specific magnets where
guidance should be given to occupationally exposed healthcare workers.

Similarly, studies of the induced fields and currents due to switched field gradients show that
when the worker is standing near the gradient coil entrance, the levels can be above the relevant
EU, ICNIRP and IEEE standards. The calculations show that to be within regulatory limits the
workers need to be some distance away from the gradient coils when they are all pulsed
simultaneously so as to generate 40mT/m each in the dsv. This is the worst case scenario.
Experimental work into the typical gradient field exposures used in routine scanning is
underway and will further inform these results. We note that the distance from the end of the
gradient coil set to the end of the magnet varies between MRI systems and, for cylindrical
systems, is typically smallest in short 1.5T magnets and larger in higher field systems.

For the measurement studies we have used an ambulatory tri-axial magnetic field dosimeter to
experimentally quantify exposures of radiology personnel to both static and dynamic magnetic
fields during normal working shifts within clinical MRI settings. Measurements were made
around 1.5T, 2T, and 4T magnets during routine patient procedures. Exposures to pulsed
commercial gradient coils were measured using a practical Echo Planar Imaging (EPI)
sequence. Apart from comparing the static and dynamic field exposures to most-recent
international regulatory standards (IEEE, ICNIRP and EU-Directive 2004/40/EC), the field
measurements from the gradient field sub-study were assessed against the numerical simulations
of the first two sections with a high degree of corroboration. Our measurements confirm that
workers can be exposed to magnetic fields exceeding the guidelines at positions near the main
magnet and gradient coil ends during clinical imaging. The time weighted average magnetic
field exposures in 1.5T, 2T, and 4T were all within the regulatory limits during static magnetic
field measurements. More data and detailed situational studies need to be undertaken and
compiled to fully understand the extent and nature of these exposures. We have shown that
magnetic field dosimetry can be achieved in a practical manner and could be useful in providing
workers with instantaneous warnings about over-exposure to magnetic fields.

It is hoped that these results will better inform the MRI community concerning compliant
activity around MRI systems.



1 INTRODUCTION

This introductory section provides a summary of the results of both simulations and
measurements around Magnetic Resonance Imaging (MRI) systems and brief recommendations
for further studies. Full technical details of the modelling and measurement studies can be found
in Sections 1-3.

1.0 MODELLING SIMULATIONS

Section 1 details the simulations of workers moving through the static field gradients inherent in
MRI magnets. Section 2 details the simulations of workers exposed to pulsed field gradients
when scanners are in operation. Both Sections contain literature reviews and explanations of
the methodologies used. Note that bending, twisting or other actions taken by healthcare
workers, particularly around the patient bed are acknowledged to be important but were beyond
the modelling scope of this study.

The following is a summary of the findings relative to regulatory guidelines and also
recommendations for future studies.

2.0 SUMMARY OF RESULTS
Movement around model 1.5T, 4T and 7T magnet systems (see Section 1).

2.1 Current Standards

The Institute of Electrical and Electronics Engineers (IEEE) standard for exposure to magnetic
fields at frequencies below 1 Hz assumes adverse biological reactions in 50% of human subjects
at 1.5 T-peak or larger [12 in Section 1]. The same standard restricts the induced in situ electric
fields in the brain and heart to 25.03 mV/m (below 20 Hz) and 1.33 VV/m (below 167 Hz) for
controlled environments, respectively. At the same time, the in situ magnetic flux density is
restricted to 500 mT (below 10 Hz). In the IEEE guidelines, the in situ electric field is used as
the fundamental metric, rather than the current density, as the later introduces an additional
parameter (conductivity), and thus adds uncertainty beyond that which already existed in
deriving the electric field itself. However, the International Commission for Non-ionizing
Radiation Protection (ICNIRP) [23 in Section 1] and the Directive 2004/40EC of the European
Parliament and Council [24 in Section 1] state that the current density averaged over a 1 cm?

surface must not exceed a threshold of 40 mA/m?- rms. (at frequencies below 1 Hz) in the head
and trunk.

2.2 Results
The simulations show that for workers moving at a nominal speed of 1m/s, the maximum 1

cm? - averaged current densities (tables V and VI in Section 1) for most combinations of

magnets and motion type can be larger than the threshold of 40 mAm=2-rms. (or 56.57 mAm=-
peak) defined in the ICNIRP guideline and EU Directive. The worst-case maximum electric
fields induced in the brain exceed the IEEE standard of 25.03 mV/m-peak, while in some
circumstances the electric fields exceed the value of 0.75 V/m-peak that is attributed to
experimentally observed alternation of neural activity in hippocampal slices of the rat brain [20-
21 in Section 1]. The pre-synaptic depolarization threshold of 74.95 mV/m-peak for retina [13-
14 in Section 1] might be exceeded at very high and ultra-high field strengths for both male and
female. However the magnitudes of maximum induced electric fields in the heart are below the



IEEE threshold of 1.33 VV/m-peak for all examined field strengths [12, 22 in Section 1]. The
results detailed in the appendix show that the electric field thresholds that result in peripheral
nervous stimulation can be exceed in the tissues of fat and skin at very high and ultra high field
strengths [12 in Section 1].

We have estimated the axial distances away from the three assumed magnets at which the
induced maximum 1 cm?- averaged current density magnitudes would drop below the ICNIRP
threshold of 56.57 mAm=2- peak in the head and trunk. According to selected results shown in
figure 10 (for tissues of CNS and heart), the maximum 1 cm?- averaged current density

magnitudes are below the 56.57 mAm=2- peak threshold at distances from cryostat end of ~0.5-
1.0 for the static magnetic fields between 1.5-7 T. The same holds true for all other tissues. This
means, that for higher field strengths, workers moving at the same velocity should be further
away from the magnet to be compliant . We note here, that these values are only representative

of motion velocities normalized to 1 ms~* and obviously, slower is better.

Therefore, it seems that to comply with regulatory limits occupational workers need to move
slowly in specified regions around magnets; each type of magnet having a different profile for
this “reduced speed” region.

2.3 Pulsed Field Gradient Induction
See Section 2.

2.4 Current Standards

Regulatory agencies such as the IEEE and the ICNIRP) have defined limits on the time-varying
electric, magnetic and electromagnetic field exposures to the general public and in controlled
environments. According to the IEEE standard [17 in Section 2], the in situ electric field
stimulation thresholds for most CNS and PNS neurons are around 12.3 V/m and 6.15 V/m for
exposure durations of 0.128 ms, respectively. However, heart and other tissues are limited to
electric field exposures of 7.98 V/m and 0.86 VV/m respectively, at a frequency of 1 kHz (for
controlled environments). The ICNIRP guideline [18 in Section 2] and the Directive
2004/40/EC of the European Parliament and Council [19 in Section 2] on the other hand, state

that the current density averaged over a 1 cm? surface must not exceed a threshold of 10 mA/m?-
rms. in the head and trunk at a frequency of 1 kHz.

25 Results

The simulations model the exposures of male and female occupational workers to pulsed field
gradient gradients typically used in MRI. These gradients are intended to be typical of currently
available cylindrical MRI systems, but do not cover all gradient sets on the market and therefore
provide indicative results only. The simulations show that the induced fields and currents can be
in the same order of magnitude as those induced in the patients during MRI imaging and
therefore should not be ignored. The normalized simulation results obtained can be extrapolated
to evaluate the potential safety issues at different gradient strengths and distances away from
transverse and longitudinal coils. The longitudinal gradient tends to induce more fields in
workers than the transverse coils. The strongest levels of field exposure are observed when all
three gradient coils are operated simultaneously. As suspected, the induced current densities and
electric fields, when the occupational worker is standing near the gradient coil entrance, can be
well above the relevant EU, ICNIRP and IEEE standards. The calculations show that to be
within regulatory limits, the workers need to be approximately 1 metre away from the gradient
coils (note this is not the end of the magnet, the distance between the end of the gradient coil set
and the magnet varies between installations) when they are all pulsed simultaneously so as to
generate 40mT/m each in the dsv. We note that the distance from the end of the gradient coil



set to the end of the magnet varies between MRI systems and, for cylindrical systems, is
typically smallest in short 1.5T magnets and larger in higher field systems. The methodology
described in this work is able to be used to calculate regions of compliance for specific
magnet/gradient coil combinations.  Further modeling work is required to better understand
exposures in a variety of occupational situations including bending around the patient bed.

3.0 MEASUREMENT STUDIES

The technical details of the measurement methods are included in Appendix 3 details the use of
a dosimeter for B and dB/dt exposure measurements in a small number of healthworker shifts
(30 shifts). This is only an indicative set of measurements.

The following is a summary of the finding relative to regulatory guidelines and also
recommendations for future studies.

3.1 Results

The dosimeter measured three axis B fields and three axis dB/dt measurements. From these
measurements peak and time weighted average values can be calculated.

The root-mean-square (RMS) values of the dynamic magnetic fields were evaluated and
compared against the numerical simulations and the most recent IEEE, ICNIRP and EU-
Directive 2004/40/EC standards. The measurements confirm that workers can be exposed to
magnetic fields exceeding the guidelines at positions near the gradient coil ends during clinical
imaging and a high degree of correlation exists with the numerical results presented in
Appendices 1&2. Exposures due both to movement through static magnetic field gradients and
to pulsed magnetic field gradients can exceed guidelines in some routines practices. While the
time weighted average magnetic field exposures in 1.5T, 2T, and 4T were all within the
regulatory limits during static magnetic field measurements, the peak limits for the head were
exceeded in some circumstances.

The small number of routine shifts acquired provide indicative results only and more extensive
studies are needed. We have shown that magnetic field dosimetry can be achieved in a practical
manner and will be useful in providing workers with instantaneous warnings about over-
exposure to magnetic fields.

3.2 Recommendations for Further Modeling/Measurement

There are a number of important scenarios that are relevant to clinical practice that were outside
the scope of this initial investigation and should be the subject of further modeling studies. It is
recommended that further modeling studies be carried out, along the lines of :

* Examining exposures during a variety of work postures. In clinical practice the workers
currently often lean into the MRI magnet to attach accessories to the patient or to
comfort or communicate with a patient who may be nervous or anxious. Workers also
currently lean into the magnets to assess sedated or intubated patients. In these cases,
exposure due to both mechanisms; movement through static gradients and residing in
strong pulsed gradients needs to be simulated. From a modeling viewpoint,
maintaining integrity in the human models with variable posture is not trivial.

* Exposures in systems used for interventions. Interventions are performed either with
short cylindrical (conventional) magnet systems (such as, for example, The Siemens
ESPREE or Toshiba VANTAGE) or in “open” MRI systems. In both cases workers
(surgeons, nurses, radiographers) perform movements in static field gradients — some of



which require precision, and are exposed to pulsed field gradients. A full modeling
analysis of these systems is recommended as a priority.

Actions of workers in OEM companies (eg, Siemens, Philips, GE) who frequently enter
magnet systems in field servicing or magnet installation/construction phases should be
simulated to deduce practices that may be above recommended guidelines.

A measurement study of a much larger population is recommended based on the
preliminary measurement data and detailed situational studies need to be undertaken
and compiled to fully understand the extent and nature of these exposures.
Interventional systems and practices should be included in the larger study.



SECTION 1

NUMERICAL STUDIES OF CURRENTS IN WORKERS INDUCED
BY BODY- MOTION AROUND MRI MAGNETS

1.0 ABSTRACT

In modern magnetic resonance imaging (MRI), workers are exposed to strong, non-uniform
static magnetic fields generated by the main superconducting magnet. Previous studies have
indicated that movement of the body through these fields can stimulate in situ electric fields/
current densities of physiological significance. The relationship between the magnetic field
pattern/strength and the current distribution/level induced in the body is not well understood.
This study presents numerical evaluations of electric fields/currents in tissue-equivalent, whole-
body male and female human models (workers) at various positions and variety of body
motions around three real superconducting magnets with field strengths of 1.5T, 4T and 7T.

Note that bending, twisting or other actions taken by healthcare workers, particularly around the
patient bed are acknowledged to be important but were beyond the modelling scope of this
study. Reported data includes electric fields and current densities induced in selected tissues, as

well as current density averaged over 1 cm? areas normal to the current flow. A value of latter

quantity of 40 mA/m?- rms. is suggested as a threshold for head and trunk in international
regulations. Possible correlations between the magnetic field characteristics and the induced
current density distribution are discussed and simulations show that it is possible to induce
electric fields/current densities above recommended levels when the worker is moving very
close to the MRI machines. Furthermore, the results indicate that the worker should be at least
~0.5-1.0 m axially away from the cryostat end for field strengths between 1.5-7 T to limit the
exposure according to the suggested safety standards when moving at a nominal 1 m/s. A strict
scaling law between induced in situ electric field/ current densities and respective static field
strengths investigated herein, could not be established, however, due to the effect of differing
field profiles. The numerical calculations are based on an efficient, quasi-static finite-difference
scheme and the methodology presented can be extrapolated to other ultrahigh static field
strengths for the evaluation of the effects of motion at a variety of body orientations and
velocities.

Keywords: MRI, superconducting magnet, human models, worker, quasi-static finite-difference.

2.0 INTRODUCTION

In the past decade, there has been a concerted effort to enable magnetic resonance imaging
(MRI) at very high field strengths. The most common system in current clinical use hasa 1.5 T
central field, but research systems from 4 T to 9.4 T are now being developed for clinical
imaging. As the field strength of the MRI system increases, so does the potential for tissue/field
interactions of a variety of types. Therefore the safety issues for patients and healthcare workers
exposed to such strong magnetic fields needs to be carefully considered. Understanding the
interactions between the electromagnetic fields generated by MRI systems and the human body
has become more significant in recent years [1-5].



The strong static magnetic field generated by the main MRI magnet can induce magneto-
hydrodynamic forces on the moving charge carriers of the human vascular system (i.e.
haemoglobin of the red blood cells, ions of different salts, etc). For instance, Jehesen and
associates [6] have observed a 17% increase in human heart-rates under laboratory conditions of
2 T exposure, which might be at best harmless in healthy human subjects, but its safety in
dysrhythmic subjects can not be ascertained. Other studies indicated a change in blood velocity
of 0.2-3% between 1-10 T [7-8].

Another concern in high-field MRI is related not to the strength of the static field and resulting
magneto-hydrodynamic forces, but to induction of in situ electric fields and associated current
densities caused by rapid movement of the body within the non-uniform, strong static magnetic
field. A number of adverse effects were noted at 1.5 T, including but not limited to: headaches,
nausea, vertigo, phosphenes (light flashes), numbness and tingling, loss of proprioreception and
balance, and a metallic taste in the mouth associated with the head movement. Much more
marked reactions were observed at 4T and higher [9]. It is believed that these biological
responses are most likely results of nerve and synapse excitations in the central and peripheral
nervous system. The central nervous system (CNS) contains the tissues of the brain, spinal cord,
retina and cerebral spinal fluid (CSF), where as the peripheral nervous system (PNS) is mostly
embedded in the tissues of the skin and subcutaneous fat. The stimulation of peripheral nerves is
a well-known phenomenon encountered during pulsing of magnetic field gradient coils at a
frequency of 1 kHz or so [10] and it is associated with the twitching of muscles and tingling in
the skin. However, there is some indication that this effect can extend to much lower
frequencies, even during body motion in static magnetic fields [11]. The in situ electric field
stimulation thresholds for most CNS and PNS neurons are around 12.3 V/m and 6.15 VV/m for a
time duration of 0.128 ms, respectively [12]. However, membrane depolarization of nerve cells
in the retina (eye) is much more sensitive to the electric and magnetic field induction [13-14].
This synaptic polarization effect in retina, rather than the excitation of the optic nerve or the
visual cortex, is attributed to the phenomenon of electro- and magneto- phosphenes, which are
visual effects resulting from electric and magnetic fields applied to the head [13-18].
Alternation of pre-synaptic membrane potentials in retina synapses with in situ induced electric
fields of around 53 mV/m-rms. (with corresponding current density of 8 mA/m?), at the most
sensitive frequency of 20 Hz, can result in electrophosphenes [18-19]. The electric field
stimulation threshold for neural response in the brain is reported to be around 750 mV/m-peak,
a factor of 16 below the threshold of 12.3 VV/m for excitation of a large CNS nerve [20-21]. On
the other hand, heart tissue requires a 12 V/m in situ electric field to trigger cardiac excitation
[12, 22].

The IEEE standard for exposure to magnetic fields at frequencies below 1 Hz assumes adverse
biological reactions in 50% of human subjects at 1.5 T-peak or larger [12]. The same standard
restricts the induced in situ electric fields in the brain and heart to 25.03 mV/m (below 20 Hz)
and 1.33 VV/m (below 167 Hz) for controlled environments, respectively. At the same time, the
in situ magnetic flux density is restricted to 500 mT (below 10 Hz). In the IEEE guidelines, the
in situ electric field is used as the fundamental metric, rather than the current density, as the
later introduces an additional parameter (conductivity), and thus adds uncertainty beyond that
which already existed in deriving the electric field itself. However, the ICNIRP [23] and the
Directive 2004/40EC of the European Parliament and Council [24] state that the current density

averaged over a 1 cm? surface must not exceed a threshold of 40 mA/m?- rms. (at frequencies
below 1 Hz) in the head and trunk.

