Modeling of Radio Frequency Induced Currents on Lead
Wires During MR Imaging Using a Modified Transmission
Line Method (MoTLiM)

A THESIS
SUBMITTED TO THE DEPARTMENT OF ELECTRICAL AND
ELECTRONICS ENGINEERING
AND THE INSTITUTE OF ENGINEERING AND SCIENCES
OF BILKENT UNIVERSITY
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

FOR THE DEGREE OF

MASTER OF SCIENCE

By
Volkan Acikel
August 2010



I certify that I have read this thesis and that in my opinion it is fully adequate,

in scope and in quality, as a thesis for the degree of Master of Science.

Prof. Dr. Ergin Atalar(Supervisor)

I certify that I have read this thesis and that in my opinion it is fully adequate,

in scope and in quality, as a thesis for the degree of Master of Science.

Prof. Dr. Ayhan Altintas

I certify that I have read this thesis and that in my opinion it is fully adequate,

in scope and in quality, as a thesis for the degree of Master of Science.

Prof. Dr. Nevzat G. Gencer

Approved for the Institute of Engineering and Sciences:

Prof. Dr. Levent Onural
Director of Institute of Engineering and Sciences

i



ABSTRACT

Modeling of Radio Frequency Induced Currents on Lead
Wires During MR Imaging Using a Modified Transmission
Line Method (MoTLiM)

Volkan Acikel
M.S. in Electrical and Electronics Engineering
Supervisor:  Prof. Dr. Ergin Atalar
August 2010

Magnetic resonance imaging (MRI) is widely used diagnosis technique. During
MRI radio frequency (RF) fields are utilized to excite the spins. If these RF fields
incidence on metallic implants, currents will be induce on the metallic parts of
implants. Inside the body these induced currents on metallic implants cause
heating of tissue and sometimes cause severe burning of tissue. This phenomena
makes MRI hazardous for patients with metallic implants. Much work has been
done to understand this phenomena. However, most of these work based on
purely experimental or numerical methods. So to understand and to obtain a
good intuition on this problem a lot of cases must be solved computationally or

tested experimentally.

In this study lumped element model of the transmission line is modified in
order to model the conductive wires of implants inside the body. This model is
based on the similarity between the damped oscillatory behavior of transmission
line currents and induced currents on wires inside the body. A voltage source is

added to model the effect of the incident electric field. Voltages and currents on a
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infinitesimally small portion of wire are solved. Solving currents and voltages si-
multaneously on the modified lumped element model lead to a non-homogeneous
differential equation for the current. The solution of this differential equation
gives the analytical solution for the induced current on the implant lead. To
test the validity of this solution, wire under the uniform incident electric field is
solved with the Modified Transmission Line Method (MoTLiM) and compared to
Methods of Moment (MoM) solution. The results are also verified using phantom
experiments. For experimental verification, the distorted flip angle distribution
due to induced currents are measured using flip angle imaging techniques. In
addition to this, the flip angle distribution around the wire is calculated using
results obtained from MoTLiM. Finally these results are compared and an error

analysis is carried out.

Keywords: MRI, Implant safety, RF, Induced currents, RF Heating
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OZET

Modifiye Iletim Hatt: Methodu Kullanilarak Radyo Frekans
Dalgalar1 Kaynakli Akimlarin Modellenmesi

Volkan Acikel
Elektrik ve Elektronik Miihendisligi Bolumi Yiiksek Lisans
Tez Yoneticisi:  Prof. Dr. Ergin Atalar
Agustos 2010

Manyetik Resonans Gortintilleme (MRG) tan1 koymada sik kullanilan bir teknik-
tir. Fakat MRG viicudunda ekit bulunan hastalar igin tehlikelidir. MRG
sirasinda radyo frekans (RF) dalgalar: spinlerin uyarilmasimda kullanilmaktadir.
Eger bu RF dalgalar metal bir cisim tizerine uygulanirsa, metal cisim tizerinde
akim olusmasina neden olacaktir. Metal cisimlerde olusan bu akimlar viicut
icerisinde ciddi 1sinmalara hatta bazi durumlarda dokularda ciddi yaniklara ne-
den olabilmektedir. Bu durum MRGyi baz1 hastalar icin tehlikeli kilmaktadir.
Bu problemi ¢ozmek i¢in bir ¢ok caligma yapilmigtir. Fakat bu ¢aligmalar genel-

likle deneysel veya benzetim tabanh metodlarla yapilmigtir.

Bu tez calismasinda RF dalgalar nedeniyle metaller tizerinde olusan akimlar
arasindaki iligki analitik olarak formiilize edilmigtir. Bu ¢oziimi elde etmek
i¢in viicut icerisinde bulunan teller iletim hatlar1 ile benzer bir bigimde model-
lenmistir. Teller iletim hatlarinda oldugu gibi direng, kondansator ve endiiktans
bobinleri ile modellenmiglerdir. Bu model olusturulurken iletim hatlarinda
olusan akimlar ile viicut igerisindeki teller lizerinde olusan akimlarin soniimlenen
salinan karakterlerinin benzerlikleri temel alinmistir. Geleneksel iletim hatti

modeli RF dalgalarin etkisini dahil etmek i¢in degistirilmigtir. Sunulan yoéntemin



gecerliligi ilk olarak benzetimlarla test edilmis daha sonra da deneysel yollarla

dogrulanmistir.

