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ABSTRACT

Purpose: To determine exposure to gradient switching fields of adults and children in a
magnetic resonance imaging(MRI) scanner by evaluating internal electric fields within
realistic models of adult male, adult female, and child inside transverse and longitudinal

gradient coils, and to compare these results with compliance guidelines.

Materials and Methods: Patients inside x-, y-, and z-gradient coils were simulated using
anatomically realistic models of adult male, adult female, and child. The induced electric
fields were computed for 1 kHz sinusoidal current with a magnitude of 1 A in the gradient
coils. Rheobase electric fields were then calculated and compared to the ICNIRP 2004 and
IEC 2010 guidelines. Effect of the human body, coil type, and skin conductivity on the

induced electric field was also investigated.

Results: The internal electric fields are within the first level controlled operating mode of the

1

guidelines and range from 2.7Vm™! to 4.5Vm™!, except for the adult male inside the y-

gradient coil (induced field reaches 5.4Vm™1).The induced electric field is sensitive to the

1 and 3.8Vm™1 for x-, y-,

coil type (electric field in the skin of adult male: 4Vm™?1, 4.6Vm™
and z-gradient coils, respectively), the human body model (electric field in the skin inside y-
gradient coil: 4.6Vm™!, 42Vm™1, and 3Vm™! for adult male, adult female, and child,
respectively), and the skin conductivity (electric field 2.35%—4.29% higher for 0.1Sm™? skin

conductivity compared to 0.2Sm™1).

Conclusion: The y-gradient coil induced the largest fields in the patients. The highest levels

of internal electric fields occurred for the adult male model.

Key words: MRI; exposure; ICNIRP; IEC; Induced electric field; Peripheral Nerve

Stimulation.



INTRODUCTION

Interactions of the living tissue with MRI scanner can cause potential patient risks (1-3).
Rapidly induced fields could stimulate nerves of the peripheral nervous system (PNS) (3,4).
Nerve stimulation might interfere with the examination (5). Therefore, the physiological
limit of exposure to such fields should be based on minimizing uncomfortable or intolerable
sensation. Different guidelines and standards (5—7) suggest limits to mitigate these potential
hazards. The IEC (2010) and ICNIRP (2004) recommended a maximum exposure level be set
to a time rate of change of the magnetic field (dB/dt) or induced electric field (E) of 80% of
the median perception threshold for peripheral nerve stimulation for routine operation, and

100% of the median perception threshold for controlled operation (5,7).

Bencsik et al. (8) used spherical and cylindrical tissue models to study the induced electric
fields due to gradient fields. Mao et al. (9) used the visible male model within an unshielded
single-axis (x-axis) gradient and reported calculations of the induced E-field within in the
presence of RF shield. Zhao et al. (10) used a modified finite difference time domain
technique to simulate the induced electric field and current density within adult male model.
So et al. (11) investigated the peripheral nerve stimulation by unshielded y- and z- gradient
coils using an average size male model. Only male or simplified human models were used for
these investigations in the majority of the cases. Another important issue is the modeling of
the skin in the low-frequency magnetic field exposure. Schmid et al. (12) pointed out an
obvious potential source of errors and uncertainties concerning computations of induced
electric field strengths inside skin tissue in the low frequency range. It has been demonstrated
that the conductivity values for skin obtainable from the most widely used data bases of
dielectric tissue properties are not suitable for exposure assessment with respect to peripheral

nerve tissue. Recently, De Santis et al. (13) conducted a sensitivity analysis on the electro-



geometrical parameters of human skin. First, a multi-layer canonical skin structure is
modeled to closely mimic the biological composition of the skin. An equivalent single-layer
skin model is then derived. They finally suggested the value of 0.2 S/m for the skin
conductivity. The purpose of the present study is to determine exposure of adults and children
in an MR scanner by evaluating the induced electric fields in realistic 3D whole-body adult
male, adult female, and child models within shielded whole-body x-, y-, and z-gradient coil

and compare them with ICNIRP 2004, and IEC 2010 guidelines.