In this theoretical investigation, we have computed the electric fields and current densities
induced in whole-body male and female models of workers during motion around magnets with
static field strengths of 1.5T, 4T and 7T. Actions such as walking and upward motion in the



MRI room have been considered. The objectives of the research reported here are to evaluate
several worst-case exposure scenarios and to understand the relationship between the field
pattern generated by the superconducting coils and the positions around the magnet where
largest electric fields and current densities are induced in the body. Various measures of electric
field and 1 cm?- averaged current densities are reported for tissues of CNS and heart and the
results are compared to the aforementioned international standards. Table V includes selected
worst-case results for other body-identified tissue types. In addition, the axial distances from the
three model magnets where the maximum induced 1 cm? averaged current densities are below
the ICNIRP threshold have been evaluated. This study does not consider magneto-
hydrodynamic forces on the vascular system and any thermal effects attributed by the induced
current densities, as the later is not dominant at frequencies below 100 kHz and the former
requires a detailed model of the vasculature, which is beyond the scope of the current body
model resolution of ~2 mm used in this investigation. The reader is encouraged to refer to
following publications on these topics [12, 25]. It is hoped that this study will help in the
evaluation of the regulatory compliance ofhealth workers and patients when moving through
non-homogeneous, intense, static magnetic fields.

3.0 MATERIALS AND METHODS

3.1 Human body models and superconducting main magnets

To accurately model realistic workers subject to static magnetic fields, both male and female
inhomogeneous voxel phantoms NORMAN and NAOMI [26-27] were engaged in this
numerical study. The dimensions of the models are very close to ICRP 89 reference adult male
and female [28]. The models have some forty tissues identified, with each voxel assigned
(where possible) a recently measured [29-30] conductivity value corresponding to its dominant
tissue type and appropriate to the required DC frequency. The model resolution of ~2 mm used
in this study is sufficiently high to resolve all major body components, as well as some of the
smaller organs and tissues.

The simulations involved are computationally intensive. Therefore, a lower resolution body
model is employed first to efficiently estimate the fields induced in the tissues at various
positions around the MRI magnet, after which a higher resolution body model is used for more
detailed field evaluations. The conductivities of the downscaled cells in the low-resolution
models were taken as the volume average of the component voxels. Table 1 details the body
model resolutions used in this work.

Table |
Body model properties

Body model

NORMAN (male) NAOMI (female)
Low No. of cells x-y-z 70 x 37 x 218 74 x 31 x 198
resolution  Cell size [mm] 8.219 x 8.308 x 8.075 7.739 X 7.792 x 8.234
High No. of cells x-y-z 277 x 148 x 871 294 x 124 x 791
resolution  Cell size [mm] 2.077x2.077x2.021  1.948 x 1.948 x 2.061
Height [m] 1.76 1.65
Weight [kg] 73 58

For whole-body MRI systems, magnetic field strength might be divided into high field (1.0-3.0
T), very high field (3.0-7.0T) and ultra high field (= 7T). To numerically evaluate the influence
of different magnetic field strengths and spatial profiles on both male and female workers, we



have considered three realistic symmetric magnets: 1.5T Infinion (actively shielded, see ref
[37]), 4T Siemens (actively shielded) and 7T EMI research magnet (unshielded). Table 2 details
the geometries of these three magnets.

Table 2
Superconducting magnet geometry

B DSV size Length Inner Outer 5 Gauss
[T] [5 ppm] [m] Radius [m] Radius Shielding
rfcm] x z [cm] [m] r[m] xz[m]
15T 40 x 50 1.27 0.48 0.87 ~42x3.6
40T * 2.09 0.52 1.02 ~4x6
70T 52 x 52 2.60 0.49 0.77 ~18x 14

* not available

3.2 The computational method
The total electric field inside the biological sample is commonly split into primary vector field
E, and secondary field E, , according to:

E = E]_ + Ez
. oA .
where E, = ey and E,=-vo @

Here, A denotes the vector magnetic potential due to the source and @ is the scalar electric
potential. The primary electric field E, causes a flow of current J, =oE, in a conductive

sample with the conductivity o. Any conductivity differences along the path of the current,
including the air-tissue interfaces cause non-uniformity of accumulating electric charges, giving

rise to scalar potential ®, the negative gradient of which is the secondary field Ez, which
causes a flow of current J, = of, .

We first summarize the numerical method for the calculation of vector A generated by the
superconducting main magnet. Since the coils producing the field are axially symmetric, only
the azimuthal component a, of the vector magnetic potential A is non-zero. The vector

magnetic potential components can be calculated as follows:

M Wg(m) 75(m)  Ry(m)
Ay(r,z)= ) 502 =(r',z;r,z)dr'dz', A(r,z) = A(r,z) =0, (2)
le 21 f f

z'=z;(m) r'=Ry(m)

e oy g cos pdp
=(r',z'r,z) =
~!‘\/(r')2 +r2-2r'rcos B + (2'-2)?

where m=12...,M is the number of the thick circular solenoids, u is the permeability of the

medium J,(A/m?) is the current density within the coils, the primed variables refer to the source

points within the solenoid, and the unprimed variables denote field points outside it. Thus,
(r',z')is the position vector of a source point and (r,z) is a field point, and so on. For each



solenoid, R,, R, are the inner and outer radii, and z, z, are the positions in the z-direction. The
kernel function = can be evaluated by complete elliptic integrals; however, for the expressions
of the magnetic induction fields B(r), a more rapid integral approach [31] is easily employed
without introducing special functions. Based on our implementation of the quasi-static finite
difference scheme (QSFD) [32], the computation of the electric fields is given by the governing
surface integral equation:

{(0%)@5 SGORS ?)

where S represents the surface of the integral region and o is the conductivity of the sample.
The governing equation (3) is subject to a boundary condition of the Neumann type:

o (-2) (@)

which indicates that the normal component of the induced eddy current j -=o£ on the tissue-air
boundary is zero inside the body. To calculate the scalar potential ® , we divide the
computational space into a large number of cubic cells and then equation (3) is approximated
for each elementary cell. After discretization and rearrangement, the scalar potential for cell (i, j,
k) can be expressed as:

o E-f(Ah (5)

a a a
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in which subscripts i, j and k indicate the cell indices, subscript g indicates two faces (0 or 1) in
X, Y, Z directions, respectively, s is the unit vector normal to the cell faces, h is the cell size and
o? is the local harmonic averaged conductivity. The governing equation in finite-difference
form (5) can be solved using an iterative technique such as the Successive Over Relaxation
(SOR) algorithm [32] with the advantage of rapid convergence. After the scalar potential has
been calculated, the electric field components can be found using relationship (1). The current
density is related to the electric field by multiplying by tissue conductivity. The computational
method has been verified against other known solutions and the full validation details are given
in [32-33].

3.3 Evaluation of E-fields/currents induced in the body models

This section describes the general methodology used in the computation of electric fields and
current densities induced in the tissues due to body motion through non-uniform static magnetic
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fields produced by the three selected superconducting magnets. Since the magnet coils are
axially symmetric, it is sufficient to evaluate the azimuthal component of the vector magnetic
potential in the r-z-plane and to transpose the vector entity from axial-symmetric two-
dimensional cylindrical to three-dimensional Cartesian coordinates. It was assumed that all
three main magnets are positioned 1.15 m above ground relative to their central cylinder axis (z
= 0). Also, it has been assumed that the superconducting coils of the 1.5 T and 4 T magnets
were embedded in a cryostat vessel, which extended the magnets by 0.1 m both radially and
axially. In the case of 7 T, the cryostat vessel extended the magnet by 0.1 m axially and 0.25 m
radially. The minimum distance between the phantom surface and the edge of the MRI scanner
(including cryostat vessel) was assumed to be 0.01 m for all simulations. Then, the time-varying
magnetic flux is expressed by the difference dA of the vector potentials of two neighbouring
cells divided by the time difference dt =h/v, , where y is the motion direction, h is the cell size

in meters and v is the body velocity in meters per second. The spatial precision of the
displacement is therefore restricted to the cell size. We note that this formulation supports multi-
directional translation using vector analyses of velocity. In all simulations carried out in this
study, the velocity has been normalized to 1 ms™! and assumed to be constant throughout the
body model. In that way the results obtained can be linearly extrapolated to other velocities of
interest with ease. However, in an attempt to simulate a realistic human movement, the velocity
of different parts of the body can be set to different values. Based on the computational method
outlined in Section B, the electric field and current densities induced in the body can be
computed. Several cases of body movement are considered in this study:

Motion | - walking along the magnet cylinder in the direction from the positive
towards the negative z-axis

Motion Il - walking perpendicular the magnet cylinder in the direction from the
positive towards the negative x-axis (r-axis)

Motion 111 - upward motion while facing the negative direction of the z-axis.

Motion 1V - upward motion while facing the negative direction of the x-axis (r-axis).

Figure 1 illustrates all four cases of body motion considered, indicating the assumed
computational region and the magnet position.

11
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Figure 1 Sketch (top view) of four assumed body motions around the magnet of
interest.

1. Region scanning computations at low model resolution

To evaluate the positions in the MRI room where peak current densities are induced in the body
model, it is necessary to perform computations with the phantom movement beginning at
numerous locations around the magnet of interest. Employing the high-resolution body models
(=2 mm), in this exercise would consume a considerable amount of computing time. To speed
up the scanning process, we have employed male and female body models as the low-resolution
first to register the peak values at various positions around the magnet, after which a higher
resolution simulation at the position of interest was performed. Only the right side of the magnet
region is considered (r > 0) and the typical scan area is assumed to be: r=0~2.2m,
z=-2~2m. The phantoms are then positioned in this region at spatial increments of 0.1 m
both radially and axially and the fields induced in the low-resolution body models as they
undergo motions I-1V at 1m/s are evaluated.

Since the phantoms are voxel based, there are unrealistic sharp corners and edges defining the

tissue boundaries. There can be also instances of large contrasts in conductivity between
neighbouring voxels and where single isolated voxels occur embedded in another tissue. These
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can introduce artificially high maximum values, associated with possible edge singularities in
the induced fields. In the presence of such numerical staircase errors, 99% thresholded values
(limits exceeded in only 1% of tissue voxels) serve, to a degree, as a more satisfactory estimate
of maximum field levels [34]. Hence, for every position around the magnet, the 99%
thresholded total electric field (denoted: E99) and current density (denoted: J99) are evaluated.
This effectively removes any statistically insignificant numerical errors and singularities. The
final results of these simulations are presented as field plots (around the magnet) of peak 99%
thresholded electric field and eddy current densities induced in the body.

2. Detailed field evaluations at high model resolution

Once the position of peak electric field/ current density is determined during the region scan, we
perform a detailed field computation with the high-resolution body models (Table 1). As the cell
size decreases, the maximum value of current density increases for two reasons. The effect of
averaging the conductivity in the rescaled cells (low-resolution) and its masking of high-
conductivity voxels decreases with smaller cells. There is also a shape effect [35], whereby an
indentation such as at the armpits and at the top of the legs or in a particular high-conductivity
tissue will produce a tightening of the ‘current lines” and an increase in the current density. If
the indentation is very sharp the current density will increase significantly at the apex. Therefore
there is a need to average over a finite area. The ICNIRP guidelines [23] state that the
perpendicular current density components should be averaged over a square with 1 cmedges
centred on the voxel and parallel to the three principal Cartesian planes. According to Dawson
et. al. [34], in the presence of complex heterogeneous models and non-uniform fields this
definition is, at best, ill defined, as it can be estimated in two distinct ways. In one algorithm the
averaging takes into account the current flowing in neighbouring, dissimilar tissues. The
magnitude of the tissue-specific averaged current will therefore depend on the nature of the
adjacent tissues. In that regard the algorithm treats the interfaces between dissimilar tissues as a
continuous zone and can be classified as a full averaging algorithm. The other algorithm (tissue
specific) works on the same principle as full averaging algorithm, but it zero-weights the
neighbouring current values of dissimilar tissue type. By performing a simple analytical
example, Dawson et. al. [34] were able to show that the tissue specific algorithm can easily
underestimate the averaged values in both regions and in particular in organ/tissues of small
spatial extent with local high conductivity ratios. However, the full averaging algorithm can
overestimate the values in lower conductivity material and somewhat underestimate the values
in the higher conductivity material.

During MRI imaging/segmentation and generation of the numerical voxel phantoms (here:
NORMAN and NAOMI), it is generally difficult to ascertain the clear boundary between two
different organs or tissue types. Furthermore, this study aims to determine the worst-case
scenarios, and so the overestimates in averaged current densities, rather than underestimates, are
preferred. In that regard, the full averaging algorithm is clearly a better candidate and thus has
been used in all high-resolution evaluations of this study. The final results of the high-resolution
simulations are presented in terms of electric field and eddy current distributions in the male and
female voxel phantoms. In addition tables and graphs are used to illustrate the maximum and
average tissue-specific E-fields/currents and peak 1 cm? averaged tissue-specific current
densities, predominantly in tissues of the CNS and heart, as these are known to be affected by
induced fields/currents. Table V also reports selected analogous results for other body tissues.

3.4 Estimation of ‘safe distance from magnet’
In this investigation, we endeavor to estimate the distance away from the magnet at which the

induced 1 cm?averaged current densities in the tissues of the CNS and heart are below the

ICNIRP threshold of 40 mAm™- rms. For this purpose, we have assumed that the high-
resolution male voxel phantom is moving along the three MRI scanners (Motion ) and that the
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body model is positioned at various axial distances away from the magnet end with a radial
displacement of 0.3 m from the magnet’s central axis (e.g. location of largest induced current
density). Then the induced electric field and current densities are computed for all tissues and
only the results for the tissues of the CNS and heart are reported.

4.0 RESULTS

4.1 Magnetic field profiles of the three superconducting magnets

The total magnetic fields of the three main magnets (1.5T, 4T and 7T) are computed using
equation (1), and the corresponding field profiles are illustrated in figure 2 (left column). In
addition, figure 2 (right column) portrays the product of the total magnetic field |B| and its

spatial gradient | vB|. The significantly larger |BvB| values in the physical magnets (including
cryostat) have been blanked out in Figure 2 (right column) as in normal circumstances these
fields would not come into direct contact with the worker. The plot illustrates the homogeneous
static magnetic field in the working volume and the rapid field drop off near the magnet ends,
which can potentially induce electric fields in the body, during motion around the magnet.

BI[T] B|[7B] [T*m"]

o
v
R Im; o
llil"l
Z
k,"u 05§
Figure 2 Left column: total magnetic field profile generated by the 1.5T (top), 4T

(middle) and 7T (bottom) magnet. Right column: product of the total
maghnetic field and its spatial gradient for all three static magnets. The region
occupied by the MRI magnet and its cryostat vessel is blanked out and
labeled: ‘Magnet'.

14



4.2 Results based on different body motions

1. Region scanning computations at low model resolution

Here, the lower resolution body models are engaged first to estimate the location(s) around the
three magnets with peak thresholded current density J99 and electric field E99 induced in the
male and female voxel phantoms during different body motions. The low-resolution region
scans converge in about 4000 iterations and the typical computation time for one scan is around
8 hours on a dual XEON 3.6GHz / 4GB RAM PC platform. With all combinations of magnets,
body models and motion types, a total of twenty-four low-resolution region scan simulations
were performed. Figures 3 and 4 illustrate the peak J99 magnitudes versus spatial position
around the three magnets, recorded during four assumed body motions in case of the male and
female voxel phantom, respectively. We note here that the field values at the physical location
of the whole MRI scanner were not recorded and are zero (dark region labelled ‘Magnet’ in
figures 3 and 4), as these spatial positions would be normally not accessible to the workers for
the four body motions assumed. However, in a case that an worker is bending towards the
magnet with the upper body partially inside the magnet bore, then the aforementioned region
might show potentially larger magnitudes than those depicted in figures 3 and 4. Figures 5 and
6 show analogous plots to figures 3 and 4 in terms of the E99 profiles.

Motion I

Motion 11

Motion 111

Motion IV

Figure 3 Peak J99 field profiles around the 1.5T (left column), 4T (middle column)
and 7T (right column) magnet during different body motions (‘Motion I’ —
‘Motion V") of the male voxel phantom.

15



Motion |

Motion II

Motion IV

e s
" - —~47
my R tmy 200 R my i

Figure 4 Peak J99 field profiles around the 1.5T (left column), 4T (middle column)
and 7T (right column) magnet during different body motions (‘Motion I' —
‘Motion V") of the female voxel phantom.
Figure 5 Peak E99 field profiles around the 1.5T (left column), 4T (middle

column) and 7T (right column) magnet during different body motions (‘Motion

I'— ‘Motion IV’) of the male voxel phantom.
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Figure 6 Peak E99 field profiles around the 1.5T (left column), 4T (middle
column) and 7T (right column) magnet during different body motions (‘Motion
I’ — ‘Motion IV’) of the female voxel phantom.

Table 3 summarizes the largest recorded peak J99 and E99 values for all combinations of
magnets, body models and motions considered. Table 4 lists the corresponding positions (in
cylindrical coordinates) around the three magnets where the largest peak J99 values are
recorded during the four body motions for both voxel phantoms.

