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ABSTRACT

DEVELOPMENT OF NOVEL DEVICE TECHNOLOGIES
FOR SAFER MRI GUIDED BIOPSY PROCEDURES

Interventional magnetic resonance imaging (iMRI) is a potent method that
combines the benefits of minimally invasive procedures and the exquisite imaging ca-
pabilities of MRI. Therefore, performing biopsy operations under the guidance of real-
time MR imaging can increase success and safety of operations by promising precise,
accurate, and safe MR-guided biopsy operations. Designing visible and safe interven-
tional equipment continues to be a major challenge in this field as MRI develops into
a more accessible and suitable imaging modality for interventional procedures. In this
thesis study novel device technologies that could improve the success of MR-guided
biopsy procedures are introduced and tested. First, a novel optical fiber force sensor
was designed and implemented into a needle to provide feedback on the axial force
applied to the needle tip during MR-guided biopsy operations. Accurate force mea-
surement, differentiation of different tissue types via stiffness detection capabilities,
and the performance of the sensor under MRI were successfully tested through in-
vitro experiments. Next, a novel method for increasing the visibility of MR-compatible
interventional devices was introduced by using alternating current (AC) controlled con-
ductive ink printed tracking markers. An elaborate analysis was performed to obtain
the highest tracking marker conspicuity using the AC-controlled markers and three
commonly used MRI pulse sequences. A Custom 20-gauge needle prototype and an
MR-compatible current supply circuit were designed. MR-visibility and safety of the
prototypes were tested through in-vitro experiments according to the international
medical device test standards. Finally, the performance of the needle prototype and

the current supply circuit was tested in a post-mortem animal experiment.

Keywords: Interventional MRI, MR~guided biopsy, Fiber-optic force sensors, iMRI

device tracking, AC-controlled markers.
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OZET

MR REHBERLIGINDE GUVENLI BIYOPSI ISLEMLERI
ICIN YENI CIHAZ TEKNOLOJILERININ GELISTIRILMESI

Girigimsel manyetik rezonans goriintiileme, minimal invaziv prosediirlerin fay-
dalarin1 ve MRG’nin olaganiistii goriintiileme yeteneklerini birlegtirebilen etkili bir
tekniktir. Gergek zamanli MRG rehberliginde biyopsi iglemlerinin gergeklegtirilmesi,
kesin, dogru ve giivenli bir operasyon saglayarak basari oranini artirabilir. MRG,
girisimsel prosediirler i¢in daha erigilebilir ve uygun bir goriintiileme yontemi olarak
geligtikce, MR altinda goriiniir ve gilivenli girisimsel ekipman eksikligi, bu alandaki
geligimi yavaglatan 6nemli bir engel olmaya devam etmektedir. Bu tez galigmasinda,
MR rehberligindeki biyopsi prosediirlerinin bagarisini artirabilecek yeni cihaz teknolo-
jileri tamitilmig ve test edilmistir. ilk olarak, igne ucuna etki eden aksiyal kuvveti
Olcebilecek yeni bir fiber-optik tabanli kuvvet sensoru tasarlanarak igne ucuna yer-
legtirildi. dizaynlanan ignenin gergek zamanlh kuvvet 6lgiim kabiliyeti, farkli doku tip-
lerini sertliklerinden tespit edebilme yetenegi ve sensoriin MRG altinda performansi,
in-vitro deneyler araciligiyla test edildi. Daha sonra, alternatif akim (AA) kontrollii
cihaz takip isaretleri ve iletken miirekkep baski teknigi kullanilarak MR uyumlu gir-
isimsel cihazlarin goriintirliigiinii artirmak i¢in yeni bir yontem tanitildi. AA kontrolli
isaretler ve ii¢ yaygin olarak kullanilan MRG sekanslar1 kullanilarak MR altinda cihaz
goriiniirliliigiini maksimuma ¢ikarabilmek i¢in ayrintili bir analiz yapildi. Yeni bir
20-Gauge igne prototipi ve bir MR uyumlu akim kaynag1 devresi tasarlandi. Prototi-
plerin MR goriintrliiliigii ve giivenligi, uluslararasi tibbi cihaz test standartlarina gore
in-vitro deneylerle test edildi. Son olarak, igne prototipi ve akim kaynagi devresinin

performans: bir 6li hayvan deneyinde basarili bir sekilde test edildi.

Anahtar Sozciikler: Girisimsel MRG, MR kilavuzlugunda biyopsi, Fiber optik kuvvet
sensorii, gMRG cihaz takibi, AA kontrollii cihaz takip igaretleri.
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1. INTRODUCTION

When accurate diagnosis cannot be achieved through tissue imaging alone, the
utilization of biopsy procedures becomes essential. Image-guided percutaneous biop-
sies have gained prominence over conventional methods due to their ability to provide
highly accurate results while minimizing invasiveness. Among the various imaging
modalities, MRI-guided biopsies offer several advantages. These include superb soft
tissue contrast, rapid imaging with multiple planes, superior spatial resolution, and
an environment free from ionizing radiation. Such advantages can position MRI as
the preferred modality for imaging during numerous biopsy procedures, ensuring op-
erational success and ensuring the safety of both patients and physicians. However,
MRI-guided biopsies present unique challenges that must be addressed to enable safe

and effective procedures.

The existence of both a strong static magnetic field, and dynamic magnetic
fields such as gradient fields and RF pulses used in magnetic resonance imaging (MRI),
imposes significant limitations on the use of conventional electronic components and
interventional devices within the MR environment. Metallic devices can experience
magnetically induced force or torque, leading to safety concerns. Even if the device
remains unaffected by these magnetic forces, RF-induced heating on metallic devices
can reach hazardous levels. Furthermore, interventional devices or implant materials
can produce substantial artifacts on MR images, obstructing the visualization of un-
derlying anatomical structures. Interventional devices which are entirely safe to use
under MRI or devoid of metallic components often suffer from low conspicuity and lack

trackability during procedures.

Consequently, addressing these challenges necessitates the development of inno-
vative approaches and custom devices that ensure safety within the MR environment
while enabling real-time MR~guided localization and tracking of the interventional de-

vice.



2. BACKGROUND

2.1 Image-guded minimally invasive interventions

Advances in real-time medical imaging technologies like x-ray fluoroscopy, com-
puted tomography (CT), ultrasound, and magnetic resonance imaging (MRI) made
it possible to perform image-guided minimally invasive therapeutic or interventional
diagnostic operations [1]-[3]. Instead of performing open surgery, image-guided mini-
mally invasive procedures can reach the target area by entering through a small skin
incision using interventional medical devices such as needles, catheters, guidewires, etc
[4]-[6]. Minimally invasive procedures can be advantageous, especially for older and
younger patients who can’t withstand the conventional open surgery methods, and
some of these advantages can be fewer complications, decreased trauma, postoperative
pain, infection risks, discomfort, recovery time to the patient and overall medical cost
[7]-[10]. These remarkable advantages of image-guided minimally invasive procedures
are very desirable, but they come with the price of having a limited view of the tar-
get anatomy, and access to the body cavity [11],[12]. Therefore, choosing the correct
imaging modality that would provide fast and high-quality images and designing inter-
ventional medical devices that can be both safe, accurate, and trackable under these

imaging technologies are crucial for the success of these minimally invasive operations.

2.2 Physics of magnetic resonance imaging

Protons in Hydrogen atoms which can create a magnetic dipole with their spin
angular momentum are most commonly used for generating images in magnetic res-
onance imaging. A strong static main magnetic field that exists in the scanner bore
aligns the magnetic dipole of hydrogen atoms and protons and makes them start to
precess in the same direction (static magnetic field direction). The frequency of the

precession of these proton atoms is the Larmor frequency and it is calculated with Eq.
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Figure 2.1 Figure Image-guided right heart catheterization procedure at Interventional CMR car-
diac catheterization laboratory at National Heart Lung and Blood Institution (NHLBI) at National
Institutes of Health (NIH) [13].

2.1 given below [14]. In the given equation fy is the Larmor frequency, 7 is the gyro-
magnetic ratio, which is 42.58 MHz/T for hydrogen atoms, and By is the externally
applied main magnetic field of MRI. Using this equation, the resonance frequency of
hydrogen atoms in a 1.5 T scanner would be 63.87 MHz and in a 3T scanner, it would

be 127.74 MHz.

Jo=""-Bo (2.1)

The magnetic dipole moments generated from these protons precessing with respect
to the direction of the static high magnetic field are superimposed and form a net
magnetization. An external radio frequency (RF) wave is exposed to the Hydrogen

atoms next and flips the direction of the net magnetization at a specific degree which is



called the flip angle. Once the radio frequency signal is deactivated, proton’s precessions
returns to their original alignment, which corresponds to the magnetic field’s direction.
This phenomenon is called relaxation and time required for the relaxation is called the
relaxation time. This net magnetization change during the RF pulse application in
the transversal and longitudinal axes can be measured using Receiver RF coils. Since
different tissue types contain different Hydrogen densities relaxation times after the
RF pulse varies between different tissues such as fat or muscle. A contrast and hence,
an image can be generated using this difference in the relaxation times and difference

in the hydrogen densities in the anatomy [15],[16].

Coil

Figure 2.2 Figure Principles of magnetic resonance imaging A. Hydrogen atom under strong mag-
netic field B. RF pulse application C. Relaxation D. Protons emitting RF signal during relaxation
[17].

Figure 2.2 shows how the protons act during the MRI scan before and after
the RF pulse [17]. The signal intensity of the MRI and hence, MRI contrast and
Signal-to-noise ratio of the image depends on the hydrogen density and transversal
and longitudinal relaxation times of the target tissue. To be able to form an image
using the obtained signal, The received MRI signal needs to be spatially encoded.
Linear magnetic field gradients (G) can be used for spatial encoding for MRI images
[18]. Applying external gradient fields on top of the main magnetic field and with an
amplitude linearly changing with respect to the location inside the MRI bore makes the
protons precess in different frequencies in different locations. Creating this difference
in 3 axes by applying gradient fields makes it possible to select a slice to be imaged

with the slice selection gradient (Gs). After that spatially encode the MRI signals



received by the RF coils into that slice with the phase encoding gradient (Gp) and the
frequency encoding gradient (Gf) fields. As an example, a gradient echo (GRE) pulse

sequence diagram with respect to time is given in Figure 2.3 [19].

6° Pulse 0° Pulse
RF in N A
Slice-select / \ /_\
gradient \ / ! 7
Phase-encoding = =
gradient = B
Frequency-encoding [\ 1 NSPPSREE.

gradient \_/ —T,— \__/ T, —|

Signal out : i‘ﬂfm&\‘- : *‘W

n I
e T

Figure 2.3 2D Gradient Echo (GRE) pulse sequence diagram [19].

In summary, the three primary components that make up the MRI’s operating
system are the main magnetic field that aligns the magnetic dipole moment of hydrogen
atoms that results in a net magnetization, externally applied RF pulses for flipping the
net magnetization and obtaining transversal and longitudinal signals and linear mag-
netic field gradients for spatial encoding for the image formation. Three fundamental
parts of an MRI scanner hardware that are responsible for creating the main magnetic
field (B0), creating the RF pulses and reading the resulting MRI signal, and finally
creating the linear magnetic field gradients are main magnet, RF coils, and gradient

coils respectively. Figure 2.4 shows the main elements of an MRI scanner|20].

2.3 MRI guided biopsy

In the early years of magnetic resonance imaging, it was not considered as
a suitable technology for providing guidance during interventional operations. The
strong magnetic field of MRI made it very difficult and unsafe to use conventional

interventional devices, its closed bore geometry limited the physicians’ or operators’
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Figure 2.4 Components of an MRI scanner [20].

freedom during the operation and long scan times made it impossible to perform a
real-time procedure under MRI [21]. Improvements in MRI technologies such as being
able to obtain high-quality images using scanners with low field strength, new pulse
sequences like GRE (gradient echo) or b-SSFP (balanced steady-state free precession)
that can generate fast and good quality images, and custom-designed interventional
devices that can be both safe and trackable under MRI made it possible to overcome

the disadvantages and difficulties of MR-guided interventional procedures.

Despite having all these difficulties, using MRI as an interventional modality is
still very desirable because of the advantages it can offer. Some of the advantages of

MRI are listed below [22]-[27]:

1. Excellent soft tissue contrast

2. Fast imaging with multiple planes



3. Ability to distinguish various organs and blood vessels
4. High spatial resolution

5. Ionizing radiation-free nature

These significant advantages make MRI guidance a very desirable imaging modal-

ity for interventional minimally invasive procedures.

A biopsy operation is performed when imaging the tissue alone is not sufficient
to accurately diagnose the patient and further tissue diagnosis through cytologic, mi-
crobiologic or histologic evaluations is needed [28]. The first needle biopsy operation
was performed in 1883 without any image guidance and as physicians gained experi-
ence and improvements in histopathologic methods percutaneous biopsies became more
popular even without the interventional imaging modalities [29]-[36]. With Roentgen’s
discovery of x-ray and discoveries and improvements of new imaging technologies like x-
ray fluoroscopy, CT, ultrasound, and lastly magnetic resonance imaging, image-guided

needle biopsy became a much safer and more precise method for the procedure [37]-[41].

All the imaging modalities mentioned before has their own advantages and dis-
advantages. Compared to CT and MRI, ultrasound seems like a convenient modality
for guided biopsy procedure because it is a portable device that is simple to oper-
ate that can provide real-time control of images with different planes and trajectories
during the procedure without ionizing radiation. However, its soft tissue contrast is
not as good as CT or MRI and visualization is limited with the distance that sound-
waves can travel in the tissue therefore deep and complex anatomical structures may
not be visualized very well. CT provides a good soft tissue contrast but during a CT
guided interventional operation high levels of harmful radiation are exposed on both

the patient and the doctor.

MRI provides both exquisite soft tissue contrast so that lesions that cannot be

seen under ultrasound and CT, can be detected under MRI and rapid multiplanar



Figure 2.5 Brain aspiration under MRI [42].

imaging with the use of suitable pulse sequences without ionizing radiation. One im-
portant disadvantage of MRI concerning the biopsy procedure is its high magnetic field
which makes it difficult to use conventional biopsy needles because of the safety prob-
lems that magnetic needles can cause and the low conspicuity of non-magnetic needles
under MRI. Improvements in MRI technologies and MR-compatible medical devices
make MRI-guided biopsies more promising and more popular every day. Percutaneous
biopsy and aspiration procedures were performed successfully many times with MRI
guidance in various areas of the body from various tissues. Some examples of MRI-

guided biopsy and aspiration procedures from the literature are given in Figures 2.5,



2.6, and 2.7. In Figure 2.5 it can be seen step by step that an aspiration procedure was
performed in the brain. An abscess and its location in the brain were detected under
MRI, an aspiration needle was inserted and tracked until it reaches the target area and
the abscess was drained until the area is cleared from it and finally, the fluid was sent

for further inspection.

In their study, Moche et al performed 55 biopsies from liver in 52 patients under
MRI [43]. Figure 2.6 shows the MR image (on the right) during the liver biopsy
operation. The target area, the target lesion, and the biopsy needle can be seen clearly
under MRI thanks to its exquisite soft tissue contrast. CT image of the same target
area is shown on the left of Figure 2.6 and the target lesion that a biopsy sample was

supposed to be taken is not visible at all.

Figure 2.6 Liver biopsy operation under MRI (right) and CT image of the same area (left) [43].

Schneider et al. performed breast biopsies under MRI for 21 women with MRI-
only visible lesions in their study [44]. Different imaging modalities such as mammog-
raphy, and sonography can be used for tumour detection in breast tissue and cancer
diagnosis along with physical examination and MRI has taken its place among these
conventional imaging modalities as a very effective one [45]. MRI’s excellent soft tissue
contrast allows physicians to detect lesions in the breast that can only be seen under
MRI [46]. Therefore, MRI-guided biopsy can be the best option for suspicious lesions
that are only visible under MRI [47],[48]. In Figure 2.7 [44] an MRI image during the

biopsy operation is given. The suspicious lesion in the breast tissue and the biopsy
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needle are shown in the image.

