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RESUMO

Anti-inflamatdérios ndo esterdid€bISAIDs) topicos foram introduzidos no tratamento da
artrite reumatodidede forma a evitar os efeitos secundarios da administracao oral destes
medicamentos. Embosejaconhecido qu@s NSAIDs de aplicacdo topisdio capazes de
penetrar na pele humana, naasem estudos com humah@ vivo que mostrem a

eficiéncia de penetracdo e o percurso do medicamento até ao local de inflamacéao.

O in vivo tracking do medicamento deve ser efectuado por um método eficaz e néo
invasivo. A ressonancia magnética (MRI) e efpscopia por ressonancia magnética
(MRS) do fltor ¢°F) sdo de maior interesse para este propoésito, dada BRI oferece

um excelente contrastie tecidosglevada resolucédo espacial e temperal auséncia de
fldor nos tecidos biolégicomz do nucleodeste atomo urprobeideal para fazetrackinge

guantificacaan vivode NSAIDs que contenham fluor.

A baixa resolucéo espacial e temporal*#e MRI/MRS, devido a baixas concentracées
deste atomo nas regifes de interesse, pode ser aumeatadanmpos m@gnéticosultra

elevads (UHF) pelo aumento da razdo simaido (SNR) que acompanha o aumento da
intensidade do campo do magneto estéatico. Porém, o0 aumento do campo magnético acarreta
desvantagens como o aumento da ndo homogeneidade do campo de éxcimgko
absorcédo da energia de radio frequéncia (RF), que causa o aquecimento indesejavel dos
tecidos. RFarray coils de superfice com um design ideal e com os parametros RF
refinados pod@ usufruir da elevada SNR de UHF @ mesmo tempo reduzir &ém
homogeneidade db e evitar a elevada deposicéo de energia de RF de mqgde asta

nao excedas limites de taxa de absorc¢ao especifica (SAR)

Nesteprojectofoi desenvolvida umaoil de superficie dérequénciadual (*H e *°F) para
registo @& imagens anatdmicas com protpassim comale imagens e espectroscopia de
fldor no tracking e quantificacdo deste atomo nwremede NSAID com fltor (dcido

flufenamico)num joelho humano a.0 Tesla.

A coil construida consiste enmé# partescontendajuatio canais de protdo e quatro canais
de fldor, que abrangem toda a area de interesse. As duas partes anteriores, com dois canais



de fldor e um de protédo cada, cobrem a parte anterior do joelho, onde oderBISAID &
aplicado. Aparte posterior, formada pdoois canais de protdo, é curvada convexamente
para suportar confortavelmente o joelho durante os exai® MRI.

O circuitodo condutodacoil foi imprimido numa folha de cobre através de um sistema de
controlo numérico por computadovarios condensadaseforam soldados ao longo do
condutor de modo a diminuirgeucomprimentoassm séo evitadaasfaseszeroda onda
sinusoidal onde ndo h& sinaha medida em que o comprimento de onda em 7.0 T é
aproximadamente o comprimento dos condutoféstam colocdos condensadores
ajustaveis nos locais deaiito reservadoscguning matchinge decouplingdos elementos

da coil. Desde modo, aoil pode ser ajustada a diferenteads (fantomas ou humanos)
conforme o necessario. Além disso, ainda foram colocadble traps nos cabos de
alimentacdo de cada canphraevitar as correntes instaveis dos respediwabos que

podem influenciar @erformance daoil.

A performance d&oil foi avaliadaatravés deS-parameters mais especificamente através

do coeficientale reflexadS;), que indica a porcéo da energia que é reflectida quando ela é
imposta no candl e atraves do coeficiente de transmissi®, Que indica que porcéia

energia imposta no canalk transmitida e perdida para o capaDs resultados oioios
mostraramque oscoeficientes de refl&o de todos os canais se encordma abaixo de

-30 dB, ou seja, na pior das hipoéteses, apenas 0.1% da energia emitida para um canal é
reflectida para trds, o que mostra que quase toda a energia € recebidapa®para
produzir o campo de excitacéo. Os coeficientes de transmisséo waama entre-16 dB a

-25 dB, revedndo que as perdas de enexpgaum canaparaoutro poden de seraté 2.8%6,

ou sejaa perda nao é significativa.

O factor Q também fanedido para verificar a performance @al. A razdo entr&) com
load e Q semload de todos os canais apresensamenor que 0.5. Este resultado mostra
que o ruido vem maioritariamente ldad e ndo do circuito deoil em si, 0 que é desejavel,

uma vez ga nestas condigcdesna melhor razéo sinaliido pode ser obtida.

A intensidade e a fase dos campos de radiofrequéncia variam dentro do objecto conforme a

sua forma, permitividade e condutividade eléctricas. Em campos maiores que 3.0 T, o



comportamento da®ndas electromagnéticas torsea difcil de prever com métodos
simples e quasestaticos,dnto que é necessario recorresiraulacdo completa de campos
electromagnéticos. As simulacbes oferecem um conhecimento antecigado
comportamento dé , assimcomo da deposicao alenergia RF nos tecidogue € mais
elevada nos campos magnétiedsa elevads, como no caso de 7.0 T. Deste modo

sobreaquecimento dos tecidos pode ser previameut@lizadee evitada

Neste projecto, as simula¢des foram efetdisacom o software SEMCAD X que se baseia
no métododas diferencas finitas no dominio temporal (FDTD) para resolver as equacgdes
diferenciais de Maxwell.

De forma a mostrar a credibilidade das simulagdessimulacdo d&oil com um fantoma
foi efectuadade modo a obter mapas e, usadogara comparans mapas dé obtidos
experimentalmenteComo resultado, os mapas simulados e medidos apregantana
semelhanca significativa em termqualitativos. Amivel quantitativp estesapresentavam
uma diferenca d@1.5+ 7.6%para os canais de protdo e4¥#e8+ 9.2%ypara os canais de
fldor, apesar das correccdes de perdas de energia em hardware nas mkdliféemnca
guantitativanos canais derotdo pode devesea perdasextras desconhecidanoscanner.
A significativa diferenca present®s canais de fligpode ser explicadpelo facto @s
mapas experimentais serem obtigasfrequéncia de protdo e extrapolados atravéssdos
parametersuma vez que ndo estia nenhum fantoma que contivefiser no momento da
experiéncia. Adicionalmente, &parametes foram adquiridosfora do scannesendo por
issoapenas uma aproximacao ddparametergeais durante as medi¢co€ontudo,pode
afirmarse que a validacdo das simulacdes é credivel pela ggtifa semelhanca
qualitativa dos mapas em todos os careida semelhanca quantitativa entre os canais de

protao.