Table 3
Peak E99 and J99 in Norman and Naomi for different motions around the three
magnets
FIELD BODY MOTION I MOTION 11 MOTION 111 MOTION IV

MODEL E99 J99 E99 J99 E99 J99 E99 J99
[Vm‘l] [Am‘z] [Vm‘l] [Am‘z] [Vm‘l] [Am‘z] [Vm‘l] [Am‘z]

1.5T NORMAN | 0.821 0.165 0.332 0.081 0.450 0.103 0.306 0.083

NAOMI 0.748 0.161 0.418 0.089 0.433 0.085 0.310 0.075
4T NORMAN | 0.755 0.149 0.508 0.125 0.482 0.109 0.471 0.136
NAOMI 0.731 0.166 0.518 0.123 0.493 0.094 0.477 0.110
7T NORMAN | 0.956 0.189 0.722 0.168 0.766 0.181 0.568 0.164
NAOMI 1.099 0.242 0.704 0.187 0.605 0.159 0.508 0.133
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Table 4
Worst-case voxel phantom positions (to the nearest 5 cm)

MODEL 15T 4T 7T
R [m] Z[m] R [m] Z[m] R [m] Z[m]
_ NORMAN 0.30 -0.90 0.30 -1.30 0.30 -1.55
NAOMI 0.30 -0.90 0.30 -1.30 0.30 -1.55
— NORMAN 0.50 -1.00 0.20 -1.40 1.15 0.80
B NAOMI 0.50 -1.00 0.20 -1.40 1.15 0.80
— NORMAN 0.40 -0.90 0.30 -1.30 0.30 -1.55
- NAOMI 0.30 -0.90 0.30 -1.30 0.30 -1.55
>~ NORMAN 0.20 -1.00 0.20 -1.40 0.20 -1.70
= NAOMI 0.50 -1.00 0.20 -1.40 0.20 -1.70

Table 5

Tissue-specific measures of electric field and current density induced in the male body
model during Motion | around 4T magnet at the position of r=0.3m and z=-1.3m

TISSUE Eavg Javg Emax Jmax Jiome avg Jf(‘:"nfz’avg

[me‘l] [mAm‘z] [me‘l] [mAm‘z] [mAm‘z] [mAm‘z]
Bile 90.02 126.02 179.43 251.20 116.06 202.58
Gall Bladder 159.36 143.42 722.63 650.37 94.40 254.08
CSF 69.01 138.01 1039.38 2078.76 64.80 636.17
Blood 83.61 58.53 729.62 510.73 45.89 183.24
Spleen 561.02 57.78 1148.88 118.33 69.07 201.92
Prostate 172.14 72.99 1153.34 489.02 54.20 201.04
Small Intest. 151.49 80.59 1105.69 588.23 75.03 237.27
Testis 103.09 43.71 1419.66 601.94 31.48 215.72
Urine 51.93 77.89 318.11 477.16 67.35 189.62
Bladder 122.39 25.46 540.29 112.38 39.23 159.10
Thymus 107.83 56.50 294.06 154.09 46.06 86.74
Liver 423.98 17.55 1404.54 58.15 22.33 182.78
Breast 116.80 37.49 578.63 185.74 27.85 79.94
Muscle 179.83 57.74 3987.31 1279.93 50.98 455.24
Skin 210.27 0.04 6255.60 2.05 4.86 196.36
Fat 311.24 6.97 6482.13 145.20 15.97 424.85
Tendon 24.77 9.49 376.42 14417 6.51 54.18
Trabec bone 97.70 7.96 1701.34 138.66 6.15 96.34
Pancreas 125.40 65.71 1152.92 604.13 51.24 306.07
Oeasophagus 124.93 65.46 864.10 452.79 40.31 152.37
Stomach food 188.88 60.63 523.80 168.14 63.76 213.58
Stomach 179.48 94.05 1290.19 676.06 72.25 291.82
Duodenum 139.50 74.22 590.22 314.00 65.03 188.68
Kidneys 316.80 35.80 798.27 90.20 35.96 122.02
Brain 87.60 10.42 570.40 67.88 15.58 213.49
Spinal cord 135.58 3.90 1628.63 46.90 33.15 332.03
Lower LI 240.95 55.90 1571.42 364.57 51.94 237.26
Upper LI 272.54 63.23 1071.14 248.51 60.28 177.29
Thyroid 101.35 53.11 202.26 105.99 46.62 84.63
Lens 29.11 9.52 68.38 22.36 22.22 29.22
Adrenals 172.18 90.22 489.70 256.60 57.66 115.54
Bone 221.53 4.47 3244.18 65.53 12.45 567.66
Humour 21.82 32.73 87.45 131.17 25.87 45.32
Retina 43.59 22.01 192.15 97.03 20.39 46.58
Heart 127.84 13.68 380.30 40.69 20.67 87.40
Lung air 138.84 11.04 800.41 63.63 14.98 121.14
Lung 229.93 49.66 1175.40 53.89 48.71 202.69
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2. Detailed field evaluations at high model resolution

Based on the worst-case positions listed in Table 4 (i.e. positions with largest peak J99 values),
the high-resolution body models were employed to calculate the tissue-specific electric fields
and current densities. On the same platform (dual XEON 3.6GHz / 4GB RAM PC), the high-
resolution simulations converge in about 50,000 — 70,000 iterations and consume approximately
1.9GB RAM/10h CPU-time and 1.55GB RAM/9.5h CPU-time for the male and female
phantom studies respectively. A total of twenty-four high-resolution simulations were
performed. Table V details the average and maximum 1 cm?averaged current densities in the
tissues of the central nervous system and heart of the male voxel phantom for all combinations
of magnets and body motions.

Table 6
Worst-case selected 1 ¢cm?- averaged current density induced in Norman in [ mA/m?]
15T 4T 7T
TISSUE Avg Max Avg Max Avg Max

CSF 50.90 360.51 64.80 636.17 83.60 875.89

Brain 8.56 116.27 15.58 213.49 18.64 235.90

—  Spine 40.99 227.38 33.15 332.03 44.19 457.15
Retina 11.58 27.89 20.39 46.58 21.09 53.60
Heart 12.37 59.11 20.67 87.40 30.33 142.63

CSF 23.04 194.01 37.62 280.24 52.66 397.94

Brain 2.17 30.91 6.14 108.52 7.09 130.22

= Spine 24.83 165.69 32.62 193.65 17.46 261.42
Retina 4.62 14.75 18.43 72.84 27.49 87.41
Heart 8.77 52.58 14.37 88.00 18.68 123.22
CSF 35.82 242.72 54.16 431.35 59.70 585.14
Brain 9.55 124.53 15.37 199.35 14.90 182.35
Spine 11.10 123.99 16.65 173.14 23.86 237.20
Retina 11.04 30.12 13.83 41.35 17.28 49.95
Heart 6.33 3055 11.99 65.95 19.08 105.23
CSF 20.28 173.96 37.11 303.92 30.74 206.64
Brain 6.89 101.39 4.29 86.13 52.89 127.83
Spine 6.83 46.94 38.09 247.11 15.22 96.92
Retina 11.80 26.69 10.48 37.00 63.65 40.51
Heart 3.65 16.17 13.23 82.67 39.46 32.21

v
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Table 7

Worst-case selected 1 ¢M”- averaged current density induced in Naomi in [mA/mz]

15T 4T 7T

Avg Max Avg Max Avg Max
CSF 43.67 227.69 63.42 331.54 78.57 468.81
White M 9.49 131.16 13.32 195.40 15.78 228.64
Grey M 30.00 168.15 43.36 262.49 52.96 348.46
Spine 30.25 213.87 45.74 313.48 60.53 445.21
Retina 18.90 46.03 26.75 68.96 31.17 85.44
Heart 7.19 37.29 10.92 56.28 15.75 77.09
CSF 19.24 119.22 35.72 241.55 53.11 359.91
White M 3.59 113.16 6.97 119.01 9.89 173.75
Grey M 10.92 93.57 21.54 208.67 33.38 297.44
Spine 33.18 14451 35.70 121.11 51.40 174.27
Retina 11.32 30.24 28.52 88.21 37.98 112.24
Heart 7.33 31.40 8.96 51.98 10.22 69.23
CSF 34.25 138.71 46.76 202.81 53.86 291.37
White M 6.56 116.74 8.79 151.77 10.35 155.69
Grey M 23.03 124.62 30.77 161.69 34.44 167.65
Spine 16.26 124.93 25.31 198.50 37.48 284.98
Retina 10.10 26.74 14.79 38.87 20.43 50.81
Heart 4.69 25.22 7.75 42.51 12.57 70.73
CSF 22.17 125.78 30.43 185.68 29.13 151.39
White M 4.63 113.75 5.99 115.20 5.87 119.82
> GreyM 14.49 102.31 19.34 150.72 18.40 125.15
Spine 7.64 28.19 14.30 70.44 18.12 96.80
Retina 13.85 28.98 21.16 45.86 23.81 61.89

TISSUE

Table 7 lists analogous results to Table 6 for the female body model. The corresponding average
and maximum tissue-specific electric fields have been tabulated in Tables 8 and 9, for the male
and female body model respectively.
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Table 8
Worst-case selected electric field induced in Norman in [mv/m]

15T 4T 7T

TISSUE Avg Max Avg Max Avg Max
CSF 52.66 687.46 69.01 1039.38 88.49  1418.30

Brain 48.84 325.87 87.60 570.40 105.52 704.79
= Spine 139.12 87141 135.58 1628.63 181.15 2219.38
Retina 24.69 129.74 43.59 192.15 46.32 257.70
Heart 72.62 245.51 127.84  380.30 189.32  536.21

CSF 23.13 377.47 38.72 407.47 51.32 488.96

Brain 12.45 79.38 35.58 281.11 44.56 321.88

= Spine 82.46 429.84 114.88  624.90 59.45 776.54
Retina 9.25 39.87 34.53 156.39 39.90 189.26
Heart 55.46 230.67 86.01 373.20 101.29  455.21

CSF 62.72 486.77 85.95 863.61 93.10 911.28

Brain 80.72 431.30 101.22  560.10 14.90 182.35

= Spine 61.28 415.70 107.34  477.29 23.86 237.20
Retina 39.93 93.85 36.15 101.92 17.28 49.95
Heart 40.94 175.21 104.59 417.94 19.08 105.23

CSF 40.29 250.86 37.54 553.71 70.39 140.78

Brain 42.92 314.25 24.62 184.62 53.61 444.48

2 Spine 59.60 207.50 127.47 627.41 134.31 528.44
Retina 24.85 94.65 20.89 94.49 41.03 126.03
Heart 59.15 152.68 82.32 359.43 138.29  368.79

Table 9
Worst-case selected electric field induced in Naomi in [mV /m]
15T 4T 7T

TISSUE Avg Max Avg Max Avg Max
CSF 59.46 254.79 86.09 773.26 106.27 1074.17
White M 92.56 569.70 129.60 830.79 154.09 1064.92

_ GreyM 88.77 517.77 126.81 733.66 153.58 974.06
Spine 75.75 421.49 114.72 615.00 151.27 879.02
Retina 33.11 97.74 48.73 147.65 57.85 263.19
Heart 50.53 155.01 76.66 233.03 110.30 336.97

CSF 26.43 293.37 46.47 243.24 66.79 345.33
White M 35.43 250.29 69.84 507.54 26.55 790.42

— GreyM 32.64 193.72 63.04 564.33 89.92 667.02
- Spine 87.20 331.74 93.08 290.35 103.02  320.11
Retina 18.94 52.84 45.26 137.26 56.97 213.48
Heart 54.28 165.51 65.34 201.89 87.21 259.83

CSF 50.16 397.92 65.61 535.63 94.47 586.78
White M 68.05 393.97 89.89 518.25 121.68  643.97

— GreyM 71.09 391.80 92.67 553.19 121.24  690.93
- Spine 60.46 246.67 99.22 387.95 162.34  618.17
Retina 19.56 55.47 29.57 86.89 74.43 169.47
Heart 47.34 175.82 79.95 286.54 134.36  475.43

CSF 53.70 216.53 48.58 305.92 62.10 439.39
White M 72.48 262.74 66.83 370.71 80.19 441.33

2 GreyM 71.46 302.96 61.98 352.20 75.29 461.23
Spine 24.57 30.55 104.93  275.73 143.03  383.89
Retina 36.81 72.08 46.29 121.41 65.65 207.12
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Figures 7 and 8 illustrate the selected electric field and eddy current density profiles in coronal,
sagittal and axial slices of the male and female voxel phantoms during ‘Motion I’ around all
three superconducting magnets. We note here that the conditions at which these results were
obtained for different static field strengths were almost same (Table 4), i.e. both body models
were situated 0.3 m radially away from the magnet’s central z-axis and positioned axially so
that the body surface is close, but not touching the first cryostat wall.

7T

E [Vim!]

| 7.76E-01
7.06E-01
6.35E-01
5.65E-01
4.94E-01
4.24E-01
3.53E-01
2.82E-01
2.12E-01
1.41E-01
7.06E-02

e 0.00E+00
5%
-

NORMAN

E[Vm]

7.76E-01
7.06E-01
6.35E-01
5.65E-01
4.94E-01
4. 24E-01
3
2
2
1
7
0

NAOMI

S3E-01
B2E-01
12E-01
41E-01
06E-02
00E+00

Figure 7 High-resolution coronal, sagittal and axial electric field distributions in
the male (top row) and female (bottom row) voxel phantoms for normalized ‘Motion I’
around the 1.5T (left column), 4T (middle column) and 7T (right column) static
superconducting magnet
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Figure 8 High-resolution coronal, sagittal and axial current density distributions in the
male (top row) and female (bottom row) voxel phantoms for normalized
‘Motion I' around the 1.5T (left column), 4T (middle column) and 7T (right
column) static superconducting magnet.

The colour map in Figures 7 and 8 is a greyscale spectrum, where bright regions correspond to
high and dark regions to low values. The current density values in figure 8 are related to the
electric field by multiplying by tissue conductivity.

4.3 Estimation of the ‘safe distance’

Figure 9 illustrates the maximum and mean 1 cm?averaged current densities and electric fields
in the tissues of the central nervous system and heart of the male voxel phantom at different
axial displacements from the particular magnet end with a radial displacement of 0.3 m from the
central z-axis of the magnet. The results were obtained using the high-resolution male body
model that is walking along the magnet bore from the positive towards the negative direction of
the z-axis. The horizontal axes in figure 9 are absolute displacements from the MRI machine
end as the body is moving away from it.
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Figure 9 Maximum and average electric field and 1 cm?- averaged current

densities induced in the central nervous system and heart tissues of male
voxel phantom at different static field strengths versus axial distance away
from particular magnet end (including cryostat vessel) (Table 2). In all cases,
the phantom was positioned radially 0.3 m away from the magnets central z-
axis.
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5.0 DISCUSSION

Previous studies [2] indicate that the levels of the electric fields/ current densities induced in the
body, during motion around a MRI magnet, relate to the strength of the total static magnetic
field |B| and the magnitude of the spatial gradient of this field |[vB|. In general, the MRI
magnets generate strong static magnetic fields very close to the physical coil, while the
strongest bending of magnetic flux lines occurs commonly between two (or more)
superconducting coils where currents are flowing in opposing directions as well as close to the
entrance edges of the magnet bore. The product of the total magnetic field and its gradient has
been suggested as an indicator of locations around the magnet where largest in situ translational
forces are produced [10]. However, during the four body motions studied herein, the locations
of largest magnitudes of induced peak J99 and E99 fields (figures 3-6) correspond, to a degree,
with the spatial positions of |BvB| peaks (Figure 2, right column), which is near the entrance
edges of the magnet bore. In some instances (i.e. 7T - Motion Il, Figures 3-6) however, the
largest induced peak J99 and E99 fields are recorded near the sides rather than ends of the
unshielded 7T magnet as predicted by the |BvB| distribution. It follows that the | BvB| factor
might not be suitable in describing and predicting all outcomes of the motion induced fields,
especially for unshielded cylindrical systems.

It is also interesting to observe, that approaching the unshielded 7T magnet from its side (Figure
3) can induce considerable electric field and current densities in tissues, which usually is not the
case for actively shielded magnet systems (1.5T and 4T). In general, the levels in peak electric
field and eddy currents (Table 3) increase for increasing static field strength and are larger when
the body is aligned parallel to the z-axis (Motion | and Motion 1Il) rather then perpendicular
(Motion Il and Motion V) to it.

In Figures 7 and 8 the worst-case electric field and current density distributions are illustrated
for male and female body model exposed to different field strengths during walking along the
magnet bore. It is evident that both the electric field and eddy current magnitudes increase for
increasing field strength. However, a strict relationship between the increase in the static
magnetic field and the magnitudes of induced electric fields/ current densities recorded could
not be established. It seems that the induced fields are also largely dependant on the static
magnetic field pattern rather than on the static field strength alone. Since the body models are
approaching the magnets from the positive z-axis, these largest field values are induced when
the body models are moving away from the magnet (Table 6). This is clearly reflected in the
larger field results induced in the back/bottom (sagittal views in Figures 7 and 8) and right side
of the body (coronal views in Figures 7 and 8)). This also imposes larger values on the central
nervous system and especially the synapses in spinal cord. In Tables 6 and 7, the worst case
maximum and average tissue-specific 1 cm?- averaged current densities in the central nervous
system and in heart are listed for the male and female body model respectively. In general, the
current densities increase for the increasing field strength. Also, the 1 cm?- averaged current
density magnitudes are on average larger when the body models are facing the magnet ends
(e.g. Motion 1) rather than magnet sides (e.g. Motion II). Similar behaviour can be observed for
maximum and average electric field results recorded in the central nervous system and heart of
the male and female voxel phantom (Tables 8 and 9).

More importantly, the maximum 1 cm?- averaged current densities (tables V and VI) for most
combinations of magnets and motion type can be larger than the threshold of 40 mAm=2-rms. (or

56.57 mAm~ - peak) defined in the ICNIRP guidelines [23]. This clearly suggests that
considerable current levels can be induced in the central nervous system and other body tissues,
even during simple motion very close to the 1.5T MRI scanner. The worst-case maximum
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electric fields induced in the brain exceed the IEEE standard of 25.03 mV/m-peak, while in
some circumstances the electric fields exceed the value of 0.75 V/m-peak that is attributed to
experimentally observed alternation of neural activity in hippocampal slices of the rat brain [20-
21]. The pre-synaptic depolarization threshold of 74.95 mV/m-peak for retina [13-14] might be
exceeded at very high and ultra-high field strengths for both male and female. However the
magnitudes of maximum induced electric fields in the heart are below the IEEE threshold of
1.33 V/m-peak for all examined field strengths [12, 22]. The results detailed in Table V show
that the electric field thresholds that result in peripheral nervous stimulation can be exceed in
the tissues (mainly for the male) of fat and skin at very high and ultra high field strengths [12].

