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INVITATION

Galloping from Far Asia and jutting out
into the Mediterranean like a mare's head

this country is ours.

Wrists in blood, teeth clenched, feet bare
and this soil spreading like a silk carpet,

this hell, this paradise is ours.

Shut the gates of plutocracy, don't let them open again,
annihilate man's servitude to man,

this invitation is ours..
To live like a tree single and at liberty

and brotherly like the trees of a forest,

this yearning is ours.

Nazim Hikmet Ran
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ABSTRACT

NOVEL RF COIL TECHNOLOGIES FOR
MRI

Haydar Celik
M.S. in Electrical and Electronics Engineering
Supervisor: Prof. Dr. Ergin Atalar
June, 2006

In this thesis, we investigated five novel radiofrequency (RF) coil
technologies for their use in Magnetic Resonance Imagers. These studies were
grouped into two: the first group was on RF coil technologies for interventional
MRI; the second group was on the design of optimally performing coils. As a
result of these studies, one journal paper was published, one other paper had
been submitted, and five abstracts were presented in international meetings.

Interventional MRI is the technology that guides surgical procedures by
the aid of magnetic resonance images. One of the topics of interest in
interventional MRI is to determine the position of devices used during the
interventions. Recently, use of inductively coupled RF (ICRF) coils had been
proposed for this purpose. Our first group of studies was on development of
novel technologies by using these ICRF coils. In the first study, we proposed a
method, which enables separate visualization of the ICRF coil in the body with
one color-coded image by utilization of reverse and forward polarization modes
of a receive-only (RO) birdcage coil. In the second study, we extended the first
study by reformulating the ICRF coil visualization problem for phased array

coils. With this, the proposed method became more practical since most of the



modern receive coils are phased array coils. In the third ICRF coil study, use of
ICRF coil technology in image-guided neurosurgery was utilized as a
registration marker by increasing the signal intensity of gel markers.

Our second group of studies started with calculation of the ultimate
achievable signal-to-noise ratio (SNR) using any arbitrary internal coils. This
ultimate value later used to test the performance of various internal MRI coils.
In the last study, we aimed to solve an inverse problem that is to design a coil
that generates SNR close to its ultimate value. First, we determined that a
birdcage coil generates the optimum coil sensitivity; however, its z-directed
sensitivity should be more localized in the center of the object. For this purpose,
we designed and fabricated a microstrip based birdcage coil, which can be used
as head coil for 1.5 Tesla MR imagers.

RF coils are critically important in performance of MRI scanners. We
believe that studies conducted in this project are contributions toward obtaining

better imaging systems.

Key words: RF Coils, Endoluminal RF Coils, SNR in MRI, Interventional MRI;
Catheter Tracking; Image guided surgery, Birdcage Coil, Microstrip Based RF
Coils,



OZET

MANYETIK REZONANS
GORUNTULEME ICIN ORIJINAL RF
BOBIN TEKNOLOJILERI

Haydar Celik
Elektrik Elektronik Miihendisligi, Yiiksek Lisans
Tez Yoneticisi: Prof Dr. Ergin Atalar
Haziran, 2006

Bu tezde Manyetik Rezonans Gortitiileme Aletlerinde kullanilmak {izere
bes orijinal radyo frekansi (RF) Bobin teknolojisi lizerine ¢alistik. Bu ¢aligsmalar
iki gruba ayrilabilir: birincisi girisimsel MRG i¢in RF bobin teknolojileri;
ikincisi en 1yi ¢alisan bobin tasarimi. Bu ¢alismalarin sonucu olarak bir bilimsel
makale basildi, bir diger ¢alisma basilmasi iizere gonderildi ve bes tane 6zet
uluslararasi konferanslarda sunuldu.

Girisimsel MRG, manyetik rezonans goriintiileri yardimiyla cerrahi
islemlerin rehberligini yapma teknolojisidir. Girisimsel MRG’nin konularindan
biri ameliyat sirasinda kullanilan aletlerin yerinin tayinidir. Yakin gec¢miste,
indiiklenerek eslenmis radio frekans (IERF) bobinler bu is icin Onerilmistir.
Birinci grup ¢alismamizda bu IERF bobinler kullanarak original teknolojiler
gelistirilmesi iizerinde durduk. ilk ¢alismamizda alici olarak ozel tasarlanmis
sadece-alic1 kuskafesi bobin kullanilarak yeni bir IERF bobbin izleme teknigi

Onerilmistir. Bu teknik, sadece-alic1 kuskafesi bobinin diiz ve ters kutuplagsma



kutuplasma modlarinin kullanilmasiyla, kateter ve viicut goriitlisiiniin ayn1 anda
bir renk-kodlu goriintiide gosterilmesine olanak saglar. ikinci ¢alismamizda ilk
calismamizi tekrar formiile ederek faz dizisi bobinleri iizerine gelistirdik. Bu
haliyle yontem ¢ok daha uygulanabilir olmustur, ¢iinkii, modern bobinlerin ¢ogu
faz dizisi bobinleridir. Ugiincii IERF bobin ¢alismamizda ise, IERF bobin
teknolojisinin goriintii-rehberli sinirselcerrahide jel isaretleyicilerinin sinyal
seviyesini arttirarak isaretleyici konumlandiricist olarak kullanilmisgtir.

Ikinci grup calismamiz dahili manyetik resonans (MR) bobinlerinin
kullanilmasiyla elde edilebilecek sinyal/gliriiltii oraninin (SGO) {ist sinir1 (en iyi
igsel sinyal/giiriiltii oram, EIISGO) hesaplanmasiyla baslar. Bu en iyi deger
daha sonra farkli dahili MRG bobinlerinin performansini 6lgmede
kullanilmistir. Son ¢aligmamizda ise, en iyiye yakin SGO’yu verecek bobini
tasarlamak igin ters problemi ¢dzmeyi amagladik. Oncelikle, kuskafesi
bobininin en iyi hassaslig1 yaratabilecegine karar verdik, fakat, bobinin z-yonlii
hassaslig1 daha ¢ok merkezde yogunlagsmasi gerekliydi. Bu amagla, 1.5 T MR
goriintiileyicilerde kafa bobini olarak kullanilabilmesi i¢in mikroserit temelli
kuskafesi bobini tasarladik ve yaptik.

RF bobinler MRG aletlerinin performanslarinda kritik 6neme sahiptir.
Inaniyoruz ki, daha iyi goriintiileme sistemleri icin yaptigimiz ¢aligmalarm

katkis1 olacaktir.

Anahtar Sodzcukler: RF Bobinler, Endoluminal Bobinler, MRG’deki SGO,
Girisimsel MRG, Kateter izleme, Goériintii Rehberli Ameliyat, Kuskafesi
Bobini, Mikroserit Tabanli RF Bobinleri
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List of Figures:

Figure 2.1: Standard birdcage coil configuration. The birdcage coil has two feeds

and they are connected to a quadrature hybrid. The quadrature hybrid creates a 90°
phase difference between X and y components of the received signals and adds to obtain

the forward polarization mode signal.

Figure 2.2: Reverse polarization mode image of standard birdcage coil. In perfect

systems, if the phase of the MRI signal from feed 2 (y-channel) is advanced by 90°
before adding, no MRI signal can be detected. The same effect can be obtained by cross
connecting the feeds to the quadrature hybrid connections. However, imperfect systems

may result in some signals as seen in the figure.

Figure 2.3: The inductively coupled RF (ICRF) coil and linear polarization. MR
signal induces current on an ICRF coil and this creates a linear polarized signal. A
linearly polarized signal can be decomposed into forward and reverse polarized signals.

Therefore, an ICRF coil functions as a polarization converter.

Figure 2.4: Sketch of the upper end-ring part of the receive-only birdcage coil. The

receive-only birdcage coil has two feeds and inductor-diode system (D-1 and D-2) is
used for decoupling. Scanner supplied DC current turns on the diode during RF
transmission. In addition, two back-to-back diodes (BB-1 and BB-2) are used for
passive decoupling. Again, during the RF transmission, AC current on the end-ring

turns on BB-1 and BB-2 diodes which detune the coil resulting an effective decoupling.

Figure 2.5: The ICRF coil without decoupling. The ICRF coil has a diameter of 2.1

mm and length of 10 cm. It is constructed from 0.4 mm diameter coated copper wire.
The ICREF coil is tuned by a ceramic chip capacitor to 63.85 MHz using an HP 8§753D

network analyzer.
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Figure 2.6: Visualization process of the ICRF coil and the body. Spins in the body

creates a forward polarized signal. If an ICRF coil is placed in the RO birdcage coil,
spin rotation induces current on the ICRF coil and it creates linear polarized signal,
which consists of both forward and reverse polarized signals. By feeding X and y-
channels directly to the scanner, both forward and reverse polarized modes can be

reconstructed.

Figure 2.7: Phantom experiment of the ICRF coil without decoupling diodes. a)

Reverse polarization mode image. Note that, because of strong decoupling, the image

ICREF coil is disturbed. b) Forward polarization mode image.

Figure 2.8: Phantom experiment of ICRF coil with decoupling diodes. a) Reverse

polarization mode image. b) Forward polarization mode image. As seen in Figure 2.8a,

decoupling diodes increases visibility of the ICRF coil.

Figure 2.9: Rabbit experiment results. We placed a modified naso-gastric tube

inside the esophagus of the animal. a) Forward polarization mode image. It is difficult
to distinguish the ICRF coil from the background. b) Reverse polarization mode image.
In this mode, ICRF coil clearly visible and background signal is reduced. ¢) The

forward and reverse polarized images are combined using color-coding.

Figure 3.1: The inductively coupled RF (ICRF) coil and linear polarization. MR

signal induces current on an ICRF coil and this creates a linear polarized signal. A
linearly polarized signal can be decomposed into forward and reverse polarized signals.

Therefore, an ICRF coil functions as a polarization converter.

Figure 3.2: Schematic representation of acquired image data. Images are 512 X 256

and there are N images from /N channels.

Figure 3.3: Flowchart for the case when there is only body image. Sensitivity is

directly related to data come from channels.
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Figure 3.4: Flowchart for the case when there are both body and catheter images. In

order to obtain ¢ vector, low-pass filtering of the channel data are required before

manipulations.

Figure 3.5: The ICRF coil without decoupling. The ICRF coil has a diameter of 2.1

mm and length of 10 cm. It is constructed from 0.4 mm diameter coated copper wire.
The ICRF coil is tuned by a ceramic chip capacitor to 63.85 MHz using an HP 8753D

network analyzer.

Figure 3.6:_a) Forward polarization mode image. b) Reverse polarized mode image.

¢) Color-coded image

Figure 3.7: Flowchart for 6-channels phased array coil. In order to obtain reverser

polarization mode of image, channel data is multiplied by a proper matrix and they are

added up.

Figure 4.1: Different configurations of ICRF coils. a) Without capacitor and diode.

b) With tuning capacitor. ¢) With decoupling diodes. d) With single decoupling diode.

Figure 4.2: a) The ICRF coil with tuning capacitor and decoupling back-to-back
diodes. b) Sketch of ICRF coil, MMM, and head of a patient.

