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ABSTRACT

THIN FILM BASED SEMI-ACTIVE RF MARKER DESIGN
FOR INTERVENTIONAL MRI DEVICES

Compared to the other imaging modalities Magnetic Resonance Imaging (MRI)
system has many advantages. There is a great demand to carry out interventional
cardiovascular procedures under MRI scanner. However, the lack of visible markers
and MRI compatible interventional instruments and devices, is the main problem for
realizing clinical applications with MRI guidance. In order to provide widespread
usage of MRI for endovascular operations, commercial catheters and guidewires must
be manufactured by considering many performance criteria including visualization,

miniaturization, flexibility and safety.

In this thesis, clinical grade biocompatible polymers and metals were used to
manufacture clinical grade MRI compatible RF markers. Proposed RF marker was
deposited on a non—planar biocompatible catheter surface by physical vapor deposition
(PVD) technique using cylindrical laser—cut shadow masks, which kept the overall
device profile low. The presented fabrication approach is highly reproducible, and
versatile, allowing variation of micro coils, capacitors, and conducting layer designs

that are crucial for tuning the specific resonant frequency of a RF marker.

In adddition to aforementioned work, an orientation independent simulation
model was developed and validated to obtain a reliable method for evaluating the de-
signed RF marker structures in a MRI environment. Finite Element Method (FEM)
simulations were carried out for different RF coil designs to make the computational
analysis of their electrical and magnetic characteristics in COMSOL Multiphysics pro-
gram.

Keywords: Semi-active RF marker, RF coil, RF receiver antenna, thin—film based

techniques, RF heating, FEM simulations, congenital heart diseases.
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OZET

GIRISIMSEL RADYOLOJIDE KULLANILAN CIHAZLAR
ICIN INCE FiLM TABANLI YARI AKTIF RF
ISARETLEYICI TASARIMI

Mevcut goriintiileme modaliteleri ile kiyaslandiginda Manyetik Rezonans Goriin-
tiilleme (MRQG) sisteminin sahip oldugu iistiinliiklerin herkes tarafindan kabul gérme-
siyle girigimsel kardiyovaskiiler ameliyatlarin MRG tarayici ile yapilmasi yoniinde bir
egilim dogmusgtur. Ancak halen giivenilir ve MRG uyumlu girigimsel aletlerin mev-
cut olmamasi, bu klinik uygulamalarin MRG rehberligiyle yapilabilmesinin 6niindeki
en biiyiik sorundur. Klinikteki kalp i¢i uygulamalarinda MRG kullaniminin yayginhk
kazanabilmesi i¢in rehber tel ve kateterlerin ticari olarak iiretiminde goriintiilenebilirlik,

kiiciiltiilebilirlik, esneklik ve giivenlik gibi kriterlerin dikkate alinmasi gerekmektedir.

Bu tez calismasinda, biyouyumlu polimer ve metaller kullanilarak, klinikte kul-
lanilabilir, MRG uyumlu radyo frekans (RF) isaretleyiciler iiretilmigtir. Hazirlanan
RF igaretleyiciler diiz olmayan kateter yiizeyler iizerine lazer kesim golge maskeler kul-
lanilarak fiziksel buhar kaplama yontemiyle kiiciik 6lceklerde kaplanmigtir. Sunulan
bu {iretim yontemi ¢ok yonlii 6zelligi sayesinde, RF isaretleyicilerin belli bir frekansta
ayarlanabilmesi ic¢in oldukca 6nem tagiyan bircok farkli mikro bobin, kapasitor veya

iletim yolu yapiminda kullanilabilecektir.

Bu ¢aligmalara ek olarak, farkli sekilde dizayn edilmis RF isaretleyici yapilarinin
iiretimini yapmaksizin giivenilir bir gsekilde degerlendirebilmek icin, konumdan bagim-
siz bir simiilasyon modelinin uygulanabilirligi dogrulanmigtir. Sonlu eleman y&ntemi
kullanilarak Comsol Multiphysics programi simiilasyonlari ile, farkli RF bobin tasarim-
larinin elektriksel ve manyetik karakteristigi matematiksel olarak analiz edilmigtir.
Anahtar Sozciikler: Yan aktif RF igaretleyici, RF bobin, RF alic1 anten, ince film

teknikleri, RF 1sinma, SEM simiilasyonlari, dogustan gelen kalp rahatsizliklar:.
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1. INTRODUCTION

1.1 Interventional Cardiovascular MRI (iCMRI)

Newborn patients may suffer from different forms of congenital heart diseases,
including pulmonic and aortic stenosis (pulmonic or aortic valve has narrower size
compared to normal ones) ventricular septal defects, atrial septal defects (a gap in the
atrioventricular septum), coarctation (narrowing) of aorta, aortic aneurysm (a bulge in
the wall of a blood vessel) and etc. Currently, open cardiac operations, which are the
most common procedures for the treatment of pediatric patients with congenital heart
lesions, have high mortality and morbidity rates. Long operation time and infection
risk, cost of long treatment periods in hospital and patient discomfort are the other

well-known shortcomings of an open surgery.

As an alternative to cardiac surgeries, image guided interventions refers to
catheter—based imaging and therapeutic procedures consist of flexible guidewires, tubes
(catheters), stents, balloons, and implants used for dilation and closure into cardiac
chambers and blood vessels with the guidance of a X-ray based modality. Unfortu-
nately this minimally invasive treatment option for patients in all age groups with varied
cardiovascular diseases associated with cancer risk due to ionizing radiation. Pediatric
patients are more sensitive to the carcinogenic effects of ionizing radiation than adults,
and children have a greater cancer risk as the long term chromosomal damage |[1,2].
On the other hand X-ray based imaging modalities including fluoroscopy, computed
tomography (CT), and angiography do not provide sufficient image contrast especially
for the soft tissues that are necessary for cardiovascular operations. Interventional
therapeutic procedures under x ray based modalities do not only suffer from poor soft
tissue contrast, but also are not feasible due to the nephrotoxic effects of radiocontrast
materials injected to the patient [3]. X-ray exposure during surgery also increases the
risk of cancer [4] and cataract |5] of clinical staff and protective lead clothes increase

the risk of orthopedic injuries [6] for the personnel occupied in surgery room.



Magnetic Resonance Imaging (MRI) guidance was intended to be a new platform
by operators in order to realize catheter—based imaging and therapeutic procedures
without usage of x-ray. Beside of ionizing radiation free imaging modality benefits,
operators favor MRI to perform complex interventional cardiovascular operations be-
cause of its accepted advantages including superior intrinsic soft tissue contrast and
multi slice imaging technique [7]. Furthermore, compared to conventional x ray based
modalities it is possible to collect reliable and real time physiologic cardiac parameters
via MRI such as flow, volume, pressure, diffusion, perfusion, temperature, motion, and

etc. [8].

Interventional cardiovascular magnetic resonance imaging (iCMRI) procedures
also have capability to perform tissue characterization, cardiac output, systemic and
pulmoner blood flow measurements [9], pulmoner vascular resistance (PVR) index [10],
assessment of myocardial perfusion-fibrosis in both ischemic and non—ischemic heart

disease [11] and following up patients after surgery.

Animal studies showed the feasibility of catheter-based interventional cardiac
treatments under MRI such as abdominal aortic aneurysm (a bulge in the wall of
a blood vessel) repair [12], stent—graft placement for aorta [13|, stenting of aortic
coarctation [14], nitinol occluder devices to repair atrial septal defects in swine [15-17],
recanalization of chronic peripheral artery total occlusion (blockage of blood vessels)
[18], percutaneous intramyocardial injection with a needle tip [19] in porcine models.
Additionally, MRI guided interventions including vena cava filter deployment [20-23]
and retrieval [23], ablation of cardiac rhythm disorders, visualization of tissue injuries
[24], temperature mapping for electrophysiology [25], biopsy needle trials for prostate

and breast |8] have recently been reported.

Despite a large number of promising studies, lack of commercially available MRI
safe and visible instruments still makes iCMRI unrealistic for the treatment of cardio-
vascular diseases. Since MRI physical nature has a high magnetic field inside operation
room, conventional interventional instruments and devices that consist of conductive

materials cannot be utilized with interventional applications under MRI. Beside of MRI



safety concerns with magnetic field effect and RF induced heating problems, medical
devices implanted into patient body have to be visible and possible for tracking while

operator steering the catheter through the vessels and cardiac chambers of patient.

For semi-active and active catheter designs, in order to highlight the interven-
tional medical devices under MRI, miniature size resonant frequency (RF) markers
have to be placed over catheter shaft. Tuning of resonance frequency (RF) marker at
Larmor frequency of MRI scanner, is the key for maximum interaction between RF

marker and standard coil connected to MRI scanner.