Anahtar Kelimeler: Manyetik Rezonans Goriintiileme, Ekit Giivenligi, Radyo

Frekans, RF Isinma
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Chapter 1

INTRODUCTION

Magnetic resonance imaging (MRI) is an important diagnostic imaging tool.
Main advantage of MRI is its ability to obtain high soft tissue contrast and
resolution. MRI is known as a very safe imaging technique, except for patients
with metallic implants like peacemakers or deep brain stimulation (DBS) probes.
These implants contains metallic wires and electrodes, a pacemaker can be seen
in figure 1.1. These metallic wires inside the lead of implants can couple to
incident radio frequency (RF) field. This coupling can cause induced currents
and it can cause current flow inside the tissue. Because of this issues implants,

such as pacemakers, are prohibited inside the MRI scanner.

Due to this coupling there is a high risk of serious RF heating and tissue

damage due to the induced currents on leads of the implants. RF heating is

Figure 1.1: The pho-
tography of a cardiac
pacemaker. The lead
of the pacemaker
is between 50 and
60cm The photogra-
phy was taken from
http://en.wikipedia.org/wiki/Pacemaker
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Figure 1.2: Implants, such as
pacemakers, are prohibited in-
side the MRI scanner. Cou-
pling with radio frequency fields
makes implants, with metallic
parts, hazardous.

the result of altered electric field distribution where a conductive wire exists [1].
Much work has been done to understand the effect of induced currents on metallic
wires inside the human body [2, 3], most of which were based on experimental
studies[4] or numerical simulations[l, 5]. A solution that shows the relation
between the induced current on the wires and the position of the wire in the
body, the wire dimensions and insulation thickness, would help to understand

the design parameters of the problem.

King has summarized an analytical formulation that was developed for center-
fed insulated antennas, which was motivated by the use of insulated antennas
in sea water [6]. In this approach, a dipole antenna in sea water was modeled
as a transmission line with an infinite outer conductor. King showed that cur-
rents on dipole or monopole antennas have the nature of a traveling wave[7]|. He
states that the current on a finite dipole or monopole can be represented as a
superposition of traveling waves in both directions along the antenna[7]. This
traveling wave behavior is similar to transmission line currents[8]. In all these
works antennas were examined inside highly conducting mediums. This kind of
approach can be used to analyze induced currents on wires under an electromag-
netic field inside a lossy medium. Using the assumption that scattered fields from
wire will decay quickly, this approach can be used to analyze induced currents

on conductive implants inside low-conductive tissues.



In this work, a novel method to analytically solve induced currents on the im-
plant leads under MRI is found by modifying lumped element model of transmis-
sion lines. In this thesis, the modified lumped element model and the derivation
of modified telegrapher’s equations are presented. First, required parameters are
derived to formulate the induced currents. Then for obtained analytical solution
under uniform electric field exposure was compared with computer simulations
for bare wire, insulated wire, lossy bare wire, and bare wire bisected with a resis-
tor cases. Also, specific absorbtion rate (SAR) amplification due to the existence
of a wire was calculated. After these applications a Thevenin equivalent circuit
of a wire with an electrode is derived. Finally, proposed method is verified by

experimentally.



Chapter 2

Modeling

In this study, a phasor notation with a time dependence of ¢!, where w repre-

sents the angular frequency and ¢ = y/—1, is used. The complex wavenumber is
defined as k = wy/ e — io/w, and €, u, and o are the permittivity, permeability,

and conductivity of the medium, respectively. The intrinsic impedance of the

medium is defined as n = \/u/(e —io/w).

2.1 Transmission Line Theory

Transmission Line theory is the step between circuit theory and electromagnetic
field analysis. Wave propagation along the transmission lines can be analyzed

by both circuit theory and Maxwell’s equations.

Transmission lines theory differs from circuit theory by electrical size of the
components. In circuit theory components are much smaller then wavelength.
However transmission lines are comparable with the wavelength. As the electrical
size of the components became comparable with the electrical length magnitude
and phase of the voltages and currents can be vary with the position on the

component.
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Figure 2.1: The transmission line model using lump circuit elements.

Transmission lines are usually composed of two conductors and it is modeled
using series and parallel lumped elements as in Figure 2.1. where Z is the series
impedance per unit length and Y is the parallel admittance per unit length as

shown in Figure 2.1.

Z =iwlL+ R

Y =iwC + G (2.1)

In this model, the current on the wire, I, and voltage between the conductors
of the wire are defined as a function of position [. Note that position is defined
along the length of the wire. When a small portion of transmission line with
length 0l is considered voltage and current relations between points [ and [ + 4§l

can be written as:

o(l,t) — Roli(L, 1) — o1 LY

dv(l + 81, )
dt

—v(l4+46l,t)=0
i(l,t) — Gdlv(l + ol,t) — Cdl —i(l+0l,t)=0 (2.2)

by doing some algebra and taking the limit d/ — 0 gives the differential equations:

— =—ZI()
dI
= ==YV (2.3)



then simultaneous solution of equation 2.3 yields to solution for current:
I(l) = e 9k - [ ekl (2.4)

where k; = —ZY. Using the same theory, the characteristic impedance of the
transmission line, Z., can be calculated as Z. = \/Z/Y.