We have estimated the axial distances away from the three assumed magnets at which the
induced maximum 1 cm?- averaged current density magnitudes would drop below the ICNIRP
threshold of 56.57 mAm™ - peak in the head and trunk. According to selected results
demonstrated in figure 9 (for tissues of CNS and heart), the maximum 1 cm?- averaged current

density magnitudes are below the 56.57 mAm~2 - peak threshold at distances from cryostat end of
~0.5-1.0 for the static magnetic fields between 1.5-7 T. The same holds true for all other tissues.
This means, that for higher field strengths, workers moving at the same velocity should be
further away from the magnet to be compliant . In order to be certain that 1 ¢cm?- averaged
current would not exceed the ICNIRP threshold, one should add contingencies to the
aforementioned ‘safety distances’. We note here, that these values are only representative of

motion velocities normalized to 1 ms™* and obviously, slower is better.

6.0 CONCLUSIONS

This paper describes the numerical evaluation of the induced electric fields and current densities
in male and female models of workers exposed to static magnetic fields of 1.5T, 4T and 7T as
they move around in the MRI room. The low-resolution body model results are presented as
peak J99 and E99 values recorded around the assumed MRI magnets; the largest values occur
close to the entrance edge of the magnet bore.

The high-resolution numerical results of this work indicate that the ICNIRP threshold of

40 mAm~ - rms. in the head and trunk can be easily exceeded when the worker is moving
close to any of the three MRI magnets used in this study. Since the motion velocity has been
normalized to 1 ms™! in all designated cases, the results can be scaled linearly for other velocity

magnitudes. This implies, that walking faster than 1 ms™ might trigger even larger currents in
body tissues. It is shown that the levels of induced electric fields and current densities clearly
increase for increasing static magnetic field strength. In order to limit the induced current
densities to less than 40 mAm=2 - rms. in the tissues of the central nervous system when walking
along the magnet bore, the simulation results suggest that the worker should be at least ~0.5-1.0
m axially away from the ends of 1.5-7 T magnet cryostats respectively, or should be moving at
correspondingly lower velocities than 1 m/s. Further theoretical and experimental studies will
need to be conducted to completely describe the regions around specific magnets where
guidance should be given to occupationally exposed workers. It is hoped that these results will
better inform the MRI community concerning compliant activity around MRI systems.
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SECTION 2

NUMERICAL EVALUATION OF HEALTHCARE WORKERS
EXPOSURES TO PULSED MAGNETIC FIELD GRADIENT COILS
IN MRI

1.0 ABSTRACT

In modern magnetic resonance imaging (MRI), workers are frequently exposed to gradient-
pulsed magnetic fields outside of the scanner, which induce electric fields/ current densities in
tissue. It is suspected that the largest electric fields could be stimulated when the worker is
standing close to the coil windings near the MRI scanner ends and that these fields may well be
above the defined international standards. This study presents numerical investigations into the
magnitudes and spatial distributions of induced in situ electric fields and associated current
densities in tissue-equivalent, whole-body, male and female models of workers when standing
close to the ends of three cylindrical gradient coils. Note that bending, twisting or other actions
taken by healthcare workers, particularly around the patient bed are acknowledged to be
important but were beyond the modelling scope of this study. The results should therefore be
reads in this light. Actively shielded, symmetric transverse (x- and y-axis) and longitudinal (z-
axis) gradient coils with normalized gradient field strength of 1 mT/m in the working volume,
were considered in this work. The results are then scaled to commonly used gradient strengths.
The numerical calculations of induced E-fields are based on an efficient, quasi-static finite-
difference (QSFD) scheme. The objectives of this research are to evaluate several worst-case
exposure scenarios. Presented data include calculated electric fields and current densities
induced in selected tissues, as well as current densities averaged over 1 cm? areas normal to the
current flow. The results have been compared to the most recent IEEE, ICNIRP and EU-
Directive 2004/40/EC standards for magnetic and electric field exposure in controlled
environments. The simulations indicate that it is possible to induce electric fields/ current
densities above the current regulatory guidelines, especially when the body models are located
very close to the gradient coils and when two or three gradient coils are switched
simultaneously, as is often the case. Furthermore, it is estimated that both male and female
workers should be at least approximately 1 m axially away from the gradient coil ends to bring
the exposures within regulatory limits when maximum, currently taken to be 40mT/m, gradients
are operational. Note that the gradient coil ends are normally inset from the end of the magnet
itself and the degree of inset varies across different MRI platforms. The methodology presented
in this paper can be extrapolated to other dynamic field strengths for the evaluation of the
effects at various positions. It is hoped that these results will better inform the MRI community
concerning compliant practices around MRI systems.

2.0 INTRODUCTION

Magnetic resonance technology employs a wide range of electromagnetic frequencies and field
strength for rapid generation of high-resolution anatomical images [1]. These electromagnetic
fields are known to interact with the living tissue in different ways and mechanisms causing
potentially detrimental physiological effects. For instance, body motion through a strong static
magnetic field can induce electric fields and associated current densities in the low-conducting
tissues, causing uncomfortable sensations and various biological side effects [2]. During the
operation of a transmission radio frequency (RF) coil, RF waves interact with living tissue,
causing some thermal heating and possibly tissue/cell injury [3].
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Magnetic field gradient coils are commonly switched at low frequencies of around 1 kHz or so,
which can lead to depolarization of voltage sensitive ion-channels/ membranes and subsequent
nerve excitation [4]. Studies have shown that patients who are situated inside an MRI bore and
are subjected to time-varying magnetic fields can experience physiological reactions
predominantly associated with the excitation of peripheral nerves of skin and subcutaneous fat
[5-7]. Peripheral nervous stimulation (PNS) can range from harmless tingling feelings in the
skin, to burning sensations and even pain. Pulsed gradient fields can bring about other types of
biological interactions, as recent studies have shown [8-9]. Symptoms such as muscle twitching
and spasms, headaches, changes in heart activity and vertigo have been reported. It seems that
some of these reactions could be linked to the excitation of central nervous system (CNS)
synapses, common to the tissues of brain, spinal cord, and retina of the eye. Occupationally
exposed workers, when positioned or moving close to the end the scanner, as is common in
several clinical scenarios, are similarly exposed. To date, however, there has not been an in
depth study of the potential exposure to workers due to the pulsed field gradients of MRI.

The mechanism of unwelcome stimulation of peripheral and central nervous systems through
pulsed gradient fields is an active area of research [4-11]. Several theoretical and experimental
studies indicate that a long, straight nerve may be activated by the first spatial derivative of the
component of the induced electric field [12]. For short or bent axons, however, the electric field
appears to be more influential in the excitation process yielding a relatively low threshold of
excitation [13]. The reported stimulation points on the body often, but not always, correlate well
with the positions of large electric field magnitudes [1]. Faber et al [14] have investigated the
relationship of PNS with different patient positions inside whole-body gradient coils and claim
that the knowledge of the dependency of the stimulation threshold on patient positioning would
make faster imaging possible at some significant body locations such as the head, heart and
pelvis. In a numerical study, So and associates [15] have employed three tissue-equivalent
human models to compute the electric fields in skin and subcutaneous fat of patients lying
inside the MRI scanner while subject to different pulsed gradient coils. They were able to show
that the stimulation thresholds during MRI imaging depends on the coil type, the coil position
relative to the body, and on the resolution and anatomy of the human body model. Their results
were in good agreement with those of Liu et al [16], who studied the induction of electric fields
in a4 mm heterogeneous human model due to pulsed y-gradient coils.

Regulatory agencies such as the IEEE and the ICNIRP have defined limits on the time-varying
electric, magnetic and electromagnetic field exposures to the general public and in controlled
environments. According to the IEEE standard [17], the in situ electric field stimulation
thresholds for most CNS and PNS neurons are around 12.3 V/m and 6.15 V/m for exposure
durations of 0.128 ms, respectively. However, heart and other tissues are limited to electric field
exposures of 7.98 V/m and 0.86 V/m respectively, at a frequency of 1 kHz (for controlled
environments). The ICNIRP guideline [18] and the Directive 2004/40/EC of the European
Parliament and Council [19] on the other hand, state that the current density averaged over a
1 cm? surface must not exceed a threshold of 10 mA/m?- rms. in the head and trunk at a
frequency of 1 kHz.

In these theoretical investigations, we have computed the electric fields and current densities
induced in whole-body male and female models of workers near the entrance of longitudinal
and transverse actively shielded symmetric gradient coils. The objectives of the research
Reported here are to evaluate several worst-case exposure scenarios and to estimate the axial
distance from the coil end where the maximum induced current densities are below the defined
safety limits. Various measures of electric field and 1 cm?- averaged current densities are
reporteded for the tissues of CNS, heart, muscle, skin and fat and the results are compared to
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international thresholds. It is hoped that this study will help in the evaluation of the regulatory
compliance involved with workers and patients when standing close to the ends of gradient coil
systems.

3.0 MATERIALS AND METHODS

3.1 Human body models

According to ICRP 89 guidelines for the reference male and female human [20], the
anatomically accurate, whole-body voxel phantoms NORMAN (1.75m, 73kg) and NAOMI
(1.65m, 58kg) [21-22] were used in this research study to numerically model the workers
standing near the MRI gradient coils. The number of voxels in X, y and z-dimension for the
male body model were 277x148x871, while the horizontal and vertical voxel dimensions were
2.021 mm and 2.077 mm, respectively. The female model had 294x124x791 cells along the
Cartesian dimensions with horizontal and vertical voxel sizes of 1.948 mm and 2.061 mm. The
recently measured conductivity values [23-24] of some forty body-identified tissue types were
appropriately scaled to the frequency of interest and assigned to the appropriate body voxels.

Due to the large computational burden associated with the simulations involved, the models
were initially decreased in resolution to about 8 mm. These lower resolution body models were
then employed first to efficiently estimate the locations around the gradient coils where largest
electric fields and current densities are induced in the phantoms, after which the high-resolution
body models were engaged for more detailed field evaluations at the determined spatial
positions. The low-resolution male and female body models had 70x37x218 and 74x31x198
voxels along the Cartesian coordinates, respectively. The conductivities of the downscaled cells
in the low-resolution models were taken as the volume average of the component voxels.

3.2 Gradient coils

Longitudinal (z-axis) and transverse (x- and y-axis) actively-shielded, whole-body, symmetric
gradient coils are engaged in this investigation to compute the electric fields and current
densities induced in the described body models during gradient switching. It is assumed
throughout all computations that each coil generates normalized gradient field strength of 1
mT/m in the working volume. In that way the simulations results can be linearly extrapolated to
field strengths of interest with ease. In order to evaluate the induced fields due to each gradient
individually under similar conditions, all three gradient coils have been designed to have
approximately same axial length of ~ 1.4 m, yet to remain radially separated, i.e. the six coil
layers (primary and secondary) are allocated to different radii assuming a layer thickness
(including former, etc) of 5 mm. The axial length of ~ 1.4 m has been chosen so that the
gradient coils would fit inside most conventional 1.5T MRI magnets (see for example [32] ) (or
larger scanners) and yet be able to provide maximum (i.e. worst-case) exposure to the worker.
Table 1 lists some important parameters while figure 1 (first column) illustrates the geometries
of the three gradient coils. We note that the distance from the end of the gradient coil set to the
end of the magnet varies between MRI systems and, for cylindrical systems, is typically
smallest in short 1.5T magnets and larger in higher field systems. We therefore use the end of
the gradient set as a reference point for model positioning.
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Table |
Geometrical properties of gradient coils

PARAMETER | X-gradient Y-gradient Z-gradient
1" layer - Z [m] 1.18 1.20 1.29
2" layer - Z [m] 1.37 1.40 1.40
1* layer - R [m] 0.31 0.32 0.33
2" layer - R [m] 0.36 0.37 0.39
DSV:r [m] xz[m] 0.42x0.42 0.42x0.42 0.50 x 0.56

Note: Z denotes axial length and R denotes the radius of the primary and secondary
gradient coil layers. The DSV size is given as the region where the gradient field
is uniform to 5% peak-peak and is expressed as diameter by length in meters.

It is also assumed that the gradient coil current is pulsed trapezoidally at the frequency of 1 kHz
and 100 us rise-time. Harmonic analysis of the trapezoidal excitation has been performed

assuming Fourier integration via the following equation:

F(t) = 2 4Asin((2n2— Dwr) sin((2n - 1)wt)
£ (2n -1)“warart
Cy

where A is the amplitude of the gradient coil current in [Amps], t is transient time in [s], 7 is
rise-time in [s], w is the angular frequency in [rad/s] and n is the order of the Fourier harmonic.
Based on this decomposition, the induced electromagnetic fields are calculated at each
frequency and summed accordingly. At least n=7 Fourier harmonics have been employed in
the synthesis of the trapezoidal gradient waveform.

3.3 The computational method
In the time-harmonic analysis, the total electric field inside the body model can be split into
primary field E, and secondary field E,, according to [16]:

E-E+E 1)
£ = -2 _wA- 2nfA )
ot
E, =_Vq>=(%§<+;—y§/+%2)cb ?)

Here, A denotes the vector magnetic potential due to the source, ® is the scalar electric
potential, v is the gradient operator and f is the frequency of the Fourier component. The

primary electric field E, causes a flow of current J, =oF, in a conductive sample with the

conductivity o . Any conductivity differences along the path of the current, including the air-
tissue interfaces cause non-uniformity of accumulating electric charges, giving rise to scalar

potential @, the negative gradient of which is the secondary field EZ, which causes a flow of

current J, = oE,.
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The vector potential A can be evaluated using the Biot-Savart’s method in Cartesian
coordinates within the body and boundary air region:

r'-

N B eaedo(r) s
A= r‘dr (4)

where u is magnetic permeability of the air; r is the position vector of the gradient coil wire
segment, r” is the position vector of the field point and J, is the current flowing in the wire

segment. Once the vector potential is obtained, the primary electric field can be deduced from

).

However, the computation of the scalar electric potential and thus the secondary electric field is
performed with the previously developed quasi-static finite-difference (QSFD) scheme, full
details can be found in [16, 25]. The complete computational method outlined herein has been
verified against other known solutions and the full validation details are given in [26]. The total
in situ electric field is then obtained based on relationship (1), whereby the current density is
related to the total electric field by multiplying by tissue conductivity. The entire computational
scheme was coded in C.

3.4 Evaluation of E-fields/currents induced in the body models

This section describes the general methodology used in deriving the electric fields and current
densities induced in the body models during pulsing of gradient coils. It is assumed that all three
gradient coils are positioned 1.15 m above ground relative to their central cylinder axis (z =0
m), as this is the vertical elevation common to most clinical MRI scanners. The minimum
distance between the phantom surface and the edge of the gradient coil end was assumed to be
10 mm for all simulations, i.e. the body model is not allowed to physically touch/coincide with
the gradient coils, as this could unrealistically induce numerical singularities in evaluated in situ
field results. Naturally, in many situations, the distances will be considerably greater than this
and a variety of distance are modeled.

All three gradient coils are symmetric and therefore create same magnetic field profiles and
strengths at both ends of the coil. In addition, the walls of the cryostat vessel and companion
thermal radiation shields, shield the superconducting magnets inside the helium tank by
attenuating the residual fields of the pulsed gradients in the radial direction. Therefore the
gradient fields to the sides of the MRI scanner are expected to be quite small in magnitude. The
magnetic fields generated by the three gradients near the coil end represent the major risk areas
due to worker access. In all simulations the voxel phantoms are positioned so that they are
facing the gradient coil end of interest. Both the male and female phantoms are assumed
stationary for the purposes of these studies.

1. Region scanning computations at low model resolution

To determine the positions in front of the gradient coil(s) where peak current densities are
induced in the body model, it is necessary to perform computations at numerous locations of the
phantom around the coil(s) of interest. Due to the large computational burden associated with
the use of high-resolution models (~2 mm) during the region probing operation, we have
employed male and female body models as the low-resolution first to register the peak values at
various positions in front of the gradient coils, after which a more detailed simulation at the
position of interest was performed at the higher resolution.

The typical scan area is assumed to be: r=-1~1m, z=0.71~2.5m relative to the diameter
spherical volume (DSV) center. The phantoms are then positioned in this region at spatial
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increments of 0.2 m both radially and axially and the fields induced in the low-resolution body
models are evaluated. Finer radial increments were employed very close to the coil to estimate
the location of worst-case magnetic field exposure more precisely.

Akin to other voxel-based model, the body geometries of NORMAN and NAOMI contain sharp
corners and edges, especially near the armpits and in the groin region where the legs meet. In
addition, large contrasts in conductivity can exist between neighbouring cells and where isolated
voxels appear embedded inside another tissue. Numerical singularities can be introduced at
these body locations leading to unrealistically large induced in situ electric field magnitudes. In
the presence of such numerical staircase errors, Dawson and authors [27] have proposed 1-
percentile thresholds (limits exceeded in only 1% of tissue voxels) that serve, to a degree, as a
more satisfactory estimate of maximum field levels. Hence, for every position near the coil end,
the 1% - thresholded total electric field and current density are evaluated. This can effectively
remove any statistically insignificant numerical errors and singularities. The final results of
these simulations are presented as field plots (around the gradient coils) of peak 1% -
thresholded electric field and eddy current densities induced in the body.

