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Abstract

This thesis deals with the theoretical principles, design and construction of a small-sized
marker which is visible in magnetic resonance images. The nuclear magnetic resonance
signal emitted by the marker is enhanced by the use of the Overhauser phenomenon.

Different marker configurations were designed and constructed. A point-like marker
was coupled to the feeding cable by loop and loop-gap geometries, and circuit analogies
were presented to the loop-gap geometry and to the Overhauser phenomenon. An
elongated, cylindrical marker was realized by constructing a transmission-line marker
where a microwave shield and tapered coupling were included in the design. The markers
feasibility in interventional use was demonstrated in phantom and in vitro experiments, and
the loop-gap marker was used in high-resolution MR studies.

Keywor ds—interventional MRI, device visualization, Overhauser effect
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1 Introduction

1.1 General

The motivation to perform minimally invasive treatments is the ability to circumvent
the need for surgery and general anesthesia. Compared to open surgery, in
interventional procedures the damage to healthy tissue is minimal, the risk of traumais
decreased, and patient outcome is better. Furthermore, some patients' condition may be
such that general anesthesiais not possible (1).

The visibility in minimally invasive procedures is reduced to small incisions only. It
IS, however, beneficial to have an overal view of the region of interest during the
operation to visualize the target tissue together with the surrounding anatomy to ensure
the completeness of the operation (2, 3). The combination of medical imaging with the
interventional procedure is therefore advantageous.

The first use of human interventional radiology was documented in 1964, when a
catheter was used in the transluminal treatment of arteriosclerotic obstruction (4).
Today, interventional radiology is common practice. Typical interventional procedures
are biopsies and catheterizations, and the imaging methods that are used in
interventional radiology are fluoroscopy, ultrasound, angiography, computed
tomography (CT) (5), and magnetic resonance (MR) imaging (6).

Magnetic resonance imaging (MRI) has several advantages compared to other
imaging modalities. It provides good soft-tissue contrast and easy visualization of
vessels at the same time, ionizing radiation is avoided, image contrast can be
manipulated, and the imaging plane can be selected freely. MR can also provide
functional, perfusion, and flow information. Also, very fast, subsecond imaging
sequences are available in commercial imagers. These abilities have been the
motivation for the exploration of the possibility of using MR for interventional
applications as well. (7-9)

The first procedures in MR guidance were biopsies (9-15), but vascular interventions
(16, 17) and MR-guided sinus endoscopy (10, 18, 19) were also tried. The success of
the first experiments was limited because they were performed in cylindrical bore
magnets with poor patient access during imaging.

Open MR systems together with fast imaging sequences increased the interest in
performing interventional procedures in MR guidance (20-31). The direct access to the
imaging volume made it possible to perform interventional procedures and acquire
imaging information simultaneously. An equally important prerequisite to a successful
intervention is the device visudization relative to the area of interest during the
procedure. Generating sufficient contrast between the instrument and the surrounding
tissuein MRI has turned out to be a challenge.

1.2 Purposeof the study

The aim of thiswork was to design and construct a marker which:

isdirectly visiblein MR images

has its own signal source

has positional accuracy immune to system nonlinearities

can be used to locate interventional devices in image-guided proceduresin MRI.
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1.3 Thesis organization

This thesis consists of four publications and an overview. It is organized into five
chapters. The general introduction in Chapter 1 is followed by review of the literature
in Chapter 2, which includes the basic principles of nuclear magnetic resonance (NMR),
the Overhauser phenomenon, interventional techniques, and safety issues. Chapter 3
describes the different marker configurations, Chapter 4 summarizes the main results,
and Chapter 5 concludes the thesis.

2 Review of theliterature

2.1 Paramagnetism

Paramagnetic materials possess no magnetic moment in the absence of an external
magnetic field but acquire a magnetic moment in the direction of an applied field whose
sizeisafunction of thefield. A certain class of paramagnetic substances has permanent
magnetic moments of atomic or nuclear magnitude (32). The magnetic moment, i, of
such substances originates from atoms or molecules with unpaired electrons or nuclei
with non-zero angular momentum, J. They are related by the equation (33)

fi=yJ, [1]

where y is the gyromagnetic ratio which is a constant of proportionality, and the
angular momentum is an integer or a half-integer in units of the Planck’s constant, i.e.
J=nl. In the absence of a magnetic field the elementary magnetic moments are
randomly distributed, but if a paramagnetic sampleis placed in amagnetic field, H,, the
magnetic dipoles are distributed in such a way that the substance acquires a net
Macroscopic magneti zation.

The net magnetization of the sample is due to the fact that different orientations of
the dipoles, or spins, with respect to the magnetic field correspond to different energies
and their populations are unequal. The energy of the dipole in the magnetic field is (33)

En= -p mo = —phmH,, [2]

where m=1, is the component of the nuclear magnetic moment in the static field

direction. Its values are restricted to a series of integer or half-integer values differing
by unity between successive values (36).
According to statistical mechanics, the populations P, of the energy levels are

proportional to the Boltzmann factor e ' = e""™ /KT "\where k is Boltzmann's

constant and T is the temperature of the lattice. The amount of the magnetization of N
spinsisthe weighted average over al the energy level populations(32)

I (yhmHo
me KT
_ =
M=Nyn® | (YR, [3]

e kT

)

m=—|
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In nuclear paramagnetism the ratio ynH, /kT isasmall number and it is permissible

to linearize the Boltzmann factor (i.e. e =1+x), and the magnetization of the sample in
an external field can be approximated by

_ Ny?a?I(1 +)
3kT

M Ho = XoHo, [4]

where x, isthe static nuclear susceptibility. (33)

Nuclear magnetic moments are much smaller than those of electrons and the nuclear
magnetic contribution to bulk paramagnetism a room temperature is very small. In
order to observe nuclear magnetism special methods are required, such as magnetic
resonance. (34)

2.2 Magnetic Resonance

A magnetic moment experiences a torque in a magnetic field which is equa to the
rate of change of its angular momentum. The equation of motion is described by

a|g,
1l
=
X
T
o

[9]
and its solution in Cartesian coordinates can be found as

I = o Sinatsina t,
Hy = HoSinwtcosa t, [6]
I, = [, cosawit

where w, = yB, and the angular momentum has been eliminated by applying Eqg. [1] (35).

Equation [6] implies that magnetic moment precesses about the magnetic field with
angular velocity

W = _yHo ) [7]
where the negative sign indicates that the precession is in the direction of a left-handed

screw. This precession produces an oscillatory magnetic moment which can interact
with an oscillatory magnetic field H, coswt normal to the static field.

