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ABSTRACT

Magnetic Resonance Technologies Based on
Reverse Polarization for Image-Guided

Intervention

Haydar Celik
Ph.D. in Electrical and Electronics Engineering

Supervisor: Prof. Dr. Ergin Atalar
October, 2010

In this PhD dissertation, we presented four magnetic resonance (MR) technologies established
upon reverse polarization for image guided interventions. The first three studies are based on
tracking interventional devices, such as catheters, biopsy needles, and guidewires. The
interventional devices cannot be seen using MRI without markers, coils, or extra devices. Our
studies utilize different imaging modalities in order to obtain positional information of the
interventional devices. The last study is a novel inductively coupled radio frequency birdcage
coil design, which is a miniaturized version of a widely used volume coil. The new design can

be used for prostate biopsy or imaging intestines.

The reverse polarization is a mode of magnetic field that is not sensitive to anatomy signal.
Therefore, it had been useless until the introduction of the reverse polarization concept. Using
a linearly polarized inductively coupled radio frequency (ICRF) coil enables the reverse

polarization mode, because a linearly polarized signal consists of both forward and reverse



polarization signals. As a result, building the ICRF coil to interventional devices paves the way

of using this method in interventional MRI.

Performances of developed technologies were tested in phantom, animal, and volunteer

studies. We believe that the studies explained in this dissertation contribute to obtaining better

imaging systems.

Key words: Magnetic resonance imaging, interventional MRI; catheter tracking; fiducial

marker, inductively coupled RF (ICRF) coil, transmit array system, birdcage coil



OZET

Goriintii Rehberli Girisimler Icin Ters
Kutuplasma Temelli Manyetik Rezonans
Teknolojileri

Bu doktora tezinde goriintii rehberli girisimler i¢in ters kutuplasma tabanli dort manyetik
rezonans (MR) teknolojisi sunulmustur. Ik {i¢ calisma kateter, biyopsi ignesi, ve rehber tel gibi
girisimsel cihazlarin takibine dayanmaktadir. Girisimsel cihazlar {izerlerine isaret, sargi, ya da
fazladan cihaz yerlestiriimeden MR goriintileme (MRG) ile goriintiilenememektedir.
Calismalarimiz, girisimsel cihazlarin konum bilgilerini elde edebilmek i¢in farkli goriintiilleme
yontemlerinden faydalanmaktadir. Son ¢aligmamiz siklikla hacim sargisi olarak kullanilan
kuskafesi tasarimimin yeni bir sekli olarak indiikleyerek eslenmis radyo frekans (IERF) sargisi
olarak kullanimma dayanir. Bu yeni tasarim prostat biyopsisi ya da bagirsaklarin

goriintiilenmesinde kullanilabilir.

Ters kutuplagsma, manyetik alanin insan anatomisi sinyaline duyarli olmadig1 bir modudur. Bu
nedenle, ters kutuplagsma kavraminin ortaya atilmasina kadar ise yaramaz oldugu kabul
edilmistir. Diiz kutuplasmis olan indiiklenmeyle eslesmis radyo frekans: (IERF) sargilarinin
kullanilmasi, ters kutuplasma modunu ise yarar hale getirmistir, ¢ilinkii diiz kutuplagmig bir
manyetik alan hem diiz hem de ters kutuplagmis manyetik alanlar1 i¢inde barmdirir.Sonug
olarak, IERF sargilarinin girisimsel aletlere monte edilmesiyle bu metodun girisimsel MR

goriintiilemede kullanilmasinin yolu agilmistir.



Sunulan calismalarin basarist fantom, hayvan, ve goniillii ¢alismalarinda denenmistir. Bu
tezdeki caligmalarin daha iyi gorlintiileme sistemleri elde etmeye katki saglayacagina

inaniyoruz.

Anahtar sozcukler: Manyetik rezonans goriintilleme, girisimsel MRG, Kkateter izleme;
isaretleyici, indiikleyerek eslenmis radyo frekans sargisi, sirali gonderim sistemi, kugkafesi

Sargisi.
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List of Figures

Figure 2.1: a) 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 the x
and y components of the received signals which are added to obtain the forward polarization mode
signal. b) Reverse polarization mode image of a standard birdcage coil. In a perfect system, no MRI
signal can be detected, if the phase of the MRI signal from feed 2 (y-channel) is advanced by 90° before
adding. 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 2.2: The receptively coupled RF (RCRF) coil and linear polarization. The MR signal induces
current on an RCRF coil and this creates a linearly polarized signal. A linearly polarized signal can be
decomposed into forward and reverse polarized signals. Therefore, an RCRF coil functions as a

polarization converter.

Figure 2.3: Visualizing the RCRF coil and the anatomy. Spins in the anatomy create a forward
polarized signal. If an RCRF coil is placed in the RO birdcage coil, spin rotation induces current on the
RCREF coil and it creates a 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 polarization

modes can be reconstructed.

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 an inductor-diode system is used for decoupling. Scanner-supplied DC
current turns on the diode during RF transmission. Two back-to-back diodes are used for passive
decoupling. Again, during the RF transmission, AC current on the end-ring turns on diodes which

detune the coil, resulting in effective decoupling.

Figure 2.5: The RCRF coil. The RCRF coil has 4.0 mm in diameter and 85 mm long. It is constructed
from 0.4 mm diameter coated copper wire. The RCRF coil is tuned by a ceramic chip capacitor to 63.85

MHz using an HP 8753D network analyzer.

Figure 2.6: Sketch of the heating experiment involving ICRF and RCRF coils. Two coils were placed
on the inner wall of the gel filled phantom. The phantom was leaned against the MR imager bore wall

in order to obtain maximum heating. The coils were 3 cm from each other with the center of the MR

12



imager bore between them. Two probes were placed on the tips of the coils and another one was placed
midway between the coils as a reference data probe. In the heating experiment we used fast SPGR with

TR of 6.5 ms and flip angle of 90° for duration of 690 seconds.

Figure 2.7: Plot of the heating experiment. A temperature rise of 2.4°C was seen in 690 seconds in the
reference location. A sharp increase in temperature (15°C in 100 seconds) at the tip of the ICRF coil
was observed. This implies local heating around the tuning capacitor; the temperature increased by

20°C over 320 seconds. However the RCRF coil heated much less (4.1°C in 690 seconds).

Figure 2.8: Phantom imaging experiment. The forward polarization mode of images, the reverse
polarization mode of images, and the color-coded images are in the left, the middle, and the right
columns respectively. The first row shows images with a flip angle of 1°. Although a low flip angle was
used, the catheter appeared bright suggesting flip angle amplification. In this low flip-angle imaging
case, the RCRF coil worked as an ICRF coil and a high contrast between the RCRF coil signal and the
background signal was achieved.

As the flip angle was increased (second and third rows in Figure 2.8), the background signal intensity
increased. No overtipping artifact (flip angles more than 90°) around the catheter was observed. This
suggested a successful decoupling by the back-to-back diodes. However, image contrast is significantly
decreased.

Under all conditions, our algorithm worked successfully, as shown by the reverse polarization images
(middle column in Figure 2.8). The background signal is almost completely suppressed in all cases.

Color-coded images allowed visualization of the catheter and the background.

Figure 2.9: The animal imaging experiment with fast gradient echo sequence. As in the phantom
imaging experiment images, the forward polarization mode, the reverse polarization mode and the
color-coded images are shown from left to right. Figures were acquired using slice thicknesses of 5 mm,
20 mm, and without slice selection.

In the first row (gradient echo images with slice thickness of 5 mm and flip angle of 10), the catheter
can be easily seen in the forward polarization mode image; background signal suppression was almost
perfect in the reverse polarization mode image. On the other hand, with flip angle of 40°, the catheter
was barely visible in the forward polarization mode image, and background signal suppression was
almost complete in the reverse polarization mode image. Color coding enabled visualization of both

catheter and background.

13



As the slice thickness was increased (20 mm in Panel b, no slice selection in Panel c), visibility of the
catheter decreased significantly in the forward polarization mode image even with a flip angle of lo.
Identification of the catheter was almost impossible in the forward polarization mode image when a flip
angle of 40° was used. On the other hand, background suppression was effective in both reverse
polarization mode images. Again, the color-coding method enabled visualization of the catheter against

the background.

Figure 2.10: The animal imaging experiment with SSFP sequence. SSFP sequence is frequently used
in guidance of interventional procedures. As expected, visibility of the catheter in SSFP sequence was
low in the forward polarization mode image; on the other hand, background suppression in the reverse

polarization mode image was successful.

Figure 3.1: Sketch of the n™ element of the phased array coil, CRF coil, and spin interactions. a) B is

the magnetic field generated by the n™ element of the receive phased array coil at the point of interest
when the unit current, /, is applied to the terminals of the coil element. b) M is the rotating

magnetization vector of spins and M crr 18 the magnetization vector of the CRF coil that is oscillating

in a linear trajectory. The spins around the CRF coil induce a current, /.. . This current on the small
CRF coil can be represented by a magnetization vector, M crr - As a result of these magnetizations, a

voltage, v, , is induced on the terminals of the external coil. c) B. is the magnetic field generated by

the CRF coil at a point of interest when a unit current, /, is applied to an imaginary terminal of the coil.
0 is the orientation angle of the w.r.t x-axis of the CRF coil, and Z is the impedance at this imaginary

terminal of the CRF coil.

Figure 3.2: The CRF coil design.

Figure 3.3: Sketch of the NaCl solution phantom and a volunteer for fiducial marker visualization.

Figure 3.4: Oblique images of the phantom. (a) The forward polarization mode of the image, (b) the
reverse polarization mode of the image, and (c) the color-coded image. Although there is a KCI
solution-filled straw as a disturber, the reverse polarization method can separate the RCRF coil from the

phantom.
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Figure 3.5: Sagittal images of the phantom and ICRF coils. (a) The forward polarization mode of the
image, (b) the reverse polarization mode of the image, and (c) the color-coded image. Although the
phantom and contrast agent signals are stronger than the ICRF coil signal (left column), the reverse
polarization method using the transmit array system suppresses all the signals other than the linearly

polarized signal of the ICRF coil.

Figure 3.6: a) Oblique images of the phantom and ICRF coils. (al) The forward polarization mode of
the image, (a2) the reverse polarization mode of the image, and (a3) the color-coded image. Similar to
the previous case shown in Figure 3., the method successfully singles out the RCRF coil signal.
However, because of the transmission decoupling, the RCRF signal is weaker than the ICRF coil signal.
b) Transversal images of the ICRF coil, RCRF coil, and KCI solution. (b1) The forward polarization
mode of the image, (b2) the reverse polarization mode of the image, and (b3) the color-coded image.
Although the phantom and contrast agent signals are stronger than the ICRF coil signal (left column),
the reverse polarization method using the transmit array system suppresses all signals other than the

linearly polarized signal of the ICRF coil.

Figure 3.7: a) Oblique image of the receive array. (al) The forward polarization mode of the image,
(a2) the reverse polarization mode of image, and (a3) the color-coded image.

b) Oblique image of the transmit array.(bl) The forward polarization mode of the image, (b2) the
reverse polarization mode of the image, and (b3) the color-coded image. Similar to the receive array

case, suppression of the anatomy signal for MR guidance is effective.

Figure 3.8: a) Transversal image of receive array coil. (al) The forward polarization mode of the
image (a2), the reverse polarization mode of the image, and (a3) the color-coded image.
b) Transversal image of transmit array. (bl) The forward polarization mode of the image, (b2) the

reverse polarization mode of the image, and (c3) the color-coded image.

Figure 3.9: a) Sagittal image of receive array coil. (al) The forward polarization mode of the image
(a2), the reverse polarization mode of the image, and (a3) the color-coded image.
b) Sagittal image of transmit array. (b1) The forward polarization mode of the image, (b2) the reverse

polarization mode of the image, and (c3) the color-coded image.
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Figure 4.1: A conventional MRI RF excitation and the field polarization using a single channel body
birdcage coil with a quadrature hybrid. The quadrature hybrid divides input excitation signal into two
halves with 90° phase difference. This excitation enables a forward polarized field inside a birdcage

coil.

Figure 4.2: Standard spoiled GRE sequence RF pulse schemes and the birdcage coil excitation using
the transmit array system. If the quadrature hybrid is eliminated and two excitation channels are input

with a same spoiled GRE excitation pulses a linearly polarized field is created inside the birdcage coil.

Figure 4.3: The modified RF excitation scheme and the birdcage coil field using the transmit array
system. Excitations of the channels change such that a linearly polarized field with a turning

polarization vector is created.

Figure 4.4: a) Interaction of the linear polarized RF and the ICRF coil. b) k-space lines result of

circulating polarization vector.

Figure 4.5: Simulation results of TrueFISP sequence.

Figure 4.6: a) Phantom setup. The same phantom was used for imaging experiments. b) Result of the

rotational orientation experiment.

Figure 4.7: Transversal images of the method with varying number of turns, N. Images show that the

amount of shifting pixel can be adjusted. a) Original image P=1.b) P=16.¢c) P=8.

Figure 4.8: Color-coded images with changing parameters. a) Polarization vector turns counter-
clockwise direction and phase encoding direction is A-P. b) Polarization vector turns clockwise
direction, same phase encoding direction with a. c) Polarization vector turns counter-clockwise

direction and phase encoding direction is L-R.