2. Detailed field evaluations at high model resolution

Once the position of peak electric field/ current density is determined during the region scan, we
perform a detailed field computation with the high-resolution body models. A host of numerical
studies suggests that there is a notable influence of voxel size on the evaluated maximum in situ
electric field and current density [21, 28-30]. For instance, as the cell size decreases, the
maximum value of current density increases. One explanation is that the averaging of
conductivity in rescaled cells of lower resolution models and the associated masking of high-
conductivity voxels decreases with smaller voxel size. Also, the geometrical indentations in the
apex of armpits and top of the legs, where tissue-air and air-tissue boundaries with large
conductivity contrasts meet in a small localized space, can lead to tightening of ‘current lines’
and thus to an unrealistically large induced electric field/ current density. It is therefore
common to average the current density over a finite area. In fact, the ICNIRP guidelines [18]
state that the perpendicular current density components should be averaged over a square with
1 cmedges centred on the voxel and parallel to the three principal Cartesian planes. The
averaging of current density at the interfaces between two dissimilar tissue types is not always
straightforward and has attracted some debate [27]. One way to average over the defined area of
1 cm? is to account for the current densities induced in the neighbouring voxels of the dissimilar
tissue type, which predominantly leads to overestimates in the averaged current density
depending on the nature of the adjacent tissues. The other averaging algorithm works on the
same principle, whereby it zero-weights the contribution of current densities in neighbouring
voxels of dissimilar tissue type, thus always leading to underestimates in averaged results.

Since in this investigation we are interested in worst-case exposure scenarios, the contingencies
introduced by overestimates are favourable and so the former algorithm that takes into account
the currents flowing in adjacent dissimilar tissues has been engaged in the averaging of tissue-
specific current densities induced in the high-resolution body model. The final results of these
high-resolution simulations are presented in terms of electric field and eddy current
distributions in the male and female voxel phantoms. Tables and graphs are used to detail the
maximum and average tissue-specific electric fields/ current densities and peak 1 cm? averaged
current densities, predominantly in tissues of the CNS, heart, muscle, skin and subcutaneous fat.

3.5 Estimation of ‘safe distance’ from gradient coils
The purpose of this series of simulations is to estimate the distance away from the gradient set at

which the induced 1 cm?averaged current densities in significant tissues are below the ICNIRP
standard of 10 mAm=2- rms. Both the male and female high-resolution body models were
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positioned at intervals of 0.3 m axially away from the coil end of interest, while standing and
facing the gradient coil that is aligned with the z-axis. A total of five simulations were
performed for each gradient coil individually and for the combination of all three coils, and the
electric field and current densities were recorded for all tissues. The results of these simulations
are illustrated as graphs of 1 cm?averaged current densities in tissues of CNS, heart, muscle,
skin and fat.

4.0 RESULTS AND DISCUSSION

4.1 Gradient coil magnetic field profiles

Figure 1 (second and third column) illustrates the total magnetic flux density profiles generated
by the three cylindrical gradient coils. From the field distributions we note a rapid spatial drop
in the magnetic flux at the coil ends, which implies that these are the most likely positions to
induce substantial fields in the body. The shielding performances of the secondary coils are
good, i.e. the fields drop off rapidly with distance away from the coil and are minimal at the first
eddy current source (inner wall of the cryostat).
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s \’// °\ )
Figure 1 Left column: three-dimensional plot of transverse and longitudinal

gradient coil geometry (for transverse coils only one primary and one secondary layer
is illustrated, while all coil loops are plotted for the longitudinal gradient coil). The
primary and secondary windings are indicated in black and grey respectively. Middle
and right column: x-z and y-z profiles of the total magnetic flux density generated by
the three gradient coils.

4.2 Induced electric field and current densities

1. Region scanning computations at low model resolution

Here, the lower resolution body models are engaged first to estimate the location(s) in front of
the three gradient coils of recorded maximum and peak 1%-thresholded current density and
electric field induced in the male and female voxel phantoms. Figure 2 illustrates a sketch of the
typical position and orientation of the body model outside the gradient coil. This is a worst case
scenario.
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Figure 2 Sketch of the male body model in a typical upright standing position and
orientation near the x-gradient coil end and (in blue) rotated to be beside a patient bed.

The low-resolution region scans converge on average in about 4,000 iterations and the typical
computation time for one scan is around 3 hours on a dual Intel Xeon 3.6GHz, 4GB RAM PC
workstation. Figure 3 illustrates the scan profiles (in front of coil) of recorded maximum and
1%-thresholded electric field induced somewhere in the male voxel phantom during switching
of X, y and z-gradient coils, as well as the combination of all three gradients. The corresponding
current density region scans are illustrated in Figure 4.
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Figure 3 Records of maximum (left column) and 1%-thresholded (right column)
electric fields induced somewhere in Norman versus spatial position around the three
gradient coils when considered individually (first three rows) and for the combination of
all three gradient coils (last row). All dimensions are in metres
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Figure 4 Records of maximum (left column) and 1%-thresholded (right column)
current density induced somewhere in Norman versus spatial position around the three
gradient coils when considered individually (first three rows) and for the combination of

all three gradient coils (last row). All dimensions are in metres.

Figures 5 and 6 show the scan profiles for the female body model analogous to figures 3 and 4,
respectively. From these results we note that, in case of the transverse gradient coils, the largest
induced fields appear in the central region of the coil entrance. However, for the z-gradient coil,
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the largest induced fields are close to the coil edges as two distinct peaks in E and J for z-coil
are evident at ~r = 0.2 m.
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Figure 5 Records of maximum (left column) and 1%-thresholded (right column)
electric fields induced somewhere in Naomi versus spatial position around the three
gradient coils when considered individually (first three rows) and for the combination of
all three gradient coils (last row). All dimensions are in metres.
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Figure 6 Records of maximum (left column) and 1%-thresholded (right column)
current density induced somewhere in Naomi versus spatial position around the three
gradient coils when considered individually (first three rows) and for the combination of

all three gradient coils (last row).
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Figure 7 illustrates the particular locations of the recorded peak 1%-thresholded electric fields
and current densities for the three gradient coils near the coil end.
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Figure 7 Peak 1% thresholded electric field (left column) and current density

(right column) in male recorded at 40mm and 140mm axial distances away from the
coil along the y-direction (body positioning) for the x (top row), y (middle row) and z
(bottom row) gradient coil. The field lines are extracted from figures 3-5 and show the
peak field spatial occurrences more clearly.



It is also noteworthy to observe that the z-gradient coil could potentially induce larger electric
fields and current densities (by a factor of ~ 2) in both male and female workers than either of
the two transverse gradient coils used in this study. This is different from patient exposure;
when patients are positioned inside the MRI machine, typically the y-gradient will induce larger
fields/currents in the patient [16]. This is probably due to clustering of loops close to the coil
ends common to the z-gradients, whereby this superimposition of current sources might
potentially increase the level of magnetic field exposure to the worker, who is standing close to
one end of that z-gradient coil. The other explanation is that the z-gradient currents are
generating magnetic flux gradients spatially different from the transverse gradients near the coil
ends. Furthermore, when all three gradient coils are considered in a combination (i.e. operated
simultaneously), the resulting exposure on the body is larger than if each gradient coil is
switched independently (figures 3-6, last row). We note, however, that the maximum levels of
electric field and current densities illustrated in figures 3-6 for each coil alone do not always add
constructively and linearly to produce the combined effect. In fact, the induced field results
suggest that the magnetic fields produced by each coil separately can add destructively in
certain locations when all three coils are operated simultaneously. All Cartesian field
components are necessarily included in the simulations, not simply those that provide spatial
location in MRI (the B, derivatives).

According to Figures 3-6, the fields induced in the female body model are on average larger
than the fields induced in the male. This is most probably due to the dissimilar anatomy of the
two models. Finally, Table 2 lists the worst-case exposure locations and the maximum induced
electric field and current density levels, when the subject is standing in front of all three gradient
coils.
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Table 2

Maximum and average 1 cm?- averaged current densities in selected tissues of Norman
at various axial distances from the ends of longitudinal and transverse gradient coils in

[mA/m?]
Body X gradient Y gradient Z gradient X+Y+Z
Positions TISSUE

Y =0 [m] Avg Max Avg Max Avg Max Avg Max
CSF 1.12 5.20 1.14 6.85 3.39 16.77 4.87 22.15
Brain 0.25 2.94 0.11 1.23 0.57 6.91 0.85 10.20
Spine 0.62 3.44 1.10 6.19 2.60 14.99 357 20.37
Z2=0.01 Retina 0.47 1.33 0.17 0.39 1.24 3.35 1.64 4.68
[m] Heart 0.87 4.68 0.82 3.12 243 11.61 3.29 14.22
Skin 0.08 2.68 0.07 3.02 0.18 6.11 0.24 8.43
Fat 0.28 6.96 0.27 3.82 0.59 15.08 0.78 20.62
Muscle 0.85 5.55 0.79 5.92 1.83 13.86 2.55 18.06
CSF 0.37 1.94 0.34 1.38 0.99 5.00 1.41 6.11
Brain 0.10 1.16 0.08 1.05 0.17 2.23 0.27 3.38
Spine 0.15 0.83 0.22 1.28 0.76 4.39 0.95 5.50
Z=031 Retina 0.18 0.52 0.18 0.46 0.34 0.79 0.45 1.04
[m] Heart 0.22 1.03 0.15 0.63 0.53 2.38 0.74 3.15
Skin 0.02 0.54 0.02 0.60 0.05 1.30 0.06 1.94
Fat 0.08 1.56 0.07 1.00 0.16 3.42 0.20 4.64
Muscle 0.23 1.30 0.19 1.29 0.49 2.91 0.65 4.05
CSF 0.15 0.83 0.13 0.44 0.39 2.00 0.55 2.30
Brain 0.04 0.51 0.04 0.48 0.07 0.92 0.12 1.48
Spine 0.05 0.30 0.06 0.38 0.30 1.76 0.36 2.05
Z=061 Retina 0.08 0.21 0.08 0.19 0.15 0.36 0.20 0.52
[m] Heart 0.08 0.35 0.04 0.19 0.18 0.85 0.25 1.04
Skin 0.01 0.17 0.01 0.21 0.02 0.47 0.02 0.67
Fat 0.03 0.52 0.03 0.37 0.06 1.18 0.08 1.58
Muscle 0.09 0.50 0.07 0.52 0.20 1.04 0.25 1.34
CSF 0.07 0.39 0.05 0.21 0.19 0.95 0.26 1.06
Brain 0.02 0.25 0.02 0.21 0.04 0.43 0.06 0.72
Spine 0.02 0.14 0.03 0.15 0.14 0.84 0.17 0.94
Z=091 Retina 0.04 0.09 0.03 0.08 0.08 0.21 0.11 0.29
[m] Heart 0.04 0.16 0.02 0.07 0.08 0.41 0.11 0.44
Skin 0.01 0.08 0.01 0.10 0.01 0.21 0.01 0.30
Fat 0.01 0.23 0.01 0.18 0.03 0.52 0.04 0.69
Muscle 0.04 0.23 0.03 0.25 0.09 0.48 0.11 0.60
CSF 0.04 0.20 0.03 0.11 0.11 0.51 0.14 0.56
Brain 0.01 0.13 0.01 0.10 0.02 0.23 0.03 0.39
Spine 0.01 0.07 0.01 0.08 0.08 0.45 0.09 0.49
z=121 Retina 0.02 0.04 0.01 0.03 0.05 0.12 0.07 0.17
[m] Heart 0.02 0.08 0.01 0.03 0.04 0.22 0.06 0.22
Skin 0.01 0.05 0.01 0.05 0.01 0.12 0.01 0.15
Fat 0.01 0.12 0.01 0.10 0.02 0.26 0.02 0.35
Muscle 0.02 0.14 0.02 0.14 0.05 0.27 0.06 0.33

2. Detailed field evaluations at high model resolution

Based on the worst-case positions listed in Table 2, (i.e. the positions with largest recorded peak
1%-thresholded current density), the high-resolution body models were employed to calculate
the tissue-specific electric fields and current densities. On the previously described computer
platform, the high-resolution simulations converge in about 300,000 iterations and consume
approximately 1.9GB RAM/50h CPU-time and 1.55GB RAM/45h CPU-time for the male and
female phantom studies respectively. By parallelising the problem, however, we were able to
speed up the computational process by factors of around 5-6. Figures 8 and 9 illustrate the
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electric field and current density profiles in coronal, sagittal and axial views of male and female
respectively, for different gradient coil field exposures. Body regions of large and small field
magnitudes are illustrated in colour gradation from red to blue respectively. From Faraday’s
law, it follows that the largest values of circumferentially induced electric field normal to the
direction of applied magnetic field will localize in the outermost body surfaces. Since the body
models are inhomogeneous in conductivity distribution due to different tissues, current flow
will be modified by the boundary conditions at these tissue interfaces. Therefore, high values of
induced electric field are notable on the front and lower back surfaces of the trunk (figures 8 and
9, sagittal views) with low electric field values in the middle of the body. It follows that the
induction of electric fields in the heart (located close to the middle of the torso) compared to
other tissues close to the body surface are reasonably small. On the other hand, the peripheral
nerves in the skin and subcutaneous fat of the frontal and rear end torso are exposed to strongest
electric fields. As the current density relates to the electric field by multiplying by tissue

conductivity, high values of current density occur when high values of conductivity combine
with enhanced electric field values such as in the muscle, cerebral spinal fluid and
reproductive organs.
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Figure 8 High-resolution coronal, sagittal and axial electric field (left column) and
1

current density (right column) distributions in the male voxel phantom for different
gradient field exposures
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Figure 9 High-resolution coronal, sagittal and axial electric field (left column) and

current density (right column) distributions in the female voxel phantom for different
gradient field exposures
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Table 2 lists the average and maximum 1 cm?averaged current densities in the tissues of CNS,
heart, muscle, skin and fat for the male voxel phantom due to each gradient coil and their
combined effect for various locations in front of the coils. The corresponding electric field
results are detailed in Table 3.

Table 3

Maximum and average electric fields in selected tissues of Norman at various
axial distances from the ends of longitudinal and transverse gradient coils in [mV /m]

Body X gradient Y gradient Z gradient X+Y+2Z
Positions TISSUE

E( ? 0 Avg Max Avg Max Avg Max Avg Max
m

CSF 1.12  8.89 1.07 8.99 336 2713 481  37.47
Brain 159 7.64 0.74 3.16 360 1626 536  23.02
Spine 259 1318 361 1293 872  39.89 1220 55.34
Z=0.01 Retina | 089 298 0.32 0.93 2.42 8.55 3.19 11.59
[m] Heart 594 2039 552 1826 16.89 67.38 2265 77.42
Skin 386 16653 3.44 11817 827 25010 11.22 358.85
Fat 516 10443 491 7658 1031 14143 1348 217.48
Muscle | 2.99 6426 277 4753 647 9987  9.00 131.42
CSF 037 299 0.35 1.89 0.97 7.50 1.39 9.79
Brain 062 289 0.52 2.31 1.07 4.98 1.71 7.38
Spine 065  3.00 0.76 2.47 236 1094 310 1438
Z=031 Retina | 035  1.27 0.35 1.15 0.68 2.17 0.88 3.05
[m] Heart 154 535 1.02 3.73 363 1397 514  17.92
Skin 1.09 3845 091 3500 228 5866 296  90.72
Fat 141 2326 122 2281 282 4484 350 51.72
Muscle | 0.81 1423 068 1411 174 2727 229  31.66
CSF 015 122 0.13 0.76 0.38 2.86 0.55 3.57
Brain 026 115 0.22 1.01 0.43 1.75 0.72 3.29
Spine 023 098 0.24 0.72 0.90 4.15 1.13 5.23
Z=0.61 Retina | 0.15  0.54 0.15 0.50 0.29 1.28 0.40 1.80
[m] Heart | 055  1.90 0.30 1.11 1.24 4.69 1.75 5.98
Skin 043 1243 035 1431 090 1820 113  30.24
Fat 055  7.58 0.46 9.33 111 1797 135 2145
Muscle | 031  4.42 0.25 5.77 069 1091 086  13.10
CSF 007 056 0.06 0.36 0.19 1.32 0.26 1.61
Brain 012 057 0.10 045 0.23 0.93 0.36 1.69
Spine 0.10 047 0.10 0.37 0.43 1.91 0.51 2.36
Z=091  Retina | 007 024 0.06 0.20 0.16 0.71 0.22 0.98
[m] Heart | 025 0.84 0.11 0.40 0.54 1.99 0.76 2.53
Skin 021 497 0.17 6.96 0.43 6.99 053 1252
Fat 027 351 0.22 453 0.53 8.46 063  10.30
Muscle | 0.15  1.70 0.12 2.80 0.33 5.13 0.40 6.28
CSF 0.04 028 0.03 0.19 0.11 0.27 0.14 0.84
Brain 006 030 0.05 0.22 0.13 0.58 0.20 0.93
Spine 005 025 0.05 0.21 0.23 1.00 0.27 1.22
Z=121  Retina | 004 012 0.02 0.08 0.10 0.40 0.13 0.56
[m] Heart 0.13 045 0.05 0.16 0.28 0.99 0.38 1.26
Skin 012 261 0.09 3.80 0.23 3.29 0.28 6.04
Fat 015 187 0.13 2.47 0.29 4.48 0.34 5.51
Muscle | 0.08  0.89 0.07 1.53 0.18 2.71 0.21 3.36
Analogous to Tables 2 and 3, Table 4 and 5 list results for the female body model.
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Table 4

Maximum and average 1 cm?- averaged current densities in selected tissues of Naomi
at various axial distances from the ends of longitudinal and transverse gradient coils in

[mA/m?]
Body X gradient Y gradient Z gradient X+Y+Z
Positions TISSUE
E( ? 0 Avg Max Avg Max Avg Max Avg Max
m

CSF 0.70 3.95 0.56 1.67 1.03 5.95 1.54 8.74

WhiteM | 0.30 4.44 0.30 5.38 0.59 6.98 0.91 12.10

Grey M 1.01 7.13 0.85 541 1.89 7.70 2.98 11.94

Z=0.01 Spine 0.89 4.33 1.15 411 4.46 15.80 5.52 17.46
[m] Retina 1.14 2.84 1.30 3.53 1.84 3.83 2.87 5.70
Heart 0.78 4.22 0.50 2.00 1.97 9.59 2.52 13.16

