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Abstract

MRI has become an invaluable tool for diagnostic medicine. Its operation is based on the
principles of electromagnetism that are dictated by Maxwell’s equations. MRI relies on
the existence of well defined, spatially and temporally controlled magnetic fields, which are
usually generated by coils of wire. Human exposure to these fields has become a safety
concern, especially with the increase in the strength of the magnetic fields used.

In this thesis, problems in electromagnetism relevant to different areas in MRI and involving
the calculation of solutions to both forward and inverse problems are investigated using
techniques derived for computational mechanics.

The first section of the work focuses on the development of an accurate technique for the
solution of magnetostatic inverse problems using boundary element methods (BEM) with
the aim of designing optimised gradient coils. This approach was found to be an extremely
effective method which can be applied to a wide range of coil geometries and is particularly
valuable for designs where the coil surface has low symmetry. BEM-based approaches to
designing gradient coils that reduce the likelihood of peripheral nerve stimulation due to
rapidly switched magnetic fields are also considered.

In the second section of the work, a novel BEM tool to allow the calculation of solutions to
quasi-static forward problems has been developed, and used for the evaluation of the elec-
tric fields induced in the human body by temporally varying magnetic fields, due to either
gradient switching or body movements in strong static magnetic fields. This approach has
been tested by comparison with analytic solutions for simply shaped objects, exposed to
switched gradients or moving in large static fields, showing good agreement between the
results of numerical and analytical approaches. The BEM approach has also been applied
to the evaluation of the electric fields induced in human body models.

This work involved the development of an appropriate theoretical framework for the study
of conducting systems moving in magnetic fields. This involved correcting some miscon-
ceptions that had propagated in the literature and allowed the development of an efficient

implementation of a BEM suited to this problem.
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Chapter 1

Introduction

Magnetic resonance imaging (MRI) is a non-invasive technique for imaging the human body.
MRI is based on a phenomenon called nuclear magnetic resonance (NMR). This was inde-
pendently discovered by Purcell [1] and Bloch [2] in 1946, both of whom were awarded the
Nobel Prize in 1952. In the following years NMR spectroscopy was then developed and
used for chemical analysis, and in 1973 Lauterbur [4] and Mansfield [3] described the use of
Nuclear Magnetic Resonance to form an image of a sample. For this work, they shared the
Nobel Prize for Medicine in 2003. Magnetic Resonance Imaging has become an important
diagnostic technique and an invaluable tool for investigating the structure and function of
the human body.

MRI relies on the existence of well defined and controlled magnetic fields, which are gener-
ated by coils of wire which form the most important part of an MR scanner.

Nuclear Magnetic resonance is based upon the interaction between an applied magnetic field
and the intrinsic angular momentum of nuclei, also known as spin. In the absence of an
external magnetic field, the orientation of sample spins is random. When an external main
magnetic field Bg is applied to the system, spins tend to align with the magnetic field, so
that the bulk magnetization vector points along the positive direction of the magnetic field.
A second resonant oscillating magnetic field perpendicular to the static field is applied to
change the orientation of the magnetization. The variation with time of the magnetization
vector is described by the Larmor equation. The resulting precession of the magnetization
generates a radiofrequency signal which can be detected using an appropriate coil.
Gradient coils are used in MRI to encode the position of the magnetic resonance signal in
the sample that is to be imaged. They generate a longitudinal magnetic field that varies
linearly with position, so as to cause a linear variation in the Larmor frequency of the

resonating nuclei within the sample. The gradient thus causes spins to precess at different
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rates at different positions across the sample. The signals generated by different regions
can therefore be discriminated by their frequencies and this discrimination forms the basis
of MRI.

Large gradients are desirable for maximising the spatial resolution and they must also be
rapidly switched, since short rise-times mean that less time is wasted in ramping up gradi-
ents in MR sequences, which often means faster image acquisition and improved signal to
noise ratio.

The exposure of human subjects to these magnetic fields has become a safety concern, es-
pecially with the increase in the strength of the fields used in MRI. Any electromagnetic
phenomenon in MRI can be understood by solving Maxwell’s equations.

The boundary element method (BEM) is a numerical computational method of solving
linear partial differential equations (PDEs). The basis of the method is to transform the
original PDE into an equivalent integral equation by means of the corresponding Green’s
representation formula. The integrals are then numerically calculated over the boundaries,
which are divided into boundary elements. If the boundary conditions are satisfied, a system
of linear algebraic equations may be established for which a unique solution can be found.
Boundary integral techniques have a long history, but with all numerical methods could not
truly prosper until the invention of electronic computers in the early 1960s, when Jaswon,
Ponter and Symm [5]-[6] presented the first implementations of this technique.

In this thesis, problems in electromagnetism relevant to different areas in MRI and
involving the calculation of solutions to both forward and inverse problems are investigated
using BEM.

1.1 Scope of this Thesis

The second chapter of this thesis reviews the literature describing the design of gradient
coils for MRI, where the most relevant approaches, as well as the factors describing coil
performance are described.
The problem in gradient coil design is an inverse problem of electromagnetic nature, which
can hence be formulated using Maxwell’s equations that provide a general description of
electromagnetism.

The third chapter presents a new inverse boundary element method for the design of
gradient coils, BESFM (Boundary Element Stream Function Method).
By using the BEM mathematical framework we develop a general technique for obtaining
a divergence-free current density over a given surface. Subsequently BESFM for coil design

is described as a magneto-static constrained optimization problem, whose formulation is
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based on this divergence-free current.

The characterization of the the current density is locally based, so the resulting formulation
is completely geometry-independent; and thus can be applied to any current carrying shape.
In addition we investigate an extension of the BESFM, which can be used to minimize the
modulus of the vector potential generated by the coil, and hence the electric field induced
in conducting systems.

Chapter four details some numerical examples of the application of the BESFM to coil
design. The reduction of the electric field induced by a coil which has been designed to
minimize the modulus of the vector potential in a prescribed region inside the coil is also
described.

Chapter five investigates the induced currents that exposure to time-changing magnetic
fields and natural movements in and around high field MRI systems can produce. This
chapter includes a literature review of these two areas, as well as a full electromagnetic
theory valid for both cases, where special emphasis is placed in the description of Faraday’s
Law for a moving system.

The differences in the results obtained when using the formalism described here and other
approaches that do not use Faraday’s Law for moving systems is shown for some examples
of moving conductors with simple geometries.

Chapter six describes an integral formulation of the problem of calculating the induced
current by exposure to a changing magnetic field or movements in large magnetic fields
together with the associated boundary conditions and its posterior solution using a constant
BEM.

The validity of this BEM approach is demonstrated for simple geometries with known
analytical solutions and it is also applied to the evaluation of the induced fields in more
realistic and complicated meshed models of the human body in chapter seven.

Chapter eight discusses the findings of this work, and presents some areas that are

worthy of further study.

Statement about the gauge used in thesis

It is known that the magnetic field, B, and electric field, E, can be defined in terms of
the magnetic vector potential, A, and the scalar potential, ¢ [25]. The invariance under
gauge transformation of the fields E and B leads to some arbitrariness in the way that the
potentials are defined. In this thesis all the studied problems are posed in the static and
quasi-static regime, so unless it is stated, we found that the optimum gauge for the vector

potential was the so-called Coulomb gauge.



Chapter 2

Coil Design

2.1 Introduction

Magnetic Resonance Imaging (MRI) is a non-invasive technique, that relies on the principles
of nuclear magnetic resonance (NMR), and is used for imaging the inside of the human body.

MRI is based on the use of well defined and controlled magnetic fields:
(A) A strong uniform static main field, capable of polarizing the sample.
(B) Magnetic field gradients, used to encode spatially the signals from the sample.

These field gradients are generated by coils of wire, usually placed on cylindrical surfaces,
although as will see other geometries can be employed.
The main magnetic field strength is usually of the order of a few Tesla (T), whereas the
magnetic field gradient produced by a typical whole body gradient coil is of the order of
30mT /m.
The problem in gradient coil design is to find optimal positions for the multiple windings
of coils so as to produce fields with the desired spatial dependence and properties (low
inductance, high gradient to current ratio, minimal resistance, and good field gradient
uniformity). Therefore coil design is an obviously electromagnetic inverse problem which
can be formulated in the magneto-static regime, and described as a constrained optimization
problem.

In this chapter, we first review the electromagnetic formalism needed to set up the
problem and list some of the most relevant performance parameters and requirements in
coil design. A summary of the different and most important coil design methods for MRI

is then presented.



CHAPTER 2. COIL DESIGN )

2.2 Magneto-statics

The Maxwell’s equations that describe magnetic phenomena in the static regime are Gauss’

Law
V-B =0, (2.1)

and Ampere’s Law
VxH=J. (2.2)

where J is the current density, that is the source of the magnetic field, H, which can be

related to the magnetic induction, B, through the constitutive equation
B = uH. (2.3)

Here p is a characteristic of the medium known as the magnetic permeability. For non-

magnetic material Eq. 2.2 reduces tol
VxB= MoJ. (24)

and in this case ug represents the permeability of free space. It is easy to see from the above

equation that in the static regime the current density must be divergence-free
V-J=0. (2.5)
The form of Eq. 2.1] allows us to introduce the magnetic vector potential A, such that
B=VxA, (2.6)
and substitution of the above expression into Eq. 2.4, yields
V(V-A)— VA = ;0. (2.7)
With the choice of the Coulomb gauge, V - A = 0, we obtain

VA = —pod (2.8)

n the future we will only use B, which can be referred to as the magnetic field as well, since it is the
field that is of relevance for MRI.
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that is, A satisfies Poisson’s equation. This partial differential equation (PDE) can be

reformulated into an integral equation by means of the Green’s function [7]

A(r) = / Lo (2.9)

C4m ) r—v/|

An integral representation for B can be obtained by applying the curl to the above equation

/
Ho / r—r ’
B(r)y="—[1J X ———= dV (r"). 2.10
0 =2 [36) T avw) (210)
This is the well known Biot-Savart Law. Since the surface integral of the current density is
the total current intensity, I, passing through a closed curve, C, the last equation can also

be expressed as?

B(r):/“LOI/ dl’ x (r —1') 211)
At Jo v =13 '

whose differential form is

_pol dU x (r—1')

dB(r) = (2.12)

4 v —r/|3
This is one of the main expressions used in gradient coil design as it can be used to describe
the magnetic field produced at one point r, by a wire element, dl, carrying a current at
position r’.

It is also worth noting that in a source-free volume, that is, through which no current flows,

the magnetic induction B satisfies
V xB=0; V-B=0 (2.13)

so by using the vector identity, V x V x B = V(V -B) — V2B, it is straightforward to prove
that
V’B = 0. (2.14)

But since the Laplacian is a scalar operator, each Cartesian component of B (and hence in

particular the axial component) has to satisfy Laplace’s equation
V2B, =0. (2.15)

B, can therefore be represented in terms of a basis of orthogonal solutions of the Laplace

equation.

2 This electromagnetic theory will be applied to current carrying wires, so the use of I instead of J is
more convenient for these purposes.
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2.3 Requirements and performance parameters

One key concept in the MRI process is the generation of field gradients, whose z-component®

is expected to vary linearly with position
B.(r) = G, z, B.(r) =Gy v, B.(r)=G, z (2.16)

where G; is the gradient proportionality constant, and ¢ = x, y, z the Cartesian coordinates.
Hence three gradients are required, G, Gy, and G, in order to develop the spatial encoding;
G, and G, are known as transverse and G, as longitudinal gradients. Due to common
cylindrical geometry (and hence axial symmetry) the y-gradient coil arrangement can be
generated by a rotation of the x-gradient by 90° about the z-axis.

Next we list some of the most important parameters that describe the performance of
a gradient coil, as well as the most important requirements and issues to consider when

designing a coil to achieve the desired functionality and image quality.

Uniformity

The quality of the images will depend on how linear the variation of the field is with position.

This uniformity can be assessed through the local deviation of the field from the desired

value B.(r) - G
2\r) — G-I
Equivalently a local error of the gradient can be defined as
dB,(r)
E = - G. 2.1
a(r) e G (2.18)

An alternative but equally valid expression can also be used to describe the uniformity

BZ(I‘) - G- ZT;

max ’
B z

Ep(r) = (2.19)

where B]'®* is the maximum value of B, in the imaging region.

3In MRI it is the variation of the z-component of the magnetic field, parallel to the strong polarising
field, By, which is important.
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Homogeneity

A related parameter which informs us how the actual field deviates from the ideal gradient

within the imaging volume, V, can be defined as

L 2y

Efficiency

This is a quite significant performance value in the coil design that characterizes the gradient
strength per unit of current drawn

=7 (2.21)
it has units of Tm~tA~! for gradient coils and its amplitude varies with the radius or
characteristic length of the coil, defined by a, as  ~ a~2. When designing a coil the value
of 1 should be made as large as possible, but as we are going to see this requirement may

be in conflict with the need to optimize other performance parameters.
Inductance and Resistance

The inductance, L, can be related to the stored magnetic energy, W, in the coil

W = %-L-ﬂ, (2.22)

and controls the maximum rate of change of current in the coil and hence the maximum

possible rate of change of gradient per unit time

dG n-v
—_— = 2.23
i (2.23)
and the switching time (gradient rise time) 7
G-L L
= = = 2.24
ot (2.21)

where v is the voltage applied to the coil and R is the coil resistance, which is also related

to the amount of power dissipated in the coil by

P =1TI’R. (2.25)
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Hence minimum inductance is one of the main requirements in any coil design method in
order to reduce this rise-time, and so improve the image formation process, similarly ideal
coils should have a minimum R in order to reduce the unwanted heating of the gradient
coils.
This can be illustrated with a simple example [9]: in a RL-circuit (Fig. 2.1(a)) the
current in the circuit satisfies the following differential equation
dl(t)

L= + RI() = o(?). (2.26)

\4

(a) (b)

Figure 2.1: (a) RL-circuit; (b) Evolution of the current intensity in a RL-circuit with the
time.

If the voltage is switched on at t = 0, with no current present in the electric circuit before

this moment, then the current will rise exponentially

v
I(t) = — [1—eR/DH. (2.27)

R
The intensity does not rise to its maximum value, I = 3, instantaneously; in fact it
shows an asymptotic behavior, and the rate at which this maximum current is reached is

controlled by the relaxation time

T==. 2.28
= (2.28)

T represents the time it takes for the current to rise 63% of its full value. So to reduce the



CHAPTER 2. COIL DESIGN 10

rise time we have to either increase R (but this will increase the undesired power dissipation)

or reduce L.

Figure of Merit (FOM)

For any coil the inductance varies as L o n?, where n is the number of turns; so by
decreasing n, lower values of L are obtained. However as 1 « n, it is worth defining a new

figure of merit which is independent of n

772

FOM = —. (2.29)

For all the coils in this work, we consider L to be proportional to the characteristic length
or radius a, hence the figure of merit just defined grows as FOM o a™°.
It can also be shown that the FOM is inversely proportional to the power of the gradient
coil amplifier needed to generates a fixed maximum gradient at a fixed rise time.

Another important figure of merit, suggested by Turner [§], which combines efficiency

and homogeneity, is
/L

\/IV(B(r) )2d37,‘

It is worth noting that some of the parameters may be in conflict, in the sense that the

8= (2.30)

increase of one causes the reduction in another. This trade-off is a basic element in the coil

design process, always directed towards producing the best coil performance.

Torque balancing

It is known that a current flowing in an external magnetic field experiences a force, F, given

by
= / J x B d®r (2.31)
Vv

and hence a torque, M, given by
M = / (J x B) d*r (2.32)

So in designing gradient coils, it is important to consider the force and torque experienced
by the coil windings when carrying current in the presence of the main field.
In general if the coil geometry has axial symmetry it will experience no net torque in the

presence of a z-directed field, but for asymmetric coils it is necessary to balance the torque
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deliberately to avoid damage or changes in the coil structure due to excessive torques.

Eddy Currents

When designing a gradient coil we aim to minimise its interaction with any other equipment
present in the MRI system. The switching on/off of the gradient fields corresponds to a
time-dependent magnetic field, and hence according to Faraday’s Law an electric field, E
will be induced in nearby conductors. Then the situation is no longer purely magneto-static
and the resulting electric field can induce current flow, J in conducting media®.
Consequently the switching of gradient coils generates an undesired electric field in nearby
conducting objects (even in the human conducting tissues), and hence leads to the genera-
tion of electric currents which can affect the main magnetic field and degrade the gradient
homogeneity producing a loss of image quality.

Turner et al. [11] investigated these undesirable reflected currents and proposed the use
of a conducting shield positioned between the gradient coils and surrounding structures.
Another solution to this problem was given by Mansfield [12] which is based on an ac-
tive magnetic screening technique that allows the production of gradient coils which are

magnetically decoupled from their surroundings.

Peripheral Nerve Stimulation (PNS)

Eddy currents not only occur in the scanner itself, but they can also be induced in the
conducting tissue of the patient. These induced currents can lead to Peripheral Nerve
Stimulation (PNS) [14} [15]. Although the process of nerve stimulation is not fully under-
stood it can be related to a depolarisation of nerve or muscle cell membranes; being able to
produce important bio-effects, including a feeling of a tingling or twitching, and at higher
levels of stimulation even pain.

A solution to this problem was presented by Harvey [16], in which the approach results
in an actively shielded whole-body gradient coil designed to reduce the peripheral nerve
stimulation in its modes of operation by reduction of the length of the gradient coils region
of uniformity. This technique is referred as modular gradient coil design and its basic prin-
ciple is that the size of the volume of gradient field linearity, and consequently the gradient
performance, is variable depending upon the application. Unfortunately it has the obvious

drawback of reducing the extent of the region over which imaging can be carried out.

4Note that so far we have established the coil design within a magneto-static framework, but now there
exist a time-dependence in the gradient fields. Nevertheless the switching frequencies, w, for an MR scanner
are usually below 10 kHz so the magnetic fields still dominate at these low frequencies, and the use of a
quasi-static approximation is completely valid.
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Acoustic noise

The forces induced by the flow of electric current through the gradient coils inside the static
magnetic field produce physical movements in the conducting windings, these mechanical
oscillations when coupled to the surrounding air can generate acoustic noise [18]-[19]. The
levels of noise can be higher than 100 dB. This disturbing sound can produce undesired
activation in brain regions involved in auditory processing, as well as anxiety [20] and other
interferences with stimulus presentation in fMRI (functional Magnetic Resonance Imaging).
Some engineering modifications in the hardware [21]-]23] have been suggested as a way of
reducing the acoustic noise in gradient coils for MRI. These include active acoustic screening
for quiet gradient coils. Vacuum technology [24] and other forms of isolation were also

proposed for this purpose.
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2.4 Coil design methods

Coil design methods are here divided into three groups. The first two categories, discrete
wires and current density techniques, are considered classical methods, in the sense that
these are the approaches described early in the development of gradient technology [8]. The
remaining techniques are included in a third group termed as new methods.

A common feature of most of the methods is the characterization of the current density
in term of specific functions. These methods therefore rely entirely on the properties of
the functions used to describe the problem, and the solutions are therefore limited to the

specific domain where the functions are defined.
2.4.1 Coils with discrete windings

Helmholtz coil

A circular loop of radius, a, carrying a current I, produces a magnetic field, B. If it lies in
the xy-plane the axial component of the magnetic induction along the z-axis will be given
by [25]

2
B.(r) = - pola e (2.33)
2la® + (z — 20)
1 21
0.5 1 _ *D 0.8 ‘
|
Z2/a o la Z/a o :\/Ea
|
05 05 | 05 05 |
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y/a X/a y/a X/a

Figure 2.2: (a) Helmholtz and (b) Mazwell coil configurations.

The first attempts to produce a tailored field were made employing combinations of basic
coil elements such as loops, whose magnetic profiles were well known. One of the simplest
coil design is the Helmholtz pair or coil, which consists of two coaxial circular loops with

the same radius and carrying the same current as shown in Fig. 2.2, The z-component of
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the field produced on axis by this arrangement of two hoops placed at zp = +a/2 is

pola? pola?

B, (r) = .
O g e e

(2.34)

The symmetry of the arrangement eliminates all odd orders of field variation with z, so that
the separation distance between loops is then chosen to be equal to the radius, in order to

cancel the second order term in a Taylor expansion of B, on axis such that
B.(r) = By + O(z/a)*, (2.35)

therefore B, on the axis is constant up to a term of order z*, and the Helmholtz coil

generates a uniform constant field of magnitude, By = “%I, around the origin (see Fig.

2.3(a)).

B./ B,

0.9
0.8

0.7

-1 -0.5 0 0.5 1

(a)

Figure 2.3: a) B, on z-axis for a Helmholtz coil; (b) shows the contour lines of this field in
the central zz-plane, the grey line delimits the region where the field deviates less than 5%
from its value at the center, By.

Maxwell Coil

As we have seen the Helmholtz coil design relies on the combination of discrete wire loop
elements with a spacing chosen to cancel undesired orders of B,. This idea can also be
applied to the design of a longitudinal gradient coil. The most elemental example is the
Maxwell coil, consisting of two coaxial circular loops of radius a, but this time carrying
currents circulating in opposite directions and with a slightly larger separation of the loops

2.2(b). This is an antisymmetric configuration, in which B, and all its even derivatives



CHAPTER 2. COIL DESIGN 15

vanish at the origin. When the loops are spaced by a distance of v/3a the third order term

is also zero, so that
B.(r) = BL(0)z + O(z/a)®. (2.36)

The Maxwell coil produces a z-gradient field that deviates by less than 5% within a sphere
of radius 0.5a, Fig. 2.4(b), and has an efficiency of

8.058 x 1077
n = 72Tm*1A’1 (2.37)
a
per turn.
08 B:(T)
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Figure 2.4: (a) B, on the z-axis for a Mazwell coil; (b) shows the contour lines of this field
on a zz-plane, the grey line encloses the region where the field deviates less than 5% from
an ideal longitudinal gradient.

Golay Coil

Transverse field gradients can also be produced by combination of basic wire elements. In
this case saddle units are employed. An important example is the so-called Golay [26] or
double-saddle coil, consisting of four sets of symmetrically placed saddle coils as depicted
in Fig. 2.5

To understand how saddle positions are chosen we have to recall the harmonic nature of
the magnetic field in a source free region, Eq. [2.15; which means B, can be expanded in a

series of appropriate orthonormal functions [10]

B.(r,0,¢) = Z Z " P (cos 0) (Apm cosmeo + By, sinma) (2.38)

n=0m=0
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where P!"(cos ) are the associated Legendre polynomials. This is the general solution for
B, and A,,, and B,,, are unknown coefficients that can be determined from the coil’s wire
paths.

The strategy for obtaining the desired transverse gradient field coil is equivalent to that
applied with Helmholtz and Maxwell coils, but now the expansion used for B, of every wire

unit is given by Eq. 2.38 instead of the simple Taylor approach.

0.6

5.13a

Figure 2.5: (a) Golay Coils (b) B, on x-axis produced by this Golay Coil.

The saddle coil’s axial extents positions and the angle subtended by each of the arc segments
are chosen to eliminate unwanted terms in the field expansion, leaving the term correspond-
ing to the desired field gradient, which in the Golay coil case is that whose axial component
linearly increases in the transverse direction.

It can be shown [9] that the optimal configuration possesses four inner and four outer arcs,
all subtending an angle of 120° with the saddle coil positions as shown in Fig. 2.5, The
transverse field gradient deviates by less than 5% from linearity within a sphere of radius

0.6a, and the coil has an efficiency of

9.2 x 1077
=220

——Tm A" (2.39)

a
per turn. The main disadvantage of this type of coil is its large size; the performance of the
coil can be improved by employing more arcs with different arc lengths whose localization

has to be chosen to null more undesired higher-order terms in the field expansion [27], [28].
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2.4.2 Coils with distributed windings

This type of coil is based on the idea of wire arrangements wound so as to approximate
continuous current distributions. This leads to a distribution of the windings over the
whole coil surface which means less concentration of current density and consequently lower
inductance values at fixed efficiency, as well as a larger region of uniformity than is provided
by coils composed of more discrete windings. Before describing the different coil design
techniques that belong in this group, we introduce some useful concepts to provide a better
understanding of these approaches.