Figure 4.3: Multi-Modality (Gel) Markers (IZI Medical Products). Zinreich

introduced a gel for image-guided surgery and this marker is used with our ICRF coils.

Figure 4.4: Multi-Modality Marker. As seen in the figure, marker is not clear.

Figure 4.5: Coil-1 with Multi-Modality Marker. ICRF coil increased signal

intensity significantly
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Figure 4.6: Coil-2 with Multi-Modality Marker. ICRF coil increased signal

intensity so that signal near the gel saturates.

Figure 4.7: Coil-1 with Multi-Modality Marker. Marker cannot be seen in this

sequence (T2 Weighted Fat Suppression).

Figure 4.8: Coil-1 with Multi-Modality Marker

Figure 4.9: Coil-2 with Multi-Modality Marker.

Figure 5.1:. a) Cylindrical body model with a coaxial cavity. This model is used for

obtaining the UISNR values of an internal and external coil combination. b) A

cylindrical body model without a cavity.

Figure 5.2: Signal reception profile of optimum internal coil (axial H-map). This
shows the optimum field pattern inside the body model that will maximize the intrinsic

SNR at location ( p=1 mm, ¢=0, Z=O) . A logarithmic intensity scale is employed.

Figure 5.3: a) Sagittal H-map for the optimum coil. This map is produced on the
plane, ¢ = 0, and the point of interest located at ( p=lmm, ¢=0, z= O) is
indicated by a star. A logarithmic intensity scale is employed. b) Sensitivity magnitude
profile for the optimum coil. H, field sensitivity is plotted at x =1 mm in arbitrary

units. Both figures show that most of the field energy is concentrated in a narrow
region on the z axis and the greatest brightness indicates where the position of the

internal coil should be.

Figure 5.4: Relative importance of the modes (G-map).This is used for the

numerical calculation of the UISNR. The weights of each mode were mapped on the

horizontal and vertical axis, representing the m and » modes. The restriction of the
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modes to those encompassed by bound W2 speeds the calculation with a negligible loss
of accuracy (< 1%), whereas use of the overly-restrictive bound W1 results in a 33%

€11o!1.

Figure 5.5: A comparison of three ISNR values. p, is the radial distance of the

point of interest from the center of the object. The internal coil is effective at points
near the cavity and then the external coil becomes effective as the point of interest
approaches the outer boundary on the curve of the UISNR of an internal and external

coil combination. In this figure, the external coil has a 20 cm

Figure 5.6: The useful area for the loopless antenna. The SNR values of the
loopless antenna and the UISNR of the internal and external coil combination were

compared for different values of body radius, p, . For a given body radius, the loopless

antenna outperforms the optimum external coil design for points of interest with p,

values that fall in the shaded area. The region at the left bottom of the figure, shown by

the dashed line, was found by interpolation.

Figure 5.7: The performance of the loopless antenna as a function of distance of
the point of interest from the center of the object. This figure was obtained by dividing
the SNR of the loopless antenna by the UISNR of the internal and external coil
combination. In this figure, a 20 cm body radius and a 0.375 mm cavity radius were

assumed.

Figure 5.8: The experimental performance of the endourethral coil design as a
function of distance of the point of interest from the center of the object. This figure
shows the performance of a single-loop endourethral coil obtained by dividing the
experimental SNR value of this coil by the UISNR of the internal coil. UISNR values
were computed for a 20 cm radius body with an internal cavity radius of 2.5 mm

(cavity size matched the endourethral coil diameter).
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Figure 5.9: Frequency dependency of the UISNR at various magnetic field

strengths. When the point of interest is at a small cylindrical radius, quasi-static
conditions are valid and there is then an approximately linear relationship between the

UISNR and field strength.

Figure 5.10: The performance of coils with different cavity sizes. In this figure,

different UISNR values for internal coils were compared for different cavity sizes. The
comparison was made by dividing the UISNR values of various coils, which have
different cavity radii, to the UISNR value of the reference coil, which has a cavity

radius equal to 0.375 mm

Figure 6.1: Sketch of Microstrip Based Birdcage Coil

Figure 6.2: Another sketch of MSBC.

Figure 6.3: A sketch of microstrip based birdcage coil for 1.5 T.

Figure 6.4: Axiel Image of phantom

Figure 6.5: Coronal Image of phantom
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1. INTRODUCTION

From the beginning of the magnetic resonance imaging, RF coils have
been very crucial devices of the system. Development acceleration of the RF
coils decreased after mid 90’s, because research concentration was on the
development of novel pulse sequences. However, after the introduction of
parallel imaging techniques, such as SENSE (1) and GRAPPA (2), RF coil
development re-gained acceleration. This acceleration has been further
increased by the strong demand of high performance and specialized RF coils in

the field of interventional MRI.

1.1 Interventional MRI

Recently, Zerhouni, Director of National Institute of Health of United
States. stated that image guided interventions would be very important in
biomedicine in the near future (3). In addition, in ISMRM 2006, it was obvious
that interest on the interventional MRI increased sharply as compared to
previous years. The reason of this interest originated from the vitality of the
interventional MRI. It is expected that in the near future, surgeons will be able
to conduct very difficult surgical procedures successfully by the visual aid of
MRI during these procedures. Accurate removal of the lesions will be possible
while keeping the healthy tissue unharmed. Surgical instruments will be
delivered safely into deep locations. One of the current problems in
interventional MRI is accurate localization surgical devices such as catheters in
the body. Although different methods have been introduced for catheter tracking
(4-7), so far the problem has not been solved completely.

In this thesis we have conducted three projects on development of novel
inductively coupled RF (ICRF) coil technologies for better device localization.
We used a special design receive-only birdcage coil (8) as a receiver and made
use of reverse polarization technique to improve wireless active catheter
tracking method (7) and it had no limitations such as flip angle and safety. This
work is presented in ESMRMB Basel, in 2005 (9), and ISMRM Seattle, in 2006

18



(10), and submitted to Magnetic Resonance in Medicine as a journal paper. We
extended this method to phased array coils as a second study. With this, we
eliminated the need of specially designed birdcage coils to generate reverse
polarization and the method became applicable to any phased array coil. In our
third study, ICRF coil was utilized in localization procedure during image-
guided surgery. Among others, Multi-Modality Markers (11) were most widely
used registering products. However, in some sequences, these markers were not
bright enough making device localization difficult. To solve this problem, we
proposed an inductively coupled RF (ICRF) coil, which increases signal

intensity of Multi-Modality (Gel) Markers (MMM).

1.2 Optimum RF coil technology

In addition to interventional MRI studies, we have conducted two
research projects on development optimum RF coil technologies.

Ocali and Atalar (12) determined the ultimate limits of the intrinsic SNR
(ISNR) (13) in an MRI experiment. Recently, Siemens introduced 96 channels
body coil system, Total Imaging Matrix (TIM) (14), in order to approach this
ISNR limit. On the other hand, internal coils have been developed to increase
resolution of esophagus (15), urethra (16), blood vessels (17,18), and rectum
(19). However, there was no study on ISNR limitations of internal coils. Is there
a room for further improvement in SNR using internal MRI coils?

In our forth study, upper bounds for signal-to-noise ratio (Ultimate
Intrinsic Signal-to-Noise Ratio, UISNR) for internal coils were calculated.
Furthermore, optimum sensitivity for maximum ISNR was theoretically found
for any coil. This work was presented in ISMRM 2004, in Toronto (20), and
published in Magnetic Resonance in Medicine in 2004 (21).

As a last study, we aimed to solve an inverse problem, which we
introduced in the forth study. In order to design a coil which had an optimum
sensitivity profile, results of ultimate ISNR study was utilized, and we

determined that a birdcage coil could generate the optimum coil sensitivity.
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Therefore, we decided to fabricate a birdcage coil for 1.5 T. This work was
presented in APS-URSI, Washington, in 2005 (22) and in IMIM, Istanbul, in
2005 (23).

As stated above, this thesis consists of five different novel RF coil
technologies that are grouped into two categories. Starting with first category,
the first study, ICRF coil tracking using reverse polarization will be discussed in
the next chapter. Chapter 3 will be devoted to the phased array implementation
of the ICRF coil tracking technology. Chapter 4 will be on the usage of ICRF
coil technology in enhancement of surgical marker signal intensities. We will
switch to the second group of studies after Chapter 5. First subject will be on
evaluation of internal MRI coils using ultimate intrinsic SNR. The last subject,
design and fabrication of micro-strip birdcage coils will be discussed in Chapter

6. Concluding remarks will be given in Chapter 7.
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2. A CATHETER TRACKING METHOD
USING REVERSED POLARIZATION FOR
MR-GUIDED INTERVENTIONS

2.1 Introduction

The MRI is a very promising option for accurate guidance of complicated
interventional procedures and provides high soft tissue contrast, but
visualization of interventional devices is rather difficult. With this aim, many
tracking techniques have been developed. Automatic identification of the
position of the catheter in passive tracking techniques (5) is difficult. On the
other hand, in active catheter tracking techniques (4,18), it is possible to obtain
a catheter and background image simultaneously. However, the catheters need
to be electrically connected to the scanner and this may cause RF safety
problems and causes difficulties in device handling. Recently, Quick et. al.
proposed wireless active catheter visualization (7) by using an inductively
coupled RF (ICRF) coil; this can be classified as an intermediate method
between active and passive techniques. The design is a good compromise that
reduces the heating problems and simplifies the device handling. However, as in
the passive tracking techniques, catheter and background images are not
obtained simultaneously. Furthermore, wireless tracking method does not give
satisfactory results for all flip angles. When larger flip angles are used, a poor
contrast between ICRF coil and background is obtained.

In our study, we propose a novel technique for catheter tracking using an ICRF
coil that enables simultaneous acquisition of background and catheter images
separately thus allowing real-time, color-coded display (24,25) of the ICRF coil
on background image, therefore drastically increasing accuracy of catheter
tracking in an MRI scanner. In this technique, the reverse polarization mode is
used to obtain an image of the ICRF coil; the forward polarization mode is used

to obtain body image. Here we show that simultaneous acquisition of signals
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using both reverse and forward polarization modes is possible using a specially
designed receive-only birdcage coil. We also demonstrate the feasibility of the

proposed method with an in-vivo animal experiment.

2.2 Theory

In this section, we explain the relation between an ICRF coil and

polarization of a signal.

2.2.1 Polarization of Received MRI Signal

Received MRI signal is proportional to the sensitivity of receiver radio
frequency (RF) coil and the sensitivity of a coil can be formulated by the
reciprocity principle as the circular polarized component of the magnetic field
generated by the coil at the point of interest when a unit current is applied to the
terminal of the coil. Circular polarization can be in forward or in reverse
directions. Direction of a forward polarized field is the direction pointed by our
right-hand fingers when thumb points to main magnetic field. Assuming that
main magnetic field is in the positive z-direction, , forward polarized field can

be written using the phasor notation (21) as:
H,=(H,-iH,)/\2
where H_and H , are complex magnetic field components in the X and y

directions respectively and i =+/—1. On the other hand, we represent reverse

polarized field using phasor notation by H, :(Hx+iHy)/ V2. Transverse

component of RF magnetic field, H , can be written as the sum of forward and

reverse polarization fields as:

H=H, a;+H,a
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where a,s and a, are forward and reverse magnetic field unit vectors and they

can be written in terms of Cartesian coordinate unit vectors as
a; =(sz +iZzy)/\/§ and a, :(sz —icAzy)/x/E.
In MRI, spins are excited by the reverse polarized component of the

magnetic field and the signal is received by the forward polarized component of

the magnetic field generated by an RF coil (26).