Skin 0.10 2.96 0.08 3.25 0.21 6.06 0.28 8.21

Fat 0.23 6.32 0.20 5.08 0.45 15.41 0.62 21.25

Muscle 0.89 6.12 0.77 7.40 2.00 18.27 2.75 24.30

CSF 017 097 012 047 022 136 031 206
WhiteM | 009 120 008 140 017  2.29 027 376

GreyM | 030 179 025 158 057 245 092 436

Z=031  gpine | o021 110 022 081 102  3.93 124 427
[m] Retina | 033 076 034 072 064 154 096 243
Heart | 018 096 008 037 037 164 050 239

Skin 003 072 002 065 005 151 007 184

Fat 006 136 005 115 010  3.02 014 418

Muscle | 023 148 019 139 046 411 061 534

CSF 006 035 005 019 008 042 010 069
WhiteM | 003 044 002 045 007 088 011  1.39

GreyM | 011 052 008 056 023 126 036 175

Z=061 Spine | 007 039 006 027 036 143 043 151
[m] Retina | 012 025 010 022 028  0.68 038  1.00
Heart | 006 031 002 010 012 048 016  0.69

Skin 001 025 001 023 002 060 003 064

Fat 002 051 002 041 004 096 005 127

Muscle | 009 057 007 045 017 142 022 178

CSF 0.03 0.16 0.02 0.09 0.03 0.16 0.05 0.28

WhiteM | 0.01 0.20 0.01 0.18 0.03 0.49 0.05 0.64

Grey M 0.05 0.19 0.03 0.22 0.11 0.75 0.16 0.82

Z=091 Spine 0.03 0.17 0.03 0.13 0.16 0.64 0.19 0.68
[m] Retina 0.05 0.10 0.03 0.07 0.14 0.33 0.18 0.47
Heart 0.02 0.13 0.01 0.03 0.05 0.21 0.07 0.27

Skin 0.01 0.11 0.01 0.11 0.01 0.28 0.01 0.29

Fat 0.01 0.24 0.01 0.20 0.02 0.41 0.02 0.52

Muscle 0.04 0.27 0.03 0.21 0.08 0.63 0.10 0.77

CSF 0.01 0.08 0.01 0.05 0.02 0.07 0.02 0.14

White M | 0.01 0.10 0.01 0.09 0.02 0.29 0.03 0.36

Grey M 0.03 0.10 0.02 0.10 0.06 0.44 0.09 0.44

Z=121 Spine 0.02 0.09 0.01 0.07 0.08 0.33 0.10 0.35
[m] Retina 0.03 0.05 0.01 0.03 0.08 0.18 0.10 0.24
Heart 0.01 0.07 0.01 0.02 0.03 0.11 0.03 0.13

Skin 0.01 0.06 0.01 0.06 0.01 0.15 0.01 0.15

Fat 0.01 0.13 0.01 0.11 0.01 0.21 0.01 0.26

Muscle 0.02 0.15 0.02 0.12 0.04 0.32 0.05 0.39
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Table 5

Maximum and average electric fields in selected tissues of Naomi at various
axial distances from the ends of longitudinal and transverse gradient coils in [mV /m]

Body X gradient Y gradient Z gradient X+Y+Z
Positions TISSUE

E( ? 0 Avg Max Avg Max Avg Max Avg Max
m

CSF 190 10.48 1.72 9.92 4.10 26.52 6.16 39.14

WhiteM | 2.89 1454 2.97 17.21 5.55 22.29 8.60 34.84

Grey M 287 12.80 2.52 13.54 5.48 26.14 8.57 40.80

Z=0.01 Spine 2.16 9.68 3.09 9.14 11.11  33.96 13.75 4241
[m] Retina 2.00 6.23 2.30 7.61 3.19 7.91 5.01 12.05
Heart 6.02 19.14 4.06 12.77 1538  55.97 19.69 7544

Skin 500 176.43 421 97.25 10.55 21352 1446 317.58

Fat 594 14258 511 80.02 10.86 172.63 15.19 294.72

Muscle 3.28  42.47 2.80 49.65 7.35 90.85 10.08 115.88

CSF 0.55 2.88 0.48 3.31 1.19 6.43 1.81 8.50

WhiteM | 0.83 3.95 0.75 4.84 1.62 7.40 2.54 10.38

Grey M 0.85 3.54 0.70 4.61 1.64 7.26 2.62 12.24

Z=031 Spine 0.50 2.22 0.60 161 2.54 8.56 3.06 9.80
[m] Retina 0.58 1.60 0.61 1.65 1.12 3.19 1.67 5.06
Heart 1.36 4.65 0.68 2.34 2.95 10.02 3.95 14.55

Skin 134 4432 1.06 30.43 2.56 36.51 3.41 61.37

Fat 155  35.88 1.26 24.94 2.59 30.08 3.45 56.62

Muscle 0.85 9.90 0.69 9.41 1.68 19.91 2.25 25.25

CSF 0.20 0.95 0.16 1.07 0.47 2.33 0.69 3.01

WhiteM | 0.31 1.29 0.24 1.44 0.67 3.84 0.99 4.86

Grey M 0.32 1.26 0.23 1.46 0.65 2.76 1.01 4.39

Z=0.61 Spine 0.17 0.74 0.17 0.55 0.90 343 1.05 341
[m] Retina 0.21 0.53 0.17 0.51 0.49 1.41 0.67 2.08
Heart 0.45 1.55 0.20 0.67 0.95 2.98 1.26 4.38

Skin 051 1492 0.40 12.71 0.96 10.24 1.24 19.45

Fat 0.58 12.08 0.47 10.39 0.99 9.23 1.27 17.85

Muscle 0.31 3.79 0.26 2.88 0.62 6.69 0.80 8.61

CSF 0.09 0.40 0.06 0.39 0.23 1.05 0.32 0.41

WhiteM | 0.14 0.51 0.09 0.50 0.33 2.01 0.46 2.43

Grey M 0.14 0.58 0.09 0.52 0.32 1.55 0.46 1.89

Z=091 Spine 0.08 0.32 0.06 0.26 0.40 1.42 0.46 1.53
[m] Retina 0.09 0.21 0.06 0.19 0.26 0.68 0.32 0.97
Heart 0.19 0.68 0.08 0.24 0.40 1.19 0.52 1.76

Skin 0.24 6.18 0.19 6.20 0.45 4.40 0.57 8.21

Fat 0.27 5.00 0.22 5.05 0.47 3.98 0.59 7.48

Muscle 0.15 1.79 0.12 1.32 0.29 3.01 0.36 4.16

CSF 0.05 0.22 0.03 0.15 0.12 0.61 0.17 0.77

White M | 0.07 0.27 0.04 0.21 0.18 1.14 0.24 1.32

Grey M 0.08 0.30 0.04 0.21 0.17 0.90 0.24 0.98

Z=121 Spine 0.04 0.16 0.03 0.14 0.21 0.74 0.24 0.79
[m] Retina 0.05 0.10 0.02 0.07 0.14 0.36 0.17 0.51
Heart 0.10 0.35 0.04 0.11 0.20 0.56 0.26 0.85

Skin 0.13 2.95 0.10 3.37 0.24 2.33 0.30 4.08

Fat 0.14 2.39 0.12 2.74 0.25 2.01 0.31 3.70

Muscle 0.08 0.98 0.06 0.71 0.16 1.68 0.19 2.22
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It is important to mention that all results detailed in Tables 2 - 5 are based on central gradient
field strengths of 1 mT/m. By extrapolating the normalized tissue-specific results to gradient
field strength of (say) 40 mT/m, as a common maximum used in clinical MRI, the maximum
induced electric fields of this study are in the range 1.2 - 3 times smaller in magnitude than the
fields induced in the patients inside the MRI scanner [9-10]. It follows that the results obtained
herein are in the same order of magnitude as those induced in patients during imaging and
therefore should not be ignored. Note that in order to scale the results as presented for 1 mT/m
and 100 us rise-time, the amplitudes scale linearly, but change to both the waveform and rise-
time requires a recalculation of the Fourier components. For example, in the 1 kHz waveform, a
change in rise-time from 100 us to 250 us causes the results for induced fields and currents to
be reduced by a factor of approximately 1.25. So then a combination of a central gradient
strength of 40 mT/m and a 250 us rise-time would mean that the induced fields and currents
should be scaled by a factor of approximately 32.

The maximum stimulated in situ 1 ¢cm?- averaged current densities (Tables 2 and 4) at 40 mT/m
gradient field strengths are larger than the ICNIRP threshold of 10 mAm™ - rms. (or

~14.14 mAm~2 - peak) for the head and trunk [18] under all designated gradient field exposures
when the worker, whether male or female, are standing near the gradient coil end. Note that in
ascertaining the limits, the harmonic content of the input waveform is relevant, as higher
frequencies have higher thresholds. With the waveform used herein the difference in the limits
from a pure sinusoid was relatively small; approximately 13.1 mA/m”2-rms for the trapezoidal
pulse compared with 10 mA/m~2-rms for a pure sinusoid, but the effect of waveform shape is
important to note for completeness.

The worst-case maximum in situ electric fields induced in the brain can exceed the IEEE
standard of 1.25 VV/m - peak [17] only in the case of female, provided the body is subjected to
all three pulsed gradient coils simultaneously, while each gradient coil has a central field
strength of 40 mT/m and the worker is standing 1 cm away from the end of that gradient system.
Such positioning is not entirely uncommon in short magnets when workers are attending to
anxious, sedated or intubated patients, although the model would likely be bending and angled.

The case where the healthcare worker is ninety degrees to the position in Figure 2 and moved
sideways as so to approximate an upright position beside the patient bed, results in a different
distribution to the situation in Figure 2 but almost identical maximum values.

For gradient field strengths marginally larger than 40 mT/m, the z-gradient coil and possibly
the transverse gradient coils could potentially exceed the brain excitation threshold as well. On
the other hand, heart tissue requires a 7.98 V/m in situ electric field to trigger nerve excitation
[17]. In order to match this stimulation threshold, all three gradient coils would need to be
operated simultaneously at 1 kHz (with 100 us rise-time in the trapezoid) with central gradient
field strengths of ~106 mT/m and the worker (either male or female) would have to stand 1 cm
away from the gradient system end. All of these conditions accruing together is unlikely.
Therefore, according to the simulation results herein, the excitation of heart synapses is unlikely
at 40 mT/m. The median electrical stimulation threshold of peripheral nerves (with assumed
maximum nerve diameter of 20 microns) is around 6.15 V/m. In order to trigger peripheral
nervous stimulation, all three gradient coils would need to be operated simultaneously at
gradient strengths of around 23 mT/m (tables 11-V ), and provided that the body models are
positioned close to the gradient set end. Otherwise it is sufficient to operate the x, y and z-
gradient coil independently at gradient field strengths of around 34.8 mT/m, 33.8 mT/m and
24.6 mT/m respectively, to be near the threshold for PNS. The threshold for induced current to
result in PNS is estimated to be around 0.48 A/m’ for dynamic fields [31]. According to worst-
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case current density results listed in tables 11-V, simultaneous switching of all three gradient
coils at gradient field strengths of around 22.6mT/m could potentially result in PNS.

We have estimated the axial distances away from the three assumed magnets at which the
induced maximum 1 cm?- averaged current density magnitudes would drop below the ICNIRP

threshold of 14.14 mAm= - peak in the head and trunk at central gradient field strengths of 40
mT/m. According to selected results shown in figure 10 (for tissues of CNS, heart, skin, fat and
muscle), the maximum 1 cm?- averaged current density magnitudes are below the 14.14 mAm=-
peak threshold at distances from gradient end of approximately 1 m. The same holds true for all
other tissues. This means, that for higher gradient field strengths, workers should be even
further away from the gradient set to be compliant. In order to be certain that 1 ¢cm?- averaged
current would not exceed the ICNIRP threshold, one should add contingencies to the
aforementioned ‘safety distances’.

As the physiology and dielectric properties of each and every person is different to a degree, and
since the body is a highly non-linear medium, it is quite difficult to predict the exact
mechanisms of induced fields and their effects on the physiology. It still remains unknown to
what degree the low-frequency electromagnetic fields can be harmful to the humans.
Nevertheless, it is possible to gain useful information by evaluating the peak fields relative to
different positions of the radiologist/technician within the MRI room and to define the regions
in the this room, which should be avoided for long exposures.
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Figure 10 Maximum 1 cm®- averaged current densities induced in selected tissues

of the male (left column) and female (right column) body models versus axial distance

from the ends of three gradient coils (first three rows) and the combination of all three

gradient coils (last row). Results have been scaled to the commonly operated central
field strength of 40 mT/m.
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5.0 CONCLUSION

In this work we have modelled the exposures of male and female workers to pulsed field
gradient gradients typically used in MRI. These gradients are intended to be typical of currently
available cylindrical MRI systems, but do not cover all gradient sets on the market and therefore
provide indicative results only. The simulations show that the induced fields and currents can be
in the same order of magnitude as those induced in the patients during MRI imaging and
therefore should not be ignored. The normalized simulation results obtained can be extrapolated
to evaluate the potential safety issues at different gradient strengths and distances away from
transverse and longitudinal coils. The longitudinal gradient tend to induce more fields in
workers than the transverse coils. The strongest levels of field exposure are observed when all
three gradient coils are operated simultaneously. As suspected, the induced current densities and
electric fields, when the worker is standing near the gradient coil entrance, can be well above
the relevant EU, ICNIRP and IEEE standards. The calculations show that to be within
regulatory limits the workers need to be approximately 1 metre away from the gradient coils
when they are all pulsed simultaneously so as to generate 40mT/m each in the dsv.
Experimental work into the typical gradient field exposures used in routine scanning is
underway and will further inform these results. We note that the distance from the end of the
gradient coil set to the end of the magnet varies between MRI systems and, for cylindrical
systems, is typically smallest in short 1.5T magnets and larger in higher field systems. The
methodology described in this work is able to be used to calculate regions of compliance for
specific magnet/gradient coil combinations. Further modeling work is required to better
understand exposures in a variety of occupational postures, such as leaning into the magnet. It
is hoped that simulations such as these will help inform compliant clinical practices and work
procedures.
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SECTION 3
THE MEASUREMENTS OF MAGNETIC FIELD EXPOSURES FOR
HEALTHCARE WORKERS IN SELECTED MR ENVIRONMENTS

1.0 ABSTRACT

This study presents results of tri-axial measurements of static and dynamic magnetic fields
using a portable magnetic field dosimeter worn by workers during normal working shifts. We
recorded and analysed magnetic field exposures in and around 1.5T, 2T, and 4T magnets during
routine patient procedures. The data was integrated and averaged over time to ensure that
recommended time-weighted exposure limits were not exceeded during the working shift.

Time varying magnetic fields occur when individuals move through spatially non-uniform static
magnetic fields or during gradient-pulsed magnetic fields or a combination of both situations.
Such dynamic fields induce electric fields and currents in tissue. Our previous numerical
analysis shows that at certain positions surrounding the MRI scanner ends, large current
densities and electric fields are induced that may exceed the relevant EU, ICNIRP and IEEE
standards.

The root-mean-square (RMS) values of the dynamic magnetic fields were evaluated and
compared against the numerical simulations and the most recent IEEE, ICNIRP and EU-
Directive 2004/40/EC standards. Our measurements confirm that workers can be exposed to
magnetic fields exceeding the guidelines at positions near the gradient coil ends during clinical
imaging and a high degree of correlation exists with the numerical results. While the time
weighted average magnetic field exposures in 1.5T, 2T, and 4T were all within the regulatory
limits during static magnetic field measurements, the peak limits for the head were exceeded in
some circumstances. The small number of routine shifts acquired provide indicative results only
and more extensive studies are needed. We have shown that magnetic field dosimetry can be
achieved in a practical manner and will be useful in providing workers with instantaneous
warnings about over-exposure to magnetic fields.

2.0 INTRODUCTION

The potential epidemiological and biological interactions between living tissue and the
broadband electromagnetic fields utilized to form MR images and the mechanisms of these
interactions have been widely documented [1-8].

A major concern for workers in MRI is the repetitive and lengthy exposure to large magnetic
fields up to 4T clinically and up to 7T in research. Whilst static magnetic field exposures
seemingly pose less short-term threats than the time varying magnetic fields, long-term effects
including possible carcinogenic effects have not been conclusively correlated to these chronic
exposures. Nevertheless, based on evidence from animal and cellular studies, the National
Radiation Protection Board (NRPB) recommends limiting the time-weighted exposure to
200mT per working day with instantaneous maxima of 5T for extremities and 2T for the head or
trunk. The guidelines conclude that static magnetic fields greater than 2T can induce vertigo,
nausea, a metallic taste and phosphenes [11].

Though the MRI magnet generates strong and uniform magnetic fields within the imaging

volume, there are strong, long-term spatial magnetic field gradients outside this central region
and persons moving in and around the MRI magnet experience time varying magnetic fields.
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Time varying magnetic fields are also produced when the magnetic field gradient coils are
switched at low frequencies of around 1 kHz. These dynamic magnetic fields can produce
uncomfortable sensations and various biological side effects due to the electric fields and
currents that are induced in tissue [2] and furthermore, can also lead to depolarization of voltage
sensitive ion-channels in cell membranes and subsequent nerve excitation [4] causing tingling
feelings in the skin, burning sensations and pain.

Pulsed gradient fields during high speed imaging techniques can cause symptoms such as
muscle twitching and spasms, headaches, changes in heart activity and vertigo [8-9]. Workers in
MRI can be exposed to these magnetic field gradients, and are at particular risk when positioned
or moving close to the end the scanner, near the gradient coil ends, as is common in clinical
practice.