Transmission line parameters can be derived in terms of electric and magnetic
fields inside the transmission line. To make this derivation stored electromagnetic

energy per unit length and power loss per unit length relations can be used.

2.2 Modified Transmission Line Model

Transmission line theory does not use a current or voltage source in its model.
These sources may be used at the terminals of the transmission line in the form

of boundary conditions.

In case of a wire, in a lossy medium that is exposed to an electromagnetic
wave, there is only one conductor and there are no lumped source elements.

Therefore, without modification, the transmission line model cannot be applied.

This problem can be solved by introducing a series voltage source and defining
the shunt admittance in between the wire and the environment as shown in
Figure 2.2. Also the assumption that the scattered fields decay fast must be hold
so that this model can be used. The above model can be formulated using the
following equation:

I(2) + kl?d dfz (f) = EZZ(Z) (2.5)

where E' represents the tangential component of the incident electric field, k, =
v —ZY is the wavenumber along the wire, and Z is the distributed impedance.
In this model, the wire diameter is assumed to be significantly smaller than

the wavelength and therefore the electric field on the wire can be defined. The



Figure 2.2: The modified transmission line model using lumped circuit elements
that includes a series voltage source. Ground is the body with an infinite extent.

voltage source in Figure 2.2 models the effect of the incident field. Current along
the wire can be defined and can be measured, however voltage along the wire can
not be defined. To define voltage there is a need for a specific path, but in this
case a path to define voltage is not exists. However defining a virtual voltage,
which can not be measured, is makes easier to define boundary conditions for

some cases. This virtual voltage,V,(z) can be defined as:

Vo(2) = — (2.6)

2.3 Solution of the Current Under Uniform

Electric Field

Birdcage coils have fairly uniform E-field distribution along their main axis[9],
so implants exposed to uniform E-field distribution is an important and likely
situation. In this section induced currents on wires under uniform E-field are

solved.

Assume a wire with length [ and radius a is located on the z-axis. To find

the current on the wire Eq. 2.5 must be solved. For the specific case where the



incident E-field is uniform along the wire, the solution to the Eq. 2.5 current can

be found as:

I(z) = Ae”®* 4 Be'™* 4 —

~ (2.7)

where k; and Z will be found in Section 2.4 and the unknowns A and B which

will be found by the following boundary conditions:

I(z=1/2) = 0

I(z=-1/2) = 0 (2.8)

applying Eq. 2.8 current on the wire can be found as:

EZO EZO Sin(kté)
I(z) = -9 k 2.
() =7 =27 S *®?) (2:9)

2.4 Determination of 7 and k; Parameters

As seen in Eq. 2.9, induced current on a wire can be found if Z impedance per
unit length, k; wavenumber along the wire, and the incident E-field are known.
So, a wire can be characterized by Z and k; parameters that summarize the
electrical parameters of the body and physical features of the wire. However,
traditional ways of determining Z and k; in transmission line theory is not valid
for the presented case and a new approach must be used to find these parameters.
In this section, the determination of Z and k; will be shown first for a perfect

conductor bare wire, then for a lossy bare wire, and finally for an insulated wire.

2.4.1 Bare Wire

Assume that an infinitely long perfect electrical conductor wire with a radius of

"a” is placed on the z-axis and is exposed to an incident plane wave such that :



El = E,e P (2.10)

and this plane wave can be expressed as infinite sum of cylindrical waves as [10]:

E. = Eq Y i "Ju(kp)ete (2.11)

where p, ¢ and z are the cylindrical coordinate parameters and J,(.) is nth order

Bessel function. We assume (3, is a real parameter and k2 = k* — 32.

When the thin wire assumption holds, the term n = 0 is dominant in the
summation that seen in Eq. 2.11. Therefore, the incident field can be considered

as [10]:
Bl = E.Jo(kyp)e (2.12)
) Z —iB3.z
H, = E.-Ji(kp)e ™
n
In this case, the induced current on the wire, I, will be uniform along the length

of the wire. To find the relation between the incident electric field, E,y, and I,

we need to solve electromagnetic field in the medium.

The total fields should be in the form:
B = (Adolkop) + BHE (kyp) ) €92
B! =il (AJ1(kpp) + BH1(2>(kpp)) o2 (2.13)
HY = it (ATi(kpp) + BHP (kyp) ) e

z and p components of H-field and ¢ component of the E-field should be as;
H.=0,H =0,E;=0

where A and B are the constants to be determined by boundary conditions and

H7(12)(.) is Hankel function of second kind.