Os valores de SAR médite 10 g, obtidos por simulacédo para as configuracdes de3fase
utilizadas nos scans reais, foram encontrados conun <2306 W/kg para a frequéncia de
fldor (279.5 MHz) e 0.375 W/kg para a frequéncia de protdo (297.0 MEszs valores
encontran-semuito abaixo do limite estabelecido pelas directrizes da 2@ W/kg para
as extremidades do corpo. E de notar tambgue os valores de SAR obtidos pela



simulacdo nadém em conta as perdas de energia existentes na realidade, por isso, hum

scan real, o valor de SAR nao iria exceder os valores simulados.

Os valores de Te T, para o creme d&NSAID com &cido flufendmicoa usar nas
experiénciasn vivo foram encontradd através de espectroscomsravés davariacdo de
TR para o TedeTE para o . Foi também elaboradama curva de concentragcédo, onde

para cadguantidade de creme HESAID existea correspondente intensigade sinal.

As imagens de ressonancia obtidas cowroil construida mostram ufbom contraste e

homogeneidade na area de interesse. A homogeneidade foi conseguida por uma sesséao de
" shimming in vivoA resolucéo espacial foi d&7 x 0.7 mrino plam e 5 mm para a
espessura de fatia para imagens de profate € x 2 mn? no plano e 5 mm para a

espessura de fatia para imagens de fltor.

Os estudosn vivo foram conduzidos em dois voluntarios saudaves auséncia de
voluntarios com reumatdide artrit®s voluntarios aplicaram o creme que contém NSAID
sobre o jelho. Foram efectuadas espectroscopias-Ioé@alizadas a intervalos regulares de
modo a verificar a existéncia da alteracéo do sinal irgcialpudessmdicara absogédo do

creme na pele. ©resultados porém ndo se mostraram conclusivos, uma vez que a
espectroscopia efectuada abrangia as regibes no exterior e no interior do corpo. Foi
efectuadaadicionalmenteuma espectroscopia localizada com o método SPECIAL dentro
do joelhodeum dos volutarios apds 12 minutos do primeirgcan contudo nhum sinal

foi detectadoA inexisténcia do sinal pode deveza ndo penetracdo do creme na regido
onde o voxk SPECIAL foi colocado, ou contrariamentr ocorrido a penetracdo do

crememasnuma quantladedemasiad baixa para poder ser detectada.

Nos trabalhos futuros, devese ser incluidosoutros métodos para deteccdo do creme de
NSAID in vivocom acoil desenvolvidacomo espectroscopias localizadas dentro e fora do
joelhg, com tempos mais longo® dcan, &€om pacientes que tenham reumatoéide artrite e

voluntarios saudaveis, de modo a comparar a eficiéncia da absor¢do do medicamento.

Palavras chave MRI, campos maggticosultra elevadas, RF col, array coilde suferficie
RF coil de dual frequéncjaimagiologia de'F, espectroscopia d&F, simulacdes de
campos EMSAR, Artrite Reumat6ideNSAIDs.



ABSTRACT

Topical nonsteroidal antinflammatory drugs NSAIDs) have been introduced to treat

rheumatoid arthriti€ondition in order to avoid side eftsdrom its oral form. Although it
Is known that topical NSAIDs are able to penetrate the human skin, no haonvaro
studies were carried out to show the penetration efficiency and the drug delivering path at

the site of inflammation.

In vivo drug tra&ing should be carried out by a nmvasive and effective methoA good
candidate isliorine ¢°F) magnetic resonance imaging (MRI) and spectroscopy (MRS)
since MRI offersexcellent tissue contrast and high spatial and temporal resolulibas
absenceof fluorine in biological tissuemakesit an ideal probe to track and quantify

fluorine containingNSAIDs in vivo.

In this project, a dedicate®H/*°F dual tuned surface coilith eight channels was
constructed to register proton anatomical images amdifie imagelspectroscopy to track
and quantify a fluorine containing NSAID ointment in human knee at 7.0 {€sk.
constructed coil showed low reflection and transmission coefficier3§ @ and <16 dB

respectively) and noise dominant Q ratio, whéclounces SNR gain.

Electromagnetic field (EMF) simulations were carried out to vizedkF field patterns and
SAR values for safetyComparisonbetweensimulated and measuréd mapsshowed
reasonable qualitative and quantitative agreement, validétim SAR simulations, which

give an estimation of the deposited RF power in the tissue in a real MRI scan.

In vivo*°F spectroscopyaimed to observe and quantify the skin absorption of flufenamic
acid contained NSAIDshowed inconclusive result$he spetroscopy performed with a
SPECIAL voxel placed inside the knee did not show any fluorine signal, either due-to non
absorption of the NSAID or the absorbed quantity was too low to be det&ctetder

improvedin vivoexperimentshould be carried ouvith RA patients

Keywords: MRI, ultrahigh magnetic fieldsurface arrayrRF coil, dual tuned RF coil*’F
imaging,'°F spectroscopyEMF simulationsSAR, Rheumatoid Arthritis, NSAIDs.
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1. INTRODUCTION

Rheumatoid arthritis (RA) ian autoimmune disease that causes -leng joints and
surrounding tissues inflammation. It affects algujoints on both sides of the body equally.
Wrists, fingers, knees, feet, and ankles are the most commonly affected, though it can also

affect another body parts such as eyes, mouth and [ijhgs

RA treatmenincludes norsteroidal antinflammatory drugs (NSAIDs), which are known

for their anttinflammatory, analgesic, antipyretic and antithrombotic eff¢2fs Despite

their beneficialproprieties for RA, conventional oral form of NSAIDs present side effects
such as irritation and bleeding of gastrointestinal mucosa, heart burn and nausea, thus
topical NSAIDs were introduced as an alternative to avoid these side effects amal also

minimize the overall required dosai$g.