The stationary values of p aong the field are restricted to 1, (1 -1),..., and alowed
transitions are given by the selection rule Al = +1 which requires a quantum of energy

hw=E, —-E,_, =-yhH,, [8]
or

W= . [9]
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The oscillatory field can interact with the magnetic dipole if its frequency coincides
with the natural precession frequency w, of the dipolein the magnetic field. This effect
is known as magnetic resonance. (33)

2.3 Relaxation and equation of motion

The application of an oscillatory field at the resonance frequency to a macroscopic
sample causes the number of its nuclel at different energy states to change. Energy is
either absorbed from the alternating field or emitted back into the field depending on
whether the transition occurs from a lower energy state to a higher, or vice versa. In
both cases the transitions are induced and coherent in phase with the radiation field
because the probability of a spontaneous transition at radio frequencies is low. If N,
and N_ are, respectively, the number of spins in states +1 and -1, and denoting the
transition probability per second of a spin from a state +1 to astate -4 by w+ and the
reverse transition by w. , the time variation of the system’s magnetization process can
be described as (36)

dN,
dt

=N_WI-N,W1 . [10]
Introducing variables n=N, -N_ and N=N, +N_, N, and N_ may be replaced by
N, :%(N +n) [11]

N_

3(N-n). [12]

Substituting thisinto [10] gives (N is constant)

%:N(\NL—WT)— n(W i +W ) [13]

which can be rewritten as

dn_n,-n

at T [14]
where
n, = N W H and [15]
WL +W1t O
_ 1
Tl_Wi+WT ' [16]

The solution of Eq. [14] is

n=n, +Ae'", [17]
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where A is a constant of integration and T, is a characteristic time associated with the

nuclear system’s approach to thermal equilibrium. It is called the spin-lattice or
longitudinal relaxation time, and it is related to the spin system’s and the surrounding
lattice’ s microscopic details. (36)

If an external magnetic field acts on a sample of identical interacting spins, the
alternating magnetic field of one dipole will affect the resonance transitions of its
neighbors. They precess at the same frequency, which produces resonance transitions
between spin states and shortens the lifetime of an individual dipole in a given state.
The phenomenon is characterized by an exponential decay of the transverse
magnetization m,, according to the equation

t

My (1) = M (O &, [18]

where the constant 71, is caled a spin-spin relaxation time. It describes the finite

lifetime of a given state, and it is responsible for the sample’s resonance linewidth
broadening. Assuming a Lorenzian line shape, the relation between the spin-spin
relaxation time and the spectral extent of resonance line af is (36)

T, =1/ (2mAf) . [19]

The equation of motion due to relaxation in external magnetic fields can be described
with the aid of the relaxation times by the Bloch equation

d_M:nyﬁ_Mxi +My] —MZ_M"IZ', [20]
t T, T
where the static field H,=H,and i",j’ k" are the unit vectors of the laboratory frame of
reference (36).

The relaxation times are sensitive to the physio-chemical environment of the protons
and vary considerably between tissues. They are critica in MR imaging because they
form the excellent soft-tissue contrast-determining parameters seen with this imaging
modality.

2.4 Paramagnetic contribution to nuclear relaxation rates

The addition of a paramagnetic solute into a proton-rich solvent causes an increase in
the relaxation rates of solvent nuclei. If no solute-solute interactions occur, the proton
relaxation rate increases linearly with the concentration of the paramagnetic species.
The efficiency with which the complex enhances the nuclear relaxation rate is called the
relaxivity, which is the compound’ sincremental increase in paramagnetic relaxation rate
versus concentration (37)

1
r=——/c, 21
T [21]

i para
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where c is the concentration and r, is the longitudinal (i=1) or transverse (i=2) relaxivity
of the paramagnetic species, and /7, is the corresponding paramagnetic relaxation

rate. The proton relaxation rate increase is additive to the background relaxation rate in
the absence of a paramagnetic species. Thismay be written as (37)

1 1
— 4+ ,
T T

i i para

1
T

[22]

where 17, isthe observed relaxation rate.
Combining Egs. [21] and [22], the observed relaxation rates can be expressed as

T—li %Wi . (23]

The paramagnetic compound’ s relaxation enhancement mechanism is related to the
substances’ one or more unpaired electrons, whose magnetic moment creates a
fluctuating local magnetic field providing an additional relaxation pathway for solvent
nuclei. The electron’s magnetic field is 657 times stronger than that of the proton, and
electrons are thus more effective in inducing proton relaxation than nuclei of
diamagnetic species. The local field falls off rapidly with distance and therefore
trandational and chemical mechanisms which bring the nuclel near the solute molecule
strongly contribute to the paramagnetic effect (38). Two different relaxation
mechanisms have been identified, inner- and outer-sphere relaxation.

The interaction of nuclear relaxivity with respect to the paramagnetic center is
classified as inner-sphere relaxation if the fluctuation involves a short-term liganding of
the solvent molecules and paramagnetic species. The expressions that characterize this
exchange are described by the Solomon-Bloembergen-Morgan equations (39, 40) which
indicate that inner-sphere relaxivity increases with the paramagnetic species
concentration, magnetic moment, and the number of solvent molecules which can be
bound to the agent (41).

The term outer-sphere relaxation is usually applied if the relaxation mechanism is
dominantly due to the relative trandational diffusion and there is little binding between
the solvent molecules and paramagnetic centers. As with inner-sphere processes,
relaxivity increases with the magnetic moment of the paramagnetic species. The
relaxation rate is also enhanced with agents where the distance between the nuclear and
electron spin is short. Enhancement also occurs if diffusion of the solvent molecules and
paramagnetic centersis slow, which indicates long correlation time. (33, 42).

In general, the total relaxivity is given by a combination of inner- and outer-sphere
effects

(l/r)para = (l/r)inner sphere +(1/1?)outer sphere I = 1’ 2 [24]

where (vT) and (vT) are the nuclear relaxation rates due to inner- and

inner sphere outer sphere

outer-sphere processes, respectively (38). Paramagnetic compounds have a similar
incremental effect on both nuclear relaxation rates, but the fractiona effect on the
longitudinal relaxation rate is more prominent since /T, is usually much larger than on
yT,. Thisisbeneficial in MR imaging since an increased longitudinal relaxation usually
results in increased signal intensity. The magnetization returns to equilibrium in a
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shorter time after a radio-frequency (RF) pulse, and the following pulse can be applied
more quickly, resulting in a stronger signal for the same collection time. An increased
transverse relaxation, on the other hand, reduces signal intensity because of the
shortened time available to signal collection. (43)

2.4.1 Contrast agents

Paramagnetic compounds have been widely studied in MRI because of their ability to
modify image contrast. Unlike proton density, the relaxation times vary considerably
between different tissues and are aso sensitive to changes in the physio-chemical
environment of the protons. Therefore, the use of pharmaceuticals that shorten protons’
relaxation times have the ability to increase the diagnostic utility of MRI. Contrast
between isointense but histologically different tissues can be increased, changes in
tissue perfusion can be indicated, physiologic function of organs can be studied,
pathologies can be characterized, and abnormalities in blood circulation identified. (44-
47)

Transition (Fe**, Mn?*, Cr**, Cu?*, Ni*") and lanthanide (Cd*, Dy*, Ho*, Eu®)
metal ions, which have several unpaired electrons, are highly paramagnetic and
therefore effective relaxation enhancers (48-52). These metals are, however, relatively
toxic and their clearance from tissue is slow. Therefore, they are administered as
multidentate gelates to be tolerated, for example diethylenetetraaminepentaacetic acid
(DTPA) or tetraazacyclododecanetetraacetic acid (DOTA) (52).

Another class of paramagnetic compounds which can be used as contrast agents in
MRI is nitroxides. Nitroxides are stable organic free radicals with the general chemical
structure depicted in Fig 1. The N-O group is surrounded by four methyl groups, and R
can be any group. The paramagnetism of the substance is due to one unpaired electron
(depicted as a dot in Fig. 1) which is delocalized between the nitrogen and oxygen
atoms. Nitroxides chemical properties are reviewed in several papers (53-59). Their
relaxivities are about ten to fifteen times lower than for Gd-DTPA (60, 61), but the
toxicity is low. The LDsy values in rats of nitroxides and Gd-DTPA are 15 to
20mmol/kg and 10mmol/kg, respectively (52, 62) and nitroxides' stability is good,
which is due to the methyl groups which stabilize the unpaired electron of the nitroxide
moiety.