Since scattered fields from an infinite conducting cylinder must be represented
as cylindrical traveling wave functions, choosing scattered fields as a Hankel

function of second kind is convenient[10]. So scattered fields are expressed as:

ES = EoBHY (k,p)e "0 (2.14)

z

Since the tangential electric field on a perfect conductor has to be zero [11]
and the effect of the incident field will be dominant at the far field, the total

fields can be rewritten as:

J()(k‘ a) (2) i
B! =B, Jolk,p) — —L—Hy" (k,p) | e7P-* 2.15
0< 0( p ) H((]2)(/{Zpa) 0 ( p ) ( )
. 1 Jo(k‘ a) (2) —i
H! =iF.0~ <J (k,p) — — 2l H P (k,p) | e+ (2.16)
é 20 1\Rpp 1 oP
U H(§2)(kpa)

On the surface of the conductor the total tangential magnetic field is:

X 1 Jg(k CL)
Hip=a) = iE.q— | Ji(kya)— 2"
¢<p ) O77 < 1( P ) Hég)(kpa)
— iEzol Jl(kpa)yb(kpa()z)_ JO(kpa)Yl(kpa> o~ iBzz (2.17)
U Hy™ (kpa)

Hf”(@a)) e

Applying the Wronskian of Bessel functions [12]:
Jn(2)Y, (x) — J, (2)Y,(2) = — (2.18)

where ’ denotes the derivative with respect to the entire argument of the Bessel

function, Eq. 2.17 becomes:

2F, 1 )
0 e—zﬁzz

H!(p=na)=— (2.19)
’ nkpam H(SQ) (Kpa)
the induced current on the infinite wire can be found as:
t
I = 2maH A
4F, 1 -
= 0 e~ =z (2.20)

ko B (kya)

10



Returning back to MoTLiM described by Eq. 2.5, the incident electric field
with a linear phase variation along the length of an infinitely long wire generates
a current in the same form, i.e. I = [yexp(—if.z). Therefore our differential

equation turns into:

ﬁQ EzO
1 =1y = 2.21
’ " kt%bare ’ Zbare ( )

To find Z and k; Eq. 2.20 is used in Eq. 2.21 and assumed that field variation
along the wire is small, 3, < |k|, and then HO(Q)(kpa) ~ HO(Q)(ka). The effect of
this assumption on the accuracy of the model will discussed later. Then with

some manipulations Z and k; can be obtained as:

k
Zpare = %Hg”(ka) (2.22)
ki pare = k (2.23)

2.4.2 Lossy Bare Wire

In the previous section, analysis of a perfect electrical conductor wire was per-

formed. Now assume that the wire has a finite conductivity o..

As known from transmission line theory, Z, impedance per unit length, in-
cludes loss of the conductor. So Z and k; = v/—ZY must be redefined. For
a lossy wire impedance per unit length in the lumped element model could be

defined as:

Zlossy - Zbare + Zwire (224)

where Z,s5, is impedance per unit length for lossy wire, Zp,,. is impedance per

unit length for a perfect conductor and Z,;,. is impedance due to the loss of the

11



conductor and can be expressed as:

1

Zwire = 2mad.o. (2.25)
where J. is the skin depth and defined as [8]:
bom (2.26)
Vrfuoe
AS Zjpssy 1s known, ki o5, can be defined as:
Kt tossy = Kt parey| 1 + Zuire (2.27)

2.4.3 Insulated Wire

To analyze insulated wires, Z and k; must be recalculated as in the previous
section. To do this fields and boundary conditions, which were stated in the
previous section, must be redefined. As a dielectric material on the conductor
exists, there must be two boundaries; one between the tissue and the dielectric
material, at p = b, and one between the dielectric and the conductor p = a.
Parameters with superscript d are parameters of the insulator. Total fields inside
the dielectric are:

Ely = A'(klp) + BYHS (kip) (2.28)

1
H, = %<AdJ1(k‘jp)+BdHf2)(kﬁp)>

and total fields inside the tissue are:
E! = AJy(k,p) + BH (k,p) (2.29)
" = % (AJl(kpp) + BH1(2)(kpp))

boundary conditions can be defined as:

Elyp=a) = 0 (2.30)

Hiyp=a) = J, (2.31)



where J, is surface current density and can be expressed as: J; = I/27a

applying boundary conditions current on infinitely long insulated wire can be
found as:
4 1

[=—Eo—
"ky H (k,b) + kdblog (L) H (k,b)

(2.32)

When an infinitesimally small portion of wire is considered, insulation can be
thought as a capacitor series to the Y in the lumped element model. Thus when
insulating a wire only Y will change. Z will remain as in Eq. 2.22, for a wire
with radius b.

nk

Zbare = ZH(SQ)(kb) (233)

Then using Eq. 2.32 in Eq. 2.21 the propagation constant along the wire can be

written as:

kB2 HG (kyb)
kdblog(2)H{? (k,b)

(2.34)

kt,insulated =

13



Chapter 3

Applications and Results

In this chapter validity of MoTLiM tested. Several cases are solved with MoTLiM
and compared to FEKO simulations. In this Chapter all simulations done inside
a homogeneous medium with conductivity 0.42 S/m, relative permittivity 81
under uniform E-field exposure for 1.5 and 3 Tesla MRI scanners. During all

analysis a wire, with length [ and radius a, assumed to be located on the z-axis

3.1 Bare Wire, Lossy Bare Wire Insulated Wire

To find the current on the wire Equation 2.5 must be solved and by solving

Equation 2.5 current can be found as:

: ~ E
I(z) = Ae™7% 4 Bed* 4 A (3.1)

where A and B the unknowns which will be found by applying boundary condi-

tions:

[(z=1/2) = 0

I(z=-1/2) = 0 (3.2)

14



applying Equation 3.2 A and B can be found as:

E,osin(kl)
A=B=-"2—"2° .
Z sin(kl) (3:3)
finally current on the wire is:
EZO Sln(ki) EzO
I(2) = — 2 k 4
(2) Z sin(kl) cos(kz) + A (34)

For the case under uniform electric field exposure, induced currents are solved
using MoTLiM for bare, coated, and lossy wire cases. These solutions are com-
pared with electromagnetic field simulations carried out using FEKO simula-
tions. During simulations a homogeneous body with an infinite extent was
used. Relative permittivity and conductivity of the body was 81 and 0.425/m
srespectively. A bare perfect conductor wire with radius 0.57mm and length
0.25m was located on the z-axis inside the uniform body with infinite extent.
Both ends of the wire were floating inside the body. A plane wave excita-
tion, with the E-field component in z-direction, was applied so that the wire
was exposed to an uniform electric field. Impedance of the bare wire was
Zpare = 193 +1670Q2/m and wavenumber of wire was k pore = 24.7 — i8.3m~! for
3T scanner. At 1.57 impedance was Zpye = 87.3 4+ i386€2/m and wavenum-

ber of wire was kipare = 14.2 — i7.5m™L.

Mean-square errors were 8% and
6% for 3T (Fig. 3.1(a)) and 1.57 (Fig. 3.1(b)) scanners, respectively. When
a coated wire with 5um coating thickness and the coating of a 4 relative per-
mittivity was replaced, impedance of wire was Zsuiatea = 193 + 1687(2/m
and wavenumber of wire was ki insulated = 26.2 — 19.6m™! for 3T scanner and
impedance was Zinsuatea = 87.3 + 1386§2/m and wavenumber of wire was
Et insulated = 19.4 — i9.5m~! for 1.57 scanner. Mean square errors for this case
was 4% and 7% for 3T (Fig. 3.1(c)) and 1.5 (Fig. 3.1(d)) scanners, respectively.
Finally for the lossy bare wire case impedance was Zj,ss, = 293 + i670Q2/m

and wavenumber of wire was ki jossy = 24.6 — i10.1m~! for 3T scanner. At

1.57 impedance was Zjyss, = 187.3 4+ i386€2/m and wavenumber of wire was
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Figure 3.1: Induced current on a wire with length 0.25m and radius 0.57mm.
(a) at 64M Hz and (b) at 128M Hz for a bare wire, (c) at 64M Hz and (d)
at 128 M Hz for a coated wire with coating thickness 5um, (e) at 64M Hz and
(f) at 128M Hz for a lossy bare wire. A wire under uniform E-field exposure
solved using both FEKO(EM Software & Systems Germany, Boblingen, GmbH)
and MoTLiM. During simulations, wire was located inside a lossy medium with
an infinite extent. The medium has 0.425/m and 81 conductivity and relative
permittivity, respectively. Black solid lines are MoTLiM results and red dashed
lines are FEKO results.
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Kt 1ossy = 13.8—19.4m ™. Mean-square errors were 8% and 6% for 3T (Fig. 3.1(e))

and 1.57 (Fig. 3.1(f)) scanners, respectively.

Then experimental verification of MoTLiM was done using flip angle images
which were obtained both experimentally and theoretically. During experiments,
a cylindrical phantom 28cm in diameter and 6.5¢m high was used. Experiments
were made for a bare wire to prove the validity of MoTLiM. Conductivity and
relative permittivity of the phantom was 0.42S5/m and 81, respectively. Electrical
parameters of the phantom were measured using a custom-made transmission line
probe[20] with an Agilent E5061A ENA series network analyzer. Experiments
were done with a 3T Siemens TimTRIO system. A SE with TR 1000 ms TE
15 ms FOV 300 x 65 mm? was used. A bare copper wire with radius 0.57mm
was used. Wire was circulated to form a full circle and located on a circle with
12em radius. The wire was located 2.5¢m from the bottom of the phantom. This
configuration ensures that the wire was exposed to a uniform electric field. Flip
angle distributions were measured and calculated. Error analysis was done along
the circles, with different radii( 4 to 16¢m ) around the wire. Mean-square errors

are between 16% and 20%.

3.2 Wire Bisected with a Resistor

To solve the induced currents on wire bisected with a resistor Equation 3.1 still
holds for the both sections of wire. However A and B must be determined for
both sections. Boundary conditions stated in Equation 3.2 still holds but new

boundary condition must be defined at the location of the resistor, z = 0, as;
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Under uniform e-field voltage along the wire can be found, by using Equation 2.6,

as:
V(z) = Ae~ ez 4 Z.—ktBe“"’tZ (3.6)
-Y -Y '

3.3 Wire with Electrode

Equation 3.1 is also valid for the wire terminated with an electrode. However,
boundary conditions for both end of the wire must be determined and using these
boundary conditions coefficients A and B must be redefined. At the open end of

the wire current will still be zero and can be written as;
I(z=0)=0 (3.7)

At the other end, terminated with electrode, of the wire current will not be zero

and can be defined as;
V(z=1)
I(z=1)

where Z, is the electrode impedance and defines the properties of the electrode.