2.2.2 Standard Birdcage Coil

Standard birdcage (8) coil is used widely since it is first introduced in
1985 by Hayes et. al. There are two main advantages of the birdcage coil: first,
it creates homogenous magnetic field; second; it can be built as quadrature coil
easily. Standard quadrature birdcage coils are design to be sensitive to circularly
polarized magnetic field. This is done by the help of a quadrature hybrid circuit.
In order to explain this effect, we again use reciprocity. A unit current applied to
one of the two feeds of the birdcage coil generates uniform magnetic field in X-
direction suggesting that signal received from this feed is the X-component of
the magnetization vector. Similarly, when the other feed is used to receive MRI
signal, it becomes sensitive to y-component of the magnetization vector. If the
signal received from feed 2 (y-channel) is 90° phase delayed before adding to
the other, a coil sensitive to forward component of the polarization is obtained.
In phasor notation this phase delay can be represented by multiplying by

complex number —i . (Figure 2.1).
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Quadrature Hybrid

Figure 2.1: Standard birdcage coil configuration. The birdcage coil has two feeds

and they are connected to a quadrature hybrid. The quadrature hybrid creates a 90°
phase difference between X and y components of the received signals and adds to obtain

the forward polarization mode signal.

On the other hand, if we connect feeds of the birdcage coil in reverse
order, the signal received from feed 2 (y-channel) is 90° phase-advanced before
adding to the other, this time, the coil becomes sensitive to reverse component
of the polarization. In phasor notation this phase delay can be represented by
multiplying by complex number +i. Ideally, resultant image should consist of
only noise. However, because of imperfections in birdcage coil and quadrature
hybrid designs we receive some signals (Figure 2.2), but reconstructed image

becomes very noisy.
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Figure 2.2: Reverse polarization mode image of standard birdcage coil. In perfect

systems, if the phase of the MRI signal from feed 2 (y-channel) is advanced by 90°
before adding, no MRI signal can be detected. The same effect can be obtained by cross
connecting the feeds to the quadrature hybrid connections. However, imperfect systems

may result in some signals as seen in the figure.

2.2.3 Implementing Quadrature Hybrid Using Computer

Programs
Phase manipulation can also be done using software. If we multiply

iz/2

image raw data by a constant i or € ", the magnitude of the pixel value will

remain unchanged but its phase will increase by 7 /2. Addition operation is
also very straightforward for a computer program therefore if the signals from
feeds 1 and 2 are directly acquired, the function of the quadrature hybrid can be

imitated by a simple computer program.

2.2.4 Linear Polarization

ICREF coils have typically very simple structures and therefore they work
in linear polarization mode. By this property ICRF coils change the polarization
of the MR signal by receiving forward polarized MRI signal from the body and
retransmits it to the receiver coil in the form of a linearly polarized signal. Note

that, a linearly polarized signal can be decomposed into forward and reverse

25



polarized signals (Figure 2.3). Therefore if we design a coil that picks up only
reverse polarized signal, the signal originated from the ICRF coil will be

received but no other MR signal that directly comes from body can be detected.

Tuning Capacitor

j ‘ Linearly Polarized Signal

The ICRF Coil

Linear Polarization = Forward Polarization + Reverse Polarization

H, H, H

a A a

‘ R 4}
4y LY

Figure 2.3: The inductively coupled RF (ICRF) coil and linear polarization. MR

y

H,

signal induces current on an ICRF coil and this creates a linear polarized signal. A
linearly polarized signal can be decomposed into forward and reverse polarized signals.

Therefore, an ICRF coil functions as a polarization converter.

2.3 Method
2.3.1 Receive-Only Birdcage Coil

We built a conventional receive-only birdcage coil with 12 legs but
without a quadrature hybrid circuit. Two diodes for two feeds are used for
decoupling using DC current comes from imager. Additionally, two pairs of

back-to-back diodes are used for passive decoupling (See Figure 2.4).
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Figure 2.4: Sketch of the upper end-ring part of the receive-only birdcage coil. The

receive-only birdcage coil has two feeds and inductor-diode system (D-1 and D-2) is
used for decoupling. Scanner supplied DC current turns on the diode during RF
transmission. In addition, two back-to-back diodes (BB-1 and BB-2) are used for
passive decoupling. Again, during the RF transmission, AC current on the end-ring

turns on BB-1 and BB-2 diodes which detune the coil resulting an effective decoupling.

When the imager transmits power, DC current turns on diodes D-1 and

D-2 and resonance frequency shifts. In order to achieve better decoupling, two

27



pairs of back-to-back diodes are connected to opposite capacitors of feeds are
placed as shown in Figure 2.4. Back-to-back diodes are turned on as a result of
AC current on end-ring. The combination of this active and passive decoupling
techniques results in an effective decoupling. In this design two feeds of the coil
are not fed into a quadrature hybrid instead it is directly connected to the dual
phased array connector of a 1.5 T GE Signa Excite MR scanner with the idea
that the function of the quadrature hybrid can be carried out in a MATLAB

(version 7.0; Mathworks Inc.) code.

2.3.2 Inductively Coupled RF Coil
Two types of ICRF coil are built. The first one is a single loop ICRF coil

without back-to-back decoupling diodes, which has a diameter of 2.1 mm and
length of 10 cm. It is constructed from 0.4 mm diameter coated copper wire (see
Figure 2.5). The coil is tuned by a ceramic chip capacitor (ATC Ceramics) to
63.85 MHz using an HP 8753D network analyzer.

Catheter

Tuning Capacitor

Length = 100 mm

ICREF Coil constructed on Catheter

4

Diameter = 2.1 mm

Figure 2.5: The ICRF coil without decoupling. The ICRF coil has a diameter of 2.1

mm and length of 10 cm. It is constructed from 0.4 mm diameter coated copper wire.
The ICRF coil is tuned by a ceramic chip capacitor to 63.85 MHz using an HP 8753D

network analyzer.
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The second type ICRF coil has the same construction except that a pair
of back-to-back diodes in parallel to the tuning capacitor is added. Similar to
passive decoupling in the receive-only birdcage coil, diodes are turned on when
RF signal is applied. This eventually reduces the induced RF current on the

ICREF coil and therefore image artifacts are reduced.

2.3.3 Phantom Experiment

In our phantom experiments, gel filled bottles were used. Images
acquired using fast gradient echo using the following imaging protocol: TR/TE:
40/3.4 ms, flip angle: 40°, slice thickness: 5 mm, spacing: 1 mm, matrix: 256 X
256, FOV: 300 X 300 mm”.

2.3.4 Animal Experiment

Proof of principle experiments were conducted using the ICRF coil
without decoupling diodes. The ICRF coil was constructed on a naso-gastric
tube. Experiments had been conducted in conformity with the Guidelines for the
Care and Use of Laboratory Animals, and were approved by Gazi University
ethics committee, Ankara, Turkey. Imaging was performed with a 1.5 T MR
scanner (Signa; Excite, GE medical systems; Milwaukee, Wisconsin). One
healthy New Zealand rabbit was used in our study. General anesthesia was
induced by intramuscular injection of 5 mg/kg of ketamine and 40 mg/kg of
xylazine. Following general anesthesia, the ICRF coil was lubricated and
inserted orally to duodenum. The rabbit was then placed on an MR couch and
imaging was performed while the coil is moved out through the esophagus. The
motion of the tube inside the esophagus of a rabbit was recorded by acquiring
fast gradient echo images using the following imaging protocol: TR/TE: 10/1.5
ms, flip angle: 400, slice thickness: 5 mm, matrix: 256 X 256, FOV: 256 X 160

2
mm .
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2.3.5 Visualization of the ICRF Coil

Spins produce a forward polarized signal in the receive-only birdcage
coil (See Figure 2.6). When we place the ICRF coil inside the coil, spin rotation
induces a current on the ICRF coil. This current also produces a signal, which is
linearly polarized. As explained in theory section, linearly polarized signal
consists of both forward and reverse polarized signals. With the above
mentioned experiments we obtained two signals; one corresponding to the
sensitivity in the X-direction and the other corresponding to the y-direction. Both
of these signals were uploaded to a laptop for post-processing. By adding
received signals from X and y-channels after multiplying y-channel signal by -i,
forward polarized mode signal is reconstructed. On the other hand, multiplying
y-component by i reverse polarized mode signal was generated. After these

manipulations, the images were obtained by using standard 2D-FFT

computation.

Reverse. Pol.

Computer

Feed 1
(X-channel)

Forward Polarized
Mode

Reverse Polarized
Mode

Receive-Only Birdcage Feed 2
Coil (y-channel)

Figure 2.6: Visualization process of the ICRF coil and the body. Spins in the body
creates a forward polarized signal. If an ICRF coil is placed in the RO birdcage coil,
spin rotation induces current on the ICRF coil and it creates linear polarized signal,
which consists of both forward and reverse polarized signals. By feeding X and y-
channels directly to the scanner, both forward and reverse polarized modes can be

reconstructed.
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As a result we reconstructed two images representing forward and
reverse polarized modes. In the forward polarized image, conventional image of
the body with the ICRF coil was reconstructed. On the other hand, reverse

polarized mode resulted in only the ICRF coil image

2.4 Results
2.4.1 Phantom Experiment

Two different ICRF coil are used in phantom experiment. In Figure 2.7,
the ICRF coil without decoupling diodes images are seen. Image of the ICRF

coil shows some artifacts (Figure 2.7a), because of a strong coupling of ICRF

during RF transmit.

a) b) _
Figure 2.7: Phantom experiment of the ICRF coil without decoupling diodes. a)

Reverse polarization mode image. Note that, because of strong decoupling, the image

ICREF coil is disturbed. b) Forward polarization mode image.
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On the other hand, back-to-back diodes at ICRF result in decoupling

artifact free images. Hence, the quality of the ICRF coil images is improved

(See Figure 2.8).

b}

Figure 2.8: Phantom experiment of ICRF coil with decoupling diodes. a) Reverse

polarization mode image. b) Forward polarization mode image. As seen in Figure 2.8a,

decoupling diodes increases visibility of the ICRF coil.