Generally all these methods rely on the cylindrical shape of the coil. Therefore at this
point, it is worth introducing cylindrical coordinates (p, ¢, z) as this coordinate systems

suits the geometry of the problem. The current density J can be written

J(Ioa ¢,2) = J((bv Z) 5(/)’ a) (240)

where the delta functions restrict current flow to the cylindrical surface of a coil of radius,

a. Since there is no radial component of J, the current density can be written as

J(p,2) = Jyp + J.k. (2.41)

Figure 2.6: Cylindrical Coordinates
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In cylindrical coordinates the continuity equation, Eq. 2.4, can be written as

Los, _ o,
adp 0z

(2.42)

which links both components of the current density vector.
As J is a divergence-free vector, it can be expressed as the curl of a vector perpendicular

to the surface where the current flows
J(r) =V x [¢(r) n(r)], (2.43)

where n(r) is a unit vector normal to the surface, that is, for a cylindrical surface the radial

unit vector; then the components of the current can be written as

oy _18@

Jp = = z= L) (2.44)

0z’
© is usually referred to as the stream function. The introduction of the idea of the stream
function for current density in coil design was an important improvement, as it provides an
alternative representation of the problem, as well as, a realistic description of the current
density, as J defined through Eq. 2.43 is automatically divergence-free and lies on the
surface.
A final step, common to all the following methods, is finding the best approximation of
discrete wires to a continuous current distribution. This can be achieved using the concept
of a stream function, as the wire paths can be considered as stream lines of ¢, that is, the
lines where this function takes a constant value, which can be proved to be locally parallel
to the current density vector [30]. The final wire arrangement can therefore be obtained
from the contours of this function.
Some approaches apply the stream function indirectly such as the one proposed by Schenck
et al. [31] who developed a method that uses a scalar function ¢, to calculate the shape
of the wires. Unfortunately this approach lacks an end-coil correction. More details about
coils designed using this mathematical tool and its implementation will be found in the
following sections.
Finally we now describe the different methods in this group, most of them rely upon on an
analytic representation of the problem; for example, Fourier-Bessel expansion (instead of

the harmonic one performed for discrete coils with discrete windings).
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Target field method

The target field method developed by Turner [32], relies on representation of the field in
terms of the Fourier-Bessel expansion.

The starting point for this representation is the Poisson equation (Eq. 2.8), the Green’s
function for the partial differential equation in cylindrical coordinates, which can be ex-

pressed as [25]

Z / k em@=)ikc= 1 (kp<) K, (kp) (2.45)
™

v — r’|
m=—00

where p<(p~) is the lesser (greater) of p (radial coordinate of the field point) and p’ (radial
coordinate of the source point). I,,(kp<) and K,,(kp~) are the m*"-order modified Bessel
functions [11].

By using Eq. 2.10 the z-component of the magnetic field inside the cylinder of radius, a,

can also be written as a Fourier-Bessel series

B.(p, ¢, 2) ——a— Z / kemee*Z kal,, (kp) K m(ka) T3 (k) (2.46)

m=—00

where J7'(k) is the Fourier transform of the azimuthal component of the current density

1 +7 +o0 ) ”

TP = 5 / do / k™o 748, 2). (2.47)
—m —00

It is worth noting, once more, that in order to be confined to the cylindrical surface, the

current lacks a radial component, and that the ¢- and z-components of the current density

are related by the continuity equation, which in this case can be reduced to

(k) = —@Jm(k) (2.48)

Now that the mathematical formalism has been established let us introduce the target
field method. It starts from Eq. 2.46,, which shows the relationship between flowing currents
and magnetic field generated. This can be inverted, so that given a prescribed B, (target
field) over a cylindrical surface inside the coil, the current density required to create it

may be determined. Evaluating Eq. 2.46/ on a second cylinder of radius » = ¢ < a and
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Figure 2.7: Transverse gradient coil designed using the target field method.

performing the inverse Fourier transform of both sides of the equation, yields

BT (e, k)
J(k)=— — 24
Tg' (k) pokaly, (ke)K!, (ka) (2:49)
where
1 +7 +o0 . %
BY'(e.k) = o~ / do / dze”™Pe= R B (¢, ¢, 2). (2.50)
T J—x —00

Thus if B, is known everywhere on a cylinder of radius ¢, the current density can be found
from a Fourier transformation of Ji'(k) (note that J"(k) can be deduced from Eq. 2.48).
It can be proved that for other values of r, inside the coil, the magnetic field behaves in a
similar fashion to the target field. This is based on approximations and convergence condi-
tions of the modified Bessel functions.

This inversion of an integral equation finds a powerful tool in its computational implemen-
tation in the Fast Fourier Transformation (FFT) algorithm [34].

Minimum inductance method

The minimum inductance method developed by Turner [35], is an extension of the target

field approach leading to an improved ability to design coils with optimum inductance,
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which was one aspect not considered in the original target field approach and which is
consistent with the initial requirements related to the coil performance.
An expression based on the Fourier-Bessel expansion can be achieved by applying Eq. 2.48

to the definition of inductance

L=-—

0(12 g dk|J™ (k)T (ka)K! (k 2.51
72 : | ) ( )| m( (I) m( CL), ( : )
where [ is the current in each turn of the coil.

A functional U(J3'(k)) can be built using the set of Lagrange multipliers A,

N
U(ng(k)) =L+ % Z An(Br = B (T, ¢, 2n)), (2.52)
n=1

where r = (ry,, ¢n, 2,) is the set of points in the target region, B, is the desired field at the
points and B, the actual field values at these positions.

The minimization of this functional, followed by the constraint
B.(rn, ¢n,2n) = By (2.53)

leads us to an expression for the current distribution and an analogous approach can be

followed in order to derive a minimum resistance (power dissipation) coils [36].

Apodisation

Coils designed to have minimum inductance, power or coil length can show a spatial oscilla-
tory behavior of the current density (see Fig. 2.8(a)), which increases the power dissipation
of the coil and reduces coil efficiency.

These oscillations can be removed by using the technique termed as apodisation, which
involves in multiplying the calculated Fourier transform of J, by a Gaussian function so as

to smooth it.
. . _ 21.2
J$(¢7 Z) = j(ﬁ(qba Z)e 2h7H (254)

where h is the apodisation length.

Coils of restricted length

A technique developed by Carlson et al. [37] incorporates constraints on the length of the

gradient coil, which is a characteristic that was not considered in the previously described



CHAPTER 2. COIL DESIGN 22

|
w
|
N
|
o
N
w
|
w
|
N
|
o
N
w

Figure 2.8: (a) Unapodised minimum inductance x-gradient contour lines and (b) the same
coil contour lines after apodisation.

methods and which is very important when designing coils of reduced size. This length
constraint is set in the definition of the current distribution, which is written in terms of a

Fourier series. For a z-gradient coil we can write

N
Jp(b,2) = Zansin%z (2.55)

for an z-gradient coil
N
Jp(@,2) = Zn: bncos%zcosqﬁ (2.56)

with the Fourier coefficients as unknowns, |z| < L while Jy4(¢,2) = 0 for both cases when
|z| > L. In this way, it can be seen that the finite length current distribution is formed.
From this definition, expressions for the coil inductance, resistance or field in terms of the

Fourier coefficients can be obtained. The following functional is then formed

P
U=aL+ R+ [B.(ry) — By” (2.57)
p=1

where the r, represents a set of points of the region of interest inside the coil, where B,
is the actual field and B,, is the desired field. The weights o and 3 are chosen to allow a
degree of flexibility in the trade-off between coil homogeneity, inductance and resistance. By
finding the Fourier coefficients that minimize this functional, an expression for the current

density can be formed.
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A modification to this approach is the Slack, Finite-Length Coil Design [38], in which
the functional is not differentiated to obtain the parameters that define the current density.
Rather, an inequality relationship is constructed that describes the error in the magnetic

field uniformity Eq. [2.18 at each of the P target points.

Matrix Inverse Method

This method suggested by Hoult [29], whose first application was to design solenoid coils
to produce a uniform field, is based on a matrix description of the current density for the
coils and the magnetic field at N different locations, where the current in the loops can
be related to the field. If N such points are well chosen, the magnetic field matrix can be
invertible, but in general it may be a singular matrix and the solution may require large
variations of the current from one turn to another, which will increase the power dissipation
of the coil. This problem can be overcome by using a Moore-Penrose inversion or pseudo
inversion technique, which yields the current distribution able to generate the prescribed
magnetic field with minimum power dissipation.

This technique has also been applied to coils with discrete windings. In general, the field
can be decomposed into a set of orthogonal basis functions, such as spherical harmonics,
and instead of specifying the field at a small number of points on axis, the field can be

specified in terms of a small number of spherical harmonics.

2.4.3 New methods
Simulated Annealing

Simulated Annealing (SA) is an iterative optimization technique which is based on a mod-
ified Monte Carlo approach. It was introduced by Metropolis et al. [128], and as its name
implies, it exploits an analogy between the way in which a metal cools and freezes into a
minimum energy crystalline structure (the annealing process) and the search for a minimum
in a more general system.

This technique finds a solution to an optimization problem by trying random variations of
the current solution. A worse variation is accepted as the new solution with a probability
that decreases as the computation proceeds. The slower the cooling schedule, or rate of
temperature decrease, the more likely the algorithm is to find an optimal or near-optimal
solution.

In applying the SA algorithm to coil design an error function for minimisation is chosen,
whose terms correspond to the coil’s linearity, efficiency, inductance or other factors such

as shielding or power dissipation.
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A initial guess is selected as a starting point for the coil configuration and then the initial
error is calculated,. Aa small random move in either wire positions or current in the wires,
is then performed. The iterations finish when a global minimum of the specified gradient
error function is located. This technique has been shown capable of producing useful field
gradient coils [39]-[41].

Planar Coils

Planar gradient coil designs can have a number of advantages over cylindrical coils as
objects to be imaged can sometimes be inserted more easily, the distance from the current
path to the image region can be reduced; coils may be easier to manufacture and even
the claustrophobia experienced by some patients during MRI scans may be reduced. The
disadvantage of this type of assembly is that it is difficult to control field homogeneity with
planar coils.

The use of this alternative coil geometry has been the subject of considerable research [45]-
[51], where most of the methods explained before can be applied for the design of planar

coils.

Analytic Approaches for Other Coil Geometries

Most of the methods so far described are based on a current carrying surface with a cylin-
drical shape. The symmetry properties of this geometry make it relatively simple to form
mathematical descriptions of the coil characteristics. In the same way, other shapes offer
suitable form geometries where an analytic formalism can be developed.

The most clear case is the sphere, where the Green’s function associated with the Poisson
equation can be expressed in terms of a linear combination of spherical harmonics [25].
This property has been used by Liu. et al [42] to present a Lagrange multiplier technique
for design of a minimum inductance gradient coil with a spherical shape. This type of coil
shows a high efficiency as the imaging region is completely surrounded by the coil, but in
general closed geometries suffer the significant disadvantage of offering no natural aperture
for sample access.

Another relevant approach introduced by Green et al. [43] deals with spherical geome-
tries employing a similar mathematical formalism, although in this work the main emphasis
is placed on gradient coils with hemispherical shape. This is an open geometry, which is
well matched to the head for imaging the brain and which provides improved performance
compared with cylindrical coils.

Whereas symmetric coils are torque-balanced, removing the axial symmetry of a transverse
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Figure 2.9: (a) Longitudinal and (b) transverse spherical gradient coils.

gradient coil means that it is no longer naturally torque-balanced. In the case of a trans-

verse gradient coil this problem is overcome by including a zero net torque constraint in the

approach to coil design.
It was also shown by Legget et al. [44] how the addition of a short, cylindrical coil section

to the open end of the hemisphere, helps overcome the problem of torque-balancing in the

design of transverse hemispherical coils.

Figure 2.10: (a) Transverse dome and hemispherical gradient coils.

Using this approach, a full three-axis, dome head gradient coil set was designed, where the
current was characterized in term of Fourier harmonics for the cylindrical portion of the

coil, and spherical harmonics on the hemispherical surface; with the corresponding match-
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ing condition between the two parts. This type of coil presents significant advantages for
brain imaging as a result of the large increase in gradient performance that is achieved as

the coil size is reduced.

Wave Equation Method

In designing dome structures correct interfacing of current densities at the boundary be-
tween the hemispherical and cylindrical parts is one the main difficulties, as the analytical
boundary restrictions can impose limitations on the achievable coil design. Iterative tech-
niques such as the wave equation method (WEM) [52] that do not use a strict boundary
condition can be used to remove this restriction and to allow the wire windings to freely
form over these two domains.

The WEM has also been used to design planar x-, y-, and z-gradient wire windings to

produce required magnetic fields within a certain domain [52].

Stream Function Methods

The stream function of a current density, ¢, is a widely employed idea, but as it has already
been stated, its major application has been oriented to determining the coil wire paths once
an optimal current distribution has been identified. There have also been some approaches
using ¢ indirectly, such as [54] in which the stream function is used in a hybrid technique
that combines SA and the target field method.

Stream function methods are here understood as being those approaches that model the
stream function directly so as to find the wire paths, after determining the surface current
density, from which the stream function is constructed. Due to the essential relation with
the next chapter, we pay special interest to this group of methods here, which can be
interpreted as constant inverse boundary element methods (IBEM).

All methods described so far rely entirely on the properties of the functions used to describe
the global current distribution and related magnitudes. Stream function methods are based
on the use of a local characterization of the current. Because these functions are locally
based, the resulting formulation is completely geometry-independent.

The pioneer of this approach is Pissanetzky [55], who introduced the idea in 1992. It
was recovered by Lemdiasov [56] for the design of single- and multi-surface gradient coils.
Pissanetzky’s method is now described using Lemdiasov’s notation, which in the opinion of
the author, shows more clarity.

As in previous techniques, the goal of this method is to find an optimal current distribution

with length constraints so as to achieve a desired magnetic field in the Region Of Interest
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(ROI) and to minimize the stored magnetic energy.

Pissanetzky achieves his improvement in the way that a divergence free current distribution
that minimizes this cost function is specified. In order to develop such a current distribution
the surface of the coil is discretized into triangular patches, whose vertices are called nodes.
The starting point is the approximation of the stream function of the problem, which here

is written as S, by a linear combination of linear basis functions

N
S(r) = Y Iupn(r) (2.58)
n=1
where N is the number of nodes on the surface, and I,, unknown coeflicients; so applying
J(r) =V x [S(r) n(r)] (2.59)

where n(r) is the outward normal surface vector in the point r, yields

N N
I(r)m Y LYV x [en(r)n(r)] = Y Lf,(r) (2.60)
n=1 n=1

In order to describe the f,(r) functions, triangular meshing of the coil surface is needed.
All triangles, that share a given node, n, form a current element. For any element we can
define the vector e, which forms the opposite edge of the mesh triangle to the node Fig.
2.11(a).

The f,, basis functions are then defined as

€ni

54 if re D, (2.61)

fo.(r) =vn =

where A,; is the area of the i*"-triangle containing the n**-node (Api), and N is the number
of triangles related to the same node. Imposing the convention that all the e vectors follow
the same anticlockwise or clockwise direction, a divergence free current density that flows
on the surface is produced (the divergence free condition for any point is straightforward
to prove since v,; are constants in any triangle).

It is worth remarking on the complete dependence of the current definition upon the geom-
etry of the mesh.

Having defined the current distribution it is easy to form expressions for the required phys-
ical magnitudes involved in the functional to be minimized.

Unfortunately in Lemdiasov’s [56] description there are two main drawbacks:
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Figure 2.11: (a) One of the triangles, and the vector e associated to the node ry,; (b) current
element.

(A) The definition of the stream function: the unknown coefficients I,,, as well as the basis
functions ¢, are not perfectly identified. Pissanetzky explains with clarity that I,, can
be related to the nodal values of the stream function, although he avoids the use of

©n as he introduces the current basis functions directly.

(B) The treatment of singular integrals: in the calculation of the magnitudes involved in
the functional to minimize, integrals over triangles must be computed. The calculation
of these integrals is partially solved by using numerical integration procedures such
as Gaussian quadrature, but there are other integrals that are approximated to sums.

This allows shorter computational times but represents a potential source of error.

To summarise, Pissanetzky’ stream function method is an efficient coil design technique
of clear BEM nature, that can be applied to any arbitrary coil surface. Only recently Poole
[59]-[60] has been able to take advantage of the full potential of this method, using it to
produce coils with totally arbitrary geometry, for example, shielded head gradients with
highly asymmetric surface geometry; very short, shielded gradient coils; bi-planar coils or
an insertable set of head gradient coils with shoulder cutouts.

Poole integrates a mesh generating program and adds three modifications to improve the
original method: i) minimization of power dissipation via inclusion of an extra term in the
functional; ii) 3D Contouring Algorithm that allows the position of the wire-paths for any
surface and iii) minimum wire spacing is considered in the algorithm, as it is an important
engineering constraint.

Another work using Pissanetzky’s method is from Moon et al. [61], who designed convex-

surface gradient coils for interventional applications in vertical-field MRI.
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Before finishing this section it is worth mentioning another excellent piece of work by
Peeren [58], in which a formulation for quasi-static electromagnetic topological optimization
problems involving good conductors only is presented. In this work, the required solution
is a conductor shape, subject to geometrical and magnetic constraints. An approach that
is well suited for applications such as coil design where a linear or quadratic functional,
including terms such as the stored energy or power dissipation, has to be optimized. As an
application of the stream function method Peeren [58] studied the design of cylindrical coils

using a simple quadrilateral mesh, instead of triangular elements.



Chapter 3

Boundary Element Stream
Function Method

3.1 Introduction

In the last chapter, a variety of approaches to coil design based on the stream function
method were described, and it was stated that those techniques are, in essence, inverse
boundary element methods (IBEM).

A BEM is a numerical method for solving partial differential equations (PDEs). The
basis of this method is the reformulation of the PDEs into integral equations that are
mathematically equivalent to the original PDEs and describe the same physical problem.
In order to solve the integral equations the boundary has to be discretized, and in every
mesh element approximations over the involved magnitudes are then applied. In IBEM
some or all of the boundary values are unknown, while internal point data are known.

The aim of this chapter is to present a Boundary Element Stream Function Method
(BESFM) for the design of gradient coils which is a generalization of the previous approaches
[55]-[60] that are based on linear (flat) triangular boundary elements and constant current
over the element. Extension to quadratic curved elements has been investigated previously
by this author [62] and [67], so any reference to curved element can be found in this work.
Here a valid method for any other higher order of element is proposed, although we only
describe its application to flat elements.

First by using a BEM mathematical framework, and departing from the stream function
we develop a general technique to obtain current density over a given surface which satisfies
the continuity equation.

The characterization of the stream function and hence of the current density is given

30
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in term of specific functions which are locally based, so that the resulting formulation is
completely geometry-independent; and thus can be applied to any current carrying surface.

Subsequently a BESFM for coil design is described as a magneto-static constrained op-
timization problem, whose formulation is based on this divergence-free current. We provide
an overview of this method and as a simple example, show its application to the design of
a cylindrical transverse gradient coil.

Finally we illustrate an extension of this coil design method which can be used to
minimize the modulus of the vector potential, and hence to reduce the electric field induced

in conducting systems.

3.2 Divergence-free BEM

Let us consider a conductive surface on which an electric current density, J, flows. This

current density has to satisfy two conditions
(A) J must flow on the coil surface. That is
J-n=0, (3.1)

where n is the local unit surface vector.

(B) The current density, J, must be divergence-free
V-J=0, (3.2)

so that it obeys the continuity equation over the coil surface.

In the following by making use of the stream function and the BEM framework, we

describe how to produce a divergence-free current of any order.

3.2.1 Mesh

BEM requires discretization of the bounding surfaces, which are divided into small sections
referred to as boundary elements. The conducting surface can be approximated using T

triangular elements S; = /A\; (not necessarily flat)

T
S=[]Js (3.3)
t=1
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with N nodes, {rn}nNzl. These nodes are the corners of the elements (plus the mid-point of
each side for quadratic curved elements).

We can now define

N2T, which maps the n*’-node, r, to the set of elements
N2T(rn) = {Snl}?zl (3.4)

where () is the number of elements for which r,, is a node.

T2N, which maps a given element, S; with its nodes
T2N(S;) = {ru}i, (3.5)

where A is the number of nodes in the element.

r rt1

rt4

rtS

(a) (b)

Figure 3.1:  (a) T2N(S;) for a linear flat element (A = 3); (b) T2N(S;) for a quadratic
element (A =6).

3.2.2 Shape functions

Shape functions form a useful tool in BEM [63]-[64] as they allow us to express the position
of a point placed at one element, r € S, in terms of the coordinates of the nodes of this
element, T2N(S;) = {ry L,

A
r= Z ry NP (r). (3.6)



CHAPTER 3. BOUNDARY ELEMENT STREAM FUNCTION METHOD 33

NN PR

e
Sna Sn6
Shs
(b)

(a)

Figure 3.2: The N2T'(ry,) function relates a given node 7y, with the elements to which it
belongs; (a) flat linear element; (b) quadratic element (A =6).

Here each shape function, N%, is associated with one node r*, and it must satisfy a inter-
polation condition: it takes the unit value when evaluated at this node and is zero at the

other nodes
N”(rtj) = (Si,j- (37)

Similarly to the representation of the geometry we can use the shape functions to describe

the variation of functions defined within the element, in terms of their nodal values
A .
p(r) =D @uN"(r) (3.8)
i

where @ = @(rs;).
For example, the first order shape functions, that apply in the case of flat triangu-
lar elements (A = 3) or for linear evolution of the function, can be written in Cartesian

coordinates as

r-(rg Xrg) N2(r) = ro(ra X i) (3.9)

Ntl r)= — et/
( ) Iyp - (I'tz X Pt3)’ L (rtl X I‘t3)’

and

NB(r)=1- N(r) - N?(r). (3.10)
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Usually, however it is more convenient to work in parametric space, where the triangular

element is mapped into the 2-D parametric (or oblique) representation

A
r=> riN"(¢mn). (3.11)

Figure 3.3: Parametric transformation.

In this representation the shape functions take a simpler form. For instance, the first order

shape functions are
Nem =&  NZPEm=n  NP(Em=1-n-¢ (3.12)
with &, n € [0, 1]. The position of any point inside the flat element is then given by
r=r1n+r€+r3(l—§—n). (3.13)

Analogously we can use the shape functions to represent the linear evolution of a given

function in the parametric space

(& m) = w1n + w26 +p3(1 =& —n), (3.14)

where @;, i=1,2,3 are the nodal values of the function.
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A quadratic evolution of the geometry (A = 6) or of any function can be obtained by using

second order shape functions, which in the parametric space are given by

N (&n) =€(26 -1);  N™(&n) = 4én;
N2 n) =n@n-1);  NB(&n) = 4ln; (3.15)
NBEn) =¢2¢—1);  N'(¢n) =4,

where ( =1 —n —¢&.

It is worth remarking that the approximations used to describe geometry and function
variation (and hence the shape function used to described them) can be different for a given
element. For instance, we can consider a six-node flat element (shape functions of the first
order to represent the geometry) where ¢ has a quadratic variation, and hence we would
use shape functions of second order to describe its evolution.

Isoparametric representations arise when the orders of the approximations used for geometry

and function are the same.

3.2.3 Stream Function interpolation

Let us mesh the current carrying surface, S, into T triangular elements S; with N nodes,
r,. We saw in the last chapter that according to the condition described by Eq. 3.2, the

current density on the surface can be associated to a stream function by
J(r) =V x [¢(r) n(r)]. (3.16)

If we denote the unknown values of the stream function at the mesh nodes as I,,, that is

o(ry) = In, Yn=1,..,N (3.17)
then we can define the value of the stream function for a given point r in the t*’-element,
r € .5; as

N
p(r)=> N"(r)I, (3.18)
n=1

where N is a function related to the n**-node, which is defined as follows

0 if ry ¢ St

. (3.19)
Nt”(r) if r, €S

N (x) = {
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and N/'(r) is the shape function associated to the same node ry, in the element S;.

According to the definition above, for any r
N™r)=0, unless 1€ {Su}t, = N2T(r,). (3.20)

In the same way, if a given point r is in the t*-element, r € S;, the nodes in this element

are

T2N(Sy) = {ru}l,. (3.21)

The stream function at this point can be expressed as a linear combination of the nodal

values of the element where the point is located

A
p(r) =Y Nf(r)I. (3.22)
i=1

This is the usual expression that describes the function value at one point placed at one
element using the shape functions, classical in BEM. Also it should be stressed that although
I,, is a fixed value for a given node, the function N;*(r) depends on the element in which r

lies.