Figure 4.9: Color-coded images of different planes. a) Coronal image. b) Sagittal image. c)

Oblique image.
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Figure 4.10: Imaging experiment results of TrueFISP sequence. a, b, and ¢ shows transversal images
with different oil and KCI solutions. a) High oil signal intensity. b) High KCI solution intensity with
suppressed oil signal. c) Highest KCl solution signal intensity with residual oil signal. d) Oblique plane

with low oil signal intensity. ¢) Coronal plane with low background signal intensity.

Figure 5.1: Simulation of eight legs highpass inductively coupled birdcage coils. a) Forward mode of
ICBC b) Reverse mode of ICBC.

Figure 5.2: A picture of the high-pass inductively coupled birdcage coil used in experiments.

Figure 5.3: A picture of the high-pass ICBC coil. Capacitors can be placed inside, outside, and on the

endrings. Here, the capacitors are placed inside of the coil.

Figure 5.4: Tuning method of the coupled birdcage coils.

Figure 5.5: Window/Level are the same for all images. a) Axial image of mode 1 b) Sagittal image of

mode 1 ¢) Axial image of mode 2 d) Sagittal image of mode 2.

Figure 5.6: Window/Level are the same for all images. a) Axial image of mode 1 b) Sagittal image of

mode 1 c) Axial image of mode 2 d) Sagittal image of mode 2.
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1. INTRODUCTION

Surgical procedures are performed for the direct visualization of possible diseases and for the
treatment during the procedure. However, these procedures carry risks due to the direct
exposure of the internal parts of human body. As an example, a by-pass operation needs an
open surgery which may cause contamination. Interventional radiology is a profession that
consists of minimally invasive procedures using radiological images. The purpose of the
interventional radiology can be diagnostic and/or treatment with minimally invasive methods.
Images are used to guide interventional devices such as biopsy needles, catheters, and guide-
wires. Therefore, using minimally invasive interventional radiology methods minimizes

infections and recovery times.

Precise and fast localization of the interventional devices is a necessity to perform minimally
invasive operations. In order to acquire images for guidance, different modalities are used in
interventional radiology. Ultrasound is inexpensive but suffers from poor contrast. Today,
catheter based X-ray procedures are commonly used with high success rates for the treatment
of wide range of illnesses. Although X-ray provides almost perfect visualization of the
interventional devices, the soft tissue contrast is very poor and only very skilled operators can
perform these procedures successfully [1]. Furthermore, not only patients, but also staffs are
exposed to high dose of ionizing radiation which may cause long term health problems. As
compared to other imaging techniques, MRI is a non-ionizing modality and a very promising
option for the accurate guidance of the complicated interventional procedures providing high
soft tissue contrast. However, visualizing the interventional devices using MRI is rather
difficult as opposed to X-ray. Therefore many tracking techniques have been developed.
Paramagnetic materials [1-3], contrast agents [4-6], and other local signal manipulators [7, 8]
are the main passive tracking tools. Automatic identification of the position of the catheter in
passive tracking techniques [9] is difficult, because, these approaches typically yield weak
contrast. Alternatively, it is also possible to obtain an image of both the catheter and the
background simultaneously with active techniques [10, 11] which also address the contrast
issue [12-20]. However, in that case, the catheter needs to be electrically connected to the MR
scanner and this may cause radio frequency (RF) safety problems as well as difficulties in
handling the device. There are also hybrid methods which make use of an inductively coupled

RF (ICRF) coil [21]. ICRF coils [22] are simple wire loops made resonant using a capacitor. A
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transmit field induces current on the ICRF coil that amplifies the excitation field in its vicinity
and creates MRI signal amplification. These coils have been used for small field of view
(FOV) imaging [23, 24] as well as catheter tracking [21, 25]. In our studies, we aimed to
improve the interventional device visibility using the ICRF coils and reverse polarization

method.

The reverse polarization method is related to precession direction of spins under a DC
magnetic field. Spins are fundamental characteristic property of particles and when they are
exposed to a torque under a DC magnetic field they precess and this precession causes
magnetization and angular momentum. Direction of the precession is dependent on the
direction of the DC magnetic field with the left hand rule. In MRI, DC magnetic field is B, and
its direction is on the z-axis. We call the precession of spins in MR scanner as forward
polarization. Spins can be excited by a forward polarized field and a coil, which is sensitive to
forward polarized field, can receive signal due to spin precession. Coils are MR hardware
components that transmit magnetic field to excite spins and/or receive magnetic field created
by spins in human body. On the other hand, a reverse polarized excitation cannot excite spins

and also a coil with reverse polarized sensitivity cannot receive signal of the spins.

The first three studies in this dissertation are mainly related to catheter tracking. The reverse
polarization method is introduced in the second chapter. Its implementation to transmit and
phased array coils are explained in the third chapter. Circulating linear polarization vector
using transmit array system will be discussed in the forth chapter. A novel inductively coupled

birdcage coil design is the subject of the fifth chapter.

In the second chapter of the thesis, an ICRF coil visualization method, which allows separation
of the catheter and the anatomical information by using the reverse and forward polarization
modes of a receive-only birdcage coil, is proposed. Birdcage coils are very common cylindrical
shaped volume coils that is used to image subject inside the coil. The reverse polarization
method allows images of the anatomy and the catheter to be combined into a color-coded
image where color-coding is used to monitor the catheter signal during interventions.
Quadrature hybrids are passive devices that are used in birdcage coils in order to obtain
forward polarized magnetic field excitation and reception. In our method, a receive-only

birdcage coil without a quadrature hybrid was constructed and then it was connected to a
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scanner as a two-channel phased array receive coil in order to reconstruct both forward and
reverse polarized images simultaneously. MR signals acquired from the two channels were
added after phase adjustments to create the reverse and forward polarization modes images.
The reverse polarization mode image contained signal only from the ICRF coil, but the forward

polarization mode displayed both the anatomical information and the ICRF coil.

In all of the MRI applications and methods explained above, a conventional imaging system
has been used. In these systems, there is a single channel RF transmit birdcage body coil that
produces forward polarized rotational field. This field is used to flip spins in the anatomy. The
signal originates from the anatomy due to the transmit coil excitation and it is received by
different RF coil types. A body coil is a single channel transmit coil, but at the same time it can
be used as a single channel receive coil. On the other hand phased array coils are multi-channel
RF receive coils and weights can be optimized to increase signal-to-noise ratio (SNR).
Transmit array systems have recently been introduced for experimental studies. These systems
enable multi-channel RF transmission. Similar to the multi-channel reception case, such a
system can be optimized for higher SNR. However, transmit array studies are mostly
concentrated on understanding the working principles, exploring the capabilities of the system,
and homogenizing B, fields at high frequencies. Therefore, usage of the transmit array system
has been limited. In our second study, we attempt to improve the visibility of the interventional
devices by implementing the reverse polarization method to not only phased array but also
transmit array coils. Two different applications of the reverse polarization method are
presented in this part: a) catheter tracking and (b) fiducial marker visualization, in both of

which transmit and receive arrays are used.

Our third study in the forth chapter proposes a novel method for i) the detection of rotational
orientation, and ii) the position tracking of an ICRF coil using a transmit array system. The
method can be used with an interventional device (such as catheters and guidewires) on which
an ICRC coil is constructed. In this study, a conventional body birdcage coil is used, but the
quadrature hybrid is eliminated for a two channel transmission similar to the first and the
second studies. This study may look very similar to the reverse polarization method mentioned
above, but in this method, conventional sequences were modified and excitation scheme was
changed during the acquisition. Furthermore, the transmit array system provided two identical

RF pulses with different phase and amplitude at each repetition time (TR) in order to obtain
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linearly polarized excitations instead of conventional forward polarized rotational excitation.
Responses of the anatomy and the ICRF coil to this RF excitation scheme are different such
that they can be separated in real-time. After separating the devices from the anatomy signal, a
color-coded image is reconstructed. More importantly, this novel method enables to calculate
the absolute orientation of the ICRF coil constructed on a catheter in real-time without any
extra cost. Even though many researchers tried to deal with the tracking problem, only
Anderson et al. tried to address a solution for the rotational orientation issue using phase
images of active micro coils manually [26]. The rotational orientation information may
increase the control on the catheter and can be extremely useful for several applications, such
as MR-guided intravascular focused ultrasound (IVUS) [27, 28] with independent transducer
arrays [29] and RF ablation. FLASH (Fast Low Angle SHot Magnetic Resonance Imaging)
[66] and TrueFISP (True fast imaging with steady state precession) [67] are two different fast
sequences commonly used in real-time applications. An MR sequence is a set of RF and
gradient magnetic pulses and time spacing between these pulses. Sequences are used in
conjunction with gradient fields and MR signal reception to produce MR images. Modified
FLASH and TrueFISP sequences are used for tracking experiments. Nevertheless, only the
FLASH sequence is used to detect rotational orientation of the catheter. The acquired images
using the method we present show the feasibility of the different applications, such as the
catheter-tracking. Furthermore, rotational orientation information of the catheter is important in
some of the applications, such as MR guided endoluminal focused ultrasound, RF ablation,
side looking optical imaging, and asymmetric needle puncturing. The method we introduced in

this chapter makes these applications feasible.

In the applications explained above, the birdcage coil has been mentioned and used as a
volume coil, i.e. subjects are placed inside the coil, because, the field of an inner volume of a
birdcage coil is very homogeneous. However, using outside of the birdcage coil has not been
considered by researchers because of its size and shape (Figure 2.1). In the fifth chapter, a new
miniaturized birdcage coil design without any matching and active decoupling circuits,
amplifiers, and wire connectors, is introduced. Similar to the inductively coupled RF coils, the
standalone birdcage coil design couples to the external coils inductively. The main advantage
of the standalone design is being independent from scanner manufactures. The new design can

be used as an internal imaging coil and catheter tracking.
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MRI is a very promising modality for minimally invasive interventional procedures. In this
dissertation, solutions and improvements for interventional MRI using reverse polarization are
presented. The reverse polarization concept was introduced in order to make use of “useless”
component of MRI signal in 2006 [30]. We believe this study will pave a way for better
imaging systems for more accurate diagnostics and treatments using the reverse polarization

idea.
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2. ACATHETER TRACKING METHOD
USING REVERSE POLARIZATION FOR
MR-GUIDED INTERVENTIONS

2.1. Introduction

Magnetic Resonance Imaging (MRI) is a very promising option for accurate guidance of
complicated interventional procedures as it provides high soft tissue contrast; however
visualizing interventional devices is rather difficult and many tracking techniques have been
developed. Automatic identification of the position of the catheter in passive tracking
techniques [9] is difficult. But with active techniques [10, 11], it is possible to obtain an image
of both catheter and background simultaneously. However, the catheter needs to be electrically
connected to the scanner and this may cause RF safety problems and difficulties in handling

the device.

In 2005, Quick et. al. proposed wireless active catheter visualization [21] by using an ICRF
coil [31]; this can be classified as a hybrid method blending active and passive catheter
visualization techniques. A sequence with a small flip angle (<5°) is used to visualize the
catheter. The amplified flip angle generates a bright signal around the catheter against a low
intensity background image. However, when a sequence with a strong background signal is
used, it may be difficult to locate the catheter, and the high flip angles around the catheter
become a safety concern. While the safety problems may be eliminated using decoupling
techniques during RF transmission, the flip angle amplification property of the transmit mode
will be lost, leaving only the signal amplification in the receive mode which renders
visualization of the ICRF coil difficult [32]. In active tracking techniques, this problem has
been solved by separate acquisition of the catheter and background signals and by color-coding

the images [33, 34].

In this study, a novel technique for catheter tracking using an ICRF coil that allows the

separate acquisition of background and catheter images simultaneously is proposed. This
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method allows real-time, color-coded display of the ICRF coil on a background image. An in-

vivo animal experiment demonstrates the feasibility of the proposed method.

2.2. Theory

In MRI, excited spins generate a rotating magnetic field which can be picked up by a
quadrature coil tuned to receive a forward polarized magnetic field. When such a coil is
physically reversed or tuned to the reverse polarized magnetic field, no signal can be detected.
On the other hand, if the magnetic field is generated by a current on a simple loop instead of
excited spins, the field does not rotate; instead it oscillates generating a linearly polarized field.
This field can be picked up by quadrature coils tuned either to forward or reverse polarized
magnetic fields, because a linearly polarized field can be decomposed into forward and reverse
polarized magnetic fields. When a resonating loop is placed on a catheter, excited spins induce
current on this loop and its associated magnetic field can be picked up by a quadrature coil

tuned to the reverse polarization field.

Note that the same coil cannot detect any signal directly coming from the excited spins. This

section outlines the theory behind this phenomenon.

2.2.1. Birdcage Volume Cail

Birdcage [35] coils have been widely used since they were first introduced in 1985 by Hayes
et. al. They have two main advantages: first, they create homogenous magnetic fields; second,

they can easily be built as a quadrature coil.

With a quadrature hybrid circuit, standard quadrature birdcage coils are sensitive to the

forward polarized magnetic fields (Figure 2.1a).