However, to be effective, topical NSAIDs have to penetrate the skin and reach the joints in
a sufficient concentratiorAlthough many studies have shown overall therapeutic active
effects of topical NSAID44i 7] and effective skin penetratid8,9] it is still not shown

how nor how much of the drug reaches the site of inflammation to exeirt ttherapeutic
effect. Thisin vivo drug tracking should be carried out by a fiwvasive and effective
method andfluorine #°F) magnetic resonance imaging (MJRnd spectroscopy (MRS) are

of major interest.

MRI provides an excellent tissue contrast and high spatial and temporal resohrbtize
fluorine with a high gyromagnetic ratio and high signal sensitivity, about 83% of
hydrogenos; t sanmee thdclgmoundvin bidlogidalttisspi®a form an ideal
probe to track and quantify NSAIDs vivo. MRI at ultrahgh fields (7.0 T) benefitsrém
the increased signal to noise ratio (SN®hich can be translated into higher spatial and
temporal resolution§11], which is of high interest ot MRI and MRS due tdow

concentration ofluorine nucleiin region of interest12].

But on the other hand, higher fields lead to nforeexcitation field inhomogeneities and to
more radio frequency (RF) power absorption, which can cause undesirable tissue heating
[13]. RF surface array coils with an optimum design and refinegd&&meters can get use



of the high SNRof the ultahigh magnetic fields and atma time reduces tHe non
homogeneities and avoid high RF power absorption in order to stay whtimmits of
specific absorption rate (SAR). This limits agetablified by authority entities such as
Food and Drug Administration (FDA) anbhternational Electrotechnical Commission

(IEC), concerning patient safef¥4,15]

Typical approach for'F studies combines proton images containing anatomical
information and fluorie images that contain study aimed information. This can be
performed either by a single tuned RF coil, which can have a sufficient bandwidth to
accommodate both nuclei or a smaller bandwidth that needs to be constantly tuned and
matched betweetH and'°F frequencies, or by a dual tuned RF coil tuned and matched to
both frequencies. Dual tuned RF coils are preferred rather than single tuned coils, since a
large bandwidtmeeded to cover both frequencidghe later ones leads to significant noise
increaseand signal sensitivity drop, or the other case, the constant manipulation between
frequencies can change image registration between one nuclei seanttter, besidesthe

sensitivity profilealsovaries from one frequency to the otfies].

1.1. Objective

The purpose othe present thesis is to develop a dual tuned array coil for proton and
fluorine magnetic resonance imaging and spectroscopy at 7.0 T for human knee. The
developed coil will be used to registtH anatomical images dn'°F images and
spectroscopy to track and quantiffl@rine containingNSAID ointment(flufenamic acid

(2-{[3 -(Trifluoromethyl) phenyl]amino}benzoic acid) vivo.



2. BACKGROUND

2.1. Basics of Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) isr@atively recent medical imaging modalig its
first practical medical application was performed in 19T3]. It has shown to ba
powerful imaging modality due to itsefkibility and sensitivity to a wide range of tissue
properties and most importantly tee noninvasive nature of the magnetic fields. MRI is
based on the principle of Nuclear Magnetic Resonance (N]MI&) which is explained

below.

2.1.1. The Nuclear Spin

Nuclear Magnetic resonangs based upon the interaction between an appiddrnal
magnetic field anétoms that possess nuclear magnetic moment, or more generally referred

as nuclear spifiL5].

Protons and neutrons of nucleus possess intrinsic angular momentum as theyaotate ar
an axis at constant rate. In classiphysics view, protons and neutrons can be regarded as
rotating mass with charge, therefore giving rise to a magnetic moment which behaves like
small magnetsHigure 1). A neutron has no net charge but it is composed of charged
particles (two downQuarks and one uQuark) possessingn intrinsic spin of 1/2 and

therefore belongs to the group of Fermidik® theprotors[19,20]

Figure 1 - A: A rotating proton or neutron can classically be represented with a dipole magnetic
field. B: The magnetic moment vector indicates direction and magnitude ahe magnetic field
induced by a pinning proton or neutron and behaves like a small magneAdapted from[21].



Pairing phenomenon occurs within the nucleus, where the magnetic moments of proton
proton or neutromeutron pairs tend to align in opposition canceling each other. Thus,
nuclear spin can be meif the nucleus hasineven number of prot@nand neutrons which

pair up,resulting in a zero net magnetic mome8ich nucleus does not interact with an
external magnetic field. On the other hand, nuclear spin can be multiples oablzcieus

has anodd number of protons or neutrons, in this case there are unpaired protons or
neutrons that produca nonzero net magnetic momerand therefore this nucleus will
interact with an external fielfll9,21,22] Almost all atoms have at least one naturally
occurring isotope that ggesses spin, therefore nearly every elementaisiaable in MR

[15].

An important physical quantity for MRI i&ié ratio of the magnetic moment to the angular
momentum, calledyyromagnetic ratig(r) [19]. Table 1 shows infomation about spin,
gyromagnetic ratio, isotropic composition and abundance in biological tissuesnef s
selected elementsf the MRI interest.It is also notable thatydrogenhas a very high
concentration ithe body due to its presence in water, fatlasther organic molecules, and
a relatively high gyromagnetic ratio, which makkese nuclei, composed only by a single
proton, thesource of signal fonearly all clinical MRI examsThis fact leads to the general
description of MRI effects made withrte f p r @lsoausedn the nextsectionsof this

work), although these effects are same for other n{®3i

_ Natural Biological
Element | Symbol | Net Spin
(MHz/T) | abundance| abundance
H Yy 42.58 0.99985
Hydrogen . 0.63
H 1 6.54 0.00015
Fluorine = Yy 40.08 1 0.00001
B¢ Yy 10.71 0.11
Carbon I 0.094
C 0 0 0.89
Sodium ZNa 3/2 11.27 1 0.00041
Phosphoru§ 3P Y 17.25 1 0.0024