Currently available REF' markers in semi-active or active devices contain con-
ventional components such as solenoid coils, non—magnetic capacitors, diodes, wires,
and etc. However, all these rigid analog circuit components and the soldering process
itself increase overall device profile and affect device mechanical properties (flexibility,
endurance, and etc.) unfavorably. Moreover, especially for the pediatric applications,
using rigid circuit components over a distal device shaft possesses the risk of injuring
and even perforating the vessel surface during catheter orientation within vascula-
ture [26]. Furthermore all the elements of RF markers and transmission lines must
be constructed with MRI compatible materials. If it is neccessary to utilize conduc-
tive materials and elements for constructing the RF marker, these components have to
be manufactured in smaller profile and successfully sealed off within isolation layers.
In brief, when designing a MRI compatible catheter for cardiovascular interventions,
many aspects have to be taken into account such as safety, performance, material and

physical constraints.

The aim of this study is to introduce a novel thin film based manufacturing
technique that enables to fabricate a non—planar RF resonant marker on a clinical
grade catheter shaft. The RF resonant marker is composed of micron size conductive
thin film layers including solenoid coil, cylindrical plate capacitor, conductive paths
and insulation layers that are implanted over a 5 Fr guiding catheter shaft without
adversely affecting overall cylindrical shape and flexibility while providing that RF-

induced heating risk is at minimum level.



In addition, an orientation independent RF simulation model was validated to
obtain a reliable method for evaluating the characteristics of the designed RF marker
structures used inside the MRI platform. Finite Element Method (FEM) simulations
were carried out for developed RF marker prototypes and different REF coil designs to
obtain the computational analysis of their electrical and magnetic characteristics in

COMSOL Multiphysics program.

Fabricated RF marker prototype design was placed into a birdcage coil in a MRI
simulation environment and its magnetic and electrical characteristics were examined
in terms of electromagnetic field homogeneity and B field circularity in the volume of
interest. Adding to that performance of different RF coil designs were studied when
the RF coil was positioned into different orientations with respect to the birdcage coil

in virtual MRI platform.

By delineating an approved simulation platform of a MRI environment, various
RF marker designs prototypes can be compared. Proposed simulation platform enables
a convenient facility to determine various parameters of micro coils that have significant
effects on visibility and safety performance of the candidate designs including signal
to noise ratio (SNR), Quality (Q) factor, RF induced heating and specific absorption
rate (SAR).

1.2 An Overview of Imaging Techniques for iMRI

Visualization of endovascular devices under MRI guidance is a place of inter-
est for many years. While the interventionist navigate vascular structures by using

guidewires or catheters, a conspicuous distal tip and a detectable shaft is necessary.

During invasive operations under MRI scanner, MRI safety is another subject
to consider. When RF induced heating, caused by coupling of transmitter and receiver,

exceeds safety limits deleterious effects on vascular structures may be occurred.



With ongoing advancements in MR imaging techniques, numerous variations of
3 main approaches (passive, active and semi-active) were presented to impart a useful

and reliable visualization technique for devices under MRI.

1.2.1 Passive Imaging Technique

Passive device imaging means that the catheter is directly visualized in the
acquired image by its own effect on the spins in the close vicinity of the catheter or
guidewire. Passive imaging techniques are based on markers with specific contrast
agents or materials mounted on catheter distal tip and/or shaft without any external
connections to the MRI scanner. Since passive devices are comprised of paramagnetic,
ferromagnetic and ferrimagnetic materials that affect adversely T and T, relaxation
times, it is possible to obtain a positive or negative contrast between endovascular
instruments and background anatomy. Accordingly, passive devices do not incorporate
metal components and conductive parts, MRI safety concerns and many mechanical

problems can be eliminated automatically.

The presence of materials and markers with a magnetic susceptibility that are
different from the magnetic susceptibility of background tissue distorts the uniform
main magnetic field, By. As a result of the difference in magnetic susceptibility with re-
spect to the surrounding anatomy, the paramagnetic markers produce a local magnetic
field inhomogeneity. This inhomogeneity results in magnetic field variations within vox-

els that cause spins to precess at different frequencies with respect to Larmor frequency

of MRI scanner [27,28].

Simplest passive tracking application is to use contrast—enhanced MRI tools
mounted on catheters or guidewires filled with some contrast agents such as 19F [29]

and hyperpolarized 13C [30]

Positive contrast tracking consists of ring shaped paramagnetic markers such

as dysprosium oxide (Dy203) [31], iron oxide particles [32] , gadolinium diethylenetri-



amine pentaacetic acid (Gd-DTPA) [33-36| placed within the lumen or on the surface
of a catheter shaft that cause 77 shortening and bright signal spots (positive contrast)
relative to adjacent tissue. As shown in 1.2, the plastic multi chamber cylinders can
be also used for positioning of both titanium (paramagnetic) and graphite (diamag-
netic) pieces over catheter within different layers to develop a positive contrast tracking

device [37].

1.2.2 Active Imaging Technique

Active tracking techniques comprise small receiver coils or antennas placed into
the catheter or guidewire for receiving and/or transmitting the signal via separate
channels to the MRI scanner. The device visualization can be performed indepen-
dently from MR imaging with accurate coordinates of interventional devices through

vasculature.

In contrast to passive techniques, long conductive transmission lines used in
active approaches for transporting electrical signals between the catheter and MRI
scanner, result in significant heating which is caused by induced current during RF
transmission [43]. Active catheterization may also suffer from limited steerability and
flexibility in tortuous blood vessels and cardiac chambers due to the rigid and non-—

flexible mechanical properties of incorporated RF receiver coils and antennas [44].

First construction attempts for active imaging technique were focused on in-
creasing the signal to noise ratio (SNR) for sampling specific regions by developing
two-turn elliptical transceiver coil [45]. One of the simplest way of active systems em-
ployed by conveying a small amount of DC current in wires through catheter, cause
electromagnetic field inhomogeneity and susceptibility artifact similar to passive meth-

ods [46].

For the tracking of endovascular catheters loopless designs were presented [47-

49] that incorporate tuning, matching and decoupling circuits in order to supply ef-



ficient SNR and reduce RF induced heating over conductive lines. Combination of
loopless antenna concept with biopsy needles and puncture apparatus leaded some

therapeutic procedures under animal experiments [50-52].

Despite potential outcomes of loopless catheter-based interventions, further mod-
ification was needed in rigid instruments for navigating through delicate vessels. In
addition to that since the catheter tip has to be sharp enough to enable biopsy and
puncture procedures, positioning of a coil or antenna at distal tip becomes more diffi-

cult [52].

In order to overcome flexibility problems, a multi lumen deflectable active
catheter was offered that incorporates loop receiver coils. Combination of loop re-
ceiver coils with a nitinol laser-cut slotted tube and a nitinol spring was established
in order to provide kink resistance during deflection and to help maintain the catheter

shape during navigation [53].

Kocaturk and his colleagues [54] fabricated a hybrid catheter shaft consist of a
copper and nitinol wire-braided polymer hypotube wire lattice and three distal loop
coils over a flexible and steerable 7 Fr device. While loop coils supplies 3 focal image
markers on the distal end for tip tracking, the loopless antenna with the wire braided
polymer tubing provides shaft visibility of the catheter. In order to minimize RF
induced heating on conductive paths a positive-intrinsic-negative (PIN) diode was used
that shorts out the connector end of the antenna during MR excitation when a positive

direct current voltage is supplied by the scanner.

Another design that was established on a 5 Fr intravascular catheter, incorpo-
rates twisted-pair RF coils and a special switching circuitry outside the coil [55]. In
order to minimize RF induced heating on transmission lines, the coil was assembled in
two different modes that the detuning of tip coil can be switch on and off according to

MRI signal and that result in additional time consumption in undergoing procedure.



Adding to that for specific procedures like ablation, catheter withdrawal may
be needed before MRI imaging during ablation applications that may result in inter-
ventionist to lose the catheter’s position at the ablation site so that it would need to

be directed back precisely for further ablations [56].

Although many promising studies have been introduced for the realization of
active catheters at clinical level, together with safety concerns due to RF induced
heating on transmission lines [47,57, 58] flexibility and visualization problems of the

catheter tip have not been solved yet.

1.2.3 Semi-Active (Hybrid) Imaging Technique

Semi-active imaging techniques can also be named as hybrid imaging technique
since it embodies some of the specific properties and benefits of both passive and active
imaging techniques. Semi-active methods benefit wireless resonant circuits (RC) as
fiducial RF marker that inductively couples the standard transmitter/receiver coil of

MRI scanner without any connection hardware in between.

Excitation of RF signal by transmit coil results in locally induced B; field over
the RF coil and thus substantially enhancing the excitation angle in the directly adja-
cent surroundings of the RF marker [59]. For semi-active designs since the RF coil is
completely activated by RF coupling, heating hazards caused by long conductive lines

will be avoided inherently.