R
H3C CH3
H.C N CHs
O

Fig.1 General chemical structure of nitroxides. The active part of the molecule is the
unpaired electron (indicated as adot). It isresponsible for the proton relaxation
enhancement, and it is situated in the N-O group which is surrounded by four
methyl groups, and a by a group R which can be any group.
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Nitroxides are interesting compounds because their electron spin resonance (ESR)
lines are narrow and their relaxivities are high, which makes them potential solute
candidates for Overhauser enhancement experiments (63-65).

The ESR spectra of the nitroxides have three absorption peaks of equal intensity due
to the hyperfine coupling of the magnetic moment of the electron with the nitrogen **N
isotope, an atom with three possible magnetic quantum numbers (-1, 0, and +1). It
reduces the maximum Overhauser enhancement to —110 if only one line is saturated
(66). The line widths, which are proportional to the spin-spin relaxation rate, may also
change when other paramagnetic species are present, for example molecular oxygen,
which is paramagnetic due to its two unpaired el ectrons (66-69).

2.5 Overhauser effect

The Overhauser effect is a double magnetic resonance technique which requires the
presence of two non-identical spins. In the Overhauser experiment, the population
distribution of one type of spin is changed and the population distribution of the other
spin is observed. This results, in certain conditions, in an increase of the magnitude of
the resonance signal of the second spin (70).

Consider the simplest case of a nucleus with spin 1 =1 and an electron of spin s=1,

each on different molecules. If the population distribution of nuclei is affected by the
population distribution of electrons, and vice versa, the spins are coupled. Such a
system is, for instance, a solution of a stable free radical in a proton-containing solvent,
where the spins in the solution can diffuse into close proximity of each other. The
system’ s Hamiltonian in an external static magnetic field is (36)

H=yH,S, + Al -y iH,I,, [25]

where subscripts e and n denote electrons and nuclel, and S, is the component of the
electron magnetic moment in the field direction. Assuming y.2H,» A (the strong field
approximation) the energy eigenvalues are (36)

E =yeiH Mg + Ammg —y,aiH,m, [26]

where my=+1, m =+1 are the eigenvaluesof S, and |, , respectively. The selection
rule for induced transitions caused by an applied alternating field is am;=+1 and am =o,
or amg=0 and am =1, and the corresponding resonance frequencies are (36)

A
W, = yeHo +;ml [27]

@ = YoHy . [28]

There are thus four allowed transitions between the system’ s energy levels.
Distinguishing them by the corresponding wave function (i.e. ¥ = |eu > where € and u
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are the signs of the electron and nuclear spin quantum number, respectively) the energy
level diagram for the Overhauser effect can be drawn (Fig. 2).

Y=F—>

Y=+ +>

Y= |— A 4

Fig.2 Spin energy level diagram and possible transitions for a coupled two-spin
system. ¥ denote the wave functions of the corresponding energy levels where
+ and — are the signs of the electron and nuclear spin quantum number, and the
symbolsp, g, r, and s are the transition probabilities (36).

Using the notation from Fig. 2, the rate of population change between the states can
be expressed as (36)

d';g- = PN__+IN_, +aN,, - (p+g+)N,_+C, [29]

where ¢ is a constant. Similar equations the other energy level populations can be
obtained from the thermal equilibrium condition. The components of the electron and
nuclear magnetic moments in the field direction are measurable quantities because they
are related to the NMR and ESR signas, respectively. The signa strength is
proportional to the corresponding population difference by (36)

(Now # N =(N,_+N_) =k, [30]
(N—++N——)_(N+—+N++):ksz) [31]

where k is a constant of proportionality. Combining Egs. [29-31], the relaxation of the
nuclear spins due to nucleus-electron interactions is described by the equation (36)

Ta = @q+r +9(1, -19) (r -8, S, [32]

where 1, and s, are the thermal equilibrium values of the nuclear spin polarization and
the electron spin polarization, respectively. A similar equation holds for the relaxation
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of electron spins, but the interaction with the nuclear spin is negligible because the
electron spins have strong internal relaxation mechanisms.

The term 1/(2q+r +s) has a unit of time and it can, asin Eq. [13], be identified as the
nuclear spins' characteristic time of the approach to the equilibrium. It is denoted as

_ 1
2q+r +s’

[33]

Iy

where 1, isthe proton longitudinal relaxation time in the presence of the paramagnetic
substance (36).

In the Overhauser experiment the electron spin resonance is saturated. If the ESR
saturation is complete (s,=0) and the nuclear magnetization is constant in time

(di,/dt=0), EQ. [32] becomes (36)

OF:'Z_lo_ r-s So [34]

I, 2q+r+sl,’

where oF is the Overhauser factor. The term(r-s)/(2q+r +s) represents the fraction of
the polarizing transitions to the total relaxation transitions. It is called the leakage factor
and it is denoted by f. Since the polarizing relaxation rate is the inverse of the spin-
lattice relaxation time in the radical solution, and the total relaxation rate is the inverse
of T, for the solution without free radicals, the leakage factor reduces to (36)

-1-0
f=1 Tll [39]

Combining Egs. [23], [33], and [35] results in the expression (36)

l+enT

The second term in EqQ. [34], S,/1,, istheratio of electron to nuclear polarization in

a steady state, and it gives the theoretical limit to the nuclear signal enhancement. Its
numerical value can be found by identifying it to be equal to the ratio of a gyromagnetic
factor of an unpaired electron and that of the proton, y./y,, which is 658. (36)

Two types of coupling between the electron and nucleus are possible, scalar and
dipolar. In scalar coupling the magnetic moment of one spin causes a dlight electron
polarization of the second spin which, because of electron delocalization, is transmitted
to the second nucleus. It can be shown that in the scalar interaction the transitions are
induced only paralel to r in Fig. 2, and the coupling factor p=1. Dipolar coupling is

due to molecular motion of one spin at the resonance frequency which induces
relaxation transitions to the other spin, and in Fig. 2 the transitions q, r, and s are dso

allowed. It can be shownthat p approaches -+ for apurely dipolar coupling (36).

If the electron spin saturation is incomplete, the nuclear signa enhancement is
decreased. The degree of saturation is described by the saturation factor S (36)

s:l-%. [37]
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The saturation factor is S=1 when the electron spin populations are equal, and
S=0 at the thermal equilibrium. If the magnetization of the electron spins obeys the
Bloch equations and the resonance line shape is Lorentzian, the saturation factor can be
written as (32)

2p2
— ye BleT Te
S= 2RQ2 182_ 2127 [38]
1+ ye BleTleTZe"'(w (‘é) TZe

where B, istheflux density of the magnetic excitation field, T, and T,, are the electron
spin longitudinal and transverse relaxation times, respectively, and «, is the Larmor

frequency of the electron spin.