Table 1 - Spin, gyromagnetic ratio (7), isotopic composition and abundance in biological tissues of
some elements of MR interestAdapted from[22,23]



2.1.2. Protons in a Static Magnetic Field

Without an external magnetic field, protons spins in random directions, which results in a
null net magnetic moment, also called net magnetizafoitlustrated inFigure2 A. On

the other hand, when therotons are placed inside a static magnetic field they
experience two quantized energy states (2 x spin + 1)amighgydifference ofY% which

is proportional to external magnetic strength. Protons in the lower energy level, called spin
up, align parallel t&? (conventionally set as z direction) and protons in the higher energy
level, called spin down, align antiparallel ', as shown inFigure 2 B. At thermal
equilibrium state aaumberof protons in higher energy state transits to lower energy state
by exchanging energy with their surroundings, and vice versa, but the mean ndimber o
protons in each energy state remains constEme. parallel alignment cancels out the
antiparallel alignment, andsthere are more protons the lower energy state than the

higher energy state, the excess of parallel alignment results in a measaebl
magnetization vecto® aligned with®® which is called thermagquilibrium magnitization
[19,21] -P increaseproportionallywith * , andthe MRI signal is directly proportional to

-b . This increag of signal with increase df explains one ofthe motivations for

development of higher magnetic field systdif3.

Anti-parallel

LA
Qjﬁf’ AE

SIS ) -

e W
A (Q% («Q o

Cadl|

€

Parallel

Figure 21 A: in absence of an external magnetic field, nuclei spinsr@ in random directions,
resulting in a zero net magnetization. B: in presence dn external magnetic field® , protons

align parallel (lower energy state) or antiparallel (higher energy state) to th@&® , the excess of
parallel alignment results in a measurable net magnetizatiorAdapted from[21].



Besides magnetic alignment, an external magnetic field exerts a torque on the magnetic
moment causing the proton to precess around z direction, as shoWgunme 3. The
frequency of precessi on, a lop is prdportomahto thes t he |
strength of? and is influenced by gyromagnetic ratio of the eleméns described by

Larmor equéon (Eq. 1) [15,19}

X
Figure 3 - Precession of a nclear magnetic moment k) about an externally applied magnetic field
with [P with angular frequency of ¥, [19].

2.1.3. Magnetic Resonance Signal

Excitation of the spins

At equilibrium, te longitudinal magnetization (aligned with) of -P is maximal and is
denoted as P . However, compared to the stremgif 6B, -P (in orderof € Jis too small,

making it impossible to belirectly detected Therefore, it is necessary to tiP into the

transversal xy plane in order gaina measurable signg1].

To tip the thermakquilibrium magnetization vecteP , it is necessary to disturb the

equilibrium state of the protons. This can be done by an additionalvtinggng magnetic
field perpendicular t&P , called™ , through application of a radiofrequency (RF) excitation

pulse at Larmor frequency on a transmik) RF coil. The generatetP consists of two
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circular polarized fields® , which can excite the spin as it has the same sense of rotation

asthe precessing spins, attd, which has an opposite direction of rotatimmd does not

contributefor excitation however it is decisive for signal reception.

Now -P(called-Pinstead ofP once the system is no longer in equilibrium stdita$ to

precess abouP while continuing to precesat the same time abouP , as result, in a

stationary frame (x y z)Pwill spiral towards xy plane as shownhigure4 A. In a rotating

frame (%ot Yrot Zrot), Where z (parallelto "® ) is the axis of rotationwhile Xt and y.; axes

rotakes at the Larmor frequencpPwill tipatan angl e, the fBndp angl e
transversal component of net magnetizatigrP , is originated, as can be observed in

Figure4 B [15,24]

Figure 4 i Behavior of the net magnetization vectoiPin presence of a circular polarized and
perpendicular to & magnetic field R in A) a stationery frame and on B) arotational frame. [19]

The flip a n g | depends orthe gyromagnetic ratio r(), the strength of® and on the
durationz of the RF field, as described Hyefollowing equatior[19]:

| 1ot Eq. 2

By an appropriate choice bf andzany fl i p angle U can be obta
caused by a 90° pulse, also called an excitation pulsemanes the net magnetization

from longitudinal axis into &nsverse plané'he RF pulse also induces phase coherence to

all individual spins, that is why the net magnetization vector can have a transverse

component in nomquilibrium conditiong17].



Relaxation

When the RF pulse is turned of?, vanishes and the relaxation occurs as the psoto
returns to equilibrium stateThis processis called free induction decay (FID). The

relaxation can be divided into splisttice relxation and spirspin relaxationln the first
one, the longitudinal component o becomes-P again and in the latterone, the

transverse component d?returns to zergl7], as shown ifrigureb.

Thermal Energy
Equilibrium Absorption

RF pulse
y Puse o

o0
Re\’a{a‘“\o \

Spin-spin (T5) /A Spin-lattice(T;)

X

Figure 5 1 schematic overview of free induction decay process. The RF pulse creates a net
transverse magnetization due to energy absorption and phase coheren@fter RF pulse, spin
lattice and spin-spin relaxations occur[17].

Spin-lattice relaxation

In the absence o , the previous excited protons order to return tdhe lowest energy
statetends to realign their magnetic moment t8 . Therefore the longitudinal component

of -Pbecomes maximum agaithusthe spinlattice relaxation is also called longitudinal
relaxation The energy difference istransferred tothe lattice of nearby atoms and is

transformed into heat. The process of this relaxation can be describmkblwyequation.

8



b 6 0 O mAII&T O p QF Eq.3

where- O is the longitudinal component of net magnetization vect®iO, - O
mt AT 4Gs the value of longitudinal component immediately raRé& pulse and is the
spintlattice relaxation timé the time taken for the net magnetization to recover to 63% of

- or- p A i whichdiffers from tissue to tissue and increases Withstrength of

"D [11,17]

Spin-spin relaxation

Physically, each spin vectexperiences a slightly different magnetic field becanfstne
different chemichenvironmentAs a result of these spispin interactions, the spins rotate
at slightly differingangular frequenciesvhich results ira loss ofthe phase coherenead

a decrease of the transverse comporent O. This spinrspin rlaxation, also called

transversal relaxation, is described by
0 06 0 o mOEIQ” Eq. 4

where- O 1t O Elis the value of the transverse comporiemnediately after the RF
pulse, and4 i the spinspin relaxation timé takes placavhen- O hasdecayed to 37%
of its original value or O mA and itdepends considerabbn the tissue. In this

mechanism of dghasing no energy is lost, but since it also includég spinlattice
interaction related td , 4 has to be shorter thah, and it is rather independent "of
[11,17]

M. y M)

M,

63%

37%

A B
T, Time T, Time
Figure 6 i A: The longitudinal relaxation and relaxation time T,. B: The transversal relaxation

and relaxation time T,. [8]




The longitudinal and transversal relaxations are illustratedrigure 6, with their

correspondent relaxation times.