This can be explained by the principle of reciprocity: when a unit current is applied to one of
the two feeds of the birdcage coil, a uniform magnetic field in X-direction is generated,
suggesting that the signal received from this feed is the X-component of the magnetic field.
Similarly, when the other feed is used to receive the MRI signal, it becomes sensitive to the y-

component of the magnetic field.
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If the signal received from feed-2 (y-channel) is 7 /2 phase-delayed before adding to the
other, the coil becomes sensitive to the forward component of the magnetic field. This phase

delay can be represented by multiplying by the complex number —i .
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Figure 2.1: a) 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 the x
and y components of the received signals which are added to obtain the forward polarization mode
signal. b) Reverse polarization mode image of a standard birdcage coil. In a perfect system, no MRI
signal can be detected, if the phase of the MRI signal from feed 2 (y-channel) is advanced by 90° before
adding. 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. (This figure
was taken from [25])
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On the other hand, if the feeds of the birdcage coil are connected in reverse order, the signal
received from feed-2 (y-channel) is 77 /2 phase-advanced before adding to the other; this time,
the coil becomes sensitive to the reverse component of the magnetic field. This phase delay can
be represented by multiplying by the complex number +i. Ideally, the resultant image should
consist of noise only. However, imperfections in the birdcage coil and quadrature hybrid
designs mean that we receive some signals (Figure 2.1b), but the reconstructed image is very

noisy.

2.2.2. Soft Quadrature Hybrid

The phase manipulations described above can also be done using software. If image raw data is

multiplied by a constant, for example i or g2 , the magnitude of the pixel value will remain
unchanged but its phase will advance by 7/2. The addition operation is also very

straightforward for a computer program.

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. Thus with a soft-quadrature-hybrid, two images
representing forward and reverse polarization modes can be obtained simultaneously. These

operations can be completed very rapidly making real-time implementation possible.

Linear Polarization Mode Forward Polarization Mode + Reverse Polarization Mode

Figure 2.2: The ICRF coil and linear polarization. The MR signal induces current on an ICRF coil and
this creates a linearly polarized signal. A linearly polarized signal can be decomposed into forward and
reverse polarized signals. Therefore, an ICRF coil functions as a polarization converter. (This figure
was taken from [25])
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Figure 2.3: Visualizing the ICRF coil and the anatomy. Spins in the anatomy create a forward
polarized signal. If an ICRF coil is placed in the RO birdcage coil, spin rotation induces current on the
ICREF coil and it creates a 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 polarization
modes can be reconstructed. (This figure was taken from [25])

2.2.3. Linear Polarization
Spins produce a forward polarized field in the receive-only birdcage coil; therefore in reverse

polarization mode, no signal can be detected.

On the other hand, if the magnetic field is generated by a current on a simple loop instead of
excited spins, the field oscillates rather than rotating. This linearly-polarized magnetic field can
be decomposed into forward and reverse polarized fields and therefore can be detected in both
forward and reverse polarization modes (Figure 2.2).

When an ICRF coil is placed inside the birdcage coil, spin rotation induces current on the ICRF
coil. This current produces a linearly polarized field allowing us to obtain the ICRF coil image

in reverse polarization mode without any signal coming directly from the anatomy (Figure 2.3).

2.4. Method
2.4.1. Receive-Only Birdcage Coil

A conventional high-pass receive-only birdcage coil with 12 legs was built. Diodes were used

for decoupling (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 an inductor-diode system is used for decoupling. Scanner-supplied DC
current turns on the diode during RF transmission. Two back-to-back diodes are used for passive
decoupling. Again, during the RF transmission, AC current on the end-ring turns on diodes which
detune the coil, resulting in effective decoupling. (This figure was taken from [25])

In our design, two feeds of the coil were not connected to the quadrature hybrid. A soft-
quadrature hybrid system was used instead and the two feeds were directly connected to the
dual phased array connector of a 1.5 tesla MR scanner [36 Wisconsin, USA #242]. The
acquired data was reconstructed in forward and reverse polarization modes (as described in the

Theory section) using a MATLAB code.

28



2.4.2. Inductively Coupled RF Caill

Two types of ICRF coils were built. The first one did not contain any diodes and therefore it
coupled with both RF transmit and receive coils. The coil was 8.5-cm long and constructed on
a 2 mm Teflon catheter using coated copper wire 0.4 mm in diameter; a heat shrink tube was
used for isolation resulting in a prototype device with an outer diameter of 4 mm (Figure 2.5).
It was tuned by a 75 pF ceramic chip capacitor [37] to 63.85 MHz using an HP 8753D network
analyzer [38 CA, USA #244]. This design was used only in heating experiments.

The second type of ICRF coil was the same except for a pair of back-to-back BAS70INCT-ND
schottky diodes [39] in parallel to the 75 pF tuning capacitor. We call this a receptively
coupled RF (RCRF) coil because it couples with the RF receive coils rather than with the
transmit coil. The RCRF coil was used in heating experiments as well as in all imaging

experiments.

There were two performance criteria in our ICRF coil study: visibility and safety of the coils
during any interventional procedure. Quick et.al reported that the contrast-to-noise ratio
performance obtained using the ICRF coil is higher than the performance obtained using the
RCRF coil [32]. However, the RF safety profiles of these coils have not been investigated.

Therefore, we tested the RF safety performance of the two coils.

2.4.3. Phantom Heat Experiments

In the safety test, we measured the safety index, i.e. maximum temperature rise for a given
specific absorption rate (SAR) as described in [40]. Since the relation between temperature and

SAR is approximately linear, this measure gives a result that is independent of test condition.

In order to reduce measurement errors introduced by the temperature measurement device
(£0.2°C) we chose to maximize the applied SAR. In the phantom heat experiments, a gel filled
bottle was used (Figure 2.6).

Both ICRF and RCREF coils were placed on the inner wall of a 51t bottle that had a diameter of

21 cm. The bottle was leaned against the bore of the MR scanner.
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Figure 2.5: The RCRF coil. The RCRF coil has 4.0 mm in diameter and 85 mm long. It is constructed
from 0.4 mm diameter coated copper wire. The RCRF coil is tuned by a ceramic chip capacitor to 63.85
MHz using an HP 8753D network analyzer. (This figure was taken from [25])

The heating experiment used fast spoiled gradient echo (SPGR) using the following imaging
protocol: echo time (TE): 0.9 ms, repetition time (TR): 6.5 ms, flip angle: 90°, slice thickness:
20 mm, spacing: 0 mm, matrix: 256 X 128, FOV: 480 X 480 mm2, 15 phases per location,
number of excitation (NEX): 60, bandwidth (BW): 62.50 Hz, acquisition duration: 690

seconds.

Neoptix ReFlex 4 channel signal conditioner and T1 fiber optic temperature sensors were used
to measure temperature [41 Quebec City, Canada #246]. Since we expected the highest electric
field around the capacitor, sensor tips touched the regions where the capacitors were placed.
Another sensor was placed on the inner wall of the bottle away from the coils to measure
applied maximum SAR (Figure 2.6). At 18.7°C, thermal conductivity, specific heat capacity,
and thermal diffusivity of the gel were measured by a KD2Pro thermal properties analyzer [42
USA #247] by simply inserting the needles of the analyzer into the phantom. A sample of the
gel is taken from the phantom that had a measured density of 1150 kg/m’.

As it will be explained in Results section, the RCRF coil was shown to be safer to use and

therefore the imaging experiments was conducted using only this type of coil.
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Figure 2.6: Sketch of the heating experiment involving ICRF and RCRF coils. Two coils were placed
on the inner wall of the gel filled phantom. The phantom was leaned against the MR imager bore wall
in order to obtain maximum heating. The coils were 3 ¢cm from each other with the center of the MR
imager bore between them. Two probes were placed on the tips of the coils and another one was placed
midway between the coils as a reference data probe. In the heating experiment we used fast SPGR with
TR of 6.5 ms and flip angle of 90° for duration of 690 seconds. (This figure was taken from [25])

2.4.4. Phantom Imaging Experiments

Phantom imaging experiments were conducted to study the reverse polarization technique in
ideal conditions. In these experiments, the RCRF coil was inserted into a gel filled bottle.
Sagittal images were taken using a gradient echo sequence with several flip angles (1°, 5°, and
40°). The following gradient echo parameters were used: TR/TE: 40/3.4 ms; spacing: 1 mm;
slice thickness: 20 mm; matrix: 256 X 256; FOV: 300 X 300 mm”.

2.4.5. Animal Imaging Experiments

Proof-of-principle animal experiments were done using the RCRF coil. The rabbit esophagus
was chosen for ease of implementation [43] and also to test the design in one of the most
challenging anatomical structures. Esophagus lies next to trachea, aorta, great veins, lungs and
heart. In addition, air inside esophagus makes it difficult to visualize using MRI. The
experiments conformed to the Guidelines for the Care and Use of Laboratory Animals, and
were approved by the Gazi University ethics committee, Ankara, Turkey. Two New Zealand

and two Angora rabbits were used. General anesthesia was induced by intramuscular injection
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of 5 mg/kg of ketamine and 40 mg/kg of xylazine. Then the RCRF coil was lubricated and
inserted via the mouth into the duodenum. The rabbit was then placed on an MR table and
images were taken while the catheter with the RCRF coil was withdrawn through the
esophagus. The motion of the tube inside the esophagus was recorded by fast gradient echo and

steady state free precession (SSFP) imaging sequences.

The fast gradient echo parameters were: TR/TE: 7/1.9 ms; matrix: 256 X 256; FOV: 300 X 300
mm?* acquisition time: 1.8 seconds. The SSFP parameters were: TR/TE: 6.3/1.7 ms; matrix:
256 X 256; FOV: 300 X 300 mm?; flip angle: 40°; slice thickness: 20 mm; acquisition time: 1.6

seconds.

2.5. Results

2.5.1. Phantom Heat Experiments
At 18.7°C, the thermal properties of the gel in the phantom were: thermal conductivity,
K =0.51W/mK; specific heat capacity, C=3820KJ/m’K; thermal diffusivity,

D =0.13 mm®/sec . The density of the gel was 1150 kg/m’ and hence heat capacity was 4400
J/kg K. Both coils that are described in the Method section were used in phantom heat
experiments. A temperature rise of 2.4°C was observed in 690 seconds (Figure 2.7) in the
reference location suggesting that the applied SAR was 15 W/kg. Note that the SAR value
estimated by the scanner is known to be unreliable [44] when phantoms are used; therefore we

used this measured SAR as the applied SAR.

A sharp increase in temperature (15°C in 100 seconds) was observed at the tip of the ICRF coil
(Figure 2.7). This implies local heating around the tuning capacitor. The temperature increased
by 20°C over 320 seconds. The safety index [40] is calculated to be 1.3°C /(W/kg) In other
words, 1.5 W/kg peak power is the maximum that can safely be applied. This will produce a
maximum temperature of 2°C while the device is in the body. The temperature of the RCRF
coil however increased much less (4.1°C in 690 seconds). The temperature rise was linear in
time, and therefore this heating was not local. This suggests that the RCRF coil is much safer
to use. Detailed analysis is necessary to determine under what conditions this coil can be

scanned safely. As a result of this experiment, we chose to conduct the rest of the experiments

using the RCRF coil
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Figure 2.7: Plot of the heating experiment. A temperature rise of 2.4°C was seen in 690 seconds in the
reference location. A sharp increase in temperature (15°C in 100 seconds) at the tip of the ICRF coil
was observed. This implies local heating around the tuning capacitor; the temperature increased by
20°C over 320 seconds. However the RCRF coil heated much less (4.1°C in 690 seconds). (This figure
was taken from [25])

2.5.2. Phantom Imaging Experiments

Figure 2.8 shows the results of the phantom imaging experiments; the forward polarization
mode images are in the left column, reverse polarization mode images are in the center, and
color-coded images are in the right column. The first row shows images with a 1° flip angle.
Although a low flip angle was used, the catheter appeared bright suggesting flip angle
amplification. This can be explained by the fact that when a low flip angle is used, induced
voltage across the back-to-back decoupling diodes may be lower than their turn-on voltage (0.3
volts for the Schottky diodes). In this low flip-angle imaging case, the RCRF coil worked as an
ICRF coil so that high contrast was achieved between the RCRF coil signal and the
background signal. As the flip angle was increased (second and third rows in Figure 2.8),

background signal intensity increased. No overtipping artifact (flip angles more than 90°) was
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observed around the catheter, which means a successful decoupling by the back-to-back diodes

was accomplished; however, image contrast was decreased significantly.

In all conditions, our algorithm worked successfully as can be seen in the reverse polarization
images (middle column in Figure 2.8). The background signal is almost completely suppressed

in all cases. The color-coded images enabled visualization of the catheter and the background.

Forward Reverse Color
Polanzed Polanzed Coded

Figure 2.8: Phantom imaging
experiment. The forward polarization
mode of images, the reverse
polarization mode of images, and the
color-coded images are in the left, the
middle, and the right columns
respectively. The first row shows
images with a flip angle of 1°.
Although a low flip angle was used,
the  catheter  appeared  bright
suggesting flip angle amplification. In
this low flip-angle imaging case, the
RCRF coil worked as an ICRF coil
and a high contrast between the
RCRF coil signal and the background
signal was achieved.

As the flip angle was increased
(second and third rows in Figure 2.8),
the background signal intensity
increased. No overtipping artifact
(flip angles more than 90°) around the
catheter was  observed.  This
suggested a successful decoupling by
the back-to-back diodes. However,
image contrast is significantly
decreased.

Under all conditions, our algorithm
worked successfully, as shown by the
reverse polarization images (middle
column in Figure 2.8). The
background  signal is  almost
completely suppressed in all cases.
Color-coded images allowed
visualization of the catheter and the
background. (This figure was taken
from [25])
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2.5.3. Animal Imaging Experiment

The phantom has a uniform structure; therefore, the RCRF coil can be separated from the
phantom easily. However, this is not the case in animal experiments because of the complex
structure of tissues. As slice thickness and flip angle increase, visualizing the catheter becomes

harder with standard imaging techniques.