Due to these health hazards agencies such as the IEEE and the ICNIRP have defined exposure
limits on the static and time-varying electric, magnetic and electromagnetic field exposures for
workers in controlled environments.

The IEEE Standard (C95.6) [10] prescribes the maximum permissible exposure (MPE) levels
for magnetic fields in terms of the RMS of the magnetic flux density. The MPE is expressed as
a function of frequency of the field and the limit is stricter for the head and torso than for the
extremities. For the head and torso the MPE for RMS magnetic flux density is 353mT at DC
and 0.6867mT at 3 kHz, and for the extremities the MPE is 353mT at DC and 1.263mT at 3
kHz. The ICNIRP guideline [11] however recommends much tighter exposure limits of 200mT
at DC and 0.0307mT up to 65 kHz. Furthermore, the standard stipulates that the peak
environmental magnetic field shall be limited according to the peak and phase duration of any
excursion of dB/dt.

With the Directive 2004/40/EC [12] of the European Parliament and Council being enforced by
April 30, 2008, the need arises to be able to measure, monitor, and ensure that workers are not
being exposed to static and gradient magnetic fields above the limits set out in the directive. We
have developed a magnetic field dosimeter that measures the static and dynamic magnetic fields
that a worker is exposed to during their routine working shift. The dosimeter is an ambulatory
device that measures the magnetic field tri-axially in order to measure the absolute isotropic
magnitude of the magnetic field over a 1cm? volume.

In this investigation we have measured the magnetic flux densities and time varying gradients
associated with the static magnetic field B, that workers were exposed to during the course of
their normal working day. These measurements were taken in clinical 1.5T , 2T and 4T systems.
Overall, 30 working shifts of data were generated and analyzed. The analysis involved
calculating the time weighted average isotropic exposure for each shift to compare with the
regulatory guidelines. We extended the bandwidth of the device to measure the pulsed
magnetic field gradients during high-speed clinical imaging. The measurements were made in
the ZX plane at Y = Om to produce a map of the B;ns magnitudes and then compared these
values against our numerical data and the regulatory safety limits. The purpose of this research
was to measure magnetic field exposures for workers in MRI and to validate the outcomes of
the numerical research presented in Appendices 1&2 and thus confirming that maximum
induced current densities can exceed safety limits in clinical MRI. It is hoped that this study will
help in the evaluation of the regulatory compliance involved with occupational workers.
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3.0 MATERIALS AND METHODS

3.1 The dosimeter

The patented magnetic field dosimeter [13] measures exposure to magnetic fields, rate of
change of magnetic fields, and enables ambulatory monitoring of instantaneous and cumulative
exposure to a wide range of static magnetic fields. It also monitors and measures the cumulative
amount of static field gradient that the monitored person is exposed to, thus providing field
gradient dosimetry.

The dosimeter provides accurate measurements over a wide range of magnetic field strengths
between 0 to 7T bipolar whilst maintaining high resolution of 0.25mT at low field strengths and
achieving a broad dynamic range with a bandwidth ranging from OHz to tens of kilohertz.

The dosimeter uses a three-axis system orientated in three orthogonal directions, allowing
isotropic measurements over a 1cm® volume. The dosimeter has on board interfaces to a PC
though a USB interface. The software application on the PC uploads the data and presents the
data showing cumulative exposure to magnetic fields, rate of change in magnetic fields, peak
values, and time-weighted average exposures, and periods of exposures over a preset value.

3.2 Static magnetic field measurements
For static field dosimetry measurements we must consider the time varying magnetic fields
caused by body movements though the long term spatial magnetic field gradients produced by
the MRI magnet outside its central imaging region. Previous simulations [15] have shown that
electric field magnitudes induced by typical body movements are less than, but of a similar
magnitude, as those induced by switched gradient.

1. Measurement procedure

In this study we have considered mass body movements with the dosimeter typically being
worn around the waist area on a belt clip or inside pant or shirt pocket. A bandwidth from OHz
to 7Hz was chosen for these dosimetry measurements according to kinematics of normal human
gait and lateral motion such as leaning forward and bending over [16-19]. In this configuration
the dosimeter has a total active battery life of more than 50 hours and is able to retain 75 hours
worth of data. This is suitable for magnetic field dosimetry over a week of 8-hour shifts.

The device was used at various installation sites in Brisbane, Australia and overall 240 hours of
measurements were collated. Workers used the dosimeter during their normal working shifts in
a 1.5T Siemens Magnetom Sonata clinical system at UQ research facility at the Wesley Hospital,
a 1.5T Siemens Vision clinical system in a private radiology firm at the Wesley hospital, a 1.5T
Siemens Vision Plus system at the Royal Brisbane Hospital, a Bruker S200/Oxford Magnet
Technology 2T research system at UQ, and a Bruker 4T Siemens clinical imaging system at the
Wesley Hospital. All studies conformed to the ethical standards set down by The University of
Queensland ethics board.

Figure 1 illustrates calculations of the absolute value of the total magnetic flux density produced
by the 1.5T Infinion and 4T Siemens super conducting magnets during our previous numerical
study [15]. Of particular interest for the static field exposure for workers are the peaks in the
magnetic fields near the inner bore edges of the magnet end were the flux densities approach
and exceed the 2T instantaneous limit for the head and torso. Furthermore, because the peak |B|-
fields and spatial gradients of |B| are observed near the inner edges of the magnet ends, this
location is where maximum dB/dt values occur as the radiologist is undergoing a fast
translational or bending motion near the magnet bore inner edges. We have measured therefore,
field exposures at these specific locations and applied the kinematics of bending motions at
these locations.
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For each study the isotropic magnetic flux density was calculated as:

Bnorm = Bf + BZ + BZZ (1)

And then the Bnom Was integrated over time to produce the overall cumulative exposure (Tesla-
seconds) during the shift. The cumulative exposure was then averaged over the duration of the
shift to yield the time weighted average exposure that the worker was exposed to and assessed
against the ICNIRP guidelines.

2. Calibration of the measuring device
Calibration of the dosimeter involves low magnetic field strength calibration for the Hall sensor
linear region and high magnetic field strength calibration for the coils.

For low magnetic field strength calibration, a powerful 0.5T permanent magnet was used in
conjunction with a Hirst Magnetic Instruments GMO04 handheld portable Gauss meter using a
zero flux chamber. The Gauss meter was used to measure magnetic field strength at four
defined calibration points for each axis around the 0.5T magnet. Measuring the Hall sensor
outputs at each defined position and calculating a best-fit function for these calibration points to
produce an overall calibration factor for each axis calibrated each dosimeter. The post
calibration error curves the units used in this study are shown in Figure 2.
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The high magnetic field calibration was performed after the low field Hall sensor calibration
was performed to correlate and correct any errors between the rate of change integration and the
Hall effect sensor. Three units were also tested at high field strengths to ensure linearity at
higher field strengths following the calibration routine. Each unit was inserted into the DSV of
the 2T magnet with each measurement axis aligned perpendicular to the By field to ensure that
each measurement axis registered the magnetic field strength according to the centre frequency
of the magnet within the specifications of the device.

3.3 Gradient pulsed magnetic field measurements

1. Measurement procedure

For gradient switching magnetic field measurements the bandwidth of the dosimeter was
extended up to a sampling frequency of 40 kHz per channel using only the coil loops to perform
the measurements. This bandwidth increase was selected to allow the dosimeter to fully capture
the minimum static gradient field durations (75 usec) and gradient rise time durations (200
usec) experienced during the imaging sequence in compliance with digital sampling theory. In
this configuration the active battery life of the dosimeter was reduced down to 1.5 hours and it
was able to retain 2 hours worth of information.

The regulations stipulate that the peak environmental magnetic field shall be limited according
to the peak and phase duration of any excursion of dB/dt. Based on the timing diagram for this
sequence (figure 3) we can calculate that the phase duration of the dB/dt’s for the phase
encoding is 200 psec, the readout gradient is 270 psec whilst for the slice selection gradient it is
250 psec. Following the procedure prescribed in IEEE standard we determine the peak
allowable limits for each of the gradient coils for the head and torso and for extremities. Under
the ICNIRP guidelines the maximum peak field exposure for any of the three gradient coils is
fixed at 0.0434mT for any part of the body. Table 1 describes the full set of MPEs according to
IEEE and ICNIRP for each of the gradient coils. We note that the ICNIRP guidelines impose
much tighter restrictions ascertaining to incident environmental fields than the IEEE Standard
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(about 100 times larger MPEs) and that the limits in the 2004/40/EC directive is based upon the
recommendations of the ICNIRP.
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Figure 3 The Echo Planar Imaging sequence
Table 1 IEEE and ICNIRP MPE for the EPI sequence
PARAMETER Read-out Slice Select Phase Encode
Gradient Gradient Gradient
IEEE ICNIRP IEEE ICNIRP IEEE ICNIRP
MPE MPE MPE MPE MPE MPE
Brms Extremities 2.048mT  30.7uT  1.895mT  30.7puT  1.516mT  30.7 uT
Peak  Extremities 2.896mT 434 uT  2.68mT 434 uT  2.144mT 434 T
Peak Extremities [10.726Ts* 0.16Ts' 10.719Ts* 0.1736Ts" 10.720Ts™ 0.217Ts™
dB/dt  Head/Torso 5.83Ts™ 5.826Ts™ 5.825Ts™
Frequency f =()_5tp 1852Hz 2000Hz 2500Hz
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Table 2 Dimensions of theoretical gradient coils

PARAMETER | X-gradient Y-gradient Z-gradient
1" layer - Z [m] 2.07 2.06 221
2" layer - Z [m] 2.40 2.40 2.40
1* layer - R [m] 0.31 0.32 0.33
2" layer - R [m] 0.36 0.37 0.39

Note: Z denotes axial length and R denotes the radius of the primary and secondary gradient coil layers.

We measured gradient switching during EPI sequences (see figure 3) at the Siemens Magnetom
Sonata whole-body MRI clinical system, and at the Bruker S200/Oxford Magnet Technology
2T research system. The Siemens system was fitted with Sonata gradients capable of 40mT/m,
with a slew rate of 200T/m/s and measurements were taken during imaging at a position of X =
15cm, Z =110cm, and Y = 20cm.

The Bruker system was fitted with 63 cm Bruker gradients, capable of 30mT/m, with a
minimum rise-time of 200 psec. In this system we were able to perform a more detailed
investigations and comparisons to numerically evaluated field profiles because the length of the
gradient set was known. Measurements were taken on the XZ plane at Y = Ocm, from X =0 to
60cm and Z = 120cm to 175cm. Figure 4 shows the region of interest (ROI) at which the
measurements were taken.

. MRI magnet and cryostat

I:I Measurement region

0.5m

0.5m

Figure 4 The measurement regions for the switched gradients.
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The dB/dt measurement from each loop was then integrated over time using a cumulative sum
digital integration routine with drift error compensation for digitization noise to yield the By, B,
and B, components of the gradient switching.

The isotropic magnetic flux density was calculated using equation (1) and the RMS value of the
isotropic magnetic flux density strength was calculated for each TR period and averaged at each
measurement point. The RMS averages were mirrored along the Z-axis because the transverse
gradients are symmetrical and then used to map the magnetic field strength across the XZ plane
by 2D interpolation using a cubic spline technique.

2. Calibration of the measuring device

Since the Hall effect sensors were not used for the gradient switching measurements, low
magnetic field strength calibration was not necessary and a high magnetic field strength
calibration was performed instead, whereby the following procedure was performed for each
axis. The measurement axis was first aligned perpendicular to the By field of the MRI magnet
and was inserted into the DSV from the 5 Gauss line and back out. The loop measurement was
then integrated and scaled such that the minimum value was set at 5 Gauss and the maximum
value matched the magnetic field strength according to the centre frequency of the magnet. The
calibration curves are shown in Figure 5.

Figure 5 Magnetic Field Calibrations at 2T for High Speed sampling unit
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3.4 Gradient field simulations

In a recent study [21] we have numerically evaluated male and female occupational worker
exposures to magnetic fields produced by trapezoidally switched gradient coils. The region
where the body models were placed was at the outside end of the imager bore. The total
magnetic field profile produced by all three gradients within the designated region depends on
the coil geometries and current magnitudes employed in driving the coil. In this section we
compare measured magnetic fields produced by the gradient set of the Bruker 2T system with
the magnetic fields generated by the gradient coils from the theoretical study [21]. The motive
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behind this comparison is to corroborate experimentally measured and theoretically evaluated
magnetic fields.

1. Gradient coils for simulation

The gradient coil set within the Bruker 2T machine has an approximate length of 2.2m and an
inner diameter of 0.6m; however, the exact current pattern that generates the field is not
provided by the manufacturer and is therefore unknown. In this preliminary comparative study,
the dimensions of the theoretic, actively shielded, symmetric gradient coils [21] were
appropriately scaled to conform to the actual size of the gradient set in the Bruker system.
Therefore, the three theoretical coils (both longitudinal and transverse) feature approximately
the same length (~ 2.4m), yet they remain radially separated, i.e. the six coil layers (primary and
secondary) are allocated to different radii assuming a layer thickness (including former, etc) of 5
mm. Table 2 details the gradient coil dimensions. We note here that the theoretical gradient
coils might not have the same current distribution as the gradients of the Bruker machine, and
therefore provide only indicative results on magnetic field magnitude and spatial distribution.

2. Computation of the magnetic fields (direct current)

To facilitate the computation of the magnetic field profiles, the gradient coils were segmented
into current carrying wire elements. Each of these segments is represented as a line that
connects two points (the nodes) in three-dimensional Cartesian space. The transverse and
longitudinal gradient coils were modelled with a total of 22,384 and 4,400 nodes, respectively.
The three Cartesian components of the magnetic field due to each gradient coil were computed
with the Biot-Savart method in the same X-Z plane and region of interest as performed during
measurement (see figure 4). The magnitudes of the driving direct currents are adjusted so that
each coil generates gradient field strength of 30 mT/m in the working volume.

3. Field simulation with the Echo Planar Imaging (EPI) sequence

Figure 3 illustrates the EPI sequence that was applied to the gradient set of the Bruker 2T
system. The vertical axis of the plot in figure 3 expresses the percentage of maximum gradient
field strength in the working volume. The gradients in the Bruker machine were switched at
30mT/m each and therefore the central field strength for all three theoretical gradients was
adjusted to 30mT/m. Then the EPI timing sequence (figure 3) was engaged to amplitude
modulate the gradient field of the theoretical gradient coils and thus to fully mimic the
experimentally observed field behavior in the laboratory.

a) |dB/dt| evaluation

Considering the EPI sequence, the gradient rise times of the x, y and z-gradient coils were 270,
200 and 250 psec, respectively. Each gradient coil produced central gradient field strength of
30mT/m and this field strength was percentage weighted by the EPI sequence. The dB/dt value
was calculated as the difference of the total magnetic flux density when the gradient field was
turned on and when it was turned off, and this value was divided by the specific gradient rise
time between these two field magnitude points. The dB/dt values were computed at all
designated spatial locations near one end of the gradient coil set.

b) |Brms| evaluation

At every time point of the EPI sequence, the individual Cartesian magnetic flux components due
to each gradient coil were added first, and then the absolute value of the total magnetic flux
density produced by all three coils was computed using equation (1). Hence the resulting
simulation results are in terms of the total magnetic flux density profile produced by the
theoretical gradient set over time and is governed by the EPI sequence. Similar to the
experimental study and based on the numerical space-time data, the RMS values of the total
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magnetic flux density were calculated for each TR period similar to the experimental study to
yield a spatial distribution of Bypms.