Figure 2.7 MRI guided breast biopsy [44].

2.3.1 MRI guided prostate biopsy

One of the most prevalent types of cancer among men in the United States of
America is Prostate cancer [49]. Every year more than one million prostate biopsy
operation is performed both in Europe and the USA [50|. For the year 2022, estimated
268,490 new cases and estimated 35,400 deaths for prostate cancer are given by Siegel

et al. in their study [49].

PSA (prostate-specific antigen) levels in the blood and a digital rectal exam are
the first steps in the diagnosis of prostate cancer. [51]. The level of PSA increases in
the blood of people who has prostate cancer [52] as well as people who have prostatitis,
benign prostatic hyperplasia (BPH), and people who undergo prostate biopsy [53].
Therefore, increased PSA levels in a blood test can result in a false positive result and
can give rise to further diagnostic and therapeutic procedures that are not actually
necessary [54]. In digital rectal examination physicians examine the prostate with

their fingers through the rectum and look for a stiffness change in the prostate tissue.
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In this case, it may not be possible to examine every region of the prostate tissue.
Although only a blood test to check PSA level and a digital rectal examination is not
sufficient for a prostate cancer diagnosis, it can be crucial for early diagnosis and easier
treatment. Prostate cancer is not the only cause of an increase in the Blood PSA level
[52], and it is not possible to detect the cancer stage or if the tumor is malignant or
benign with the blood PSA level or digital rectal examination. Therefore, generally,

prostate biopsy is performed for a more accurate diagnosis.

One of the most popular techniques for prostate biopsy operation that is used
in clinics today is transrectal ultrasound (TRUS) guided prostate biopsy (figure 2.8).
TRUS-guidance employs an ultrasound probe to obtain a real-time image of the target
organ and generally ten to twelve suspicious tissue samples are collected from various
locations of the prostate tissue using biopsy needles. It is not easy to differentiate the
healthy and the tumorous tissue under ultrasound therefore using an increased number
of biopsy samples results in a better accuracy for the diagnosis. Besides the high pa-
tient discomfort during the biopsy operation, Increasing the number of biopsy samples
can also cause bleeding, urinary retention, urinary obstruction, infection, vasovagal

reaction, dysuria, and sepsis [55],[56].

Taking 10-12 samples from different regions of prostate tissue without knowing
the precise position of the suspicious lesion in the target organ sometimes results in false
negative outcomes or the need for another biopsy operation. In their study, Seferoglu
et al. evaluated the false-negative risk of TRUS-guided prostate biopsy [56]. They
performed ex-vivo 12-core prostate biopsies on 90 patients who were diagnosed with
prostate cancer. Seferoglu et al. claimed that using repeated 12-core prostate biopsy,
cancer detection was successful only at 67.8 % of 90. A high number of false negatives
in this study, due to performing the biopsy operation with a random sampling because
of the lack of soft tissue visualization capabilities of ultrasound probes can be avoided

by performing the biopsy operation under MRI

The main purpose of performing the prostate biopsy operation under MRI is

decreasing the false negative outcomes of conventional methods without the need for
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Figure 2.8 TRUS Guided Prostate Biopsy [57].

high number of tissue samples. There are 3 main methods that MRI is used for prostate
biopsy operation namely: Software assisted ultrasound MRI fusion targeted biopsy,
visual directed MRI targeted biopsy, and finally in-bore direct MRI targeted biopsy
[58]. In visual directed MRI targeted biopsy, the patient is scanned under MRI and
the target tumorous tissue is detected using MRI before the biopsy operation. After
detecting the tumorous lesion, TRUS guidance is used for the biopsy operation [59],[60].

eedle Tip position [

F
L
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Figure 2.9 MRI-guided prostate biopsy operation [64].

In software-assisted ultrasound-MRI fusion targeted biopsy, a patient is scanned
under MRI, and the target tumorous tissue is detected before the operation. Using
a software MR image of the prostate and the lesion is registered/superimposed to

the real-time ultrasound image during the operation [61],[62]. In-bore direct MRI
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targeted biopsy is performed using only MRI for imaging during the biopsy operation
[63]. Both visually directed biopsy and software-assisted fusion biopsy increases the
success of the operation but doesn’t provide real-time MRI guidance during the biopsy
operation. Therefore, misregistration between the MRI image and the ultrasound image
can cause problems or patients’ prostate might move inside their body during biopsy
needle insertion which could cause to further difficulties and false negative results.
Although in-bore direct MRI-guided biopsy increases the accuracy of the operation by
using rapid MRI images (close to real-time) for needle guidance, this method requires
MRI-compatible and visible interventional devices so that a safe and successful biopsy
operation can be performed. Figure 2.9 shows axial, sagittal, and coronal MRI images
of an in-bore direct MRI-targeted prostate biopsy operation [64]. The prostate tissue
and the needle tip position are visible in the axial image. The sagittal and coronal

images show the needle tip and shaft inserted into the prostate.

2.4 Needle tip force sensing

2.4.1 Needle tip force feedback

The use of needle-like equipment in medicine goes all the way back in history to
ancient Egyptians [65]. The history of modern needles and syringes in medicine on the
other hand is more recent than that. Blood circulation in the anatomy is first described
by William Harvey [66] and the idea of injecting liquids directly into the blood came up
with that discovery. Christopher Wren injected wine and ale into dogs to experiment
the intravenous injections using a needle [66]. Daniel Ferguson and Alexander Wood
invented the medical needle with a sharp tip that could inject liquids into the body

and Charles Pravaz invented a needle with a detachable syringe [65].

In the light of these inventions the ability of intravenous injections and to be
able to reach spots that are deep in tissue lead to different needle designs for various
purposes. Apart from intravenous injections needles are used in many therapeutic and

diagnostic procedures in modern medicine today such as: introducing invasive access to
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the target tissue, regional anesthesia, ablation, catheterization, deep brain stimulation,
brachytherapy, neurosurgery, and biopsy [67],|68]. Force measurement at the needle tip

can be crucial for operations that need high precision such as epidural needle injections.

Tactile feedback from the needle during an operation is a very important factor
for physicians. Being able to feel the mechanical characteristics of tissues especially
the different stiffness levels of different tissue types and needle membrane interactions
through the course of the needle presents essential information about the location of
the needle inside the patient’s body and can be crucial for a successful operation.
As an example, physicians use haptic feedback during conventional open surgeries to
differentiate and detect tumorous tissues by palpating the target tissue [69]. During
minimally invasive operations, on the other hand, it can be impossible to examine the

target tissue with palpation.

Percutaneous tissue biopsy, also called needle biopsy is the procedure that is
performed by collecting tissue or cell samples from the suspicious tissue when there is
a cancer suspicion. The two most usual types of needle biopsy are needle aspiration
and core needle biopsy. In needle aspiration, liquid cell samples are collected from the
target area using a thin needle in a syringe. In core needle biopsy a piece of tissue
sample is cut and collected using a cutting needle. For a core needle biopsy, a larger
diameter needle is used compared to the aspiration needle. Image guidance can be very
helpful for a safer and more accurate biopsy operation by performing the procedure
under CT, ultrasound, or MRI. Even with image guidance, using minimally invasive
medical tools such as biopsy needles requires years of experience and advanced skills

to operate safely and accurately.

Placing a force sensor at the distal tip of the biopsy needles can provide tactile
feedback in real-time to the physician during the operation. Robotically assisted biopsy
procedures especially benefit from real-time needle tip force measurements since the
physician-needle contact is lost and the tactile feedback that comes from the needle
is lost without a force sensor. Different stiffness levels of different tissue membranes

such as the skin or prostate tissue, breast tissue, muscle or fat tissue, or even different
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stiffness levels of benign and malignant tissues can be detected using a needle tip
force sensor during needle insertion. Needle tip force measurements could increase the
procedure’s safety as well. Using excessive force on the biopsy needle may result in

scarring, infections, tissue death, and compromised surgical procedures [70].

2.4.2 Conventional force sensors

2.4.2.1 Capacitive force sensors. Capacitive force sensors take advantage of
parallel plate capacitors for force and pressure measurements. The capacitance is in-
versely related to the gap separating the parallel plates of the capacitor. Therefore,
Applying force or pressure to one of the parallel plates can decrease the gap between
the plates and hence the capacitance of the capacitor. Therefore, the force measure-
ment can be achieved by measuring the capacitance of the parallel plate capacitor. A
simple diagram of the working principle of a capacitive force sensor is given in Figure
2.10. Capacitive force sensors have advantages such as high sensitivity, high resolution,

stability, durability, and large bandwidth [71].
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Figure 2.10 Capacitive force sensor.

2.4.2.2 Inductive force sensors. Inductive sensors are widely used for measur-

ing proximity (distance) by taking advantage of the change in the electromagnetic fields
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around the sensor. A varying current flowing on an inductive coil creates electromag-
netic fields around the coil and a changing electromagnetic field can create current
on the inductive coil. Therefore, when the electromagnetic field around the coil is
disrupted or changed by nearby materials such as metallic objects or other coils the
inductance of the coil or the current value flowing along the coil changes accordingly.
This change depends on the distance between the inductive coil and the field-disrupting
material. Using the same principle inductive sensors can be used for measuring prox-
imity, pressure, flow force, etc. The three main types of inductive sensors are namely,
self-inductive sensors, mutually inductive sensors, and eddy current sensors. As an
example, Du et al. designed an inductive force sensor that can measure real-time force
distributions that are applied on a foot for patients with diabetes. Figure 2.11 shows

the schematic of the inductive force sensor given in the study [72].
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Figure 2.11 Inductive force sensor [72].

2.4.2.3 Piezoelectric force sensors. Piezoelectric sensors take advantage of piezo-

electric materials to convert parameters like force, strain, or pressure to electrical sig-
nals. Piezoelectric materials generate an electric polarization when they are exposed
to a mechanical change such as strain or pressure and vice versa, when an electrical

signal is applied to piezoelectric materials they can generate a movement, vibration, or
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force. The operating principle of piezoelectric transducers is presented in Figure 2.12.
Some examples of piezoelectric materials can be piezoelectric crystals such as Quartz,
Langasite (La3GabSiO14) 73], piezoelectric ceramics such as Lead zirconate titanate
(PZT), barium titanate (BaTiO3) [74], Piezoelectric polymers such as Polyvinylidene
fluoride (PVDF) [75], and biological piezoelectric materials such as tendon and enamel

[76].
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Figure 2.12 Piezoelectric force sensor schematics [72].

Piezoelectric materials are widely used for designing sensors in various areas.
Gil et al. show their design of a catheter tip miniature force sensor using PVDF
piezoelectric material that could help increase the success of surgical interventions [77].
One of the advantages of piezoelectric force sensors is that they can be fabricated very
small which makes them desirable for medical applications. Their high-frequency range
is another advantage of piezoelectric sensors. They can be used for both generating
and sensing sound waves as an example and can be used in different medical imaging

modalities such as ultrasound imaging [78].

2.4.2.4 Piezoresistive force sensors. Piezoresistive force sensors are simple to

design, affordable, have high endurance, and provide high resolution and wide-range
measurements. These advantages make piezoresistive sensors widely used in many ar-
eas. In Piezoresistive sensors, the applied external force or pressure creates a strain on

the sensing element of the sensor. This applied pressure or force changes the sensing
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element’s resistance. The change in the resistance and the strain are directly pro-
portional to each other. As a result, the change in the electrical properties of the
piezoresistive sensing element can be used to measure the applied force or pressure.
The most popular method of measuring this change in resistance as voltage is to create
a Wheatstone bridge circuit employing the sensor’s piezoresistive sensing device, as

presented in Figure 2.13.
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Figure 2.13 Piezoresistive force sensor schematics using a strain gauge and a Wheatstone bridge
[72].

Wheatstone bridge design makes it possible to translate slight variations in the
sensor’s resistance into an output voltage. When an input voltage is applied to the
Wheatstone bridge circuit, The output voltage will not change and remain zero if there
is no change in the resistors. A change in applied force on the piezoresistive element
will break the balance of the bridge circuit and it will affect the output voltage in a
comparable way. The strain gauge is one of the most common examples of resistive
strain sensors. It was invented by Arthur C. Ruge and Edward E. Simmons [79].
Strain gauges are designed with a conductive path with a zig-zag pattern placed on an
insulator thin film. Applied force changes the shape of the conductive pattern and the

resistance of the strain gauge changes with it.
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2.4.3 Optical fiber force sensors

2.4.3.1 Optical fibers. Optical fibers are transparent dielectric materials that

light can propagate inside with the total internal reflection principle. Transferring
photons this way from one point to another provides a way of data transmission.
Optical fibers are commonly composed of 3 fundamental layers named core, cladding,
and jacket (figure 2.14). Core is the inner layer of the optical fiber, which has a
uniform and high refractive index and, it is the layer the light travels. Cladding is the
middle layer of the optical fiber, and it makes sure that the light stays inside the core
according to the total internal reflection principle by having a refractive index lower
than the core. Lastly the jacket (buffer) is the outer layer of the optical fiber, and it

provides protection for the internal layers.
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Figure 2.14 Optical fiber elements.

Light interacts with the medium that it travels inside therefore the speed of light
differs in different media such as air, water, or glass. The speed of light changes when
it passes from one medium to another and this change in speed causes a bending in the
direction that light travels. This phenomenon that causes bending in the direction of
a wave is called refraction. The refractive index for specific materials is defined using
this phenomenon by dividing the speed of light in a vacuum by the speed of light in

that specific material.

ny -sinf; = ngy - sin 6y (2.2)
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Snell’s law describes the relationship between the refractive indexes of media
and the bending of light’s direction when the light transfers between the two media.
Snell’s law is given in Figure 2.15 and Eq. 2.2. Here The refractive indexes of media 1
and 2 are denoted by nl and n2, respectively. and, #; and 6, are the angles that the
light makes with the normal vector of the interface surface between the two media. 6, is
called the incidence angle and 65 is called the refraction angle. Going from a higher to
lower refractive index medium after a certain incidence angle the light starts to reflect
completely from the incidence surface instead of refracting. This angle is called the
critical angle. Optical fibers keep the light inside the fiber core with a total internal

reflection based on this phenomenon.

P interface
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Figure 2.15 Snell’s law.

Using optical fibers for data transfer and communication has advantages and
disadvantages but the most important advantage of optical fibers in the field of interven-
tional MRI is its raw material. Optical fibers are, most commonly, composed of silicon
dioxide (SiO2) which is non-metallic, non-magnetic, and electrically non-conductive
which makes them intrinsically safe to use in high magnetic field environments [80].

Some of the other advantages of optical fibers are given below [81]:

1. High speed
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2. High bandwidth

3. Low cost

4. Minimal power loss which results in data transfer to longer distances
5. Immune to electromagnetic interferences

6. Ability to withstand harsh environments

7. small and compact

Multi-mode fiber

Single-mode fiber

Laser

Figure 2.16 Optical fiber types.

There are two primary categories of optical fiber: single-mode fiber and multi-
mode fiber. The main difference between the two types of optical fibers is the core
diameter. Compared to multi-mode fibers, single-mode fibers have a substantially
smaller core diameter which results in differences in the propagation of the light inside
the optical fibers. While the single-mode fibers can only carry single light mode (single
ray of light) multi-mode fibers can carry multiple modes at the same time. Single-mode
fibers’ narrow core diameter minimizes the power loss of the signal because it decreases
the number of reflections through the optical fiber cable. On the other hand, small

core diameter makes it more difficult to couple the light into the optical fiber cable,
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and therefore single mode fibers are generally used with laser diodes while multimode

fibers are compatible with cheaper light sources such as LEDs.