3.3 Divergence-free current interpolation

The stream function that has just been defined is continuous, so by using Eq. [3.16 we can

express the current density as follows

N
J(r) =) I,V x [N"(r) n(r)]. (3.23)

n=1

If we introduce the current basis vector associated to the n‘"-node as

7" (r) =V x [N"(r) n(r)], (3.24)
then
N
J(r)=> I, 3"(v), (3.25)
where

N 0 if ry, ¢ S
) = { V x [NMr) n(r)]  if r.eS; (3.26)



CHAPTER 3. BOUNDARY ELEMENT STREAM FUNCTION METHOD 37

so that
7" (r) =0, unless r € N2T'(ry). (3.27)

It is also worth stressing that 3" (r) varies depending on the element in which r lies.
The set of all possible values that j"(r) can take in its associated elements N2T'(r,) =
{Sni}t,, is termed the current element (Fig. 3.5(b)).

This current density satisfies the required conditions specified in Eqgs. 3.1- 3.2l It is seen

clearly that J lies on the coil surface and also it is straightforward to prove its divergence-free

nature
N
V- Ir)=> I, V-3"r)=0 (3.28)
n=1
V.g'r)=V- [v x [N (r) n(r)]| = 0. (3.29)

The current density at r can be defined in terms of a linear combination where the weights

are the stream function’s nodal values
T2N(S) = {rui}is, (3.30)

SO

A
I(r) = Ii3"(v). (3.31)
=1

| ro 7

Figure 3.4: Coordinates system (&, 7).

The current basis vectors are found by computation of the curl of the shape functions.
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This can be done in Cartesian coordinates, but in general, the expression of the shape
functions is simpler in the parametric space, as we have seen in the previous section, and
therefore it is easier to work in this representation. Nonetheless evaluating this curl in the
parametric space is not trivial, since it is a non-orthogonal coordinate system. Only for flat

elements simple expression for the 3"(&,n) can be achieved [58]

n 1 |ON™(&m)| or  ONT(&,n)] or
7"(&n) = M (Em] o SN (Em)] o (3.32)
T (& n) on 0¢ 73 on
where the Jacobian of the coordinate transformation is
Oor Or
e =5 < 5| (3.33)
And the unit vector which is normal to the surface in the new representation can be ex-
pressed as
1 Oor Or
nén)=———|= x —|. 3.34
&) J(&n) [85 377] (3.54)

Let now us study the current associated with different evolution of ¢ within the elements.

3.3.1 Linear elements and shape functions

Consider a flat linear element Sy, with nodes {rti}:?:l. In this case, the normal vector is

constant along the element, so

2"(&m) =V x [N"(§,n) nl. (3.35)

In this isoparametric linear approximation, the evolution of ¢ and the geometry of the

element are defined employing the same linear shape functions

N em =& NPem=n  NP(En)=1-n-¢ (3.36)
The position vector of any point on the element can therefore be written as
r=_ry +nri2+ (1 —n—&r (3.37)

where the Jacobian is twice the area, A, of the element

J(&mn) = Hgg x g; ‘ = 2A. (3.38)
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Then Eq. [3.32/ can be written as

1 [ONT(E,
Jn(&??):ﬂ 8(77577)

(ry1 —143) — 8-/\/’;(5777) (reg —re3) |- (3.39)

k
‘

(a) (b)

Figure 3.5: (a) Current basis vectors in one element; (b) Current basis vector associated
to the nt"-node 3™ (7) (its value depends on the particular element which r lies in) .

Thus 3% are (see Fig. 3.5(a))

go eore) e (ta-r) o (eore) (ra-rs) gy
2A 2A 2A 2A

and according Eq. 3.31

I

J(r) = —ﬂ(l‘ r3) + ﬂ(rtl ri3) + gA [(re2 —143) — (v — 143)]. (3.41)

As we have already stated, the current basis vector associated with the n‘*-node, 3"(r),
depends on the element where r lies, as it is shown in Fig. 3.5(b).

It should be mentioned that the use of isoparametric linear representation leads to a
constant current over the element; which is an expected result, as the current is described
by one order less than the stream function approximation.

In addition, we can see that this result is equivalent to Pissanetzky’s [55] local description

of the current.
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The current basis can be derived in the Cartesian frame, but this in general implies

more computational work. The shape functions in Cartesian coordinates can be expressed

" o (o= ) (2 — ) — (y — ys) (w2 — )
M) = (1 —23)(y2 — y3) — (y1 — y3) (2 — 23) (3.42)

2 (. —x3)(4h — ys) (y — y3) (w1 — x3)
N = (z2 —23)(y1 — y3) — (y2 — y3)(z1 — x3) (3.43)

and N®3(r) = 1 — Nti(r) — N2(r).

For example for the first current basis vector

2 ) = 2[ — (2 — 23)8 — 12 (y2 — y3)7 + (ny (Y2 — y3) + na(as — 23))k] (3.44)

where
a=(r1—23)(y2 — y3) — (22 — 23)(y1 — ¥3);
but as
ny (Y2 — y3) + na(z2 — 23) = —n(22 — 23) (3.45)
then ( )
t1 i — I't3
= A4
J 5 (3.46)

The other current basis vectors can be obtained in the same fashion.

3.3.2 Linear elements and quadratic shape functions

As in the foregoing section we are dealing with linear flat elements so the normal vector is

constant for every element

3"(&n) =V x [N"(§,n) n] (3.47)
and the position vector of any point in the t*’-element is
r==¢&ry +nr+ (1 —n—&rys. (3.48)

But this time to describe a quadratic behavior of ¢ within the element we use second order

shape functions (A = 6)

N g m) =€(2¢6—1);  N™(&n) = 4én;
N2 n) =n@2n—1);  N¥(&n) = 4¢n; (3.49)
NBEn) =¢2¢—1); N n) =4,
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where ( = 1 —n—&. Therefore although we only need the three triangle vertices to describe
the geometry, to represent a quadratically varying stream function the mid-points must also
be considered producing a six-node flat triangle.

Equation [3.32 for this case can then be written as

Jn(ga ) 2{4 8'/\/-1,;(577) (I‘tl - I‘t3) - (9./\/7;(5777) (I‘tQ — I‘tg) . (3.50)
The current basis functions are therefore

7"(&m) = —(4¢ - 1)(”22;1%); (3.51)
326 m) = (4 — 1) T, (3.52)

3 gt — ) (e — 1)
35 m) = (1= 405 oA ) (3.53)
g = 4T Ty (Fe ~ Ts), (3.54)

5 _ (I‘tl - I't3) (I't2 - I‘t3).
3°(Em) = A= (3.55)
7o m) = —agTTB) _ygre T, (3.56)

2A

Proof of the divergence free condition of these function can be easily see in parametric space

Ven-3"(&m) =0, (3.57)

or in a more complex way in the Cartesian representation, since by performing the trans-

formation
(z —x3)(y2 —y3) — (y — y3) (22 — x3)
= (o1 = w9) (w2 — s) — (91 — o)z — ) (3:58)
(x —x3) (1 — y3) — (y — y3) (@1 — x3)

n = (3.59)

(22 — 23)(y1 — y3) — (2 — y3) (21 — 23)’

and then applying the divergence operator in Cartesian coordinates it can be seen that

V-5t (r) = 0. (3.60)
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3.4 The Inverse Problem

A general BEM for describing divergence-free and physically meaningful currents that flow
on a conducting surface has been presented. The current distribution, J , is defined in terms
of the nodal values of the stream function, I,,, and elements of the local geometry derived
from the shape functions. We now proceed to describe the inverse problem for coil design

and incorporate J into this framework.

3.4.1 Problem Description

Finding the optimal current distribution that produces a desired field is an ill-posed problem
and it cannot be solved by direct methods, additional information about the desired solution
has to be imposed. We pose the inverse problem as a constrained optimization, in which
the goal is to find an optimal current distribution over a given conducting surface so as
to achieve a desired magnetic field in a Region Of Interest (ROI), to balance the torque
experienced by the current density in an applied static magnetic field and to minimize the
magnetic stored energy.

According to these requirements we can define the following quadratic programming (QP)
problem [129], in which a quadratic function (or Lagrangian) of several variables, which are

subject to linear constraints, must be minimized

F=

N | =

K P
> [B:(rk) = Baes, + Bogs]* + aWinagn + > (ApeMps + Apy My + Ap2Myz) (3.61)
k=1 p=1

here By . is the z-component of the desired field over a set of K points in the ROL B, is
the actual field, B,s¢ is an offset magnetic field (in some geometries better performance can
be obtained if the field is nonzero at the center of the ROI), «v is the weight for the the mag-
netic energy, Wiuagn. The last term reflects the torque calculated with respect to a fixed
point, and the \'s are the Lagrange multipliers that allow the constrained optimization.
The terms that depend on torque acquire more importance for non-symmetrical surfaces.
Some other terms could also have been included taking care of different aspects, such as for
example, minimization of power dissipation [60].

The coefficient « can be interpreted as a regularization parameter. The purpose of regular-
isation techniques is to introduce a smoothing norm to the solution, which is basically what
we have imposed via the magnetic energy term. In fact, this procedure can be considered
as a Tikhonov regularization method [65]; where if we set & = 0 (and do not include the

torque term) the problem reduces to least squares method.
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In the following we use the divergence-free current density defined in the previous sec-
tions to characterize all the magnitudes involved in the problem. Then by approximating
the functions using their discretized versions, the infinite-dimensional problem is then re-
duced to a finite-dimensional one, in which the functional of Eq. [3.61 can be minimized to
produce the optimal set of stream function nodal values and therefore the most appropriate

coil design.

3.4.2 Magnetic vector potential

The magnetic vector potential, A , can be determined from

A(r) =10 / IE) g (3.62)

47 S’ |I'—I'I|

and by applying Eq. 3.25| this yields

N n
NI, / "0 g (3.63)
ot e — 1/ ’

and if the conducting surface is approximated by the union of the T elements

N
1o /
747r ng_l E /5 r— r/| ds’, (3.64)

but as
7" (r) =0, unless re N2T(r,) = {Sni}, (3.65)

then we can write

- “OZN:I ZQ:/ UCORNTY (3.66)
it ni:l S Ir = ‘

To simplify the notation we can write A as a linear combination of the magnetic potentials

produced by the current element associated with each node.

N
— Z[nan(r)’ (3.67)
n=1

where a™(r) is the magnetic potential produced by a unit stream function at the n**-node

Q /

n Ho ]n(r )

a'(r) = £ % /S s (3.68)
i=1 */ Sni
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Figure 3.6: Linear isoparametric current elements.

3.4.3 Magnetic Induction

If we apply the curl operator to Eq. 3.66, an expression for the magnetic induction is then

obtained

oo o J"(r)
B(r) =" ZI"Z/S V x - ds’. (3.69)
n=1 =1 ni

As we are mainly concerned with the axial component of B, we focus on B, which can be

written as

N Q n (1 A o
Bz(r):ﬁzjn;/smjy(r)(x ) =Ny —y) o (3.70)

P
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Following the previous reasoning B, can be approximated as a linear combination of terms

N
= Lbl(r), (3.71)
n=1

where 07 is the z-component of the magnetic induction produced by the current element

associated to the n"-node

(e Z/ 7y (") (@ — ) — 2 (v")(y — ¥/) s (3.72)

r — /|3

Both a™(r) and b7(r) include integrals that usually cannot be solved analytically, so a
numerical integration procedure has to be adopted. As the field point, r, is never at the
surface, the integrals involved are non-singular and can be easily computed using Gaussian
quadrature [64].

3.4.4 Magnetic Energy: Inductance
Operating in a similar fashion the magnetic energy in the coil can be written as
Winag = // ‘r_r,‘ IO et Z ZI InLonn (3.73)
n=1m=1

where L,,, is the mutual inductance between the m** and nt" current elements
T L aMm (]
,uo/ / M dsds’, (3.74)
mJs ’ ’I‘ — T ‘

ZZ/ / |r_r,| 7)) 4 (3.75)

=1 j=1

SO

The double integral involved in the definition of the components, L, of the inductance
matrix shows a singular behavior when m = n. Analytical expressions for these singular
double integrals have been presented by Eibert [57] for linear isoparametric elements, al-
though a general approach for dealing with these type of double weak singular integrals is
given by Marin et al. [67]. This is based on a transformation into a local polar coordinate

system where the integration can be performed by avoiding the singularity.
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3.4.5 Torque

We saw in the previous chapter the need to consider the torque, M, experienced by the

surface current in the presence of the axial main magnetic field, By
M= / r x (J x By) dS. (3.76)
S

The torque components can be written using the BEM approximation as

N
Mz%/%mﬁ:&Zh/g%ﬂ&; (3.77)
S n=1 ni
N
%I%/%Mﬁ:&Zh/j%ﬂﬂ; (3.78)
S n=1 ni
N
Mz—d%LUw+£mdS——%§:hL(ﬂ@ﬁwwﬂﬂwds (3.79)
n=1 ni

3.4.6 Optimization. Matrix Equation.

If the discretized versions of the functions are incorporated into the problem, we obtain
the functional F(I) (Eq. 3.61), where I = (11, I3, ..., Ix) are the set of the stream function
nodal values. For the sake of clarity the torque term and B, offset magnetic field will be
omitted in the following formulation, their inclusion being quite straightforward in any case
[56].

The function F(I) can be minimized by finding the parameters which make

OF(I)

=0; =1,..,N. 3.80
6Ip I p Y Y ( )

This procedure generates the following matrix equation
Al=B (3.81)

where A is a N x N matrix whose coefficients are given by

K
Ay, = ﬁZb’Z’(rk)bg(rk) + aLpy; p,n=1,..N; (3.82)
k
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and B is a N-dimensional vector with components

K
Bp = /szg(rk) Bdes,z(rk); b= 17 cey N. (3'83)
k

By solving this system of equations we obtain the optimal stream function values that
optimise the functional. To remove physically meaningless solutions it is important to
specify boundary conditions in order to generate feasible solutions. We impose the condition
that there is no net flux of current flowing into or out of the coil surface. This is equivalent
to setting a common value of the stream function for all nodes belonging to the same
boundary.

This leads to a reduction of the dimensions of the matrices and vectors involved in the
regularised system of equations, as all the nodal values of the stream function for a given

edge give rise to only one unknown.

3.4.7 Selection of the regularisation parameter o

The regularisation parameter, «, is chosen so that the magnetic field deviates by less than
a given value, usually AB,(r) < 5% over the ROL
This parameter, then, allows control of the coil properties, and illustrates the trade-off

between coil features.

3.4.8 Contouring

The inverse problem finishes with the identification of the optimal nodal values of the stream
function, which allow us to construct the discretized version of the current density over the
surface, that produces the desired field variation and satisfies the other imposed constraints.

However, the final goal in coil design is to find the wire arrangement that approximates
the continuous current distribution. As we know, the conversion of the current solution into
a conductor pattern is achieved by contouring the stream function. Some symmetric coil
geometries can be projected into a 2-D plane where the stream function can be contoured.
But, in general, and since this coil design method is independent of the shape of the current-
carrying surface a 3D contouring approach is needed. Here we employ an extension of the
algorithm proposed by Poole et al. [60].

We choose a number of contour levels N, that are equally spaced and separated by a

step
max ¢ — min ¢

Ap =
14 N, —1

(3.84)
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where max ¢ (min ¢) is the maximum (minimum) value of the stream function on the coil
surface.

Every element can then be seen as a hypersurface embedded in the 4-dimensional space
(z,y,2,¢). The stream lines are the intersection of the element hypersurface with the set

of hyperplanes of constant ¢, that is, (z,v, 2, '), where
¢ =miny +j Ag; j=0,...N.— 1. (3.85)

The intersection can then be a straight line for flat triangle or a parabolic line for curved
triangles (for curved elements see [62]). To determine the direction of the current flow, we
can evaluate the rate of change of the stream function by using V¢, whose sign indicates

the direction of the current flow.

3.5 Example of the Inverse Problem Solution

In this section we overview the solution of an inverse problem using the BESFM. This process
is illustrated using the particular case of a transverse, cylindrical gradient coil design. The
cylindrical surface has a radius of 0.5 m and a length of 2 m.

Once we select the desired coil geometry, the current carrying surface has to be discretized
into T triangular elements S; with N nodes, {rn}ﬁle. Clearly, the more elements in the
mesh, the higher the accuracy we obtain.

In case of open geometries, it is necessary to identify the nodes at the boundaries, at which
the appropriate boundary conditions are going to be established. To define the functional
fully we have to specify the desired region of gradient uniformity, ROI, where we define the
target field (see Fig. 13.7). Here we consider a uniform distribution of 400 points spread
over a sphere of radius 0.18 m.

Having meshed the coil surface it is easy to develop the divergence-free current technique
that was described in the Section (3.3, and hence produce discretized versions of the functions
involved in the problem.

Also in the construction of the functional we have imposed a linear variation of B, with z
(G=1 T m~!) as the target field, and the optimal regularisation parameter was found to
be a ~ 5.0 x 1078,

To obtain the final system of equations we need to produce the reduced version of the matrix
equation by applying edge constraints. Figure 3.8(a) shows the colormap of the inductance
matrix L; whereas Fig. 3.8(b) displays the same color map for the reduced L matrix, where

all rows and columns for each of the edge nodes have been removed and replaced with a
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N
v
0.5 0.5
0 0
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-1 - -1
-0.5 -0.5 <
0 0
05 45 0 0.5 05 45 0 0.5

Figure 3.7: Cylinder meshed using (a) 160 flat elements (b) and using 160 quadratic curved
elements (see [62] and [67]). The ROI is formed from a spherical distribution of 400 points
(in red); and the nodes at the edges are marked in black.

single row and column for each edge, so all nodes belonging to the same boundary give rise
to only one unknown.
Solving the reduced matrix equation yields the values of the stream function that minimize
the functional. Figure 3.8(c) shows the conversion from the stream function over the coil
surface to the wire arrangement (stream lines). We can see how the field produced by the
wire pattern calculated via Biot-Savart integration over the coil, Fig. 3.8(d), is quite similar
to that generated by the current distribution, Fig. 3.8(e), from Eq. 3.8(d). Integrating over
the wire-paths the torque experienced by the coil can also be found. For this example it is
less than 1076 NmA~!T—1

Using FastHenry (© [68], a multipole impedance extraction tool, and assuming the coil
wires have a 3 mm diameter, the value of the inductance is found to be 235 uH for this
case, which yields the following performance parameter (FOM)

2
T =96x 1075 T2m2A2H 1, (3.86)

3
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Figure 3.8: Colormap of the (a) inductance matriz; (b) reduced inductance matriz; (cl1)
Stream function over the coil surface, (c2) wire arrangement (stream lines); Contours of
the B, field produced by (d) theoretical current density; (e) and the wire arrangement. The
grey line delineates the region where the field deviates by less than 5% from linearity. The
points where the field is evaluated in the ROI are shown in black.
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3.6 |A|-Coil

The inverse BEM problem allows the addition of new constraints (such as minimization
of the power dissipation [60]), which involves modification of the functional (Eq. 3.61) by
addition of new terms. It is worth noting that the inclusion of new conditions and hence
the increase of a given property causes, in general, the reduction of another.

Temporally varying magnetic gradient fields induce electric fields, E, and consequently
electric currents in conducting tissues, which may cause PNS. There are two sources of E,
the first one of magnetic origin is the temporal derivative of the vector potential, A, which
is produced by current flowing in coils; A produces initially a redistribution of free charges,
which accumulate at boundaries between regions of different conductivity and generate the
second, conservative contribution to E.

So although the local temporal derivative of A is not a reliable indicator of E [66], the
two fields are intrinsically related. In the following we investigate the effect of including a
new condition in the optimization problem by adding an extra term in the functional to
minimize the modulus of the vector potential, A, produced by the coil in a second region

of interest (ROI2). The new Lagrangian is

K M
1 2 b 2
F = 2 ;[Bz(rk) - Bdes,z + BOff] + anagn + 9 mz_:l |A(I’m)‘
- . = (3.87)
+> (ApaMpa + Ay Mpy + A2 My,
p=1

where v is a new optimization parameter that weights the contribution of the new term and
A(r,,) is the value of the vector potential in the set of M points of the ROI2.

The introduction of this new constraint must compromise other aspects of the coil
performance as little as possible, especially gradient homogeneity, so choosing ROI2 as a
different zone to ROI of the target field can help.

The new matrix equation is

Al=8B (3.88)
where A is a N x N matrix whose coefficients are given by

K M
Bpn = B 0E(ry) 02(ry) +7 Y aP(rp) - a"(rm) + 0Lpn;  pon=1,...N;  (3.89)
k

m

By imposing the boundary conditions we obtain a reduced version of the linear system
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of equations, whose solution yields the optimal nodal values of the stream function that
minimize |A| in the prescribed ROI2.
In the following chapter the results of using BESFM and its extension to produce coils

that minimize the modulus of the vector potential are shown.

3.6.1 Plausibility of the |A]-Coil

In Chapter 6, a forward BEM approach is developed that allows the numerical solution
of forward electromagnetic problems; by using this constant BEM approximation we could
produce a representation of the gradient of the scalar potential in terms of the values of the
magnetic vector potential at the boundary elements of the system, weighted by coefficients
that only depend on the particular geometry of the discretized surfaces.

Therefore if we want to minimize the electric field induced at one point in a given conducting
system exposed to a switched gradient, we must minimize the sum of the vector potential at
that point, plus the values of the vector potential at the boundary of the system weighted
by these geometric coefficients.

The A-Coil method can therefore be seen as first stage in the implementation of a proper

inverse quasi-static approach.



Chapter 4

BESFM: Numerical Results

4.1 Window Coil

BESFM is as a powerful coil design approach which is independent of the geometry of the
current-carrying surface. In this section it is used to design cylindrical head gradient coils,
incorporating a rectangular window (from which wires are excluded) so as to allow visual
interaction with the subject. Unless it is stated the coils produced in this chapter have been
designed using a linear isoparametric BEM.

Cylindrical, transverse and longitudinal head gradient coils of radius 0.175 m and height
0.35 m incorporating a window of height 0.1 m and length 0.20 m, with a spherical ROI of
radius 0.065 m, Fig. 4.1(a), were designed. The regularization parameter was adjusted to
produce a coil of minimum inductance with less than 5% relative field error in the ROI.
The inclusion of the window in the surface removes the axial symmetry of the coils, and
so they are no longer naturally torque-balanced. The use of the zero net force and torque
condition is therefore vital in the design of these coils.

The coil layouts corresponding to the transverse and longitudinal cylindrical window coils
are shown in Figs. 4.1(c)-4.1(d). The torques experienced by the coil windings are found
in Table Fig. 4.1(b), where the FOM for window coils is also displayed and compared
to ordinary cylindrical coils of the same size without windows. Although the ordinary
cylindrical coils and window coils have the same region of homogeneity, a relatively small
reduction of the performance due to the inclusion of the window is evident.

The Biot Savart law was used to calculate the B, field produced by both coils as shown in
Figs. 4.1(e)-4.1(f).
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Figure 4.1: (a) Geometry of the cylindrical gradient coils with a window; (b) coil properties
of the transverse and longitudinal gradient coils with and without window; wire patterns for
the (c) z-gradient and (d) z-gradient coils with a window; (e) and (f) contour plots of B,
produced by the gradient coils shown in (c) and (d) respectively.
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Figure 4.2: Geometry of the hemispherical gradient coils with a window (a) without cylindri-
cal extension and (a) with cylindrical extension; wirepaths of a hemispherical, (c) z-gradient
window coil, (d) z-gradient window coil, (e) z-gradient window coil with cylindrical extension
and (f) z-gradient window coil with cylindrical extension.
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The idea of including a window can be exported to other coil geometries. Hemispherical
coils of radius 0.175 m with and without a cylindrical extension of height 0.175 m were also
designed using BSFEM (Fig. 4.2) and with a window of height 0.10 m and length 0.20 m
for both cases, where the target ROI region is a sphere of radius 0.065 m containing 400

points.

