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Abstract. This paper studies induced electric fields and current densities for peripheral nerve
stimulation (PNS) induced by breast gradient coils. The numerical calculations are based on an
efficient, quasi-static, finite-difference (QSFD) scheme. The application of the human body to the
calculations of induced current densities and electric fields from applied low frequency magnetic and
electric fields is described. The spatial distributions of the induced electric field and their gradients
are calculated. This study provides some insight into the spatial characteristics of the induced field
gradients for PNS in MRI, which may be used to further evaluate the sites where magnetic
stimulation islikely to occur and to optimize gradient coil design.

I ntroduction

During MRI diagnostic imaging and spectroscopy, the patient being scanned and theindividualsin
the immediate vicinity of MRI equipment may be exposed to three types of magnetic and
radiofrequency fields simultaneously: the high static magnetic field BO for generating the
macroscopic nuclear magnetization, the alternating magnetic gradient fields G for spatial encoding
the NMR signal, and the radiofrequency (RF) electromagnetic fields B1 for exciting and receiving the
NMR signal [1].

Considering the safety issue in the human body during MRI scan, there are a variety of numerical
approaches, including finite difference time domain (FDTD), finite element (FE) or method of
moment (MOM) techniques have been developed to evaluate the induced electromagnetic field
caused by the gradient field and RF field in anatomic models of the human body [2]. The FDTD
method is well suited to electromagnetic analyses in MRI applications, due to its simplicity and
efficiency in wave modeling and its ability to handle fields interactions and nonlinear phenomena|3,
4]. Quasi-static finite difference (QSFD) method [5], on the other hand, is idea for linear
low-frequency problems with time-harmonic dependency.

In thiswork, an efficient quasi-static finite difference formulation and arealistic model of an adult
female Ellawithin realistic breast gradient coils [6] have been used. The focus of thiswork is on the
computation of electric field and current density distributions in the breast tissue during MRI breast
imaging. The electric current in the human body induced by the breast gradient coils may stimulate
the peripheral nerve, and therefore this study is helpful for the optimal design of gradient coilswhich
are with low induced current in the breast tissue.

Methods
A. TheHuman M odel
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The human model used inthiswork wasafemale Ella. The original spatial resolution of the model
is 1 mm and the height of the model is 1.68 m. With avoxel resolution of 1mm, the digital model has
530*300* 1680 voxelsalong the X, Y, Z Cartesian axes, respectively. For the computations presented
here, the model is mapped onto a5-mm grid with volume-averaged dielectric properties. The chest of
the body model is embedded in the bounding box.

The experimentally determined conductivity values by Italian National Research Council [7], of
some 40 body-identified tissue types were aptly scaled to the frequency of interest and assigned to the
appropriate body voxels.

B. Breast Gradient Coils

The gradient coils were employed as dedicated breast gradients to evaluate the exposure of a
model breast to the low-frequency magnetic fields. The breast gradient coils were from our
collaborator --- the School of Information Technology and Electrical Engineering at the University of
Queensland [6].

e

(a)

Figure. 1 The current patterns of the gradient coils. (a) x cail, (b) y coil, (c) z coail
Tablel. Characteristics of the X-, Y-, and Z-gradient coil using the EMC from breast imaging

Properties x-Gradient z-Gradient y-Gradient
Max. aperturein z,y (mm) 280, 500
Depthin x (mm) 260
DSV-x—y-z (mm) 140.5-120-120.8
Wire diameter (mm) 6.6 2.72 1.7

C. The Numerical Approach

At low source frequencies, where the dimensions of a biological body are small compared to the
wavelength, the induced fields may be able to be treated as quasi-static fields [8]. According to
Faraday’s law, the electric field in a sample is generated with the change of magnetic field and the
corresponding equations can be written as follows