2.4.3.2 Fiber optic interferometry based sensors. Optical fibers are used in

numerous studies in the literature for designing sensors to measure various physical
inputs such as force, pressure, temperature, displacement, ultrasound, refractive index,
and more [82]-[86]. A very important characteristic of waves is the ability to interfere
with each other. Fiber optic sensor technology often takes advantage of light inter-
ferometry to design interferometric fiber optic sensors. Two or more light waves can
create an interference pattern, in other words, they can be at the same place at the
same time and superimposed on each other. When the waves are in phase, they form
a constructive interference and when they are out of phase, they form a destructive
interference. Therefore, the light intensity of a certain point on the interference pat-
tern can be related to the path difference (the difference in phase) between two known
light waves. This idea forms the basis for interferometric fiber optic sensors. The four
types of interferometric fiber optics sensors are namely, Mach-Zender interferometer
(MZI), Michelson interferometer, Sagnac interferometer, and Fabry-Perot interferome-

ter (FPI).

Figure 2.17 shows a simple setup of an MZI. The setup composed of a light
source, 2 full mirrors, 2 beam splitters, and 2 photodetectors. The first beam splitter
is placed in front of the laser light source making a 45" angle to the direction of the light
and splits the light beam into two with two different paths. The light that reflects from
the first beam splitter (sample light beam) follows the upper path and gets reflected
from the mirror and reaches the second beam splitter. Half of the first light beam
passes through the second beam splitter and reaches photodetector A, and the other
half of the first beam gets reflected from the beam splitter and arrives photodetector
B. The light that passes through the first beam splitter (reference light beam) follows
the lower path and gets reflected from the second mirror and reaches the second beam
splitter. Half of the second light beam transmits through the second beam splitter and
reaches the photodetector B, and the other half of the second light beam gets reflected
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from the beam splitter and reaches photodetector A. When there is no sample that is
placed on one of the two different paths that the light follows, both first and second
light beams travel exactly the same distance therefore no phase difference is formed or
observed when they interfere with each other after the second beam splitter. When we
place a sample on the upper path, for example, the speed of the light beam that must
travel through the sample changes, and The two light beams are separated by a phase
difference. The light intensity of the interference measured by the two photodetectors

fluctuates according to the phase difference..
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Figure 2.17 A basic setup of a Mach-Zender Interferometer.

Optical fiber sensors that use the MZI method work with the same principle.
One reference path and one sensing path are formed using optical fibers and the path
difference creates an intensity change in the light interference pattern. The ray of light
in a fiber optic cable can be divided into two separate rays that travel through two
separate optical fibers before being recombined into a single fiber at the end through
fiber couplers. One fiber serves as the reference fiber and the other one is employed as
the sensing fiber [81]. The change in the sensing fiber that is caused by the physical
phenomenon (temperature, strain, humidity, etc.) that needs to be measured can be

measured by the change in the interference pattern.
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Figure 2.18 A basic setup of a Michelson Interferometer.

MZI and Michelson interferometers operate in very similar ways. A very basic
setup for Michelson interferometer is given in figure 2.18. The setup consists of a light
source, a beam splitter, 2 full mirrors (one of them is fixed and the other is movable),
and finally a photodetector. The beam splitter is placed in front of the laser light
source making a 45° angle to the direction of the light and splits the light beam into
two with two different paths. The light that is reflected by the beam splitter arrives to
mirror 1 and reflects to the beam splitter. after light goes through through the beam
splitter, it travels to mirror 2 where it is reflected back into the beam splitter. Both
light beams start from the same point, travel different paths, and meet again before
reaching to the photodetector. The difference between the paths of two light beams
determines the phase lag between them and hence determines the light intensity that
is measured by the photodetector. Therefore, the distance that mirror 1 moves can
be measured precisely with this setup. Michelson interferometer based optical fiber

sensors works with the same principle. The light that travels in the optical fiber is
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split into two using a fiber coupler and mirror surfaces are formed at the end of both

fibers so that light beams are reflected and create an interference pattern [81].
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Figure 2.19 A basic setup of a Sagnac Interferometer.

The third type of interferometer is the Sagnac interferometer. A basic Sagnac
interferometer setup is given in Figure 2.19. The setup consists of A light source, a
beam splitter, three full mirrors, and a photodetector. The beam splitter is placed in
front of the laser light source making a 45° angle to the direction of the light and splits
the light beam into two. The separated light beams travel in the opposite direction to
each other and they both rotate back to the beam splitter after getting reflected by 3
mirrors and they reach to the photodetector. When the interferometer is stationary
both beams travel the same distance but if the interferometer starts to rotate with
an angular frequency a phase difference is introduced between the two light beams.

Using this phase difference and its effect on the interference of two beams fiber optic
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gyroscopes that can be used for orientation detection can be designed using Sagnac

interferometry [87].
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Figure 2.20 A basic setup of a Fabry-Perot Interferometer.

The fourth type of interferometer is called the Fabry-Perot interferometer. A
basic setup for FPI is given in Figure 2.20. A basic FPI setup consists of a light source,
two partially reflective mirror surfaces, and a photodetector. Two partially reflective
mirror surfaces are placed parallel to each other. The light beam that reaches the
mirror surfaces partially gets reflected and partially gets transmitted from both mirror
surfaces. Therefore, Multiple light beams that travel different paths and hence with
different phase values are formed at both sides of the mirror surfaces. both transmitted
beams and reflected beams can form an interference and the path difference between
different light beams is dependent on the distance between two mirror surfaces. Two
partially reflective mirror surfaces turn a single beam into multiple beams that can form
an interference pattern and this multiple-beam interference results in a high-resolution

interference pattern.
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2.4.3.3 Fabry-Perot interferometry based fiber optic sensors. Fabry-Perot

interferometry-based fiber optic sensors are studied extensively in the literature because
of; the simplicity of design and fabrication process of FPI sensors compared to other
types of interferometric sensors, the capability of measuring different types of physi-
cal parameters (temperature, strain, pressure, humidity, acoustic and more) using and
modifying only optical fibers, immunity to electromagnetic fields and other external
noises and, capability to design high precision, high accuracy, and high-resolution sen-

sors [88§].

Two partially reflective mirror surfaces with a cavity between them is neces-
sary to build a Fabry-Perot interferometer. The light intensity of interference of the
reflected or transmitted light beams is dependent to the cavity length between the mir-
ror surfaces. Therefore, if an external applied force can change the distance between
two mirror surfaces it can also change the measured light intensity at a specific point on
the interference pattern. The two types of FPI sensors with respect to the method of
forming two mirror surfaces are namely, intrinsic FPI sensors and extrinsic FPI sensors

[891.]90).

Extrinsic FPI force sensors commonly form the first partially reflective mirror
surface using the end surface of the transmitting optical fiber (primary optical fiber)
and the second mirror surface is placed outside of the primary fiber parallel to the
first mirror surface forming a small cavity (commonly an air cavity) between them.
The second mirror surface can be formed by the end surface of another optical fiber
(secondary optical fiber), or a reflective thin film membrane. Two different simple
design examples of an extrinsic FPI force sensors are given in figure 2.21. A primary
fiber that transfers the light beam is placed and fixed inside of a capillary tube and the
polished end face of the primary fiber can be used as the first mirror surface. A second
optical fiber or a reflective thin membrane can be placed as the second mirror surface
forming an air cavity which will act as a path difference between two reflected light
beams. The reflected light beams form an interference pattern and when an external
force is applied it changes the path that the secondary reflected light travels by moving

the second mirror surface.
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Figure 2.21 Extrinsic FPI force sensor design.

Bremer et. al. introduces a fiber optic temperature and pressure sensor design
based on extrinsic FPI interferometry in their work [91|. They use a single mode optical
fiber as their primary fiber and first partially reflective mirror surface and a silica glass
fiber as their secondary mirror surface. They placed the two optical fibers into a glass
capillary by fusion splicing leaving a cavity between them. Another design example
of an extrinsic FPI sensor from the literature can be found in the study published by
Liu et al [92]. In their work, Liu et al explains the design and fabrication steps of
their low-frequency acoustic FPI sensor. They use a single-mode fiber as their primary
fiber and first mirror surface and an Ultraviolet (UV) curable adhesive diaphragm as
their secondary mirror surface. They form the UV adhesive diaphragm at the tip of a
stainless-steel tube and place and fix the single-mode fiber inside the same tube leaving

a cavity between the two mirror surfaces.

Intrinsic FPI sensors are designed by forming an internal Fabry-Perot cavity
(the cavity that creates the path difference between the reflected light beams) unlike
the extrinsic FPI sensors. That means the light beam doesn’t travel outside the optical
fiber to reach the secondary mirror surface. There are several methods to fabricate an
intrinsic FPI sensor such as vacuum deposition, electron beam evaporation, sputtering,
splicing different types of optical fibers, femtosecond laser machining, etc. [93]-[97].
Intrinsic FPI sensors are generally smaller and more sensitive compared to extrinsic
ones, but extrinsic FPI sensors are less sensitive to temperature changes and have a
higher signal-to-noise ratio. Zhang et al. use a femtosecond laser to form two internal
partially reflective mirrors inside of a single-mode fiber and cascades this intrinsic FPI

sensor with an additional extrinsic FPI sensor to measure temperature and pressure in
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their study [97]. Another example of an intrinsic FPI sensor is described in the study
published by Tsai et al. [89]. Tsai et al. use 2 different optical fibers with different core
diameters and fuse them together by splicing. Therefore, they create 2 partially mirror

surfaces that can reflect two different light beams to form an interference pattern.

Another type of fiber optic sensor that can be put into the intrinsic FPI sensor
category with respect to its fabrication method is Fiber Brag Gratings (FBG) based
fiber optic sensors. However, considering their working principle and popularity, FBG-

type fiber optic sensors should be explained in their own section below.

2.4.3.4 Fiber Bragg gratings based fiber optic sensors. FBG-based sensors

are commonly used and studied in several engineering areas such as civil engineering,
mechanical engineering, medical engineering, and aerospace engineering to measure
various physical properties like strain, pressure, temperature, humidity, refractive in-
dex, and so forth |[98]. Fabrication of an FBG sensor takes advantage of a phenomenon
called photosensitivity [99]. This phenomenon explains that exposure to ultraviolet

(UV) radiation can change the fiber core’s refractive index.

To form Bragg gratings in an optical fiber, UV light is shined onto a short part
of an optical fiber passing through a phase mask. The UV light that passes through
the phase mask forms an intense interference pattern on the optical fiber and the
bright sections of this interference pattern forms mirror surfaces inside the fiber core
by changing the refractive index of that specific area. This small section of optical fiber
that contains a periodic modulation of refractive index and hence partially reflective

mirror surfaces are called Bragg gratings [98].

When the change in the refractive index of Bragg gratings is periodic and con-
stant the small section of the optical fiber that contains Bragg gratings reflects a spe-
cific wavelength back. This wavelength is called Bragg wavelength [100]. A change in
physical parameters such as pressure change or temperature change around the Bragg

gratings causes a shift in the Bragg wavelength. Therefore, a correlation can be formed
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between the physical parameters and the shift in the Bragg wavelength.
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Figure 2.22 FBG-based sensor working principle.

Figure 2.22 shows the working principle of FBG-based sensors. Being biocom-
patible, chemically inert, immune to electromagnetic exposure, and having high sensi-
tivity makes FBG sensors suitable for medical applications [101]. Mohanty et al. Used
an FBG sensor concept for pressure measurements at the prosthetic knee joint in their
study [102]. FBG sensors are used for physiological monitoring such as blood pressure
[103], body temperature [104], heart rate [105], etc. Zhang et al. used FBG-based
sensors to be used for measuring force and providing tissue characterization and tactile

feedback during retinal microsurgery [106].

2.5 Interventional device tracking under MRI

The unmatched advantages of MRI as an imaging technique for interventional
operations are given in section 1.3. MRI’s ionizing radiation-free nature provides a safe
environment for both patients and physicians. Its excellent soft tissue contrast can
distinguish different tissue types like fat, muscle, tumorous, and healthy tissues. Mul-

tiplanar imaging capability can provide both 2D and 3D images of the target anatomy.
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Sequences such as Gradient-echo (GRE) and balanced steady-state free precession (b-
ssfp) can provide fast (real-time) imaging. Even with these important advantages MRI
provides, for therapeutic or interventional diagnostic procedures, MRI still needs a lot

of work to become the commonly used imaging modality..

One of the main disadvantages of MRI is that it’s not safe to use conventional
tools and technologies because of its high magnetic field environment. Even non-
magnetic metallic interventional tools such as catheters or guidewires can cause safety
hazards and tissue damage because of radio frequency (RF) induced heating. Another
big disadvantage of MRI is the low conspicuity of non-magnetic, MR-compatible in-
terventional tools under MRI. Therefore, using commercial interventional tools under
MRI is not an option most of the time. There are different methods to increase the
visibility of MR-safe interventional tools in the literature. One way to make device
tracking possible under MRI is placing fiducial markers on interventional tools. The
three most common types of fiducial markers namely active, passive and semi-active
(resonant) markers and as a fourth method DC (direct current) controlled markers are

explained with more detail in the following sections.

2.5.1 Passive markers

Passive markers take advantage of the intrinsic properties of the marker material
to increase the device visibility by forming negative or positive contrast artifacts on the
MR image. Because the magnetic properties of the marker material are different from
the surrounding tissue a distinguishable contrast can be generated. Some advantages
of passive markers can be given as they are easy and simple to design and implement on
interventional devices, They don’t require any external hardware or software to work
under MRI, and RF-induced heating on passive markers is not a big safety problem
as it is for active markers. Compared to other marker methodologies passive markers
have some disadvantages too such as the marker artifacts are not as conspicuous as
active markers, The marker artifact size can’t be controlled or turned on and off when

needed, marker performance is significantly affected by the orientation of the device
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with respect to the main magnetic field (By) of the scanner.

Figure 2.23 a. Negative contrast artifacts formed by platinum markers around a 5 Fr. catheter. b.
Positive contrast artifacts formed by Gadolinium-filled catheters [110].

Negative contrast is generated by local inhomogeneities on the magnetic field
resulting from ferromagnetic, ferrimagnetic, or paramagnetic marker materials that
form a signal void or susceptibility artifacts on the image [107]. As an example, Manke
et al. use platinum markers to create small signal voids (negative contrast) around a
5 Fr. catheter and increases the device visibility under MRI in their study as shown
in Figure 2.23-a [108]. Basar et al. use nitinol and stainless-steel markers to show the
susceptibility-based negative contrast artifacts’ dependency on magnetic field strength
and device orientation in their work as another example from the literature [109].
Passive markers can generate positive contrast using the 77 shortening effect of certain
paramagnetic materials. A common 77 shortening agent that is used for device tracking
under MRI is gadolinium. In their study, Omary et al. test the feasibility of real-time
MR-guided catheter tracking using gadolinium-filled catheters as shown in Figure 2.23-
b [110].
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2.5.2 Active markers

Active markers that are placed on interventional devices act as small receive
coils or receive antennas that collect the MR signal from a small area around the
marker coil when the markers are tuned to the Larmor frequency of the scanner. This
signal carries the spatial location information of the active marker along the 3 axes
with respect to the gradient fields of the scanner, and it is transferred to the scanner
from the scanner’s one of the separate receive channels. MRI signal that is collected
by the active marker’s receive coils can be used for fast and accurate device tracking.
The image of the active markers can be overlayed onto anatomical images using an
external software and marker images can be controlled, colorized, and turned on and
off if desired. Although active markers are more difficult to design compared to passive
ones, they provide higher conspicuity. The biggest advantage of active device tracking
is that it can provide colored and controllable high conspicuity both for certain spots
(like the tip of the device) on the interventional device or for the whole device shaft
with high accuracy. Some disadvantages of active device tracking are: It needs device-
specific hardware to tune the coil markers to the Larmor frequency; the interventional
device needs to be connected to the scanner which can limit the physician’s movements;
it requires external software to overlay device signal onto MRI image and finally extra
steps need to be taken to decrease the RF-induced heating on the interventional device

which can reach to dangerous levels for the patients.

Yildirim et al. designed a custom 20-Gauge needle prototype that contains
active receive coil markers that increase the conspicuity of the invisible nitinol needle
under MRI [111]. The same group designed a custom guidewire as a receive antenna so
that it can be visualized as an active device under MRI [112]. Figure 2.24-a shows the
image that was formed using the MR signal received by only the 3 active coil markers
on the needle prototype and figure 2.24-b shows the colorized marker signal overlayed

on the MR image of the anatomy during an in-vivo animal experiment.
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Figure 2.24 a. Needle prototype image with 3 active coil markers received from a separate receive
channel b. Active needle image is colored and overlaid on the anatomical image during an animal
experiment [111].