B,(T)

z

0.15

0 0.05 0.1 0.15

X (m)

() (d)

Figure 4.3: (a) Contour plots of B, produced by the gradient coils shown in Fig. |4.2(d),
Fig. 4.2(c), Fig. 4.2(e) and Fig. 4.2(f) respectively.
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The FOM of the hemispherical, transverse and longitudinal gradient coils with (without)

windows are respectively

S

”f =21 (4.3) x 1074 T2m~ 1421
/ (4.1)
% = 7.8 (20.0) x 1074 T?m 1421,

It can be appreciated from these numbers that there is a significant reduction of the FOM
when a window is added. The situation is improved by the use of the cylindrical extension,
yielding the following FOMs

=1.1(1.69) x 1073 T?mtA2H
(4.2)
=15 (1.70) x 1073 T?m~tA2H L,

= &S

In this case the FOMs for coils including windows are quite similar to those without window.
These are surprising results since the inclusion of the window reduces the performance only
by 35% for the z gradient and less than 15% for the x-gradient coil.

4.1.1 Numerical implementation

Software was written in Fortran 90 to implement the BESFM. The calculations were run
on a dual-Pentium PC III motherboard (2x850 MHz), and the finest meshes tackled were
discretized using less than 5000 elements. The computation time varies from less than 5
minutes for 1000 elements to a bit more than 5 hours for the finest meshes. The calculation
of the inductance matrix L,,, is the most time demanding process, the computation time
for this step grows approximately as n?.

The Fortran 90 software includes a subroutine that allows the testing of the coil designs, as

it calculates the field produced by the wire pattern via Biot-Savart integration.
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4.2 Study of the Convergence

All the coils presented so far could be designed by application of any of the different order
of BEM approximation that were illustrated in the last chapter. The efficacy of employing
curved rather than flat element geometry and linear rather than parabolic approximation
of the stream function over the element is now explored by performing a mesh convergence
study, that is, we study the solutions of every BEM approximation for different mesh den-
sities (number of elements). The curved element approach is the one described in previous
work of the authors [62] and [67].

851

/L
/L

751

1.65 o

0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500

elements elements

(a) (b)

x10

computation time (s)
N

0 500 1000 1500 2000 2500 3000 3500
elements

()

Figure 4.4: (a) Convergence study in terms of the FOM (a=5T?*m=2A=2H') for a cylin-
drical transverse gradient coil (height=1.6 m and radius=0.4 m), the linear and quadratic
1soparametric solutions are shown in blue and red respectively. The green line displays
the solution for flat elements with quadratic evolution of ¢; (b) convergence study for a
cylindrical longitudinal gradient coil of similar geometry; (c) computation time for different
numbers of surface elements.
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Figure 4.4(a) shows that the quadratic (red line) and linear (blue line) isoparametric solu-
tions converge to the same value for the simple problem of a cylindrical transverse gradient
coil. The convergence for the case of flat triangles with a parabolic stream function (green
line), is faster than in the other two cases. Figure |4.4(b) displays another convergence plot
in terms of the FOM for a longitudinal gradient coil. The parabolic isoparametric approx-
imation exhibits a higher rate of convergence with increasing number of elements, that is,
convergence occurs for a smaller number of elements. It is worth noting that for the two
previous cases, there seems to be a residual error between the convergence of solutions using
flat elements and curved elements.

For both problems, all the BEMs approximations produce effective solutions and a finer
mesh results in a more accurate solution. However, as a mesh is made finer, the computa-
tion time increases as shown in Fig. 4.4(c). As expected the computation time grows with
the number of elements and is always higher for curved triangles and parabolic approxima-
tions.

An equivalent study of the convergence can be performed with the use of the L?-norm

K
I — Z [Bz(rk) [_{Bdes,z]2 (43)
k

where B, is the actual field produced by the coil and By . the z-component of the desired
field over the set of K points in the ROI. Figure 4.5 depicts the convergence for linear and
quadratic isoparametric elements for the problem of the cylindrical window coils described
in the Section 4.1. It can be appreciated how the rate of convergence is higher for the linear
solution for the transverse coil, whereas a parabolic description provides a better solution
for the longitudinal window coil.

To summarize, the kind of BEM approximation for which convergence occurs at smaller
numbers of elements will depend on the particular geometry of the coil design, but we must
always balance accuracy and computing resources. The best choice of element type for very
large number of mesh elements seems to be the linear isoparametric approximation, which
produces effective solutions with a computation time that is significantly shorter than in

other approximations.
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Figure 4.5:  Convergence study for a cylindrical (a) transverse and (b) longitudinal gra-
dient coils incorporating a window. Blue and red line represent the linear and quadratic
isoparametric solution.
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4.3 |A]-Coil

The BESFM approach has also been used to design transverse gradient coils on a cylindrical
former, in which the vector potential has been minimized over a second ROI. The radius
of the coil cylinder was 0.40 m and its total length 1.60 m. Four coils have been produced
that are referred to as coill, coil2, coil3 and coil4; they are designed to produce a field
gradient whose strength is specified to be 1.0 T/m and which deviates from linearity by less
than 5% within a central, spherical region of 0.15 m diameter (ROI). These coils are also

designed to have minimum inductance and to generate zero net torque.

Coill is not constrained to minimize |A|, so the regularization parameter v in Eq. 3.97 is
equal to 0, and there is no need to define a second ROI (ROI2).

Coil2 is designed to minimize |A| in the prescribed volume of interest (ROI2), which is
made up of two spherical regions of radius 0.4 m that are centred on the z-axis at
z = £0.4 m, as depicted in Fig. 4.6(a).

Coil3 is constructed to minimize |A| in a cylinder (ROI2) of length 1.6 m, diameter 0.6 m,

that is co-axial with the coil.

Coil4 is designed to minimize |A| in the prescribed volume of interest (ROI2), which is
made up of one spherical region of radius 0.4 m that is centred on the z-axis at
z =404 m.

By using the BESFM we can identify the optimal stream function for each case and then
obtain the winding pattern. Figures 4.7(b)-(d) show the wire arrangements for each of the
three coils, which when energized produced the B, field and vector potential magnitude,
|A|, displayed in Fig. 4.8 Both field magnitudes were calculated using the elemental

Biot-Savart expression applied directly to the wire paths.
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Figure 4.6: (a) The geometry of coill, coil2, coil3 and coil}, the red sphere is the ROI for
all four coils; whereas the 2 purple spheres, the blue cylinder and the purple sphere with the

dashed contour form the ROI2 for coil2, coil3 and coilj respectively. (b) Coil performance
parameters.
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Figure 4.7:  Wire arrangements for (a) coill, (b) coil2, (¢) coil3 and (d) coil4.
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Clearly, the four coils generate an axial magnetic field that satisfies the initial requirements.
The vector potentials are slightly different in magnitude and spatial form for coill, coil2
and coil4, whereas this difference increases significantly for coil3. These differences are also
evident in the performance of the coils, Fig. 4.6(b).

Nevertheless, we cannot proffer any information about the electric field yet from these
results, as the local temporal derivative of A is not a good indicator of E.
To acquire details of the induced E, we applied a direct BEM that will be explained in
Chapter 6, which allows calculation of the electric field induced by gradient coils in con-
ducting systems. We considered the case where the applied gradients vary at a frequency
of 500 Hz, generating a gradient field of 1 T/m.
First this BEM approach is employed to investigate a homogeneous spherical volume con-
ductor of radius 0.1 m which is described with a mesh of 360 elements and placed at the
centre of the four coils. Figure 4.9(a) shows the modulus of the electric field induced at
every spherical mesh element, the values obtained for coill (black) are quite similar to those
for coil2 (red), slightly higher than in the case of coil3 (blue) and sometimes even lower than

coil4 (green).
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Figure 4.9: (a) E-field induced at the surface of a spherical conductor of radius 0.1 m de-
scribed using a mesh of 360 elements and located at the coil centre by coill (black), coil2(red),
coil3(blue) and coilf(green);(b) E-field induced for the same sphere when placed at z=0.4 m
(G =1Tm™", frequency = 500 Hz).

The algorithm used to mesh each spherical surface starts at the top of the sphere where
the polar angle § = arccos(z/r) is zero and ends at the bottom of the sphere where 6 = .
At each value of 0, elements are spread over the azimuthal angle (¢ = arctan(y/x)). In
general, the number of elements, N, is given by N = 2[ng(n, — 1)|, where ng and n, are
the number of steps in 0 and ¢ respectively.
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The difference of the electric fields induced in the sphere by different coils becomes higher
if the sphere is placed away from the origin. This can be seen in Fig. 4.9(b) where the
spherical conductor is located on the z-axis at z=0.4 m. This fact can also be appreciated
in Fig. 4.10(a) which shows the field at the surface of a conducting sphere of 0.2 m radius
whose centre is shifted along the longitudinal axis by 0.6 m.

Numerical tests have also been run to calculate the electric field distribution induced

inside a conducting cylinder of radius 0.2 m and 1.4 m height and co-axial with the coil, by
each of the 4 gradient coils (G = 1Tm~! and frequency = 500 kHz).
The values of |E| close to the origin do not differ too much between coils, but away from
the origin there is a substantial difference between coils. Figure 4.10(b) displays the E-field
in the xz-plane with y=0.1 m inside the cylinder. It can be seen how the E-field induced by
coild in the region that corresponds to the position of ROI2 is substantially smaller than
the electric field produced by the other coil. Nonetheless the E-field induced by coil4 is
significantly higher in other region where a minimum |A| was not imposed.

Finally we investigated the electric field induced in a human body model with homoge-

neous electric properties. Figure 4.11(a) depicts the human model with a colour-coded map
of the scalar potential, ¢ generated at the body surface by the coill .
Once more, values of the E- field are similar for all the coils at the origin, also the electric
field patterns in the xz-plane (with y=0) from different coils do not differ significantly Fig.
4.11(b)-4.11(e). The variation becomes significant when departing from the central planes
(x,y,z=0).

It can be seen in Fig. 4.11(e) that the E-field induced by coil4 in the shoulder is less
than the one produced by coill, although the price we have to pay for this reduction is
the increase of the E-field induced in other body parts. This redistribution can be used to
allow larger rates of change of gradient to be achieved at stimulation threshold, without
alteration of the imaging field of view, as proposed by Hidalgo in [69], where an additional
uniform field switched synchronously with the gradient field is used for this purpose.

To summarize, we have introduced a new condition to minimize the modulus of the
vector potential over a prescribed regions, ROI2; in the BSFEM for coil design. A suit-
able choice of ROI2 can significantly reduce the electric field induced, as the numerical

simulations presented using a BEM have shown.

!The scalar potential is generated by charges accumulated at boundaries between regions of different
conductivity, its computation is vital stage in the calculation of the induced E-field when using the BEM
approach described in Chapter 6.



CHAPTER 4. BESFM: NUMERICAL RESULTS I 67

coil |E| (v/m) coil2 |E| (v/m)
9
8
7
6
z(m) s
4
3
2
1
coil3 [E| (V/m) coil4 [E| (V/m)
7
7
6
z(m) 5
4
3
2
1
(a)
[E|(V /m)
coill coil2 coil3 coil4
0.6 11 06 10 06 10 0.6 .
04 10 0.4 9 04 . 04
9 8 10
0.2 0.2 0.2 0.2
8 ; .
zm) o , zm o zm) o z(m o 8
6
0.2 6 0.2 0.2 4 0.2
5 6
5
04 0.4 . 04 04
4 2 4
06 0.6 06 -0.6
3 3
—-0.1 0 0.1 -0.1 0 0.1 -0.1 00.1 —0.1 0 0.1
X (m) X (m) X (m) X (m)
(b)

Figure 4.10: (a) Three-dimensional plot of the colour-coded modulus of the E-field at the
surface of the sphere of radius 0.2 m for the case where it was shifted along the z-axis by
0.6 m; (b) Colour-coded |E| maps on a xz-plane with y=0.1 m inside the cylinder exposed
to each of the three time-varying z-gradients (G = 1Tm™", frequency = 500 kHz).
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Figure 4.11: (a) Scalar potential on surface of the human model induced during body exposure
to coill; colour-coded |E| maps for the body model exposed to time-varying x-gradients,
produced by the four different coils.



Chapter 5

Electric fields generated by
magnetic fields used in MRI

5.1 Introduction

In order to investigate the electric fields that exposure to time-changing magnetic fields and
natural movements in and around high field MRI systems can produce in conducting objects,
a full electromagnetic theory valid for both cases is presented in this chapter. Faraday’s Law
for a moving system requires that the electrostatic charge associated with certain rotations
is taken into account. This is demonstrated for simple geometries with known analytical

solutions.

5.2 Electric field induced

MRI relies on the use of both rapidly switched magnetic field gradients and strong static
magnetic fields. Understanding the interactions between these magnetic fields and the
human body has become an important issue with the increasing use of high field MR

scanners. In the following we focus on two of the most important safety issues in MRI:
i) Exposure to time varying magnetic fields,
ii) Movement in large static magnetic fields.

Temporally varying magnetic fields induce electric fields, E, by Faraday’s Law and con-
sequently electric currents in conducting tissues, which may cause PNS (peripheral nerve
stimulation) in subjects [14} 15]. Although the process of nerve stimulation is not fully un-

derstood, the problem of determining the spatial distribution of the electric field induced by
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gradient coils has been widely studied. Direct measurements of the induced current or elec-
tric field are not feasible inside the human body, so we are forced to use numerical analysis
techniques due to the complicated structure and inhomogeneity of the electrical properties
of the human body. One of the first approaches applied to simple body geometries was a
finite element method used by Wang et al. [70]. Similarly a scalar-potential finite-difference
(SPFD) calculation was presented by Dawson [71]; this approach was later used to compute
electric fields induced in a heterogenous human model [72]. Another relevant approach is
the impedance method [73], whose numerical results were compared to those produced with
SPFD by Stuchly [74]. Analytical expressions for the electric field induced in a spherical
conductor or an infinite conducting cylinder by switched magnetic field gradients were re-
ported by Bencsik et al. and Bowtell and Bowley [75, [76] and these authors also studied
the effect of using only the magnetic vector potential in evaluating the current induced [66].
Similarly Forbes and While evaluated analytical solutions for the magnetic and electric
fields, where body and coil are represented as perfect cylindrical conductors [77, [78]. The
finite difference time domain (FDTD) method has been the most widely used numerical
technique, it was introduced by Brand [79], and modified and employed by other authors
[81]-[85]. Mao et al. [86] also reported calculations of the induced E-field in an anatomically
realistic body model sited within an x-gradient coil, including the effect of an RF shield.
Finally we must mention other recent approaches such us the finite integration method
[87, 88] which have proved to be a useful tool in the analysis of electric fields induced in the
human body models by time varying magnetic field gradients.

The effect of natural movements of workers and subjects in the large static field of
MR scanners is another important safety issue [89], as such movements may cause induced
currents in conducting tissues and hence have potential bio-effects such as dizziness [90],
metallic taste, vertigo [91] and other physiological sensations. Calculating the spatial dis-
tribution of the electric field induced by body motion in a magnetic field is a problem of
similar electromagnetic nature to the case of switched gradients, but the literature relevant
to this problem is much smaller. A notable exception is the work of Crozier et al. [92] 96]
who used an FDTD approach to calculate the fields induced by movements in and around
an MR scanner.

In the following sections an electromagnetic study of the exposure to switched gradients
magnetic fields and movements in large static fields is presented, in which all the relevant
processes including charge and current induction are investigated. Although these two
problems share a similar electromagnetic basis, for a full understanding of the effect of
movements in static fields we need to use an appropriate electromagnetic theory. There

is an abundant literature on the interaction of moving conductors and magnetic fields,
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which can provide a suitable electromagnetic framework including consistent expression of
Maxwell’s equations for this problem.

Our starting point is Faraday’s Law of electromagnetic induction, one of Maxwell’s equa-
tions that characterizes the interaction between magnetic and electric phenomena, whose
generalization for moving systems leads to important conclusions when computing the cur-
rent and charge induced. These well-known facts have unfortunately been neglected by some
previous authors in their studies [92, [96], where numerical investigations of head and body
motion in the magnetic field of an MR scanner have been carried out using an incomplete
expression for the induced electric field.

The differences in the results obtained when using the formalism described here and other

approaches is shown for some examples of moving conductors with simple geometries.

5.3 Faraday’s Law

Faraday’s Law is one of the most important laws of modern physics, whose relevance goes
beyond electromagnetism?.

Faraday influenced by previous investigations performed by Oersted, Arago and Ampere
[98], carried out a series of experiments that culminated with the announcement of his
law in 1832, which links electricity and magnetism. It states a relationship between the
electromotive force (emf), £, induced in a circuit, C' of area S, and the change of the
magnetic flux, ®, through this circuit. The previous statement can be written in the

following forms

b d
E=—b =m0 S(t)B ds (5.1)
5:7{ Edl:/ V x E dS (5.2)
C(t) S(t)

where E is the electric field measured in the system, whereas C'(t) and S(t) can be functions
of time, as the system may be moving.

This law explains successfully all the cases of magnetic (motional emf) and electric
induction. If we consider the circuit, and hence the integration path, to be fixed ( C and S

are no longer functions of time) the temporal derivative operator then commutes with the

/VxEdS:/aBdS (5.3)

! For example, it was one of the key elements in the genesis of Einstein’s Principle of Relativity [97].

integration
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Figure 5.1:  Circuit C(t) and Surface S(t) with the fluz of the magnetic induction B

where the partial derivative is equal to the time derivative of B because the surface is at

rest [99], and since this equation is valid for any surface the integrands have to be identical

0B

E=-"".
V x o

(5.4)

This is one of the four Maxwell’s equations that Heaviside and Gibbs included in 1884 in
their reformulation of electromagnetism, into the format that we use nowadays.
By applying Stokes’ theorem the electric field can be written in terms of the scalar, ¢(r),

and magnetic vector, A(r), potentials

0A

B=-Vo-

(5.5)

where the vector potential defines the magnetic field via B = V x A. So there are two
sources of the electric field for this case, the conservative one that is generated by a charge
distribution and another contribution of magnetic origin.

In the derivation of Eq. 5.4/ we imposed the condition that it can only be applied to systems
at rest 2, and hence this approach would only be valid when tackling the problem of finding
the electric field induced due to exposure to time-varying magnetic fields.

To obtain a generalized version of Faraday’s law including the effect of motion several
equivalent derivations can be performed: Appendix [Al details one version based on the
change of flux. An alternative approach is the one given by Redzi¢ [101] in which the

convective derivative [100] (also called the substantive derivative or material derivative) is

2A restriction that was not originally in the Maxwell theory [102].
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used to derive Faraday’s Law via the magnetic vector potential.
Both approaches yield the same law of electromagnetic induction that is applicable to any

system moving with velocity v

B
VXE/:—%—I—VX(VXB) (5.6)

where E’ is the electric field measured in a frame S’ that moves with the system.

It is quite important to emphasize the existence of two systems of reference, in which the
fields’ magnitudes may take different values. In the following, all primed magnitudes are
measured in the moving frame, while unprimed terms relate to the laboratory frame.

The transformations of the electric and magnetic fields between the laboratory and the

moving frames are described by [103]
E =E+ (vxB) (5.7)

B =B (5.8)

where Eq. 5.7 can easily be obtained by applying Stokes theorem to Eq. (5.6)).

In general we are interested in the magnitude of the electromagnetic fields measured by the
moving observer, as this is the value experienced by the subject, but it is worth noting that
charge and current density are both invariant for the movements and velocities that are
considered here.

So the expression for the Faraday’s Law that we should use for gradient switching is

A
E:—V¢—%t (5.9)

and for movements in static fields
E =-V¢+ (vxB)=E+ (vxB) (5.10)

In the next sections the electric charge and current induced by movement in static mag-
netic fields and exposure to rapidly switched magnetic field gradients are studied using
the equations stated above that characterize the interaction between magnetic and electric

phenomena.
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5.4 Quasi-Static Limit

Gradient switching frequencies, w, for an MR scanner are usually below 10 kHz and the
frequencies involved in natural movements of the body lie in the range 0 - 20 Hz. At these
low frequencies, the electromagnetic properties of the body allow us to use a quasi-static
approximation, as has been discussed in [70] and [76]. This involves the assumption that the
induced current inside the conducting system does not produce a significant contribution to

the magnetic field, and that the ratio of displacement to conduction current is very small

S i (5.11)
g

so that the displacement current can be neglected (where € is the electric permittivity and
o the conductivity of the system). The current density, J = oE, can be considered to be

solenoidal, such that
V-J=0. (5.12)

Also in the case of a time-varying field we can adopt a sinusoidal variation without loss
of generality as any more complex waveform can be represented in terms of a Fourier

superposition of such modes.

5.5 Electrostatic Charges

5.5.1 Volume Electrostatic Charges

It is well known that conducting materials at rest do not contain any free charge and all
possible charge exists as a surface density at the boundary of the system. This absence of

charge can be explained as follows
V-D=p (5.13)

where D = ¢E is the electric displacement, p the charge density and e the permittivity of

the medium. Using charge conservation

)
. — -].4
VT4 i=0 (5.14)

and the constitutive equation
J=0E (5.15)
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where o is the conductivity of the medium, we can obtain the following differential equation

for the charge density

o ap
— — =0 5.16
Pt 5 (5.16)
whose solution is
_ ot
p(t)=poe <. (5.17)

As the relaxation time £ is very small for a conductor, (and also for conducting biological
tissue) we can approximate
p(t) = 0. (5.18)

However this expression does not hold for moving conductors in magnetic fields, since there
exists a new electromotive field, v x B, which will sweep free charge inside the conductor,
leaving charged regions .

This result was already pointed out by van Bladel [104] and Lorrain [105] (with some minor
corrections by Redzi¢ [106]) and it can be proved as follows: let us consider a conductor
moving in a static magnetic field, B, where the movement is composed of a translation
(characterized by a velocity vo(t)) plus a rotation (characterized by angular velocity (t))

so that we can represent any type of movement® by
v(r,t) = vo(t) + Q) x r. (5.19)

Also the general continuity equation valid for moving media is given by

Dp
V-J+—=0 5.20
+ (5.20)
where % is the convective derivative operator [100]. The current density in a moving ohmic
conductor is given by 4

J=0(E+vxB). (5.21)

The constitutive equation for a medium in motion is
D=cE+e(e, —1)(E+vxB)=¢E+P (5.22)

where P is the polarization density and ¢, is the relative electrical permittivity of the

material
6 = —. (5.23)
€0

3For our problem we consider only non-relativistic velocities.
4A proper derivation including current density due to free charges can be found in [107].
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Therefore as Eq. 5.13 holds for moving media, the space free-charge satisfies

o o Dp
- —2602- B+ — = .24
€p+€ €0 +Dt 0, (5.24)

where the source of the magnetic field, V x B = pgJ, is considered to lie outside the moving
body. If we solve the above differential equation for a movement with a constant angular
velocity we obtain

p(t) = po =% — 260 -B[l—e %], (5.25)
This equation confirms that the approximation of zero charge can be used for translations
of conductors, but not for some rotations.
For the case of rotation with constant angular frequency the equilibrium charge density
becomes

p=—2¢€-B (5.26)

The same result could have been achieved by applying the steady state conditions (section
5.4) that characterises the situations considered here. The divergence-free current condition
implies that

V.-P=0. (5.27)

So if we apply the above result to Eq. [5.22, it yields
p=eV-E=—-¢V-(vxB)=-250"B. (5.28)

It can be noted that the induced charge is independent of the conductivity, and it is induced
if the system rotates in a magnetic field that is not perpendicular to the axis of rotation.
The process of charge induction may be described with a helpful chart from Bringuier’s
paper [108], as follows: v x B produces a movement of free charges, i.e. if in a given
region, €2 - B < 0, then there is a flux of electrons towards this area. The redistribution
of charges yields a conservative electric field E that is opposed to the electromotive one,
until eventually equilibrium is reached and both fields coexist; in some cases they may even
completely cancel each other.
It is worth noting that g, rather than the dielectric constant of the system, e, appears for
the expression of the induced charge. This is because the electric field in the conductor

is built up by the free charges and not the polarization charges. In the case of a perfect
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Figure 5.2: Charge and current induced by movement at velocity, v, in a magnetic field, B.

dielectric (this is not our case), Eq. [5.28 becomes [108]

E—£&0
e+eo

V-E= V- (v xB) (5.29)

5.5.2 Surface Electrostatic Charges

In the foregoing section we have seen that there is a charge redistribution in a conductor that
moves in a static field, and that this charge can build up at the surfaces. This phenomenon
can also happen in the case of a conductor exposed to a time-varying magnetic field as
has been shown in previous work [109]; it also becomes more relevant when dealing with
heterogenous systems, as in the case of the human body, since charge usually accumulates
at the boundaries between media of different electrical properties. The process of surface
charge induction is equivalent to the one described for the volume charge.