Figure 2.9 shows the results of the rabbit experiments. As in the images from the phantom
imaging experiment, the forward polarization mode of images, the reverse polarization mode
of images and color-coded images are shown from left to right. Figures 2.9a-c are fast gradient
echo images, acquired using slice thicknesses of 5 mm, 20 mm, and without slice selection. In
addition, SSFP sequence images are shown in Figure 2.9d; these are frequently used to guide
interventional procedures. In the first row (gradient echo images with a slice thickness of 5 mm
and a flip angle of 1°), the catheter can be easily seen in the forward polarization mode image;
in the reverse polarization mode image, background signal suppression was almost perfect. But
with a flip angle of 40°, the catheter was barely visible in the forward polarization mode image,
and the background signal suppression was almost complete in the reverse polarization mode

image. Color-coding enabled visualization of the catheter against the background.

As slice thickness was increased (20 mm in Figure 2.9b, no slice selection in Figure 2.9¢c),
visibility of the catheter decreased significantly in the forward polarization mode image even
with a flip angle of 1°. Identification of the catheter was almost impossible in the forward
polarization mode image when a flip angle of 40° was used. On the other hand, background
suppression was effective in both reverse polarization mode images. Again, color-coding
enabled visualization of the catheter within the background. As expected, visibility of the
catheter in the SSFP sequence was low in the forward polarization mode image, but

background suppression in the reverse polarization mode image was successful (Figure 2.9d).
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Figure 2.9: The animal imaging experiment with
fast gradient echo sequence. As in the phantom
imaging experiment images, the forward polarization
mode, the reverse polarization mode and the color-
coded images are shown from left to right. Figures
were acquired using slice thicknesses of 5 mm, 20
mm, and without slice selection.

In the first row (gradient echo images with slice
thickness of 5 mm and flip angle of 1°), the catheter
can be easily seen in the forward polarization mode
image; background signal suppression was almost
perfect in the reverse polarization mode image. On
the other hand, with flip angle of 40°, the catheter
was barely visible in the forward polarization mode
image, and background signal suppression was
almost complete in the reverse polarization mode
image. Color coding enabled visualization of both
catheter and background.

As the slice thickness was increased (20 mm in Panel
b, no slice selection in Panel c), visibility of the
catheter decreased significantly in the forward
polarization mode image even with a flip angle of 1°.
Identification of the catheter was almost impossible
in the forward polarization mode image when a flip
angle of 40° was used. On the other hand,
background suppression was effective in both reverse
polarization mode images. Again, the color-coding
method enabled visualization of the catheter against
the background. (This figure was taken from [25])
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Forward Reverse
Polarized Polarized Color-Coded

Figure 2.10: The animal imaging experiment with SSFP sequence. SSFP sequence is frequently used
in guidance of interventional procedures. As expected, visibility of the catheter in SSFP sequence was
low in the forward polarization mode image; on the other hand, background suppression in the reverse
polarization mode image was successful. (This figure was taken from [25])

2.6. Discussion

A modified birdcage coil was manufactured in order to demonstrate the principles of the
reverse polarization method. Our algorithm is very suitable for real-time implementation
because it requires only one multiplication and one summation. Color-coding was already
implemented in real-time [34].

The new method has not been implemented in a real-time imaging system. This will be
essential if this method is to be useful in guiding interventional procedures. The processing
power necessary to obtain reverse and forward polarization mode signals is minimal.

Our method can be used not only in catheter-tracking procedures but also possibly in tracking
other interventional devices. For example, tracking coils [15] may be replaced by RCRF coils.
This will eliminate the need for electrical connections between the interventional devices and

scanner receivers [45], but needs further investigations.

In this study only phantom heat experiments were conducted. The exact conditions in which
ICRF and RCRF coils can be used in MRI scanners needs to be investigated using detailed
analysis backed by animal experiments and possibly with clinical tests. However, our results

suggest that the heating around RCREF coils is significantly less than ICRF coils.

Currently, the use of implantable RF coils for high-resolution imaging of deep organs is under

investigation [23]. One problem with the high-resolution imaging technique with implantable
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coils is image overlaps. When a small field-of-view is used for high-resolution imaging, the
large external coil receives signal from out of region of interest. This unwanted signal
occasionally causes image overlaps. If a reverse polarization mode signal is used, the signal
directly picked up by these coils can be eliminated and high-resolution imaging without image

overlap may be possible.

This study started during my masters program and mentioned also in my Master’s Thesis.
However, most of the work was completed during my PhD program. Mainly, comparison of
the ICRF and RCRF coils, phantom heating experiments, usage of the RCRF coil, all other

imaging experiments were done after the completion of the MSc program.

2.7. Conclusion

The feasibility of background suppression using a reverse polarization mode signal in catheter
tracking using inductively coupled RF coils was demonstrated. With a single birdcage coil,
both reverse and forward polarization mode signals were obtained. Imaging of the target object
with a real-time imaging sequence using the forward polarization mode signal was possible and
the catheter was distinctly seen in the reverse polarization mode signal. Color-coding enabled
simultaneous visualization of catheter and the anatomy without any restriction on the pulse
sequence. The effectiveness of this method was tested by phantom and animal experiments.

Clinical studies are needed to demonstrate the role of this technique in medicine.
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3. REVERSE POLARIZED INDUCTIVE
COUPLING TO TRANSMIT AND
RECEIVE RF COIL ARRAYS

3.1. Introduction

In the previous chapter, the reverse polarization method for catheter tracking using a birdcage
coil is introduced [25]. This method separates anatomical information from an RCREF.
Although this method can be an excellent candidate for making the interventional devices
visible, its main drawback is the requirement of a birdcage volume coil as the receiver. In
today’s practice birdcage coils are seldom used as receive coils because of their lower
performance compared to the phased array coils [46]. Notably, it is known that individual
simple elements of a phased array coil create a linearly polarized magnetic field [47], therefore

it is not a trivial task to generate reverse polarized sensitivity using the phased array coils.

Here, a method is presented for obtaining reverse polarized sensitivity using a phased array coil
system. It is also shown that by using duality, the proposed method can be employed to obtain

reverse polarization through radio-frequency transmit-array systems.

“Wireless” active catheter tracking [32] and fiducial marker visualization [48-52] are
demonstrated as applications of the proposed method. In both of these applications, induced
radio-frequency current flows on a coupled RF (CRF) coil, amplifies the rotating
magnetization vector, and finally turns into an oscillating magnetization in a linear path. This
magnetization can be decomposed into rotating magnetization vectors, one travelling in the
forward direction and the other in reverse. Since an anatomical signal can only be generated by
the forward polarized magnetization vector, an image that is sensitive to the reverse polarized

magnetization will solely contain the signal received by the CRF coil.

39



3.2. Theory

The reverse polarization method can be implemented using the receive and/or transmit paths.

3.2.1. Reverse Polarization Method Using Receive (Phased) Array RF Coils

As explained in the previous chapter, implementing the reverse polarization method to a
receive coil with uniform sensitivity, such as the birdcage coil, is trivial because: 1) both feeds
of the birdcage coil have the same sensitivity magnitude, and ii) the phase difference between
the feeds is same for all pixels. As a result, shifting the phase of the y-channel by -90° or 90°
and summing with the x-channel produce forward or reverse polarized modes of the images
[25, 53]. However, phased array coils do not have uniform sensitivity profiles and thus to
obtain the reverse polarized mode of an image, a more sophisticated algorithm is necessary. In
this section, the anatomy and CRF coil signals received by a linear phased array coil will be
derived. In addition, the algorithm of the reverse polarization method for the receive array

coils, which consist of linear coils, will be presented.

If the direction of the main magnetic field is reversed, a quadrature receive-only birdcage coil
can not receive any MRI signal. On the other hand, if a linear coil, such as a simple loop coil,
is used to receive the signal, the direction of the magnetic field is not important. In either case,
the linear coil picks up the signal with equal sensitivity. When multiple linear coil elements are
used as a phased array coil, their signals originating from the same point of interest can be
combined to produce pure forward and reverse sensitivities. In the MR literature, the rotation
direction of a magnetic field is usually explained in the rotating frame. Since both forward and
reverse polarizations will be utilized in this study, it is difficult to explain this concept in the
rotating frame. Therefore, in this text, magnetic fields will be expressed using the phasor

iwyt [13ERE]
l

notation with the ¢ convention, where is the imaginary unit number (+/—1) and @, is the

Larmor frequency.

Assume that a phased array coil with N linear coil elements is used to image an anatomy with a
CREF coil placed inside it. The phased array coil elements receive two types of signals from a
point of interest close to the CRF coil: a direct signal of the spins and an indirect signal of the

CREF coil. Rotating spins induce a current on the CRF coil and this current creates a linear
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magnetic field that has both forward and reverse polarized components. The signal of the spins

and then the signal of the CRF coil will be derived.

3.2.1.1. The anatomy Signal

Let v be the open circuit voltage of the n™ element of an N-channel phased array coil

n,anatomy
caused by the spins at the point of interest. In order to find the total voltage, this quantity needs
to be integrated over the whole volume. However, by itself, this value is directly related to the
sensitivity of the coil element at this point of interest. The voltage can be formulated using the
reciprocity principle [54-56]:

=—io M -B,, (3.1)

Vn ,anatomy

(XA

where , represents the dot product and M is the phasor representation of the rotating

magnetization vector given by:

M=m(a,+ia,) (3.2)
where m is the complex representation of the transverse magnetization and, a, and a, are unit

vectors in x and y directions, respectively.

Note that Eq.(3.2) is the phasor equivalent of the time domain representation of the
magnetization M (t)=|m|cos(@,t + Zm)a, —|m|sin (et + Zm)a,. In Eq.(3.1), B, is the
magnetic field at the point of interest generated by the n™ element of the receive phased array
coil when a unit current is applied to the terminals of the coil element (Figure 3.1a). Note that
l§n is a linearly polarized magnetic field and all the elements of the phased array coil have the

same phase at a point of interest since this value is carefully calibrated in the MRI scanner. In
this study, the z-component of the magnetic field is ignored since it has no contribution to this

analysis.

3.2.1.2 CRF Caoil Signal
The CRF coil is the secondary source of the magnetic field, i.e. the spins around the CRF coil

induce the current, /., on the CRF coil. This current on the small CRF coil can be

represented by a magnetization oscillating on a linear trajectory (Figure 3.1b).
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Note that a linearly polarized magnetization can be decomposed into two counter-rotating
magnetizations, i.e. the forward and reverse polarized magnetizations. The linearly polarized

external receive coils are sensitive to both components of the linearly polarized magnetization.

Similar to the anatomy case in Eq.(3.1), the voltage induced on the n™ coil by the CRF coil can

be expressed using the magnetization vector of the CRF coil, M crr» as (Figure 3.1b):

Vocrr =10, M cpp - B,

(3.3)

n

Note that the magnetic field, B., is assumed to be the same magnetic field as in Eq.(3.1),
because the CRF coil is small and the point of interest is very close to it. The magnetization of
the CRF coil originates from the current and is proportional to its unit surface area, s, and the

normal vector:

—

M =ICRFs(cosﬁﬁx +sin6’&y)

= Iy 5[ " (@, ~ia, Jr e (a, +ia,) | /2

(3.4)

Above, @ is the orientation angle of the CRF coil with respect to the x-axis.

=

%R F Coil
B,

Spin

VAR - V4

a

Figure 3.1: Sketch of the n™ element of the phased array coil, CRF coil, and spin interactions. a) B is
the magnetic field generated by the n™ element of the receive phased array coil at the point of interest
when the unit current, /, is applied to the terminals of the coil element. b) M is the rotating
magnetization vector of spins and M, is the magnetization vector of the CRF coil that is oscillating in
a linear trajectory. The spins around the CRF coil induce a current, /.. This current on the small CRF
coil can be represented by a magnetization vector, M, . As a result of these magnetizations, a voltage,
v, is induced on the terminals of the external coil. c) B. is the magnetic field generated by the CRF

coil at a point of interest when a unit current, 7, is applied to an imaginary terminal of the coil. & is the
orientation angle of the w.r.t x-axis of the CRF coil, and Z is the impedance at this imaginary terminal
of the CRF coil.
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Here, an important property of the CRF coil is that its magnetization vector can be decomposed

into forward and reverse polarized components of equal magnitude:

=M . +M

CRF CRF, f CRF,r? (3 5)

M
where

v, -i0 [~ .~
M ey =51epp € (ax+lay)/2

~ o (3.6)
M, =5 gy e” (ax —la, )/2
Integrating Eq. (2.5) into Eq. (2.3) results in:
Vycrr = T, { |:MCRF,f +MCRF,r ] ' _.n} - (3.7)

The induced current on the CRF coil can be calculated using a method similar to the derivation

of the anatomy signal. The main difference is that the CRF coil has no terminal; therefore the

induced current is calculated instead of the voltage. Assume that B. is the magnetic field
generated by the CRF coil at a point of interest when a unit current is applied to an imaginary
terminal of the coil (Figure 3.1b); then the induced current on the CRF coil due to the magnetic

resonance phenomenon is:
. i0
lowr=—io,mB.e /Z, (3.8)

where Z is the impedance at this imaginary terminal (Figure 3.1c). As a result, v, .. can be

expressed in terms of v

n,anatomy *

Vocrr =MS, ¢, +mS c (3.9

n-r?

where S, is the sensitivity of the n™ element and defined as S, =v m . Here, “*” is the

n,anatomy /

conjugation operator and ¢, and ¢, are the forward and reverse polarization amplification

factors, respectively:
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¢, =—iw,sB [2Z

o (3.10)
c,=iw,se’e”B /2Z

Note that there is only a phase difference between these values.