The nuclear signal enhancement is decreased if the solute molecule has more than
one absorption peak and not all peaks are saturated or due to the molecul€’s hyperfine
structure. These effects are included in the factor E; . In asteady state the Overhauser

factor can therefore be described as (70)

OF =E,, p%f S. [39]

n

The nuclear magnetization is built up during the ESR saturation time tsar with the
longitudinal relaxation time 7,. Assuming that the equilibrium value of the saturation

factor Sis reached in a time which is short compared to the nuclear relaxation time,
equation [32] can be written as (36)

2= —2a 41 +9(1, 1) +0 -9, =~(1, 4, £ PTSS). [40]

1

Combining thiswith Eqg. [39], the differential enhancement equation can be written as

O 0
dOF) - 1 oF -k, pfsten, [41]
dt .0 YO

which resultsin the general equation for the Overhauser enhancement (71, 72)

Y O -lw[]
OF(tSAT):EinfpfSTE -e ™ E [42]

n

It can be seen from Eq. [42] that the build-up of the nuclear magnetization resultsin a
factor 1-e's /" to the static enhancement equation. Therefore, in order to obtain an
appreciable increase of the nuclear polarization, it is necessary for the electron spin
saturation time to be comparable to or longer than the system’s nuclear longitudinal
relaxation time in the presence of the electron spin.
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2.6 Materials' suitability to MR imaging

The selection of the interventional instrument’s materials affects its operation in
several ways. The magnetic forces and torques exhibited in certain materials can be a
safety hazard (73-78), the device can be a source of image artifacts (34, 79-88), and
materials can cause positional misregistrations (88-92).

A material’s suitability for interventional use can be predicted from its magnetic
susceptibility, x. It is defined as m=xH for those materials whose magnetization

depends linearly on the applied field, and it quantifies the material’s tendency to interact
with and distort an applied magnetic field. (34)

When an object is placed in an initially uniform magnetic field, it becomes
magnetized and produces an induced field which distorts the original field. This can
lead to image distortion and positional errors because, in the presence of field
perturbations, spatial relations present in the object are not necessarily maintained in the
image. The distortion can be calculated by solving the Laplace equation for the
magnetostatic scalar potential. Analytical solutions can be found for certain geometries
(34, 89), and numerical methods have been applied to calculate the fields of irregularly-
shaped objects (86, 87, 93).

In the following, equations which describe the distortion for cylindrical and spherical
geometries are presented because they most closely resemble the prototype markers
which were constructed in this work.

Assume first that the homogeneous magnetic field B, is oriented in the zdirection

(Cartesian coordinate system with unit vectors e g,.e ), the phase encoding in x, the
dlice selection in y, and the frequency or readout encoding in the z direction. Further
assume that a foreign body is placed in the field, with magnetic permeability inside and
external to thebody  and ., respectively.

If the object is acylinder with an infinite length and aradius R and the axisinthe y
direction, the image distortion, defined as the difference between the object’s ( x,y,z) and
theimage’ s coordinates (x',y',z'), is (89)

Ax =0, [43]

By =y -y, =A7XG?’ , [44]
__bx B

AZi B 2 Greadout [45]

inside the cylinder, and

Ax, =0, [46]
M B, o, Z-%X°
Ay =K Zo ge 27X 4
Ve = ) Gy () [47]
2 _ 2
Az, = Ax B, R2_Z X [48]

_7 Greadout (22 + X2)2
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outside the cylinder, where G, and G &€ the gradient field strengths in slice and
readout direction, respectively, and ax=x.-x; is the susceptibility difference between
the exterior and the interior of the object.

If the cylinder is parallel to the applied magnetic field, the position error inside the
cylinder is (34)

Ax =0, [49]

Ay =0, [50]
_ B8x B,

A; = G [51]

readout

There is no image distortion outside the cylinder.
For a sphere, the position error is

Ax =0, [52]
By =§Ax%, [53]
e Zay B [54]

readout

for theinterior, and

Ax, =0, [55]

2 2 _\p2
_Ox B, R? 27" -x" -y [56]

Ay )
° 3 Gyice (x2 +y? +22)5/2

Ax B 5 222 -x% -y?

Az, =-"L—2 R 5
Ze 3 Grendout (Xz +y? +Zz)% [ 7]
for the exterior (89).

It can be seen from Eqgs. [49-57] that the interior of both cylindrical and spherical
geometries will be shifted without shape deformation into the direction of the increasing
readout gradient. In the exterior, deformation depends on the shape of the object and is
afunction of the main and gradient field strength and orientation. Strong distortion can
cause different voxels to be displayed in the same image pixel, with individual
intensities being compounded.

The misregistration is proportional to the susceptibility difference between the object
and the surrounding material. The susceptibility of most tissuesis close to that of water
Xoae =-9.05x10° (+10%...20%) (34). Therefore, instruments which are used directly in

the imaging region should have a magnetic susceptibility close to tissue in order not to
degrade the image quality or reduce the positional accuracy.
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2.7 Safety in MRI

MR systems generate three types of electromagnetic fields. the static magnetic field,
the time-varying magnetic field gradients, and the radio-frequency field. There are
potential hazards involved in all of those field types, and there are a number of
regulations and recommendations issued by different agencies whose purpose is to
ascertain the safety of magnetic resonance imaging for the patient, the personnel, and
the general public (94-96). The motivation to study safety effects in this work are
related to the electromagnetic fields' ability to couple to an interventional instrument if
its materials or geometry are chosen improperly.

2.7.1 Magnetic forces and torques

Epidemiological studies have shown no significant increase in the prevalence of
diseases in humans (97, 98). The only reported physiological effects on subjects
exposed to high (=4T) magnetic fields are dizziness and nausea, which have been
related to the force on circulating inner ear fluids moving orthogonal to the static
magnetic field (99).

A magnetic field can exert an attractive force and/or torque on metallic materials. In
this respect, two different regions can be distinguished in a clinical scanner: the
homogeneous imaging volume and the inhomogeneous region. The greatest potential
risk to patients occurs in the inhomogeneous field region where the field attracts
metallic devicesin the direction of the field gradient according to (34)

F,=XVg98 [58]

Ho Or’

m

where dB/aris the field gradient at the position of the instrument and vis the

instrument’'s volume. As can be seen from Eq. [58], the trandational force is
proportiona to the field strength and its gradient, the volume of the object and its
susceptibility.

Magnetic torque tends to align the instrument along the field. There is no simple
equation describing this effect because the torque moment depends on the object’s
volume, shape, susceptibility, and orientation. Unlike the magnetic force, torque does
not disappear within the homogeneous field region but ceases to exist only if the object
is perfectly aligned with the field. (34)

Ferromagnetic materials can have susceptibility values of tens or hundreds of
thousands. Therefore, even small ferromagnetic particles within clinically-used
magnetic field strengths can experience large forces and torque moments, and their use
in interventional devices hasto be excluded (100).

2.7.2 Slowly-varying magnetic fields

A time-varying magnetic field induces electrical currents within a conducting body.

The induced electric field, E, is related to the time rate of change of flux density
according to Faraday’s law
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fEmF:—%J’B@s, [59]

where dI is an element of length along a closed path and ds is the element of area

normal to the direction of B . Magnetically-induced electric fields within a human body
have been modeled by assuming that the body is a homogeneous prolate spheroid (101,
102), or agrid of rectangular loops (103).

Slowly-varying magnetic fields in an MR scanner are generated by gradients. The
deposited thermal effects are negligible (104), but the induced currents can cause action
potentials to nerve fibers (105). The electrical response of the myelinated nerve can be
expressed as (106-108)

dv, _ 1
dt  C,

[Ga(vi,n—l _Z\/i,n +Vi,n+1 +Ve,n—1 _Z\/E,n +Ve,n+1) —rrfd(i Na +iK H L 'Hp) [60]

where C,, is the nodal capacitance, G, is the nodal membrane conductance, V, is the
transmembrane voltage relative to the resting potential, Ven is the external voltage at

the N node due to the external stimulus, Vin is the internal voltage at the n node, f
isthe fiber diameter, d isthe nodal gap width, and i, i, i, , and i, areionic currents.