First attempts for implantation of a RF marker started with fabricating single
wire winding resonant coils [60-62] were tuned to the Larmor frequency of the scanner
and a non—magnetic capacitor together with soldering materials and relatively short
conductive lines. In order to minimize RF heating hazards on conductive components,
and obtain electrical isolation and also maintain magnetic field homogeneity, RF coil

is generally coated with a biocompatible insulation layer.
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Kaiser and his colleagues [63] presented aerosol-deposition process that based
on printing catalytic nano-ink palladium seeds over catheter surface with subsequent
electroless plating. Thereby the aerosol-deposition simplifies manufacturing of a 3D
resonant circuit directly on catheter shaft and provides fiducial markers. However
adhesion of the deposited layer and repeatability of the entire process needs to be

improved.

One of the most recent studies showed a ultra-thin, flexible, and surface-mountable
wireless RF marker provided a robust localization [64]. Multilayer laminated structure
consisting of a split-ring resonant helical structure with incorporated layered capacitors
to achieve resonance. The proposed structure may be accepted feasible for anatomic
marking, miniaturization of device and safety. However the coupling between RF res-
onator and transmitter and so the visualization of the RF marker is directly depends

on resonator’s orientation with respect to the standard transmitter of the MRI scanner.

In contrast to the other visualization techniques, determination of device posi-
tion, minimization of risk due to RF induced heating and combination of biocompatible
materials during fabrication makes semi—-active tracking approach more convenient for
MRI guidance. However, in order to provide a completely reliable and robust method
for interventional MRI procedures, softening and miniaturization of rigid and bulky
components such as capacitors, soldering materials and conductive lines is an obliga-
tion. Adding to that, since the enhanced signal coupled between the RF marker and the
standard surface RF coil (receiver/transmitter) is depending on the catheter position
and orientation with respect to the standard surface coil and Bo field, an alternative

coupling strategy has to be proposed.

1.2.4 Micro Coil Designs

Fabrication process of RF coils used in both active and semi-active tracking
under MRI guidance should be considered together with regarding factors; By magnetic

strength, By orientation, surface material, stiffness and geometrical dimensions of the
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instrument. These parameters are directly effective on performance of MRI markers
including induced current, tuning, biocompatibility, SNR, and Q (Quality factor), |63,
65].

In the literature micro fabricated coil designs in different shapes (single loop,
double loops, meander, Helmholtz, and etc.) benefits from Micro Electro Mechanic
Systems (MEMS) by applying one or a combination of photolithography processes such
as thermal /e-beam evaporation and sputtering [26,66-68|, electroplating [26,69-72],
printed circuit board (PCB) etching [73, 74|, micro-contact printing [69], focused ion
milling [67], and microfluidic techniques [68].

Fundamental designs for micro RF markers were applied in various shapes over

planar surfaces [68,75-80].

Since navigation through tortuous and sensitive vessel branches with planar
shaped micro coil samples is not practical in clinical level, following studies focused
on designing circular shape micro coil designs by using laser ablation technique [81,
82], lithography based techniques [83], maskless lithography based techniques [81, 84,
85]. Although these methods achieved with fabrication of three dimensional shapes,
difficulties on controlling laser ablation depth and misalignment problems between

photomasks and patterns restrain the utilization of these methods [86].

In order to reduce the stiffness problem of planar micro coil designs, in several
studies planar coils were mounted over a flexible foil [62,64,70,87-89| to wrap it over
a circular catheter shaft. However there are several drawbacks of these designs such
as enduring on high mechanical stress, adhesion problem of microcoil over circular
catheters and guidewires [86], maintaining asymmetric device profile and variation of

coil inductance with the bending radius of the device [90].

Another recent approach for manufacturing micro coil is printing catalytic nano-
ink containing palladium seeds directly over catheter surface by using an aerosol-

deposition process with subsequent electroless plating [63|. Because adhesion of de-
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posited layer is strongly depends on the surface character and it has low mechanical
stability under dynamic fatigue loading, the reliability and repeatability of the entire
process needs to be improved in order to establish batch production for clinical grade

catheter implementation [26].

1.2.5 Transmission Line Designs and MRI Safety

As it is mentioned earlier, although there are many advantages of combining
catheterization applications with MRI scanner, interventional cardiac procedures in
routine is unavailable due to MRI safety concerns. Even if it doesn’t have a ferromag-
netic property the presence of any kind of metal is not safe in the strong magnetic
field environment of a MRI scanner. Metallic based instruments have the potential
to interact with the activated RF transmitter that result in amplified RF heating at

vicinity of the instrument [57].

RF induced heating problem under MRI is characterized by the specific absorp-

tion rate (SAR), which is expressed as the power dissipated in a given volume [91]:

oE?
SAR = —— (1.1)

2p
where o is the electric conductivity, p is the tissue density and E is the magnitude of
the electric field. For all metallic components and conductive lines that interact with

body under MRI, SAR has to be examined because the electric field is maximum at

the adjacent tissue.

When the electrical length of the metal components of an interventional device
exceeds the quarter wavelength length in a body, the RF induced heating risk increases.
Therefore, it is offered to utilize a conductive cable length less than a quarter wave-
length. The dielectric constant of the tissues and the operating frequency determines
the wavelength [92]. This limit is approximately 12 ¢cm for a conductive transmission

line within body at 1.5 T MRI scanners.
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In order to minimize the RF heating hazards, there are many different presented
transmission line designs between RF marker and MRI scanner that are used in both
active and semi-active tracking strategies. Coaxial chokes or traps into the coaxial
cable were offered to reduce RF induced heating [72,93]. However resonance frequency
of these circuits may couple with frequency of unwanted currents that may result
in local heating on tissue [94]. Dividing the long conductive paths into short off-
resonant sections is another concept that is applied by Vernickel and his colleagues [95].
Although, it is possible to avoid local energy dissipation by using transformers at the
connection points, the stray capacitance of transformers leads to capacitive coupling
between the short conductor parts. Moreover components of the transformers have to

be fabricated by using MRI compatible and flexible materials.

Another study proposed a few different transmission pathway designs indicated
in Figure 1.14 including leads with chokes; leads incorporate a series of tuned high-
impedance RF traps; “billabong” leads with reversed pathways to cancel opposed in-
duced RF electric field; billabong leads that comprise coils in all section of the path-
way [96].

Although all mentioned approaches are promising for minimization of RF heat-
ing and construction of safe conductive lines, for integrity of these designs with MRI
applications, other determining parameters also have to take into account such as ex-
cessive device size, re-manufacturability, biocompatibility, and mechanical properties.
Adding to that sequence parameters of MRI scanner has an influence to acquiring the

possible lowest SAR during clinical procedures.

1.2.6 Multimodality Image Guidance (XMR) with X-Ray Based Modali-
ties and MRI

Since X-ray based modalities provide limited information about soft intra-
cardiac structures and vessels, there is a tendency to benefit MRI imaging that provides

superior soft tissue contrast and data related with cardiac functions. Novel research
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and surgery suites in several healthcare centers (Acibadem Healtcare Group Altunizade
Hospital, Istanbul- Turkey; Sunnybrook Health Sciences Centre, Toronto-Canada; Chil-
dren’s National Medical Center, NHLBI, Washington DC-USA) were designed to con-
solidate X—ray based imaging modalities (Fluoroscopy, Computed Tomography, and /or
Angiography) and MRI system in order to enhance diagnostic quality of images and

improve the success of real time surgical interventions [97]

This multimodality approach has been applied in animal studies such as biopsy
of the myocardial free wall [98] and closure of a ventricular septal defect (VSD) [99,100]
that result in relatively reduced imaging times and ionizing radiation compared to
conventional x ray based techniques. Adding to that, cardiovascular MRI guidance
have been already combined with electrophsyiological studies like anatomic stereotactic

catheter ablation [101].

In XMR also named as XFM in the literature, while anatomical and physiolog-
ical information can be collected via MRI, on the other side conventional implantable
devices (catheter, guidewire, biopsy needle, occlude and etc.) can be steered and
manipulated by interventionist under X ray acquisition [9]. Unfortunately the patient
movement may cause misregistration of images obtained from different modalities, dur-
ing transferring of the patient via a movable tabletop between modalities. Therefore in
order to reduce respiratory and patient motion based artifacts, some special markers

and software algorithms can be used during registration of images [11,97,98]
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2. MATERIALS AND METHODS

2.1 Manufacturing of RF Marker Design
2.1.1 Theorical Parameters of RF Marker Design

In order to provide the depiction of RF marker or antenna (for semi—active or
active tracking) under MRI, resonance frequency of RC circuit or antenna have to be

tuned at the Larmor frequency of the regarding MRI scanner.

i = %BO (2.1)

where, f7 is the Larmor frequency, By is the amount of magnetic field, and vy is the
gyromagnetic ratio for nuclei of hydrogen atoms. For instance, designed be used under
1.5 Tesla, the resonance frequency for a RF marker, RC circuit has to be around 63.8

MHz.