Finally, the total voltage can be expressed by the sum of the anatomy and CRF coil voltages:

vn = Vn,anatomy + Vn,CRF (3 1 1)
=Sn(mcf+m)+S:mcr .
As a result, the matrix form of the above equation is:
Vi S8
V|| S Sy ||m+mc, 3.12)
: P me, | '
Vn Sy Sy

3.2.1.3. The Reverse Polarization Algorithm

This chapter of the dissertation deals with the challenge of extracting the reverse polarization

component of a signal mc, from the acquired data. By doing this, a coupled coil placed on a

catheter or on a body as a fiducial marker can be identified.

The vector on the left-hand side of the above equation is already known and represents pixel
values on the images that are reconstructed using the signal received by each of the coil
elements. In order to find mc,, the sensitivity values for each coil element must be known.
Once the sensitivities of all coil elements are known, the reverse polarized component of the
signal (together with the forward component as a byproduct) can be obtained by a matrix

pseudo-inversion operation:

[m—i—mcf}: 5?2 S; v:2 (3.13)
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where “7” represents a pseudo-inversion operator.

3.2.2. Reverse Polarization Method Using Transmit Array Coils

The algorithm of the reverse polarization method for the receive array coils is explained above.
To tackle this problem, the reverse polarized signal needs to be calculated for each pixel of the
image using a post-processing algorithm. Using the reciprocity principle, one can conclude that
the reverse polarization algorithm for the transmit array is a dual problem. Unlike the receive
arrays, the transmit operation cannot be conducted using post-processing. Therefore, by using
the above algorithm, reverse polarization can only be achieved on a single point in space. In
order to solve this issue, the algorithm can be generalized for multiple points, but the
formulation indicates that reverse polarization can be obtained on only N/2 points with an N-
channel transmit array system. By properly distributing these points in a region of interest, one

may obtain reverse polarization in that region.

Alternatively, a birdcage coil may be fed from its two quadrature ports independently as a
transmit array coil. In this configuration, obtaining reverse polarized transmission is
straightforward [25]. Shifting the phase of the y-channel by -90° or 90° with respect to the x-
channel produces forward or reverse polarized excitation modes. A radio-frequency magnetic
field does not excite spins if it is rotating in the “reverse” direction, but it induces a current on
the CRF coil. Then, the secondary field created by the CRF coil excites spins in its vicinity.
Therefore, when reverse polarized excitation is used, the anatomy signal will be suppressed

and consequently the reconstructed image will consist of the CRF signal only.

Note that with the help of the transmit array system, both forward and reverse (or linear)
excitations are possible, and the forward or reverse polarization mode of an image can be

obtained without post-processing.

3.3. Method

In this study, a three-tesla Siemens TIMTrio with an experimental eight-channel transmit array

system was used. Siemens body, spine, and head matrix coils were used for signal reception.
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These coils use mode matrix combiners [57] and destruct the linear polarization data of the coil
elements. In order to reconstruct the linear polarized data, mages were acquired in triple mode
and proper complex constants were multiplied with the element data and recombined. A

MATLAB code was written for this purpose.

The coil sensitivity information is crucially important for the reverse polarization method. The
sensitivity maps can be acquired using different methods [58-61]. In this study, these maps
were obtained using the central part of the k-space matrix or spatial low-pass filtering. The
filtering removes the effect of the CRF coil on the image because the coil is small and its
information is in the high-frequency components of the image However, one cannot obtain
CREF data by high-pass filtering because the anatomy also has high-frequency components. The
sensitivity map window, which determines the area at the center of the k-space matrix, was

adjusted according to the applications.

After obtaining the sensitivity maps, the reverse polarization factor for each pixel was
calculated using the pseudo-inverse command “pinv”’ of MATLAB. The reverse polarization
mode of the image was color-coded and combined with the squared-summed image of the

subject.

The transmit array system on site has eight RF channels and their relative phases must be
calibrated before the experiments as they change after each system reboot. By using the reverse
polarization mode, two transmit channels were calibrated, i.e. the phase was adjusted to obtain
the noisy reverse polarization mode of the image. In the ideal case, adding 90° to the y-channel
and running both channels create the reverse polarized field and no spins are excited. Because
of the shift caused by the system reboot, the y-channel phase was scanned between 40° to 140°
with an increment of 10°. The image with a minimum signal level was assumed to be the
reverse polarized mode of the image. After fine tuning, the relative phase between the x- and y-

channels was found.

The proposed method was implemented for both catheter tracking and fiducial marker

visualization applications.
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3.3.1. Catheter Tracking

The ICRF coil was 100 mm long and constructed on a 6 F Teflon catheter using a coated
copper wire 0.4 mm in diameter. A heat shrink tube was used for isolation, resulting in a
prototype device with an outer diameter of 3 mm (3 french is 1 mm) (Figure 3.2). It was tuned
by a 22 pF ceramic chip capacitor to 123.23 MHz using an HP 8753D network analyzer. A pair
of back-to-back MMBD7000LT1 switching diodes in parallel to the 22 pF tuning capacitors
was used for the decoupling of the RCRF coils.

In the phantom experiments, images were acquired using the spine and body matrix phased
array coils in both the transmit and receive array experiments, and fast gradient echo with the
following imaging protocol: TR/TE: 40/3.4 ms, flip angle: 40°, slice thickness: 5 mm, FOV: 20
cm, matrix: 256 X 256.

3.3.2. Fiducial Marker Visualization

The ICRF coil was constructed with three turns of copper wire of 0.5 mm in diameter, forming
a circle with a diameter of 5 mm (Figure 3.3). It was tuned by a 16 pF ceramic chip capacitor
to 123.23 MHz using an HP 8753D network analyzer. In both the transmit and receive array
phantom experiments, images were acquired using the head matrix phased array coil and fast
gradient echo with the following imaging protocol: TR/TE: 40/3.4 ms, flip angle: 40°, slice
thickness: 5 mm, FOV: 20 cm, matrix: 256 X 256. A Siemens sodium chloride (NaCl) solution

Heat Shrink Tube
6F Catheter

Capaciton
and
Diodes

2mm

Figure 3.2: The CRF coil design.
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Marker

Volunteer

Figure 3.3: Sketch of the NaCl solution phantom and a volunteer for fiducial marker visualization.

phantom was used in phantom experiments. The same ICRF coil and experiment setup were
used in the volunteer experiments. The experiments conformed to the Guidelines for
Experiments with Human Participants, and were approved by the Bilkent University ethics

committee, Ankara, Turkey.

3.4. Results

3.4.1. Catheter Tracking:

3.4.1.1. Receive Array

Figure 3.4 shows the oblique images of an oil phantom with two straws, one filled with KCl
solution and the other with an RCRF coil inside. Figure 3.4a is the forward polarization mode
of the image, Figure 3.4b is the reverse polarization mode of the image, and Figure 3.4c the
color-coded image. Although there is a KCl solution-filled straw as a disturber, the reverse

polarization method can separate the RCRF coil from the phantom.
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Figure 3.4: Oblique images of the phantom. (a) The forward polarization mode of the image, (b) the
reverse polarization mode of the image, and (c) the color-coded image.

The results prove that the reverse polarization algorithm successfully suppresses both oil and

contrast agent signals with receive (phased) array coils.

3.4.1.2. Transmit Array

Figure 3.5 shows a sagittal image of an oil phantom with two straws, one filled with KCI
solution and the other with an ICRF coil inside. Figure 3.5a shows the forward polarization
mode of the image, Figure 3.5b is the reverse polarization mode of the image, and Figure 3.5¢
is the color-coded image. Although the phantom and contrast agent signals are stronger than
the ICRF coil signal (left column), the reverse polarization method using the transmit array

system suppresses all the signals other than the linearly polarized signal of the ICRF coil.

Figure 3.5: Sagittal images of the phantom and ICRF coils. (a) The forward polarization mode of the

image, (b) the reverse polarization mode of the image, and (c) the color-coded image.
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D1 D2 p3
Figure 3.6: a) Oblique images of the phantom and ICRF coils. (al) The forward polarization mode of
the image, (a2) the reverse polarization mode of the image, and (a3) the color-coded image. Similar to
the previous case shown in Figure 3.5, the method successfully singles out the RCRF coil signal.
However, because of the transmission decoupling, the RCRF signal is weaker than the ICRF coil signal.
b) Transversal images of the ICRF coil, RCRF coil, and KCI solution. (bl) The forward polarization
mode of the image, (b2) the reverse polarization mode of the image, and (b3) the color-coded image.
Although the phantom and contrast agent signals are stronger than the ICRF coil signal (left column),
the reverse polarization method using the transmit array system suppresses all signals other than the
linearly polarized signal of the ICRF coil.

The results shows that the transmit array system enables the suppression of the anatomy signal.
Next, the RCRF coil is used with the transmit array system. As shown in Figure 3.6a, the
catheter still appears bright, suggesting flip angle amplification. This can be explained by the
fact that the voltage across the diodes is the turn-on voltage and a small amount of current

flows through the RCRF coil.

Figure 3.6b shows a transversal image of three straws, first filled with KCI solution, second
with an ICRF coil inside and third with an RCRF coil. Both the anatomy and RCRF signals are
suppressed when the reverse polarization method was applied to the transmit array system

while the ICRF coil image was reconstructed.

3.4.2. Fiducial Marker Visualization:

3.4.2.1. Phantom Experiments:

Figure 3.7a shows sagittal images of a saline solution phantom with an ICRF coil attached to
the phantom (Figure 3.3). The reverse polarization algorithm successfully suppresses both oil
and contrast agent signals with receive (phased) array coils. The color-coded images show that

the algorithm works.
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Figure 3.7: a) Oblique image of the receive array. (al) The forward polarization mode of the image,
(a2) the reverse polarization mode of image, and (a3) the color-coded image.

b) Oblique image of the transmit array. (bl) The forward polarization mode of the image, (b2) the
reverse polarization mode of the image, and (b3) the color-coded image. Similar to the receive array
case, suppression of the anatomy signal for MR guidance is effective.

3.4.2.2. Volunteer Experiments:

Volunteer experiments are especially important to show the usefulness of the reverse
polarization method for clinical applications. The transversal and sagittal images are shown in
Figures 3.8 and 3.9 respectively. All figures presented in this section show that the reverse
polarization method works successfully in both applications. The background signal is almost

completely suppressed and the color-coded images enable visualization of the CRF coils.

3.5. Discussion

As already known, the forward polarized transmission excites spins and coupled RF (CRF)
coils whereas the reverse polarized transmission excites only CRF coils. With conventional
imaging systems, only forward or reverse polarized transmission is possible. Transmit array
systems, however, can switch between forward and reverse polarizations simultaneously.
Transmit array studies are mostly concentrated on homogenizing higher frequency RF fields,
but this causes another problem, namely excessive specific absorption rate (SAR). In this

study, the transmit and receive (phased) arrays offer separate excitation and reception profiles
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Figure 3.8: a) Transversal image of receive array coil. (al) The forward polarization mode of the
image (a2), the reverse polarization mode of the image, and (a3) the color-coded image.

b) Transversal image of transmit array. (bl) The forward polarization mode of the image, (b2) the
reverse polarization mode of the image, and (b3) the color-coded image.

It is already embedded in the imager and because it uses only two channels, it is simpler to
work with.

in order to improve the usability of the reverse polarization method. Here, the receive array coil
data was processed to obtain a reverse polarization mode image and the transmit array system
was utilized to excite the CRF coil only, suppressing the anatomy signal. In this study we used
the Siemens’ experimental 8-channel transmit array system. The applications discussed in this
paper use only two channels and the phases and amplitudes of the RF waveforms are

manipulated but the shape of the waveforms were identical. Although the transmit array

system’s capabilities are not completely utilized, the body coil is much more accessible.

In this study, the reverse polarization method was also implemented in fiducial marker
visualization. During an invasive operation, a targeting procedure is vital. Fiducial markers are
effectively used in different operations for registration purposes. However, in some sequences,
these markers are not bright enough, so registering becomes more difficult. In order to improve
the visibility of the markers, the reverse polarization method was implemented using CRF coils

for image-guided surgery registration.
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Figure 3.9: a) Sagittal image of receive array coil. (al) The forward polarization mode of the image (a2),
the reverse polarization mode of the image, and (a3) the color-coded image. b) Sagittal image of
transmit array. (b1) The forward polarization mode of the image, (b2) the reverse polarization mode of
the image, and (b3) the color-coded image.

Lastly, it should be mentioned that oil was used in the phantom experiments, which helped
avoid dielectric effect-related inhomogeneities [62]. Furthermore, the x-channel of the body
coil was performing significantly worse than the y-channel. In order to obtain the same signal
strength from individual channels separately, the y-channel was multiplied by 0.67, while the
multiplier of the x-channel was kept at 1.00. Our initial tests on human volunteers did produce
enough homogeneity while using our 3 tesla scanner so that we were able to demonstrate the

method in vivo.