In general the surface charge density, ¢, is associated with a jump or discontinuity of the
normal component of the electric displacement field, D, at the surface. This condition

applies even in the case of moving systems [110]

(= (D2 —-Dy) -n=Dy— D7, (5.30)
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where n is the unit vector normal to the surface directed from medium 1 to 2, and the
sub-index makes reference to the side of the interface where the magnitudes are evaluated.
Let’s illustrate this with one example, consider an uncharged homogenous conductor moving
in a static field. In this case, the correct expression for D is given in Eq. 15.28 so at the

surface of the system
D? = GoE{L + 60(67« — 1)(E1 + v X B) - n. (531)

If the conductor is moving in air
Dy = ey BT, (5.32)

but also to avoid unrealistic current flux out of the conductor, at the surface

c(E;+vxB) - n=0 (5.33)
then
and
¢ =eEy —eET. (5.35)

So the surface charge, in this particular case, is independent of the dielectric properties of

the conductor.

5.6 Induced current

So far we have seen that one of the effects induced by movements in magnetic fields or
exposure to time-varying magnetic fields is the induction of electrostatic charge, but the
main effect responsible for the bio-effects that subjects and MRI staff may experience can
be the current induced within the tissues of the body. Since we only need to consider
conduction current, when a system is exposed to time-varying magnetics fields the current
density is given by

J=-0[Vo+ a—A} =oE. (5.36)

ot

For conducting systems moving in a magnetic field

J=0[E+ (vxB)| =0E. (5.37)
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In order to study this, let us examine the curl of the current density. If this vanishes for
a given isolated moving system, that is, it is not connected to another circuit (and hence
the current line forms a closed loop), then according to Stokes’ theorem the circulation of
this current will be zero for any closed path and thus J=0, and there will be no induced

current. So if we take the curl of J we obtain

VxJ=0[VxE+Vx(vxB)] (5.38)
but 9B

for the case of static fields. It can also be shown that
Vx(vxB)=Q2xB—-(v-V)B (5.40)
where the relations V- v =0 and V x v = 2 have been used. Thus
VxJ=0[Q2xB-(v-V)B]. (5.41)

Suppose, for example, that the system moves in a field such that (v - V)B = 0, then no
current will be induced for any translation. Table 5.1 summarises the current induced for
this case and other simple cases involving translation and rotation.

The spatial distribution of J, in general, depends on the shape of the object as well as
the spatial variation of B. Some interesting examples can be found in Lorrain’s papers [105]
and [111].

5.7 Pseudo Electromotive Term: —(v-V)A

Crozier et al. [92]-]96] present a complete and interesting study of the spatial distribution
of the electric fields induced by body-motion around MRI magnets. They investigate mul-
tidirectional translations, bending movements and shaking of the head.

Unfortunately it seems that some of the results may have been incorrectly derived due to
the use of an incomplete expression for the electromotive component of the electric field.
Although these authors are aware of the electromotive term v x B [92], they use —(v-V)A

to take account of the magnetic effect, so the employed expression for the electric field is:

E'=-V¢—(v-V)A (5.42)
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FIELD UNIFORM NON UNIFORM
B=B(r) B=B(r)
MOVEMENT
p=0 p=0
TRANSLATION :
J= 0 J= 0 if
B (v.V)B=0
p=-2¢0QB p=-2¢08B
ROTATION
J=0 J=0 if
if Q| B Vx(vxB)=0

Table 5.1: Current, J, and charge induced, p in two kinds of magnetic fields, B: uniform
and non-uniform in a system under translation (v) and rotation (2).

instead of the full form suggested here in Eq. 5.10.
Let’s study the validity of this approximation; first using the vector identity

Vv-A)=AXx(VxvVv)+(A-V)v+vx (Vx)A+ (v-V)A, (5.43)

we find that
vxB=—(v-V)A+V(v-A)+Q x A. (5.44)

So we see that by using —(v - V)A as electromotive term, we are neglecting the terms
V(v-A) and © x A. In the following we examine the importance of disregarding these

terms depending on the type of movement.

5.7.1 Translation

If we consider only translations in static fields Eq. [5.44 takes the following form

vxB=—(v-V)A+V(v-A), (5.45)
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and by taking the curl in the above equation we obtain
Vx(vxB)=Vx[-(V-v)A] (5.46)

so if the system is not connected (all the lines of current are closed loops) and the curls are
the same for any line, then circulation is equal as well, and therefore the current induced is
the same using v x B or —(v - V)A.

Although the two approaches predict the same current distribution, they can define different
problems, as a conservative factor has to be added to the electric field to compensate the
neglected term, V(v - A) when using the pseudo electromotive field —(v - V)A. Let’s

illustrate this with one example.

Translation in a uniform static field

Consider a uniform magnetic induction B applied in the direction of the velocity v
v =0k (5.47)

B = Bk (5.48)

In this case the induced current is zero, J=0, (independent of the electromotive term used)
as
vxB=0, (5.49)

so that, there is no magnetic effect on the moving system. Then the conservative component
of the electric field must be zero as well to maintain the zero current condition, so there is
no surface charge induced.

For the second case, a plausible magnetic vector A which satisfies the Lorentz Gauge

and generates a uniform magnetic field B, is

~

A = Bl(x — y)i — zk]. (5.50)

Then
— (v-V)A = uBk, (5.51)

so that, the magnetic field affects the system producing this contribution of the electric
field. However, since we know that J = 0 there must be another electric field contribution
equal to V(v -A) = —vBE, which cancels the electromotive term. This must come from

the generation of a surface charge by the movement.
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So we therefore see that the use of —(v - V)A may lead to identification of the correct

current density but with an unrealistic representation of the whole situation.

5.7.2 Rotation

When considering movements involving rotation in a static magnetic field, the differences
in the results obtained by using v x B and —(v - V)A increase. If we take the curl of Eq.
5.44] we obtain

Vx(vxB)=Vx[-(v:-V)A]+V x (2 x A). (5.52)

So only when the term V x (€2 x A), or equivalently (€2 - V)A, vanishes we would expect
to find the same spatial pattern of current density using the two different approaches.
Next, to illustrate the foregoing discussion, three conductors with simple geometries moving
in static magnetic fields are studied, and the difference between the results produced by
using the different approaches is described.

Rotation of a sphere in a uniform magnetic field

Let us consider a homogeneous and uncharged spherical conductor of radius a rotating about
the z-axis, with angular velocity, 2 = €2 1, in a uniform static magnetic field perpendicular

to the axis of rotation, B =B k. If the sphere is considered to be a rigid body, then
v=0Qxr=Q(—2+yk) (5.53)
and the electromotive field in the sphere is
v x B =—-QB:zi, (5.54)

and a suitable choice for the magnetic vector potential is

B
A= 5[—yi + j] (5.55)

since it produces the desired magnetic induction B, then
—(v-V)A = ——i. (5.56)
In this problem, there is no volume charge induced as (w L B), also

VXx(Q2xA)#0 (5.57)
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so , from Eq. 5.44] it expected that the current induced by the electromotive term will be
different to that obtained using the pseudo electromotive term.

Let’s begin the study with the approach based on using v x B. There must exist another
field able to cancel the radial electromotive field at the surface to avoid an unrealistic flux
of current out of the sphere. This new electrostatic field, E¢, has to be produced by the

surface charge (, as for this movement no volume charge is induced (see Table 5.1), hence

(vxB)- ﬁ‘r:a = —QBacosfsin ¢ cosb (5.58)
(vxB)-#| _, + Bf|,_, =0 (5.59)
SO
Eﬂr:a = QBacosfsin ¢ cos = 2aa Yo1(0, @) (5.60)
where e
T
a=054/ . (5.61)

The scalar potential produced by the surface charge satisfies Laplace’s equation, so it can be

written in terms of spherical harmonics and powers of r [25], inside and outside the sphere

00 l
=33 [Awr' + Bir™ )Y (6, 0) (5.62)

=0 m=-1

using ES = ad’ and the continuity of the potential at the surface, we obtain
—oerY 0, ,ifr<a
#(r) = 21(0:0) (5.63)
—%% Yo1(0,¢) ,ifr>a

2ar Y21(60, ¢) ,ifr<a

ES(r) = .
3aa Y21(9 ¢> s ifr>a

(5.64)

Finally the surface charge from the radial component of the electrostatic field can be found

as follows

C(@ (b) - eoErout}r a GOET‘M’L‘T a (565)

C(6,6) = —5aacy Yo (6, ). (5.66)
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Figure 5.3: Surface charge for w = 1rad/s, a=0.5m and B= 1T

It is easy to check that this distribution satisfies the initial assumption of zero net charge,

/ ¢(r)ds = 0. (5.67)
S

The value of the electric field inside the sphere is

E'(r) = —V¢S (r) +v x B (5.68)
and since from Eq. 5.63
¢ 2 wB

d)zn(r) = —ar Yél(ea ¢) = TJ;Z (569)

then 0B
E'(r) = — A+ zk) (5.70)

and 0B
Ir) =22 5=+ k). (5.71)

We now consider the effect of using the term -(v-V)A, instead of vxB. By applying
similar analysis to that used for the first case we find that the total electric field produced

in the sphere is given by

E'(r) = %[—zi%— ck). (5.72)
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which is the half of the value computed previously, therefore also yielding half the induced

current that was calculated using vxB.

Rotation of a cylinder in a uniform field

We now apply the preceding discussion to a homogeneous infinite conducting cylinder (so
end effects can be disregarded) of radius, a, with no net charge, rotating in a uniform

magnetic field parallel to the axis of rotation

~

Q=0k (5.73)

~

B = Bk (5.74)

this rotation produces a negative uniform volume charge density
p(r) = —2e0Q2B (5.75)
which produces a electric field that can be computed using Gauss’ law to be
Ef(r) = —QB(zi+ yj) = —QBood (5.76)

where p is the radial cylindrical coordinate.
We also find
v = Q(—yi+ xj) (5.77)

v x B = QBod (5.78)

therefore v x B + Ef(r) = 0, which is the expected result from Table [5.1] of zero current
(V x (v xB) = 0) inside the cylinder. Nevertheless in order to maintain the zero net charge
a positive surface charge, ¢, which distributes uniformly on the surface must also exist. It
is easy to check that ( = ¢9QQBa. This surface charge produces no electric field inside the
cylinder.

If instead of using v x B we use —(v - V)A, where a plausible choice for A could be

A=l —y)it (@) (579)
then

~ v VA=t y)it @+ (5.50)

Zero current is predicted as V x [—(v - V)A] = 0 (or equivalently as V x (2 x A) = 0).
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Figure 5.4: Cylinder with uniform surface charge.

If we use —(v - V)A to find the volume charge density, this would be
p(r) =eoV - [(v- V)A] = —e0QB (5.81)

which is half as large as the value calculated when using v x B as the driving term. It
can now be seen how the electric field produced by the volume charge does not cancel
completely the —(v - V)A term, so in order to get zero current inside the cylinder a non
uniform distribution of surface charge is needed. Obviously this assumption is not realistic,

as it breaks the symmetry of the problem.

Rotation of a sphere in a longitudinal gradient field

A homogeneous uncharged conducting sphere of radius a rotates with angular velocity,

Q = Qk, in an ideal longitudinal field gradient

B= G[—gi - gj + k] (5.82)

where the vector potential may be written as

A= %[—yzi + z2j] (5.83)

and since we are considering a rigid system

v = xr=Q[-yil+ zj]. (5.84)
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The electromotive field is straightforwardly found to be

2 2

va:QG[;czi—i—yzj—i—(x ;y )k (5.85)
so there is no induction of current as:
V x (vxB)=0. (5.86)

It follows from Table (5.1) that the induced volume charge is

p(r) = —2¢002B = —2¢0QGz, (5.87)
and the pseudo electromotive term is

—(v-V)A = %(:ﬂzi + yzj) (5.88)

but
VX(Q2xA)#0 (5.89)

so this predicts the existence of induced current.

The potential corresponding to the inhomogeneous volume charge distribution is given by

H(r) = — / i L) (5.90)
174

dmeg Ir — /|

here we have assumed that €, = 1 for the sphere for sake of simplicity. The Green’s function

can be expanded in terms of spherical harmonics [25]

l

r—r/| 71-2 Z 21_,_1 l+1 Y (0, ¢") Yim (0, ¢) (5.91)

=0 m=-1

where r<(r) is the smaller (larger) of r and r’. Since p(r) x Yi9(0, ¢), when we perform
the integral and use the orthogonality of the spherical harmonics, we find that the scalar

potential due to the volume charges is

o a?r z(m2 + 92 —i—22) a22] (5.92)

¢P(r) = QGCOSO[——T}:QG[ : -5
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and hence the electric field

2 2 2+ 12+ 322 a?\ -
P —_ — P = — — 1 — 7 _—
E°(r) = —V¢(r) QG[5xz1+ = +( - : )k] (5.93)
whose radial component is
a’?  3r?
P(r) — > 2
Ef(r) = QG cos@[ o } (5.94)

The electric field due to the space charge does not completely cancel the electromotive one,
but the zero current condition still applies, as we have to take into account the electrostatic
field due to surface charges. Here to compute E¢ we apply the boundary condition on the

radial component of the current, which has to vanish at r = a so that

ES| _ =-vxB-# _ —Ef| __ (5.95)
and
Ef|,_, = —aYio(6, ) — 38a” Y3o(0, ¢) (5.96)
where
A QGa?
TV 3
(5.97)
5 [Tor oG
B 7 10
also since E,g = %, and the corresponding scalar potential must have the form of the

general solution for the Laplace’s case Eq.(5.62), then

ar Yio(0,¢) + Br3 Yao(0,0) , ifr<a

=9 . , (5.98)
(S} )/10(9’¢)+5771 Yi’)0(95¢) ) ifr>a
which yields the following electric field
3 2?2+ 2+ 222 5a?\
Clp) = 2 1 3 _ =
E¢(r) 5QG x4 yzj + ( 5 5 >k] (5.99)

and after some calculations it is easy to show that adding the contribution of this field, a

zero current in the sphere is obtained.

E°(r) +ES(r)+vxB =0, = J=0. (5.100)
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Now a simple analysis using the radial component of the electric field inside and outside

the sphere gives the surface charge density

((0,9) = 3eoax Y1o(0, ¢) + 58a”e0Yz0(0, ) (5.101)

The net surface charge is zero, which is an expected result to maintain the electric neutrality
of the sphere, since the net volume charge is null as well.
Let us now investigate the use of the pseudo electromotive term, it produces a different
volume charge density

V-E=-V[(v:-V)A] = —QGz (5.102)

which is half the size of the value calculated previously using v x B. Consequently the
associated electric field is

Ef(r) =

LS [5 (5.103)

2?2 +y? + 322 a2>iz]
2

2
R e R

Following analogous analysis to that used before and after imposing the zero radial flux of
current at the surface we obtain the following scalar potential due to the surface charges

for points in the sphere

¢°(r) = ar Yio(0, ¢) + Br® Yao(0, ¢) (5.104)

ﬁ

where

(5.105)

w| R L
\c;

However it is easy to show that the electric field produced by this surface charge density

does not cancel the other two contributions
E(r) # (v-V)A —E°(r) = J #0. (5.106)

and hence the zero current condition does not hold in the sphere. This current is

I(r) = _QGG

10 [xzi +yzj+ (a2 — 227 — 2% — z2) IE:}, (5.107)
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although its normal component vanishes at the surface
Jr=a)-n=0 (5.108)

this a situation completely contrary to that obtained using v x B.

J| (mAm)
—0.4
—0.2
G
<~ 0
=
(40}
N 02

0.4

-04 -0.2 0 02 04

X axis (m)

Figure 5.5: Modulus of the induced current density predicted by the pseudo electromotive
term for a sphere of 1 m diameter, rotating at velocity 1 rads/s in an ideal longitudinal field

gradient of strength 1 Tm™1.

5.8 Laplace’s and Poisson’s Equations

We recall that the electric field, for the two problems we considered here, can be written in

terms of the scalar, ¢(r), and magnetic vector, A(r), potentials
E=-Vé—iwA (5.109)

for exposure to time-varying magnetic fields, and where a sinusoidal variation has been

assumed. Whereas for movements in static fields we use

E=-V¢+vxB. (5.110)
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We can generalize both equation and re-express the electric field for both as
E=-Vo¢+A, (5.111)

such that it can be seen that there are two sources of E. By defining A we obtain a general
magnetic contribution to the electric field that allows us to pose both problems studied here
using the same equation: A becomes —iwA for exposure to time varying magnetic fields
and v x B for movement at velocity v in a static field, B.
The computation of the second magnetic term is straightforward as Ais produced by current
flowing in coils (main magnet or gradient) whose wirepaths are generally known; whereas
the conservative term (generated by electric charges) can not be simply evaluated, and its
calculation is the goal of our approach.
Using the approximation described in Eq. (5.12)), it can be shown that the scalar potential
can be found by solving

v ((;'qu) — V- (oh). (5.112)

For regions with uniform conductivity this equation reduces to Laplace’s equation for the
case of time-varying magnetic field gradients

V) =0, (5.113)

since the magnetic vector potential is a divergence-free field, and to Poisson’s equation

V2=V (vxB)=-L (5.114)

€0
for movements in static magnetic fields, where g is the electric permittivity of vacuum. In
the latter case the source term can be identified as an electrostatic space charge, which is

expected to be present only when certain rotations (Section 5.5.1) are considered

p=—2c082-B. (5.115)



Chapter 6

Forward BEM for Laplace’s and

Poisson Equations

6.1 Introduction

We have shown the need of to take account of the electric field produced by the electro-
static charges built up on the interface between media (or volume charge) when calculating
the electric field produced by exposure of a conducting body to changing magnetic fields
or movements in large magnetic fields. This can be posed as a boundary value problem
governed by Laplace’s or Poisson’s equation.

These partial differential equations (PDE) are common in physics, they are found in elec-
trostatics, magnetostatics, fluid dynamics and heat transfer; areas where boundary element
methods (BEM) have proved to be an ideally suited approach for solving this type of prob-
lem.

An integral formulation of the problem and its subsequent solution using a constant BEM
is described in this chapter. We first prescribe the boundary conditions that our problem is
subjected to. Later by using Green’s functions formalism we derive an integral formulation
of the potential from the PDE. The integral equation obtained is a Fredholm equation of
the second kind, similar to that presented by Geselowitz [112], which has been widely used
in EEG studies [113, 114].

In the next step of the BEM approach, we construct integral formulations for the gradient
of the potential, which then provide the values of the electric field.

Finally, by using this integral equation, a constant BEM approach is developed, the bound-
aries are discretized and approximations relating to the variation of the potential are made

so as to produce numerical solutions. The validity of this approach is demonstrated for

92
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simple geometries with known analytical solutions and it is also applied to the evaluation
of the induced fields in more complicated meshed models of the human body.

For the sake of clarity a representation is formulated first for Laplace’s and Poisson’s equa-
tions for a single domain and next in a straightforward fashion it is extended to the multi-
domain integral description, which is needed to describe objects with more than one com-

partment.

Laplace’s PDE
(or Poissons PDE)

Green’s Function

0
2
Boundary integral & \'
representation of ¢
Y I
)

||
Discretization

Integral Domain integral

representation of E

Discretization

representation of ¢

Discretization BEM equations i
Discretized Discretized
representation of E Gaussian representation of ¢
elimination

l \ (I) at the / l
boundary
E ¢ inthe
everywhere domain

Figure 6.1: Scheme of the BEM for Laplace’s (Poisson’s) equation.
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6.2 Boundary Conditions

Let us consider a system composed of a set of homogenous regions D1, ..., Djs with constant
conductivities o1, ..., opr, separated by interfaces S, ..., Spr with outward normal vectors to
the surfaces n, ...,ny; and which is surrounded by air (o4, = 0), see Fig. 6.2l

In order to obtain realistic solutions for our problem we use the continuity of the current
flowing at every surface between regions as a boundary condition between domains. This
is a natural or Neumann condition since the normal derivative of the potential is specified.
This common requirement has been used previously in Finite-Element simulations [115]
(although as will be seen, we do not consider the electric field to be continuous at the

interface).

Figure 6.2: System composed of M homogeneous domains.

When imposing the conservation of the current density, J, between two different do-

mains, we find at the separation surface that
J; n;, = Ji+1 ‘n; = O'Z'Ezn = O'z'+1El-n+1 (61)

where the subindex makes reference to the domain where the magnitudes are evaluated
and E' = E; - n;, is the normal component of the generalized electric field. Then at the

ith-surface
0i(=V¢' +AY) n =0y, (—VP T 4 A1) . n, (6.2)
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The normal component of the gradient of the potential is not continuous, and in fact, a
discontinuity results from the existence of charges accumulated at the boundaries. This can

be represented as

. 3¢j .
V¢ -n=-""=¢ 6.3
¢’ 5 = 4 (6.3)
since A is continuous at the surface, we can write
Aln=A"""n=A" (6.4)
so that the matching condition becomes
AMoip1 —0i) = 0i11¢" — oid’ (6.5)

i=1,..,M

where the index M + 1 is used for the magnitudes of the conductivity outside the system.
As shown in the following sections, this constraint at the surface can be used to define the
problem. For example for a single domain (M = 1 and oy = 0), this condition implies that

there is no current flow out of the system and we find
¢ = A" (6.6)

a result which is independent of the conductivity in the domain (provided it is non-zero).

6.3 Integral formulation for Laplace’s equation. Single Do-
main.
Let ¢ be the scalar potential that obeys Laplace’s equation in a volume domain D bounded

by a surface S and surrounded by air.

Also Green’s second identity [7] states

)5 ) - 60 250 asty)

yeSs

/D (¢(Y)V2¢(Y) - w(Y)v2¢(y))d3y _ /

s (6.7)

where 1 is an arbitrary scalar function that is continuous and differentiable in D. If we

choose this auxiliary function as the free-space Green’s function, or fundamental solution,
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S n

Figure 6.3: Homogeneous single domain D of conductivity o and bounding surface S with
the outward normal, n.

of the Laplace equation
1 1

e = 6.8
¢ Arlz —y|  Awr (6.8)
and ¢* is its normal derivative
09" zi—y;
C =0 T Tams 0

(6.9)

here, we have used the tensor summation definition of the double index, then we obtain

/D <¢(y)V2¢*(z, y) — ¢*(z, y)V2¢(y)>d3y
:/s [GZ)(Y) q*(Z,Y) — ¢*(z,y) q(y)]ds(y) (6.10)

zeD yes.

This expression is the basis of our BEM approach for solving Laplace’s and Poisson’s equa-
tions, and all the following integral representations are derived from it.
We can now make use of the fact that the potential and the Green’s function are both

harmonic functions

Vip(z) =0 (6.11)

V2 (x,y) = ~3(z,y) (6.12)
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then

c@otz) = [ [¢°@.y) aly) - 6ly) 0" (2.)]ds(y)

s (6.13)
z € DUS, yesS
where c(z) is function of the local geometry of z
1, if zeD
c(z)=< %1, if z€S (6.14)
0, if z¢DJS.

The derivation of equation (6.13) is not trivial due to the singular behaviour of ¢*(z,y) and
q*(z,y). It is obtained in a rigorous way [63] by isolating the singular point z in a small
sphere and performing a limit process.

The boundary condition for a single domain (Section [6.2) specifies the surface distribution

of the normal derivative of the potential

A"(y) =qly) (6.15)

so that equation (6.13) yields

c(z /d) z,y) A"(y) ds(y /qﬁ ds(y). (6.16)

The first and second integrals of the right-hand side of the equation are referred to as the
single layer potential and double layer potential respectively.

The importance of this equation relies on the fact that the unknown potential at one point
is completely defined by its values on the surface (since the normal component of Ais a
known quantity).