2.5.3 Semi-active (resonant) markers

Semi-active markers that are placed on interventional devices take advantage
of the induced electromagnetic fields on them caused by the RF coils of the scanner.
Resonant markers are composed of capacitive (C) and inductive (L) components and
using these components they can resonate with the Larmor frequency of the scanner
which is determined by the magnetic strength of the scanner. When the semi-active
markers are designed so that they resonate with the transmit RF coils, the induced
current on the markers form a local external magnetic field that can excite the proton
spins further in its immediate vicinity. This further excitement causes flip angle am-
plifications around the marker, and it results in a higher signal intensity or a positive

contrast.

To be able to create a sufficiently high contrast so that it can be tracked during
a procedure, the LC circuit that composes the semi-active marker needs to be tuned to
the Larmor frequency of the scanner. Therefore, when designing a semi-active marker
capacitor and inductor values should be chosen accordingly. The relationship between
the resonant frequency, inductance and capacitance of a circuit is given in Eq. 2.3. fg
is the resonant frequency, wy is the angular frequency, L is the inductance of the circuit

and C is the capacitance of the circuit.
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fr=wo/2r = 1/(2r - VLC) (2.3)

Figure 2.25 in-vivo MRI image of a resonant marker solenoidal stent.

Resonant markers are easier to design when compared to active markers and
they provide a wireless accurate device location under MRI. On the other hand, the
conspicuity of resonant markers depends on the contrast difference that is created by
the flip angle amplification caused by the markers. Therefore, the positive contrast
created by the markers will work better when a low flip angle sequence is used [113].
The RF-induced current on the markers depends on the orientation of the marker
with respect to the B; field and hence the conspicuity of the markers also depends
on the device orientation under MRI [114|. Because they need to be tuned to the
Larmor frequency to work the same marker can’t be used under scanners with different
magnetic strengths [115]. In Figure 2.25, a solenoidal stent that is designed to act as

a resonant marker is placed into the right iliac artery of a pig in an in-vivo experiment
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performed by Quick et. al. [116].

2.5.4 Direct current (DC) controlled markers

The most common 3 device tracking methods for interventional MRI are ex-
plained in the previous sections. Apart from active, passive, and resonant markers,
another method is introduced by Glowinski et al. [117]. In their work an electrically
conductive wire is wounded around a catheter and by applying a constant direct cur-
rent to the wire a negative contrast is formed around the catheter when they used
a GRE sequence to image the catheter under MRI as shown in figure 2.26. When a
current is applied to a conductive wire, a resulting electromagnetic field is generated
around it that depends on the amplitude of the applied current and distance from the
wire. The additional magnetic field created by the applied direct current to the wire
disrupts the homogeneity of the main magnetic field By and hence, it results in low

signal, and negative contrast artifacts around the interventional device.

This device tracking method for interventional MRI showed promise with the

advantages given below [117]-[119]:

1. Easy design and implementation

2. Ability to control the marker artifact sizes by controlling the applied current

amplitude.
3. Ability to turn the artifacts on and off when desired.
4. Independent from the magnetic field strength of the scanner
5. Doesn’t need to be tuned to the Larmor frequency.
6. Doesn’t need a separate receive channel and external software.

7. Doesn’t need device-specific hardware.
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Figure 2.26 In-vitro images of conductive wire wounded catheter. a. no current is applied to the
wire b. 150 mA Direct current is applied to the wire.

The advantages of DC-controlled markers could be very beneficial for the im-
provement of the interventional MRI field, but this method has still some place for
improvement. With this method, the conspicuity of the devices can’t be increased as
much compared to active markers without image postprocessing. Although it doesn’t
need device-specific tuning hardware, the interventional device still needs to be con-
nected to a current supplying hardware. Lastly, the DC-applied device tracking is pulse
sequence dependent. Applying a continuous direct current to conductive markers can
form artifacts with sufficient conspicuity when a GRE sequence is used but it doesn’t
work as well with sequences that have more immunity to constant inhomogeneities than
GRE such as Spin-echo (SE) or b-SSFP [118],[119]. Instead of using a constant DC,
Eibofner et al. used transient DC in SE and b-SSFP sequences to form more conspicu-
ous artifacts in their studies by triggering the direct current supply with respect to the
pulse sequence [118,119]. Therefore, although being dependent on the pulse sequence,
this method still can be used with various sequences by adjusting the applied current

with respect to the sequence.
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2.6 Pulse sequences for interventional MRI

Requirements of diagnostic imaging by MRI and performing guided interven-
tions using MRI are different. Providing near real-time rapid imaging is very impor-
tant for interventional procedures when inserting the interventional device into the
anatomy and advancing and guiding it toward the target area. A contrast difference
with a sufficient SNR between the target tissue and the interventional device should
be provided. Other than rapid imaging with sufficient SNR in some procedures such
as MR-guided ablations or biopsies, higher resolution and a distinguishable contrast
difference between the healthy tissue and tumorous tissue might be required. All of
these requirements can be provided using different pulse sequences with MRI but there
is not a single pulse sequence that can meet all the requirements. Three of the pulse
sequences that are commonly used in interventional MRI GRE, b-ssfp, and Turbo

Spin-echo (TSE) are explained more in the following sections.

2.6.1 Gradient-echo (GRE) imaging

Gradient-echo sequence is suitable imaging technology for interventional proce-
dures because of its rapid imaging capability. A sample GRE sequence pulse diagram

is given in figure 2.27.

GRE sequence doesn’t require an RF pulse that would cause a 90° flip. It can
provide good tissue contrast images using lower flip angles therefore, the proton spins
can return to their original longitudinal magnetizations much faster by using lower flip
angle RF pulses. After the RF pulse, first a negative (dephasing) and following that
a positive (rephasing) frequency encoding gradient is applied. The negative frequency
gradient puts the spins out of phase with each other and the positive frequency gradient
puts them back in phase and the signal is obtained. Using a T2* relaxation (transverse
relaxation time resulting from dephasing frequency encoding gradient) instead of T2
relaxation (transverse relaxation time without any external inhomogeneity) is another

factor that makes GRE a rapid imaging sequence.
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Figure 2.27 Gradient-echo pulse sequence diagram.

2.6.2 Balanced steady-state free precession (b-SSFP) imaging

Balanced steady-state free precession sequence is actually another type of Gradient-
echo sequence. In GRE imaging an RF pulse is utilized to flip the proton spins every
repetition time (TR). This RF pulse flips the proton spins to a certain angle. When
the RF pulse stops proton spins start a relaxation period and dephasing between the
proton spins occurs depending on the spatial location of the protons and the gradient
fields that are applied to the protons. Longitudinal and transversal components of the
net magnetization of the proton spin during relaxation and the relaxation times such
as T1 (relaxation time for the spin vector to get back to its original condition) and
T2 (relaxation time for an axial spin vector to get back to its original condition) are
used for creating the MR image. When the TR values are kept short enough so that
consecutive RF pulses hit the proton spins before they could return to their original
magnetization state the net magnetization of the spins can be kept in a steady state
and this is called steady-state free precession. This phenomenon is first introduced
by Carr [120]. Balanced steady-state free precession uses the same phenomenon but

it keeps the net dephasing effect of gradient fields in all 3 axes 0 within each TR. A
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sample pulse diagram of a b-SSFP sequence is given in Figure 2.28.
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Figure 2.28 Balanced steady-state free precession pulse sequence diagram.

As can be seen in Figure 2.28, all three gradients that are applied to the proton
spins are applied again in the opposite direction so that the net effect adds up to 0
in one TR. Using these refocusing gradients provides rapid imaging and also because
gradients refocus in all 3 axes within each TR. b-SSFP sequence provides images that
are more immune to motion artifacts and constant inhomogeneities in the magnetic

field. This immunity makes b-SSFP sequence suitable for cardiac interventions.

2.6.3 Turbo (fast) spin-echo (TSE) imaging

When an RF pulse is supplied to the proton spins, the spins are flipped, resulting
in net magnetization in the transverse plane. As the spins dephase, the net magnetism
in the transverse plane diminishes. This phenomenon is called free induction decay
(FID). If another RF pulse is applied following the first one, de-phased spins can get
in phase again and a spin-echo is produced. In a conventional spin echo sequence, a
180° RF pulse is used following a 90° RF pulse in 1 TR. The 180° second RF pulse

is called the refocusing pulse. Repetition times in the Spin-echo sequences are much
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longer than in the Gradient-echo sequences. Therefore, the SE sequence is much slower

compared to GRE-based sequences.
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Figure 2.29 Turbo spin-echo sequence diagram.

To speed up the spin-echo sequence Hennig et al introduced Rapid Acquisition
with Relaxation Enhancement (RARE) technique [121] which is the technique that
describes the Turbo spin-echo sequence. A sample pulse diagram of a TSE sequence is
given in Figure 2.29. As can be seen in the figure, instead of waiting for the next TR,
multiple refocusing (180°) RF pulses can be applied after a single 90° RF pulse within
1 TR. By applying a different phase encoding gradient for every refocusing RF pulse,
instead of acquiring only 1 line from the image, multiple lines can be acquired in 1 TR.
Although the TSE sequence is still slow compared to GRE-based sequences, TSE can

provide relatively fast and higher-resolution images.

2.7 MRI safety

MRI uses a static strong main magnetic field (B0) and dynamic rapidly changing
electromagnetic fields such as RF pulses that are used for flipping the proton spins and
gradient fields that accomplish the spatial encoding inside the scanner bore, for creating

anatomical images. To avoid potential safety risks that can be caused by the strong
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magnetic fields of MRI for both diagnostic imaging or interventional procedures in the
MRI environment, every tool or object should be carefully inspected and confirmed

that they are either MR-safe or MR-conditional before entering the scanner room.

Items that are labeled as MR-safe don’t create any safety hazards and can safely
be in the MR environment and don’t have any scanning restrictions. Items that are
labeled as MR conditional can only be in the MR environment under specific conditions.
These conditions may restrict the use of the object depending on the object’s distance
from the scanner bore, the static magnetic field of the scanner, specific absorption rate
(SAR), gradient field levels, etc. MR-conditional devices can’t be used in the MRI
environment unless these conditions are met. Items that are labeled as MR-unsafe

can’t be in the MR environment under any conditions.

This chapter will focus on MRI safety of interventional MRI equipment and
safety tests that needs to be performed on an interventional device according to the
safety standards provided by the American Society for Testing and Materials (ASTM).
In the next 2 sections, magnetically induced displacement force testing protocols on
interventional devices and RF-induced heating experiment protocols on electrically
conductive interventional devices are explained in detail according to ASTM F2052-15

[122] and ASTM F2182-19¢2 [123] standards respectively.

MR Safe MR Conditional MR Unsafe

o, ©)

Figure 2.30 MRI safety labels.
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2.7.1 Magnetically induced displacement force and torque measurements

for interventional device safety under MRI

One of the reasons that many commercially available interventional devices that
can be used in X-ray, CT, ultrasound-guided interventions are not safe to use in MRI
environment is that they contain ferromagnetic materials. The strong static magnetic
field (By) of the scanner may induce a force and torque onto the interventional device
and may cause safety problems for both the patient and the physician. In this section
experimental procedures for magnetically induced displacement force and torque mea-
surements are explained in reference to ASTM 2052-15 [122] and ASTMF2213-17 [124]

standards.

The ASTM2052-15 standard claims that the magnetically induced force on a
device should be less than the force applied to the device by gravity or the weight of
the device to minimize the risks that can be caused by the magnetically induced force.
The experiment and the test fixture described in the standard are given in Figure 2.31.
The test fixture should be non-magnetic and strong enough to carry the test sample
and should contain a protractor to measure the deflection angle of the interventional
device when placed in the magnetic environment. The fixture should be placed at the
location where the static magnetic field gradient is the strongest and the interventional
device should be suspended by a string from the fixture. The deflection angle that
is resulted by the magnetically induced force on the interventional device should be
recorded. If the angle is less than 45°, that means the magnetically induced force is
less than the weight of the device and it doesn’t cause any safety hazards concerning

the magnetically induced force.

Similar to magnetically induced displacement force, magnetically induced torque
on the interventional device is compared to the equivalent torque applied by the grav-
itational force to test the safety of the interventional device according to the ASTM

2213-17 standard.

Figure 2.32 shows the test apparatus given in the standard. The non-magnetic
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Figure 2.31 Test fixture for Magnetically induced force measurement [122].

test fixture should be placed where the static magnetic field of the scanner is uniform
(middle of the scanner bore). The torque that is induced by the interventional device
will try to align the long axis of the device with the main magnetic field of the scanner.
The magnetically induced torque is calculated by multiplying the deflection angle mea-
sured on the test fixture and the spring constant (torsional spring). The gravitational
torque induced on the interventional device is calculated by multiplying the weight and

the longest dimension of the device.
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Figure 2.32 Test fixture for Magnetically induced force measurement [124].



45

2.7.2 RF-induced heating measurements for interventional device safety

under MRI

Not containing magnetic materials and not being affected by the static magnetic
field of MRI doesn’t ensure the safety of an interventional device. The dynamically
changing electromagnetic fields (RF pulses and gradient fields) that are used during
a scan can increase the temperature of electrically conductive materials to dangerous
levels by inducing an alternating current on them. There are many parameters that
can affect the level of heating induced on the interventional device such as the length
and the structure of the device, static and dynamic field strengths of the scanner,
the spatial location of the device under MRI, specific absorption rate (SAR) and so
on. In this section experimental procedures of RF-induced heating measurements for

interventional devices are explained briefly in reference to ASTM F2182-19¢2 [123].

The ASTM standard provides a recipe to prepare a gel phantom, to place the
interventional device in it during the RF-induced heating experiments, that mimics
the electrical load of an average human body (conductivity: 0.47 + /- 10% S/m, per-
mittivity: 80 +/-20). The local background SAR is not the same everywhere inside
the phantom therefore, the location of the interventional device inside the gel phantom
should be chosen at a point where the local background SAR is known, and is high
enough to generate a temperature change. The interventional device can be placed
in a location in the gel phantom where the SAR is maximum so that the maximum
temperature rise can be recorded. The standard provides an electric field and SAR
distribution map in the gel phantom for 1.5 T and 3 T MRI (figure 2.33). To avoid RF
coupling the device should also be placed at least 2 cm away from the surface, bottom

or the walls of the phantom container.

3 temperature probes should be placed on the interventional device at points
where the highest temperature change is expected (hot spots of the interventional de-
vice) to record the temperature changes during the experiments. Another temperature
probe should be placed on a 10 c¢m titanium alloy far from the device under test to

record a reference temperature to provide repeatability to the test during the experi-
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Figure 2.33 Simulated electric field distribution (top) and SAR distribution (middle and bottom)
in the gel phantom for 1.5T on the left and 3T on the right [123].

-

ments.

Figure 2.34 shows an example experiment setup showing the device under test
and temperature probe locations. The temperature should be recorded from all 4
probes at the same time. Recording should start at least 30 seconds before the RF
exposure starts and at least 2 minutes after the exposure ends to show that there is
no other source of heating. The temperature rise should be recorded for 15 minutes
during the scan (RF exposure). To eliminate the effect of other parameters from
the temperature recordings, all of the recordings should be normalized to a certain

background SAR value (1W /kg).

The background SAR value of the interventional device location in the gel phan-
tom can be measured by placing the 10cm titanium rod that contains a temperature
probe at the exact same location where the interventional device was placed before.
The temperature should be recorded for 6 minutes while the same RF exposure and
the same scan parameters are used as in previous experiments. Local background SAR
then can be calculated by dividing the temperature change after 6 minutes to 1.30 for

1.5 T and 1.45 for 3 T scanners.
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Figure 2.34 RF induced heating test setup [123].