2.4.2 Animal Experiment

In order to show the effectiveness of the new method, we acquired
inductively coupled images using a SSFP sequence with 40° flip angle. The
ICRF coil without decoupling diodes is used in animal experiment. As Figure
2.9a shows, it is difficult to see where the catheter is if a standard image
reconstruction technique is used. By using a reverse polarization mode, we are
able to eliminate background from the catheter image (See Figure 2.9b) and

overlay the color-coded catheter image on the background (See Figure 2.9¢).
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Figure 2.9: Rabbit experiment results. We placed a modified naso-gastric tube

inside the esophagus of the animal. a) Forward polarization mode image. It is difficult
to distinguish the ICRF coil from the background. b) Reverse polarization mode
image. In this mode, ICRF coil clearly visible and background signal is reduced. ¢) The

forward and reverse polarized images are combined using color-coding.

2.5 Conclusion

A novel method of displaying both an inductively coupled coil and background
body image on a color-coded image has been demonstrated. We have tested the
effectiveness of this method by phantom and animal experiments; however,

usefulness of this technique needs to be tested in clinical practice.
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3. WIRELESS ACTIVE CATHETER
TRACKING METHOD USING REVERSED
POLARIZATION OF PHASED ARRAY COILS
FOR MR-GUIDED INTERVENTIONS

3.1 Introduction

Accurate visualization of guidewires and catheters during a vascular
intervention (4,18) procedure is critically important. With this aim, many
tracking techniques have been developed. Automatic identification of the
position of the catheter in passive tracking techniques (5) is difficult, while in
active catheter tracking techniques (4,7,18), it is possible to obtain a catheter
and background image simultaneously. In active techniques, however, the
catheters need to be electrically connected to the scanner and this potentially
causes both RF safety problems and creates difficulties in device handling.
Recently, Quick et.al. proposed wireless active catheter visualization (7) by
using an inductively coupled RF (ICRF) coil. This can be classified as an
hybrid method of active and passive techniques. The wireless catheter design
enables reduction of RF heating problems and simultaneously improves device
handling. The inductively coupled catheter coils locally amplify the RF
excitation flip angle and thus the signal around the vascular instruments,
enabling visualization of the instruments with high signal in real-time MR
images. While the instrument as well as the blood provide bright signal in
TrueFISP images, the instrument to background contrast, however, might be
limited rendering it hard to depict the instrument from the background signal.

Earlier we have proposed a method of obtaining ICRF coil-only images.
However, this method required the use of a specially designed birdcage coil,
which can acquire forward and reverse polarization mode data simultaneously

(27). However, this birdcage coils are not optimal in many imaging procedures.
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In the present study, we propose a novel technique for catheter tracking
of inductively coupled RF coil that enables simultaneous acquisition of
background and catheter images with, color-coded display of the RF coil on the
background image from any phased array coil image. In this technique, the raw
phased array coil data was processed to obtain reverse and forward circular
polarization mode information. Reverse circular polarization is used to generate
ICRF coil image, whereas forward polarization mode was used to generate

background image.

3.2 Theory

In this section, we explain the relation between an ICRF coil and

polarization of a signal.

3.2.1 Polarization of Received MRI Signal

Received MRI signal is proportional to the sensitivity of receiver radio
frequency (RF) coil and the sensitivity of a coil can be formulated by the
reciprocity principle as the circular polarized component of the magnetic field
generated by the coil at the point of interest when a unit current is applied to the
terminal of the coil. Circular polarization can be in forward or in reverse
directions. Direction of a forward polarized field is the direction pointed by our
right-hand fingers when thumb points to main magnetic field. Assuming that
main magnetic field is in the positive z-direction, , forward polarized field can

be written using the phasor notation (21) as:
H,=(H —iH,)/\2
where H and H  are complex magnetic field components in the X and y

directions respectively and 7 =+/—1. On the other hand, we represent reverse

polarized field using phasor notation by H, =(Hx+iHy)/ J2. Transverse

component of RF magnetic field, H, can be written as the sum of forward and

reverse polarization fields as:
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H=H,-a;+H, a

where ay and a, are forward and reverse magnetic field unit vectors and they

can be written in terms of Cartesian coordinate unit vectors as
In MRI, spins are excited by the reverse polarized component of the

magnetic field and the signal is received by the forward polarized component of

the magnetic field generated by an RF coil (26).

3.2.2 Linear Polarization

ICRF coils have typically very simple structures and therefore they work
in linear polarization mode. By this property ICRF coils change the polarization
of the MR signal by receiving forward polarized MRI signal from the body and
retransmits it to the receiver coil in the form of a linearly polarized signal. Note
that, a linearly polarized signal can be decomposed into forward and reverse
polarized signals (Figure 3). Therefore if we design a coil that picks up only
reverse polarized signal, the signal originated from the ICRF coil will be

received but no other MR signal that directly comes from body can be detected.
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Figure 3.1: The inductively coupled RF (ICRF) coil and linear polarization. MR

signal induces current on an ICRF coil and this creates a linear polarized signal. A
linearly polarized signal can be decomposed into forward and reverse polarized signals.

Therefore, an ICRF coil functions as a polarization converter.

3.2.3. Phased Array Coils

Assume we have N-channels phased array coil and each individual coil

has magnetic field of
H,=(H,a.+jH,a,)

where 7 is channel (coil, slice) number and n=1,2,...,N. Sensitivity is
proportional to this field, then if we ignore phase differences, we can express
sensitivity as

S = a)uﬁn

where @ 1s Larmour frequency, x 1s magnetic permittivity, and

A~

ar = (ax —ia, )/ J2 is reverse magnetic field unit vector. Now, assume we have

an image of body without ICRF coil. Then, we know that the signal is received
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by the forward polarized component of the magnetic field generated by an RF
coil. If the signal is a reverse polarization mode of image, coil receives no
signal. Field created by a coil which receives with the reverse mode can be

expressed as:

N

H =H, (ax —jay)
Resultant signal is

S =M,a,-S

n

where S, is sensitivity and M, is magnetization. Resultant signal becomes zero:

S, =M0cAz,ﬁ ~(21x —chzy)a),uHo =0

Assume we acquire signals using N-channels phased array coil to form
an image of 512 X 256. We obtain a matrix of 512 X 256 X N, where each pixel
consists of real and imaginary components and there are N-different complex

numbers that contribute to a pixel on the resultant image.
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2.

512

256

Figure 3.2: Schematic representation of acquired image data. Images are 512 X 256

and there are N images from N channels.

If we take square of N pixels, sum them up, and repeat this for all 512 X
256 pixels, we obtain one 512 X 256 pixels image. If we multiply each pixel
with an appropriate complex constant to reconstruct reverse polarization mode

image, signal becomes zero:
N N N A A
chHn =H, (ax —jay) and S, = M wuH, (ar -ar) =0
n=l1

where ¢, is n" complex constant, Hy is a constant. We can form a matrix

equation for each pixel
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As a result, we obtain N constants for N channel by using pseudo-inverse

technique

E:HO(?T?)_ 7{ 1] [10]
-

If we make all calculations, we obtain ¢
| AH,, +CH, — j(AH, +BH,) |

AH, +CH, — j(AH,, +BH,) -

|AH\, +CH, ~j (4H, +BH, )

where

A=—(HH, +H, H, +..+H,H,)
B :(fo +H:, +...+H,f,x)

C= (ny +H;, +...+Hf,y)

D=(H} +Hy +..+Hy )(H}, + Hy ..+ Hy )= (H H,, + Hy H,y o+ o+ Hy Hy )2

40



Sensitivity - 1

Sensitivity - 2 c

A

%]

Manipulation of
Sensitivity

Y

CN

Sensitivity - N

Figure 3.3: Flowchart for the case when there is only body image. Sensitivity is

directly related to data come from channels.

Every pixel has a different constant ¢, so we obtain 512 X 256 X N
constant values. If we multiply these complex constants with corresponding
values, we obtain a zero filled image.

Above, we explained the case when we have only body. Now, assume
we have both body and catheter. In this case, we cannot use ¢ values directly,
because, we now need to discriminate the sensitivity of the coil itself from the

image of the catheter. In this case, ICRF coil manipulates the magnetization
vector, M ngr, to another form QMocAzx, where Q is voltage gain due to ICRF
coil. Here, reverse magnetic field unit vector replaced by linearly polarized field

unit vector a.. Because of this manipulation, resultant signal would not be
equal to zero. Therefore, in order to obtain sensitivity information of the coil,
we low-pass filter the data comes from each coils (1). Then we manipulate the

data to form ¢ vector.
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Figlll'e 3.4: Flowchart for the case when there are both body and catheter images. In

order to obtain ¢ vector, low-pass filtering of the channel data are required before

manipulations.

The manipulated data is approximate sensitivity of the coil and called ¢
vector .Then, when we multiply ¢ vector with appropriate channel data and sum

all matrices, we obtain an image which consists of catheter only:

3.3 Method

In our work we used a 1.5 T Siemens Avanto imaging system and a 6-
channels phased array coil. Each of the feeds is connected to the scanner
directly using a phased array adaptor. This enabled us to reconstruct both
forward and reverse polarization images with single acquisition. While the
forward polarization images become the desired background image, the reverse

polarization creates a background-free image of the inductively coupled coil.

42



Raw data files were obtained from six channels. In order to reconstruct the
reverse polarized mode image, MATLAB (version 7.0; Mathworks Inc.) code
was written. In the same program, forward polarization mode image was also
obtained and the catheter and background images were combined to form a
color coded image. For the experiment, a small inductively coupled RF loop

implemented into a vascular catheter was introduced into a NaCl solution filled

bottle phantom

Catheter

Tuning Capacitor

Length = 100 mm

ICREF Coil constructed on Catheter

Diameter = 2.1 mm

Figure 3.5: The ICRF coil without decoupling. The ICRF coil has a diameter of 2.1

mm and length of 10 cm. It is constructed from 0.4 mm diameter coated copper wire.
The ICRF coil is tuned by a ceramic chip capacitor to 63.85 MHz using an HP 8753D

network analyzer.

3.4 Results

In our phantom experiments, gel filled bottles were used. Images
acquired using fast gradient echo using the following imaging protocol: TR/TE:
40/3.4 ms, flip angle: 40°, slice thickness: 5 mm, spacing: 1 mm, matrix: 256 X

256, FOV: 300 X 300 mm”.
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Figure 1a shows a forward polarized mode image showing the catheter
with the background. By using a reverse polarization image, we were able to
eliminate background from the catheter image (see Figure 1b) and overlay the

color-coded catheter image on the background (See Figure 1c.)

b) ¢)

Figure 3.6: a) Forward polarization mode image. b) Reverse polarized mode image.

¢) Color-coded image.

Below, flowchart of the method is shown for 6 channels phased array

image. Matrix size 1s 512 X 256.
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Figure 3.7: Flowchart for 6-channels phased array coil. In order to obtain reverser

polarization mode of image, channel data is multiplied by a proper matrix and they are

added up.

45



3.5 Conclusion

We have demonstrated a novel method for simultaneous acquisition of
both inductively coupled coil and background images with the ability to color-
code the instrument signal. This method can be used very effectively for
accurate catheter tracking and for improved delineation of instrument to

background signal when using wireless active catheter visualization.
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4. AN INDUCTIVELY COUPLED RF (ICRF)
COIL MARKER FOR BRAIN SURGERY

4.1 Preface

This project was done by a demand of 1ZI Medical Products, Baltimore. Kerim

Kara helped to produce this chapter.