=7, (3.8)

Halise Irak in her thesis work defines electrode impedance[13] for a spherical

electrode as;
1

Lo = ——— 3.9
2o D ( )

where ¢ is the complex conductivity of the medium and D is the diameter of the
electrode. mean square error was 9% and 12% for 1.5T and 3T MRI scanners

respectively.

3.4 Thevenin Equivalent of a Wire

As electrodes can be represented with a impedance, wires can be represented with

a Thevenin equivalent circuit. By this way current through the electrode can be
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Figure 3.2: Induced current on a wire, bisected with a 1k€2 resistor in the middle,
with length 0.5 m and radius 0.57mm. (a) for 1.5 tesla (b) for 3 tesla MRI
scanner. A wire under uniform E field exposure solved using both FEKO and
MoTLiM. During simulations wire located inside a lossy medium with infinite
extent. Medium has 0.42S/m and 81 conductivity and relative permittivity re-
spectively. Black solid lines are MoTLiM results and red dashed lines are FEKO
results.
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Figure 3.3: Induced current on a wire with length 0.25 m and radius 0.57mm
terminated with an electrode at one end. A spherical electrode with diameter
4mm was used. (a) for 1.5 tesla (b) for 3 tesla MRI scanner. A wire under
uniform E field exposure solved using both FEKO and MoTLiM. During sim-
ulations wire located inside a lossy medium with infinite extent. Medium has
0.42S/m and 81 conductivity and relative permittivity respectively. Black solid
lines are MoTLiM results and red dashed lines are FEKO results.
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Ztlz

‘/rh

Figure 3.4: Thevenin Equivalent of a wire with an electrode. Wire can be rep-
resented with a Thevenin voltage source and a Thevenin impedance. Also as
mentioned above electrodes can be represented with an impedance. So a wire
with an electrode can be represented with this circuit.

found easily. In this section Thevenin equivalent of a wire will be obtained. One
end of the wire will considered to be not connected to anywhere. to find the Vj,
open circuit voltage, V., at the end of the wire must be calculated. Unknown
coefficients must be determined using boundary conditions. For the case of open
circuit current will be zero at both ends and boundary conditions can be defined

as:

I(z=1) = 0 (3.10)

Then to find Z;;, short circuit current, Ig,,.¢, must be found. Also for the short
circuit current case unknown coefficients must be found again via boundary con-

ditions. For this case boundary conditions can be determined as;
I(z=0) = 0
Viz=1) = 0 (3.11)

As open circuit voltage and short circuit current is known Thevenin impedance

can be written as;

(3.12)

As Zyp, Vi and Z, is known current thorough the electrode can be written as;

Vin

I=——"_
Zth"'Ze

(3.13)
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Figure 3.5: Current through the electrode connected to a bare wire with 0.1 mm
thickness and 0.5 m length. Spherical electrodes with 1, 2, 3 and 4 mm radii was
used. (a) is for 3T MRI scanner (b) is for 1.5T MRI scanner
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3.5 SAR Distribution Along a Wire

During an MRI scan metallic implants cause severe heating around its tip [1].
This heating is a result of amplification of E-field along the conductive lead of
implant. Heating of the tissue can be calculated using SAR gain distribution

and Bioheat Transfer [1]. SAR gain can be calculated as:

. SAR
Gaingap = SA—Rt (3.14)

where SAR; is the SAR distribution in the presence of a wire and SAR; is the
SAR distribution due to incident RF field. To find the SAR distribution E-field

must be known as it is known SAR can be calculated as:

o F?
Pt

SAR =

(3.15)

where F is the magnitude of the electric field o is the conductivity of the medium,

pr is the mass density of the tissue.

Finding current distribution along the wire is easy with MoTLiM. As cur-
rent distribution is known charge distribution along the wire can be found with

continuity equation:
dp
ot

Then using quasi-static assumption e-field can be found along the wire so the

V.J= (3.16)
SAR distribution can be calculated. To find the e-field point charges can be

assumed on the segments along the wire. Then summing up the e-field due to

these point charges e-field can be calculated.

E(R) = Z 4qu I (3.17)
SAR distribution for different lengths of wire can be seen in Figure 3.6 for a
bare wire inside a phantom with infinite extent. Wire has radius of 0.65mm and
calculations done for lengths of 4,8, 12, and16cm. SAR values in Figure 3.6 was

calculated just near the charges.
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Figure 3.6: Theoretically calculated SAR gain values near the charge, under 3T
static field, for different lengths of leads in a medium with conductivity 0.4S/m
and relative permeability of 80.
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Chapter 4

Experimental Verification and

Experimental Results

During MRI RF fields cause induced currents on metallic implants. These cur-
rents change the RF field pattern, which leads to distortion of the flip angle
distribution around the metallic implants [14]. In this study, flip angle distortion
due to RF-induced currents were used for verification of MoTLiM. Flip angle
distribution around a copper wire was calculated theoretically and measured us-
ing flip angle imaging techniques experimentally. Then these two solutions were

compared and error analysis was done.