Elz_a_A:_NﬂOai da- ()
ot Az dtlr
E,=-VO. 2)
E—E+E, 3
J.=of. (4

where E, is the primary field, E, the secondary electric field, E the total electric field, J,the

current density. A and @ are the magnetic vector potential and electrical scalar potential,
respectively, N isthe number of turns of the coil, | isthe current flowing in the cail, dl is the cail
element, r is the distance between dl and the field point, ¢ is the electric conductivity of the
material.
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The numerical scheme employed for computing the induced electric fields and current densitiesis
the quasi-static finite-difference (QSFD) method. Briefly, Eg. 5 is used to integrate the vector

magnetic potential A inside the body model due to the gradient coil current segments.
.o Jo (r) 377
A= [][ T o 5)
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where r’ is the position vector of the gradient coil wire segment, [ isthe position vector of the

- -

field point and J&(r') isthe current density flowing in the wire segment.
Then the primary electric field El inside the body model isevaluated via Eq. 1 by considering the
Fourier harmonic frequency at 1 kHz.

The secondary electric field E: inside the body model can be obtained viathe following equation

[9].
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inwhich, the subscriptsi, j and k indicate the cell indices, subscript g indicatestwo faces (0 or 1) in X,
y, zdirections, respectively, Ay isthe unit vector normal to thecell faces, h isthecell sizeand o° is
the local harmonic averaged conductivity.

Results

In this simulation, the human body is studied at a cell size of 5mm. Since we lay emphasis on the
breast region, only a local segment Ella model of x* y *z = 106 *60* 28 voxels around the breast
region has been calculated. It is assumed that the coil current is oscillating sinusoidal at 1 kHz, while
the current magnitude is adjusted to generate gradient field strength of 35mT/m [10].

The induced electric fields gradient and currents in each cell of the human body model were
calculated, as shown in Fig. 2-3. The smulations indicate that these induced quantities have
complicated distributions due to the spatial 3D magnetic field patterns and the electrical
heterogeneity of the body. It also shows that induced values of the electric fields can be larger than
perhaps expected.
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Figure 2. The distribution of the induced electric field (upper) and the electric field gradient amplitude (lower) in a
transverse section XY at z=22 , induced by Z coil (left), X coil (middl€), and Y coil (right), respectively.

Fig. 2 illustrates the induced E-field distribution in a transverse section XY at z=22. It shows that
the induced E-field gradient depicts the feature of induced field in the tissue more markedly than the
simple E-field pattern. The E-field gradients are higher in regions of the scapula, chest, arms, oxter,
heart and others which the conductivity is larger. For the Z coil, the larger value occurs in the arm;
and for the x- and y- coils, in the chest or near the heart and the vertebra. And the E-field has the
similar distribution. But the E-field gradient can show the position where the potential PNS may
occur, since the regions of high conductivity or large conductivity transitions are with high risks.
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Figure 3. The distribution of the electric field (upper), the electric field gradient amplitude (middle row), and the currents
densities (right) in acoronal section XZ at y=41, induced by Z coail (Ieft), X coil (middie), and Y coil (right), respectively.

Fig.3 shows the induced E-field distribution in a coronal section XZ at y=41. The larger E-field
gradient value occurs in the root region (the interface of the pectoralis major and the breast fattiness)
and nearly central of the breast (lobule of mammary gland region). The peak current density value
appears in the root of the breast, where the interfaces between the pectoralis major and the breast
fattiness, and between the fattiness and the lobule of mammary gland.

Discussion and Conclusion

In this paper, a human model of an adult female along with an efficient quasi-static
finite-difference (QSFD) method was used to calculate the induced electric field/gradient
distributions during MRI breast imaging.
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From the simulations, we can see that induced electric fields and currents of reasonable magnitude
can be induced in patients during MRI breast tissue imaging. For the electric field, the peak value is
much smaller than the threshold [11] for nerve stimulation at low freguencies, while the induced
electric field gradient indicates a potential PNS[12,13].

With the recent evolution of MRI towards high-field strengths in search of improved SNR and the
use of rapid imaging sequences for higher resolution, the induced electric field would fastened
accordingly and could stimulate nerves and muscles, and could generate cardiac stimulation or even
ventricular fibrillation [14]. These safety issues must be the object of further and properly coil
designed studies. The proposed method in this paper can be used to further evaluate the sites where
magnetic stimulation is likely to occur and to optimize breast gradient coil design.
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