In the literature there are many different coil and capacitor designs suitable to
form RF resonant markers. The resonance frequency of a RF resonant marker can be

calculated using the following formula;

1
B 2w LC

where L is the inductance (H), C is capacitance (F) and f is resonance frequency (Hz)

f (2.2)

of the RC circuit. In our design, L is expressed as;
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_ pmr?N?

L
h

(2.3)

where r is the radius of the coil, u is the magnetic permeability of the environment,
N is the number of turns, and h is the coil length. Variation on the coil dimensions
such as ww (wire width), wp (winding pitch), wt (wire thickness) can be resulted in

significant alteration at the amount of L of the RC circuit (Eq. 2.2).

length (h)

W

average
diameter (d)

e
W

Figure 2.1 Symbolic ilustration of the main parameters for a sample coil.

Capacitance value (C) of a circular capacitor formed on a cylindrical surface is

expressed as;

(2.4)

where ¢ is the permittivity of the material between capacitor plates (¢ = g¢ &,). Ry is
the outer radius, R; is the inner radius of capacitor plates, and ¢ is the permittivity of

the material between capacitor plates.

Figure 2.2 Symbolic ilustration of a sample cylindrical capacitor.
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An interconnection conductive layer between the coil and the capacitor cause a
parasitic capacitance, which has to be considered while calculating the overall capaci-
tance. The contact capacitance of return path (Cc) can be calculated using the general

formula of the C,

C.=c¢ (2.5)

where Cc is the contact capacitance, A is the area of overlap of the two plates, d is the
separation length between two plates, and ¢ is the permittivity of the material between

capacitor plates.

In order to reduce the resistivity of the overall conducting paths and overcome
the problems of very thin coated surfaces, the conductive layer thickness was optimized

by considering the skin depth effect using the following formula;

5= @ (2.6)

where p is the resistivity of the conductor, w is the angular frequency (27f), and p is

the magnetic permeability of the conductor.

In order to improve the accuracy of the acquired diagnostic images, performance
of the L is very significant in RC circuit. Optimum parameters of the L, can be
evaluated in terms of the signal to noise ratio (SNR) and the quality factor (Q). The
SNR is the ratio between signal from a small volume of a material in the sample and
electrical noise currents generated by thermal power dissipation [102]. It has been
reported that the SNR of a receiver coil under MRI depends on both magnetic field
strength, and the magnitude of the RF field per unit current [65,103-106|. Since there
are many drawbacks regarding the usage of a high magnetic field (e.g., 3 Tesla) for

interventional procedures such as increased complexity of MRI compatibility, additional
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RF-induced heating risk, and nerve stimulation from oscillating magnetic fields, there
is a tendency to raise the SNR of implanted RF coil under low magnetic fields (e.g.,
1.5 Tesla).

The intrinsic SNR is simplified by [47| as below;

H,
-2

VR

where Vg is the signal voltage, Vi is the RMS noise voltage per one square-root Hertz,

¥ (—=) (2.7)

H, is the right hand circularly magnetic field component generated by the coil at
unit input current, and R is the real part of the input impedance seen from the input
terminals of the coil. Since many parameters influence the value of both H, and R in

order to improve SNR, there is a tradeoff between H+ and R.

In order to evaluate the signal amplification that can be achieved with inductive
coupling between RF marker and standard transmitter/receiver coil of MRI scanner

the following formula is considered as Quality factor [107];.

L

Q= Wh (2.8)

where Q is the quality factor of LC circuit, wy is the angular frequency, L is the
inductance and R is the impedance of the resonator. The Q factor of a device can also

be calculated by plotting the input impedance versus the frequency;

_ Jo

Q—Af (2.9)

where fj is the peak frequency and Af is the full width at half maximum.
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2.1.2 Outline of fhe Fabication Process of RF Marker Design

In the first part of this thesis, a micro fabrication technique was presented to
construct biocompatible, flexible, MRI compatible and micron size RF markers. Micro
fabrication method is based on developing conductive paths and components using the
shadow masking in physical vapor deposition (PVD), electroplating of conductive lines,
and Parylene C coating process for some components and insulation commonly used
to fabricate microsystems. Figure 2.3 expresses the outline of all main steps of the fab-
rication process. The solenoid coil, capacitor and conducting paths of the resonant RF
marker, were fabricated using multiple layers on a non—planar catheter surface. Laser-
cut cylindrical masks utilized as shadow masks during thin film coating in physical
vapor deposition. Components of RC circuit appeared as thin film based solenoid coil,
circular capacitor, and conductive paths. The parasitic capacitance caused by the in-
tersection of the conductive lines combining the capacitor plate layers and solenoid coil
turns was also taken into account to determine the required capacitor plate dimension

for RF marker.

Preperation of shadow masks

| |
| Cromium and gold :?:position of 1. layer |
| Copper electro?afating of 1.layer |
| Parylene C coating O?Jd;ielectric and 2. layer |
| Cromium and gold E:position of 3. layer |
| Copper electmElEting of 3. layer |
| |

Parylene C coating of 4. layer for final insulation

Figure 2.3 Outline of the fabrication process of RF marker.
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Figure 2.4 Computer aided design drawings of the fabricated RF marker (not to scale). a) Cross
sectional view and magnified views of RF marker showing thickness of thin film layers deposited on
cylindrical catheter tube (Pebax). b) Overall view of RF marker including all layers.

2.1.3 Preparations of Shadow Masks

Shadow mask geometries were designed using computer aided design (CAD)
software (Pro-Engineer Creo 2.0) and converted to G codes by post processing software
(Alpha CAM). The cylindrical masks were manufactured using a 4 axis Nd:YAG laser-
cutting system (JK 400, P.A.L.S. Laser) from thin walled polyimide tubes (Figure 2.5).
Both solenoid coil and capacitor plate layers are formed over the cylindrical catheter

surface using these shadow masks.

Figure 2.5 A combination of cylindrical and surface shadow mask prepared using a 4 axis Nd:YAG
laser-cutting system (JK 400, P.A.L.S. Laser) from thin walled polyimide tubes.
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2.1.4 Conductive Thin Film Formation through Physical Vapor Deposition
(PVD) System

All conductive components of RF markers were constructed by deposition of
chromium (Cr) (as an adhesion layer) and gold (Au) over a 5 Fr (1.67 mm) thermo-
plastic elastomer (Pebax) catheter shaft using a modified PVD system, high vacuum
thermal evaporator (Figure 2.6). In general, PVD benefits a resistive heat source to
evaporate a solid material in a vacuum environment to form a thin film. The con-
ductive materials are heated in a high vacuum chamber until vapor stream coats the
sample such as silicium (Si), titanium (7Ti), aluminum (Al), silver (Ag), gold (Au) or

etc.

Because PVD thin film deposition systems are designed to operate with planar
surfaces such as silicon wafers, the target holder and rotation system to place cylindrical
catheter shafts (up to three samples) were modified to enable continuous rotation of
the holder during evaporation. The gear sizes and their tooth ratio were optimized to
ensure each catheter shaft does not shadow the others and also rotate each holder at
the same speed. The holders were made of metals so that, no outgassing occurred into

the high vacuum environment (~ 3 x 10 Torr) during PVD deposition.

Figure 2.6 Outer view of utilized PVD thin film deposition system manufactured by NVTS, Nanovak,
Turkey.
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Figure 2.7 a) Target holder and rotation system drawings designed to place cylindrical catheter
shafts (up to three samples) in “Solidworks” CAD program. b) Picture of fabricated 3 target holder
prototype.

Figure 2.8 Chamber view of the PVD system. White color rectangles indicate the position of custom
built target holder for 3 samples and rotation system.

In our experiment thermal deposition process starts with loading materials (a
few gr chromium and 50 gr pure gold) that will be evaporated and coated over biocom-
patible Pebax samples. After the placement of the laser—cut masks over Pebax tubes,
vacuum process lasts for 6 hours to ensure 3 x 10 Torr vacuum environment before the
evaporation. In order to enhance the adhesion of gold material, first 10 nm chromium
material can be coated over Pebax tubes. Then procedure gold material is coated with
100 nm thickness on surface of circular tubes. During both coating of chromium and
gold materials, 3 samples are positioned by custom made holders that rotate around

their axis at the same rotating speed.
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Figure 2.9 Thin walled polyimide shadow masks used to form a) solenoid coils and b) plate capacitors
by PVD, The shadow masks were formed by a Nd:YAG laser-cutting process ¢) Magnified view (x80)
of a thin film solenoid coil composed of Cr (10 nm) and Au (100 nm). d) Magnified view (x20) of a
thin film capacitor plate coated with Cr (10 nm) and Au (100 nm).