The excitation threshold depends on the external electric field strength as well as its
duration according to

E, = Emin(l—e_r"/re)_l [61]

where E; is the threshold €electric field strength, E, is the minimum threshold for
long pulses, r, is the pulse duration, and 7, is an experimentally-determined time

constant (109).

Among the reported physiological effects of switched-gradient fields are the
induction of visual flash sensations (magnetophosphenes) and periphera nerve and
cardiac stimulations. The excitation thresholds are dependent on pulse waveform,
frequency, and duration (110-112).

Severd regulatory agencies have set limits on the allowable time rate of change of
gradient fields. In the International Electrotechnical Commission standard IEC 601-2-
33: 1995 three operating modes are defined: the safe level, the mode in which
physiological stress may occur, and the level in which significant risk for patients is
possible (95). The United States Food and Drug Administration (FDA) sets a general
l[imit on the allowable dB/dt to 20T/s for pulses longer than 120us. FDA regulations
allow higher dB/dt values for shorter pulses and higher frequencies if it can be proven
that painful stimulation is not induced (96).

2.7.3 Acoustic noise

Gradient coils are energized and de-energized severa times per second during the
MR imaging process. The alternating gradient fields create resultant forces from the
interactions of the static magnetic field and the magnetic field associated with the
changing current within the gradient coils. These forces result in motion or vibration of
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the gradient coils, which produces a characteristic hammering sound associated with
MR scanning. The amplitude of this noise is dependent on the mechanical construction
of the magnet, the pulse sequence, and the current waveforms. (113)

Both the IEC and the FDA set limits on the maximum sound pressure levels in areas
accessible to patients and give recommendations on the use of ear protection (95, 96).

2.7.4 Radio-frequency radiation

The primary interaction mechanism of radio-frequency fields with the living body is
the heating of tissue (114), with consequent biological effects related to the thermally-
induced changes in the body (115). Limits of exposure to RF electromagnetic fields
have been recommended by several regulatory agencies (95, 96, 116). The purpose of
the limits for RF power is to ascertain that RF heating is insufficient to produce
hazardous temperature increase in the patient. The safe level set by the FDA is a core
temperature increase of less than 1°C, localized temperature less than 38°C in the head,
39°C in the trunk, and 40°C in the extremities (96). Because direct temperature
measurement in vivo is difficult for individual patients, the generally applied method to
limit the temperature increase is to use specific absorption rate (SAR) in units of W/kg.

The local temperature rise caused by the absorbed RF power is(117)

aT=2tP [62]
cvV

where D isthe duty cycle of the pulse sequence, t istotal MRI examination time, C is

the specific heat capacity of the object, and pyv is the specific local power loss of the

electric field, which can be written as (117)

VP: (%)ow’B?sr?, [63]

where ¢ isthe conductivity of the medium, « is Larmor frequency, B, isthe amplitude

of the RF magnetic flux density, s is a correction factor due to limited RF penetration
depth, and r isan effective radius of the object.

The spatia distribution of RF power in vivo has been calculated using the impedance
method. The human body is modeled by a number of cells whose electromagnetic
properties are characterized by the complex impedance, and SAR is calculated for
individual cells by applying Faraday’s law of induction (118, 119). In the homogeneous
model, tissue is approximated by a sphere or a cylinder in which the externa RF
magnetic field induces eddy current loops. For square excitation pulses the deposited
power is

P=|E/2ps, [64]

where E isthe induced electric field, p is the tissue conductivity, and s is its specific

gravity. For non-square RF pulses appropriate correction factors can be found. (104,
120).

A conductive wire, such as an unconnected or malfunctioning surface coil, or the
lead of a monitoring device which forms aloop near the patient can cause burn injuries
during MR examination (121). The transmitting RF field can couple to the loop,
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inducing currents into it. The loop therefore enhances the excitation field strength, and
the temperature increase in tissue due to this RF focusing effect can be shown to be

Dt 8B?
AT = Cc aaazE;lzsrTF ' [65]

where m is the magnetic field per current ratio and h is the effective thickness of the
object (117).

If a straight conductive wire is placed in an RF field, it acts as a dipole antenna and
an external electric field can couple TEM relaxation waves along the wire. If the travel
time of the TEM wave between the points of reflection matches the frequency of the
externa RF field, a resonance condition is fulfilled resulting in a build-up of the
electrical energy of the TEM wave. The induced current in the wire generates an
electric field in the surrounding medium where the field density is highest near the tip of
the wire. The maximum tissue temperature is dependent on the field strength, the wire
length, and its orientation relative to the RF field. At 1.5T, heating up to 72°C has been
measured (122).

Table | summarizes the potential hazards and their mechanisms which are related to
static, slowly-varying, and RF fieldsin MRI.

Tablel. Risk sources and their mechanismsin MRI.

| Risk source | Mechanism | Result

Static magnetic field

external ferromagnetic | projectile Q tissue damage
object J(
internal ferromagnetic | motion, torque tissue damage
object
Slowly-varying magnetic field
external acoustic noise R hearing
- & impairment
internal neural activation i’ pain, heart
- arrhythmia
¥4
RF field
electricaly RF magnetic field % tissue heating
conductive focussing .
loop i
electrically RF electric field o tissue heating
conductive —*"  |focussing ig!’/
straight wire
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2.8 Instrument visualization techniques
2.8.1 Signal void

A device will displace a certain amount of tissue or blood asiit is inserted through the
body. This allows one, in principle, to visualize the instrument in an MR image by the
dark appearance that arises due to the displacement of tissue spins. However, the
device's visihility is determined solely by the image resolution, and thick sections or
low in-plane resolution will reduce the contrast between the instrument and the
surroundings because the instrument occupies only a small percentage of the volume
element. Thick sections are often used when visualizing flexible instruments such as
catheters and vascular guidewires because this ensures that the device falls within the
imaging plane. Large pixel sizes are often employed in MRI if the image must be
rapidly updated, which is needed when the instrument is inserted to compensate the
otherwise poor tempora resolution of the imaging method. Thus, instrument
visualization based on signal void is, in principle, applicable, but only if the
instrument’s trgjectory is known in advance and thin sections can be used for
monitoring the course of intervention (123).

2.8.2 Susceptibility-based visualization

When an object with susceptibility different from that of the surrounding tissue is
placed within a homogeneous magnet, local magnetic-field inhomogeneities are
introduced. The exact distortion is dependent on the shape of the instrument, and it can
be calculated for certain geometries (86, 87, 124). If the object is cylindrical, which is
the case in most interventional devices, the local change in the magnetic field outside
the object due to the susceptibility difference can be written as (125)

0 - 2 _ 42 O -
AB = Bo%xlj-_'_ RZHIJ' ue%‘xz y2 5 %ﬂ'na+éyDZR2H“' He 5 Xy 5 z%na_Fézcosa%! [66]
@ O i U X+y) O i T U, X+y) E

where the angle a represents the orientation of the magnetic field with respect to the
object whose axis is assumed to be paraléd to the zaxis and R is the radius of the
cylinder. The magnetic field inhomogeneity causes geometrical image distortion and
intra-voxel dephasing due to the field gradients (89, 126). The dephasing effect is
absent in spin-echo sequences because of the refocusing 180° pulse, but the effect is
prominent in gradient-echo images.