In order to calculate the flip angle distortion caused by RF-induced currents
first incident magnetic field found. During experiments a body birdcage coil were
used and assumed to be ideal. So incident magnetic field can be calculated using
flip angle imaging techniques[15, 16, 17]. As incident magnetic field is known
incident electric field can be calculated using maxwell’s equations. Then incident
electric field was used in MoTLiM to calculate the induced currents on the wire.
Using the results obtained from MoTLiM B" the magnetic field due to induced

currents, was calculated. Then, the incident field and the forward polarized part
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Figure 4.1: Wire location inside phantom. Conductivity and relative permittiv-
ity of the phantom was 0.425/m and 81, respectively. Phantom was 28cm in
diameter and 6.5¢m high. Phantom was solution of %0.2 copper sulfate %0.1
sodium chloride %1.5 hydroxyethyl cellulose. A circulated bare copper wire with
radius 0.57mm was used. The wire was located on a circle with a 12cm radius
and 3.2cm above the bottom of the phantom. The phantom was located such
that the center of the phantom coincided with the center of the transmit coil.

of BY was summed by vector summation. The obtained Bj, the total forward
polarized field was used for calculating flip angle, and thus a theoretical flip angle
distribution was obtained. Flip angle distribution was also obtained using flip
angle imaging with distorted images. Then the flip angle image around the wire
was compared with the theoretically calculated flip angle distribution around the

wire and an error analysis was carried out.

For simplicity, a cylindrical phantom was placed inside the MR scanner, as
seen in Figure 4.1. This geometry ensures that the incident E-field along the

wire will be uniform.

A body birdcage coil was used as the transmit coil. The incident magnetic

field could be approximated as:
Bi; =~ Bi(cos(wt)t — sin(wt)y) (4.1)

Note that until this point phasor notation has been used. However, to find the
total magnetic field in the rotating frame, fields will be written in time domain,
and then in rotating frame to find the magnitude of the field that will excite the

spins.
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For this specific configuration only the y component of the incident magnetic
field causes flux on the surface encircled by the wire. Therefore, the relation
between the incident electric field and the magnetic field can be determined via

Faraday’s Law of Electromagnetic Induction, Eq. 4.2.

dB
Ey-dl=— | —2.d 4.2
2 [ (4.2

Assuming the incident magnetic field is uniform, and carrying out some simple
algebra and using the y component of the incident magnetic field, the incident

electric field along the wire can be approximated as in Eq. 4.3.
B
E; ~ prycos(wt) (4.3)

where p is the radius of the circle where the wire was located. As the incident
E-field is known, induced currents can be calculated using MoTLiM. Then, using
quasi-static assumption, the magnetic field caused by induced currents can be

found as:
pl(z)cos(wt — 6%)
2rr

BY ~

(4.4)

where 6% is the phase of the current. The magnetic field due to the induced
current is a linearly polarized field, which can be written as the summation
of forward polarized and backward polarized fields, as in Eq. 4.5 in cartesian
coordinates. The vector summation of By and the forward polarized part of B"

will determine the flip angle around the wire.

B —|B"|sin(0)

BY = #(cos(wt —0")% — sin(wt — 0")7)
_w(a)s(wt — 0")& + sin(wt — "))
N |Bw’(;03(9) (cos(wt — 6°)§ + sin(wt — 0)%)
. \B“’]c208(9) (cos(wt — 6%)§ — sin(wt — 6°)%) (4.5)
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The forward polarized field due to induced currents on the wire can be written

as:
B?} — M(Cos(wt — Qw)i‘ — sm(wt — ew)@)
PABEOO) coot — 07)g + simfuot — 07)2) (146)

where 6 is the azimuthal angle. So, the total forward polarized field will be the

vectorial summation of two forward polarized fields:
Btotal = B}U + Bff (47)

Summing these fields in rotating frame yields a field with magnitude:

Bv|? .
Buaal = 1B+ Ly Blsin(o- +0) (19

Finally, to calculate the total forward polarized magnetic field in the presence of

a wire, the incident magnetic field B; must be known.

4.1 By mapping

Incident magnetic field can be measured by using flip angle imaging methods|15,
16, 17]. In this study flip angle imaging done with Spin Echo (SE) images. In
order to calculate the incident magnetic field Spin Echo (se) images with several
nominal voltages applied to coil, was acquired.Image intensity of SE images can

be expressed as [18]:
S = M(z,y, z)sin’(a(z,y, 2)) (4.9)

where a(x,y, 2) is the flip angle distribution and M (z,y, z) is the magnetization
moment inside the phantom. Flip angle distribution calculated using Double
Angle Method[17]. Flip angle distributions first calculated for phantom without

placing the wire. This results are used for calculation of incident fields. Then
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flip angle distributions calculated for the case which wire is located inside the

phantom.

SE images which are acquired with several nominal voltages fitted to Equa-
tionrefeqn:spinecholmage. Also it is known that relation between flip angle and
B, field is [19]:

a= 27T/’)/Bldt (4.10)

where 7 is the gyromagnetic ratio of proton. So, using fitted o to Equation 4.9
and using in Equation 4.10 B field distribution can be obtained. Also flip angle

distribution in the presence of a wire can be found using curve fitting method.