4.2 Introduction

During an invasive operation, targeting is critical. Especially, in brain
surgery, fault targeting may cause severe results. Image guided surgery (IGS) is
an effective method used in brain operation in order to increase reliability of the
IGS. On the other hand, a link between the MR image and head of the patient
arises; therefore, to register any lesions with the correct point on the body, some
type of registration products introduced. Among others, Multi-Modality
Markers (11) are most widely used registering products. However, in some
sequences, these markers do not shine enough, so registering becomes harder.

In our study, we proposed an inductively coupled RF (ICRF) coil which
increases signal intensity of Multi-Modality (Gel) Markers (MMM) for image

guided surgery registration to make markers visible in all sequences.

4.3 Theory

There are various types of implantable coils (28) which are used in order
to obtain better resolution. In Figure 4.1a, simple self-tuned inductively coupled
RF coil is shown. Instead of using a capacitor for tuning, number of turns is
adjusted so that coil resonates at Larmour frequency. Main problem with this
configuration is low quality factor (Q). The lower quality factor the coil has, the
lower signal intensity we obtain. In addition, there is no resonance blocking

circuit (29) on the coil, so during transmit mode, current is induced on the coil
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and this current causes unwanted field which disturbs RF field generated by the
coil. The second configuration is coil with a capacitor (See Figure 4.1b). This
coil has higher Q factor and signal intensity as compared to the first design as
expected. On the other hand, another design is self-resonated ICRF coil with
decoupling circuit (See Figure 4.1c). Main difference of this design is
undisturbed field near the coil. Although quality factor is small, similar to the
first coil’s case, we obtain better image quality. If we use only one diode for
decoupling (See Figure 4.1d) we acquire better image than the first case, but it

would not as good as the back-to-back diode design.

<4—No Capacitor

k f Figure 4.1a
No Diodes

e ¢—Capacitor
k f Figure 4.1b

No Diodes
Multi-Turn
Copper Wire
\m <«— No Capacitor
Back-to- Figure 4.1¢

Back Diodes

<4— No Capacitor
f Figure 4.1d

Single Diode

Figure 4.1: Different configurations of ICRF coils. a) Without capacitor and diode

b) With tuning capacitor ¢) With decoupling diodes d) With single decoupling diode
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In our project, we fabricated a coil with tuning capacitor and decoupling
(8) back-to-back diodes (See Figure 4.2a). This design gives the best results
among other imaging coils shown above. During transmission, passive
decoupling circuit works and coil does not create any field. A current is induced
on the ICREF coil and the field produced by the current is collected to reconstruct

an image in reception mode.

Multi-Turn
* o
Copper Wire * * e +—— Capacitor

V1

Back-to-Back
Diodes

a) ICRF Coil with Decoupeler Circuit.

—Y Coil b) ICRF Coil and MM
ﬁ, Marker are placed on
Gel forehead of the patient.

Figure 4.2: a) The ICRF coil with tuning capacitor and decoupling back-to-back
diodes. b) Sketch of ICRF coil, MMM, and head of a patient.
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Figure 4.3: Multi-Modality (Gel) Markers (IZI

Medical Products). Zinreich introduced the gel for
image-guided surgery and this marker is used with

our ICRF coils.

4.4 Method

In our work we used a 1.5 T GE Signa Excite imaging system and two
homemade ICRF coils with decoupling circuits. Diameters of the coils are 1.0
(Coil-1) and 1.5 (Coil-2) cm. Copper wire is used to fabricate coils and wire has
0.5 mm diameter. Smaller coil (Coil-1) is tuned with 34 pF and larger one (Coil-
2) is tuned with 6.1 pF capacitors. Two back-to-back diodes are connected shunt
to the capacitor as a decoupling circuit (See Figure 4.2a). ICRF coil and MMM

1s attached to forehead of a healthy person as seen Figure 4.2b.

4.5 Results

In order to show the effectiveness of the new method, we acquired three
groups of images, the first one was Multi-Modality Marker without ICRF coil,
the second was Coil-1 placed on top of Multi-Modality Marker, and the last one
was Coil-2 placed on top of MMM.

In Figure 4.4a, image of the Multi-Modality Marker without an ICRF
coil was shown. Coil-1 and Coil-2 with MMM images were shown in Figure
4.4b and Figure 4.4c respectively. For all images, same contrast parameters are
used (W = 606, L = 333). Imaging parameters are TR/TE = 100/3000 msec,
FOV = 240 mm, matrix = 512 X 256, slice thickness = 5 mm, spacing = 1.5
mm, echo train length = 16, and NEX = 1.
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Figure 4.4: Multi-Modality Marker. As seen in the figure, marker is not clear.
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OFOV: 24 0% 24 Dem

Figure 4.5: Coil-1 with Multi-Modality Marker. ICRF coil increased signal

intensity significantly.
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DFOV: 24 0x 24 0cm

Figure 4.6: Coil-2 with Multi-Modality Marker. ICRF coil increased signal

intensity so that signal near the gel saturates.
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Below, images have the same parameters as previous case, in addition,

fat suppression is applied.

DFOY: 24 0w 24 0cm

Figure 4.7: Coil-1 with Multi-Modality Marker. Marker cannot be seen in this

sequence (T2 Weighted Fat Suppression).
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24 0w 24 0cm

Figure 4.8: Coil-1 with Multi-Modality Marker.
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Figure 4.9: Coil-2 with Multi-Modality Marker.

4.6 Conclusion

We have demonstrated a novel method of image registration in image
guided surgery. This new technique increased signal level of Multi-Modality
Markers effectively.
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S. EVALUATION OF INTERNAL MRI COILS
USING ULTIMATE INTRINSIC SNR

5.1 Preface

This study was initiated by Imad Amin Abdel-Hafez, who completed an
MS thesis on this topic in 2000. Project was restarted in 2003 as two senior
projects, by Haydar Celik and Yigitcan Eryaman. Project was concluded in
2004 while both of them are in the graduate school. One journal paper and one
conference abstact resulted out of this study. While Haydar Celik became the
first author of the journal paper, Yigitcan Eryaman became the first author of
the conference abstract., This chapter was reproduced from the journal
publication (Reference: Celik H, Eryaman Y, Altintas A, Hafez 1A, Atalar E.
"Evaluation of Internal MRI Coils using Ultimate Intrinsic SNR". Magn Reson
Med 52:640-649, 2004).

5.2 Introduction

In MRI, the performance of radiofrequency (RF) coils plays a critical role in
determining the quality of acquired images. Optimum RF coil designs differ for
different imaging locations in the body. Studies about optimum coil designs,
however, have generally been performed for a given coil geometry (30,31).

There are various types of disposable internal coils, such as opposed
solenoids (32,33), expandable coils (34-37), elongated loops (4), and loopless
antennas (18), for use in various body cavities, including the vagina, esophagus
(15), urethra (16), blood vessels (17,18), and rectum (19). Although there is an
increase in the SNR of MRI images when these coils are used, it is not possible
to make a direct comparison of the performance of internal coils with external
coils. Furthermore, there is no formal method by which to evaluate the
performance of these internal coil designs in terms of signal-to-noise ratio.

Earlier, with a similar motivation, we calculated the ultimate value of the
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intrinsic SNR (UISNR) for external coils (12), where the intrinsic signal-to-
noise ratio (ISNR) was defined for a given sample-coil combination as the MR
signal voltage received from a unit volume of the sample divided by the root-
mean-square (RMS) noise voltage received per square-root of bandwidth (8).
Since the ultimate value of the intrinsic SNR is independent of coil design, the
information obtained from the UISNR value can be used as a reference to
potentially improve the performance of a coil.

In this paper, the calculation of UISNR was reformulated in order to
extend it to internal MRI coils (38). The cylindrical body model is used for both
UISNR values, in order to utilize cylindrical symmetry, and coordinates to
represent EM fields propagating inside the body. This idea brings simplicity,
and does not affect the result negatively. This model has been used by other
researchers (30,39,40), and the results obtained with this model are consistent
with previous work. A cylindrical body model with uniform electromagnetic

(EM) properties was used to approximate the human body (see Figure 5.1).

b)

Figure 5.1: a) Cylindrical body model with a coaxial cavity. This model is used for

obtaining the UISNR values of an internal and external coil combination. b) A

cylindrical body model without a cavity.
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In this model, a co-axial cylindrical cavity is assumed to exist at the
center of the body, simulating blood vessels or similar structures in which
internal RF coils can be placed. With this structure, while surface (or external)
RF coils can be placed on the exterior surface of the body, internal coils can be
placed in the central cavity.

In order to obtain the signal and noise voltages picked up by a receiving
coil, one can use the reciprocity principle and determine the electromagnetic
fields generated by the receiving coil when it is used as a transmitter (39). By
assuming that body noise is dominant among other sources of noise, and with
the constraint of having a fixed value of the forward polarized component of the
magnetic field at the point of interest, SNR can be maximized by minimizing
the total power deposited in the body (12). Therefore, for a given point of
interest and electromagnetic (EM) properties of the body, the optimum
electromagnetic field distribution must be calculated. As will be shown, this is
not only a more general problem than the parametrical optimization of a given
coil structure, but also a much easier problem to solve.

The UISNR values for various frequencies and cavity sizes were calculated.
The results were used to measure the performance of a loopless antenna (18)

and an endourethral coil (16) in the cavity.

5.3 Theory

In the calculation of the ultimate value of the SNR, optimization of the
associated electromagnetic field was performed rather than the optimization of a
specific coil geometry (12). UISNR depends on the geometrical and electrical
properties of the body and the position of the point-of-interest. We assumed a
cylindrical body and the electromagnetic fields inside the human body to be
expressed as a weighted sum of the cylindrical waves, which serve as basis
functions. To obtain the UISNR value, the noise level in the system should be
considered. Power losses, such as conductor losses, radiation losses, and body

losses, primarily determine the noise level. For a system with well-designed RF
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coils, conductor losses and radiation losses can be minimized and the body loss
remains the main factor that limits the SNR value. The expression for the
intrinsic  signal to noise ratio (8,12), which is independent of imaging

parameters, is as shown below,

\/Ea)MO

JAk, TR &

W=

where k, is the Boltzmann’s constant, 7'is the sample temperature, @is the
Larmour frequency, and M is the instantaneous magnetic moment per sample
voxel immediately after applying a 90° degree pulse. B, is the forward polarized

magnetic field component and is defined as B, = uH ,, where u is the magnetic

permeability and H, = (H , —IiH ¢)/ V2 when the main magnetic field is along

Jjot

the +z direction and for a time convention of e’ (suppressed), where i is the

complex number \/__1 Magnetic permeability in the body is assumed to be

uniform and equal to the permeability of free space, 4, . R is the real part of the

input impedance seen by the input terminals of the coil. From the reciprocity
principle (39,41), the value of R can be found by calculating the total dissipated
power when the receiver coil is used as a transmitter and driven by a 1 amp rms
current source from its input terminals.