2.8 Thesis objectives

The aim of this thesis is to develop novel technologies and devices that can be
used for MR-guided biopsies. 3 main objectives of this study are: First, design a small
and compact fiber optic force sensor that could be implemented at the tip of a biopsy
needle that can give the physician tactile feedback and distinguish different tissue types
as it advances inside the anatomy; second, developing a device tracking method using
current controlled conductive ink printed markers to increase the visibility of MR-
safe interventional devices; and third, designing an MR-compatible and visible needle
prototype and a current supply circuit that could work in the MR environment and

test its performance and safety with in-vitro and in-vivo experiments.

Although Interventional MRI is a powerful technology that combines the advan-
tages of minimally invasive procedures with the superior imaging capabilities of MRI,
There is still much room for development in this area as it is explained with more detail
in the background chapter. The 3 main objectives of this study are explained briefly

in the following sections.
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2.8.1 Design and implementation of fiber optic force sensor

In our prior work, we proposed a fiber optic force sensor based on Fabry-Perot
interferometry (FPI) that can measure forces that reach 13 Newtons (N) with a reso-
lution of 0.1 N. In this thesis, an improved version of the fiber optic force sensor was
designed and implemented into an 18-gauge biopsy needle. The range of the force
sensor is improved from 13 N to 20 N and the resolution of the sensor is improved
from 0.1 N to 0.03 N. The sensor’s performance was tested with benchtop experiments
and in-vitro experiments under MRI using a prostate phantom that contains Tumor
mimicking lesions. The sensor’s capability to distinguish different tissue types is tested
via further benchtop experiments using different tissue types such as chicken breast,
meat, or bovine fat tissues. It was shown that the sensor-implemented biopsy nee-
dle is capable of measuring the applied axial forces to the needle tip accurately and

distinguishing different tissue types while needle insertion.

2.8.2 Quantitative analysis of current controlled tracking markers using 3

different sequences

Using the 4-axis conductive ink printer system that was designed by our group
previously, solenoid coil markers were designed and printed on heat-shrink tubes using
conductive ink to be placed on interventional devices for device tracking during MR-
guided interventions. The heat-shrink tubes that contain solenoid markers were placed
on an MR-safe interventional device mimicking test samples and the markers made
visible in MR images via generating external local magnetic fields by applying current
to the markers using GRE, b-SSFP and TSE sequences. The performance of the
markers was tested under 0.55 T and 1.5 T MRI and, an elaborate analysis of current
types (AC/DC) and parameters (amplitude, frequency) that would result in the most
conspicuous marker artifacts were determined via in-vitro experiments under 0.55 T
MRI for all of the 3 sequences. The capability of the introduced device tracking method
to make MR-safe custom or commercial interventional tools visible and trackable under

MRI was tested with further in-vitro experiments.
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2.8.3 Custom MR-compatible needle prototype and current supply circuit

design

A custom MR~compatible nitinol needle prototype was designed, and conductive
ink printed tracking markers were implemented on the needle prototype. A signal gen-
erator current supply circuit that could work in the MR environment without disrupting
the MR image or causing any safety problems was designed next. The performance
of the current supply circuit and the visibility performance of the needle were tested
under 0.55 T and 1.5 T MRI while using all 3 aforementioned sequences via in-vitro ex-
periments. RF-induced heating tests to ensure the safety of the needle were performed
under 0.55 T. Finally, an animal experiment was performed to test the visibility of the

needle in-vivo under 0.55 T MRI using b-SSFP sequence.

2.9 Thesis outline

In Chapter 1 a short introduction and motivation of this thesis study is given.
In Chapter 2 background information and a literature review about image-guided mini-
mally invasive interventions, working principles of MRI, MRI-guided biopsy procedures,
the importance of needle tip force feedback, conventional electrical and fiber optic force
sensors, and fiber optic interferometry types, conventional device tracking technologies
for interventional MRI and device tracking by DC applied markers, Pulse sequences

for interventional MRI and MR safety concerning interventional devices are explained.

In Chapter 3, Fabry-Perot interferometry-based fiber optic sensor with enhanced
force range and resolution for needle tip force feedback is introduced. Design and fab-
rication steps are explained. The performance of the sensor is shown in the experiment
results. In Chapter 4 conductive ink printed marker design is introduced and quanti-
tative analysis is performed about the applied current type and parameters that would
result in high conspicuity under MRI for GRE, b-SSFP, and TSE sequences. The per-
formance of the markers is shown with the in-vitro experiment results. In Chapter

5 the implementation of conductive ink printed markers to a custom-designed nitinol
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needle prototype and the design of a current supply circuit that could work in the MR
environment are described. The performance of both the needle and the current supply

circuit is shown via in-vitro and in-vivo experiments.

In chapter 6 an overall general conclusion, discussion and future work are dis-

cussed.
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3. OPTICAL FORCE SENSOR WITH ENHANCED
RESOLUTION FOR MRI-GUIDED BIOPSY

3.1 Introduction

With benefits including reduced postoperative discomfort, recovery time, in-
fection risk, and total cost of medical care, image-guided minimally invasive treat-
ments are growing in popularity over traditional open surgical approaches [125]-[126].
Due to MRI’s excellent soft tissue contrast, 3D anatomical imaging capability, and
radiation-free mechanism [127]-[129], performing minimally invasive procedures under
this technology improves the overall operation process. However, a physician’s skills
and experience play an important role in the success of the operation [130]. Especially,
handling interventional medical devices, such as biopsy needles, professionally during
minimally invasive operations can take many years of practice. Applying improper
force to the needles during minimally invasive procedures may cause flawed operations,

necrosis, infection, and scarring [131].

In order to manage the targeting, guiding, and manipulation of the biopsy nee-
dle, it is beneficial to include a small profile force sensor at the distal end of a needle
during MRI-assisted biopsy procedures [132]. This results in a safer and more precise
biopsy procedure. Due to its dielectric nature, chemical inertness, and nontoxicity [86],
Fabry-Perot Interferometry (FPI) based fiber optic sensors are safe for clinical usage,
MRI compatible, and an excellent choice for needle tip force measurements during

MRI-guided biopsy operations.

In theory, an FPI sensor could be created by securing two distinct optical fibers
at certain intervals inside a rigid chamber. Two mirror surfaces (R1 and R2) reflect back
small portions of the transmitted light at the sensor probe, producing an interference
pattern. When an axial force is applied to the sensor tip, the air cavity length between

the two optical fibers varies, altering the optical path of the second reflected light beam
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(R2) and the interference pattern’s light intensity (Figure 3.1-a). Figure 3.1-b shows
the interference pattern’s change in relation to the variation in cavity length. At the
selected linear segment of the interference pattern, a correlation between the applied

force and the light intensity signal may be observed.
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Figure 3.1 a. FPI-based sensor b. Light intensity of the interference pattern with respect to
reflected light beam path difference.

Minimally invasive procedures that require high sensitivity and accuracy, such
as epidural needle injections or biopsy operations, might include potential needle de-
flections because of the various mechanical properties of various tissue types, which
can result in safety risks or false negative findings. The success and safety of the pro-
cedures can both be enhanced by the real-time assessment of needle tip force during
needle insertion. On top of that, needle tip force measurement enables differentiation

between tissues of varying stiffness, such as benign and malignant tumorous tissues.

3.2 Methods

3.2.1 Sensor probe design and fabrication

The Design of the FPI-based fiber optic sensor probe is given in Figure 3.2.
Polished end surfaces of a single-mode optical fiber (transmitting fiber, 125 ym cladding
diameter) and a multimode optical fiber (reflecting fiber, 400 pum cladding diameter)
fixed inside of a glass capillary to form two mirror surfaces necessary for FPI-based
force sensing via reflected light beams. Two optical fibers are fixed inside the glass

tube by applying UV curable adhesives through the micro holes on the glass, forming
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an air cavity between them. The air cavity creates a path difference between the two

reflected light beams and hence forms an interference pattern.

multi-mode fiber

single-mode fiber

Borosilicate _
glass micro-holes

Figure 3.2 Custom fiber optic force sensor probe design using Fabry-Perot interferometry.

Through the placement of micro-hole anchoring points, this innovative sensor
probe design enables us to specify the maximum force range. We can also improve
the signal-to-noise ratio (SNR) performance by capturing the light reflected from the
multimode fiber’s broad mirror surface. The gauge length, which is determined by the
micro-holes created on the glass capillary, is the distance between the fixing points of
two mirror surfaces to the glass tube. The relationship between the gauge length and
the usable force range of the manufactured sensor probe is shown in Eq. 3.1 given

below.

ALc=F-(1—=2u)-Lg/En(r: —r?) (3.1)

In equation 3.1, AL¢ is the cavity length between two mirror surfaces, F is
the applied force, u is the poisons ratio, L is the gauge length (distance between two

micro-holes), E is the elastic modulus of the glass tube, r, and r; are the outer and



o4

inner diameter of the glass tube respectively.

Only 4% of the exposed light beam reflects back from a polished bare fiber
surface [133]. Using a multimode fiber with a larger reflective surface as the secondary
optical fiber helps obtaining the maximum possible SNR but it does not increase the
signal intensity. Increasing the light intensity of the secondary reflected light can result
in a higher intensity of the interference pattern and hence a higher SNR. It is shown
that one efficient method for improving the resolution through greater reflected light
intensity is to coat the multimode fiber with a material of higher reflectivity, such as
titanium (T1i), aluminum (Al), or magnesium (Mg) in Figure 3.3-b. Figure 3.3 shows
Titanium coated multi-mode fiber surface and the light intensity of the interference
pattern with regard to the cavity length change between the two fibers for bare fiber
and Ti or Mg-coated multimode fibers. The sensor probe with the multimode fiber

coated with titanium produces the highest intensity reflected light.

b) 55 Voltage vs Caviy Length

[ I

""" Bare fiber
---Magnesium
& —Titanium

Voltage(V)
&

0 0.5 1 15 2 25 3 35 4 45 5
Cavity Length(pm)
Fig. . Light interference patterns of FPI probes

Figure 3.3 a. Titanium coated multi-mode fiber surface b. The effect of cavity length on the
light intensity of interference patterns using bare fiber, Magnesium coated, and Titanium coated
multi-mode fibers as the secondary mirror surfaces.

Figure 3.4 shows the fabrication steps of the fiber optic sensor probe and the
integration of the sensor probe into the biopsy needle at the needle tip. As the first
step of the sensor fabrication, A C'O, laser engraver system (Epilog Helix Laser) was
used for cutting a 4 mm long glass tube (outer diameter (OD): 0.7 mm, inner diameter
(ID): 0.5 mm) and forming 0.1 mm diameter micro-holes on the glass surface as shown
in figure 3.4-a. To increase the reflectivity of the multi-mode fiber end surface, after

polishing the muti-mode fiber it was coated with titanium using sputtering method.
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The polished surface of the multi-mode fiber is shown in figure 3.4-b. As the next step
multi-mode fiber was placed inside the glass capillary tube and fixed to the borosilicate

glass by applying UV-curable adhesive through one of the micro-holes.

Figure 3.4 a. Micro-hole formation on the borosilicate glass tube. b. Ti-coated multi-mode fiber
surface. c. Placing and fixing the multi-mode fiber in a glass tube by applying UV curable adhesive
through the micro-hole. d. Placing and fixing the single-mode fiber in the glass tube by applying UV
curable adhesive through micro-hole e-f. integration of the sensor probe into the biopsy needle.

The glass tube with multi-mode fiber fixed inside of it is shown in figure 3.4-c.
The single-mode optical fiber that will carry the light from the laser source to the
sensor probe was placed inside the glass tube from the other side of the glass and fixed
at a position leaving a small cavity between two fiber surfaces by applying UV curable
adhesive through the second micro-hole. The glass tube with 2 fibers with a cavity

length between them is shown in figure 3.4-d. Finally, the sensor probe was inserted
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into the nitinol biopsy needle and placed and fixed at the needle tip using UV curable

adhesive. Figure 3.4-e and f shows the sensor position at the needle tip.

3.2.2 Optical setup of the fiber optic force sensor

The optical setup for measuring the needle tip force is given in figure 3.5. The
optical setup is composed of, a laser driver circuit (Thorlabs Ek1101), a laser diode
(Thorlabs LP635-SF8), an optical cage that contains 2 fiber collimators, a beam splitter
and a photodetector (Thorlabs APD), a micro controller (Texas Instruments MSP 430),

and finally a laptop for monitoring.

Laser driver
—_.# ’&\
J

Laser diode

Mlcrocontrolle

Optical cage

single-mode fiber

Borosilicate glass

Needle micro-holes

Figure 3.5 Optical setup for force measurements using fiber optic sensor.

A coherent light beam with 635 nm wavelength is supplied by the laser diode
which is driven with the laser driver. The laser light passes through the first collimator
of the optical cage and the light that passes through the beam splitter enters into the
first optical fiber of the sensor probe via the second fiber collimator. The light beams
travel to the sensor probe and a fraction of transmitted light beam reflects back from 2

mirror surfaces. Reflected light beams return to the beam splitter passing through the
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second fiber collimator. Half of the returning light reflects 90° by the beam splitter and
falls on the photodetector. The photodetector transforms the light into voltage and
transfers the light intensity signal to the microcontroller. The microcontroller converts
the analog signal to digital and sends it to the PC via serial port communication. The
signal is read from the serial port using MATLAB software (Mathworks) and the signal
is recorded and plotted in real time using MATLAB software.

3.2.3 Benchtop experiments

Benchtop studies were performed to test the functionality of the biopsy needle
that is integrated with the custom-designed FPI-based fiber optic force sensor. By com-
paring the responses of the FPI-based force sensor with commercial tension /compression
test equipment (LF-Plus, Lloyd Instruments Ltd.) against an applied axial force, The
maximum force value that can be measured with the sensor probe and the resolution

of the FPI force sensor were determined with benchtop experiments.

Figure 3.6 Benchtop needle insertion experimental setup with different tissue types.

After determining the range and resolution of the sensor, the fiber optic force
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sensor’s capability of distinguishing different tissues was tested during needle insertion
using tissue types with different stiffness. Beef, chicken breast, and bovine fat tissues
were used for this experiment. The biopsy needle that contains the FPI-based sensor at
the needle tip was integrated into the commercial tension/compression test equipment.
The needle was inserted into the tissue samples at a constant speed using the compres-
sion feature of the test equipment making a vertical angle with the samples. The force
measurements are recorded with both the tension-compression test equipment and the
optical setup of the FPI-based force sensor. The experimental setup is shown in Figure
3.6. To see the effect of increasing the sensor resolution via increasing the reflectivity of
multimode fiber by titanium coating, the same experiment was repeated using another
biopsy needle that contains an FPI sensor that is designed using a bare multi-mode

fiber instead of a titanium-coated one.

Initial benchtop needle insertion tests were performed using beef, chicken breast,
and fat tissues representing different tissue stiffness levels. Next, to test the FPI-based
force sensor’s capability to measure the stiffness gelatin samples with different stiffness
levels were prepared using gelatin powder. Gelatin samples with 5 different stiffness
levels were prepared by mixing gelatin powder with water in 5 different concentrations.
The stiffness levels of the gelatin samples were measured using the tension-compression
test equipment. Gelatin concentrations of the samples and the mean elastic modulus
values of the samples are given in Table 3.1 below. The stiffness detection performance
of the force sensor was tested by inserting the biopsy needle into the gelatin samples

and recording the insertion force measurements.

Table 3.1
Stiffness values of gelatine phantoms

Gelatin concentrations (kg/L) | Bloom value of gelatin powder | Mean elasticity (kPa)

0.08 100 19.2
0.12 100 34.3
0.08 200 49.9
0.12 200 91.6

0.2 200 210.7
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3.2.4 Experiments under MRI

The performance of the FPI-based force sensor integrated biopsy needle was
tested under MRI (3T Siemens Magnetom Trio). A commercially available prostate
phantom (CIRS Prostate Phantom Model 070L) that contains tumor-mimicking lesions
was used as the test sample. A hydraulic custom-designed prostate biopsy robot that
was designed by our group for another project was used for inserting the needle into

the prostate phantom at a constant speed from the scanner control room.