2.1.5 Electroplating Process

The resistance (R) of the RF marker components depends on both the conduc-
tivity and coating thickness, which is limited by the skin depth observed at the MHz
frequency range (Figure 2.6). Different from a straight cylindrical wire, the evaluation
of skin depth is more complex for a helical coil due to the presence of electromagnetic
fields from neighboring turns in the coil which alter the current distribution. In general,
the proximity effect decreases the effective current-carrying cross-sectional area of the
coil [79] and increases the value of R. However, as the thickness of the deposited metal

increases, R of the coil decreases, and remains constant.
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Figure 2.10 Electroplating setup including cupper electroplating solution bath, heater and power
supply together with multimeter for sensitive measurement of applied current.

Electroplating is an electrochemical deposition process used to produce a dense,
uniform, and adherent coating, usually of a metal or alloy, on a conductive surface
by the act of electric current [108]. Copper electroplating process was performed over
the deposited solenoid coil, capacitor plates and interconnection lines to increase the
conductive layer thickness and to lower the overall resistance (Figure 2.11, 2.12). The
electroplating solution was composed of copper sulfate as a metal source, sulfuric acid,
and hydrochloric acid as catalysts, and water. Solution uniformity was maintained by
magnetic stirrer at the bottom of the bath. The electroplating solution temperature

and conductivity was monitored to provide each layer was 30 pm thick (Figure 2.10).

Figure 2.11 a) image indicates the gold material coated solenoid coil before electroplating process.
b) image indicates the solenoid coil after 15 minutes electroplating process.



25

Figure 2.12 a) Magnified image (x50) of solenoid coil layer and conductive path after electroplating
process. b) 3D topographic image and thickness measurement of electroplated layers. Images were
obtained by Hirox KH-8700 microscope.

2.1.6 Parylene Coating Process

Parylene C (Dimer DPX-C, SCS Equipment) was used as a dielectric material
between the conductive layers of the RF marker and also as the final insulating layer.
The coating process was performed using a Parylene deposition system (Labcoater 2-
PDS 2010, SCS Equipment) with Parylene C (5 g) in a standard procedure to achieve

a uniform coating thickness of 2.5 ym (Figure 2.13).

The thickness of the deposited conductive layers and Parylene C was determined
by using a surface profiler (Dektak XTL, Burker) which was able to measure the coating

thickness in nanometers (Figure 2.14).
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Figure 2.13 a) Parylene C coating device (Labcoater® 2-PDS 2010, SCS Equipment). b) Inner
view of the Parylene C coating device.
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Figure 2.14 Representative measurement of the final isolating layer thickness (2.5 pum) of Parylene
C using a surface profiler (Dektak XTL, Burker).

Label Position (nm) Total Profile (nm) ~ Width (nm)
R 3745949779 -1138.1337 91702.4439

M 530804.2178 13837561 61104.7874

2.1.7 Resonant Frequency Evaluation of RF Markers

The L and C values of the RF resonant markers were tested using vector network
analyzer (ZVL3 Vector Network Analyzer, Rohde-Schwarz). Conductive silver epoxy
(5000 Silver Conductor, DuPont) was used to provide electrical contact for the probes

throughout the measurements.
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The resonance frequency of the resonant marker prototypes were measured by
using a custom design non—contact sniffer probe with an eigen frequency of around 162
MHz. The non—contact sniffer probe was constructed using a 20 cm long, 50 ohm semi
rigid coax cable. For proper measurement, calibration of the sniffer was performed
using a short circuit probe, open circuit probe, and 50 ohm matching probe at the

same length (Figure 2.15).

Figure 2.15 a) A short circuit probe, open circuit probe, and 50 ohm matching probe at the same
lengths for calibration before the measurement of resonant frequency of RF circuit. b) Magnified view
of short circuit probe, open circuit probe, and 50 ohm matching probe that indicates tip of regarding
probes.

Figure 2.16 a) Magnified picture of a custom design non-contact sniffer probe tip b) Overall view
of manufactured non—contact sniffer probe with an eigen frequency of around 162 MHz.

2.1.8 Integration of RF Markers with 5 Fr Guiding Catheter

Interventional clinical applications need more than a meter long catheters in or-

der to be navigated through vessels and cardiac chambers by interventionists. Therefore
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fabricated RF markers need to be combined with long and deflectable catheter shafts.
The constructed RF marker was attached into the 150 cm long biocompatible 5 Fr
(1,67 mm) Pebax polymer tube by using thermal process (Figure 2.17).

First of all the proximal catheter shaft was constructed by covering 0.96 mm
(inner diameter) polytetrafloroetilen (PTFE) tube over a Parylene C coated steel man-
drel liner. After that the distal RF marker and long catheter shaft was linked to each
other by heat shrink tubing (FEP - fluorinated ethylene propylene material tube). For
clinical procedures a standard hub was attached to the proximal side using medical

grade glue (Dymax Corporation Cath 200A) that activated by UV radiation.

Figure 2.17 a) Image of fusing of a RF marker to the catheter shaft. b) Overall catheter with a RF
marker at distal tip after process.
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Figure 2.18 View of 150 cm long deflectable, biocompatible and MRI compatible entire catheter
including RF marker at distal and standard hub at proximal.

2.2 RF Coil Design Simulations in Comsol Multiphysics

In this part of the thesis, an orientation independent simulation model was
constructed to evaluate the visibility performance of different RF marker designs in
MRI environment. Delineating a virtual platform for testing RF marker prototypes
with different orientation according to standard birdcage coil helps to analyze the
induced electromagnetic field, homogeneity distortion and B field circularity in the

volume of interest.

2.2.1 Simulation Workflow

For setting up and solving a simulation model in Comsol Multiphysics 5.3, it
is necessary to follow a standard workflow. Sequence of steps for a standard workflow

was expressed below;
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Setting up a model environment

Creating a geometry

Specifying materials and their properties

Defining physics and boundary conditions

Creating a mesh

Running simulation

Postprocessing results

By following the regarding steps, we set up our simulation model, and evaluated

the results according to our assumptions.

2.2.2 Validation of Finite Element Modeling of a Birdcage Coil

RF birdcage coils have become widespread in the field of MRI imaging. Their
simplicity in design followed by a high homogenous magnetic field due to continuous si-
nusoidal current distribution on the surface of the coil led to their popularity. Modeling
the birdcage coil in a 3D simulation environment helps to examine the electromagnetic
field in the volume of interest, such as field homogeneity, By field circularity [109].
Starting point of the simulation model studied in this thesis was an available model
in COMSOL Multiphysics model. Finite Element Method (FEM) model of low-pass
birdcage coil in order to obtain a homogenous magnetic field and circular B; field in-
side the birdcage coil in 3 Tesla MRI was already prepared and shared by program
supplier[110]. In this study, prepared model for 3 Tesla MRI, was modified and made
suitable for 1.5 Tesla MRI scanner. Similar conditions was set up and evaluated for

1.5 Tesla MRI environment.
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Figure 2.19 a) Geometric model of whole MRI virtual platform b) Geometric model of a low-pass

birdcage coil inside MRI environment.

Geometric parameters of custom designed low-pass birdcage coil;

e Radius of the sphere : 20 cm

e Radius of the birdcage coil : 12 cm

e Height of the birdcage coil : 15 cm

e Length of the capacitive elements : 1 cm
e Number of the capacitive elements : 22
e Number of the legs : 8

e Number of the activation ports : 2

In order to validate the designed MRI platform, a phantom was placed into

the middle of the model that has the similar properties with ASTM F2182 phantom

(Relative permittivity: 80, relative permeability: 1, electrical conductivity: 0.47 S/m).

Electric field distribution on the surface and the volume of the constructed phantom was

compared with previously reported electric field distributions in the ASTM phantom

[111].
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Figure 2.20 The phantom that simulates a saline water filled tank with 5 cm width, 5 cm depth
and 10 cm length.

2.2.3 Quadrature Excitation in Frequency Domain Analysis

As mentioned in former section, first part of our simulation studies was in-
spired by thesis studies [109,110] that utilized program of Comsol Multiphysics while
inspecting effects of varied conditions, and parameters of instruments in MRI scan-
ner environment. According to these studies, in order to effectively design a birdcage
coil, capacitance tuning is necessary to determine optimum capacitance value to ob-
tain homogenous magnetic field distribution. In the simulation process, frequency do-
main analysis was used to find the optimal capacitance value at the Larmor frequency.
Lumped ports were used to provide quadrature excitation. For low-pass birdcage coil,
capacitors were placed accordingly to the type of coil to determine the resonant fre-
quency and the uniformity of the field it produces. Boundary conditions were assigned
to the surface of the coil elements and the outer boundary of the solution domain en-
closing the coil geometry. Scattering boundary conditions were also used to avoid any

electromagnetic wave reflection back to the coil. The coil surface and the RF shield
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around the coil were assigned the perfect electric conductor (PEC) condition. Firstly
air domain was used to study the performance of the low-pass birdcage coil. The ho-
mogeneity was attained by quadrature excitation and optimal capacitance values of

lumped elements in the coil.