Next we illustrate the integral representation of ¢ in the domain and at the boundary and
show how the numerical values of the potential at the surface can be obtained from the
latter.
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Domain Integral Representation of the Potential

If z belongs to the interior of the domain (z € D), ¢* and ¢* are well-behaved and the

integrals are consequently not singular. Equation (6.13) therefore becomes
/ o™ (z,y) A"(y) ds(y /qﬁ ds(y). (6.17)

Boundary Integral Representation of the Potential

Considering the jump property of the double layer potential when the collocation point

tends to the surface [63], z — x € S, we can derive the boundary integral representation

+ /S o(y) ¢"(x,y) ds(y) = /S ¢*(x,y) A"(y) ds(y) (6.18)

again it is worth stressing this result, which shows that the values of ¢ at the boundary are
linked. We also note that this equation is completely independent of the conductivity.
In integral equation theory this type of expression is known as a Fredholm [116] equation

of the second kind, as the unknown function appears inside and outside the integral.

Domain Integral Representation of the Electric Field

The final aim of our scheme is to find the electric field, which requires the evaluation of the
gradient of the scalar potential. We can find this gradient by differentiating Eq. [6.17/ with
respect to the coordinates of z = (z1, 22, 23). This step is allowed since all the functions

involved are continuous inside the domain, and we obtain

a¢( ) = / [(%*( ,Y)A"(y) — O (z,y) o(y)|ds(y)

0z; 9z; 0z (6.19)
z e D.
where the Green’s function dipole is given by
8@5* Zj — yj .
= - ) = 17 27 3 2
ox; 4mr3 J (6.20)
and the quadrupole is
dq* Lrdje o (2 — i) (26 — yk) .
= —— [k _3 | =1,2,3. 21
azj dr L 3 75 "k J (6 )



CHAPTER 6. FORWARD BEM FOR LAPLACE’S AND POISSON’S EQUATIONS 99

Finally, to find the electric field we have to add the contribution of the magnetic component

By(e) = ay(e) = [ [F@y)nry) = Fotey) ofy)]asty

zeD.

(6.22)

Boundary Integral Representation of the Electric Field

In order to derive an expression for the gradient of ¢ which is valid at the boundary, we
cannot proceed by differentiating Eq. 6.18 because the directional derivatives of the single
and double layer potentials are not continuous across their charge density carrying surface.
For a rigorous derivation we can use Eq. [6.19/ and take the limit where the interior point
z € D tends to the surface, z — x € S, so as to take account of the jump properties of the

directional derivative of the surface potentials [116]

i [ [ 6w ymn)isty)] = 34700 )+ [ T pey)ay)asty) .
ze D, x € 5,
and
_ . 1, 0¢
tim [ [ 07(2.y) o)asty)] = 5[5 ) ~ 060 my 0]
oq* ‘
+ /S s (x,¥) o(y)ds(y) (6.24)
zeD, x € S.

After performing the limit process and applying the boundary conditions (Section [6.2), Eq.

6.19 becomes

s = [ [SZeyntv) - 5L ) o) asy)

20x; s LOx; Iz (6.25)
xes, j=1,2.3.
The electric field at the boundary is then given by
0¢* aq*
Ei(x)=A(x)—2 A(y) — d
160 = 500 =2 [ [ (y)ay) - S 6ey) ofy)]asty 66)

xeS, j=1,2,3.
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6.4 Constant BEM for Laplace’s equation. Single Domain

By solving equation (6.18) we can obtain ¢ at the boundary, but the solution of this integral

equation is not trivial, and analytical solutions are only available for simple geometries,

whereas BEM provides a numerical solution valid for any closed geometry .

The first step of the BEM approach is the discretization of the boundary, which is divided

into simple geometrical forms Sk, here we will use flat triangular elements, whose vertices

will be referred to as nodes

S ~ CJ Sk
k=1

(6.27)

where n is the number of elements and the mesh (union of elements) does not usually

coincide with S. Equation (6.18) then takes the form

%qﬁ(x) +2 W) a7 y) dsly) = 3
k=1v "k —

(a) Original boundary.

e

i A
“ S — 7 Sk e
(AR ) N
et i
SRR

| SRRSO B SO

(b) Meshed boundary.

Figure 6.4: Discretization of the boundary

(6.28)

A second approximation is considered now on the variation of the potential, a constant

BEM will be used, such that ¢ is the same over the whole element

o(y) = ox

Vy € Sk.

(6.29)

A similar estimation can be applied to the derivatives of the potential and the value taken

! Symmetric BEM formulations have been proved able to handle topologies with openings in EEG sim-

ulations [114].
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for every element is that evaluated at its centre, although this is not strictly necessary since

the derivative is generally known over the element
A"(y) = A} Vy € Sk. (6.30)

Hence if the collocation point belongs to the 1¥*-element, x € S;, it follows that

LN . ~an [
gt o [ ey )= ak [ 6 st (oan

By taking the collocation point at every element (it is placed at the barycentre of the

triangle) we can generate the following system of equations
H® =GA (6.32)

or equivalently

n

STHU K)o =Y G k)AL
k=1

P (6.33)
l=1,...n
where
LK) = | b+ /S ¢ (1, y)ds(y) (6.34)
Gl k) = g ¢*(x1,y)ds(y) (6.35)

also A and ® are n-dimensional vectors containing A™ and the unknown potential at every
element. It is interesting to point out that the coefficients H(l, k) and G(I, k) do not depend
on the boundary conditions, and their values are defined completely by the geometry of the
element.

By solving this system of equations we find the values of the potential at the surface, but
first the H and G matrices must be computed. The difficulty in the calculation of the
matrix coefficients depends, in general, on whether the collocation point belongs (I = k) or

not (I # k) to the element where the integral is evaluated.
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Off diagonal coefficients of the BEM matrices

When [ # k the collocation point does not belong to the element where the integration is
performed, x; ¢ Sk, and therefore we avoid the singular behaviour of the integral kernels
(¢* and ¢*).

Although an analytical approach could be used for simple geometries the standard approach

to evaluating the integrals of both, H(l, k) and G(I, k), is Gauss quadrature over a triangle.

Diagonal coefficients of the BEM matrices

When the collocation point lies on the element (x; € Sy = [ = k), the presence of singu-
larities due to the functions ¢* and ¢* necessitates the use of higher integration techniques.

Next we therefore propose numerical approaches for each coefficient.

Singular double layer: H(l,1)

In this case fortunately we do not have to deal with numerical integrations, because the

double layer kernel vanishes

* * _ 1 _
g =Vo ~n—4wr3(x y) - n=0 (6.36)

since (x —y) and n are perpendicular in a flat triangle.

Hence the diagonal elements of the matrix H are

H(L 1) = % I=1,..n (6.37)

Singular single layer: G(l,1)

The integrand becomes unbounded as y — x because the integral exhibits a weak singu-
larity [63] that can be handled with special numerical quadratures [117][118] or analytical
integration [119]. The latter approach has been preferred here followed by a standard Gauss
quadrature.

By using the singular point x placed at the centre of the element and the vertices,
xFe xkb and x*, we divide the triangle, S;, into three smaller flat triangles, S; = Ui:l SP,
as shown in Figl6.5.

The single layer coefficient is then given by the sum of the integrals over three sub-triangles,

each having a singular vertex

3
Gl => 17 (6.38)
a=1
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lc

X Sl

Figure 6.5: Division of a singular element through its barycentre.

where

1= [ ooy dst) = 1 [ ) 650

a=1,23.

A common approach can be used to evaluate those integrals. It is illustrated in the following
for the case where the first vertex of the sub-triangle is the singular point, we note x; = x.
We begin by performing a coordinate transformation to map the triangle into the 2-D
parametric space, where the singular point is placed at the origin of the parametric or
oblique coordinates as schematically shown in Fig. [6.6l The required coordinate change is

described by the following expressions

y =x1(1 =& —n) +x2§ +x37 (6.40)
where y is a point in the triangle, the coordinates of the vertices are x; with ¢ = 1,2,3 and

¢&n € [0,1].
By using this parametrization Eq. 6.39 can be expressed as

I = / /1 é dé dn (6.41)
47T\Xz - X1\ VE +2Bén+ Cn?

where J(&,n) is the surface metric or Jacobian (for a flat triangle it is equal to the area of

the element) and

g (Xs—x1)- (x2 —x1) oo s —xl®

X2 —x1]?

. (6.42)
x2 — x1]
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Figure 6.6: Parametric transformation.

Next we adopt polar coordinates

= pcos

=p ' (x) (6.43)

1 = psin(x)
and the weakly singular integral then becomes regular [120]

Am|xz — x1] Jo  \/cos?(x) + Bsin(2x) + C'sin?(x)
where
1
R(x) = (6.45)

cos(x) + sin(x)

and the resulting integral can be easily calculated using Gauss-Legendre quadrature.

6.4.1 Potential in the Domain

We have just seen how to compute the matrices in Eq. 6.32. The solution of this system of
equations which can be found by simple Gauss elimination is the potential at the boundary
(¢x) which, as was previously stated, is enough information to find the potential at any
point inside the domain.

If we discretize the integral representation Eq. 6.17, and adopt a constant BEM approxi-
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Figure 6.7: Plane polar coordinates in the parametric space.
mation we find by simple manipulations

ZA”/ ¢*(z,y) ds(y Zm/ q"(z.y) ds(y)

zeD.

(6.46)

This expression can be written in the following form

n

$(z) = > ALGi(z Z orHi(z (6.47)

k=1

where

Hi(z) = /S ¢(z.y) ds(y) (6.48)

Gi(z) = | ¢%(z,y) ds(y). (6.49)

Sk
The integrals in these coefficients are well-behaved since z falls inside the domain and y at
the surface, and they can therefore be evaluated with a standard Gauss technique. Hence
the potential at the point z can be easily found since A} and ¢, are known.
A known disadvantage in BEM is the precision drop when z is close to the boundary.
More precisely our domain approach yields erroneous information when the distance from

z to any point at the boundary is comparable to the size of the element. To illustrate this
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fact, let us consider a constant potential then Eq. 6.47 becomes?

> Hi(z) = -1 (6.50)
k=1

where z € D. Figure [6.8 shows >, H;(z) for points on the z-axis in a sphere of unit

radius which was meshed with 224 elements of a characteristic size d

-0.5}
-0.6}
-0.7}
-0.8}
-0.9}

-1.1

Figure 6.8: Values of > j._, H;. for points lying on the radius with direction OZ for a sphere
of 224 elements.

It can be appreciated how the accuracy starts to decrease when the distance to the surface
is the order of d. Precisely, for this case of spherical domain we can get information till a
distance a bit more than half of the characteristic size d, and )", H} deviates more than
a 20% from its ideal value a distance to the boundary of 0.25d.

To improve the evaluation of the potential at a point close to the boundary a domain

subdivision or an algorithm to evaluate near singular integrals can be used.

2 This identity is independent of the choice of potential and is satisfied for all constant approaches.
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6.4.2 Electric field in the Domain

We can find the gradient of the scalar potential by discretization of Eq. 6.19, and obtain

a *
821 Z 5 8 Zd)k g () ds(¥)

k=1 k=1 Sk (6.51)

zeD, i=1,23.

which we can rewrite as

n

8¢ *z *z
hisd ARCE D
o, @) = 252 jg:(ﬁk (6.52)

z €D, 1=1,2,3.

where 96"
i) = [ G ) dsty) (6:53)
D) = [ Ghmy) sy (6:54)

Following the same reasoning from the foregoing section, the value of the gradient of the
scalar potential can be evaluated in a straightforward fashion since all the integrals are
regular and can be computed with Gauss quadrature. The accuracy of this equation drops
near to the surface.

Finally, to find the electric field we have to add the contribution of the magnetic component

Ei Anc*z —1—@ D*z( )
gﬂ ) (6.55)

zeD, i=1,23.

6.4.3 Electric field at the boundary

In a similar way an expression for the gradient of ¢ that is valid at the boundary can be

derived by discretization of Eq. [6.25/. The resulting expression is

1 a¢ 8q*
590, Z 5 a Zcbk . on; x,y) ds(y)

k=1

(6.56)
x€eS, i=123.
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which can be written as

1 0¢ - 4 " 4
- — Ancz o Di
ani(x) ; 1Cr(x) ;% (%) -
xeS, i=123.
where 96"
Ci(x) = o Y) 45 (6.58)
Dix) = | a%(x,y) ds(y). (6.59)

note that since x € S; we could have used %(X) = % since it is considered constant over
the element.

The calculation of these integrals is not trivial whenever the source point falls on the
element since, C}, has a strong singularity (of order 1/r), whereas a hyper-singularity exists
in D} (of order 1/r?). Methods for the direct evaluation of these integrals are presented in
the following subsections.

If x ¢ Si the integral is regular and can be performed by standard techniques.

Hyper-singular integral ’D,"c

Although semi-analytical methods are available [121], we choose what is called a rigid body
motion argument,i.e., if we consider the collocation point localized at the p"-element and

a constant potential over the boundary in Eq. 6.57 then

n

Dj,(xp) =0
; g (6.60)

x e Sy

this identity is purely geometric since the coefficients do not depend on the potential, and
it is satisfied in all the cases. Therefore the hyper-singular coefficient can be found by

computing the remaining coefficients

n

D;(Xp) == ZDIQ(X}?)' (6.61)
k=1
k#p
It should be pointed out that this result is independent of the evolution of the potential in

the element, and is satisfied for any flat triangle.
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Strong singular integral C,i

The method used here to deal with the coefficient C; has been taken from Guiggiani’s paper
[122].
First we operate as in Section [6.4 by using the singular point x placed at the barycentre of

the element to divide it into three sub triangles as is shown in Fig. 6.5, Then®

dg* 1 > fUZ'—yi 1<
Z/aﬁmzxy )__4%;/,3 rs a Tz:: (6.62)

X € Sk

The integration technique over these triangles, S}', is equivalent, as each of them have a
singularity at one of their vertices, so we will analyze as an example only the case where
the singular point lies at the first vertex (x = x1).

Next it is convenient to introduce a suitable parametric representation (see Fig. [6.6))

y =x1(1 =& —n) +x26 +x37 (6.63)

it then follows that

If‘_/a 5 J(€,n) //W@rgyzgn) de dn. (6.64)

Let us now perform another transformation to polar coordinates centered at the image of

the singular point, £ = pcos(x) and n = psin(x), as can be seen in Fig. [6.7. Thus

/ / Fi(p,x) dp dx (6.65)

where
1
k() = cos(x) + sin(x) (6.66)
and
Fi(p,x) = J(&, )rg(p(p’))p- (6.67)

3In most texts this type of integral is noted as + to indicate that it should be taken in the Cauchy
principal value sense [63].
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Since x; = x we also know that

z; —yi = p|cos(x)(xj — a7) +sin(x)(z; — 27)| = pAi(x) (6.68)
so we can define
3 1
Alx) =D A3 (v)2 (6.69)
i=1

then for flat elements

Fi(p,x) = ' 6.70
() = PGS (6.70)
and finally by asymptotic study it can be demonstrated that
2 Ai(x)
= 1 A d 6.71
P e [ G m (RG] ax (6.71)

which can be more conveniently computed using standard one-dimensional, logarithmic

Gaussian quadrature formulae [123].

6.5 Integral formulation for Poisson’s Equation. Single Do-

main

Poisson’s equation governs some of the problems we want to study as described in Chapter
5. In this chapter we illustrate a constant BEM for this differential equation which presents
similarities with regard to the solution of Laplace’s equation. So as to avoid extensive
duplication we focus mainly on the differences between the approaches.

Let ¢ be the scalar potential that obeys Poisson’s equation in a homogeneous, bounded

volume domain, D

V2p(z) = b(z) (6.72)
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By using Green’s second identity we obtain

/D (¢)V?6" (2, ) = 6" (2, 9)V?6(y) ) dy
:/s [éb(}’) ¢ (z,y) — ¢*(z,y) q(y)]ds(y> (6.73)
Z < DUS’ y € S.

Making use of Eq. 6.72 and performing a suitable limit process, it follows that

c()ota) = [

S

9.y a) = 0ly) 0 @.3)]ds(y) = [ 6" @ yy) @y

zcD, yeS

(6.74)

where the geometric coefficient ¢(x) has the usual meaning (Eq. 6.14). The structure of
this equation is analogous to that obtained when considering Laplace’s equation. However
Eq. 6.74 differs through the presence of an inconvenient domain integral, resulting from
the source term, b(x). As we need all the integrals in the equation to be defined over
the boundary to perform the BEM derivation we must express the domain integral as an
equivalent surface integral to overcome this drawback.

Let us study the source term b(z), which is related to the free charge density which

occurs for rotation of the system with certain field arrangements
bz) = 22 (6.75)

An important property of b(z) is that it is a harmonic function, as can be seen by expressing

the charge density in terms of the magnetic induction and the angular velocity
b(z) = 2w - B(z) (6.76)
then
V3[p(z)] = 2V3w - B(z)] =0 (6.77)

as all the components of B are harmonic as well. Therefore b(z) satisfies Laplace’s equation,

a fact that will allow us to transform the volume integral. It can be proved by a convenient
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use once again of Green’s theorem that

/D(b( \WV2w* (2, y) — w* (2, y)V2b(y )d3

= [ 5 ) - @ B2 |as) (6.78
zceD, yeS
where 5
w*(z,y) = 8% T a Z - yﬂ n; (6.79)

and the main advantage of using w*(z,y) is that
VW' (2,y) = ¢"(2.) (6.80)

applying this equality in Eq. 6.78| gives

N B ow* . Ob(y)
[ o@ynm au= [ 5y - @y |am o)

which is the desired result that expresses the domain integral in terms of two surface inte-
grals. This idea establishes the basis of the so-called dual reciprocity method in BEM [124].
It is worth stressing that the last equation is valid even for the case that z lies on the
boundary (z—x), because w* is a continuous function and % is also well-behaved on the
surface.

If we make use of this last result and apply the boundary conditions, Eq. [6.74/ now takes

the form
(2) /¢zyA"yds /¢> ds(y)

(6.82)
Ow* 9b(y)
- /5 ) Gorln) dsty) + [ o (my) G as).
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Domain Integral Representation of the Potential

Let us study the case where z belongs to the interior of the domain. Equation [6.82/ then

/¢zyA” ) ds(y /¢ ds(y)

ow* ( )
—/Sb(y) B (z,y) ds(y)-f—/sw (z,y) ds(y)

Again we must to solve a Fredholm integral equation of the second kind, which involves

becomes

(6.83)

similar single layer and double layer potentials to those found in solving Laplace’s equation,
plus two integrals with known kernels.
Boundary Integral Representation of the Potential

If the collocation point lies on the boundary (z— x € S), we obtain

5 olx /¢xyA" ) ds(y /¢ ds(y)

(6.84)
Ow* 9b(y)
- [0 Gty asty)+ [ wiey) T asty),

Domain Integral Representation of the Electric Field

The gradient of the scalar potential is found by differentiating Eq. [6.83/ with respect to the

coordinates of z = (21, 22, 23).

o) dDo* n g
5o @ = [ [5@van) - 5L @y) o)]asty
A2 w* ow* ob(y) (6.85)
- [0 gty dst)+ [ G asty)
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So the electric field is given by

By(2) = hyfa) — [ [(Zf (2,3)A"(y) — gq (2.y) 6] ds()
(6.86)
P?w* ow* ob(y)
- [ g ey dsty) = [ G an) Y asty)
zeD.
where o s ( \( )
w i,j 2 —Yi)\Zi — Y .
on Ox; (2,y) = 87 {7 B r3 " (6.87)
and B L )
w Zi — Yi
o7, (z,y) = P (6.88)

Boundary Integral Representation of the Electric Field

For a rigorous derivation of the gradient of the scalar potential we again make the interior
point z € D tend to the surface, z — x € S, and take into account the jump properties of

the directional derivative of the surface potentials

;gi = / [gi (z,y)A™(y) — gz: (z,y) ¢(y)|ds(y)
O2w* ow* ob(y) (6.89)

- [ 1) g tey) dsty) + [ G e asty)

zeD.

So the electric field is given by

By(a) = () =2 [ [52ay)(y) = GE ) oty asty

2(4)* W™
w2 [ [z v = 5 ) Y )
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6.6 Constant BEM for Poisson’s equation. Single Domain

Once we have derived the boundary integral representation, we proceed to the discretization
of the integrals by triangulation of the surface into flat elements, followed by the approxi-

mation of constant potentials over the triangle. Equation 6.84' then becomes

Sk

- 8&1* "c‘)bk
— b/x,y ds(y) + /w*x,y ds(y
Db [ o Gev) o) + 5 [ ) sty

%¢<x>+2¢k / ¢'(xy) ds(y) = Y A} | ¢"(xy)
k=1 7S5k k=1 (6.91)

where b and 3@% are the values of the source function and its normal derivatives at the

centre of the element.
If the collocation point is taken at every element and the notation and coefficients defined

in section 6.4 are used, Eq. [6.84! yields

H(L, k) (k) = LE)A? — RY(1, k)b, + R2(1, k) ==~
3l K)o kzl[g( JAf = RN Kb, + R K) 5 -
l=1,...n
where B
RYLK) = | S(x1.y) ds(y) (6.93)
R2(1, k) = /S Wt (x1,y) ds(y). (6.94)

The evaluation of single and double layer potential coefficients has already been described,
and the new coefficients can be easily found by Gauss quadrature. We can then produce a

system of equations that yields the value of ¢ at every element.

6.6.1 Potential in the Domain

An expression that describes the potential in the domain can be produced by simple dis-

cretization of the domain representation

9y,
In (6.95)
zeD

6(z) = Y |A1Gi(2) — oHii(2) — Ry (2)be + Ry (2)
k=1
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where

Ry (z) = S%:@JMMW (6.96)
7322(Z)=:'/2 w*(z,y) ds(y). (6.97)

6.6.2 Electric field in the Domain

The value of the gradient of the potential can be found by differentiating Eq. 6.95

9 - ; : . c2, \Ob
()= Y [AfCi(2) - 6uDh(a) — P (@b + P @) G oo
k=1 .

zeD, i=123.

where

% 0%w*
Po@ = | 55 @y) dsy), (6.99)
k K
* 3w*
Pri(z) = 5, (ZY) ds(y). (6.100)
Sk Zq

For all the integrals that have to be computed the coefficients are regular and can be found
by using Gauss quadrature. As a domain representation the validity of this equation drops

near to the surface, as described in Section 6.4.1.

6.6.3 Electric field at the boundary

Following the parallelism with the Laplace’s equation, we can produce an expression for the

gradient of ¢ at the boundary

10¢ , N~ T[anpi _ io\ Pl 2 Ok
5 axi<x>—;[Akck<x> &WDL(x) = Phi(x)be + PR (x) 5~ | 6101

x€S, =123

where
1 PPuw*

s, On Ox;

(x,y) ds(y), (6.102)

PR = [ Gxy) dsty) (6.105)
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6.7 Integral formulation for Laplace’s Equation. Multi Do-

main

The formalism established so far is valid for simple homogeneous connected regions, but
in general the systems that we are interested in have a higher complexity. This section
presents an extended formulation for a multi-compartment volume conductor (D) made of
different homogeneous sub-domains (D;) as a representation of a heterogeneous system. We
shall only consider in the following formulation nested regions, although BEM can be used

for more general topologies [114].

Figure 6.9: System composed of M homogeneous domains.

Consider a domain made of M sub-domains D = in D; inside any of which the potential

satisfies Laplace equation. If Green’s theorem is applied in the sub-domain D;, it holds

@) = [ [o(a.y) ¢3) - 6'3) 0 (2.9)]ds(y)
5 (6.104)
[ [y de) -0 o @)

where ¢(z) is function of the local geometry of x, and its values away from the surfaces

are easily found, whereas if the collocation point is placed at the boundary a suitable limit
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process has to be applied

1, if zeD;
c(z)=1q 3, if zeSiUSia (6.105)
0, lf Z¢DZUSZUSZ—1

The super-index in the potential and its derivative denotes the domain which it is evaluated
in.

Note that we are dealing with nested regions bounded by two surfaces (except the first
domain) where the normal vector is always outward (see Figl6.9).

Equation [6.104 is going to be the base to derive the integrals representation, it is valid for

i=1,..., M and when ¢ = 1 the integral over Sy should be regarded as null.

Domain Integral Representation of the Potential

Let us evaluate Eq. [6.104 for every sub-domain, with the collocation point situated inside

the p*-domain, z € D,,, and multiply by the conductivity in this region

i 072 = [ [0 (@) ¢(3) ' 9) 0" y)] )

7

- /S Oi [¢*<z,y> q¢'(y) — ¢'(y) q*(z,y)]ds(y) (6.106)
i=1,.., M.