As mentioned above, the body loss, R, , is the main factor in power

dissipation and noise level. For a properly designed system R=R, , and with a

ody

unit rms current excitation, it becomes R, =P, , where P, is power loss in

loss loss
the body. We assume that outside the body, we have a lossless region; thus,
there is no contribution to power dissipation from the fields in the outside
region. Since we do not specify the fields outside the body, we do not need to

impose boundary conditions.
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In order to obtain maximum SNR, R, , must be minimized, while A s

ody
must be maximized. Since, with the aid of a simple transformer, the value of

H, can be modified without affecting the SNR, in our calculations, we

arbitrarily assumed the forward polarized magnetic field at the point of interest,

ro, is fixed to 1, i.e., H /.(;o) =1 . Therefore, the problem of calculation of the

ultimate value of the intrinsic SNR (UISNR) reduces to minimization of R,

ody

(12).

5.3.1 Electromagnetic Field Expression for a Cylindrical Body
For an infinitely long cylindrical body, the electromagnetic fields can be
written in terms of an inverse Fourier transform of cylindrical wave function
expansions (39). When one considers a cylindrical body of finite length, the
Fourier integral becomes the Fourier series at discrete spectral values. For the
problem considered here, the optimum electromagnetic (EM) field that will
minimize power dissipation inside the body can be written as the weighted sum

of the cylindrical waves:

o0

E-) ) E,

m=—o0 n=—o0

where m and n are integer variables representing the Fourier modes (Fourier

components).

The cylindrical waves can be generated from the z-components of electric and
magnetic field intensities, which are the solutions for scalar Helmholz

equations:
E.. =4t (B.0)+C, Y, (B,.0) e e

Hzmn - _j(Bm”Jm (ﬂpnp) + Dmn}/m (ﬂpnp)) ejm¢e—jﬂ_.nz
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where ¢ is the electric permittivity, and J,, and ¥ are mth order first and
second kinds of Bessel functions, respectively (the second kind of Bessel
functions are also called Neumann functions). In  addition,

A ,B ,C ,andD, arethe unknown weights that need to be determined and

mn 2 mn? mn 2 mn

Fis given by

pn

B =B =B,

where * = jou,[o+ jos]. Note that S is the wave number in the body and

o 1is the conductivity of the body. In general, S comprises a continuous

spectrum of cylindrical waves (39). The field representation above is an

alternative to the eigenfunction (modal) representation. They are related through

an integration in the complex [, plane (42). Due to the finite length of the

body, f3. is limited to a discrete set of real numbers as ., =(2z/L)n, where L

is the length of the body and » is an integer value both positive and negative,
corresponding to the Fourier series expansion of the fields. Thus, the EM field
becomes periodic along the z direction with a period of L. We will later show
that our results do not depend on the value of L, as long as L is large enough.

Using Maxwell’s equations, the other components (¢ and p) of the
fields in Eq. [13] can be obtained in terms of E_ and H_. As an example,

consider the two equations below:

OE.  GE,
—= - p—r=—joupH
Y P Pe JOUpH
and
oH
o OH. =(o+ jwe)E,
oz Op
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Differentiating Eq. [17] with respect to z and substituting into Eq. [18]
gives E, and H, components of the field (see Appendix A. For other

components, refer to Maxwell’s equations in (43)). It should be noted that the
field expansions are valid for all types of electromagnetic sources. The
unknown weights take specific values for a given configuration.

j(27r/L)nz

Since e and e’ terms are common in all field expressions, for

convenience £ = can be expressed as:

™ - j —j(27/L)nz
Emn = Emn *Omn - e(/m¢e ] )

where

Om=[A_B

mn m

n Cmn D ]T

mn

and E_ is a 3-by-4 matrix, and is a function of p, butnot ¢ or z. In Eq. [20],

T denotes a transpose operation.

5.3.2 Power Deposited in the Body

The main reason for considering the electromagnetic field as a weighted
Fourier sum of cylindrical waves is to find the optimum field, which will
minimize the power consumption in the body model. Each cylindrical wave
expression serves as a basis function in the expansion of the optimum field. The
total power deposited in the body, which is also equal to Ry,qy, can be calculated
as a volume integral as shown below:

T
R, =0 J. E Edv

body

where (*) above the electric field denotes the conjugate operator and dv is the
differential volume element inside the volume determined by the body model.
Note that the conductivity, o, is taken as uniform throughout the body.

When the field is expressed as the sum of cylindrical waves (see Eq.

63

[19]

[20]

[21]



[13]), the integral becomes:

R,y =0 J. (ZEZJ(ZEHJQIU [22]

body \ mn
where k and / are integers. If the summation is taken out of the integral operator,

R

boay CAN be written as:

Rbody = ZZG I E:; 'Ekzdu [23]
mn ki body
The right-hand side of the above equation is a volume integral and

involves integration with respect to p, ¢, and z variables.

The forward polarized magnetic field, H, (;) can be expressed as:

H, (F) => b (?)-&mn [24]

where by, (r) is a row vector and r = ( P9, z) denotes the position of the point

of interest in the cylindrical coordinates. The components of b (r) are

expressed in terms of the components of the magnetic field, as shown in

Appendix B.

5.3.3 Ultimate Intrinsic SNR for Internal and External Coil

Combination

In the calculation of UISNR, we assumed a cylindrical object with a co-
axial cavity, as shown in Figure 5.1a. It is assumed that there is no electrical
loss in the cavity and outside this cylindrical object and all the losses are due to
finite conductivity of the object. This structure permitted placement of both
internal coils in the cavity and external coils on the surface of the object.
Therefore, the following calculation applies to the UISNR for an internal and

external coil combination.
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Because of the cylindrical symmetry of this object, this volume integral

in the above equation can be decomposed into three integrals:

2z L/2
(E, -0m)" (B, -au)pdp J‘ e J‘ o/ CHIL=Dz g
0

-L/2

P body

I E’ .E,dv= I

mn
body P,

avity

[25]

where, p,,., and p,,, are the hole (cavity) and body radii, respectively (see

Figure 5.1a). Because we only considered the region interior to the body, limits
for integration, with respect to the o variable, were determined by the cavity
and body radii. Note that L is the limit of integration with regard to the z
variable. The complexity of the body integral can be reduced by evaluating the

integrals with respect to the variables ¢ and z. With this simplification, the

body integral can be written as follows:

Pbody
j E’ -Ek,pdp]‘akz, if m=k and n=I[

Peavity

A ZHL(;;{, .
J- Emn ' Ekldu =
body

0 , elsewhere

[26]

The above equation shows that all modes are orthogonal to each other. This

simplification makes it possible to express the R, as a summation in m and

n only, as below

Rbody = Z pmn
mn

where

pbody

AT .7 .
pmn = 27Z'Lo_(lmn . J. Emn Emnpdp *Olmn

Peavity
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The new variable p, = denotes the power dissipation for each of the modes, and
is also equal to:

T .
Pon = Qmn - Rmn “ Omn

where

Phbody

RHHI _[27Z-LO- J. E:z;l .Emnpdp]

Peavity

It is important to note that R is a Hermitian matrix. This fact

simplifies the calculations, since it requires the computation of the terms only
on one side of the diagonal.

The problem of finding the ultimate value of SNR becomes that of finding the

optimum a... values, such that:

AT -
Rmin = Zaoptmn ’ Rmn “Qopt,,,
mn

with the constraint that H , (ro) =1. This constrained minimization problem can
be solved using standard techniques such as the Lagrange multiplier technique

and a.,,, can be found as:

- kT
-1
uoptmn = Rmn : bm” (r)Rmin

where

and
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Although m and n values are unbounded, for practical computational
purposes, they need to be limited to a range, and the selection of the proper
range will be discussed later.

It is instructive to note that, as L increases, the element values of the

R, matrix increase as well; thus, G, decreases. On the other hand, the

mn

density of the samples of 3. (note that S = (27[/ L)n) increases with L. As a

result, the value of R, becomes independent of L, for sufficiently large values
of L.
Once the optimum weights are known for a given point of interest, the

forward polarized magnetic field (/) inside the human body model can also

be simulated to show the sensitivity distribution of the optimum coil.

5.3.4 Ultimate Intrinsic SNR for Solely External Coils

In the same cylindrical geometry, if one removes the cavity (see Figure
5.1b), the calculation of UISNR will be solely for external coils since there will
be no cavity in which to place an internal coil. In this case, we will need to
make some small modifications to the above formulation.

First, p,,, must be set to zero. Therefore, the boundaries of the
integrations in Eqgs. [25], [26], and [28] should be changed to 0 to p,,, . This
change will render Neumann functions inapplicable, because Neumann
functions have singularities at the origin. Therefore, C, and D, must vanish.
As a result, in the calculation of the UISNR for external coils, only Bessel J-
type functions should be included in the expressions.

Apart from these distinctions, the calculation of UISNR for external

coils is identical to the calculation of UISNR for the internal and external coil

combination.
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5.4 Simulations and Results

A MATLAB (version 6.0,Mathworks Inc., Natick, MA) program was
developed to calculate the UISNR values. In all calculations, a uniform

conductivity o of 0.37 Q'm™, a relative electric permittivity g. of 77.7, and a

relative magnetic permeability x of 1.0 are taken as average values at 64 MHz

(or 1.5 T for protons) (12). The SNR calculations in (44) for the loopless
antenna (18) and experimental results for the endourethral coil design (16) were

compared with the UISNR values.

5.4.1 Optimum Sensitivity Distribution

The reason for using an internal coil is to obtain better results compared
to external coils. For this purpose, sensitivity distribution maps, i.e., the
distribution of the forward polarized magnetic field, are used to ensure the
dominant effect of the internal coil. In order to demonstrate the distribution,
both axial and sagittal views were obtained. We call these distribution maps H-
maps. First, a logarithmic intensity scale is employed on the z=0 plane with

respect to ¢ and p (axial H-map). The point of interest was chosen on the

z=0 plane as well. The map was enlarged 100 times to concentrate on a
smaller field of view and to observe the effect of the internal coil. In Figure 5.2,

the white cloud around the cavity represents high field magnitudes.
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y axis (mm)

-0.5 0

X axis (mm)
Figure 5.2: Signal reception profile of optimum internal coil (axial H-map). This
shows the optimum field pattern inside the body model that will maximize the intrinsic

SNR at location ( p=1 mm, ¢=0, Z=0) . A logarithmic intensity scale is employed.

As is clear from the same figure, the field is concentrated around the
cavity (which is shown in black in the middle of the image) but also shifted
toward the point of interest. A sagittal H-map is another perspective for a signal

reception profile of the optimum internal coil, obtained on the ¢ =0 plane, at
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z axis (mm)

the point of interest ( p=1lmm, §=0, z= 0) indicated by a star (see Figure

5.3a).