MATERIALS AND METHODS

Simulation platform

Gradient coils and human models were modeled with a commercial software
package SEMCAD-X (14). The induced electric fields in the human body were analyzed with

the SEMCAD X magneto quasi-static solver.
Gradient coils models

Whole-body, symmetric shielded gradient transverse (x- and y-axis) and longitudinal (z-axis)
coils (15) were used in this investigation to compute the current densities and the electric
fields induced in the body models. All three gradient coils have approximately the same axial
length of 1.4 m and the same diameter of 0.6 m for the primary coils. With this axial length,
the gradient coils would fit inside most conventional MRI systems ((16,17)). Table 1 lists
some coils parameters while Fig. 1 shows designs of the gradient coils. The gradient coils are

fed with pulsed sine currents of 1 kHz.
Anatomical models and tissue dielectric properties

We used three human models (Figure 2) from the Virtual Population (18): Duke, a 34-year-
old male (72 kg, 1.77 m); Ella, a 26-year-old female (59 kg, 1.63 m); and Billie, an 11-year-
old girl (35 kg, 1.47 m). These anatomical models have been developed from high-resolution
MRI data and consist of more than 80 tissues and organs (19). The dielectric parameters of
the tissues are set based on the database developed by the IT’IS Foundation (19) mainly from
the Gabriel dispersion relations (20). To further account for weighing outer and inner skin

layers, skin conductivity has been set to 0.2 S m~? (13). The effect of skin conductivity on



the induced electric field was investigated by comparing results using skin conductivity of

0.1Smtand0.2Sm™.

The human models are centered inside the gradient coils as shown in Figure 2. Uniform
rectilinear meshes were applied to easily discretize the complex anatomical models with a

voxel size of 2 mm along x, y, and z direction.
Comparison with analytical solutions

We performed simulations to compare analytically derived results with simulations results to
verify the simulation platform. The numerical model is composed of a homogeneous sphere

(conductivity = 0.1 S m™?

, radius = 0.25 m) placed symmetrically inside two concentric
current loops forming a Helmholtz pair with radius and center-center separation of 0.35 m
(Fig. 3a). The two loops were fed with a sinusoidal current of peak amplitude 1 A and the

model was discretized with a voxel size of 5 mm. The B-field at a distance r off axis in the

mid-plane, By, is (21,22):

_ Ipg 1-a?-p?
By, = na(1+ )2+ B2) X [E (k) (1+ @)2+ B2—4a + K (k)] (D)

where [/ is the current in the loops, a is the radius of the loops, a =1/a, p = d/a, k = Za\/j, ris

the radial distance from the axis to the field measurement point, 2d is the separation of the
loops, and E(k) and K(k) are the complete elliptical integrals of the first and second kind,

respectively.

Analytical formula of the current density within a homogeneous sphere exposed to a time-

varying uniform B-field is given (22):

J(r) = nfoBr 2)



where r is the radial distance (m), f is the frequency (Hz), B is the magnetic flux density (T),

and o is the conductivity (S m™1).
Evaluation of the induced electric field

To make a fair comparison possible with the previous published works, all the simulations
were performed for 1 kHz sinusoidal current with a magnitude of 1 A in the longitudinal and
the transverse gradient coils. For the frequency and current considered, the computed electric
fields are scaled as follows (11):

dB
(Zp)RR

dB
(Fp)14

3)

Ern = Eiknz

Where Epg;, is the rheobase electric field, E;y, is the extracted field at 1 kHz, (dB / dt) Rh 1S

the rheobase time derivative of magnetic flux assumed to be equal to 18.8 T/s for x- and y-

gradient coil, and equal to 28.8 T/s for z-gradient coil according to the ICNIRP 2004 on
medical magnetic resonance: protection of patients (5), and (dB / dt)l 4 1s the time derivative

of the magnetic field at 0.2 m off the coil center for unit coil current through the coil as

specified by the IEC 2010 (7) and is equal to (for 1 kHz sinusoidal):

dB
(E)lA = 27'[]-()BBmax,1A “4)

Bax14 18 the maximum magnetic flux density for a 0.2 m radius cylinder with unit current

in the coil.

We used the ICNIRP 2010 (23) approach to determine the induced electric field E (ry) at a
location 1, as a vector average within a small contiguous tissue cubic volume of

2x2x2 mm? of the electric field E (7). More specifically:



< E(ry) >y= % [,E@)dv (5)

where 0 < V < 8 mm? is the volume of lossy tissue within the cube. To comply with the
2x2x2 mm? average volume, no averaging will be performed at a voxel if the cube is not
completely within the tissue of interest, and the E-field value of this voxel will not be
considered as a spatially averaged value. We also used the 99" percentile value of the electric

field for a specific tissue as suggested by the ICNIRP 2010.