The susceptibility-induced geometrical distortion in the MR image is given by (89)

x = x+_28B cosf, [67]
readout

y=yrg— [68]

7 =2+ 2B sng, [69]

readout
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where the angle g represents the orientation of the frequency-encoding gradient with
respect to the object’ s axis, and aB is given by (34)

Oy - mn| 2 _\,2 O
pB=-B R _Hern ® TV fhn’a. [70]
Uk + 1 LO(X" +y*)" 0

The susceptibility-induced instrument’s visualization is based on the signal 1oss in
the vicinity of the device. The effect is similar to the displacement of spins, but the
artifact is larger in magnitude because the signal void extends to the surrounding tissue,
and the instrument’s visibility in MR images is therefore improved. The magnitude of
the artifact also varies in a complicated manner because the effect is dependent on the
field strength, the object’s material and orientation in the magnetic and gradient fields,
and the pul se sequence and sequence parameters used.

Extensive materia and geometry studies have been performed to develop an
interventional device which creates a suitable-sized artifact (10, 12, 29, 82, 127-133).
The artifact must be large enough so that the device can be reliably detected even in
thick sections, which are often needed if tortuous vessels are to be covered, but at the
same time small enough to alow small lesions to remain visible during the course of
intervention.

A limitation of susceptibility-based instrument localization is that it requires a
background signal. This may not be a problem in catheters in vessels, but a
susceptibility-based instrument location can be ambiguous in low signal regions like the
esophagus or lungs. The dependency on the background signal al'so makes it impossible
to locate the instrument outside the body, which would be helpful at the planning stage
of an interventional procedure, when an optimal trgectory to the lesion through the
parenchyma is chosen. Another limitation is that, similar to the artifact size, the
position of the actual instrument may not correspond to the perceived location, but
depends on the sequence parameters and the device's orientation in the magnetic field.
A displacement factor of 5 times the instrument radius has been reported (125, 134),
which limits areliable targeting of small lesions.

Another method to use the susceptibility effect to obtain contrast between a device
and the surroundings is to incorporate a conducting wire onto an instrument and lead
electric current through it (135, 136). The current induces alocal magnetic field around
the wire and, in the case of two antiparallel currents (wires leading to the end of the
instrument and back), the magnetic field at aradial position r from the center of wiresis

BO

Id ' [71]

i

where | is the current and d is the distance between the wires (135). The current thus
results in a local magnetic field disturbance and a signal cancellation in the vicinity of
the wires, which makes it possible to detect the instrument in a MR image. The benefit
of this method is that the current strength and the range of the signal loss can be
adjusted by controlling the strength of the current. Thus, the artifact can be made large
in thick sections and it can be adjusted to be smaller in the vicinity of the target when
thin sections are usually applied.

The method has the same limitation as the susceptibility-based methods in generdl;
the technique relies on negative contrast. The instrument is visualized as a domain of
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signal loss in the signal-producing spins of the surrounding anatomy, while an appealing
alternative would be to render the instrument brighter than the surroundings. In addition
to that, it is not evident how much torque the current-carrying wire will experience in a
static magnetic field and in the presence of gradients. Nor is it clear whether this will
have an effect on the patient safety.

2.8.3 Fiducial markers

It is possible to identify an interventional instrument on the MR images by attaching
to it small markers, which contain MR-visible material (fiducials). The NMR signal-
emitting markers are not commonly used for instrument localization themselves,
because due to their small size they emit only a weak signal and the marker signal is
easily lost in the background tissue signal by partial volume effect. There are, however,
methods to improve the marker’s visibility. One technique is to add a paramagnetic
contrast agent into a hydrogen-rich solution. The agent will reduce the solution’s
relaxation times, and with a proper concentration the transverse relaxation time remains
relatively long while the longitudinal relaxation timeis short (137). This can be utilized
by acquiring MR images with a short repetition time, a short echo time, and a relatively
large flip angle. The sequence will saturate the longitudinal magnetization in the
surrounding tissue, which will appear dark in MR images, but the marker will recover
quickly after each excitation and will remain bright. The marker thus remains visible in
thicker and lower resolution slices than without the use of the contrast media, and
because the marker contains an internal signal source, it remains visible in air-filled
regions as well.

The limitation of the technique is that the selection of usable imaging sequences and
sequence parameters are limited, and they are not necessarily optimal for revealing
tissue pathology.

Another approach to improve the visibility of fiducials is to wind around it a
miniature coil, which is tuned to Larmor frequency. The coil will locally amplify the
excitation magnetic field density in the marker, and an external RF field with a small
flip angle can therefore result in a substantial rotation of magnetization in the sample
(138). The local coil also has high sensitivity for signal detection, which results in a
corresponding increase in the observed signal from the fiducia in the images. Winding
two coils around the marker in quadrature geometry and tuning them separately can
decrease the signal’s dependency on the coil’s orientation in the main magnetic field.
The markers appear brighter than the surrounding tissue if the tissue signal is kept low
by a small excitation field. Therefore, the markers are not directly visible together with
the background tissue in the same image, but the contrast between the marker and tissue
can be controlled, for example, by adjusting the RF flip angle.

A weakness of this technique is related to the tuning of the circuit. The stability of
tuning during the course of intervention is critical to the operation of the fiducia. Itis
not evident how the high permeability of water in tissue will affect the resonator’s
properties inside tissue. Another limiting factor is that the fiducials will enhance any
transmitted and recovered signals, and can therefore disturb the excitation magnetic
field in the surrounding tissue and thereby degrade the morphologic accuracy. Also, the
increased RF intensity can be a potential safety hazard because it can increase the tissue
temperature around the marker to a potentially harmful level.
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2.8.4 MR tracking

In MR tracking, the interventional instrument is equipped with a miniature RF coil,
which is used to determine the tip location. The built-in coil, usually a short solenoid,
has limited spatial extent in all axes, and its position can be found by using a
nonselective RF pulse and a gradient-recalled echo along one axis. The localized
sensitivity of the coil leads to a single peak in the Fourier-transformed signal, and the
position of the peak in the frequency domain corresponds the location of the coil along
the gradient axis. The three-dimensiona position of the coil is determined by repeating
this experiment along al three spatial axes. (28, 131, 139-141) An improvement of the
method is to integrate an internal signal source into the coil, which makes the technique
insensitive to tissue characteristics, and MR tracking also becomes possible in air-
containing structures (142, 143). A Hadamard encoding scheme has been used to
collect spatia information in order to compensate positional misregistrations caused by
gradient off-resonance effects (144-146).

This technique is very useful for tracking probes that follow curved trajectories, such
as catheters or endoscopes. The drawback of thistechnique isthat only the position of a
single point on the device is known. The orientation remains thus undetermined, and in
order to derive more information about the orientation of the device, multiple coils need
to be incorporated. Also, the tracking sequence, which is used for localization, is not
suitable for imaging, and positional information needs to be overlaid on a previously-
acquired morphologic road map image which is acquired with a separate, conventional
RF coil. This makes the method sensitive to motion because if the patient moves during
the scan, the position of the catheter may not register correctly and a new road map
image must be acquired.

2.8.5 MR profiling

The entire instrument can be visualized if its active part operates as an interna MR
antenna (16, 30, 147-149). The antenna acts as alocal coil, collecting spatially-encoded
signals from the surrounding anatomic structures. The probe is used to transmit RF
pulses and receive the RF signal using a fast-imaging sequence with a small field of
view to generate a movie of the percutaneous placement procedure of the probe. The
movie frames are overlaid onto a previously-acquired road map image where the device
can be identified in rea time with high signa intensity. The antenna can be made
helical which makes the wiring geometry rather insensitive to the orientation to the main
magnetic field (150). It may also be a loopless monopole antenna, which is very thin
but extends over alength of several centimeters and is therefore particularly suitable for
insertion into blood vessels (151, 152).