4.0 RESULTS AND DISCUSSION

4.1 Static magnetic field measurements

Figures 6-13 illustrate example magnetic field exposure plots during working shifts in clinical
MRI measured at 1.5T, 2T, and 4T. The figures show plots of the absolute value of the total
magnetic flux density as calculated using equation 1 as well as the absolute value of the dB/dt of
the magnetic field exposure. From this data, the cumulative exposure and the time weighted
average exposure were calculated for each of the thirty working shifts as well as peak dB/dt and
peak B field. This information was tabulated (table 3) together with information about the
number of patients attended to during the shift and the site in which the measurements were
taken.
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Figure 9 The Minimum Peak |dB/dt| was measured during Shift 4
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Bnorm, Time Weighed Average = 1.7649mT, Peak Bnorm = 315.3296mT
I

w
&
S

@

=1

=]
T

)
o
S

N

=]

8
I

| m ________

a
6:00:00 AM 12:00:00 PM 6:00:00 PM 12:00:00 AM
Time

@
3

=]
=]
T

Magnetic Field Strength (millTesla)

@
=]
T

dBnorm{dt, Peak dBnorm/dt = 1239.2752mT/s
= 1400

1200

1000

@
=1
=]

@
=1
=]

=
=]
=]

N
=
8

I

Magnetic Field Strength per Second (mi

o
6:00:00 A 12:00:00 PM 6:00:00 PM 12:00:00 AM
Time

Figure 11 The Minimum Peak |B| was measured during Shift 10
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Bnorm, Time Weighed Average = 1.5231mT, Peak Bnorm = 334.0078mT
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Figure 13 The Minimum Time Weighted Average was measured during Shift 15

We identified that the average worker at these sites attended to 9.9 patients per shift in average
in this study and worked an average of 9.3 hours per shift. However workloads experienced by
medical personnel can range between two and three patients an hour and working shifts can be
as long as 14 hours. During this investigation, however, it was found that the time-weighted
averages ranged between 1.52mT and 12.54mT. This represents only 6.25% of the total
allowable time-weighted average of 200mT. The maximum and minimum cumulative exposure
values were 401.22Ts and 45.67Ts,and were not dependant on the magnet strength but rather on
the amount of time spent at high fields, the number of patients attended to, and the nature and
position of movements inside the magnet room. These results correlate well with the
measurements taken during a previous investigation [20]. The peak |B| and |dB/dt| values were
1.281 T/s and 5.08 T/s respectively and were also independent of the magnet strength because
these values largely depend on the positioning of the person within the magnet room and the
nature of the body movements whilst in the magnet room, although higher field magnets do
have the potential to cause higher peaks in both |B| and |dB/dt|, due to their higher field profile
outside the bore (Fig 2). The peak |B| values were all within the instantaneous maximum
magnetic field limits for both the head and torso and the extremities as defined in the standards.
However, 28 out of the 30 peak |db/dt| recorded exceeded the maximum allowable dB/dt of
767.9mT/s within the measurement bandwidth.
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Table 3 Statistics of Shifts during Static Magnetic Field Dosimetry

SHIFT Location | Magnet 1] |dB/dt |B| Time Cumulative  Number Duration
Strength Peak  |Peak Weighted |B| of of Shift
(M (M (T/s) Average (Ts) Patients (HH:
(mT) MM)

1 Wesley- 4 0.616 1.2 9.92 305.29 8 08:33
uQ

2 Wesley- 4 0429 1.65 1.95 45.67 6 06:31
uQ

3 Wesley- 15 0.478 5.98 9.05 318.32 12 09:46
uQ

4 Wesley- 15 0.321 0.56 2.78 80.26 8 08:02
uQ

5 Wesley- 15 0.569 0.96 12.54 259.51 9 05.44
uQ

6 Wesley- 15 0494 117 4.28 123.12 6 08:00
uQ

7 RBH 15 0446  1.27 7.38 192.41 9 07:14

8 RBH 15 0.713  2.77 2.90 96.22 6 09:12

9 Wesley 15 0.575 1.56 2.88 127.58 11 12:19

10 Wesley 15 0315 1.24 1.77 78.19 7 12:18

11 RBH 15 1281 271 8.82 313.45 10 9:52

12 RBH 15 0592 214 3.44 99.75 6 8:03

13 RBH 15 0.982 3.85 9.69 392.71 12 11:15

14 RBH 15 0.526  4.59 2.50 117.49 9 13:03

15 RBH 15 0.334 0.92 1.52 47.62 7 8:41

16 RBH 15 0.743  1.96 1.52 54.50 8 9:56

17 Wesley 15 0542 0.85 3.02 86.83 12 7:59

18 Wesley 15 0.694 1.37 4.93 159.05 9 8:58

19 Wesley- 4 0.516 2.04 6.63 195.62 10 8:11
uQ

20 Wesley- 4 0.493 250 7.15 208.83 11 8:06
uQ

21 Wesley- 4 0511 1.27 6.24 183.00 8 8:08
uQ

22 uQ- 2 0.584 1.15 6.03 184.56 8 8:30
CMR

23 uQ- 2 0.538 1.75 7.67 234.38 8 8:29
CMR

24 Wesley 15 0.570 1.95 4.49 114.64 9 7:05

25 Wesley 15 0.366 1.11 4.20 199.69 20 13:13

26 Wesley 15 0.474 0.68 3.61 153.27 18 11:47

27 Wesley 15 0.589 212 5.23 194.55 14 10:19

28 Wesley 15 0.704  2.00 7.73 273.29 11 9:49

29 Wesley 15 0439 3.20 3.61 117.46 11 9:01

30 RBH 15 1.070 5.08 10.11 401.22 15 11:01

The instantaneous peak magnetic fields measured during the head exposure studies during
bending movements at the inner edges of the magnet ends are presented in figures 14 to 16.
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Figure 16 Peak Instantaneous B Field at inner bore at scanner end, 4T magnet

The peak B fields were 1.798T, 1.713T, and 3.646T at 1.5T, 2T, and 4T respectively. However
for the 2T system it was not possible to measure right up against the inner bore due to the
structure of the gradients and cooling system and may explain why the maximum instantaneous
peak at 2T is lower than at 1.5T. Furthermore, inspecting the numerical results in figure 1, we
note that the field increase from the centre of the magnet towards the inner bore edges of the
magnet end is larger in the 1.5T system than that in the 4T system and as such, the measured
peak B-field values show similar behavior as the magnetic field in the 1.5T system near the
magnet edges was notably larger than in the Diameter Spherical Volume (DSV) region
compared to the 4T system. The measured isotropic magnetic flux density strengths and
profiles correspond quite well with the field magnitudes and distributions in figure 1 and at 4T
the peak B field value measured exceeds the maximum allowable instantaneous magnetic field
exposure for the head and torso. The peak dB/dt’s at these field strengths were 7.3T/s, 4.4T/s,
and 6.17T/s at 1.5T, 2T, and 4T respectively, exceeding the maximum allowable dB/dt of
767.9mT/s within the measurement bandwidth and therefore, as the radiologist is undergoing a
fast translational or bending motion near the magnet bore inner edges, the likelihood for
significant in situ electric field induction increases due to the spatial (non-uniform field profile)
and temporal (movement) change in the impressed magnetic flux density. It is also interesting to
note that the peak dB/dt’s experienced by workers can approach the types of magnitudes that the
measured pulsed gradient fields produce. The dosimeter can be used to alert workers to slow
their movements inside the magnet room when dB/dt’s approaching the regulatory limits are
detected and thus provide a measure of safety against large in situ electric field inductions.

75



4.2 Gradient pulsed magnetic field measurements

Figure 17 illustrates the derived spatial distribution of |B,ns obtained by physically measuring
the total magnetic flux density produced by the gradient set of the Bruker 2T system whilst
running the EPI sequence illustrated in figure 3. Figure 4 shows the measurement region used
to obtain this |B;ms spatial distribution beginning 10cm inside the gradient coil set along the Z
direction. The derived spatial distribution of |B.m| (figure 17) shows that the influence of the
readout gradient causes the increase in |Bims| amplitude moving radially outwards from the
centre at each Z position. Up to Z = 1.26m, measurements could not be conducted beyond a
radius of 0.25m due to the cryostat and gradient coil cooling structure but for Z greater than
1.26m, a radial |Bims| maxima occurs at 0.3m at each Z position. For radii greater than 0.3m at
each Z position the |B.ys diminishes due to the shielding of the gradient set. The phase encoding
gradient and slice encoding contributions to |Bim| is radially constant for any given Z position it
diminishes as expected when moving outwards along Z.

2.5]

/)l

0.5

Figure 17 Experimentally measured | Biys | due to the gradient set of the 2 T MRI
scanner using the EPI sequence of figure 4

It is the positions outside the cryostat and gradient cooling system structure of the magnet that
are important when comparing these measurements to the regulatory limits. Figures 18-24
show the regions where the calculated Brms values exceed the IEEE and ICNIRP MPEs and
figures 25-27 show the regions where peak dB/dt’s exceed the IEEE and ICNIRP MPEs. Figure
28 shows the experimentally measured peak magnitude dB/dt distribution when the EPI
sequence was running.
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Figure 29 TR period of measured switching gradient data during the EPI sequence
of figure 4 at position z = 120cm, x = 3cm, and y = Ocm
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Figure 30 TR period of measured switching gradient data during the EPI sequence
of figure 4 at position z = 120cm, x = 25cm, and y = Ocm
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Figure 31 TR period of measured switching gradient data during the EPI sequence
of figure 4 at position z = 126¢cm, x = 30cm, and y = Ocm
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Figure 32 TR period of measured switching gradient data during the EPI sequence
of figure 4 at position z = 126¢cm, x = 50cm, and y = Ocm

Figures 29-32 show a TR period of the EPI sequence measurements at various positions in the
XZ plane at Y = 0cm. These figures show By, By, and B, components present in all three of the
measuring axes due to the misalignment between the measurements coordinate set and the
gradient coil coordinate set. This misalignment was not unexpected and because the dosimeter
was designed to evaluate the absolute values of the total magnetic flux densities and dB/dt’s to
get an overall calculation of magnetic field exposure we have used these values to evaluate
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against the simulations and the regulations rather than the individual gradient coil contributions.
However, by switching the gradient coils individually or otherwise, absolutely aligning the
measurement axes to the gradient coil axes, the contribution of each gradient coil pair could to
be examined individually.

4.3 Gradient pulsed magnetic field simulations

1. Direct current magnetic fields

Figures 33-37 illustrate the absolute value of total magnetic flux density produced by each
theoretical gradient coil with a direct current adjusted to provide a 30mT/m central gradient
field strength. To obtain direct correspondence with the experimental measurements, the
magnetic fields were numerically evaluated in the X-Z plane (Y=0) and in the same region of
interest as performed in the experimental study (see figure 4). From the total magnetic flux
density profiles illustrated in figures 33-37, the peak fields are located very close to the gradient
coil edges and the field drop off along the z-axis is rapid with the distance away from the
gradient end. The magnetic fields are expected to be quite small in magnitude at the sides of the
MRI machine, because the highly conducting cryostat vessel attenuates the dynamic fields well.
Figure 36 is the absolute value plot of the total magnetic flux density generated by both the read
out (x-axis) and phase encode (y-axis) gradient when switched on simultaneously, whereby each
coil is prepared to generate central gradient field strength of 30mT/m. Figure 34 indicates that
the magnetic field produced by the phase encode gradient is minimal in the X-Z plane when
Y=0 and thus there is no significant difference between the field profile of figure 36 (x and y-
gradient coil applied simultaneously) and figure 33 (x-gradient applied only). Therefore the
influence of the y-gradient in this particular plane is small. Interestingly, for central gradient
field strength of 30mT/m, the peak magnetic fields due to the z-gradient coil are around two
times larger in magnitude than those produced by the x-gradient coil for instance. When all
three gradients with central field strengths of 30mT/m each are switched on simultaneously, as
are applied during oblique oriented imaging and diffusion studies, a total magnetic field profile
as shown in figure 37 is generated.
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Figure 33 Theoretical |B|-field due to x-gradient with 30mT/m in DSV
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Figure 34 Theoretical |B|-field due to y-gradient with 30mT/m in DSV
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Figure 35

|B|-field due to z-gradient with 30mT/m in DSV
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Figure 36 |B|-field due to x and y-gradient with 30mT/m in DSV each
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Figure 37

|B|-field due to all three gradients with 30mT/m in DSV each
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Figure 38 |dB/dt| due to z-gradient with 30mT/m in DSV (40%, see EPI sequence);
Here: B is taken as the norm
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Figure 39 |dB/dt| due to x-gradient with 30mT/m in DSV (80%, see EPI sequence);
Here: B is taken as the norm
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Figure 40 Numerically computed |B;ms| due to the theoretical gradient coil set
assuming the EPI sequence of figure 4.

2. Field simulation results with the Echo Planar Imaging (EPI) sequence
Figures 38 and 39 illustrate the spatial distribution of dB/dt produced by the z and x-gradient
coils respectively. In both plots, the spatial distribution of dB/dt is identical to the magnetic flux
density distribution generated by the slice select and frequency encode gradient while they
differ in magnitude dictated by the individual gradient strength and rise time used. Figure 40
illustrates a spatial distribution of |Bm| in the x-z plane at the end of the theoretical gradient set
starting at 0.1m inside the gradient set bore and extends towards the outside of the bore as
portrayed in Figure 4.

4.4 Comparison between measured and simulated gradient fields

The numerically attained field profile of |B.y| in figure 40 agrees quite well in magnitude and
reasonably well in spatial distribution to the experimentally derived |B.ms| distribution depicted
in figure 17. The slight discrepancies in spatial distributions are probably due to the fact that we
used a theoretical gradient set that most likely has a different current distribution and therefore
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somewhat different magnetic field profile to that of the 2T Bruker’s gradient set. Nevertheless,
the results indicate that there is a good corroboration between measured and calculated |Bypl
field profiles even though a temporally challenging EPI time sequence was engaged during both
simulation and measurement. Furthermore, this particular result confirms the validity of
numerically evaluated male and female occupational worker exposures to magnetic fields
produced by trapezoidally switched gradient coils in the previous study [21]. In the forthcoming
research we will aim to utilize the measured values of magnetic fields as major subset of
constraints in the optimization of gradient coil current distributions using methods such as
stream function and target field. In this study the three measurement axes will need to be
absolutely aligned to each gradient coil or each gradient coil switched individually to fully
optimize the gradient coil current distributions. Alternatively, the measured field values can
facilitate in the development of an equivalent source model based on elementary magnetic
dipole moments that generate and mimic the same field pattern of a commercial system. These
types of sources can then be used as part of the simulation to evaluate the induction of currents
in anatomically equivalent body models analogous to the previous theoretical study.

Figures 18-24 show peak dB/dt’s throughout the measurement regions and how they compare to
the regulatory limits. In comparison to these simulations we observe that the peak dB/dt’s are in
the same range of magnitude as the numerical values. The maximum measured dB/dt is
12.25T/s at X=0m, Z = 1.20m, compared to the numerical values of 9.09 T/s for the read out
gradient, 1.11 T/s for the phase encode gradient, and 13.63 T/s for the slice select gradient. The
values are similar but are not exactly same because we have used different gradient coils in the
simulations than those in the real MRI machine and because the largest numerical values occur
at sharp corners and are therefore susceptible to changes to the cryostat vessel parameters (i.e.
5mm deviation in cryostat vessel position can noticeably change the dB/dt values). So therefore
it is not very robust to directly compare these values to those measured.

4.5 Evaluation against regulatory safety limits

1. Static magnetic fields

The measurements presented show that the time weighted average exposures represent a small
fraction of the allowable limits but that the dB/dt’s experienced by workers as they move around
the magnet room, especially during bending motions near the inner bore at the magnet ends
often exceed the maximum allowable dB/dt of 767.9mT/s for the measurement bandwidth (O-
7Hz). It was also found that during bending movements towards the imager core, the peak B
field values exceed the maximum allowable instantaneous magnetic field exposure for the head
and torso at 4T.

These dB/dt’s and the associated induction of health-detrimental in situ electric fields and
currents in terms of magnitude and spatial distribution in the body however, depends on the
position of the radiologist relative to the static B-field produced by the imager, the direction of
motion, the speed at which this motion is exercised and on the type of motion (jumping up,
bending towards the imager bore or simply walking forwards or sideways etc). Therefore, the
induced E-field magnitudes and distributions are highly-situation dependant, and as such,
information on the measured dB/dt, peak B and cumulative B could be more useful in the
assessment of the overall exposure and potentially exceeded limits. If the radiologist is bending
towards the imager bore in order to assist the patient lying inside the scanner, the measured
dB/dt values can exceed the value specified in the international regulations by a factor of around
4-5. Based on the results of our previous study on numerical simulations involving voxel
phantoms of male and female as they undergo different kinds of motion around realistic super
conducting magnets (1.5-7T), the induced electric field and current density magnitudes
exceeded the limits specified in the ICNIRP and IEEE regulations by similar factors, provided
that the body models were involved in movement very close to the magnet inner bore edges.
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Therefore, based on current exposure measurements and computations, it is clearly possible to
exceed the standards of IEEE, ICNIRP and EU-Directive.

The dosimeter itself can also be used to directly alert a worker that their body movements are
causing excessive dB/dt’s.

2. Switched gradient magnetic fields

To evaluate the switched gradient magnetic field exposures measured during the EPI sequence
against the regulatory guidelines it is important to consider the |B,y| as well as the incident peak
magnetic fields at positions outside the cryostat and gradient cooling system structure of the
magnet. Figures 18-27 show the regions surrounding the magnet structure where the measured
magnetic fields exceed the IEEE and ICNIRP regulations during the EPI sequence in terms of
|Brms | and dB/dt. It is illustrated that the IEEE limits are exceeded in regions near the gradient
coil ends, as predicted in the numerical models, whereas the ICNIRP limits are exceeded
through the whole region that was measured.

We note here that the phase encode gradient provides maximum exposure in the YZ-plane when
X=0, and minimum exposure in the XZ-plane when Y=0 (for other values of Y other than 0, the
contribution of the phase encode gradient to the overall exposure is higher).

5.0 CONCLUSION

In this study we have developed and engaged an ambulatory tri-axial magnetic field dosimeter
to experimentally quantify exposures of radiology personnel to both static and dynamic
magnetic fields during normal working shifts within clinical MRI settings. The dosimeter was
calibrated and used to measure magnetic field exposures associated with the body movement in
static field strengths of 1.5T, 2T, and 4T during routine patient procedures. Similarly, worst-
case exposures to pulsed commercial gradient coils were measured assuming the application of
a practical Echo Planar Imaging (EPI) sequence. Apart from comparing the static and dynamic
field exposures to most-recent international regulatory standards (IEEE, ICNIRP and EU-
Directive 2004/40/EC), the field measurements from the gradient field sub-study were assessed
against the numerical simulations of Appendices 1&2 with a high degree of corroboration. Our
measurements confirm that workers can be exposed to magnetic fields exceeding the guidelines
at positions near the main magnet and gradient coil ends during clinical imaging. The time
weighted average magnetic field exposures in 1.5T, 2T, and 4T were all within the regulatory
limits during static magnetic field measurements. The peak static field to the head of a
healthcare worker leaning into a 4T MRI can exceed 3T. Nevertheless, some of the dB/dt values
attributed to human movement through strong static magnetic fields exceeded the regulatory
limits at all field strengths examined and therefore cannot be ignored. Similarly the magnetic
field gradients generated when magnetic field gradient coils are pulsed at low frequencies
exceed the regulatory limits at specific locations surrounding the main magnet and gradient coil
ends.

More data and detailed situational studies need to be undertaken and compiled to fully
understand the extent and nature of these exposures. We have shown that magnetic field
dosimetry can be achieved in a practical manner and will be useful in providing workers with
instantaneous warnings about over-exposure to magnetic fields. In addition, the results of these
experimental measurements have confirmed the validity of the recent simulation outcomes on
the exposure of tissue-equivalent body models in MRI environments.
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