Figure 3.7 In-vitro experimental setup under MRI.
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The experimental setup for the in-vitro MRI experiment is given in Figure 3.7.
MRI compatibility of the biopsy needles with integrated sensors, their performance,
and their response against the applied axial force during the penetration into the
prostate phantom was tested using the experimental setup. For the experiment, the
prostate phantom was placed inside of a head coil on the patient table under MRI. The
MR-compatible prostate biopsy robot was placed and stabilized on the patient table
behind the phantom. FPI-based force sensor integrated biopsy needle is placed on the
prostate biopsy robot and inserted in the prostate phantom in 3 steps by guiding the
needle with respect to the MR images. In the first step, the needle is inserted into the
phantom through the outer layer of the phantom. in the second step, the needle is
further advanced and inserted into the lesion inside the phantom. Finally, in the 3rd
step, the needle was further advanced and exited the lesion. The MR images and the

force measurements were recorded during these 3 steps.

3.3 Results

Figure 3.8 illustrates the response of the FPI-based fiber optic force sensor
incorporated into a biopsy needle to an axial force when the needle is pushed against
a stiff surface. It can be shown that the custom-designed sensor correctly senses the
applied force and reacts to the small force changes accurately. In Figure 3.8-a. it is
shown that the maximum force that can be measured is discovered to be 20 N. In
Figure 3.8-b. the resolution of the sensor is discovered to be 0.03N by coating the

multi-mode fiber with titanium and improving the sensor’s SNR.

Benchtop studies utilizing beef, chicken breast, and bovine fat tissues are used to
examine how biopsy needles with integrated custom-designed FPI-based force sensors
respond to various types of tissues. Figure 3.9 compares the responses of the high-
resolution sensor probe, which is built using a titanium-coated multimode fiber as
the secondary mirror surface, and the sensor probe which is designed using a bare

multimode fiber as the secondary mirror surface.
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A High-resolution Ti coated sensor provides a greater SNR even though both
FPI sensor probes can detect needle penetration into beef and chicken breast tissues.
As a result, using a sensor probe with a Ti coating makes measuring stiffness and
distinguishing different tissue types easier and more precise. While the Ti-coated sensor
probe is producing a discernible reaction to it, bovine fat tissue, which has a lower
elastic modulus than beef and chicken breast, could not elicit a response on the bare

fiber sensor probe during needle insertion.
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Figure 3.9 Fiber optic force sensor response to different tissue types using Titanium coated and
bare multimode fibers .

Further experiments were performed with the high-resolution Ti-coated sensor
probe, to test its capability to detect stiffness, utilizing prepared gelatin samples that
mimicked different tissue types that have different stiffness and various elastic moduli.
Figure 3.10 shows the sensor’s response plot to a 210.7 kPa gelatin sample during needle
penetration. Table 3.2 shows the response of the fiber optic force sensor during needle
insertion into the gelatin samples with different elastic modulus values from 19.2 kPa
(kilo pascal) to 210.7 kPa. It can be seen that the high-resolution force sensor can

successfully detect the stiffness of a sample.

Figure 3.11 shows the high-resolution FPI based sensor response during needle
insertion into the commercial prostate phantom under MRI. During the experiment,
the needle was inserted into the prostate phantom in three steps by advancing the
needle at a constant speed using the MR-compatible prostate biopsy robot. In the

first step, the needle was inserted into the phantom’s outer layer. (Outer layer of



63

High Resolution Sensor Response
5 to 126.7 kPa Gelatin Sample

S 5|
s 2
(=)
S
15
S
T —
1 L
0 20 40 60

Time(Second)

Figure 3.10 Ti-coated sensor response to 210.7 kPa gelatine sample

Table 3.2
High resolution sensor response during needle insertion into gelatin samples

Gelatin sample number | Elastic modulus (kPa) Sensor response (V)
1 19.2 0.09
2 34.3 0.19
3 49.9 0.26
4 91.6 0.37
5 210.7 1.03

the phantom mimics the skin) MR image of the biopsy needle that is inserted into
the outer layer of the prostate phantom is given on the left and the sensor’s response
during the needle insertion is given below. In the second step, the needle is advanced
further to the lesion in the prostate. MR image of the biopsy needle inserted into the
lesion inside the prostate is given in the middle and the sensor response is given below
the corresponding MR image. In the third step, the needle advanced in the phantom
further and exited the lesion. MR image of the third step is given on the right and
the sensor response of this step is given below the corresponding MR image. As can
be seen in Figure 3.11 the needle tip force sensor was able to successfully detect all
3 steps during needle insertion. MRI compatibility of the biopsy needle and the fiber

optic sensor was also tested this way. It was seen that the nitinol biopsy needle and
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the fiber optic force sensor were not affected by the high magnetic field environment

of the MRI and don’t generate any image degradation.
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Figure 3.11 MR image and sensor response during needle insertion into the prostate phantom with
lesions in three steps

3.4 Conclusion

In this study, we introduced Titanium coated and bigger diameter multi-mode
fiber into the sensor cavity to increase the force measurement range and resolution
of our Fabry-Perot interferometry-based fiber optic force sensor. An 18-gauge MR-
compatible biopsy needle was integrated with the novel sensor. The needle was shown
to be capable of detecting needle insertions, peaks, tiny fluctuations in applied force,
discriminating between different tissue types, and potential needle deflections in real-
time during benchtop and phantom MRI experiments. The new FPI-based force sensors

in the custom-designed biopsy needles can detect contact forces up to 20 N. The sensor
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with Ti coating on the second reflecting surface of the multimode fiber was found to

have an enhanced resolution of 0.03N.

3.5 Discussion

By combining MRI’s excellent soft tissue contrast with the capacity to measure
force applied to the needle tip, biopsy needles with force feedback capability could
potentially be used to increase both the accuracy and safety of MRI-guided minimally
invasive procedures, particularly biopsies. As an ideal candidate for force measurement
applications for MRI-guided procedures, FPI-based sensors are compact, biocompati-

ble, and resistant to electromagnetic and RF interferences.

Our team has demonstrated that a biopsy needle equipped with an integrated
FPI-based force sensor is capable of measuring applied axial forces up to 13 N at
the needle tip with a resolution of 0.1 N in our earlier work [134|. To reduce signal
losses caused by angle mismatches between the two reflecting surfaces and to provide
a simpler manufacturing procedure, we have chosen a bigger diameter multimode fiber
as the second reflective surface of the FPI cavity in this study. By varying the spacing
between the micro-holes on the glass capillary, we are able to determine the force range

of the sensor using our novel sensor probe design.

In order to create a sensor probe with a greater resolution, the new sensor design
incorporates a Ti coating on the multimode fiber’s reflecting surface. The enhanced
sensor probe was demonstrated to be capable of detecting force changes as small as

0.03 N during in vitro studies and measuring contact forces up to 20 N.

Improved resolution force sensing biopsy needles can distinguish between tissues
with varying degrees of stiffness, as demonstrated by in vitro tests. When the sensor
was inserted into beef, chicken breast, or bovine fat tissues, the response of the sensor
differs with respect to the tissue’s stiffness. Additionally, it was discovered that the

sensor’s reaction to the gelatin samples was consistent with the samples’ elastic moduli.



66

Table 3.3
Stiffness values of benign and malignant breast and prostate tissues from previous studies.

Study Benign tissue (kPa) Malignant tissue (kPa) | Tissue type
Evans et al. [135] 40 153 Breast
Bayat et al. [136] 30.18 90.66 Breast
Athanasiou et al. [137] 45.3 146.3 Breast
Krouskop et al. [13§] 36 100 Prostate
Barr et al. [139] 21.2 58 Prostate
Ahmad et al. [140] 74.9 133.7 Prostate

Given that the mechanical properties of malignant and benign tumorous tissues,
or healthy tissues, differ, biopsy needles with high-resolution force sensing capability
have a great potential to be used for cancer diagnosis without requiring any biopsy
procedures at all. Table 3.3 shows the elastic modulus values of healthy and tumorous
prostate and breast tissue samples from the literature. It can clearly be seen from the
table that there is a significant difference in the mechanical properties of malignant
and benign tissue samples. Being able to perform cancer detection without needing a
biopsy sample can be very important because cutting a piece of a tissue sample during
biopsy might spread the tumorous tissue cells to the bloodstream [141],[142|. The risk
of transferring tumorous tissue cells to the bloodstream during a biopsy operation may
be greatly decreased by the stiffness detection approach that has been established using

FPI-based force sensing.
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4. ANALYSIS ON CURRENT CONTROLLED MARKER
INHOMOGENEITIES FOR DEVICE TRACKING UNDER
MRI

4.1 Introduction

iMRI is a powerful technique that combines the advantages of minimally invasive
procedures with the exceptional imaging capabilities of MRI, such as superior soft tissue
contrast, real-time imaging with high signal-to-noise ratio (SNR), multi-planar imaging,
and an ionizing radiation-free environment [22]-|27]. Using this technology, clinicians
may perform a variety of image-guided procedures, including biopsies [46],[143],[144],
ablations [145], and catheter-based therapies [146]-[148|, with more precision and accu-
racy than traditional approaches. However, due to the safety issues associated with the
high magnetic field environment of MRI and radiofrequency (RF) generated heating on
elongated metallic interventional equipment [149]-[152|, the use of standard interven-
tional equipment under MRI is substantially limited. Furthermore, the poor visibility
of MR-safe interventional equipment, as well as the limited workspace and mobility

provided by MRI, might have an impact on operation success [153|-[155].

Improvements in MRI technology began to address some of these issues, mak-
ing MRI a more appropriate imaging medium for real-time interventional operations.
Despite having a lower SNR than high-field standard MRI scanners, low-field and open
bore MRI scanners can enhance iMRI therapies. Reduced magnetic field intensity ne-
cessitates less shielding and lowers RF-induced heating as well as picture distortions
generated by metallic devices [156],[157]. An open bore allows clinicians additional
freedom to handle the interventional instruments during procedures [144|. Designing
visible and safe interventional instruments is another problem of this profession, even
though MRI is becoming a more accessible and appropriate imaging modality for in-
terventional operations every day. To address this issue and improve the visibility of

MR-compatible non-magnetic materials, tracking markers are being employed.
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Passive markers [107],[109],[110], active markers [111],[112],[158],[159], and semi-
active (resonant) markers [114]-[116],[160] are the three types of fiducial markers that
have been investigated often in the literature. Winding a conductive wire on the
interventional device and delivering direct current (DC) to the wire is another technique
for interventional device tracking under MRI [117]. By disturbing the homogeneity
of the MRI’s magnetic field, the external magnetic field created by the applied DC
generates a negative contrast close to the conducting wire. The size of the marker
artifacts could be changed by adjusting the applied current, which is a significant
benefit over passive markers. Furthermore, unlike active markers, this technique does
not require extra software or device-specific hardware, nor does it necessitate a low
flip-angle scan or be in resonance with the MRI scanner’s Larmor frequency, unlike

semi-active markers.

Glowinski et al. [117] demonstrated that by providing a continuous DC and
therefore interrupting the B0 field while employing a Gradient-echo (GRE) sequence,
this approach could be utilized for catheter tracking, and Eibofner et al. To lessen
the refocusing impact of Spin-echo (SE) [118] and Balanced Steady State Free Preces-
sion (b-SSFP) [119] sequences on continuous inhomogeneities, used transient DC while

employing these sequences for device tracking.

The aim of this chapter is to demonstrate that current applied conductive ink-
printed coil markers, rather than wires, can be used for device tracking in all three
sequences mentioned above (GRE, b-SSFP, TSE), as well as to conduct a detailed
analysis of the effect of applied current type (DC or AC) and parameters (amplitude,
frequency, trigger timing with respect to the scan pulse sequence) on tracking marker

performance without any image postprocessing.
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4.2 Methods

4.2.1 Conductive ink printed solenoid coil design

A 4-axis conductive ink printer system that was built in our earlier work [28]
was used for drawing solenoid coils, to be used as current controlled device tracking
markers, on polyester heat shrink tubes (103-0580, Nordson Medical, NH, wall thickness
= 0.0006") using silver conductive ink (AG-500, Kayaku Advanced Materials, MA).
The 4-axis conductive ink printer system is shown in Figure 4.1. Preliminary solenoid
coil designs printed using conductive ink using the conductive ink printer system on

Peebax tubes are shown in Figure 4.2.

Automated
Ink Dispenser

Rotary Axis =

4-Axis CNC Inline Pressure
System Sensor

Figure 4.1 4-axis conductive ink printer system [28]

25 mm apart, 5mm long 3 solenoid coils that have 10 turns, 0.2 mm coil pitch,
0.3 mm line width and 0.02 mm line thickness are printed on each heat-shrink tube.
The conductive ink printed solenoid coil design is shown in figure 4.3-b. 3 layers
of heat-shrink tubes are sleeved and shrunk (hot air station 210-A BEAHM Design
inc.) on 6 French (Fr) PEEK rod, shown in figure 4.3-a, that is nearly invisible under
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Figure 4.2 Conductive ink printed solenoid coil trials using 4-axis conductive ink printer.
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Figure 4.3 a. Peek rod test sample that contains 3 layers of polyester heat-shrink tubes with solenoid
coil markers b. Solenoid coil marker printed polyester heat-shrink tube c. Commercially available
flush pigtail catheter d. Commercially available catheter with a solenoid coil marker..

MRI, mimicking an MR-safe interventional tool. Both the first and the second layers
of heat-shrink tubes contain 3 coils that are aligned on top of each other to form
the 3 markers. Two layers are electrically connected to each other at the distal tip
with silver conductive ink completing the fiducial marker circuitry. Inner and outer
conductors of a coaxial cable (9436- WHO033, Alpha Wire, NJ) are connected to the
fiducial marker circuit from the proximal end of first and second layers respectively. A
male mmcx connector was soldered to the proximal end of the coaxial cable, terminating
the circuitry for an easy connection to a current supply. A final and a third layer of
heat shrink tube placed on the test sample to completely insulate the marker circuit

from its surroundings
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Another test sample is prepared using a commercially available 5 Fr. flush
pigtail catheter (Boston Scientific Imager II M001315230) shown in figure 4.3-c to
test the capability of current applied conductive ink printed markers to increase the
visibility of commercial MR-compatible interventional tools under MRI. Heat-shrink
tubes that contain only 1 marker that is placed at the base of the pigtail of the catheter
were used to prepare the catheter sample (figure 4.3-d). The same remaining steps were

followed to finalize the sample.

4.2.2 Experimental setup

The experimental setup that was used to test the performance of conductive ink-
printed markers under MRI and analyze the effect of current parameters on marker
artifacts for 3 different sequences (GRE, TSE, and b-SSFP) is given in Figure 4.4.
The test sample, which was prepared using the PEEK rod, was placed inside of a gel
phantom, that was prepared following the instructions in ASTM F2182 standard [123],
at the isocenter of the scanner making a 45° angle with the main magnetic field (By) on
the XY plane. The current was supplied to the markers either by a DC power supply
or a waveform generator from the control room and a reed relay was used when it was
needed to trigger the supply current at specific times with respect to the sequence pulse

diagrams.

The same experimental setup was used for the commercially available MR-
compatible flush pigtail catheter test sample. The only difference was that the catheter
sample was placed in the gel phantom parallel with the main magnetic field instead of

making a 45°.

4.2.3 In-vitro experiments

The visibility of both the PEEK rod test sample that contains 3 solenoid coil

markers and the commercially available catheter sample that contains 1 solenoid coil
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Figure 4.4 Diagram of the experimental setup for in-vitro MRI experiments.

marker were tested under a high performance 0.55 T (prototype Magnetom Aera,
Siemens Healthcare, Erlangen, Germany) and 1.5 T (Siemens Magnetom Aera, Siemens

Healthcare, Erlangen, Germany) scanners using GRE, b-SSFP and TSE sequences.

For each of the given 3 sequences the effect of applied current type (AC or DC)
and applied current parameters such as amplitude and frequency on generated marker
artifact sizes are tested and determined using the PEEK rod test sample under high
performance 0.55 T scanner. After determining the optimum current type and cur-
rent parameters for each sequence, the visibility of the commercially available catheter
sample was tested under both 0.55 T and 1.5 T scanners using the determined cur-
rent parameters. Sizes of the marker artifacts were measured and compared using a
DICOM imaging software (MicroDICOM) with respect to current parameters such as

amplitude and frequency.