The IEC:2010 60601-2-33 standard and the ICNIRP statement on medical magnetic
resonance procedures: protection of patients (2004) prescribes the following limits related to
PNS for the induced electric field in the normal operating mode (Ly;) and in the first level

controlled operating mode (L4,):

0.36 ms

74
LOl —_ 0.8 * 2.2 ; * (1 + ts,eff ) (6)
Lip = 1022 25 (1+ =27 (7)
seff

Where t; s denotes the effective stimulus duration, which is defined as

sin~1(0.8)
lseff = T f (8)

for sinusoidal waveforms of frequency f. This leads to Loy =39Vm™! and

L12 = 4.9Vm_1.



RESULTS

Verification of low-frequency solver

Figure 3b shows the simulated and analytically-derived current density within the
homogenous sphere for different radial distances in z = 0 plane. Using Eq. (1) and Eq. (2),
taking 6 = 0.1 S m™, f = 1 kHz, it follows that the numerical values simulated at 1 kHz
deviate with 0.53-0.93 % from the analytical value, indicating excellent agreements between
simulations and analytical results. We observe that the simulated value tends to overestimate
slightly the analytical value due to the spatial variation the B-field produced by the Helmholtz

pair.
Induced electric field in the body-Effect of coil type

Table 2 shows the calculated electric field in fat and skin (where peripheral nerves are
located) for different coils, and Figure 4 shows the distribution of the in-situ electric field.
Several observations can be made based on the Table 2. The induced electric field is higher in
transverse coils (x and y gradient coils) than in longitudinal coil (z gradient coil) despite
stronger magnetic flux density produced by the longitudinal coil (e.g. E,,,, Duke, skin:
186 mV m™1, 197 mV m™%, and 143 mV m™? for x, y, and z gradient coils, respectively).
Results also show that difference between transverse and longitudinal coil is more visible in
the E ax than in the Eqqq, (difference of 18.5 % to 48 % for E,.x compared to a difference of
10.1 % to 16.7 % for Eqqe,). We also observe that all the electric fields simulated are greater

in fat than in skin.
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Induced electric field in the body-Effect of model type

The influence of the body model is illustrated in Table 2 and Figure 4. It is obvious from the
table that the in-situ electric field is higher in Duke than in Ella and Billie for x, y, and z
gradient coils and that the maximum induced field decreases with the decrease in the body
size (e.g. Eqqq, fat inside y-gradient coil: 109 mV m™1, 86 mVm™1, and 61 mVm™? for
Duke, Ella, and Billie, respectively). Table 2 shows also that the difference between Egqo, of
fat and skin is tighter for Billie (child model) than for adult models. Localized high electric
field values occur at the periphery of the volume occupied by the human body, as illustrated

in Fig. 4.
Induced electric field in the body-Effect of skin conductivity

Table 3 shows E.x and Eqqq, for Duke inside x, y, and z gradient coils using the skin
conductivity of 0.1 Sm™! and 0.2 Sm™. The peak-induced E-field is higher for the skin

conductivity of 0.1 § m~! compared to the skin conductivity of 0.2 § m~*. This difference is

highlighted in the E ;4 rather than in the Egqq, value.
Rheobase electric field-Threshold for PNS

From Table 4 By,4,14 1s equal to 62.87 uT, 60.37 uT, and 84.39 uT, for x, y and z gradient

coil, respectively. The given flux density is the maximum value within the volume of a

cylinder with 0.2 m radius and a height of 0.2 m. Rheobase electric fields are computed from

Tables 2 and 4 using (3). Calculations are summarized in Table 5. Table 5 shows that the
1

Eax e€xceeds the standards basic restrictions for all the models and the coils (5.5 Vm™" —

13.5 V' m™1). The Eqqq, is within the normal operating mode guidelines for the child model

inside all the coils (2.7 Vm™! —3 m™1!) and the adult female inside x and z gradient coils
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(3.3 Vm™ — 3.8 Vm™1). The Egqy exceeds the normal operating mode guidelines but

remains within the first level controlled operating mode for the adult female model inside y-

1 _ 43V m™1), and the adult male model inside x and z gradient coils

gradient coil (4.2 V m~
4.2V m™t —4.5V m™1). Only the Eqgq, of the Duke model inside the y-gradient coil exceeds

the first level controlled operating mode (Egge, = 5.4V m™1).
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DISCUSSION

Numerical simulations of E-field within a realistic model of adult male, adult female, and
child located inside a generic shielded x-, y-, and z-gradient coil set have been presented and

compared to the ICNIRP 2004 and IEC 2010 guidelines.