There isan additional dephasing caused "By inhomogeneities which contributes to an
even faster signal decay. This type of decay occurs with the time constantpically
shorter than 7[20].

Signal reception

By placing areceive (RX RF coil near to the sample, the precessing transversal
magnetization- O will induce an alternating voltage at the ends of the loop due to
Faraday's Law of inductionThe intendy of the detected signal is connected to the

magnetic field of the loop via thginciple of reciprocity{25,26]

After its detection, the signal is first amplifiedad t hen mi xed with a
slightly differs fromLarmor frequencyAfter the demodulation, the signal is sampled by an
AnalogueDigital-Converter (ADC) and finally transferred to the computer for -post

processingasillustrated inFigure7 [18].

» M ADC

Computer

Figure 77 Block diagram of the signal processing chain in an NMR experiment with PA being the
power amplifier, M the mixer for demodulation and ADC the AnalogueDigital-Converter [18].
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2.1.4. Magnetic Resonance Imaging

Magnetic resonance imaging basel on determination of spatial location NMR signals
to create an image. This is possibly introduction of magnetic field gradients that produce

a small variation on the strengthtbf main magnetic field® [15].

Magnetic Field Gradients

Magnetic field gradients consist tiree magnetic fields that add or subtract a small amount
of field strength from the main static magnetic fi#ld linearly pooportional to the distance

from the isocenter in x, y arddirection. This spatial variation tfe strength of® results
on different Larmor frequencies on protons located at different positions along the applied

gradient in a known way, as shownHigure8 [19].

Slightly .Iower ¢ Gradient E Slightly .hlgher
magnetic field magnetic field
+

Null
Slightly lower =~ €———— Larmor frequency ==w—————  Slightly higher
precessional frequency precessional frequency
FOV position

Figure 81 Total magnetic field strength along position when a magnetic gradient field is applied to
the main static field. This variation causes protons in different positions to spin at different but
known Larmor frequencies[21].

Slice Selection

The first step to acquire a MRI imagetie slice selection. The sliegelect gradient (&)
creates a linear correspondence between the Larmor frequency and the podesireda
slice can be obtained by applying an RF pulse with selected center frequehcth(s
only the protons inhe position corresponded to center freque(idy, called slice position,

can be excited, as shownFkigure9 [19].

11



Fragquancy of
BF pulse

------------------- ’ Slice-select gradient

- glice

Figure 91 An illustration of slice selecton[19].

Spatial encoding

After theslice selectione.g, in z direction, all the protons within the slice pegs at same
frequency.To obtain an image from,iit is necessary to proceed spatial encoding. Spatial

encoding comprises two steps, phase encoding and frequency er{20c4g

For thase encoding, a gradient in y direction is switched on immediatelytladteF pulse
of the slice selection and befotbe signal acquisitionThis gradientmodifiesthe Larmor
frequency of the protorslong ydirection Figure10A). As result, the protons in a higher
field strength gain phase relative to f®@tons in a lower field strength. In this way, each

line of protons within the slice can be identified by its unique phase.

12



For frequency encoding, a fregncyenconding gradient is applied in x direction during
acquisition time. This gradient causes different Larmor frequencies of the protons -along x
axis, thus each column of protons within the slice can be characterized by its specific

frequency Figurel10B).

In this way each volume element (voxel) of the slice will have unique frequency and phase

allowing its spatial identification.

f Frequer
o requency

Figure 107 Spatial encoding. A: Phase encadg i a y-gradient causes unique phase shifts within
lines of the selected slice. B: Frequency encondiign x-gradient causes specific Larmor
frequencies within columns of the selectkslice.[20]

K-space

K-space is wherthe collected encoded data from thHR signals are stored, corresponding

to the inverse Fourier transform of the image space. It has two axes, the horizontal axis k
stores the frequency informatioand the vertical axisykstores thenformation about the
phase. Each-Epace line correspds to one measurement and it is acquired for each phase
encoding step. An MR image is created from raw data by application of 2D Fourier

transform aftethescan is over and-gpace is filled.

K-space lines do not correspond to the resulting image Ragker thedata from center of
k-space mainly determines contrast in the image while the outer lines primarily contain

spatid information(Figurel1l). [20]

13



K-space

Image

A B C

Figure 117 K-space and correpondent images by 2D Fourier transform (FT) of kspace. A:
reconstruction from full k-space, B: reconstruction from onlythe centre of k-space results in an
image with good contraste but lacking in detail, C: reconstructiorfrom only the edges of kspace
results in an image where only the edges and detail of the imaged obj¢th]

2.1.5. Basic Pulse Sequences

A pulse sequence is a set of RF pulses applied to a sample to produce a specific form of
NMR signal[22].

One pulse sequence

A single 90° RF pulse is applied uniformly tioe sample in a associatedtatic magnetic
field and the net magnetization is tipped into the transverse plane. After thegaitse
spins begin to realign themselves and return to equilibrium orientatiominection, the
net magnetization begins to precess freely ab®ytemitting energy. This energy is

captured resulting in an MR signal known as free induction decay)FIThe initial

14



magnitude of FID signal depends on the value ofrior to the 90° RF pulse. The FID

decays with time as relaxation occ(&5].