COMSOL Multiphysics allows us to specify more than one frequency in order
to observe the variation of any electromagnetic field parameter with respect to the
frequency. For instance, the return loss (S11) can be inspected by running simulations
for a range of frequencies (frequency sweep) to see where smaller return loss is occured
within specified capacitance value. In order to obtain both homogenous and circularly
rotating B field at the desired frequency, the capacitance was tuned by using the
parametric sweep. The circularity of the field was evaluated by estimating the axial
ratio of the magnetic field around the air phantom while the homogeneity of B; field,

was calculated using the standard deviation of the electric field around phantom.

In the frequency domain analysis, quadrature excitation was used to obtain ho-
mogeneous and circularly-polarized magnetic field in the birdcage coil by tuning the
capacitors properly. Quadrature excitation was driven from two ports which are equal
in magnitude but with a phase of 90° to generate circularly-polarized field inside the
coil. Quadrature excitation generates circularly polarized field which is more homoge-
neous than linear excitation as a result of equal currents distribution along the legs of
the coil. In addition, quadrature driven birdcage coil is more power efficient compared

with linear drive, by reducing the RF power requirement by a factor of two.

Blinear = Bl COS(Wt)x = (Bfr) + (Bl_) (210)
where

B
B = %(cos(wt)x + sin(wt)y) (2.11)
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The first term represents a right-circularly polarized field while the second term

represents left-circularly polarized field having equal magnitude of B; /2.

2.2.4 Simulating The Low-Pass Birdcage Coil with The RF Marker Pro-
totype

For the air phantom, excellent magnetic field homogeneity and B; field circular-
ity were maintained. Adding to that it is necessary to check the alternation through the
magnetic field homogeneity and Bj field circularity when the RF marker coil is placed
into the low-pass RF birdcage coil in MRI. Therefore, the same analysis was applied
while the designed RF coil marker was placed at the center of the low-pass birdcage
coil domain. First optimum capacitance value was observed for the altered domain at
the Larmor frequency. Secondly the effect of designed RF marker was examined with

respect to the RF field homogeneity and B field circularity.

First of all, precise geometry of the fabricated REF marker prototype was built
in model by using drawing tools in Comsol Multiphysics. Both geometric parameters
of sketched RF marker and properties of materials defined in Comsol Multiphysics,
completely identical with the RF marker prototype implemented in laboratory studies

(Figure 2.21).
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Figure 2.21 Dimensions of defined RF marker; radius: 1mm, number of turns of coil: 13, thickness
of coil, capacitor plates and conductive layers: 30 um, thickness of dielectric substance (parylene C):
2.5 pm.
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2.2.5 RF Coil Designs for Semi—Active Markers

2.2.5.1 Helical Coil Design . In this part of this thesis, different RF coil in RF

marker designs were performed to evaluate their performance into the birdcage coil in
MRI platform. Figure 2.22 indicates one helical coil that can be used as a coil in a RF

marker.

Figure 2.22 Image indicates designed helical RF coil.

Geometric parameters of custom designed helical RF coil;

Diameter of the RF marker coil : 1.67 mm

Length of the RF marker coil : 5 mm

Number of the turns of the RF marker coil : 13

Pitch between the two coil turns (wp) : 100 pm

Width of the each coil turn (ww) : 200 pm
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Figure 2.23 Image indicates designed helical RF coil placed into ASTM phantom that simulates a
saline water filled tank with 5 cm width, 5 cm depth and 10 cm length.

2.2.5.2 Double Helical Coil Design. Figure 2.24 indicates double helical coil

that can be used in a RF marker.

Figure 2.24 Image indicates designed helical RF coil.

Geometric parameters of custom designed helical RF coil;

e Diameter of the RF marker coil : 1.67 mm
o Length of the RF marker coil : 2.5 cm

o Number of the turns of each coil : 13
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Figure 2.25 Image indicates designed double helical RF coil placed into ASTM phantom that
simulates a saline water filled tank with 5 cm width, 5 cm depth and 10 cm length.
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3. RESULTS

The profile of the RF markers was decreased by more than 78 %, compared with
that of commercially available MRI compatible circuit components. Moreover, the RF
markers provided satisfactory visibility performance under various orientations relative
to By. Heating tests confirmed that the embedded RF marker does not pose a heating
risk. In the following sections these criterias will be presented in details for one of the

manufactured ideal RF marker prototype.

3.1 Comparison of Theorical Calculations and Experimental

Measurements

Fabricated RF marker incorporates 4 different thin film layers including con-
ductive coil layer, circular plates of capacitor, conductive path for interconnection
between coil and capacitor, parylene coating layers as dielectric and as an insulator.
Since even the thickest layer of the coatings is lower than the 30 pum, all steps of the
micro fabrication needs to be in accurate set up and processing. Unfortunately a simple
displacement of a shadow mask during the thermal evaporation or extra electroplating
of a conductive layer or inhomogenity on parylene dielectric coating may be result with
significant differentiation at inductance or conductance value. And finally that result

in a distinctive shift in resonance frequency of the designed RF marker.

Since precise inductance, capacitance and resonance frequency values are the key
factors for determining the characteristics of the RF marker including SNR, Q factor
and SAR, all micro fabrication steps have to be applied with specific procedures. As it
can be seen in Table 1, numerous RF markers with various parameters manufactured
during this study. After several trials, it is achieved to minimize experimental errors
and to obtain almost ideal RF markers prototypes that supply satisfying performance
characteristics. All of the measurements and evaluations mentioned in the following

sections were collected from one of the ideal RF marker prototype [RF Marker 7|.



Table 3.1
Comparison of calculated and measured parameters of RF marker prototypes.

Reson.
Measured
Reson. Freq. in
# of RF Coil radius # of Coil length L Contact Circular C Total C Reson.
Freq. in Saline
Marker (mm) turns (mm) (nH) C(pF) (pF) (pF) Freq. in
Air (MHz) Water
Air (MHz)
(MHz)
RF Marker
1 4 1.55 28.4 6.3 213 219 63.8 * *
1
RF Marker
1 6.5 4.64 24.3 14.4 258 272 61.9 59 *
2
RF Marker
5 0.835 15 9.6 64.2 25.1 69.2 94 64.7 70.7 69
RF Marker
4 0.835 14 9 60 25.1 75.8 101 64.6 62 60
RF Marker
0.835 13 8.2 55.9 25.1 75.8 101 67 64.7 63.6
5
RF Marker
6 0.835 26 16.9 110 109 0 109 64.7 74.2 70.7
RF Marker
. 0.835 13 4.45 59 24.7 78 103 64.7 64.3 63.86

6¢



40

3.1.1 Evaluation of an Ideal Manufactured RF Marker Prototype

The measured inductance value (60 nH) for the solenoid coil was consistent
with the calculated value (59 nH). The reason of this acceptable differences might
be alteration at coil turn width (ww), turn pitch (wp) and turn thickness (wt). For
instance according to the detailed measurements collected from one of the RF markers,
coil turns widths change between 208 ym and 255 pm instead of 250 pm. Similarly
turn pitch of the coil vary from 94 ym to 103 pm, instead of 100 pum.

On the other hand the measured capacitance of the capacitor showed 5 % de-
viation from the theoretical value. This deviation was probably caused by using a
simplified equation (Equation 2.5) for contact capacitance calculation between the con-
ductive line (interconnection between solenoid and capacitor) and solenoid coil turns.
This deviation ultimately imparts 2 % difference between the calculated and measured

resonance frequency of the RF markers.

Figure 3.1 Measurements related with coil turns such as ww (wire width), wp (winding pitch) by
using Hirox KH-8700 microscope.
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Figure 3.2 Image indicates interconnection path between thin film capacitor and thin film coil
located in different layers.

Despite these minor errors, a semi—active RF marker was fabricated that was

tuned at 63.8 MHz, which is the Larmor frequency of 1.5 T MRI.

Figure 3.3 Resonant frequency measurements of RF markers by using a non—contact RF search
probe connected to the network analyzer. Signal drop expresses the tuned frequency (63.8 MHz) for
the Sp; signal.