We verified the applied numerical technique (low frequency solver in SEMCAD) with an
analytical solution for a conducting sphere centered inside a Helmholtz coil. The simulated
current density in the mid-plane (z = 0) at different radial distances (from 0.01 m to 0.1 m)
agreed with analytically-derived values with deviation less than 1%. We observe that the
simulated value tends to overestimate slightly the analytical value due to the spatial variation
of the B-field produced by the Helmholtz pair (formula of Eq. 2 assumed a time-varying
uniform B-field while the Helmholtz B-field started lacking its uniformity when the radial
distance r approaches 0.1 m for z = 0). The magneto quasi-static low-frequency solver of

SEMCAD and its use in exposure investigations was also verified in several studies (9,24).

From Faraday’s law, it follows that the largest values of circumferentially induced electric
fields normal to the direction of applied magnetic field will localize in the outermost body
surfaces (17). Since the body models are inhomogeneous in conductivity distribution due to
different tissues, the current flow will be modified by this difference in dielectric parameters
between tissues. Therefore, high values of induced internal electric field were notable on the
front and lower back surfaces of the trunk with low internal electric field values in the middle
of the body. It follows that the peripheral nerves in the skin are exposed to the strongest
electric fields. The y-gradient coil induced larger internal electric fields. This is due to the
fact that for y-gradient coil, the B-field in the body is oriented in the y-direction, and since
the induced electric fields and circulating currents in materials are proportional to the radius

of the loop (i.e. the cross-section of the body), the highest electric fields will be induced if the
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magnetic field is oriented from front to back, which is in agreement with previously

published works (25).

The electric field is greater in fat than in skin. This due to the conductivity being lower in the

fat compared to the skin (0.04 Sm™! for fat and 0.2 Sm™! for skin), and was already
explained and reported in several published research (in general, tissues of lower conductivity
have greater peak-electric field than high conductivity tissues induced in them by the same

magnetic flux density (13,26)).

Our results show that the human body model and the body size in general, is a primary factor
for the induced electric fields. The maximum induced field occurred for the largest size of the
body model (Duke). This behavior was also reported in several studies of exposure to
uniform magnetic field (see Ref. (27) for example). Differences in shape and anatomy
between the models are also a factor affecting the induced field but remain less important

than the size of the model.

The skin conductivity does not have a great impact on the induced electric field for the 99%
value (as an averaged value) which is in agreement with the works of the De Santis et al.

(13). They reported that any value of the skin conductivity between the range of 0.1-0.7

Sm~1 will not considerably alter the spatial average E-fields. However, the maximum

electric field decreased with the skin conductivity value as reported and explained in (13,26).

Figure 4 indicates that the largest volumes of high intensity electric field are in the torso and
in the outermost body surfaces, which is the body region where the greatest number of

stimulations were reported by the subjects (28).

To make possible a fair comparison with previously published works, we used the Eqgq, as

the main value (which is also the value used in the guidelines). Rheobase electric fields for
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1

PNS computed in this paper are in the range of 2.7V m™! — 5.4V m™1. These values are in

agreement with published studies (11,25). In (25) , an averaged value of E = 4.2V m™! was

reported and estimated 2.9 V m~! — 5.8 V m~! was reported in (11).

Compliance with the ICNIRP 2004 and IEC 2010 guidelines for the normal operating mode
(Ly1) guidelines was recorded for the child model inside all the coils and the adult female
inside x and z gradient coils. Results for the adult female model inside y-gradient coil and the
adult male model inside x and z gradient coils exceeded the Ly, but remained within the first
level controlled operating mode (L;,). The Eqqq, of the adult male model inside the y-gradient

coil exceeded the Ly, and L, by a factor of 1.38 and 1.1 respectively.

We note that we have focused on the configuration of human bodies centered with respect to
the coils; the sensitivity of the PNS sensation thresholds to the human body position was
already investigated by (11,28). So et al. concluded that the position of the human body
inside the coils influences the magnitude of the induced electric field. The changes, however,
are typically below 20% for most measures and less than 5% for the average value of the
electric field for a given tissue in a given coil (11). We believe that a sensitivity study
concerning the effect of the human body’s position inside the coils on the induced electric
field using great populations span will clarify more this point and add more results about the
PNS thresholds. The proposed work does not consider the effect of coupling of the gradient
and/or RF coils, nor the additional induced electric field due to gradient coils’ eddy currents
(29,30), which leads to some remnant errors. Another source of uncertainty is the fact that the
body is highly nonlinear medium with dielectric properties of each and every person
different, and thus it is quite difficult to predict the exact mechanisms of induced fields and

their effects on the physiology.
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In conclusion, in this study we have modeled the exposures of male, female and child patients
to pulsed gradient fields typically used in MRI systems. These gradients coils are intended to
be models of currently available cylindrical MRI systems, but we do not claim that we
covered all gradient sets on the market and therefore we provided indicative results only. The
y-gradient tends to induce more fields in the models than the other coils. The strongest levels
of field exposure are observed for the adult male inside the y-gradient coil. The internal
electric fields, when the patients are inside the gradient coils are within the first level
controlled operating mode of the ICNIRP 2004 and IEC 2010 guidelines, except for the adult
male inside the y-gradient coil. Further work will consist of the investigation of different
postures and positions within the coils. Investigations such as these will help inform

compliance of clinical procedures.
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Tables