A

time time

Amplitude
Amplitude

Figure 12 7 Free induction decay. A: oscillating FID recorded within $ationary frame of
reference. B: nonoscillating FID recorded within rotating frame of reference.[24]

The FID experiment is used in MR spectroscopy where different nuclei with different

Larmor frequencies can be differentiated within a sarfifg

Equilibrium x‘}y 1009 M:
z
90° pulse
e —y 0% M,
Recoverytime . short medium long
| ; 7 z
Longitudinal recovery Ay Ry J ey
x K X
3 3 :
90° pulse i
Resulting FID

100%

M, recovery

0% :
Recovery time (g)
g

short ...

E
3
b
E

Figure 1371 T, recovery curve by repeating 90° Rpulses[21].
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Additionally, repeated 90° pulses can be cotetlico determine time. The initial 90°
pulse, which takes the to zero, is followed by a recovery time and then a second 90°
pulse is applied to examine the longitudinal recovery by displacing it into the transverse
plane. By repeating the sequenaéh different repetition times (TR) & Tecovery curvé

0 p Q T i can be determined and Value can be estimatdi8,21], as shown in

Figurel3.

Spin Echo (SE) sequence

In spin echo sequenca 90° RF pulse is first applied to rotéte net magnetization intthe

transversal plane. After this pulse, dephasing ocasrtheprecessing of some spiase

faster than otherdue to'® inhomogeneities. Faster spins acquositive phase (running
clockwise) while slower ones lag behind and acquire negative phase (running
counterclockwise). Dephasing occurs during fir& half echo time (TE)then a 18° RF
pulse is deliveredotreverse or refocus the spins. @ssequence the spins that were ahead
before are now behind and vice versaly the spins that are now behind will catch up as
their respective speeds reméie same. Thus, aftesrecondhalf TE all spins will meet once

again in phase forming the echo sigf24l,24], Figurel4.

, - 90°  180°
= ! RF LA

7 T

Repeat (TR) ! Signal

\ Spin Echo Signal/‘ - i TE |
- e

Figure 147 Spin echo segence[17]. Figure 15- Spin echosignal

and exponential decay17].
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The maximal echo amplitude depends gnafid not in T since spin echo only affects
dephasing caused by field inhomogeneities and has no effect oispapimteraction
dephasing, Figure 15. Theefore, an exponential decay curée 'Q 7 can be

determined by multiple experiments at differente@times and T, can be estimate@4].

Gradient Recalled Echo (GRE) sequence

In gradient recalled echo sgnce, or simply gradient echo, the echo is produced by
magnetic field gradients rather than pairs of RF pulses. This is done by first applying a
frequencyencoding gradient with negative polarity to induce dephasing of precessing spins
and then the graeént is reversed and the spins rephase forming a gradientféghoe(L6).

Since gradient echoes do not need 180° refocusing pulse, very short repetition times (TR)
can be achieved. The repetition time is deterntima overall scan time of most sequences
which makes GRE sequence much faster than spinssaheencg20]. Another advantage

of GRE by not using a 180° pulse is that less total RF power is applied to the patient and

thus less total RF energy is deposited withistissue[15].

: [] I
Radlo- i o Echotime (ET)
Z-gradient : i
:.'I’:.:.d ¢ * —+ 'mm
Y-gradient H i
(phase) : - ;
' H e i
X-gradient i i i
{frequency) ‘I - f i \
w A N A
a ] ] e
1 2 3 4 5
1
-"!’ »‘.‘-f
-
1) Steady state: 2) After excitation 3) Spin dephasing 4) Spin rephasing 5) Rephasing (echo)
no magnetization RF pulse (ox): through frequency-  through frequency  after TE intervall:
in xy-plane all magnetization encoding gradient gradient reversal full recovery of
processing in transverse
xy-plane magnetization

Figure 161 Gradient echosequenceg20].
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2.2. MRI at Ultrahigh Fields

A continuous increasing of MR field strength can be observed alongside its development.
More and more ® T high field systems have been placed in clinical use beside 1.5 T
conventional systemsand ultrahigh field (4 94 T) systems have been installed at a
number of research sites for human studi2®. One of thereasos for the riseof field
strength ighe increasinglifference between spin up and spin down population with field
strength This leads to &igher signalandthus a higher signato-noise ratio (SNR) can be
obtained [13]. A higher SNR can be traded for incsgay spatial resolution or for
decreasing imaging timéa1].

Despite increased SNR at ultrahigh field (UHF) systesegeral drawbacks are present. An
increased inhomogeneities due to magneticssaptibility differences between air and
tissue [28] causes varying precession frequencies of the sputmsch diminishes a
homogeneous excitation and leadsatiaster dephasing of the spins resulting in a shorter

T, [13]. Howeve," inhomogeneities can be reduced'byshimming.

The Larmor frequency of the RF field () applied increases with the field strength, and
higher the frequency shorter bewes the RF wavelengtiTable 2). At 7.0 T, with
frequencies near 300 MH#he RF wavelength for protons in water is about 1larhich
leads regionally to negative interferences of superimposed RF waves creates
inhomogeneities of the RF field in the boawhich resuls in sigral drop off in MR images,
Figure 17 [13]. This constrain can be overcame by ussngface aay coils, by regulating
the amplitude anthe phase of each array chanjasl].

Field Proton wavelength Proton wavelergth
strength in air (cm) in water (cm)

15T 470 52

30T 235 26

70T 100 11

Table 27 RF wavelength in air and in water for proton at differert field strengths[13].
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Figure 1717 A: Effects of RF field inhomogeneities o MRI. B: MRI with corrected RF field

inhomogeneities][30]

RF power deposition is another concern when referring to ultrahigh,feddse RF field

does not only affect the orientation of the net magnetization but also interacts with ions and
molecules in the tissyd3]. The absorbed energy results in pamature rise that is higher

for higher frequencie$13]. Thus at UHF the risk of tissue heating and burning are
increased. To avoid excessive tissue heatiegulatory organizations, such as Food and
Drug Administration (FDA) and International Elec&ohnical Commission (IEC), restricts

the maximum input power of RF field in order to not exceed the specific absorption rate
(SAR) limit (Table3) [15,31] The evaluation of SAR values is an important procedure at

UHF MRI to assure patient safefy/1].