The limitation of the technique is that the antenna structures do not generate a device
outline of limited extent but generally a spatial extent significantly greater than the size
of the device itself. Also, the loopless antenna's signal is sensitive to phase-encoding
direction, which can result in wrap-around artifacts. Correction algorithms have been
devel oped but they can fail in some orientations (152). Another potential problemisthe
time separation between the acquisition of the anatomic and the acquisition of the
position information, which makes the method vulnerable to patient movements.
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2.8.6 Optical tracking

For rigid instruments, such as biopsy needles, to be introduced percutaneously their
position inside the body can be projected based on the position and orientation of the
part of the instrument, which remains outside the body. The optical-tracking-based
frameless stereotaxy systems use tracking of a rigid instrument with a 3D optical
digitizer system with two or more video sensors to localize two or more infrared light-
emitting diodes (LEDs) mounted on a handheld probe (24). The hand-piece has a fixed
relation to the position of the distal end of the instrument, which makes it possible to
determine the needl€’ s orientation and the tip’s location. This information can be used
to overlay the object position and the predicted trajectory onto the MR image, but the
positional information of the probe can aso be used interactively to select an imaging
plane. In practice, multiple orthogonal planes are automatically acquired in real timein
relationship to the probe’s position. This alows the operator to plan an optimal
instrument trajectory to the lesion outside the body preprocedurally, and the progression
of the intervention can be followed interactively in near real time (153).

The main drawback of the optical reference system isthat it is limited to instruments
which follow a linear trajectory to the target. It is therefore not applicable to guiding
catheters, endoscopes, or thin needles, which follow curved trgectories, but the
interventionist is limited to the use of truly rigid, often traumatic instruments. Another
problem is related to the separate acquisition of the anatomic and the position
information. This makes the system vulnerable to positional errors, which are related to
the MR imager’'s non-ideal components. These include nonlinearities in shimming,
gradient and static magnetic fields, and eddy currents (24). These effects are difficult to
compensate and they can limit the smallest lesion that can be targeted by using optical
tracking.

3 Materials and methods

3.1 Overhauser marker

The paramagnetic solute that was used in this work was PCA. It has three ESR lines
of equal amplitude, resulting from the hyperfine coupling between the electron spin and
the spin for the nitrogen atom (I =1). In this work only the centerline was saturated
whereby the theoretical maximum for NMR signal enhancement is —110. The contrast
agent was prepared by adding 1mM of the solute in 100mM NaOH solution. The
solution was degassed with helium before the marker preparation in order to remove
paramagnetic oxygen.

3.2 Marker configurations and coupling schemes

In al experiments the marker was attached to the tip of a coaxia cable which
conducts saturation energy to the marker. Different coupling geometries were
constructed. The simplest configuration is presented in Publication |, where a single-
turn loop is wound around the encapsulated marker (Fig. 3a). The coupling is
unmatched and a large portion, typicaly more than 90%, of the incident power is
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reflected from the transmission line - marker interface and does not contribute to ESR
saturation. High microwave power is therefore needed for NMR signal enhancement.

In Publication Il an improvement of the loop geometry is presented (Fig. 3b). A
loop-gap resonator is added around the marker and the coupling to the feeding loop is
inductive. This configuration enables one to match the marker’s impedance to that of
the transmission line. The resonator also increases the saturation power density in the
marker, which alows the reduction of the incident power level. Circuit analogies are
also presented in Publication Il for the marker and for the Overhauser enhancement.

In Publication 11l a transmission line marker geometry is described (Fig. 3c). The
marker solution situates between the center conductor and the outer sheath of a coaxial
transmission line and the saturation energy is conducted in a form of a TEM wave,
which travels through the solution. Impedance matching is accomplished by designing a
tapered section at the transmission line - marker interface that matches the marker in a
wide bandwidth manner™.

These marker geometries are referred as simple loop, loop-gap, and transmission line
geometry, respectively.

facling ampuoule
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Fig.3 Schematic drawings of the constructed markers. Left: simple loop, center:
loop-gap, and right: transmission line geometry.

3.3 Microwave shielding

A coaxia transmission line conducts the saturation energy hermeticaly to the
marker, but the ssmple loop and the loop-gap marker structures are unshielded. At the
marker the surrounding tissue will therefore be exposed to microwave irradiation which
will result in tissue damage unless the saturation power density is kept at a safe level.

In transmission line marker geometry the marker is surrounded by a metallic layer,
which creates a galvanic contact with the cable' s outer sheath. In this configuration the
saturation energy is confined inside the marker and tissue microwave irradiation is
negligible. The marker emits an NMR signal, which is detected outside the marker by a
conventional receiver coil. The metallic layer must therefore be, a the same time,
transparent to low-frequency RF radiation. This is accomplished by making the layer
thin. A thin layer will perform as a low-pass filter and by selecting the thickness and
conductivity properly the layer can at the same time be made both practicaly
inpermeable to high-frequency microwave (MW) and transparent to low-frequency RF
radiation.

! Patent pending
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4 Results

The measured reflection coefficients of different marker geometries are shown in Fig.
4. The impedance mismatch of a smple loop was high throughout the measured
frequency range (dashed line), while the addition of a loop-gap resonator tuned and
matched the circuit in one frequency (solid line). The resonator circuit’s characteristics
were aso affected by the solution’s electron spin resonance, which coupled inductively
to the circuit when the marker was placed in a proper magnetic field. The circuit
analogy model (Publication Il) indicated this effect. Circuit analogy was also presented
for the Overhauser phenomenon, which allowed studying of dynamic responses of the
NMR signal enhancement (Publication I1). The addition of a tapered section in the
transmission line marker improved the matching in wide bandwidth (dotted line). Also,
because
the marker was shielded, its microwave characteristics remained stable independently of
changes in the surrounding material’s permittivity, for example when the marker was
inserted in tissue.

10

————:Simpleloop

Reflection Coefficient

: Loop-gap

10

Frequency [GHZ]

Fig.4 The measured reflection coefficients of different coupling geometries.

The signal of all the constructed markers were dependent on the markers' orientation
in the static field. In simple loop and loop-gap structures the enhanced signal went to
zero when the loop’s axis was parallel to the main magnetic field. In the transmission
line geometry the signal was minimum when the marker’s axis was perpendicular and
maximum when it was paralel to the static field. NMR signal enhancement was,
however, observed in al the marker’s orientations in the main field, which could be
attributed to the saturating field' s distribution pattern in the marker solution (Publication
).

The transmission line marker's temperature was simulated and measured by
calorimetric and infrared means as a function of incident power (Publication Ill). The
safe power level, which increases the surrounding tissue’ s temperature to less than 40°C,
was between 0.1 and 0.2 W. The NMR signal enhancement and the marker’s visibility
were found to be improved by increasing the saturating power beyond that level, but the
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marker’s temperature raised accordingly, for example at 1W of continuous power the
marker’ s surface temperature exceeded 50°C.

In Fig. 5 two MR images are shown where the marker was inserted in excised animal
tissues. On the left is the image of the loop-gap resonator and on the right is the
transmission line marker. In the image on the left the marker indicates the instrument’s
tip, while the cylinder-shaped marker in the image on the right shows aso its body,
which alows one to make predictions of the marker's future path. The signal
enhancement pattern in the transmission line marker is composed of successive high-
intensity domains separated by dark areas. This could be explained by the saturating
field, which travels through the marker and is reflected back from itstip. The reflected
wave acts either constructively or destructively with the incident wave, depending
whether they are in phase or in phase opposition. This results in a sinusoidal intensity
pattern in the marker at half-wavelength intervals.