MR compatibility of the commercially available pigtail flush catheter was tested
under MRI by performing an RF-induced heating experiment, a magnetically induced
force experiment, and an artifact experiment before placing the conductive ink-printed
solenoid coil on the catheter. RF-induced heating experiment, artifact experiment,
and visibility tests are all performed in the ASTM gel phantom. Opsens fiber optic

temperature probe (OTG-M170) and Tempsens multi-channel signal conditioner were
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used for temperature readings and recordings during RF-induced heating tests. A
polyimide port(ID:0.001", length: 100 cm) was fixed to the catheter under test using
one-inch-long heat shrink tubes at 5-inch intervals. It was made certain that the
polyimide ports are in contact with the catheter at the catheter tip (potential hotspot
on the catheter).

The catheter with a polyimide port was aligned parallel to the main magnetic
field and placed in a high SAR spot in the ASTM gel phantom under MRI. The fiber-
optic temperature probe was first advanced maximally to the distal tip of the polyimide
port. the fiber optic probe was withdrawn manually at a constant speed to obtain a
longitudinal temperature profile during a 75° flip-angle scan using an interactive b-
SSFP sequence. The spot that heats up the most on the catheter (the hot spot of the
catheter) was determined by manually advancing and withdrawing the temperature
probe in the polyimide port with respect to the temperature readings during the MRI
scan. The temperature change was recorded at the hot spot for 90 seconds during the
scan with 75, 65, and 45 degrees flip angles. Finally, the temperature was recorded for
15 minutes during the scan with 75° flip angle to see the maximum temperature rise

in the worst case scenario.

The magnetically induced force experiment was performed using the experimen-
tal apparatus, given in Figure 4.5, which consisted of a paper protractor placed on an
acrylic stand. A brass threaded rod was screwed into the top support and pierced
through the paper protractor. The protractor was positioned such that the 90° mark
was vertical. The guidewire was coiled into a 15 ¢cm diameter coil and suspended from
the brass rod such that it was free to swing. The apparatus was placed on the patient
table of a 0.55 T MRI scanner such that the distance from the isocenter to the center
of the apparatus was 85 c¢m in the z-direction. This was as close to the isocenter as
the apparatus could be placed due to size constraints in the bore. The deflection angle
reading on the paper protractor was recorded which is the result of the magnetically

induced force on the catheter.

Induced currents on the metallic braidings of catheters or other materials on



74

the catheters, during RF excitations due to E-field coupling can lead to artifacts in
the close vicinity of the catheters. using spin echo imaging bright signal artifact sizes
are measured and using gradient echo sequence signal void artifact sizes are measured
when the catheter was placed inside of a copper-sulfate (CuSO4) phantom both parallel

and perpendicular to Bj.

Figure 4.5 Magnetically induced force measurement test setup.

After completing MR-compatibility tests of the commercially available catheter
sample, the experimental setup given in Figure 4.4 was prepared under the 0.55 T
scanner, and the visibility of the PEEK rod test sample is evaluated by applying a
25 mA continuous DC and + /- 25 mA continuous AC to the coil markers while using
a GRE sequence as a start. The size of the generated marker artifacts is compared.
The artifact size control via adjusting the applied current amplitude was tested by
comparison between the artifact sizes with respect to the applied current amplitude.
The parameters of the GRE sequence were: TE (echo time)/TR (repetition time) =
10 ms/100 ms, BW (bandwidth) = 260 Hz/px, slice thickness = 3mm, matrix size =
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256x256, field of view = 400x400 mm?.

Next, the performance of the conductive ink-printed markers was tested using
a b-SSFP sequence. To test the effect of the applied current type on marker artifacts
in a b-SSFP sequence and a transient inhomogeneity in the magnetic field instead
of a continuous one, 20 mA DC and then +/- 20 mA AC Finally, to test the signal
frequency with respect to the repetition time of the sequence, a continuous AC signal
with different frequency values (10 Hz - 800 Hz with 10 Hz increments) was applied to
the markers. Images were recorded and artifact sizes were compared with respect to
different current types and parameters. The parameters of the b-SSFP sequence were:
TE/TR = 1.5/3 ms, 2/4 ms, 2.5/5 ms (Three different scans with different TE and
TR values were used to test the relationship between the repetition frequency of the
sequence and the frequency of the applied AC signal), BW = 235 Hz/px, slice thickness
— 8mm, matrix size = 240x158, the field of view = 399x399 mm?. was applied to the
coil markers only during the readout period of the sequence by triggering the applied
current with the reed relay first. After that, to test the effect of the current amplitude
on marker artifacts a continuous AC signal with different amplitudes was applied to

the markers.

As a third step current applied marker artifacts are evaluated using a t2-weighted
turbo spin-echo (T'SE) sequence with respect to the applied current type (AC or DC)
and parameters. Images were recorded and artifact sizes were compared to determine
the optimum parameters for the highest conspicuity. The parameters of the TSE
sequence were: TE/TR = 75/4000 ms, BW = 95 Hz/px, slice thickness = 3mm,
matrix size = 448x336, field of view = 340x340 mm?2.

After determining the effect of the current type and parameters on marker vis-
ibility for each sequence, visibility of commercial 5 Fr. pigtail catheter that contains
a conductive ink printed marker (Boston Scientific Imager II M001315230) was tested
under 0.55T scanner for all 3 sequences. Finally, the visibility of both the 5 Fr. pig-
tail catheter and 6 Fr. Peek rod is tested under 1.5 T scanner. The marker images

were recorded for all 3 sequences under 1.5 T scanner to show the capability of cur-
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rent applied conductive ink-printed markers to work under MRI scanners with different

magnetic strengths.

4.3 Results

The results of MR~-compatibility experiments performed under high performance
0.55 T scanner are given in Figure 4.6 and Figure 4.7. Figure 4.6 shows the 90-second
heating recordings from the hotspot of the commercial catheter during interactive b-
SSFP scans with 75°, 65°, and 45° flip angles and a 15-minute long interactive b-SSFP
scan with 75° flip angle. Temperature changes for 90-second scans are recorded as
0.69°C, 0.65°C, and 0.48°C for 75°, 65°, and 45° flip angles respectively. After the

15-minute long scan, a 1.31°C' temperature rise was recorded.
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Figure 4.6 RF induced heating experiments of the commercially available catheter (Boston Scientific
Pigtail Flush catheter).

Figure 4.7 shows Gradient-echo and Spin-echo artifact images of the commercial

catheter when the catheter is parallel to the main magnetic field and vertical to the
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main magnetic field. No artifact formation was observed when the catheter was parallel
to the main magnetic field and artifacts with 1.8 mm and 6.2 mm sizes were observed
when the catheter was placed perpendicular to the main magnetic field for SE and

GRE images respectively.

Figure 4.7 Artifact experiments of the commercially available catheter (Boston Scientific Pigtail
Flush catheter) a. Spin-echo image b. Gradient-echo image.

In Figure 4.8, a sample GRE pulse sequence diagram and below the diagram
2 different current types that were applied to the markers separately with respect to
the pulse diagram during the GRE imaging are given. Alongside the sample GRE
pulse diagram, the resulting sagittal MR images of the solenoid coil marker artifacts
are shown in the figure. The MR image placed on top resulted from the application
of 25 mA continuous direct current to the conductive ink-printed markers. The MR
image placed at the bottom resulted from the application of + /- 25mA 5 Hz (half the
repetition frequency of the sequence) alternating current to the conductive in printed
coil markers. The generated distal tip marker artifact sizes were measured as 8.6 mm
and 8.8 mm for Direct current and Alternating current respectively. It can be seen
that the marker artifact size doesn’t get affected much by the applied current type.
The only remarkable difference between the 2 images is the shape of the generated
artifact. While an elliptical artifact was generated by applying a continuous DC to the
markers, applying a continuous AC, the artifacts took on a cross-shaped appearance in

the sagittal images because of the change in the externally generated magnetic field’s
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direction every read-out period.

Figure 4.8 Two different applied current types with respect to GRE sequence pulse diagram and
resulting MR images of conductive ink printed markers.

The effect of applied current amplitude on generated marker artifact sizes with
sagittal (first row) and coronal (second row) images of the PEEK rod are given in figure
4.9. A continuous and constant DC was applied to the fiducial markers with current
amplitudes, OmA, 25mA, 50mA from left to right. Applying 25 mA DC resulted in
distal marker artifacts with 8.6 mm and 8.5 mm radii and, applying 50 mA DC resulted
in distal marker artifacts with 10.3 mm and 10.1 mm radii in sagittal and coronal images
respectively. It can be seen that without applying any current to the markers the PEEK
rod prototype is nearly invisible using GRE sequence and applying a constant and
continuous DC to conductive ink printed coil markers can form conspicuous artifacts
in a GRE sequence and the marker artifact sizes can be controlled by adjusting the

applied current amplitude.

In Figure 4.10, a sample b-SSFP pulse sequence diagram and below the diagram
2 different current types that were applied to the markers separately with respect to the
pulse diagram during the b-SSFP imaging are given. Both the DC and AC were applied
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Figure 4.9 Coronal and sagittal GRE images of AC applied conductive ink printed markers and the
effect of current amplitude on the marker artifact size.

to the markers only during the readout period of the b-SSFP sequence by triggering
the applied current using a reed relay. Alongside the sample b-SSFP pulse diagram,
the resulting sagittal MR images of the solenoid coil marker artifacts are shown in
the figure. The MR image placed on top resulted from the application of 20 mA
triggered direct current to the conductive ink-printed markers. The MR image placed
at the bottom resulted from the application of + /- 20 mA 166 Hz (half the repetition
frequency of the sequence. The repetition time of the b-SSFP sequence was 3 ms.)
alternating current to the conductive in printed coil markers. The generated distal tip
marker artifact sizes were measured as 4.7 mm and 10.7 mm for Direct current and
Alternating current respectively. It can be seen that because of the effect of refocusing
gradients of b-SSFP sequence on constant inhomogeneities, applying DC to the marker
artifacts can’t form artifacts as large as AC-generated artifacts. For b-SSFP sequence

changing the direction of generated inhomogeneity in every consecutive read-out period



80

of the sequence can overcome the refocusing effect of gradient fields and can form more

conspicuous artifacts.
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Figure 4.10 Two different applied current types with respect to b-SSFP sequence pulse diagram and
resulting MR images of conductive ink printed markers.

The effect of applied current amplitude on generated marker artifact sizes using
b-SSFP sequence with 3 ms repetition time with sagittal (first row) and coronal (second
row) images of the PEEK rod are given in Figure 4.11. A continuous AC was applied
to the fiducial markers with current amplitudes, 0 mA, +/- 10 mA, and +/- 20 mA
from left to right. In the first column of images, the PEEK prototype is almost invisible
without any current application. Applying + /- 10 mA 166 Hz AC resulted in distal
marker artifacts with 10.2 mm and 6 mm radii and, applying + /- 20 mA 166 Hz AC
resulted in distal marker artifacts with 13.0 mm and 8.9 mm radii in sagittal and coronal
images respectively. It can be seen that without applying any current to the markers
the PEEK rod prototype is nearly invisible using b-SSFP sequence and applying an
alternating current, that changes its direction every consecutive read-out period of the
sequence instead of a constant direct current, to conductive ink printed coil markers
can form conspicuous artifacts in a b-SSFP sequence and the marker artifact sizes can

be controlled by adjusting the current amplitude.
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Figure 4.11 Coronal and sagittal b-SSFP images of AC applied conductive ink printed markers and
the effect of current amplitude on the marker artifact size.
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The effect of the applied current frequency on marker artifact sizes for different
repetition times (TR) using b-ssfp sequence is shown in the plot given in figure 4.12.
Distal marker artifact sizes are measured on b-SSFP images of the PEEK prototype
while + /- 10 mA AC was applied to the markers with frequency values between 10 Hz

and 800 Hz with 10 Hz increments for 3 ms, 4 ms, and 5 ms scan repetition times.

It can be seen that the largest artifact sizes were obtained when the frequency
of the applied current was half of the repetition frequency of the b-SSFP sequence. For
3 ms repetition time, the repetition frequency is 333.33 Hz, for 4 ms repetition time
the repetition frequency is 250 Hz, and finally for 5 ms repetition time the repetition
frequency is 200 Hz. It can be seen in Figure 4.12 that the highest marker artifact
was obtained when 166 Hz AC (between 160 Hz - 170 Hz in the figure) was applied
during a b-SSFP scan with 3 ms TR, 125 Hz (between 120 Hz -130 Hz in the figure)
AC was applied during a b-SSFP scan with 4 ms repetition time and, 100 Hz AC was
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Figure 4.12 Marker artifact sizes with respect to applied AC frequency for different TR values using
b-SSFP sequence.

applied during a b-SSFP scan with 5 ms repetition time. Therefore, the frequency of
alternating current that will form the largest and most conspicuous artifacts can be
directly related to the sequence TR value because there is only one echo (read-out) in

every TR.

In Figure 4.13, a sample T2-weighted TSE pulse sequence diagram and below
the diagram 2 different current types that were applied to the markers separately with
respect to the pulse diagram during T2-weighted TSE imaging are given. Alongside
the sample TSE pulse diagram, the resulting sagittal MR images of the solenoid coil
marker artifacts are shown in the figure. The MR image placed on top resulted from the
application of 10 mA continuous direct current to the conductive ink-printed markers.
The MR image placed at the bottom resulted by the application of +/- 10 mA 33 Hz
(half the echo-spacing frequency of the sequence) alternating current to the conductive
in printed coil markers. The generated distal tip marker artifact sizes were measured

as 5.1 mm and 14.6 mm for Direct current and Alternating current respectively.
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Figure 4.13 Two different applied current types with respect to T2-weighted TSE sequence pulse
diagram and resulting MR images of conductive ink printed markers.

It can be seen that changing the direction of the generated external magnetic
field every readout period by applying AC instead of DC forms larger artifacts same
as b-SSFP sequence. The refocusing 180° RF pulses of TSE sequence suppresses con-
stant inhomogeneities on the MR image therefore, inhomogeneities around the markers
created by applying a constant DC to the markers get refocused by the refocusing RF
pulses of the sequence. On the other hand, by changing the externally introduced local
magnetic field direction in every consecutive read-out period (applying AC) the refo-
cusing effect of 180° can be canceled and larger and more conspicuous artifacts can be

generated.

The effect of applied current amplitude on generated marker artifact sizes using
a T2-weighted TSE sequence with 15 ms echo-spacing time with sagittal (first row)
and coronal (second row) images of the PEEK prototype are given in Figure 4.14. A
continuous AC was applied to the markers with current amplitudes, of 0 mA, +/- 5
mA, and +/- 10 mA from left to right. In the first column of images, the PEEK

prototype is visible but not very conspicuous and would be difficult to track in-vivo
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Figure 4.14 Coronal and sagittal T2-weighted TSE images of AC applied conductive ink printed
markers and the effect of current amplitude on the marker artifact size.

without any current application to the markers. Applying +/- 5 mA 33 Hz (half of the
echo spacing frequency) AC resulted in distal marker artifacts with 8.8 mm and 7.6
mm radii and, applying +/- 10 mA 33 Hz AC resulted in distal marker artifacts with

14.6 mm and 12.2 mm radii in sagittal and coronal images respectively.