Two unknown magnitudes, the potential and its derivative, are found in these expressions
which are going to be used to derive an alternative and more appropriate equation for the
application of the boundary conditions. If we combine Eq. 6.106/ for every sub-domain,
from ¢ = 1...M, it yields

M

7 @) =Y [ 0@y d0) — s ¢ 0)]ds(y)
i=0 /i

- (6.107)

B Z/ 7 (2,5) [Ui ¢'(y) — gin1 ¢>i+1(y)}ds(y).
i=0 7 S

3

Again we must point out that all the variables with indexes zero must vanish, and indexes

equal to M + 1 make reference to the surrounding air, therefore op;41 = 0.
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We continue by applying boundary conditions (section [6.2)

(i1 — 0)A™(y) = ois1¢" (y) — 0id'(y) (6.108)
i=1,..,M '
then Eq. 6.107 leads to
M
7 @@= [ ¢ @y)[ei-oam]dsy)
i=0 i
o | | (6.109)
=Y [ 0@y 6 ) = i 6 )] sy
i=0 /i
but the scalar potential is continuous across the surface between media, that is
¢'(y) =9 (y) =o(y), yeS (6.110)
so the domain integral representation takes the final form
o~ (01— 0i11)
i~ Ui+l * n *
¢*(2z) = +/ [qﬁ (z,y)A"(y) — ¢"(z,y) ¢(Y)]d3(Y>
=0 Op S; (6.111)

z € D,, p=1..,M.

Boundary Integral Representation of the Potential

By analogy with Eq. 6.104/and considering the collocation point placed on the p**-boundary

we can derive the boundary integral representation

¢ (x) = 2% {01 = oip1) / (6 (<, Y)A"(y) = 0" (x,5) 6(y)] ds(y)
: s, ’ ’ (6.112)

x € 5p, p=1,..,M.

It can be seen that the value of the potential at a given point on one of the surfaces is linked
to its form over the other boundaries.

Once more we have to solve an integral equation of the second kind for the surface potential.

Domain Integral Representation of the Electric Field

The final aim of our scheme is to find the electric field, which requires evaluation of the

gradient of the scalar potential. We can find this gradient by differentiating Eq. [6.111/ with
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respect to the coordinates of z = (z1, 29, 23). This step is allowed since all the functions

involved are continuous inside the domain, and we obtain

L (ov —0i1) [ [90" N ;
; : /Si[azj@,ym W)= ey emlay

z € Dy, p=1..,M.

83:]

Finally, to find the electric field we have to add the contribution of the magnetic component

*

M *
Eifz - ‘a;”“ / | S ey)a(y) = G () )] dsty) o1

zeD,  j=1,23

Boundary Integral Representation of the Electric Field

In order to derive an expression for the gradient of ¢ which is valid at the boundary,
we cannot proceed by differentiating Eq. 6.112 because the directional derivatives of the
single and double layer potentials are not continuous across the boundary. For a rigorous
derivation we can use Eq. 6.113/ and take the limit where the interior point z € D,, tends
to the surface, z — x € ), so as to take account of the jump properties of the directional

derivative of the surface potentials [116]

i [~ | A )asty)] = FA" ) (0 + | ,, ‘Zz;kx,y)my)dsm

a—x L0z (6.115)
zc Dy, x €5, p=1,..M
and
ot 1,00 |
tim [ [ a0e9) #0s0] =~ [576) = ) my )]
9T (xy) 9 (y)ds(y) (6.116)
S, 0%j
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After performing the limit process and applying the boundary conditions, Eq. [6.113/ becomes

08 o) — 93 o1 = 0i1) [ 105" w04 ;
o % Z [ [ ey = 55 ey )]sty

Up"'Uerl)
(ap+1) Pix) — )] il (6.117)
(Jp+gp+1)[q( ) — ¢ (x)] nj(x)

x € 5p, p=1,...., M.

Therefore the electric field at the p**-boundary when approaching from the p*’-domain is
given by

(0i — 0it1) / [3¢* o

oz, (%, y)A™(y) o, (x,y) ¢'(y)|ds(y)

o 6.118
- A [ - 0] ) R

xeS, j=1,23.

Where ¢P(x) and ¢P*!(x) are the unknown values of the normal component of the gradient
of the scalar potential at both sides of the interface, S, which can be found by considering

the product of Eq. [6.117 times the normal vector, n

M
1 * n
5 (0pd" (%) +opr1g” (%) = (0 — oipa / [q (x,y)A"(y)
=0 Si (6.119)
_O¢”

S (x,y) '(y)]ds(y)

and applying the matching condition once more. The above flux integral representation
can be directly obtained by considering the limiting value of the normal derivative of Eq.
6.104, taking into account the jump property of the single layer normal derivative. The local
values of ¢P(z) and ¢PT!(z) are found by the solution of the algebraic system of equations
given by the above flux integral representation using the conservation of the current density

matching condition, Eq. 6.5,

6.8 Constant BEM for Laplace’s Equation. Multi-Domain

We now proceed to the discretization of the boundary integral representation by dividing

the surfaces into flat triangular elements, i.e., every surface, S; is meshed into n; triangles
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=Jsh,  i=1..M (6.120)

We take the potentials to have a constant evolution over the triangle, then

M n;
_ - B Ul+1) *(x n — a*(x P
- 2;2 e / (6" YIA"(Y) — " (x.¥) 6(y)]ds(y) 612,

X € Sy, p=1,...,M.

We can define the set of the all boundaries, S = Uf\i 1 Si, as the union of all the elements
(sk) of all the boundaries

N
=J s (6.122)
k=1

where the total number of elements is N = M n;.

AT .i.".l. )
PSRN

(a) Original multi-domain . (b) Partial multi-domain showing meshed
boundaries.

Figure 6.10: Discretization of the boundaries

Evaluating Eq. [6.121! for every element,s; we can generate the following system of equations

N N

SOHLK) op =G k) AL

s s (6.123)
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where
H(z,k):l(slﬁ(“"_””l)/ ¢ (21, y)ds(y) (6.124)
2 (op + 0pt1)
Uz+1
Lk y)ds( 12
0. = (22 | y)asty) (6.125)

and x; is the barycentre of the element s; which is in the p*’-domain, s; € Sp; likewise s,
belongs to the i**-domain, that is, s; € S;.2

These coefficients can be easily found by applying the techniques described for the single
domain case.
The solution of this system of equations will produce the values of the scalar potential at

every element.

6.8.1 DPotential in the Domains

A parallel process can be developed for the domain integral representation (Eq. 6.111), and
after an appropriate discretization we can find an expression to evaluate the potential at

any point inside the domain, for example, let us take z € D,

Z ARG (z Z o H(z (6.126)

where

i) =TT [y asty) (6.127)

Op

Gi(z) = (“‘U”” [ oy asty)

Sk € S;.

(6.128)

The integrals can be computed by Gauss quadrature.

4Please note that the index of the conductivity is given by the index of the sub-domain to which the
element belongs .
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6.8.2 Electric field in the Domains

By differentiation of Eq. [6.126/ an expression for the gradient of the potential can be
identified

axj Z ARG Z Dy (

(6.129)
zeD,  j=1203.
where ( ) 96"
*,j _ i — 0it1 oo d 1
() = ) [ 2 ) sty (6.130)
Dyi(a) = 7= 1) (2,5) ds(y)
g o e 0% (6.131)

sE € 5;.

As in the case of the single domain representation, care must be taken when z approaches
the surface, and when the distance is comparable to the size of the element we have to
resort to the corresponding boundary description.

Unlike the single domain case, the different conductivity values in the multiple domains
play an important role in these equations. Actually it can be seen that if we set all the

conductivities to be equal and different to zero, we obtain the single domain representation.

6.8.3 Electric field at the boundaries

To complete the analysis of the multi-domain Laplace’s equation, we have to evaluate the
electric field. This can be done by discretization of Eq. 6.117 and assuming constant

evolution of the magnitudes involved, we then obtain

%gf ZMC] Z¢ Dilx m[qp(x) ~ " 09] i) (6.132)
X € 51 C Sp, 7=1,23.
where
Cl(x) = \7i = 0it) / 09 (. y) ds(y) (6.133)
k (op + ops1) Ox; Y Y '
J (x) — (i — 0it1) q* x .
Dy (x) oy Foper) +O,p+1)/ aa:j( ,y) ds(y) (6.134)

sk € 5.



CHAPTER 6. FORWARD BEM FOR LAPLACE’S AND POISSON’S EQUATIONS 125

These coefficients show a singular behaviour, so they have to be computed using the tech-

niques described in Section 6.4.3.

6.9 Integral formulation for Poisson’s Equation. Multi Do-
main

The final step in our BEM description is the solution of Poisson’s equation in a heterogenous

system made of homogenous sub-domains, D = Uy D;. First let us derive the integral

representation of the PDE, by application of Green’s theorem to any sub-domain where the
potential satisfies V2¢(z) = b(z). Doing this, we find

(2)6'(2) = | [¢"(2y) d(v) = ') " (2.)]ds(y)

Si

—/S_ [df‘(z,y} q'(y) — ¢'(y) q*(X’Y)}dS(Y) (6.135)

- [ oy &y
D;
where the coefficient ¢(z) has the usual meaning (Eq. 6.105). The volume integral can be
transformed by using the function w*

[ oty diy= [ (oG tey) — e B2 sty

(6.136)

[ G ey o B st

Domain Integral Representation of the Potential

As for the single domain there exist a parallelism between the approaches to solving
Laplace’s and Poisson’s equations, so to obtain the domain integral formulation we per-

form an equivalent process to the one described in Section 6.7, finding

M (U‘ — 0 )
¢p(Z) = ; ’Uipzﬂ /Sl [Qs*(z’y)An(y) . q*(z,y) qb(y)] ds(y)
S~ (0= w* 6.137
"2 el [ i) G ay) ) 2 | asty) (6.157)
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where the indices 0 and M + 1 have the usual meaning.

Boundary Integral Representation of the Potential

For a point localized on the p-boundary it can be shown that

(6.138)

M
(07 — 0it1) ow* * 9b(y)
=Y s | ) G (oy) = ) T ds(y)
x €5, p=1,...,M.
This expression is an integral equation of the second kind for the unknown potential.

Domain Integral Representation of the Electric field

The integral formulation for the gradient of the potential can be found by differentiating
¢P(z) in Eq. 6.137

St =3 ) [ Sy anty) - S (ay) o) asty)

aZj =0 D 62]' j

(6.139)

M o; — 05 20 w*
-3 BT [ by ) = G ) B2 sty

z € Dy, p=1,...,M, 7=1,2,3.
To yield a final expression for the total electric field, the magnetic contribution must be
added to Eq. 6.140.
Boundary Integral Representation of the Electric Field

Following the parallelism with the analysis used when considering Laplace’s equations, to

produce an expression for the gradient of ¢ at the boundary in a rigorous way, a limit
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process must be taken in the domain representation, z — x € S),. This yields

*

s 0= e [ 8 yanty) - 5 ay) o] dsty)

2 Ox;j — (op +0pi1) oz 0z
M
(Ui — 0; 1) 8200* ow* 8b(y)
D e | ) g )~ g, ) |55 g1
oy 109 = 8 ] )

6.10 Constant BEM for Poisson’s Equation. Multi Domain

As for the foregoing sections we perform a triangulation on the boundaries to discretize the

boundary integral formulation, then

N’Hlk k) = 3 G KA — RY(1, k)b + R2(1, k) 22k
> <,>¢<>—;[<,>k (1, k)b + RA(L k) 5 60

l=1,..,N

where

H(l, k) = % 5l,k+m / ¢ (z1,y)ds(y) (6.142)
60.0) = (22 [ 5 (wy)asty) (6.143)
RULE) = {2 [ ) sy (6.144)
R2<z,k>=m [ @ty dsty) (6.145)

and x; is found in the s;, element which is in the p**-domain, s; € Sp; likewise s, belongs
to the i*-domain, that is, s, € S;.



CHAPTER 6. FORWARD BEM FOR LAPLACE’S AND POISSON’S EQUATIONS 128

6.10.1 Potential in the Domains
The potential is given by

N

0(2) = Y [41Gi(2) — ouHi2) — Ry (@b + Ry (2) 5
k=1
x e D,
where
i) = 2= [ grtay) asty)
O'p Sk
Gi(2) = =) [ () dsty)
op sk
wl, (05— 0i41) ow*
Ri(r) = 0 [ ey dsty)
Rit) = P2 [y dsty),
Gp Sk
6.10.2 Electric field in the Domains
Differentiation of Eq. 6.146 yields
8¢ N : - by
5 ta) = D [ (2) = D} a) — P )b+ P )
k=1
zeD,  j=1,23
where ( ) 95"
*,j 0i — 0it1
= i) d
i) = T | Sy dsty)
i _ (Uz Uz-‘,—l) d
i (2) BT = (z,y) ds(y)
sE € 5;.
iy (00— 0ig1) Ow*
Pk,j(z) - O_p o 6” a$j (Z7y) dS(Y)?

* 0; — 05 ow*
Pi3 () = 0 [ Sy asy)
Sk

(6.146)

(6.147)

(6.148)

(6.149)

(6.150)

(6.151)

(6.152)

(6.153)

(6.154)

(6.155)
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6.10.3 Electric field at the boundaries

By applying a suitable limit process to Eq. [6.151] the scalar gradient of the potential is

given by
1 0¢ T j j 1 9 o Obk
500, ) = kz |ARCL() = 6D () = P ()b + PR () - |
=1
_(op+1) +1 , (6.156)
+(Up + opt1) [4°(x) = " ()] mj(x)
x€s, j=123.
where
j (‘72 Oit1) oy
Ci(x) = oy o) ). ax]( x,y) ds(y) (6.157)
j (Ul — 0it1) g
D) = (o o) J Y ) (6.158)
1 (07 —0it1) 0?w*
Pkd( )_ (Up+ap+l) . on ax] (X,Y) dS(y), (6159)
2 (07 —0it1) Ow*
Pei®) = (o o) | aa; oY) ) (6.160)
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6.11 A BEM application to EEG

To demonstrate the versatility of the formulation presented here, we also describe its appli-
cation to the forward problem in electro encephalography (EEG) (although this technique
is not a primary aim of this thesis).

In EEG we record a set of electric potential differences at the surface of the scalp, which
are produced by current sources in the brain, which can be represented as dipole elements.
Given a nested heterogenous multidomain, the scalar potential satisfies Poisson’s equation

in every sub-domain

V3(x) = V- IP(x) (6.161)

where J? is the primary current which can be approximated by current dipoles [125]

(6.162)

Figure 6.11:  Current dipoles p,, in a heterogeneous multi-domain made of homogenous
sub-domains D; of conductivity o; and bounding surface S;.
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If we apply Green’s second identity to the it*-surface, we obtain

1

3000 = [ [0760y) 79 = ') 0. dsty)

[ [y d0) =) o )] asty) (6.163)
[ YTy
D;

where this time there is no need to calculate domain representations since our aim is to
compute the potential at the outer surface.
Also since we can neglect the magnetic effect, the boundary conditions for this problem

become

. .
o1t = 0iq’

i=1,..,M

(6.164)

Let us now transform the volume integrals into surface integrals using the properties of the

[ 6 env ) dy= [ V- [5mnre)] do-
" o (6.165)
/ Vo*(x,y) - IP(y) dy
D,
but
/Div' [¢*(XaY)Jp( y—/ ¢*(x,y)JP(y)ds(y /Z 1¢ x,y)JIP(y)ds(y)
(6.166)

—Zpa [ o tenity = xa)asty) = [ o ey)ity = xasty)] =0

because we suppose that there are no current dipole sources at the boundaries. Also

Ny,

| Vo xna) y—Zpa/ VO Gy X'y = 3PV k) (6167

where now « runs only for the Ny, sources placed in D;.
By performing a parallel analysis to the previous multi-domain sections, we obtain the

following integral representation
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& (05— 0ig) . gy ok
DY [ [ oennr @) = ey o) asty)

M Na; (6.168)
— 5 —_— E P V" (X, Xq
1 (Up + Op+1) )

x € 5), p=1,....M,

and by discretization of boundaries and a constant approximation of the potential, we can

generate the following system of equations

N
kZlHa, k)o(k) = T (1) 6169
l=1,..,N
where
(LK) = 1 e+ w / @ y)is(y) (6.170)
and
Ny o
J(1) ==Y ——— p.Vé'(x,Xa) (6.171)

=1 (op + 0pt1)

the collocation point x is the barycentre of the element s; which is in the p-domain, s; € Sp;
likewise s; belongs to the i*-domain, that is, s; € S;. And o, is the conductivity of the
domain where the a-source is placed.

The solution of this set of equations yields the values of the electric potential, precisely, at
the outer surface, that is, the scalp.

This result is equivalent to that produced in a similar BEM approach used for EEG mod-
elling [113],[126].
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6.12 Mesh Generation

A simple mesh generator was developed in Matlab (Mathworks Inc.) to create models of
anatomical structures. It takes a magnetic resonance image file as input to generate a scalp
mesh and brain mask files from BET2 (fMRIB, Oxford) to produce brain meshes, as shown
in Fig. 6.12.

For more complex surfaces such as other human organs or full body meshes, data from the
HUGO human body model (Medical VR Studio, GmbH, Lorrach, Germany) was used.
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Figure 6.12: Mesh generation: (a) original MRI image file; (b) scalp mesh of 9000 ele-
ments created by the mesh generator; (c) brain mesh of 5000 elements created by the mesh
generator.

If in Eq. 16.33 a constant potential over the whole surface is chosen we obtain
n
> HUE) =0, I=1,..n (6.172)
k=1

this condition is purely geometric and in the process of mesh generation it is imposed to
achieved suitable meshes with the desired smoothness.
Figure [6.13 shows the values of »;'_, H(l, k) for the mesh shown in Fig. [6.12(b)

The mesh generation algorithm relies on the isosurface function of Matlab, which for
a given three dimensional volume data constructed from an MP-RAGE scan, computes
isosurface data. That is, the isosurface connects points that have the specified value in

much the same way as contour lines connect points of equal elevation.
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Figure 6.13: Value of >__, H(l, k) for every element in the mesh shown in Fig. 6.12(b).



Chapter 7

Electric field Calculations:

Numerical Results

7.1 Introduction

The constant BEM approach described in the previous chapter has been tested by com-
parison with analytic solutions for basic-shaped objects forming a single domain exposed
to switched gradients or moving in simple static fields. Emphasis is placed on spherical
objects since these form the most elemental model for representing the human head. The
BEM approach has also been used to evaluate the scalar potential, the induced electric
fields and the current densities in more complex models.

The algorithm used to mesh each spherical surface starts at the top of the sphere where the
polar angle 6 = arccos(z/r) is zero and ends at the bottom of the sphere where § = 7. At
each value of 6, elements are spread over the azimuthal angle (¢ = arctan(y/x)). Figure
7.1l shows how 6 and ¢ vary with the element number for a spherical surface divided into
360 elements. In general, the number of elements, N, is given by N = 2[ng(n, — 1)], where

ng and n, are the number of steps in 6 and ¢ respectively.

135
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Figure 7.1: Angular position of the elements on the surface of a sphere meshed with 360
elements: (a) azimuthal angle at each mesh element ; (b) polar angle at each mesh element.

7.2 Sphere in a time-varying longitudinal gradient

We initially considered a homogeneous conducting sphere of 0.08 m radius placed in an ideal
longitudinal field gradient of 30 mTm ™! strength (w = 1 kHz) and compared the constant
BEM calculations to the analytical results described in Bencsik’s paper [75]. Numerical
calculation produced a null scalar potential which is in agreement with theory. Figure 7.2(a)
shows the electric field produced at the surface of the sphere meshed into 1520 elements.
This follows the magnetic vector potential.

If the sphere is now placed 0.13 m from the origin in the z-direction we obtain a differ-
ent problem. Figure 7.2(b) shows how the theoretical scalar potential, ¢¢, and the scalar
potential obtained with the constant BEM calculation, ¢, vary over the surface when the
sphere is divided into 360 elements. From this graphic it can be seen that the two poten-
tials behave in a very similar fashion. The analytically and numerically calculated values
of the electric fields at each mesh element for the same case are shown in Fig. 7.3(a). This
comparison again demonstrates the similarity of the theoretical and the numerical values.
A three-dimensional plot of |E| is presented in Fig. 7.3(b) for a sphere placed in the same

position in a longitudinal field gradient, but this time meshed into 1520 elements.
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Figure 7.2: (a) Three-dimensional plot of |E| for a single spherical conductor discretized
into 1520 elements. The sphere is centred in a longitudinal field gradient of 30 mTm ™
strength varying at 1 kHz; (b) calculated values of ¢ for a spherical mesh of 360 elements and
analytically calculated scalar potential, ¢y at each mesh element. The 0.08 m radius sphere
is shifted by 0.13 m in the a-direction in a longitudinal field gradient. The relationship
between element number and position on the surface of the sphere is shown in Fig. 7.1,
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(a) (b)

Figure 7.3: (a) Calculated values of |E| for a spherical mesh of 360 elements and analyti-
cally calculated electric field, |E|. The sphere is shifted by 0.13 m in the x-direction in a
longitudinal field gradient. The relationship between element number and position on the
surface of the sphere is shown in Fig. [7.1. (b) Three-dimensional plot of |E| for a single
spherical conductor discretized into 1520 elements. The sphere is shifted by 0.13 m in the
z-direction in a longitudinal field gradient.
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7.2.1 Convergence of the numerical method

For this numerical approach, it easy to see that the difference between the computed and the
theoretical values becomes smaller when the number of elements in the mesh is increased.
This convergence of the numerical results to the theoretical ones can be shown with the use

of the L%-norm

al ry)— rnt2

where F is the actual field and E; is the analytical field and N the number of elements in
the mesh.

Figure 7.4/ depicts this convergence for the problem of a sphere shifted by 0.13m in the
x-direction in a longitudinal field gradient, it is evident how the larger number of elements

in the mesh the better the approximation is.

2

log (L-norm)
e

1 15 2 25 3 35
log (elements)

Figure 7.4: Convergence for the problem of a sphere shifted by 0.13m in the z-direction in
a longitudinal field gradient in terms of the logarithm of the L* norm.

7.3 Longitudinally shifted sphere in a time-varying trans-

verse gradient

Figure 7.5(a) shows the theoretical and numerical values of the modulus of the electric field
at each mesh element, for a sphere of radius 0.08 m exposed to an z-gradient of 30 mTm™!
amplitude varying sinusoidally at 1 kHz. In Figure 7.5(b) the centre of the sphere was

shifted 0.13 m in the z-direction from the origin of the gradient. In both cases a mesh of
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360 elements was used.
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Figure 7.5: (a) Calculated values of |E| and |E¢| for a spherical mesh of 360 elements.
The sphere is centred in a transverse field gradient; (b) calculated values of |E| and |Ey|
for spherical mesh of 360 elements. The sphere is shifted by 0.13 m in the z-direction in
a transverse field gradient. The relationship between element number and position on the
surface of the sphere is shown in Fig. [7.1.

|E| and |E;| are in a good agreement in both cases.

7.4 Rotation of a sphere in a uniform magnetic field

We now consider a homogeneous and uncharged spherical conductor of radius 0.2 m rotating
about the x-axis, £ = 11 (rad s 7!), in a uniform static magnetic field perpendicular to the
axis of rotation, B =1 k (T). The scalar potential (produced by the electrostatic surface
charge distribution) satisfies Laplace’s equation, and so can be written in terms of spherical
harmonics and appropriate powers of r [25], inside and outside the sphere. The analytical

solutions for this potential and the total electric field are then

6(x) = ~ar? Yo (6.6) = L (7.2)
E(r) = Q—B[—zi + k). (7.3)

2
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where Y, (6, ¢) represents the spherical harmonics of order | and degree m, and

Ly b

~Q .
CT 5 15

(7.4)
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Figure 7.6: (a) Calculation of ¢ and analytical scalar potential, ¢y at each mesh element
for a sphere described using a mesh of 360 elements rotating in a uniform magnetic field
(Q L B); (b) calculation of ¢ and analytical scalar potential, ¢y at each mesh element for a
sphere described using a mesh of 760 elements rotating in a uniform magnetic field (2 L B).