Fig.5 Loop-gap (left) and transmission line markers (right) inserted in excised animal
tissues. The instrument’s tip is possible to locate by the loop marker
construction while the transmission line geometry aso allows one to identify
the instrument’s body. Markers are indicated by arrows. The image on the |eft
was obtained by using a gradient-recalled echo (GRE) sequence with a dlice
thickness of 4mm, and the image on the right was obtained using an inversion
recovery sequence with a dlice thickness of 10mm.

In Fig. 6 two MR images acquired with different imaging sequences of a sub-voxel-
sized Overhauser marker are shown. The marker is located inside the center pixel
which appears brightest in both images. The background signal comes from a large,
uniform phantom which was placed behind the sub-voxel marker to provide the offset
baseline. The measurement setup also revealed alternating intensity patterns both
horizontally and vertically around the sub-voxel marker, which is the system’s impulse
response (Publication V).
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Fig. 6 Theimaging system’simpulse response. The marker, whose size is smaller than
asingle voxd, islocated in the center. The alternating intensity patterns located
horizontally and vertically around the center pixel are the imaging system’'s
impulse response. The image on the left was obtained using a GRE sequence
and the image on the right was obtained using a spin echo sequence.

5 Discussion

In this work the development process of an MR-visible Overhauser marker is

described.
The ssimple loop and loop-gap structures are easy to construct, and the marker can be
firmly attached to the feeding cable, which makes mechanical construction very robust.
The simple loop has the additional benefit of being a non-tuned circuit whereby its
microwave performance is only dightly affected by changes in the marker's
electromagnetic environment. The impedance mismatch of the simple loop, however,
requires that the generator is capable of delivering output power of about 10 - 100 times
higher than to a matched circuit in order to achieve the same NMR signal enhancement.
The addition of a loop-gap resonator enables one to match the circuit’s impedance with
that of the transmission line. The resonator circuit aso alows the further reduction of the
generator’ s output power requirements. In practice both the electron spin resonance in the
marker solution and the surrounding tissue strongly couple to the circuitry, which makes
the marker’s tuning a challenge. Loop structures in this application also have inherent
weaknesses, one of which is the signa’s orientation dependency. The signal
enhancement goes to zero if the loop's axis is parallel to the main field. The main
limitation of the loop structures use in vivo is, however, that saturation energy can
irradiate surrounding tissue. It can cause irreversible tissue damage unless microwave
power density is kept sufficiently low. No effort was made to quantitatively relate the
tissue temperature increase due to microwave irradiation to incident power level, but it
was estimated that this effect would seriously limit the attainable NMR signal
enhancement.

A microwave-shielded marker is an obvious improvement to the concept. Saturation
energy density can be high because it is confined to the marker’ sinterior only. The shield
also stabilizes the marker’s performance because the microwave field's environment is
well defined and stable independently of whether the marker is in air or in tissue. The
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shield must be transparent to gradient and RF fields because the marker’s positional
information is encoded by gradients, and the imager’s standard coils are used for the RF
excitation and signal detection. Thisis achieved by choosing a layer thin enough so that
it is practically transparent to low-frequency RF but thick enough to keep practically all
high-frequency microwave radiation inside the marker. The marker's cylindrical
geometry makes it easy to identify in MR images, and it also allows predictions of the
marker’ s future path to be made. This can be a useful property in the planning stage of an
interventional procedure and also when targeting small lesions. The marker’s oscillating
intensity distribution caused by the saturating field’s reflection can be utilized by
counting the high-intensity nodes from an MR image; if one or some are missing, it is an
indication that the marker is partly outside the selected slice. The reflected wave also
amplifies the saturation field density by afactor of two at nodal points, which reduces the
generator’s output requirements by the same factor. The marker’s signal is variable but
unlike in loop geometries, the transmission line marker emits an enhanced signal in all
orientations. The tapered coupling matches the marker in a wide bandwidth and makes it
possible to use the same marker in all practical field strengths without adjustments.

The shield protects surrounding tissue from microwave heating. The ampoule
insulates the marker thermally from its surroundings and the center conductor transfers
heat from the marker into the feeding cable’'s body. However, saturation energy is
absorbed in the lossy marker solution, which will raise the marker’s temperature, and
heat will flow to the surrounding tissue. The marker's surface temperature currently
limits the achievable NMR signal enhancement. The NMR signal can possibly be
increased under the given temperature constraints by selecting the marker solution
carefully or pulsing the saturation power, but at this stage these methods have not been
tried. The conductive wire can cause additional hot spotsif the RF transmission field can
couple to the wire, but there are proposed methods by which this effect can possibly be
reduced (154).

The attractive feature of this marker concept isthat it islargely independent of the MR
imager’s hardware or software. The present concept can be implemented in an existing
imager with small or no modifications made to the imager. The marker’s position is also
immune to system nonlinearities which would affect the device's positional accuracy if
indirect localization methods were used. The signal intensity emitted by the marker can
be high which alows the marker to be made very small without losing its detectability.
However, the signal intensity of the large caliber markers that were constructed in this
work may be too large in routine use. Most modern MR imagers scale the signal
intensity in images automatically, and an excessively bright marker may cause the
background tissue to appear too dark. A high-intensity marker can also cause the analog-
to-digital converter to overflow, which can cause artifacts in MR images. Elimination of
this effect may require protective modifications in the system’ s signal acquistion path.

The high signal intensity could be utilized in constructing a sub-voxel-sized phantom.
Normally, the signal of such a small phantom would be too low for any practical use, but
the Overhauser enhancement alowed it to be imaged even in the presence of a
background signal from a 10mm thick ImM MnCl phantom without excessive partial
volume effect. This measurement setup enabled the study of the system’ s resolution on a
single voxel basis.

Two applications of the Overhauser effect have been developed in thiswork. The sub-
voxel phantom concept is readily applicable to resolution studies, and the technical
problems related to the interventional marker are believed to be solved, but further work
is needed to ascertain the patient safety.
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Summary of Publications

I Interventional MR imaging: Demonstration of the feasibility of the Over hauser
mar ker enhancement (OMEN) technique

A point-like Overhauser marker was designed and evaluated in phantom experiments.
The coupling scheme to the feeding line was a ssmple loop.

[l High-accuracy MR tracking of interventional devices: The Overhauser marker
enhancement (OMEN) technique

Circuit analogies were presented for the Overhauser phenomenon and a loop-gap
coupled Overhauser marker. The Overhauser circuit model allowed studying dynamic
responses of the NMR signal enhancement and the coupling model predicted a detuning
effect when electron spin resonance occurs in the marker solution. A loop-gap marker was
constructed and evaluated in vitro.

11 A shielded Overhauser marker for MR tracking of interventional devices

A transmission line Overhauser marker was constructed. A tapered coupling section
and an RF-transparent microwave shielding were designed and included in the marker’s
construction. The marker signal’s orientation dependency was measured and explained as
well asthe signal’s oscillating pattern. The marker’ s temperature distribution was
simulated which revealed the center conductor’ s essential role as a heat sink. The marker’s
temperature was measured by infrared and calorimeter means, which correlated quite well
with ssimulations. The marker’ s performance was verified in vitro.

IV A sub-voxel-sized Overhauser phantom for high-resolution studiesin MRI
A sub-voxel-sized phantom was constructed where the NMR signal emitted by the

phantom was enhanced by applying the Overhauser phenomenon. The use of the phantom
allowed the study of the imaging system’s point spread function in three dimensions.
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