4.2 Experimental Results

To verify the proposed method as mentioned MoTLiM also tested experimentally

by measuring and calculating flip angle distribution due to induced currents.

During experiments, a cylindrical phantom 28cm in diameter and 6.5¢m high was
used. Experiments were done for a bare wire to prove the validity of MoTLiM.
Conductivity and relative permittivity of the phantom was 0.42S5/m and 81, re-
spectively. Electrical parameters of the phantom were measured using a custom-
made transmission line probe[20] with an Agilent E5061A ENA series network
analyzer. Experiments were done with a 3T Siemens TimTRIO system. A SE
with TR 1000 ms TE 15 ms FOV 300 x 65 mm? was used. A bare copper wire
with radius 0.57mm was used. Wire was circulated to form a full circle and lo-
cated on a circle with 12c¢m radius. The wire was located 2.5¢m from the bottom
of the phantom. This configuration ensures that the wire exposed to a uniform

electric field. Flip angle distributions were measured and calculated.
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(b)

Figure 4.2: Flip angle images. (a) is the flip angle distribution obtained using
DAM. (b) is the flip angle distribution calculated theoretically as explained in
Sec. 4. 60 x 100 mm? portion of 300 x 65 mm? images are presented in same
color scale. Flip angle values are degree.
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Figure 4.3: Flip Angle distribution on a circle, centered on wire, with radius (a)
4 cm, (b) 6 cm, (c) 8 cm, (d) 16 cm. Flip angle values are degree.
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Error analysis was done along the circles, with different radii(4, 6, 8 and 16¢m)
around the wire. Mean-square errors are 16%, 20%, 19%, and 18% for figures
4.3(a), 4.3(b), 4.3(c), and 4.3(d), respectively.
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Chapter 5

Discussion and Conclusion

In this study a new method was proposed to solve induced currents inside a
lossy medium. To show the validity of this method some simple cases (straight
bare, lossy, and insulated) were solved and compared with computer simulations
that uses method of moments. The analysis revealed less than 10% mean-squared
error. As analyzed in Sec. 2.4, to find the required parameters wires were assumed
to be infinite and induced currents were reached to a steady state. During the
simulations, however, wires had a finite length. As a result, the wires were not
long enough to reach steady state and thus most of the error was coming from

these transition regions.

As seen from Figure 4.3, experimental and theoretical flip angle results are
in good agreement. Mean-square error is less than 20%. However, there are
problems with comparing measured flip angles and theoretically calculated flip
angles. In vicinity of the wire, the magnetic field rapidly changes inside a pixel;
while theoretically calculated flip angle for a pixel, a fixed distance inside the
pixel was used. The effect of the change of magnetic field inside the pixel can

not be taken into account.
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Although in this study only straight bare, lossy, and insulated wires were
solved, this method can be expanded to more complicated cases. As long as the
tangential component of the incident electric field is known, induced currents
along the wires which are located in an arbitrary pattern can be found by solving
Eq. 2.5. However, scattered fields from the wire must decay fast enough so that
they will not induce current on other parts of the wire. To handle this case,
the modified lumped element model in Figure 2.2 must be further modified.
Additionally in all solved cases in this study, wires are inside the uniform lossy
medium; it is however possible to encounter a case where the wire is located
inside more than one medium. This problem can be handled by considering the
wires as connected transmission lines and defining boundary conditions between
the transmission lines appropriately. Furthermore, using solutions obtained from

the proposed theory, SAR Gain and implant tip heating can be calculated.

Using this method cases, that will cause maximum induced current, can be
found so lead designs can be tested for worst cases. The newly defined k; param-
eter enable to find length of the lead in terms of wavelength so resonant length
of lead after modifications like coating or pitching can be found. Beside these
eases of testing implant leads this method also useful for designing new leads.
Effects of modifications on leads such as coiling, or adding lumped elements
can be easily seen using this method. Also adjusting the Z and k; parameters
amount of induced current and pattern of the current on a lead can be adjusted.
Also, presented method makes it easy to understand how newly designs, like
billabong [21], works. Besides all experimental results that shows these leads are

safe, presented work can show why these leads are safe.

MoTLiM can also be used for solving similar problems, such as interaction
between implants and cell phones. There are works that analyze SAR gain in

the presence of orthopedical and dentistry implants during the use of the cell
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phones[22]. MoTLiM may also be used to calculate induced currents on these

implants when they interact with the cell phones.

To sum up, a new method to calculate the induced currents on wires un-
der MRI was demonstrated. A lumped element model of transmission lines are
modified in order to find an analytical solution for induced currents on implant
leads. Z and k; parameters, which can characterize wires, are derived. Proposed
method compared with MoM simulations and results are agreed within 10%
mean-square error in current. A thevenin model was derived in order to find the
current through the electrodes easily. Finally proposed method was verified by
using image distortion due to the existence of the wire. Flip angle distribution
is compared on the azimuthal paths with four different distances from the wire.

The highest mean square error is 20% among compared cases.
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