3.6. Conclusion

The feasibility of the reverse polarization method was examined using transmit and receive
array systems in two different applications of the method, i.e. catheter tracking and fiducial
marker visualization. Using both transmit and receive RF coil arrays coupled to RCRF and
ICRF coils, we showed that the method achieved successful background suppression in both

phantom and volunteer studies.
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4. TRACKING ROTATIONAL
ORIENTATION AND POSITION OF
CATHETER USING TRANSMIT ARRAY
SYSTEM

4.1. Introduction

A precise and fast localization of interventional devices is a necessity in order to perform
minimally invasive operations. Generally, X-ray is used for these operations due to almost
perfect instrument visualization and determination of catheter orientation. However, X-ray
cannot provide soft tissue contrast and ionizing radiation is exposed to patients as well as
staffs. On the other hand, MRI is a non-ionizing imaging modality that offers impressive soft
tissue contrast as compared to X-ray. One of the main challenging problems in MR-guided
interventions is the difficulty in real-time detection and tracking of the interventional devices.
Various techniques have been developed for identification of interventional devices. Although,
the passive and active catheter tracking methods have distinct advantages, the passive tracking
methods have reliability problems [9], and device handling in the active tracking techniques
(2-4) is uneasy. There are also hybrid methods which make use of an ICRF [21, 25] coil. Even
though many researchers tried to deal with the tracking problem, only Anderson et al.
addressed a solution for the rotational orientation issue using phase images of active micro

coils manually [26].

In all of the applications and methods mentioned above, conventional imaging systems have
been used. On the other hand transmit array systems have recently been introduced for
experimental studies. Yet these studies are mostly concentrated on understanding the working
principles, exploring the capabilities of the system, and homogenizing the high frequency B,

fields [63-65]. Although usage of transmit array systems has been limited, the use of transmit
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array system was introduced in the previous chapter in order to obtain reverse polarization

during transmission.

In this study, a new method that uses a transmit array system is presented in order to i) detect
rotational orientation and ii) track position of interventional devices on which ICRF coils are

constructed.

The method enables simultaneous acquisition of anatomy and ICRF coil images using the
FLASH (Fast Low Angle SHot Magnetic Resonance Imaging) [66] and TrueFISP (True fast
imaging with steady state precession) [67] sequences. Both FLASH and TrueFISP sequences
are fast and therefore used in real time applications. Furthermore, this method paves the way of
using asymmetric designs of the catheter, because the rotational orientation information
increases the control on the catheter and it can be useful for several applications, such as MR-
guided intravascular focused ultrasound (IVUS) [27, 28] with independent transducer arrays

[29] and RF ablation.

4.2. Theory

In this study, conventional RF excitation pulses are modified and a transmit array system is
used to apply to the transmit coil. The anatomy and ICRF coil signals due to the new RF pulse

scheme will be derived analytically in this section.

4.2.1. Conventional Body Coil Excitation

As mentioned in earlier chapters, a body birdcage coil has two feed points and conventionally,
a quadrature hybrid is used to deliver the excitation signal through a single channel. [25, 53].
The quadrature hybrid divides the signal into two halves with the same magnitude and 90°
phase difference (Figure 4.1). This generates forward polarized RF field [25]. The conventional
excitations use identical RF pulses with constant amplitude in each TR. Typically a body
birdcage coil is used to generate the forward polarized RF excitation (Figure 4.1). This
rotational excitation is two times better in total body SAR and four times better in peak SAR

than linear excitation, because all power is delivered to the subject.
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Figure 4.1: A conventional MRI RF excitation and the field polarization using a single channel body
birdcage coil with a quadrature hybrid. The quadrature hybrid divides input excitation signal into two
halves with 90° phase difference. This excitation enables a forward polarized field inside a birdcage
coil.

4.2.2. Transmit Array Excitation

Assume a body birdcage coil is used as a two channel transmit coil by eliminating the
quadrature hybrid. If the same RF excitation mentioned in Figure 4.1lis applied to the both
feeds of the transmit birdcage body coil, a linearly polarized RF excitation is obtained with 45°

angle with respect to x-axis (Figure 4.1).

Assuming the spin magnetization in the anatomy is given by M the anatomy signal can

T,Anatomy >

be expressed as:
SAnatomy (t) = J:[ (MT,Anatomy ei”/4 ) 67[2ﬁkxxe_i2”ky dx dy (4 1)

Eq. (4.1) states that an image similar to the original image which is the result of Figure 4.1 is
reconstructed at the same location with 45° phase, but this phase does not effect the

reconstructed image. Note that &k and k, are functions of time. Assume S is the k-space
matrix of an arbitrary object that is the result of the sequence (Figure 4.2) and S, is the k-

space row result of the p” TR.

In this study, a modified design of RF excitations with turning linear polarization vector is

used. The circulation is done by changing the direction of the linear polarization in each TR.
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As an example, consider the RF excitation scheme shown in Figure 4.3. In this design, the RF

excitation amplitudes are changed to obtain a circulation that progress /2 in each TR.

As the RF pulse scheme changes, the complex transverse magnetization of the anatomy

changes. One can generalize the magnetization of the pth RF (or pth TR) as:

M+

nT , Anatomy

(1)=M e (4.2)

T ,Anatomy

The above equation states that, each row of the S matrix is multiplied by a complex factor,

which is the phase of the RF},, .

As a result, signal can be expressed as:

S (t ) = ” (M T, Anatomy el )e_ih(kxmyy)dx dy 4.3)

Anatomy

where k_and k are spatial frequency variables in x and y directions respectively. Assuming y

as the phase encoding direction, p can be expressed in terms of imaging parameters as:

i

1 [T

4 TR, TR, TR, TR,
“

am 300

® &—
" » L

1

Figure 4.2: Standard spoiled GRE sequence RF pulse schemes and the birdcage coil excitation using
the transmit array system. If the quadrature hybrid is eliminated and two excitation channels are input
with a same spoiled GRE excitation pulses a linearly polarized field is created inside the birdcage coil.
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=k,N, Ay (4.4)

where N is the number of phase encoding lines, and Ay is the image resolution in phase

direction. Substituting Eq. (4.4) into Eq. (4.3) gives:

SAnatomy (t) = J._[ (MT,Anatomy e_iZ”kxxe_iZ”k}'(y_N}' Ay/4) )dx dy (45)

which means the perturbation due to modified RF excitation causes a shift of the image

location in phase direction with an amount of 2N / P, where P is the number of RF pulses in

one turn, in above example, P=4.

On the other hand, the magnetic field created by the ICRF coil is directly related to orientation
of itself. Therefore, the complex transverse magnetization of the ICRF coil has to be derived in

a more detailed manner.

4.2.2.1 ICRF Coil Magnetization
The effect of the turning linear polarization vector to the ICRF coil is different than the

by

_A_v_m

TR, TR, TR, TR, TR,

Figure 4.3: The modified RF excitation scheme and the birdcage coil field using the transmit array
system. Excitations of the channels change such that a linearly polarized field with a turning
polarization vector is created.




anatomy case. In the previous case, change in the RF direction only causes phase change in the
k-space. However, in order to explore the constants that are multiplied by the k-space lines,
one has to take the orientation dependence of the ICRF coil into account. If the ICRF coil is not
decoupled from the transmit field by a pair of back-to-back diode, the transmit field induces
current on the ICRF coil. The induced current creates a secondary the magnetic field. This time

dependent magnetic field created by the ICRF coil can be represented as:

BICRF,t (t) = [ICRF,t (t) B}CRF (4.6)

where 1., () is the time dependent current due to transmit field:
Liege, (t)=B,(t)cos(w,t+0)a, -5 (4.7)

where Bt(t) is time dependent peak value of transmit magnetic field, @, is the Larmor

frequency, o and g, are the phase and unit vector of B, (t) ,and § is surface normal vector of

the ICRF coil, given by:
§=s(cos@a,+sinda,) (4.8)

where s is the area of the ICRF coil and @ is the orientation of the ICRF coil with respect to x-
axis. For every different RF pulse mentioned in Figure 4.3, dot product of the surface normal
vector of the ICRF coil and the unit vector of the transmit magnetic field (Eq. (4.7)) causes

different complex parameter.

In Eq. (4.6), B, is the peak value of magnetic field generated by the ICRF coil at a point of

interest when a unit current is applied to an imaginary terminal of the coil:

B s =B, (cos(9+f7)&x+sin(9+n)&y) (4.9)
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where B, is the magnitude of the magnetic field, &+ 7 is the orientation of the magnetic field

vector at the point of interest, 7 is the phase term of the magnetic field related to other than the

orientation of the ICRF coil. Note that, the field vector orientation is directly related to the

orientation of the ICRF coil, therefore & appears in the magnetic field expression. Using
above equations, x and y components of the E,CRFJ (t) can be expressed as:

t [

Bype. (t)=B,(t)B,, s[&, (cos@a, +sinda, )] cos(w,t+0o)cos(0+1)
(4.10)
By, (1)=B,(t)B, s[&t -(cos@&x +sinfa, )] cos(@,t+o)sin(0+1)

Converting the lab frame expressions into the rotating frame will be useful for calculations.

Using rotation matrix:

B! (1) = Biegr (1) cos(@,t) + By, (1)sin(a,t)

N _ (4.11)
B, (t) = =B rr i (t)sm(a)ot)Jr Bk (t)cos(a)ot)

where B (7) and B; (1) are the x and y components of the positively rotating frame [54].

Ignoring 2@t components, which are not effective in NMR:

B! (t)=—Bcos(0+n)sino+ Bsin(0+1n)coso 4.12)
B; (t)=—Bcos(0+n)coso—Bsin(0+7n)sinc '

where B=B,(t)B, s[&t -(cos fa, +sinba, )J / 2. These rotating frame components are

enough to express magnetizations. For the sake of easiness, assume a small tip angle to obtain

x and y components of the magnetization:

dM; (t)/dt ~—y M B} (t)

4.13
dM; (t)/dt~y M ,B; (t) &1

where y is gyromagnetic ratio, M is the instantaneous magnetic moment per sample voxel

immediately after applying a 90° pulse. Note that, later in this chapter it will be shown that the
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formulation is still valid for larger flip angles using a computer simulation [68]. Assuming a

square pulse:

M (t)=-yzM,B;(t) 4.14)
M (t)=yzM,B!(1) |

where 7 is the duration of the pulse. Complex transverse magnetization of the ICRF coil

magnetic field can be written as M . (£) =M (t)+iM (). Substituting Eq. (4.14) gives:

My () = My i €°| @, -(cos 0@, —sin0a, ) | (4.15)
where M, ., =y7M, " € B (t)B, s/2 . Remaining terms at the right side of Eq. (4.15) are

directly related to the orientation of the ICRF coil. As the RF pulse scheme changes, the
complex transverse magnetization of the ICRF coil changes similar to the anatomy case.
However, the orientation related complex term in Eq. (4.15) makes a very important difference.

In the first RF, unit vector of the transmit magnetic field will be a, =a_, because, its direction

shows the x-axis. Substituting this information to Eq. (4.15) results with the first complex

transverse magnetization of the ICRF coil as:

MJT,ICRF (t) = MT,[CRF ¢’ cos 6 (4.16)

The second, third, and the forth transmit magnetic field unit vectors become &y,— a.and — c?y

respectively and one can generalize the pth RF (or p™ TR) as:
M;TJCRF (t) — MTJCRF (eizeeipﬁ/2 + e*ipﬂ'/z )/2 (4'17)

Above equation states that the modified RF pulse scheme given in Figure 4.3 adds phase term
(e"we"‘””/2 +e P2 )/2 to the ICRF signal.

For the particular case explained above, the signal expression can be given as:

61



Serr (1) = ” (MT,ICRF (e"z'ge"””/2 +e P )) ¢ k) g dy/2 (4.18)

Substituting Eq. (4.4) into Eq. (4.18) gives:

S cxr (Z) — J' J’ ( M, ar o0 ei27rk_v(}’+N}A}’/4))ei27rkxx dx dy /2

| (4.19)
] (M e 0 e dvay f2

This result can be interpreted graphically as well. Figure 4.4 shows the effect of the orientation
of the ICRF coil. Assume, RF; is applied and the surface normal vector of the ICRF coil makes
€ angle with RF;. This excitation pulse can be decomposed into two orthogonal fields, RFy
and RF,-, which are perpendicular and parallel] components to surface normal vector of the
ICRF coil, respectively. By using Faraday’s law of induction, one can conclude that only the
RFy- induces a current on the ICRF coil, and RF,- does not affect the coil. If one applies this

operation to other components of the RF excitation pulses in Figure 4.3b, k-space constants

become m = ¢ [cos 0, sinf, -cosd, -sinl, cos@...] and mo=m,., ( Figure 4.4).

In this case, not only the direction, but also the magnitude of the effective RF field changes in

each TR. The disturbance in the k-space results with the change in the image space.

One can make mainly two important conclusions on this result and Eq. (4.19). First, the
modified RF scheme causes shifting the original image. The anatomy shifts in phase encoding

direction with an amount of N / 4 pixels, on the other hand the original ICRF coil image shifts

a b

Figure 4.4: a) Interaction of the linear polarized RF and the ICRF coil. b) k-space lines result of
circulating polarization vector.
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in phase direction and the ghost shifts in reverse direction. As a result, one copy of the ICRF

coil stays in the shifted the anatomy image and the other copy shifts NV / 4 pixels in the opposite

direction, which can be color-coded and inserted into the anatomy image. Although the exact

location of the original image is not known, the center line of the shifty , from where the

image needs to be cut and paste to the anatomy image, is related to the total number of phase

lines and number of pulses in one turn and given by y, =N, -2N, / P, where P=41n above
example. As a result, for the particular case, P=4, y, =N, / 2 which is equal to the center of

the image.