The resonant frequency and sensitivity of the resonant markers were measured
through S}, measurement in a sniffer probe. Measurements were carried out into 0.9%
saline solution to mimic the conditions of the human body. Attenuated reflection at

the desired frequency (63.86 MHz) in 0.9% saline medium is illustrated in Figure 3.3.
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3.1.2 Visibility Test of RF Marker under MRI

The visibility performances of RF markers were tested in a 0.9% saline water-
filled phantom with dimensions of 40 x 50 x 17 cm. The GRE sequence (TE/TR
= 2.3/969 ms, flip angle = 5°) was utilized for imaging the RF marker under 1.5
T MRI (Tesla Espree Model Siemens MRI, located at Kozyatagi Hospital Istanbul,
Turkey). The catheter distal tip was oriented parallel, perpendicular and 45° to the
main magnetic field to evaluate the orientation dependence of the received SNR of the

RF marker (Figure 3.4).

Figure 3.4 Image of the MRI set up utilized for imaging the RF marker under 1.5 T MRI (Tesla
Espree Model Siemens MRI, located at Kozyatagi Hospital Istanbul, Turkey).

Figure 3.5 The RF marker appeared as a “bright spot” (indicated by white arrows) under MRI 1.5
T. Images show the MRI visibility of the RF marker when placed parallel to the main magnetic field
By, b) oriented 45° relative to Bo, and c¢) placed perpendicular to By.

The inductive coupling between the semi-active RE' resonant marker and the
surface coil of the MRI scanner provided satisfactory distal tip visibility for different

catheter orientations relative to By under 1.5 T MRI (Figure 3.5).
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3.1.3 RF Heating and Safety Performance Test under MRI

A RF induced heating test of 5 Fr guiding catheter (>150 cm Pebax polymer
tube) prototype with the RF marker at its distal tip was performed in an acrylic
phantom that simulated the electrical and thermal properties of the human body. A
fiber optic thermometry probe (Opsens Inc.) was placed at the distal end of the solenoid
coil of the RF resonant marker where the heating induced by B1 was expected to be
the greatest. The distal end of the catheter (where the RF marker was located) was
aligned perpendicular to the main magnetic field (By) that is assumed the worst case
orientation, 9 cm vertical offset from the phantom bottom, and 12.5 ¢m horizontal

offset to the iso center.

A RF field producing a sufficient whole body averaged SAR of about 2 W /kg
averaged over the volume of the phantom was applied for approximately 15 min. with
a True FISP sequence (TE/TR =1.3/30 ms, flip angle = 66°) in compliance with
standard ASTM F 2182-11a. The maximum temperature rise was recorded as 0.35°C.
The RF induced heating risk arises when the electrical length of the metal components
of an interventional device exceeds the quarter wavelength length in a body. This is
approximately 12 ¢m for a 1.5 T scanner. Our RF resonant marker is 5 mm long, which
is much shorter than this critical length [112]. In addition, our heating test results
showed that the temperature rise caused by the RF resonant marker was acceptable

(0.35°C), and within the FDA allowed limit for the torso area (Zalenga, 2001).
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Figure 3.6 Image of the MRI set up utilized for RF induced heating test of RF resonant marker
under 1.5 T MRI using a fiber optic thermometry probe (Opsens Inc.).

Figure 3.7 a) Final multi layers (coil and intersection of conductive layers) view of the RF marker
after electroplating. A return path (horizontal stripe) which is separated from the solenoid by an
insulating layer enables interconnection between the solenoid and capacitor. b) Magnified view (x120)
of the multi layers. c¢) Overall view of the RF marker with all components. d) Photographs of the
distal tip (left) guiding catheter (right).
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3.2 Simulating The Low-Pass Birdcage Coil without The RF

Marker Prototype

3.2.1 Capacitance Tuning Using Parametric Sweep

The designed birdcage coil have an inductor and many capacitors that have to
resonate at the Larmor frequency of regarding MRI scanner. Initial tuning began by
calculating the capacitance value, which is necessary for the coil to resonate at the
desired frequency (63.8 MHz). Optimum capacitance value can be found by tuning the
capacitor using a function name is parametric sweep. The capacitance values range
from 120 pF to 130 pF with a step capacitance of 0.5 pF were applied at 63.8 MHz.
The air phantom has a material property of electrical conductivity o = 0 S/m, relative

permeability u, = 1 and relative permittivity ¢, = 1.

Figure 3.8 The axial ratio of the magnetic flux density for coil at 63.8 MHz.

The homogeneity of the field is calculated by using the standard deviation of the
electric field. As it can be seen from Figure 3.9, the optimal value of the capacitance

is close to 123.5 pF.
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Figure 3.9 The standard deviation of the electric norm for coil at 63.8 MHz (Larmor frequency of
1.5 Tesla MRI).

3.2.2 Magnetic Field Homogeneity Evaluation of the Low-Pass Birdcage
Coil

In order to evaluate the magnetic field homogeneity of the low-pass birdcage coil,
a simulation was carried out for 8-leg low-pass birdcage coil loaded with air phantom
as inspired studies mentioned before [109,110|. Capacitance value used on the rungs
was 123.5 pF and the simulation frequency was 63.8 MHz. A homogenous magnetic

field around the air phantom at 63.8 MHz was shown in Figure 3.10.
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Figure 3.10 Magnetic flux density distribution with real (red) and imaginary (blue) part of the

magnetic flux density for coil at 63.8 MHz. a) indicates xy plane, b) indicates yz plane, ¢) indicates
zx plane [109,110]

3.3 Simulating The Low-Pass Birdcage Coil with The RF Marker
Prototype

3.3.1 Capacitance Tuning Using Parametric Sweep with The RF Marker

Similar to the low-pass birdcage coil model without RF marker, optimum capac-
itance value was found by tuning the capacitor using a parametric sweep when designed
RF marker was placed at the center of low-pass birdcage coil. The capacitance values

range from 120 pF to 130 pF with a step capacitance of 0.5 pF were applied at 63.8
MHz
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Figure 3.11 The axial ratio of the magnetic flux density for coil with the RF marker at 63.8 MHz

(Larmor frequency of 1.5 Tesla MRI).
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Figure 3.12 The standard deviation of the electric norm for coil with the RF marker at 63.8 MHz

(Larmor frequency of 1.5 Tesla MRI).
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3.3.2 Magnetic Field Homogeneity Evaluation of the Low-Pass Birdcage
Coil with The RF Marker

In order to analyze the effect of RF marker on magnetic field homogeneity,
the simulation was run for 8-leg low-pass birdcage coil loaded with air phantom and
RF marker prototype. Capacitance value used on the rungs was 120.5 pF and the
simulation frequency was 63.8 MHz. A homogenous magnetic field both around the

air phantom and RF marker at 63.8 MHz was shown in Figure 3.13.

e e

Figure 3.13 a) View of mesh structure on whole MRI environment, low-pass birdcage coil and RF
marker. b) Magnified view of mesh structure. (to visualize RF marker in low-pass birdcage coil).
Radius of the sphere that simulates MRI environment is 20 cm.

a) xy plane b) yz plane ¢) zx plane

Figure 3.14 Magnetic flux density norm distribution with real (red) and imaginary (blue) part of

the magnetic flux density for coil at 63.8 MHz. a) indicates xy plane orientation, b) indicates yz plane
orientation, ¢) indicates zx plane
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As it is noticed in Figure 3.14, existence of designed RF marker in the low-pass
birdcage coil domain didn’t cause a significant distortion on both homogeneity and
circularity of B field. However main reason for slightly alteration on the magnetic field
homogeneity and circularity is RF marker induced additional non—uniform currents on
the coil elements due to the different dielectric and permeability properties of the RF

marker prototype.

3.4 Electric Fields Norm Analysis of Helical RF Coils in Dif-

ferent Designs

After validation of custom made birdcage coil into MRI environment, orientation
depended performance analysis of RF coils were performed into the birdcage coil. For
this aim, electric field norms of 2 different RF coils into different orientations according
to the birdcage coil were evaluated. Helical coil designs were constructed into virtual
platform that have similar geometric size with real RF marker prototypes fabricated

in experimental studies.

3.4.1 Electric Fields Norm Analysis of One Helical RF Coil

Electric fields norm of one helical RF coil into different orientations according
to the birdcage coil were inspected in order to evaluate orientation dependency of the

RF marker with respect to the standard MRI coils.
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Figure 3.15 Image shows induced electric fields norm into the ASTM phantom and vicinity of the one
helical RF coil after the excitation of the birdcage coil at 63.8 MHz. Variation of electric field norms
was observed when designed RF coil was a) parallel, and b) 30° rotated according to the birdcage
coil. Red arrows show the direction of the electric field into volume of interest.
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Figure 3.16 Image shows induced electric field norms into the ASTM phantom and vicinity of the
designed RF coil after the excitation of the birdcage coil at 63.8 MHz. Variation of electric field norms
was observed when designed RF coil was a) 45° rotated, b) 60° rotated, and c) perpendicular according
to the birdcage coil. Red arrows show the direction of the electric field into volume of interest.
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In Figure 3.15 and Figure 3.16 the amount of electric field varies depending
on the orientation of the RF coils. Electric field increases significantly with respect
to the increase in rotation angle between the RF coil and the birdcage coil. The
highest induced electric field is observed when the RF coil is placed perpendicular to

the birdcage coil as it is expected in Maxwell’s equations.