/

Z axis (mm)

1
[N

<f

-5
-2 0 2

Magnetic Field Intensity
(arb. units)

X axis (mm)
a) b)
Figure 5.3: a) Sagittal H-map for the optimum coil. This map is produced on the
plane, ¢ = 0, and the point of interest located at (p =lmm, ¢=0, z= O) is
indicated by a star. A logarithmic intensity scale is employed. b) Sensitivity magnitude

profile for the optimum coil. H, field sensitivity is plotted at x =1 mm in arbitrary

units. Both figures show that most of the field energy is concentrated in a narrow
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region on the z axis and the greatest brightness indicates where the position of the

internal coil should be.

Again, a logarithmic intensity scale is employed and enlarged to a
smaller field of view. The highest brightness, which shows where the position
of the internal coil should be located, occurs approximately between -1 mm and
1 mm on the z direction. Beyond this region, the field is very small with regard
to the field at the center, z =0 plane. The point of interest is indicated by a star
and is in the cloud (white region) that represents the field of the internal coil.
The appearance of the optimum magnetic field distribution is in line with
intuition. In Figure 5.3b, the sensitivity is plotted at x =1 mm. Both figures
indicate that most of the field energy is concentrated in a small region on the z -
axis, if we ignore some fluctuations caused, most probably, because of the

truncation of the modes.

5.4.2 Accuracy Analysis

In our calculations, some assumptions were used. These assumptions
may cause inaccuracy in the results. A detailed analysis of these error sources is
necessary.

The length of the body is an important parameter, because, in the
formulation, we assumed that the optimum EM field is periodic with the length
of the cylinder. Here, we need to verify that this periodicity assumption does not
alter the solution significantly. With this purpose, first, body length, L, was

taken as 1 m and SNR was calculated for a point of interest

( p=lcm, ¢=0, z= 0). Then, the result was compared with the SNR value for

an L equal to 2 m and for the same point of interest. Note that in order to keep
the range of /. constant, the number of » modes was doubled. There was only a
1% difference between these two results. The same procedure was repeated for
different points of interest, and the SNR value did not change more than 1%.

Note that at the end of the theory section, it is explained that R, is
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independent of L when L is large. This result is concordant with the result
above.

Although an infinite number of m and » indices are necessary for an
exact result, a restricted number of Fourier modes provides an accurate solution.

Thus, in order to check whether there are enough modes, G, values are shown

in the form of a map (the m and n are the coordinates of the map), which is
useful for showing the importance of each mode used for the numerical
calculation of the UISNR. We call this map a G-map (see Figure 5.4). Note that
only positive n values are shown because of the symmetry of the problem, i.e.,

G, =G

mn m(—n) *

25 T T T T

20

15

10 \Af2

-10

-15

-20

25
a

Figure 5.4: Relative importance of the modes (G-map).This is used for the

numerical calculation of the UISNR. The weights of each mode were mapped on the

horizontal and vertical axis, representing the m and n modes. The restriction of the
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modes to those encompassed by bound W2 speeds the calculation with a negligible loss
of accuracy (< 1%), whereas use of the overly-restrictive bound W1 results in a 33%

€11o!1.

The necessary number of modes is decided by investigating the G-map
with respect to the variable, n. The number of modes is decided according to
the parameters of the body. For example, the number of modes increases as
body length increases. We also observe that as the point of interest gets closer to
the boundaries, a greater number of modes in m and » indices are needed.
Although this is the case for most points of interest, the values that determine
body resistance, and eventually the UISNR values, are limited to a small range
of m and n values; therefore, a finite sum of selected modes is acceptable. In
Figure 5.4, the total number of modes for both m and »n i1s 1250, which is very
high. Including all of these modes is time consuming. If smaller m and n
values are chosen, the window will get smaller, as seen on W1 and W2. For
window 1 (W1), the numbers of m and » are insufficient, and the UISNR value
obtained for this window (where m =6 and n = 7) is 33% less than the UISNR
value of the largest window (m = 50, n= 25). However, W2 (m= 10, n=17)
provides almost the same UISNR value (a difference of 0.2%) as the largest
window; thus, W2 includes the most effective modes and also takes much less
time to plot the map. As a result, this mapping method is useful for efficient

calculation of the result.

5.4.3 Analysis of Loopless Antenna

The loopless antenna (18) is a very simple antenna design that has been
investigated for use in MRI-guided vascular interventions (45). The design
consists of a coaxial cable with an extended inner conductor. Comparing the
UISNR values of internal and external coils with the ISNR values of the
loopless antenna is important in understanding its performance. The UISNR
value of the internal and external coil combination was plotted for a 20 cm-

radius body with a 0.375 mm radius cavity as a function of the position of the
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UISNR (Log)

point of interest in Figure 5.5.
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— Loopless Antenna
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------- UISNR of Internal and External Coil Combination
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Figure 5.5. A comparison of three ISNR values. p, is the radial distance of the

point of interest from the center of the object. The internal coil is effective at points
near the cavity and then the external coil becomes effective as the point of interest
approaches the outer boundary on the curve of the UISNR of an internal and external
coil combination. In this figure, the external coil has a 20 cm body radius and the
internal and external coil combination has a 20 cm body and a 0.375 mm cavity radii.

The radius of the loopless antenna is 0.375 mm.

In the same graph, the intrinsic SNR value of a loopless antenna (44)

and the UISNR value that can be obtained from exclusively external coils were
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plotted. By investigating this plot, one can understand how much room for
improvement there is in the SNR performance of the loopless antenna. In

addition, we can see in what region which coil performs better. For example, at

a point of interest ( p=1mm, §=0, z =O), the performance of the loopless

antenna is only 4% of the UISNR of an internal and external coil combination.
This means that there may be an internal MRI coil design that fits in the same
cavity and performs 25 times better than the loopless antenna for that point of
interest. It is important to note that the coil design that can result in this
significant improvement is not known at this time.

Deciding whether to use the loopless antenna for a specific point of
interest is crucial with regard to time saving and therapeutic management. In
Figure 5.5, the SNR curve of the loopless antenna and the UISNR of the
external coil intersect at one point. This point determines the radius of the
“useful region” of an internal MRI coil, the loopless antenna. For points that are
closer to the external surface of the body, some external coils, which perform
better than the internal coil, may exist. The size of the useful region of an
internal coil depends on the body radius. When the body size is large, the useful
region of the internal coil increases, whereas, when the body size is small, the
internal coil becomes useful for imaging a smaller region. Figure 5.6 shows the
radius of the useful area as a function of body size for the loopless antenna. To
obtain this plot, the values of UISNR were calculated for external coils and the
SNR of the loopless antenna was compared with these UISNR values as a

function of body radius.
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Figure 5.6: The useful area for the loopless antenna. The SNR values of the
loopless antenna and the UISNR of the internal and external coil combination were
compared for different values of body radius, p, . For a given body radius, the loopless

antenna outperforms the optimum external coil design for points of interest with p,

values that fall in the shaded area. The region at the left bottom of the figure, shown by
the dashed line, was found by interpolation.

For a fixed value of body radius, the SNR values were sampled at 5 mm,
and the point where the loopless antenna SNR exceeded the UISNR for external
coils was found by interpolation. The same procedure was repeated for different

body radius values between 5 cm and 25 cm. Figure 5.6 shows that, at any point
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of interest in the shaded area of the graph, the SNR of the loopless antenna
dominates the UISNR of the external coil and this region is called the useful
area of the loopless antenna. As a result, if the point of interest is in the shaded
region, the loopless antenna should be used.

Comparing the loopless antenna with the UISNR of an internal and
external coil combination allows a determination of how much improvement
can be achieved over the loopless design, as well as determining the point of
interest where the loopless antenna performs best. The intrinsic SNR values for
the loopless antenna were divided by the UISNR of an internal and external coil

combination and plotted as a function of the point of interest in Figure 5.7.

25

20

15

10

Performance of Loopless Antenna (%)

0 5 10 15
po (cm)

Figure 5.7: The performance of the loopless antenna as a function of distance of

the point of interest from the center of the object. This figure was obtained by dividing
the SNR of the loopless antenna by the UISNR of the internal and external coil
combination. In this figure, a 20 cm body radius and a 0.375 mm cavity radius were

assumed.
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Our sample design loopless antenna achieved maximum performance at

the points of interest with a distance to the center of the body around 6.5 cm

(p, = 6.5 cm). For those points, more than 20% of the maximum achievable

SNR was obtained (see Figure 5.7).

5.4.4 Analysis of Endourethral Coil Design

The endourethral coil design (16) is an elongated single loop, which
consists of a copper trace etched on a flexible circuit board. In order to calculate
the intrinsic SNR values for the endourethral coil, a saline phantom experiment
was conducted (FSE, ETL:64; TR/TE: 10000/22 msec; 256x256; 1 NEX; 3 mm
slice; 32 cm FOV; BW: 62.5 kHz). Using the images of the phantom, the ISNR
values were calculated as a function of radius for radial distances of 0.14 to 15
cm. The performance was measured by dividing the experimental ISNR value
of this coil by the UISNR value. UISNR values were computed for a 20 cm
radius body with an internal cavity radius of 2.5 mm (cavity size matched the
endourethral coil diameter).

Experimental performance plots revealed that the performance of the
single loop coil design reached 18% of its maximum and that there is still
significant room for improvement in this design (see Figure 5.8). In addition, a
comparison was made between the SNR of the single-loop endourethral coil and

the UISNR value of external coils, i.e., with the case of no cavity. This

comparison revealed that at the position of (p=1cm, ¢ =0, z=0), the single-

loop coil performs approximately 25 times better than any external coil.

78



20

18}

16}

14}

12}

10}

Endourethral Coil Performance (%)

0 L L
0 5 10 15

py (cm)

Figure 5.8: The experimental performance of the endourethral coil design as a

function of distance of the point of interest from the center of the object. This figure
shows the performance of a single-loop endourethral coil obtained by dividing the
experimental SNR value of this coil by the UISNR of the internal coil. UISNR values
were computed for a 20 cm radius body with an internal cavity radius of 2.5 mm

(cavity size matched the endourethral coil diameter).

5.4.5 Parameters for UISNR
There are many parameters that affect the UISNR of internal coils, for

instance, body radius 0, , cavity radius p,, conductivity o, relative electric

permittivity &, frequency @, point of interest, and so forth. The point of
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interest was explored in detail in the previous section and frequency and cavity
radius will be examined in this section.

One of the main factors for the UISNR that affects the SNR is
frequency, which is directly proportional to the field strength. In Figure 5.9,
various magnetic field strengths between 0.2 and 8.0 tesla were used in the plot.
These values for magnetic field strengths (B) were chosen according to the
values used for standard MRI systems. Quasi-static conditions are valid for
regions near the boundaries where there is a linear relation between UISNR and
the field strength. On the other hand, when the point of interest is away from the
surface, UISNR increases faster with respect to frequency, as stated in (12). As
frequency increases, the curvature of the curves becomes smaller. At 8 tesla, for
the points of interest with radial distances from the center between 6 and 12 cm,
the curve approaches a flat line. This behavior can be attributed to SNR gain

due to focusing effects at high fields.
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Figure 5.9: Frequency dependency of the UISNR at various magnetic field

strengths. When the point of interest is at a small cylindrical radius, quasi-static
conditions are valid and there is then an approximately linear relationship between the

UISNR and field strength.