Secondly and more importantly, the phase difference of the ICRF coil and ghost images is two
times of the orientation of the ICRF coil, 26 . In order to find the phase difference between the
shifted ICRF coil images, weighted average [69] needs to be calculated. For P=4 case, the
center of the image is the border of the shifted images. Cutting one side and multiplying with
the conjugate of the other side of the image provides weighting. Phase of the mean value gives
the weighted average’s phase, 26 which is two times of the absolute orientation of the ICRF

coil.

P =4 case is the easiest and convenient one, but a more general formula for an arbitrary P, the

anatomy and the ICRF coil signals can be expressed as:

SAnammy ( t) — J’ J‘ ( MT’Ammmy e*iZﬁky(y*Ny Ay/P) )ei27rkxx dx dy
Scar (1)=J] (M ure ™07 ) e dxdy / 2 (4.20)

+J‘J’ ( MT,]CRFeiZH e—iZﬂky(wN}Ay/P))e;27zkxxdxdy/2

where the shiftis N, / P pixels. Eq. (4.19) shows when number of RF pulses in one turn is four
and shifting is N, / 4 in one direction. Shifting mechanism can be changed by changing the

number of turns P, that is, the amount of shifting can be increased by decreasing the value of
P and vice versa. Above formulae are derived using small flip angle approximation, which
means no transverse component of the magnetization is left at the end of the TR, in order to

obtain a simple and general equations.
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Although the small flip angle is an important assumption, generalization of the method can be
done. For this, implementation of the method to a more general real-time sequence with a high
flip angle will also be shown. TrueFISP, which is a very common fast imaging sequence,
works with high flip angles. A MATLAB simulation code for TrueFISP sequence can be used
to show the shifting mechanism is still valid for larger flip angles. TrueFISP sequence is highly
dependent on field inhomogeneities. In order to understand signal behaviors of the anatomy
and the ICRF coil computer simulations were conducted using MATLAB. Anatomy and
catheter signals were obtained using following parameters: T1 200 ms, T2 60 ms, TR 5.8 ms,
TE 2.9 ms, flip angle 50°. Figure 4.5 shows the simulation where the ICRF coil, ghost, and
anatomy can be seen. As a result, one can conclude that the formulation is still valid for higher
flip angles. Furthermore, TrueFISP sequence is based on gradient echo imaging principles but
steady state signal varies drastically. Simulation results also show that the anatomy, ICRF coil,

and ghost signals differ significantly as a function of field inhomogeneity.

As shown in Figure 4.5, in addition to the anatomy and the ICRF coil signal, ghost of the ICRF
coil is observed similar to small tip angle approximation case. The same figure shows that the
ICRF coil and its ghost have the same shape against the field homogeneity, but there is 180°
phase difference. This property adds one more parameter for the method, because; signal
amplitudes of the ICRF coil and its ghost can be changed by adjusting field inhomogeneity.
The validity of the formulation with high flip angles will also be supported by the results

4.3. Method

In the present study, the aim is to separate the anatomy and the interventional devices using a
linearly polarized birdcage body coil. The identical RF pulse shape with changing amplitude

and direction is used to excite feed the body birdcage coil.

The quadrature hybrid is eliminated and the birdcage body coil is used as a two channel linear
transmit-only coil to create one copy of original the anatomy image and two copies of the
ICRF coil image to reconstruct a color-coded image. FLASH and TrueFISP sequences are

modified and turning linearly polarized field is obtained by using the transmit array system.
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In our work we used a 3 tesla Siemens TIMTrio and an 8-channel transmit array systems.

Siemens body and spine matrix coils are used for reception. In the phantom experiments,
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Figure 4.5: Simulation result for TrueFISP.

.Images acquired using spine array phased array coils in both transmit and receive array

experiments. A MATLAB code is written for the reconstructions as well as the color coding

4.3.1. Rotational Orientation:

Two different ICRF coils with different diameters, and the same length, were constructed for
the rotational orientation experiments. The first ICRF was 100-mm long and constructed on a 6
F Teflon catheter using coated copper wire 0.4 mm in diameter; a heat shrink tube was used for
isolation resulting in a prototype device with an outer diameter of 3 mm (9 F). It was tuned by
a 22 pF ceramic chip capacitor to 123.23 MHz using an HP 8753D network analyzer. The
second ICRF coil had the same length with 22 F total diameter. A rectangular 15 cm x 10 cm x

30 cm oil phantom was used (Figure 4.6a).

65



In order to control the amount of rotation, a Smith chart was used (Figure 4.6a). Before each
acquisition, the ICRF coils rotated equally. A simulation was done for changing rotational

orientation of the ICRF coil for proof of principle.

4.3.2. Catheter Tracking

The first ICRF coil, 9 F, was also used in imaging experiments. The ICRF coil is used similar
to our previous study [25]. The same oil phantom was used and three straws filled with
potassium chloride (KCI) solution were inserted into the phantom.

4.3.2.1. Flash

Flash sequence is modified in order to get circulating polarizations with following parameters:
TR 9.8 ms, TE 4.1 ms, slice thickness 5 mm, flip angle 30°, FOV 300X300, imaging matrix
256X256,

4.3.2.2. TrueFISP
TrueFISP sequence is highly dependent on field inhomogeneities. In order to understand signal
behaviors of the anatomy and the ICRF coil computer simulations were conducted using

MATLAB. The anatomy and catheter signals were obtained using following parameters: T1

200 ms, T2 60 ms, TR 5.8 ms, TE 2.9 ms, flip angle 50°.

In addition, proof of principle experiments were conducted with a modified TrueFISP sequence
using following parameters was used: TR 5.8 ms, TE 2.9 ms, slice thickness 5 mm, flip angle

50°, imaging matrix 256X256.

4.3.3. Transmit Array Calibration

Two channel of the transmit array system have been used. After each boot of the system, the
phase difference between the channels changes. Therefore, before each experiment, the phase
difference is calibrated using the reverse polarized mode. Spins are forward polarized, if the

body birdcage coil is adjusted to produce the reverse polarization mode, no signal is received.
The reverse polarization mode is obtained by two RF pulses with the same amplitude and the

90° phase difference. Before the experiment, phase of the y-channel is scanned between 40° to

140° with 10° increment. The image with a minimum signal level is assumed to be the reverse
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Figure 4.6: a) Phantom setup. The same phantom was used for imaging experiments. b) Result of the

rotational orientation experiment.

polarized mode of the image. After fine tuning, the relative phase between the x- and y-

channels is found.

4.4. Results
4.4.1. Rotational Orientation of the ICRF Coil

Figure 4.6 shows rotational orientation experiment setup and the results obtained using two
different ICRF coils. In each iteration, the ICRF coils rotated one unit, which is approximately

equal to 5o0. Experiment showed very high correlation with the simulation result.

4.4.2. Tracking of the ICRF caoil

4.4.2.1 Flash

Figure 4.7a shows a reference transversal image in order to show the original data without
using oscillated RF field. In the result of the steering RF catheter tracking method, the anatomy
was shifted up, on the other hand, ICRF coil was shifted both up and down. Different P values
causes different amount of pixel shifting. Figure 4.7b and ¢ show P equals 16 and 8
respectively. There are two other important parameters to change characteristics of the shifting.
One of them is turning direction of the polarization vector. Figure 4.8a shows color-coded

image of counter-clockwise turn of the vector with N =4.
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KCI Solut.

Figure 4.7: Transversal images of the method with varying number of turns, N. Images show that the
amount of shifting pixel can be adjusted. a) Original image P=1.b) P=16.¢c) P=8§.

Shifting the turn direction to clock wise direction swaps the anatomy image and the ghost
(Figure 4.8b). Furthermore, phase encoding direction is anterior-posterior (A-P) in Figures 4.8a
and b. Modifying the phase encoding direction to left-right (L-R) changes the whole image
(Figure 4.8c). As a result, there are three significant parameters to be manipulated according to

application or imaging plane: P, vector turn, and phase encoding directions.

Lastly, Figure 4.10 shows the result of different parameters and imaging planes using
TrueFISP sequence. Figure 4.10a, b, and c are transversal, Figure 4.10d is an oblique image,
and Figure 4.10e is a coronal image. Oil signal is high and signal of water in straws are weak in
Figure 4.10a because of the resonance frequency. On the other hand, water signal is very high
in Figures 4.10 a and b. At the same time signals of the ICRF coil and its ghost change. Figures
4.10 d and e shows oblique and coronal images respectively, but shimming on those planes are

not as easy as transversal case, therefore phantom image is not homogeneous.
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Figure 4.8: Color-coded images with changing parameters. a) Polarization vector turns counter-
clockwise direction and phase encoding direction is A-P. b) Polarization vector turns clockwise
direction, same phase encoding direction with a. ¢) Polarization vector turns counter-clockwise
direction and phase encoding direction is L-R.

The method works with different imaging planes: Coronal (Figure 4.9a), sagittal (Figure 4.9b),
and oblique (Figure 4.9¢).

4.5. Discussion

A similar modulation of the phase and the magnitude occurs when a wire is used instead of an
ICRF coil, because, the current induced on the wire is also dependent on the phase of the
excitation field [70]. As the phase of the excitation changes, the phase of the current on the
wire changes and as a result, field profile at the vicinity of the wire changes. This disturbance

affects the k-space lines and a similar shifting occurs as the ICRF coil case.

Here, the principle behind the detection of the ICRF coil is the orientation dependence of the
induced current and the field created by this current. In the anatomy image case, there is only
the phase modulation and this causes the shift of the anatomy image. On the other hand, as the
phase of the RF excitation field changes, the characteristics of the field created by the induced
current on the ICRF coil varies. As a result, in the vicinity of the ICRF coil not only the phase
but also the magnitude is modulated. Furthermore, both phase and magnitude modulation
mechanisms occur different than the anatomy case. The modulations in the k-space can be

calculated analytically or by a computer simulation.
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Figure 4.9: Color-coded images of different planes. a) Coronal image. b) Sagittal image. c) Oblique
image.

In our site, the x-channel of the body coil was performing significantly worse than the y-
channel. Therefore oil is used in the phantom experiments, because it helps to avoid dielectric
effect-related inhomogeneities [62]. In addition, the same signal level from the individual body
coil channels is obtained only when the y-channel is multiplied by 0.67, while the multiplier of
the x-channel is kept at 1.00 using the transmit array system. Therefore, oil phantom is used to

obtain the homogeneous reverse polarization mode of the image which is difficult.
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Figure 4.10: Imaging experiment results of TrueFISP sequence. a, b, and ¢ shows transversal images
with different oil and KCI solutions. a) High oil signal intensity. b) High KCI solution intensity with
suppressed oil signal. c) Highest KCl solution signal intensity with residual oil signal. d) Oblique plane
with low oil signal intensity. €) Coronal plane with low background signal intensity.

Siemens transmit array system can operate 8 channels with different phases and amplitudes.
Furthermore, each channel can be fed with different pulse shapes. In our applications, we use
only two channels and manipulate phases and amplitudes. Therefore, we do not utilize the
system completely, but using the body coil is much more convenient for accessibility and
liability. It is already embedded the imager and because of using only two channels, it is

simpler deal with.

As stated above, a forward polarized excitation has a better SAR performs than a linear
excitation. The linear polarization (Figure 4.2) doubles average SAR and quadruples peak
SAR. On the other hand, this is not valid with modified circulating linear RF excitation. Its
average body SAR is still two times more than forward excitation, but peak SAR is also two
times more, because the electric field vector changes at a point of interest from TR to TR. For
P =4, the electric field at a point drops such that SAR becomes two times of the forward

polarization case. As a result, peak and average SAR of the modified circulating RF excitation
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is doubled as compared to conventional excitation. The conventional SAR calculation can be

used and halving the limit keeps the new design in safety limits.

4.6. Conclusion

This study presented a novel method to simultaneously acquire the rotational orientation of the
ICREF coil and track the coil built on a catheter. First, the anatomy and the ICRF coil images
are separated, then orientation is calculated and color-coded image of the ICRF coil is
reconstructed for tracking. Phantom experiments have been demonstrated the proof-of-

principle of the method using both FLASH and TrueFISP sequences.
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5. Inductively Coupled Birdcage Coill

5.1. Introduction

In previous chapters in this dissertation, the birdcage coils have been mentioned as volume
coils, such as body and receive-only coils. Standard birdcage [35] 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 (Figure 2.1). Although birdcage
coils are essential elements of modern MRI scanners, they have never been used as ICRF coils.
ICRF coils [22] are simple wire loops resonated using a capacitor. They have been used for
small FOV imaging [23, 24] and also catheter tracking [21, 25]. They are used to amplify
transmit and receive signals in close vicinity. When a pair of back-to-back diodes is connected
parallel to the resonating capacitor, coupling to transmit field is eliminated and only receive
coupling remains. These coils are called receive coupled radiofrequency (RCRF) coils [25, 71].

RCREF coils are safer as compared to ICRF coils [25].