Similarly with the excitation by the birdcage coil, electric field norms at the
surface of the RF coil were examined in Figure 3.17 . The most induced electric field

was seen when the RF coil is oriented perpendicular to the birdcage coil.

o
veinlL=110 5 Surace:Eecrc fod morm () °

Figure 3.17 Image shows induced electric field norms at the surface of the RF coil after the excitation
by the birdcage coil. Electric field norms was observed when the designed RF coil was a) parallel, b)
30° rotated, c) 45° rotated, d) 60° rotated, and e) perpendicular according to the birdcage coil.
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3.4.2 Electric Field Norm Analysis of Double Helical RF Coil

Another orientation depended performance analysis of RF coil were performed
into the birdcage coil by using a different geometric design. Electric fields norm of two
helical RF coil into different orientations according to the birdcage coil were observed
in order to evaluate orientation dependency of RF markers with respect to the standard

MRI coils.

c_value(2)=118.5 pF Volume: Electric field norm (V/m) Arrow Volume: Electric field Slice: Electric field norm {v/m)

x10° x10°

c_value(2)=119.5 pF Slice: Electric field norm (v/m) Arrow Volume: Electric field Volume: Electric field norm {v/m)
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5 3

Figure 3.18 Image shows induced electric field norms into the ASTM phantom and vicinity of the
designed double RF coil after the exciation of the birdcage coil at 63.8 MHz. Variation of electric field
norms was observed when designed double RF coil was a) parallel, and b) 30° rotated according to
the birdcage coil. Red arrows show the direction of the electric field into volume of interest.
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Figure 3.19 Image shows induced electric field norms into the ASTM phantom and vicinity of the
designed double RF coil after the excitation of the birdcage coil at 63.8 MHz. Variation of electric field
norms was observed when double RF coil was a) 450 rotated, b) 600 rotated, and c) perpendicular
according to the birdcage coil. Red arrows show the direction of the electric field into volume of
interest.
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Similar to one RF coil design, the amount of electric field varies depending on
the orientation of the RF coils. Electric field increases significantly with respect to the
increase in rotation angle between the double RF coil and the birdcage coil. The highest
induced electric field is observed when the double RF coil is placed perpendicular to

the birdcage coil as it is expected in Maxwell’s equations.

Similarly with the excitation by the birdcage coil, electric field norms at the
surface of the double RF coil were examined in Figure 3.20. The most induced electric

field was seen when the double RF coil is oriented perpendicular to the birdcage coil.

L AlUe(L)=118 P Surface: Electrc feld norm (vim) L
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Figure 3.20 Image shows induced electric field norms at the surface of the double RF coil after the
excitation by the birdcage coil. Electric fields norm was observed when the designed double RF coil
was a) parallel, b) 300 rotated, c) 450 rotated, d) 600 rotated, and e) perpendicular according to the
birdcage coil.
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In conclusion, the results of simulations are consistent with experimental works
and results in the literature. Although there are some difficulties at examining the
interactions between micro size instruments and huge size environments such as micro
coils and MRI platform, it is clear that the FEM simulations will be a reliable test
and evaluation method in order to examine magnetic and electrical characteristics of

designed RF coils and so RF markers.
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4. DISCUSSION

In this study, a novel microfabrication technique was introduced to form a con-
spicuous, low profile semi—active RF markers on a non—planar 5 Fr (1.67 mm) catheter
surface to highlight the distal device tip under 1.5 T MRI. The MRI safety and MRI
visibility tests of manufactured clinical grade semi-active catheter for interventional

MRI were realized through in vitro experiments compliance with ASTM standards.

The proposed micro fabrication techniques allow fabricating resonant circuits
directly onto the instrument surface and increasing the variety of RF marker designs
by using different type of shadow masks during the thermal deposition of metals. It
is possible to achieve reliable experimental results that agree with calculations using
precise and thin conducting layer masks. Therefore, laser-cut masks from cylindrical
structures will enable us to realize unique coil designs such as multi-layer helical coils,
tilted coils, double tilted coils, opposed solenoid coil, "Helmholtz" coils, and meander
coils. In the future we plan to combine both planar and non-planar RF coil designs

(hybrid structures) over the same catheter surface to reach optimal SNR.

By exploiting the methods presented here, it will be possible to manufacture
a novel transmission line designs for clinical semi-active or active interventional MRI
catheters and guidewires that composed of reversed coil sections wherein the current
direction opposes the induced RF field, termed billabong, which is a promising approach
to minimize RF induced heating risks under MRI [96].

RF markers mounted into semi—active and active devices comprise excessive size
conventional components such as solenoid coils, and non—magnetic capacitors that are
not suitable especially for interventional pediatric procedures, due to the risk of in-
juring blood vessel walls during catheter manipulation within vasculature. Our design
implements cylindrical components over the catheter surface, will enable interventional

catheters to be steered through tortuous and delicate blood vessels during procedures.
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Recently there are some studies [113-115] in measuring the local pressure in blood ves-
sels or regional stiffness that is valuable in the postoperative monitoring of aneurysms
or early atherosclerosis. However, except difficulties related with MRI, implanting a
conventional pressure sensor equipped with power and a signal cable cause additional

risk of infection after the implantation.

After realization of RF markers in our research, it may be possible to implement
a pressure sensor by manufacturing a coil and pressure-sensitive capacitor. Since the
surrounding pressure has an influence on the capacitance of the designed capacitor and
so the magnetic field in close vicinity of the loop coil, the magnetization change of
the nearby sample can be observed as a signal variation during MRI. In future, blood
leakage can also be detected under MRI, if a small pressure sensor is mounted on the

surface of a micro catheter.

In other study of this thesis, 3D FEM modeling of manufactured RF marker
prototype into a birdcage coil was figured out by using COMSOL Multiphysics software
program. After ensuring the validation of performed MRI platform with compliance
with ASTM phantom results, affectivity of the birdcage coil and MRI environment for
1.5 Tesla was examined with capacitance tuning. After obtaining optimum capacitance
value, homogeneity of magnetic field was analyzed when the RF marker prototype was
placed into center of the birdcage coil. Moreover performances of 2 different RF coil
designs were evaluated while coil designs were positioned into different orientation

angles with respect to the birdcage coil.
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5. CONCLUSION

Currently, there is no commercially available clinical grade, safe and MRI com-
patible catheters and devices to perform endovascular imaging and treatment under
MRI. The manufacturing of a commercial MRI compatible catheter is an extremely
complicated task that requires micro size fabrication techniques by considering many

factors such as flexibility, endurance, biocompatibility, MRI safety and reproducibility.

Thin film coating technologies expressed hereby can be adapted to the fabri-
cation of varied interventional instruments used in clinic. Additional modifications of
the PVD based thin film coating process and electroplating technique will enable new
studies to manufacture novel “smart” catheter designs that incorporate various sen-
sors such as temperature, pressure and flow sensors directly on a catheter shaft. Such
low profile “smart” catheter devices may enable new clinical approaches and therapeu-
tic applications in cardiovascular MRI such as cardiac pacing (CP), electrophysiology

ablation catheters, biopsy needles, and occluders.

Semi-active visualization technology is based on inductive signal coupling be-
tween RF markers and standard MRI coils. Since RF markers do not require any
electrical (wire) or mechanical (optical fiber) connection between instrument and MR
scanner, satisfactory mechanical and imaging characteristics carry semi—-active track-
ing technologies one step further compared to passive and active visualization methods

under MRI.

Beside of implementation of RF marker at distal tip of a catheter, the incorpo-
ration of multiple RF markers can also provide visualization of even longer segments at
overall catheter shaft. Therefore fiducial RF markers that are attractive candidates for
whole shaft MRI catheter visibility as well, has enormous potential in future of MRI

compatible devices.
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Capability of the modeling the interactions between a RF marker and a birdcage
coil into a MRI environment that is experienced in this thesis study, will lead many
new simulation designs including comparison of different forms of RF markers, coil
orientations and their characteristics. Accordingly it is possible to construct custom
made novel coil designs that can be used as a RF marker and also as a standard MRI

coil.

By providing these simulation models will be very beneficial for saving time to
foresee the optimum coil parameters and RF marker performances without fabrication

and real MRI experiments.
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