Limit Whole-Body Heat Head, Trunk| Extremities
Average Average | Local SAR | Local SAR
IEC (6-minute average)
Normal (all patients) |2 W/kg (0.5°C] 3.2 W/kg 10 W/kg 20 W/kg
First level (supervised) | 4 W/kg (1°C)| 3.2 W/kg 10 W/kg 20 W/kg
Secad level (IRB approval 4 W/kg (>1°C) >3.2 W/kg| >10 W/kg >20 W/kg
Localized heating limit | 39°C in 10 g |38°C in 10 ¢ 40°Cin10g
FDA 4 W/kg .for 3 W/kg. for | 8 W/kg in.lg 12 W/kg i_n 1¢
15 min 10 min for 10 min for 5 min

Table 3 iInternational Electrotechnical Commission (IEC 606012-33:201Q and Food and US
Drug Administration (FDA) guidelines on SAR and heating in human MRI studies[32]
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2.3. Fluorine ( 19F) imaging

The feasibility of->F MRI was fist demonstrated by Hollared al. [10] four years after the
development of'H MRI. '®F has 100% natural abundance spin of 1/2, and a
gyromagnetic ratio of 40.08 MHz/T (s@able1) and83% of the sensitivity ofH.

The use of°F MRI also benefits from the similarity of gyromagnetic ratios%fand’H
(differs about 6%)which allows the use of the same equipment for both nuCle
absence of°F background in biological tissue (trace amount$’Bfpresent in teeth and
bones are negligiblg)L0] makes this nuclei a goqutobe to assess the structure, function

and molecular display of various diseaEy.

The *F MRI was usually performed at relatively low spatial (millimeters) and temporal
(minutes to hours) resolution because of low cotraéipn of **F atoms in region of
interest, tlough, these limitations can be overcame by the incre@bdRl at higher field
strength (e.g., 7T) and dedicated RF c{diB.
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3. RADIOFREQUENCY (RF) COILS

As referred before, RF coils are used to excite the spins in order to produce a measurable
transversal signalir{ transmissionTx) mode) and to receive this signah feceive(Rx)
mode). An RF coil can be charactedzes transmit only, receive only or botlarismit and

receive (transceiverx/Rx) [33].

There are two types &F coils, volume coil and surface coflolume coilssurround either

the whde body or a specific part of a bodpdare often carried out dsrdcage coilsThey

consist of wires arranged like rungs of a birdcage along-tiedszof the scanner. Due to

their predetermined structure, it is not possible to position the coil tdbdrasly position

on the patient and hence the typical applications of birdcage coils are the body coil, a head
coil or extremity coils These coils have the capability to generate a homogen&akl

over a large volume within the coil, howeverhigher magnetic fields the volume coils

have some" homogeneity constraintR21]

Surface RF coils are RF coils placed directly on surface of the sample, which segle

or multiple turns ofwire. This type of RF coil has an increased signal to noise ratio (SNR)
due to its very close placement on the patiand asit generally comprises a smaller
imaging volumeJessnoiseis presentsincethe major sourcef noiseis usualy the tissue.
One drawback of this typef coils is its limited penetration depthpossible”
inhomogeneitieand a reduced fieldf-view (FOV) (the imaged area is more or less the
size of the coil]11,18]

A way to overcomeeduced FOVis the application of a coil array, which consists of
numerous single elements placed near each other. Therefore, the FOV can baiaciease
simultaneously benefits from the good SNR of surface ¢big Coil arrays can also be
used to compensate for inhomogeneities by adapting the amplitude and phase of each
transmitter independenttp reduce the negative interferences of the RF wiB4sThese
advantage made surface array coils preferred RF coils for UHF. naker than volume

coils.

The next sections describe general aspects of a surface coil.
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3.1. RLC circuit

A simple loopsurfacecoil can be descrilieas a resonant RL-Circuit. This consists of
inductanceL, capacityC and resistance R representing the electrical losses, as illustrated in
Figure 18. When connected to an alternating power source, the electrical energy is stored
periodically within the magnetic dld of the inductance or theeetrical field of the

capacitance. The resonant frequency of the RLC circ[idis

"0 p_ Eq.5

‘M0 6

1
—e
— ()

Figure 181 An RLC resonant circuit in series[35].

When building RF surface coils for MR, the initance is determined by the geometry of

the copper conductors. Therefore, the resonance frequency can only be changed by
adjusting the value of the capacitors within the circuit. Inserting multiple capacitors has
another purposeAs the wavelength at udthigh fields approaches the length of the
conductorsthere would be sites with no signal due to the zero phase of the sinusoidal
wave. By inserting capacitorghey partition the RF coil, keepiniipe conductors short
compared to the wavelengéivoiding the zero phase®8ut each inserted capacitor increases

the total loss within the RF coil and thus worsens the RF coils performance. By choosing a
suitable number of capacitorgth effects can be balancis6].

3.2. Tuning and Matching

The resonant circuit described previously needs to medttothe Larmor frequency of the

protons in order to successfully excite thérherefore a tuning capacitor @s inserted in
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the circuit. On the other hand the resonant circuit also needs to be matched to the
impedance of the MR scanner and the coacadlles, whichis ypi cal ly 50 q,
achieve optimal signal transfer from the power source to the RF coil avoiding reflections
that occur when the impedances differ. The matching can be handled by adding a matching
capacitor G, to the circuit. Tha=igure19 showsan RLC circuit with additional tumg and

matching capacitord 4].

C R tot

A

L ]

Figure 1971 Equivalent serial RLC circuit of an MRI coil with tuning -matching circuit [35].

3.3. Decoupling

When two loops are tuned to the same resonaquémcy and placed near each other, their
mutual inductance causes the resonances to split as shdvigune 20. This results in a

loss of sensitivity of the twacoils. Therefore the neighboring eehents have to be

A AN
GARUAS;

VAN VAVAN

: > i >,

f,- resonant frequency f,- resonant frequency

Coil response
Coil response

Figure 207 Element couplingand frequency shift[34].
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One ofthe decoupling methods ithe overlap @coupling It can beperformedby moving

two neighboring elements one upon the other so that they partially overlap. The magnetic
flux, caused by one of the elements, is penetrating its neighboring element as well as the
overlapping area, but in both casedth a different direction. Hence, their mutual
inductance can be canceled out and the magnetic flux in the second element can be zeroed
by adjusting the size of the overlap area. The drawbacks of this method are the geometrical
constraints that go alongvith it. By partially overlapping two elements, the next
neighboring elements are automatically closer to each other and can thpotéargally

couple strongel37].