Table 1

Geometrical parameters of the transverse and the longitudinal gradient coils*

21

Coil Primary coil Secondary coil Primary coil Secondary coil DSV
diameter (m) diameter (m) length (m) length (m) (m)
x-gradient 0.6 0.75 1.4 1.75 0.29
y-gradient 0.6 0.75 1.4 1.75 0.27
z-gradient 0.6 0.76 1.4 1.74 0.36

*The diameter of spherical volume (DSV) is given as the region where the gradient field is uniform to 5%

peak-peak and is expressed as diameter in meters.



Table 2
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Calculated electric fields (mV m™1) in fat and skin of the body models (1-A current into coil at 1 kHz)

Model Coil Tissue Emax (mVm™1) Eqqy, (mVm™1)
Fat 242 94
x-coil Skin 186 85
Fat 272 109
Duke y-coil Skin 197 92
Fat 152 78
z-coil Skin 143 70
Fat 221 79
x-coil
Skin 149 72
Fat 248 86
Ella y-coil
Skin 172 84
Fat 139 63
z-coll Skin 133 60
Fat 179 59
x-coil Skin 116 57
Fat 191 61
Billie y-coil
Skin 130 60
Fat 110 54
z-coil
Skin 106 52




Table 3

Calculated electric fields (mV m™1) in fat and skin for Duke model using skin conductivity of 0.1 S m~

0.2 Sm™?! (1-A current into coil at 1 kHz)

23

1 and

Model Coil Tissue Emax (mVm™1) Eqqy, (mVm™1)
Skin (0.1 Sm~1) 198 87
x-coil Skin (0.2 S m™1) 186 85
Skin (0.1 Sm™1) 215 96
Duke y-coil Skin (0.2 Sm™1) 197 92
Skin (0.1 Sm-1) 154 73
z-coil Skin (0.2 Sm™1) 143 70




Table 4

Maximum magnetic flux density (uT) in the gradient coils in cylinder of r = 0.2 m in the center of the coils.

x-coil

y-coil

z-coil

Biax (nT)

62.87

60.37

84.39
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Table 5

Rheobase electric fields (V m™1)

Model Coil Tissue Emax (Vm™) Egge, (VmM™1)
Fat 11.5 4.5
x-coil Skin 8.9 4
Fat 13.5 54
Duke y-coil Skin 9.8 4.6
Fat 8.3 42
z-coil Skin 7.8 3.8
Fat 10.5 3.8
x-coil
Skin 7.1 3.4
Fat 12.3 43
Ella y-coil
Skin 8.5 42
Fat 7.6 3.4
z-coll Skin 7.2 3.3
Fat 8.5 2.8
x-coil Skin 55 2.7
Fat 9.5 3
Billie y-coil
Skin 6.4 3
Fat 6.0 29
z-coil
Skin 5.8 2.8
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Figure Legends

Figure 1. a: Wire patterns for a: x-gradient coil, b: y-gradient coil, and c¢: z-gradient coil. For
transverse coils only one primary and one secondary layer is illustrated, while both are

plotted for the longitudinal gradient coil.

Figure 2. Orthogonal views (front and side) of body model inside gradient coils. a, b: Duke
inside the x gradient coil. ¢, d: Ella inside the y gradient coil. e, f: Billie inside the z gradient

coil.

Figure 3. a: Homogenous sphere (conductivity 0.1 S m™1) of radius 0.25 m positioned
symmetrically between two concentric current loops forming a Helmholtz pair. The radii of
the loops and their center-center separation were 0.35 m. b: Comparison of simulated and

analytically derived current density in z = 0 plane against the radial distance r in (m).

Figure 4. Distribution of the internal electric field E; (dB normalized to 272 mV m™1) for
different gradient exposure (from top to bottom : X, y, z, gradients coils) in the Duke, Ella,
and Billie models, in the coronal planes y = -0.0215 m, y = -0.026 m, and y = -0.015 m for

Duke, Ella, and Billie, respectively.
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— Analytical
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