Figure[7.6/shows the analytical and numerically calculated values of the potential for a mesh
of 360 elements. The difference between the computed and the theoretical values becomes
smaller when increasing the number of elements in the mesh. This is evident from Fig.
7.6(b) which shows values calculated for a discretization of the sphere with 760 elements,
as a larger number of elements in the mesh provides a closer representation of a perfect

sphere.

7.5 Rotation of an infinite cylinder in a uniform magnetic
field

We now consider a homogeneous conducting cylinder of height 10 m and radius 0.1 m (this
can be considered to be an approximation to an infinite cylinder where end effects may be

disregarded) with no net charge, rotating (2 = 1 rad s~!) about the axis of the cylinder
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(z-direction) in a uniform magnetic field parallel to the z-axis of B=1 T. This rotation
produces a negative uniform volume charge density which generates a scalar potential that
can be computed using Gauss’ law and which is constant at the cylinder’s surface

é(r) = wB v ; v (7.5)

Figure 7.7(a) shows the numerically calculated and theoretical values of the potential. They
correspond to two different lines of constant potential. In further calculations we noted
that the numerical line approaches the analytical one when the number of mesh elements
is increased. The difference between the analytical and numerical solution is due to the
non-uniqueness of the solution of this kind of boundary problem, i.e. the solution admits
the addition of an arbitrary constant value.

It can be appreciated from Fig. 7.7(a) that the numerical value of the potential is not
constant at the elements placed at extremes of the cylinder. This is an expected result
since we are using an approximation to an infinite cylinder. A color map of the numerically
calculated scalar potential on a square of 0.05 m side on the zy-plane positioned inside the
cylinder is displayed in Fig. [7.7(b). Numerically computed results are in good agreement

with the analytically calculated values.

7.6 Rotation of a sphere in a longitudinal field gradient

The situation where a homogeneous uncharged conducting sphere of radius 1.0 m rotates,

Q = wk, in an ideal longitudinal field gradient
B-= G[—gi - gj + k] (7.6)

where G=1 T m! and w = 1 rad s~ ! is now considered. In this situation the scalar

potential is found by solving Poisson’s equation, and is given by

22+ g2
2

o= QG( )z. (7.7)
In Fig. [7.8(a) the theoretical values of the potential at the surface of the sphere is compared
to the numerically calculated values for a mesh of 1520 elements. As can be observed from
Eql7.7, at the surface of the sphere the potential is a function of the z-position only, and
is largest when z = % m (6 = arccos( %) The obtained numerical result exactly predicts

the location of this maximum value, as shown by Fig. 7.8(b).
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Figure 7.7: (a)Numerical ¢ and theoretical, ¢; values of the scalar potential at each mesh
element for a cylinder rotating in a uniform magnetic field (0 || B). Elements were sequen-
tially ordered along the length of the cylinder with 20 elements used to span the circumference
at each of the 40 z-positions; (b) scalar potential in a central zy-plane inside the cylinder,
rotating in a uniform magnetic field of 1T at a rate of 1 rad s~!

Summary

We can thus summarize that the constant BEM approach produces results that agree with
analytical solutions for basic-shaped objects exposed to switched gradients or moving in

simple static fields.

7.7 Simple human body model exposed to a temporally vary-

ing longitudinal gradient

We now increase the modeling precision by considering a homogeneous (the whole system
has the same conductivity ) human body model based on data from the HUGO human
body model (Medical VR Studio, GmbH, Lorrach, Germany).

The model is made of a mesh of 9000 elements, placed in the centre of an ideal longitu-
dinal field gradient (4.21 mTm ™! amplitude varying sinusoidally at 500 Hz). The obtained
numerical results for the potential and the corresponding magnitude of the electric field are
shown in Fig. [7.9(a) and [7.9(b). For a rate of change of gradient of 100 Tm~!s™!, values
typically used in MRI, the peak of the E-field for the same homogeneous human body model
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Figure 7.8: (a) Variation of the potential at the surface of a sphere meshed using 1520
elements rotating about the z-axis in a z-gradient; (b) variation of the numerically computed
potential, ¢, with the z coordinate of the element for a sphere meshed using 1520 elements
rotating about the z-axis in a z-gradient.

used would correspond to 0.46 Vm™!.

7.8 Multi-domain head model exposed to a temporally vary-

ing transverse gradient

More biologically relevant models that represent the heterogeneity of the electric properties
of the human body require consideration of systems composed of more than one homo-
geneous sub-domain. As a first step in testing the application of the BEM approach to
such multi-compartmental systems, a two-compartment head-brain model (see Fig. 6.12)
of conductivities 0.0125 and 1 Sm™" is placed shifted 0.05 m along the z-direction from the
centre of an ideal z-gradient of strength 3.0 mT m~! varying at a frequency of 1 kHz.
Figures 7.10(a) and 7.10(b) show the scalar potential found at the surface of the head and
brain of the simple two compartment head-model using the BEM approach (the differences
in the scalar potential at the head surface are slightly smaller to those found in EEG, higher
than mV ).



CHAPTER 7. ELECTRIC FIELD CALCULATIONS: NUMERICAL RESULTS 144

06 -
0.4 — ’ ¥
16
— 02 _
£ 14 E
o, 0
E: - 2 %
S &
N L] N
-0.2 0

04 t
~0.6 | ; i

08 1/ ]

x-axis (m)

(a)

Figure 7.9: A human body model placed in a longitudinal field gradient of strength 4.21

mTm™1 varying at 500 Hz: (a) calculated values of ¢ ; (b) calculated values of the electric
field modulus in a central xz-plane in the body model.
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Figure 7.10: Two domain system head-brain in a transverse gradient field (of 8.0 mT m™1
strength varying at frequency of 1 kHz), the scalar potential at: (a) the surface of the brain
and the surface of the head (b). Current density modulus in the zy-plane for : (c) the
two-compartment head-brain model and (d) the two concentric spheres model.
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The result obtained is compared to that produced using two concentric spheres of radii 0.07
m and 0.10 m (conductivities 1, 0.0125 Sm~! respectively). The two spheres are shifted
0.05 m along the z-direction from the origin of the gradient field and form a simple model
of the brain and scalp. Figures 7.10(c) and 7.10(d) provide the current distribution for the
two-compartment head-brain model and the model consisting of two concentric spheres. It
can be appreciated that although the two spatial current distributions span similar values,

the irregular geometry of the head-brain system produces a different pattern.
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Figure 7.11: Three domain models in a transverse field gradient: (a) electric field modulus
in the xy-plane for the system scalp-skull-brain; (b) electric field modulus in the xy-plane for
a 3 concentric spheres system; (c¢) current density modulus in the zy-plane for the system
scalp-skull-brain; (d) current density modulus in the zy-plane for a 3 concentric spheres
system.

To provide a more realistic human head model, we can include a third sub-domain
representing the scalp [114]. Simulations were carried out on a three-compartment scalp-

skull-brain system (Fig. 6.12) of conductivities 1, 0.0125, and 1 Sm~! when it is exposed to
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the same transverse gradient, and the results are again compared to a three concentric sphere
model centred at the origin of the field gradient with the same conductivity distribution and
radii 0.05 , 0.10 and 0.15 m. Figure 7.11(a) and 7.11(b)| show the modulus of the electric
field induced in the central xy-plane; Fig. 7.11(c) and 7.11(d) the current density modulus
and direction produced by the electric field in the same xy-plane. In both cases, the highest
electric fields can be found in the outer sub-domain, and the current is negligible in the
regions with the lowest conductivity.

Although the field patterns are not identical, the three concentric sphere model centred
at the origin mimics reasonably well the E-field produced in a scalp-skull-brain human head

model.

7.9 Three-domain rotating in a uniform field

Rotation of the three-compartment head model scalp-skull-brain model (Fig.6.12) (of con-
ductivities 1, 0.0125 and 1 Sm~!) about the x-axis, £ = 1 (rad s ~!), in a uniform static
magnetic field perpendicular to the axis of rotation and directed at 45° to the y-axis and
z-axis B = 7(1+ ) (T) was also considered. The results were compared to those produced
by a set of concentric spheres of radii 0.05 m, 0.10 and 0.15 m forming a simple model of
the brain, skull and scalp.

Figures 7.12(a)| and 7.12(b) show the modulus of the electric field induced in the central
yz-plane; Fig. 7.12(c) and [7.12(d)| the current density modulus produced by the electric
field in the same yz-plane for the two models.

As expected the highest values of the current density are found in areas of higher conduc-
tivity, and electric field and current density patterns and peak values are quite similar for
both models, so the three concentric model provides very valuable insight in understanding
the distribution of the E-field inside a simple scalp-skull-brain human head model of the

human head.
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Figure 7.12: Three domain model rotating (2 = 1 rad s ~') in a uniform magnetic field
(B =7(1+3)) : (a) electric field modulus in the yz-plane for the system scalp-skull-brain; (b)
electric field modulus in the yz-plane for a 3 concentric spheres system; (c) current density
modulus in the yz-plane for the system scalp-skull-brain; (d) current density modulus in the
yz-plane for a 3 concentric spheres system.
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7.10 Multi-domain head model moving in a field gradient

Translation of the three-compartment scalp-skull-brain model (conductivities 1, 0.0125 and

Lin an ideal longitudinal field gradient (4.21 mTm™! )

1 Sm™1) with velocity v = 1 ms™
was also studied. This can be related to real movements of workers or subjects close to the
scanner where the main static field is not uniform.

Figures 7.13(a) and |7.13(b) show the electric field and current induced in a central xz-plane

when the system is 0.1 m away from the origin in the negative z-direction.

[E| (v/m) Il (am?

z-axis

Figure 7.13: Three-compartment head model head-skull-brain model moving in a field gra-
dient (4.21 mTm™' amplitude varying sinusoidally at 500 Hz): (a) electric field modulus
in the central xz-plane, (b) current density modulus in the central zz-plane .

It can be seen how the biggest values of the electric field can be found in the region between

scalp and skull.
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7.11  Electric potential produced by a dipole in a homoge-
neous sphere

The formulation presented here was also applied to a direct EEG problem to find the

potential produced by a dipole of components
(P2, Py, p2) = (107°,107%,107%)C m, (7.8)

sited in a homogeneous sphere of radius 0.2 m. We compared the results of constant BEM
calculations to analytical results described in Yao’s paper [127] when the position of the

dipole is shifted 0.1 m from the origin of the sphere along the positive y-axis.
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Figure 7.14: (a) Calculated values of ¢ for a spherical mesh of 1520 elements and analyti-
cally calculated scalar potential, ¢y at each mesh element; (b) colour coded variation of the
calculated potential at the surface of the meshed sphere.

Figure 7.14(a) shows the good agreement of the numerically computed and analytical
values. BEM is also well suited to the forward problem solution is brain electromagnetic

source imaging as in EEG.
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7.12 Pseudo Electromotive Term

Finally, we used the BEM code to investigate the importance of using v x B instead of

—(v-V)A as the electromotive term in some simple examples, as discussed in Chapter 5.

7.12.1 Rotation of a sphere in a uniform magnetic field

First we considered the homogeneous conducting sphere described in Section 7.4/ rotating
in a uniform static magnetic field applied perpendicular to the axis of rotation. A suitable

choice for the magnetic vector potential is

B, .
A= Sl-yi+aj] (7.9)

Figure [7.15 shows the corresponding three-dimensional plot of the field at the periphery of
the conductor calculated using a constant BEM when v x B (Fig. 7.15(a)) or —(v - V)A
(Fig. 7.15(b)) are used as the electromotive term. The field strength for the second case
is half that obtained using v x B. The field obtained using v x B as a driving term is in

agreement with the theoretical predictions discussed in Section 5.7.
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Figure 7.15: Three-dimensional plot of |E| for a single spherical conductor discretized into
1520 elements computed by employing a BEM and (a) using v x B, or (b)—(v-V)A.

Clearly, both driving terms produce similar patterns of the spatial distributions of induced
E-field. However, the calculated peak values of the electric field differs significantly from one
case to another. Therefore for simulation of rotations the use of the pseudo electromotive

term may lead to incorrect values for the electric field induced.
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7.12.2 Rotation of an infinite cylinder in a uniform magnetic field

We then considered a homogeneous conducting cylinder of height 10 m and radius 0.05 m
(this can be considered to be an approximation to an infinite cylinder where end effects may
be disregarded) with no net charge, rotating (2 = 1 rad s~!) about the axis of the cylinder
(z-direction) in a uniform magnetic field parallel to the z-axis of B=1 T. A plausible choice

for A is again

A=l —)it @yl (7.10)

This rotation produces a negative uniform volume charge density which generates an electric
field that, in the case of v x B, cancels out completely with the electromotive term so there
is no net current flowing in the cylinder.

The colour-coded map of the field produced in a central xy-plane by the volume charge
calculated using a constant BEM is shown in Fig. 7.16(a) when v x B or in Fig. 7.16(b)

when —(v - V)A are considered as electromotive terms.
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Figure 7.16: FElectrostatic |E| produced by the volume charges in an xy-plane inside the
cylinder discretized into 1600 elements, rotating in a uniform magnetic field of 1T at a rate
of 1 rad s~ (a) BEM computed electric field modulus produced by the charges using v x B,
(b) BEM computed electric field modulus produced by the charges using —(v-V)A.

7.12.3 Three-domain rotating in a uniform field

Finally the rotation of the three-compartment scalp-skull-brain model (Fig.6.12) of con-
ductivities 1, 0.0125 and 1 Sm™~!, about the x-axis, @ = 1 (rad s ~!), in a uniform static

magnetic field applied perpendicular to the axis of rotation and directed along the z-axis
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B = 10(k) (T) was also considered. A plausible choice for A is again

10
A= ?[—yi+xj]. (7.11)

[E| (v /m) |E[ (v /m)

Figure 7.17: Electric field modulus in the xz-plane for the scalp-skull-brain system rotating
in a uniform static magnetic field perpendicular to the axis of rotation computed using (a)
vx B and (b) —(v- V)A.

Figure 7.17(b) shows the electric field produced in zz-plane by this rotation using the
pseudo-electromotive term —(v - V)A, these values of this calculation are half of those
produced using correct v x B electromotive term Fig. 7.17(a).

The current density patterns and peak values are quite different for both cases. So once
again, it is clear that for simulation of rotations the use of the pseudo electromotive term

may lead to incorrect values for the electric field induced.

Summary

It is clear then that when simulating the effect of translation and rotation in static magnetic

fields it is necessary to use vx B rather -(v-V )A as the driving term.
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7.13 Numerical implementation

Software was written in Fortran 90 to implement the constant BEM approach for the cal-
culation of the electric fields induced in the human body by temporally varying magnetic
field gradients and by motion in the strong static fields.

The results of the simulations have been tested by comparison with analytic solutions for
basic-shaped objects (spheres or cylinder) forming a single domain exposed to switched
gradients or moving in simple static fields. This comparison demonstrates the similarity of
the theoretical and the numerical values.

For a spherical surface meshed using 1520 elements, the calculations took 2 minutes to run
on a PC dual Pentium III motherboard 2x850 MHz, whereas for 360 elements the compu-
tation time was less than 5 seconds. In this case the solution of the system of equations
is the most time demanding process, as the computation time taken for this step grows

approximately as n3.

7.14 Number of Mesh Elements and Precision

A known disadvantage of BEM is the precision drop when the distance of the field point to
the boundary is comparable to the size of the element. So, in general, a finer mesh typically
results in a more accurate solution. However, as a mesh is made finer, the computation
time increases. Let us illustrate this fact by considering a head model which is made up of
a multilayered concentric spheres [81], where the radius of sphere representing the skin is,
R=100 mm.

If all the N triangular mesh elements have similar size, we can define a characteristic

element area, a, as

4 2
a= 7;\?. (7.12)

which also reflects the distance from a mesh element at which the calculated fields deviate

significantly from expected values.

If we define [ as a characteristic element size then

1?2 4nR?
C_ 1
5 ~ (7.13)
SO R
N = 8n(=)% (7.14)

l

So, for example, if the distance between two of the tissue layers of the model is 5 mm
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we may need more than 10* elements in the spherical meshes, which is approximately the
maximum number of elements used in this thesis.

The number of element in the mesh increases (and hence the computation time which is
proportional to N3) dramatically when there is an increment in the required precision.
For large numbers of mesh elements it is then suitable to consider the use of techniques such
the domain decomposition method (DDM) or the fast multi-pole method (FMM), which

could reduce the computational time [130].



Chapter 8

Conclusions

8.1 Summary

The work presented in this thesis has involved investigation of problems in electromag-
netism of relevance to MRI. A mathematical formalism has been established that allows
the numerical solution of both forward and inverse electromagnetic problems, via boundary
element method (BEM); and computer software capable of efficiently carrying out BEM
calculations has been developed.

The numerical technique has been applied to two main areas corresponding to different

frequencies of field variation

(A) An inverse BEM approach which has been developed to solve the magneto-static

problem.
(B) A forward BEM approach which has been developed to solve the quasi-static problem.

The Boundary Element Stream Function Method (BESFM) is the inverse approach
which has been used to design novel gradient coils for MRI. An extension of the BESFM
has also been developed and employed to design gradient coils potentially allowing higher
rates of change of gradient to be achieved without causing peripheral nerve stimulation.
BESFM relies on the use of a general technique created to obtain current density over a
given surface which satisfies the continuity equation.

The forward BEM suitable for the quasi-static regime has been developed and used to
calculate the electric fields induced in the human body by temporally varying magnetic field
gradients employed in MRI and by motion in the strong static fields produced around MR
scanners. This approach is based on an integral formulation of the Laplace’s and Poisson’s

equations and an appropriate electromagnetic description of the problem.
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In this work, the experimental results confirm a significant number of advantages of the
proposed BEM compare to previous methods such us FDTD, as it provides a new framework
for solving both forward and inverse electromagnetic problems.

The BESFM provides a solid mathematical framework for gradient coil design, allow-
ing the production of torque-balanced coils of minimum inductance with a wide variety of
shapes and geometries.

The incorporation of the window is an advantage compared with conventional coils as it
facilitates interaction with the subject.

Flat and quadratic curved elements used in BESFM both produce effective solutions, al-
though the particular BEM approximation for which convergence occurs at the smallest
number of elements will depend on the particular geometry of the coil design. The best
choice of element type for very large number of mesh elements seems to be the linear isopara-
metric approximation, which produces effective solutions with a computational time that is
significantly shorter than for other approximations.

The extension of the BESFM to coil designs where the vector potential is minimized over a
prescribed region can significantly reduce the electric field induced and hence the peripheral
nerve stimulation, as the numerical simulations presented using BEM have shown.

The forward BEM techniques reported here can be applied to modeling of the currents
induced in tissue at low frequencies and should be valuable in the study of bio-effects
due to high static field and rapidly switched magnetic field. For the examples analysed,
the accuracy of the proposed method has been demonstrated by comparison with analytic
solutions for basic-shaped objects forming a single domain exposed to switched gradients
or moving in simple static fields.

In addition, the need to employ an appropriate electromagnetic theory (Faraday’s Law for
a moving system) for understanding the interactions between strong static magnetic fields
and the human body has been demonstrated. In particular, it has been shown that when
simulating the effect of translation and rotation in static magnetic fields it is necessary to

use vxB rather than -(v-V)A as the driving term.
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8.2 Future Work

Future work will include

e Investigating new current distributions based on different type of elements. The par-
ticular symmetry of some coil geometries can be incorporated in the choice of the

element to improve the IBEM.

e The general technique created to obtain divergence-free current density over a given
surface can be exported for other applications outside of the area of MRI. Many areas

in industrial engineering such as the design of multi-poles used in particle accelerators.

e For large numbers of mesh elements the computational time could be reduced by
employing either the domain decomposition method (DDM) or the fast multi-pole
method (FMM).

e Applying the mathematical formalism developed for the magneto- static forward prob-

lem to higher orders of element.

e By incorporating BESFM into the integral formulation developed for the quasi-static
problem, we can achieve an inverse BEM suitable for the quasi-static regime, which
could be used to design gradient coils in which the induced electric field rather than
rate of change of vector potential is minimized, thus reducing the likelihood of periph-

eral nerve stimulation.



Appendix A

Generalized Faraday’s law.

The following derivation is based on the demonstration developed by Lorrain [103]. To
deduce Eq. 5.6 the surface is fixed in space and the only change of flux results from the
variation of B. If the system now moves with velocity v there is a new variation of flux
resulting from the movement of the path of integration, and the time derivative and the

integral do not commute

o fs(t+dt)B(t+dt) dS — [ B(t) dS

i 7 (A.1)
if we consider only the first order expansion
B(t
B(t + dt) = B(t) + aai)dt (A.2)
then
o fs(t+dt)B(t) ds — fs(t)B(t) ds
dt dt
A.3)
OB(t) (
Jsw o dt dS

dt

But since V - B = 0 the flux through the volume defined by the displacement of the
integration path C is

j{ B dS = / B dS — / B dS
Sur face S(t+dt) S(t)

+/ BdS=0
side
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C(t+dt)

S(t+dt)
‘I T 1
-/ vdt| S®)
O dl
(dl x v)dt

Figure A.1:  Volume defined by the displacement of the integration path C in a time t to
t+dt with a velocity v.

and
/ BdS:%Bdlx(vdt):—dt% (vxB)dl (A.5)
side C c
substituting
dd j{ / 0B
— = vxB)d - — dS A6
/VXE’dS:/[—aB-i—VX(VXB)}dS (A7)

and since S may be any surface bounded by C finally

VxE’:—%]?+V><(v><B) (A.8)

Note that in this derivation it has been assumed that the loop is rigid, but this result

holds for any other circuit.
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Publications

The following publications have arisen from the work described in this thesis

Journal Papers

1 L. Marin, H. Power, R.W. Bowtell, C. Cobos Sanchez, A.A. Becker, P. Glover and I.A.
Jones, Numerical solution for an inverse MRI problem using a regularized boundary

element method, (Special Issue) Engineering Analysis with Boundary Elements 2007.

2 L. Marin, H. Power, R.W. Bowtell, C. Cobos Sanchez, A.A. Becker, P. Glover and I.A.
Jones, Boundary element method for an inverse problem in magnetic resonance imag-

ing gradient coils, Computer Methods in Engineering & Sciences, CMES 2007.

3 C. Cobos Sanchez, P. Glover, H. Power, L. Marin, A.A. Becker, I.A. Jones and R.W.
Bowtell, Forward electric field calculation using BEM for time-varying magnetic field
gradients and motion in strong static fields, submitted (Engineering Analysis with

Boundary Elements).

4 C. Cobos Sanchez, H. Power, P. Glover, L. Marin, A.A. Becker, I.A. Jones and R.W.
Bowtell, Electromagnetic formalism for calculation of electric fields generated by mag-

netic fields used in MRI., in progress.

5 C. Cobos Sanchez, H. Power, P. Glover, L. Marin, A.A. Becker, I.A. Jones and R.W.
Bowtell, Coil design using a quasi-static IBEM, in progress.

Conference Abstracts

1 C. Cobos Sanchez, L. Marin, H. Power, R.W. Bowtell, A.A. Becker, P. Glover and I.A.

Jones, Application of higher-order boundary element method to gradient coil design,
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British Chapter of the International Society for Magnetic Resonance in Medicine
(ISMRM 2006), 12th Annual Meeting, University of Surrey, Guildford, UK, 23-25
August 2006. (Poster)

2 C. Cobos Sanchez, L. Marin, H. Power, R.W. Bowtell, A.A. Becker, P. Glover and I.A.

3 C.

4 C.

Jones, Application of high-order boundary element method to gradient coil design,
Paper 737, 23rd Annual Scientific Meeting of the Furopean Society for Magnetic Res-
onance in Medicine and Biology (ESMRMB 2006), Warsaw, Poland, 21-23 September
2006. (Talk)

Cobos Sanchez, P. Glover, H. Power, L. Marin, A.A. Becker, I.A. Jones and R.W.
Bowtell, Boundary element method for calculation of induced electric fields in quasi-
static regime , ISMRM Workshop on Advances in High Field MR, 25-28 March 2007
at Asilomar in Pacific Grove, California, USA. (Poster)

Cobos Sanchez, P. Glover, H. Power, L. Marin, A.A. Becker, I.A. Jones and R.W.
Bowtell, Boundary element method for induced electric fields due to switched magnetic
field gradients and movement in strong static fields, International Society for Magnetic
Resonance in Medicine (ISMRM 2007), 16th Annual Meeting, Berlin, Germany, 19-25
May 2007. (Poster)
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