The Other wa of how to decouple elementstheinductiveor capacitive decouplinf38].

Two elements can be arranged so that they share a common conductor, illustFegackin

21, and an inductive or capacitive elent can be brought into it. By adjusting the value of
these elements, the mutual inductance of the elements can be cancelled out. As the losses of
capacitive elements are usually lower, primarily capacitors are used for this purpose. One
great advantage olis method is the possibility to decouple even-adjacent element by
connecting them with coaxial cables with two capacitors in bety3¥4n

C =

Figure 211 Addition of a capacitor Cp between two elements that share a common conductty
avoid mutual inductance[35].

3.4. Cable Trap

Coaxial cablegFigure22) are used to feed eaetementof the coil. On this type of cable,
the current on the inner conductor and on the shield are equal andt@gpothere is no

energyto be radiated. However unbalanced current can be induced on the dineetd
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unsymmetrical feeding of RF coil or from a near electromagnetic field, such as RF field.
Under this situation, it cahead to increased power requiram® stronger coupling
between the elements and cable heating in transmit,raadalsoto significant decreased

SNR in receive mode. A cable trap is a specialized circuit to suppress induced unbalanced

current on the shielB4].

Outer Outer
insulator conductor
(shield)

Inner
conductor

<>
<
3

Jo3stle
OSSOSO

Center insulator

Figure 227 Coaxial cablei cut away view [39].

3.5. Scattering -Parameters (S-Parameters)

The Sparameters describe the power transmisaiod reflection in a given system without
knowledge about its components, and are thereized to quantify tuning, matching and
decoupling. Sparamegrs are usually expressed in @Bd organized in as-parameter

matrix. A network with N pog will havean N x N dimension -8atrix [40].

a, Port 1 Port 2 a,
»> . e D ——

b, b,

- . —e —

Figure 2371 A two-port component indicating the transmitted and reflected wavea; and b; [35].

Assuming a network with 2 ports, signals can be fed in (describétklparametes) and
read out (describedylihe parametdn) at 2 locationsas shown irFigure23. The S-matrix

will havethe sizeof 2 x 2 and itsentries are
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Si is called thereflection coefficient giving information about the fraction dhe signal
which is reflected at the portand didnot propagate through the component. On the other
hand, the paramete®, withi j, represent th&ransmission coefficienproviding how
much of the signal, inserted gortj, is transferred and lost into paf40]. An example of a

coil with two elements is shown dfigure24.

-10—

-20—

-30—

40—
' s11
@ S22
50— ¢ S12

_60 T | T | T | T | T ‘ T | T | T | T ‘ T | T
230 240 250 260 270 280 2390 300 310 320 330 340

freq, MHz

Figure 2471 S-parameters of a coil with 2 elements at 297 MHz. The reflection coefficientSand
S, are approximately -50 dB, which means only 0.00001 of the power transmitted is reflected
back. The transmission coefficient §is -30 dB shows that 0.001 of the posv inserted at element 1
is transmitted into element 2.
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3.6. Quality factor

Quality factoror Q measures the performance of the coil (a tuned circuitlsahe ratio of
stored energy to dissipated eneligythe systemEquivalently, it can be seen as théo of
the reactive impedance to the resistive impedance

~
g

0 — Eq. 7

Quality factor is also a measure of the current or voltage magnification achieved by the
coil. A higher Q means a narrower frequency response andthbehaves like a bard

pass filter, eliminating noise from outside the bandwidth of inteaest,an improve@NR

can beobtained[11].

The SNR is proportional to the square root of the loaded,Q [@aded to a sample such as

a patient or a phantgnand an optimum SNR results when the sample noise is dominant
that is when theatio of Q. andunloaded Q (Q T without any sample loaded less than
0.5[19].

A practicalway to calculate Q isising linear & curve of the coil tuned a fand the
bandwidth of Full Width at Half Maximum (FWHM)shownby Eq. 8 [41]

0 Eg. 8
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4. MATERIALS AND METHODS

4.1 Coil Construction

In order to detect at@ T both poton § = 297 MHz) and fluorinef(= 279.5 MHz) signals a
dual tunable transceiver array coil with eight elements was constructed. The coil was made

of three parts, two identical anterior paaisd one posterior patd fit the anatmy of an

average knedsigure25.

Figure 251 "H/*F dual tuned knee coil made of three parts: two identical anterior parts and one
posterior part to fit the anatomy of an average knee.

Each of the anteriorestions consists dhree elements, each one with a size of 5 x 5 cm,
were arranged in a triangular form in order to facilitate the decoupling of neighboring
elementsand bento bettercoverthe region of interesiAs the short wavelength of RF field

at 70T leads to significant phase variations along the conductor, high Q ceramic capacitors
were equally placed around the loop to shorten the conductor |€ngtbupling between
adjacent elements was allowed by a common conductor with a sharing decoaphegor

with high Q For tuning and matching trim capacgd@fi-13 pF)with high Q were usedn

right side of thé~igure26 trim and nortrim capacitor placements can be found.

Two of those elements placed abdhe knee were tuned to fluorine frequency and the
lateral one to protofrequency Figure26 left.
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Figure 261 Left: anterior part of the coil consisted by two identical 3 loop elemds sections. Two

of these loops, placed above the kneeere tuned to'°F and the lateral one to proton frequency.

Right: det ai l of one of the anterior sectionds circu
length and tuning, matching and decouplingapacitors are shown.

The posterior part of the coil consists of two elements with a size of 180 x 95 mm tuned to
proton frequencylt was bended to fit the knee fold, serving as a comfortable support while
measurementsccur. Tuning, matching, decouplingapacitors and capacitors shortening

the conductor length can Beenon Figure?27.

Figure 271 Left: posterior part of the coil consisted by 2 loop elements tuned to proton
frequency . Ri ght : det ai | the posterior sectionés
conductor length and tuning, matching and decoupling capacitors are shown.
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