The cavity size is another important parameter for internal coils. The
UISNR values for an internal coil were plotted for various cavity values and a
20 cm body radius (see Figure 5.10). The larger the cavity radius we used, the

larger the SNR at points close to the center.
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Figure 5.10: The performance of coils with different cavity sizes. In this figure,

different UISNR values for internal coils were compared for different cavity sizes. The
comparison was made by dividing the UISNR values of various coils, which have
different cavity radii, to the UISNR value of the reference coil, which has a cavity

radius equal to 0.375 mm

While making internal coil UISNR calculations, some other observations
related to the use of internal coils were made. For example, the UISNR at a
point of interest closer to the internal cavity was calculated for different body
radius values and it was found that the UISNR value is weakly dependent on the
body radius value. This shows that, for a region of points inside the human
body, a well-designed coil should work with a similar performance, and is not
strongly dependent on the size of the person to be imaged. This can be

explained by the fact that the effect of the external coil is negligible for points
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closer to the internal cavity. Therefore, for this region, the position of the

external coil (which depends on body size) does not really matter.

5.5 Discussion

Different field distributions can be obtained for different points of
interest. It was observed that, as the point of interest gets closer to the outer
boundary, the field distribution on the H-map becomes more effective (brighter)
in the region close to the outer boundary. This can be explained by the fact that
the internal coil loses its effect in that region. As a qualitative discussion, for the
outer points, we can conclude that external coils are more suitable to obtain high
SNR. Similarly, for the points of interest close to the internal cavity, the field
was stronger at the inner regions. Therefore, for imaging inner points of the
human body, internal coils are much more suitable. In addition, when a point of

interest away from the origin is chosen, the H, distribution of the field

generated by the internal coil becomes uniform on the ¢=0 plane. This is

because the effect of the internal coil is very weak, and the optimum field
produced by the internal coil does not change the UISNR significantly.
However, as the point of interest approaches the inner region, the symmetry
disappears and the internal coil field seems to be larger in magnitude.

Quasi-static conditions are effective when a point of interest is chosen at
the region near the boundaries. In addition, as seen in Figure 5.9, linearity can
be observed when the point of interest is at a small cylindrical radius, i.e., at the
region very close to the cavity.

Mapping the field distribution can be a guide to the design of coils that
have high SNR values close to the ultimate. In addition, the field distribution
can roughly show the regions where the external and internal coils have
negligible effects. For instance, for a point of interest where we obtain high field
magnitudes near both the internal and external boundaries, both an internal and

an external coil should be used to obtain an ultimate SNR value. For the maps,
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which show brightness only near the inner or outer boundaries, one type of coil
would be enough.

The sagittal H-map (see Figure 5.3) was produced on the ¢= 0 plane
with the point of interest (o =1mm, ¢ =0, z=0). In this figure, the highest

brightness shows the position of the internal coil, located in the middle of the
cylinder, in the z direction. At 1 mm or more away from the origin in the z
direction, the field is very small with respect to the field at the center if we
ignore some fluctuations caused by truncation. The amplitude of these
fluctuations gets even smaller by increasing the truncation number, suggesting
that the optimum internal coil that might produce such magnetic field
distribution is smaller in length.

Another important point is the choice of a circular geometry. By using a
cylindrical geometry, we were able to use a cylindrical wave expansion. This
simplified our computational analysis. We were also able to add to our model a
cylindrical cavity for the UISNR computation of internal coils, but in many
medical applications for the internal coils, the body will not be circular and the
cavity may not be centered.

Our sample designs, the loopless antenna and the endourethral coil, were
found to be far from optimum. At least a 10-fold SNR improvement would be
possible with another design. At this time, the geometry of the optimum coil
design is unknown, but we believe that the results presented here will be useful
in improving current coil designs and achieving the goal of determining the

UISNR.

5.6 Conclusion

We have developed a method to calculate the ultimate value of the SNR
that can be obtained with internal MRI coils. We propose to use this value as a
reference to evaluate the performance of internal MRI coils. As an example, we
have evaluated the performances of the endourethral coil and the loopless

antenna, and assessed the extent of improvements required. In this work,
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cylindrical wave expansion, in which EM fields are represented by linear
combinations of cylindrical waves, was used. In addition, we compared our
results with experimental results. Our work can be used as a reference for the

performance of internal coils as well as external coils.
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6. MICROSTRIP BASED MR BIRDCAGE COIL
FOR1S5T

6.1 Introduction

Birdcage is a well-known magnetic resonance (MR) head coil since it
was firstly described in 1985 by Hayes et.al (8). It is widely used due to high
signal to noise ratio and a high radiofrequency magnetic field homogeneity that
guarantee a large field of view. Microstrip based birdcage coil for 4T is
proposed in 2003 (46) and gives a very homogenous field. In this work, we
analyze and fabricate microstrip based birdcage coil, which can be used as head

coil for 1.5 Tesla MR imagers.

6.2 Method

In Figure 6.1, sectional sketch of a microstrip transmission line (MTL)
can be seen: H is the distance between the strip conductor and the ground plane,

W is the width of the strip, the strip-to-strip distance is given by /.

-

Figure 6.1: Sketch of Microstrip Based Birdcage Coil

/



Copper is commonly used for strip conductor and the ground plane. For
the substrate we use acrylic with relative dielectric constant of 3.4. The
geometrical and electrical properties of MTL determine the Q value, which is

mainly dictated by radiation losses.

(Transparent)

Figure 6.2: Another sketch of MSBC.

For the birdcage, shown in Figure 6.2, 12 microstrip lines are evenly

distributed around the inner surface of a circular substrate. The outer surface is
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the ground plane. The strips are fed from one end and terminated by an open
circuit at the other end. At the feeding end, lumped inductances are used for the
tuning purpose. The equivalent circuit of the structure is obtained as a coupled
resonant circuit. The resonant frequencies can be found from the strip
capacitances and the lumped inductances. It is found that the first resonance is
around 67 MHz, which is also found to be consistent with the experimental
measurements. The slight differences may be attributed to the mutual
inductances ignored in the analysis. This design has a low-pass characteristic.
High pass structure can be obtained by short-circuiting the strip ends and using

lumped capacitances between the strip lines at the feeding end.

6.3 Results

In Figure 6.3, built microstrip based birdcage coil can be seen.

Figure 6.3: A sketch of microstrip based birdcage coil for 1.5 T.
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Below, resultant axial and sagittal images of gel-filled phantom are

shown.

Figure 6.4: Axial Image of phantom
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Figure 6.5: Coronal Image of phantom

6.4 Discussion

Field trapped inside microstrip can be manipulated easily. Using this
idea may pave the way to improve ISNR of the birdcage coil. Our previous
work (21) gave an idea about the optimum field that produces maximum
achievable signal-to-noise ratio. As a future work, microstrip based birdcage
will be rebuilt to obtain maximum possible SNR. In addition, the field structure
is less dependent on the loading of the coil then conventional birdcage coil
designs, so, transmit SENSE method can be implemented by the use of this

microstrip based birdcage coil.

6.5 Conclusion

We fabricated microstrip based birdcage coil for 1.5 Tesla
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7. FINISHING

Sophisticated RF technologies for MRI scanners are under development
in order to increase effectiveness of diagnostic and interventional procedures.
We believe, with the help of these novel technologies, interventionalists will be
able to conduct very difficult procedures successfully and many lives will be
saved.

There were two groups of studies in this thesis. The first group was on
development of novel inductively coupled RF (ICRF) coil technologies for
better device localization. In the first study, we showed that very
straightforward manipulations on the data, which we called reverse polarization
method, would provide very effective improvement on the catheter tracking
procedures. Our second study was an extension of the first study for the phased
array coils and this made the method more practical. In the third ICRF coil
study, use of ICRF coil technology in image-guided neurosurgery was exploited
as a registration marker by increasing the signal intensity of gel markers.

The second group of studies aimed to design optimum RF coil. We
showed that there was still further room for improvement of the RF coils in
order to obtain higher SNR images, which means higher resolution and more
accurate diagnosis. In this study the ultimate value of any internal coil and
required sensitivity for maximum SNR was calculated. By the use of sensitivity
profile obtained from our theoretical studies it was shown that a specialized
birdcage coil would generate optimum SNR and therefore we fabricated a
microstrip based birdcage coil for 1.5 T imagers.

We plan to continue working on the novel RF coil technologies.
Catheter tracking method will be implemented to a real-time procedure. In
addition, more compact and low-cost markers will be designed. Furthermore, by
a modifed microstrip technology, z-directed sensitivity of the birdcage coil will

be manipulated to get even closer to the ultimate value of SNR .
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Appendix A

The longitudinal components of the electric and magnetic field are given in Egs.

[14] and [15]. By applying these equations to Eq. [17], the other components of

the electric and magnetic fields can be calculated as follows:

1) Electric Fields:

m a ' ' imp _—jPnz
By = {pﬂ? [ 4,7, (B,.0)+ CmnYm(ﬁpnp)}Fﬂ—ﬂ [ B, J0(B,.0) + DmnYm(ﬂpnP)]}e" Pt
pon pn

[35]

m ? / ' i im¢ _—jpP..z
Epm” - 4 ﬂz ':B”me ('Bpnp) + DmnYm wﬂ"p):' N ]ﬂzn [Amn‘]m (ﬂpnp) + CmnYm (ﬂ/mp):l ¢’ ¢€ e
B, B

[36]

2) Magnetic Fields:

—jm OJ ' ' im¢ _—jip. z
H,, = { /JO ﬂzﬁ = [anJm ($,p)+D,Y, Lb’p,,p)]—ﬂ— [A,,me B,.»+C,Y, (ﬂmp)}}ef e IPa

[37] " "
: ﬂzn ' ' jm¢ = jB.,
H,, = {— wa 7 [ 4,,7,,(B,,0)+C,. Y, (B,.0) ] 5 | B,,J.,(B,.,p) + D, Y, (ﬁpnm]}e be IV
[38]
where o'=(0+ jwe)= i’ , and:

J! =2 ~J (B, 27

B = o (Bn2) =i (Boup) [27]

Y’ ="y -Y._. (B, 28

7 (B,.0) 5 o (BouP) =Y (B00) [28]
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Appendix B

The components of H, can be calculated by wusing equation
H, = (Hp —jH¢)/\/§ and Egs. [37] and [38]. Using Eq. [20], the components of

b (;) =[b,,b5.bc,by, | can be evaluated as:

s i) [ \/_m/a),up)+J (,32/ﬂp)(1/(\/§wﬂ))}ejm¢e—jﬁmz

[ J ﬂ/ﬂ \/—m/p) m+l(ﬂ /B, )(1/\/_)} Jm o

Y. Y,.) Y ,6’/,6’ fm/wyp) mH(ﬂz/ﬂp)(l/(ﬁa)ﬂ))}em%./ﬂmz

b, (Y Ym+1)=|:_Ym(ﬁz/,B )(Im/p) m+1( z/ﬂp)(l/\/i)}ejwe”ﬂ

[29]
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