The reverse polarization is our main focus and it is used effectively in different applications
and methods. The ICRF coil is a linearly polarized signal generator which contains a reverse
polarized field component. However, it is impossible to eliminate the forward component of
the ICRF coil. So, a design for the reverse polarized signal source was investigated. Because
we are very familiar with the birdcage coil design, we decided to make simulations. As a result,
it was observed that the conventional mode of a birdcage coil generates a reverse polarized
field outside of the birdcage coil. On the other hand, inductive design was built to examine if it
could work without feeds and it became successful. The ICRF have never been miniaturized
for placement inside body orifices. In this study, birdcage coil is miniaturized and used as an

inductively coupled RF coil.
The new design can be used as an internal coil for prostate biopsy. Furthermore, it can be

constructed on a catheter for tracking the interventional devices and imaging vessel walls.

Lastly, it can be used for intestine and esophagus imaging.
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5.2. Theory

As opposed to conventional birdcage coils, the new design is used inductively, thus there is no
feed point for transmission, reception, or decoupling. In addition, it is symmetric with respect
to all axes. They are small and do not affect the tuning and noise profile of the external coil. If
one reverses a conventional volume birdcage coil in z-axis, the signal inside the coil becomes
reverse polarized. However, coupled birdcage designs are immune to orientation, i.e. it can

work in all orientations.

Since ICBC coils have two intrinsic orthogonal modes of operation (x and y directed), the
transverse component of the magnetic field sensitivity exists in all orientations. For example, if
the axis of the ICBC coil is directed to the x-axis (as opposed to the z-axis in its optimum use),
one of the modes will be in the y-axis. Therefore the coil’s sensitivity will remain. In one mode
of the operation, the transmit magnetic field induces current on the ICBC coils. This induced
current amplifies the flip angle around it. When an external coil such as a birdcage coil is used
in reverse polarization mode [25] as a receiver, the external coil does not pick-up any signal
from the anatomy directly, but only from the anatomy in the vicinity of the ICBC coil.
Similarly, when an external birdcage coil is driven in reversed polarized mode, the
magnetization in the anatomy will not be flipped in any location but only around the vicinity of

the ICBC coil.

These coils can be used without modifying the scanner hardware and do not affect tuning of
external coils. ICBC coils are not connected to the scanner by wires; rather the MR signal
picked up by these coils is transferred to a receiving coil by induction. Therefore, this design is

system independent.

The signal inside and outside the inductive designs depend solely upon the mode of the
external transmit and receive coils. Coupled birdcage coils produce forward polarized field
inside the coil. On the other hand, the outside of the coil is the source of the reverse polarized
signal. If an external birdcage coil or a phased array coil is used for reception, forward (or
reverse) polarization mode of this coil makes the inductive birdcage coil work in forward (or

reverse) mode (Figure 5.1).
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Figure 5.1: Simulation of eight legs highpass inductively coupled birdcage coils. a) Forward mode of
ICBC b) Reverse mode of ICBC.

5.2.1. External Coils

CBC coils work by coupling to external coils. Characteristics of CBC coils vary according to
transmit and receive polarizations of the external coils. Any combination of these transmit and
receive coils will result in different field distribution and SNR inside and around the CBC
coils. For example, in order to visualize around the ICBC coil and suppress remaining part of

the anatomy, reverse transmit and reverse receive external coil couple should be used.

Transmit or receive coil types can be branched by their polarizations. Forward polarized
birdcage coil transmit mode is used by conventional birdcage coils (such as body, extremity,
and head coils). Inductive (ICRF and ICBC) coils are coupled, but receptively coupled (RCRF
and RCBC) coils are weakly coupled to forward birdcage transmit mode due to back-to-back
diodes. Note that if excited, ICRF and RCRF coils produce a linear field and ICBC and RCBC
coils produce a forward polarized field inside, and reverse polarized field outside of

themselves.

On the other hand reversing the birdcage coil or switching the cables enables the reverse

polarized field. Spins cannot be excited, receptively coupled coils (RCRF and RCBC coils) are
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weakly excited, and inductive coupled RF coils (ICRF and ICBC coils) are excited by using a

reverse polarized transmit field.

Linearly or elliptically polarized coils behave similar to forward polarized coils. Spins and
inductive (ICRF and ICBC) coils are coupled, receptively coupled (RCRF and RCBC) coils are
weakly coupled to linear coils. On the other hand, linear, elliptic, forward, and reverse

polarized transmissions can be constructed by a phased array coil using proper weightings.

As opposed to transmit modes of the external coils, the receive coils vary slightly. Most
significant case is the reverse polarized mode of receive coils. In this case, the ICRF, RCRF
and the outside of ICBC and RCBC coils are coupled to the reception of reverse polarized
birdcage coils. Spins are completely decoupled from this mode, so this mode is useful for
suppressing the anatomy. On the other hand, forward polarized birdcage coil reception mode
belongs to conventional birdcage coils. It is coupled to forward and linear polarized modes,
that is, spins, ICRF, RCRF, and the inside of ICBC and RCBC coils. In all other receive coils,
phased array, linearly and elliptically polarized coils, all possible signal sources can be
coupled, but proper weightings can make it possible for phased array coils to receive linear,
forward and reverse polarized signals. In order to utilize ICBC and RCBC coils, any
combination of transmit and receive modes mentioned above can be used according to
applications. A coil can be made transmit only, receive only, and transmit-receive. Different

polarizations are possible by either hardware, or software [25, 72].

5.2.2. Modes of Birdcage Coil

Modes of inductively coupled birdcage coils are similar to active case [53]. The circuit of the
birdcage coil is represented by the ladder network, and the current on each loop is represented
by sinusoidal equations. The number of solutions (or modes) is related to number of legs. The

first mode, m =1, is the most homogenous solution.

5.3. Method

Two different highpass birdcage coils were built to examine different modes of the ICBC coils.
136 pF (ATC, USA) ceramic chip capacitors were used to resonate m =1 mode in one of the
high pass birdcage coils. On the other hand, a 110 pF capacitor was used to resonate m =2

mode. Small birdcage coils were tuned using an HP 8753D network analyzer and examined
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with Siemens TIMTrio 3 T imager. The coils have 38 mm inner and 40 mm outer diameters
tuned to 123.23 MHz. The legs are 100 mm long and 2.5 mm wide (Figures 5.2 and 5.3). They
are placed on the outer surface of the acrylic cylinder. The insides of the coils were filled with

saline solution in order to show the inside characteristics of coils.

Phantom imaging experiments were conducted to study the reverse polarization technique in
ideal conditions. In these experiments, the ICRF coils were inserted into a gel filled bottle.
Axial and sagittal images were acquired using a gradient echo sequence with 40° flip angle.
The following gradient echo parameters were used: TR/TE: 40/3.4 ms; spacing: 1 mm; slice
thickness: 5 mm; matrix: 256 X 256; FOV: 300 X 300 mm®. Quadrature body coil was used as
the external coil. All transmit/receive combinations of the external coil were examined; a)
forward transmit and receive, b) forward transmit, reverse receive, c¢) reverse transmit and

receive, d) reverse transmit and forward receive.

5.3.3. Tuning Coupled Birdcage Coils:

In order to tune a coupled birdcage coil, a multi turn search coil was connected to a network
analyzer. Then, it was inserted into the coil of interest. The four legs highpass birdcage coil has
three modes. The first and the second modes can be observed by an analyzer when the search
coil is rotated on its longitudinal axis (Figure 5.4). In order to tune one of the modes, during
rotation, the resonance frequency should not have been changed. On the other hand, endring

mode was visible as the search coil was brought closer to endring.

Figure 5.2: A picture of the high-pass inductively coupled birdcage coil used in experiments.
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Figure 5.3: A picture of the high-pass ICBC coil. Capacitors can be placed inside, outside, and on the
endrings. Here, the capacitors are placed inside of the coil.

Multi-Turn  _,
Search Coil

S=2

==t
—L P~

Figure 5.4: Tuning method of the coupled birdcage coils.

a)
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Figure 5.5: Forward transmit and forward receive mode. Window/Level are the same for all images.
a) Axial image of mode 1 b) Sagittal image of mode 1 c¢) Axial image of mode 2 d) Sagittal image of
mode 2.

5.4. Results

Normally, mode 1 of the birdcage coil is relatively homogenous in comparison to mode 2, but
the high flip angle amplification in Figures 5.5 a and b disturbs homogeneity. On the other

hand, this amplification shows possible SNR improvement.

Two aspects are important in Figure 5.6. Firstly, the anatomy signal suppression and secondly,

the intensity of the flip angle amplification.

Figure 5.6: Reverse transmit and reverse receive mode. Window/Level are the same for all images. a)
Axial image of mode 1 b) Sagittal image of mode 1 ¢) Axial image of mode 2 d) Sagittal image of
mode 2.
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5.5. Discussion

The powerful properties of the inductively coupled birdcage coils explained in this study make
them very attractive as internal and catheter coils. Among many possible applications, this

design is very suitable for the imaging of the prostate when it is placed inside the rectum.

For an external coil, homogeneity is very important issue. On the other hand, we can ignore
homogeneity and use different modes of inductively coupled design. For example, endring
mode can be used for forward imaging. In addition, building and expanding inductively

coupled birdcage coil would provide both m=1 and endring modes.

The new method suppresses anatomical information to improve imaging of the prostate,
vagina, uterus, vessels and different walls such as the colon, esophagus, and trachea. Small pill
sized coils can be used to image the small intestine under MRI. In addition to imaging, the

reverse polarization component of the ICBC coil can be used for spectroscopy as well.

One other application can be catheter tracking. Constructing an ICBC coil on the interventional
devices would help provide very effective catheter tracking. Switching between the forward
and reverse mode of the coils would result with a flickering catheter, which provides good
visualization of the device. The ICBC coil can be used to calibrate MR imaging coils. If a
perfect quadrature and ICBC coils are used, the ICBC coil produces a signal only inside in

forward mode, and outside in reverse mode.

Using this property may help to test a quadrature coil. Furthermore, the reverse polarization
mode of a phased array coil requires a more complex procedure than the reverse mode of a
quadrature coil. Linearity of coil elements, sensitivity maps, and calibration of the coil affect
the implementation. Similar to the previous item, the ICBC coil can be used to increase the
effectiveness of the reverse polarization method for phased array coils. Lastly, ICBC coils can

be used to increase fiducial marker visibility.
To conclude, a new birdcage design as internal coil is proposed. Effectiveness of the new

design was shown by phantom images comparing with an active loop coil. Using transmit array

system enabled forward and reverse transmissions.
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6. CONCLUDING REMARKS

Although X-ray provides precise and fast localization of the interventional devices, ionizing
radiation and poor soft tissue contrast are drawbacks of the modality that need to be
considered. On the other hand, interventional MRI is a promising minimally invasive
alternative to risky surgical procedures. MRI is a non-ionizing modality with high soft tissue
contrast. However, as opposed to X-ray, interventional devices are not visible under MRI.

Various techniques have been developed for identification of interventional devices.

The studies in this dissertation are based on the reverse polarization method. The reverse
polarization had been useless until the introduction of the reverse polarization method, because
it is a mode of magnetic field that is not sensitive to anatomy signal. On the other hand, the
ICRF coil, which generates both forward and reverse polarized field, can be used to utilize the
reverse polarization mode. In this dissertation, improvement in tracking and visualization of

the ICRF coil constructed interventional devices is presented using the reverse polarization.

Our first study enabled a very new technique for catheter tracking and also the idea paved the
way of different applications. The feasibility of background suppression using a reverse
polarization mode signal in catheter tracking using inductively coupled RF coils was
demonstrated. With a single birdcage coil, both reverse and forward polarization mode signals
were obtained. Imaging of the target object with a real-time imaging sequence using the
forward polarization mode signal was possible and the catheter was distinctly seen in the
reverse polarization mode signal. Color-coding enabled simultaneous visualization of catheter
and anatomy without any restriction on the pulse sequence. The effectiveness of this method

was tested by phantom and animal experiments.

The second study was an extension of the first one, but was a big step through the usability of
the reverse polarization method. In this study, the feasibility of the reverse polarization method
was examined using the transmit and receive array systems in two different applications of the
method, i.e. catheter tracking and fiducial marker visualization. Using both transmit and
receive RF coil arrays coupled to RCRF and ICRF coils, we showed that the method achieved

successful background suppression in both phantom and volunteer studies.
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The third technology we presented in this dissertation comprises a very exciting property for
magnetic resonance imaging. Rotational orientation information for X-ray angiography is a
straight forward detail. However, it is a very hard challenge for MRI. This new method not
only provides positional but also offers rotational orientation information. This study presented
a novel method to simultaneously acquire the rotational orientation of the ICRF coil and track
the coil built on a catheter. First, the anatomy and the ICRF coil images are separated, then
orientation is calculated and color-coded image of the ICRF coil is reconstructed for tracking.
Phantom experiments have been demonstrated the proof-of-principle of the method using both

FLASH and TrueFISP sequences.

Lastly, inductively coupled birdcage coil enabled a standalone imaging possibility with
independence from scanner manufactures. In this study, a new birdcage coil design without any
matching and active decoupling circuits, amplifiers, and wire connectors is introduced. Similar
to inductively coupled RF coils, the standalone birdcage coil design couples to the external
receive coil inductively. The main advantage of the standalone design is being independent

from scanner manufactures.

We believe that studies in this dissertation are contributions toward obtaining better imaging
systems, thus intervention lists will be able to conduct very difficult procedures successfully
and many lives will be saved. The future study subjects of the author will be clinical studies in

order to show the feasibilities of the methods.
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