After determining the current type (AC/DC) and current parameters that would
create the largest artifact and the highest conspicuity for each aforementioned imaging
sequence, the current controlled conductive ink-printed marker’s capability to increase
the visibility of a commercially available MR-compatible catheter was tested under

0.55 T scanner using the optimum current type and parameters.

Figure 4.15 shows conductive ink-printed markers are successfully capable of

increasing the visibility of MR-compatible interventional tools using a commercial
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catheter. Coronal (first column) and sagittal (second column) images of 5 Fr. a
catheter with 1 fiducial marker that is placed at the base of its pigtail using GRE
(first row), b-SSFP (second row), TSE (third row) sequences. 50 mA DC was applied
to the marker using GRE sequence and generated marker artifact radius measured as
9.9 mm and 10 mm in coronal and sagittal images respectively. +/- 20 mA 166 Hz
AC was applied to the marker using b-SSFP sequence with 3 ms repetition time and
generated marker artifact radius was measured as 12.9 mm and 13.8 mm in coronal and
sagittal images respectively. Lastly, + /- 10 mA 33Hz AC was applied to the marker us-
ing TSE sequence with 15 ms echo spacing time, and generated marker artifact radius

was measured as 14mm and 11,4 mm in coronal and sagittal images respectively.

Finally, in Figure 4.16, MR images of both the PEEK sample and the commercial
catheter are shown using all 3 sequences under a 1.5 T scanner. The radii of the PEEK
sample’s distal marker artifact and the catheter sample’s only artifact are measured
and given in the figure. In the first-row GRE images were recorded while applying 50
mA DC to the markers. Artifact sizes were measured as 11.8 mm and 12.2 mm for
the PEEK sample and 11.0 mm and 10.8 mm for the catheter for coronal and sagittal
images respectively. In the second-row b-SSFP images were recorded while applying
+/- 20 mA to the markers. Artifact sizes were measured as 15.7 mm and 15.5 mm for
the PEEK sample and 16.6 mm and 16.1 mm for the catheter sample for coronal and
sagittal images respectively. In the third-row TSE images were recorded while applying
+/- 10 mA to the markers. Artifact sizes were measured as 12.1 mm and 13.6 mm for
the PEEK sample and, 12.8 mm and 14.2 mm for the catheter sample for coronal and

sagittal images respectively.

4.4 Discussion

One of the key factors preventing the advancement of the interventional MRI
field is the high magnetic field environment of MRI. Compared to other imaging modal-
ities like X-ray or CT, there are fewer commercially available interventional instruments

that can be utilized for MR-guided procedures.
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The interventional MRI device tracking method introduced in this chapter can
be used for both commercially available and custom-designed MR-compatible interven-
tional tools across a range of magnetic strengths. It is compatible with commonly used
sequences such as GRE, b-SSFP, and TSE sequences which are frequently employed for
MR-guided interventions. As expected, these sequences may not fulfill all the imaging
requirements of every interventional procedure. GRE and b-SSFP sequences offer rapid
imaging capabilities, making them suitable for real-time clinical applications such as
device placement into the anatomy and tracking during advancing the device to the
target area [161],[162]. The bSSFP sequence, with its ability to distinguish blood flow
and blood vessels from surrounding tissue, along with its real-time imaging capability
and immunity to motion artifacts, is particularly advantageous for cardiac interventions
[146],[147]. Although the T2-weighted TSE sequence is slower compared to GRE and
b-SSFP sequences, it is used for interventional procedures that require better resolution

and soft tissue contrast [161].

The results of this study indicate that applying AC to conductive ink-printed
markers can result in larger marker artifacts in b-SSFP and TSE sequences. Applying
a constant DC to the markers creates a consistent external magnetic field around the
markers. Although this constant inhomogeneity can still create an artifact, refocusing
gradients of b-SSFP sequence and multiple 1800 refocusing pulses of TSE sequence help
mitigate the impact of persistent inhomogeneities on the resulting image [118],[119].
In contrast, applying an AC that changes its direction every read-out period of the
pulse sequence reverses the direction of the external local magnetic field during every
consecutive read-out period. Therefore, the artifacts formed by an alternating current
around the markers don’t get suppressed by the sequence, leading to their increased

visibility.

In image-guided interventions, minimizing alterations to the profile and geom-
etry of interventional devices is crucial for the success of the procedure. By printing
solenoid coil markers on polyester heat-shrink tubes, it becomes feasible to incorporate
markers to various interventional tools such as catheters, guidewires, or needles with

minimal profile alterations. This proposed approach eliminates the need for winding
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disruptive conductive wires around interventional devices, resulting in a smoother over-
all profile. Additionally, it eliminates the risks associated with the shearing of marker

components and potential damage to surrounding tissue.

The introduced device tracking method represents a significant advancement in
the field of interventional MRI, offering several key benefits compared to other track-
ing methods. Firstly, it provides a simple and compact solution to address the poor
conspicuity problem commonly encountered with many MR-compatible instruments.
Secondly, it is compatible with all 3 sequences used commonly for MR-guided inter-
ventions by adjusting the supply current. Thirdly, the marker artifact size can be
controlled to align with the specific needs of the procedure, unlike passive markers. It
can facilitate device tracking by enlarging the marker artifacts during interventional
device implantation towards the target area and it doesn’t block the anatomical im-
age underneath the markers by diminishing the marker artifacts or turning them off

completely during operations that need high precision.

Same as other conventional marker technologies [163], the orientation of the
conductive ink-printed markers with respect to the main magnetic field of the scanner
affects the marker artifact size. However, the introduced method can allow us to
minimize the effect of device orientation on marker artifact size by adjusting the applied
current amplitude accordingly. The proposed method is adaptable to different MRI
systems with varying magnetic strengths, unlike semi-active markers that need to be
tuned to a specific Larmor frequency. Also, it doesn’t require device-specific hardware,
a connection to a separate receive channel on the scanner, or external image processing

software for device visibility, unlike active markers.

Although this method increases the visibility of interventional tools, it can’t
form colorized artifacts, as it is, around the markers and may limit differentiation from
other anatomical susceptibilities during an interventional procedure. As a trade-off
for the simplicity of the design, colorized marker artifacts can be generated by using
external software or image postprocessing as Eibofner et al. describe using a b-SSFP

sequence [119].
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Another limitation of the introduced method is the use of a long coaxial cable
that carries the supply current to the test sample from the control room. The electrical
length of an interventional device is important in the MR environment due to the
potential risk of RF-induced heating on the device, which can reach dangerous levels
for the patient. As the next step, we have been working on implementing conductive
ink-printed markers on an MR-compatible Nitinol needle prototype with a current
supply circuit that could work safely in the scanner room without disrupting the MR
image. The objective is to shorten the overall electrical length. Once the MR safety
phantom tests including RF-induced heating assessments have been conducted under

MRI, the current controlled markers can be further evaluated in vivo.

4.5 Conclusion

In this chapter, device tracking markers were designed as solenoid coils and
printed on polyester heat-shrink tubes using conductive ink to be placed on MR-
compatible interventional tools to increase their visibility under MRI. The visibility
performance of current controlled markers was tested using a custom designed 6 Fr.
PEEK prototype that contains 3 markers (one in the distal end one in the middle and
one in the proximal end of the prototype) and a commercial MR-compatible 5Fr. pig-
tail flush catheter that contains 1 marker (right below the catheter’s pigtail) under 0.55
T and 1.5 T MRI for GRE, b-SSFP, and TSE pulse sequences. The applied current
type and parameters that generate the most conspicuous artifacts were determined by
comparing the artifact size formed by the distal marker of the PEEK sample under 0.55
T MRI for each sequence. Marker artifact size control via applied current amplitude

adjustments was successful for all 3 sequences as expected.

In a GRE sequence, the size of the generated artifact was not significantly
affected by applying DC or AC to the markers. The main difference was that because
the direction of externally generated magnetic fields reversed with each TR, the AC-
generated artifacts took on a cross-shaped appearance rather than an elliptical one. In

both b-SSFP and TSE sequences, when compared to DC-generated artifacts of the same
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current amplitude, the AC-generated ones showed significantly higher conspicuity. The
effect of the applied current frequency on resulting marker artifact sizes was evaluated
in b-SSFP sequence. It is demonstrated that the maximum artifact size was achieved
when the current frequency is half of the read-out (echo spacing) frequency of the
sequence. Finally, an MR-compatible commercial pigtail catheter is successfully made
visible under both 0.55T and 1.5T scanners with the introduced methodology for all 3

aforementioned sequences.

The next chapter introduces the custom-designed MR-compatible needle pro-
totype design and the current supply circuit design that can work safely in the MR

environment.
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Figure 4.15 Commercial 5 Fr. catheter images with current applied conductive ink printed marker
using GRE, b-ssfp and TSE sequences under 0.55T scanner.
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Figure 4.16 1.5 T MR Images of 6 Fr. PEEK rod and 5 Fr. commercial pigtail catheter using GRE,
b-SSFP, and TSE sequences. 50 mA DC was applied to the markers for GRE sequence images (first
row), +/- 20 mA AC was applied to the markers in b-SSFP sequence images (second row), +/- 10
mA AC was applied in TSE sequence images (third row).
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5. 20-GAUGE NEEDLE PROTOTYPE AND SIGNAL
GENERATOR CIRCUIT DESIGN FOR CURRENT
CONTROLLED NEEDLE TRACKING UNDER MRI

5.1 Introduction

Real-time imaging modalities such as X-ray fluoroscopy, computed tomography
(CT), ultrasound, and magnetic resonance imaging (MRI) have improved, allowing
for therapeutic and interventional diagnostic minimally invasive procedures to be per-
formed with precise image guidance [164]. What distinguishes MRI from other imag-
ing modalities is its absence of ionizing radiation and its ability to provide excellent
soft tissue contrast and fast multiplanar imaging with high spatial resolution [22]-[27].
The challenge of designing custom interventional tools such as catheters guidewires or
needles that are visible under MRI and safe when exposed to radio frequency (RF)
radiation and a strong magnetic field remains, and it is the trade-off for MRI's many

benefits.

Different techniques were devised to increase the visibility of MR-compatible in-
terventional instruments by placing active, passive, or resonant tracking markers on in-
terventional devices, and each of them has advantages and drawbacks [109]-[112],[114]-
[116]. Active markers use miniature receiving coils to detect the MRI signal in their
immediate vicinity and deliver the signal to the scanner via an independent receiver
channel. As a result, the active markers can be tracked by superimposing the marker
signal on top of the anatomical image by an external software. Despite their high
conspicuity under MRI, active markers are difficult to design, magnetic field strength
dependent, they need to be connected to the scanner’s receive channel via a device-

specific hardware and they require an external software [111],[112],[158],[159].

Passive markers take advantage of the inhomogeneities in the magnetic field cre-

ated by the susceptibility of the marker material and can generate negative or positive
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contrast. Although passive markers are much simpler to design and do not require any
additional hardware or software, they may be more challenging to track under MRI
[107],[109],[110]. The artifact size generated by the passive markers can’t be controlled.
Depending on the device orientation relative to the main magnetic field, the artifact size
might be too large to view the anatomical image underlying during interventions that

require high accuracy or too small to clearly identify over the course of the procedure.

When an MR sequence with a low flip angle is used, resonant markers inductively
couple to the scanner’s transmit RF coils, and the induced RF current on the markers
causes flip angle amplification in the close vicinity, resulting in a bright signal that helps
to locate the position of the marker in the image. Resonant markers are easier to design
compared to active markers, but they are also magnetic field strength dependent, and

the low flip angle sequence can affect the signal-to-noise ratio of the anatomical image

[114]-[116],[160].

Another method for device tracking under MRI is introduced by Glowinski et
al [117]. Catheter visualization was achieved by applying direct current to the con-
ductive wires placed on the catheter surface. Main magnetic field homogeneity was
distorted by the localized external magnetic field formed by current-carrying conduc-
tive wires and a negative contrast was formed in Gradient Echo (GRE) images. A
similar method was used in another work for device visualization in spin-echo (SE)
images using sequence-triggered DC pulses as the supply current [118]. This method
allows the user to control the artifact size during the MR-guided procedure by adjust-
ing the applied current. It facilitates device tracking easier by enlarging the marker
artifacts and avoids any blockage on the anatomical image by reducing the artifact size

or turning it off completely when necessary.

In the previous chapter, it was shown that miniature solenoid coil markers can
be printed on polyester heat-shrink tubes and these heat-shrink tubes can be placed
onto custom-made or commercially available MR-compatible interventional devices and
can be used as current controlled markers to increase the devices’ visibility under MRI.

The current type and current parameters that should be applied to the conductive
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ink printed markers to form conspicuous, trackable, and controllable artifacts using
Gradient-echo, Turbo Spin-echo, and balanced steady-state free precession sequences
were determined. In this chapter, a custom 20-gauge nitinol needle prototype that
contains 3 coil markers and, a current supply circuit that can be safely used in the MRI
environment without disrupting the MR image was designed. The needle prototype
and the current supply circuit were tested via in-vitro imaging and safety experiments

under MRI and finally, an in-vivo animal experiment was performed.

5.2 Methods

5.2.1 Custom needle and miniature coil design

Miniature coil markers were designed and placed on custom MR-compatible
nitinol (Memry Corp CT) needle prototypes, that are 10 cm long (OD: 0.75 mm),
using a conductive ink printer system that was built in our earlier work [28]. 3 markers
were placed on the needle at the distal tip, middle, and proximal end of the needle to
provide accurate tip and shaft location information. Conductive paths and solenoid
coils, which will act as 3 tracking markers, were printed on heat shrink polyester tubes
(ID: 0.050", wall thickness: 0.0006", Advanced Polymers, NH) using silver conductive
ink (AG-500, Kayaku Advanced Materials, MA) as shown in figure 5.1. Two layers of
the polyester tube, each of them containing 30 mm apart 3 solenoid coils, were sleeved
and heat shrunk (hot air station 210-A BEAHM Design inc.) around the needles.
Coil markers printed on the first and the second layer of polyester tubes were wound
in the opposite direction so that by placing the coils on top of each other localized
magnetic field created by the coil markers, via passing electrical current on them, can
be superimposed, and increased. All the markers were designed identical in any other
way. Each marker was designed as 3 mm long solenoid coils with a conductive line
width of 150 pum and a line thickness of 15 pm. Solenoid coils have a diameter of 830
pm and 920 pm on the first layer and the second layer respectively.

Conductive lines on the first and second layer of heat shrink tubes were elec-
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Figure 5.1 Needle prototype with markers and Electrical representation schematics of the conductive
ink printed markers.

trically connected using conductive ink at the distal tip of the needle completing the
current controlled marker circuit. Imm long marker bands were cut (Laser make,
model) from a nitinol hypo tube (Memry Corp CT, ID:0.864mm and OD: 0.965 mm)
were used for providing the connection between the printed circuit on the needle and
the coaxial cable that will carry the supply current to the needle. Two marker bands
were placed on the first and second layer of the marker circuit at the proximal end
and the connection was ensured by using conductive silver epoxy between the rings
and the conductive ink printed lines after soldering the rings to the inner and outer
conductors of the 36 AWG coaxial cable (9436- WH033, Alpha Wire, NJ). A final heat
shrink tube (make model ID OD) was placed on the needle for complete insulation. A
small handle consisting of a luer-lock is 3-D printed and placed at the proximal end
of the needle providing a protection for the needle-coaxial cable connection point and
an easy integration to commercial syringes. The prototype was finalized by soldering

a male mmcx connector at the proximal end of the coaxial cable.
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5.2.2 Current supply circuit design

An electronic circuit that can supply an AC signal to the needle markers was
designed using a microcontroller (Arduino Nano 33 IOT) and a signal generator module
(AD9833). The schematics of the circuit design was given in Figure 5.2. An operational
amplifier (JRC2021) was used for amplifying the output of the AD9833 module and a
potentiometer was used as the gain of the amplifier so that the signal amplitude can
be controlled manually. An AC current buffer was designed using 2 BJT transistors so
that a current up to 200 mA peak-to-peak (p-p) can be generated if needed. The AC
current is supplied to the markers on the needle through a female mmcx connector.
The signal generator circuit was powered by non-magnetic lithium polymer MRI-safe
batteries (GM-NM103450-PCB, PowerStream, UT) and a power switch is added to
the circuit so that the markers can be turned on and off when needed. The circuit
allows the user to determine the signal frequency via the microcontroller and adjust
the signal amplitude manually using the potentiometer. Finally, the circuit was placed
in a custom 3D-printed case and the inner wall of the 3D-printed case was shielded

using copper tape.

ut 0 MMCX con.
Voltage Regulator
ARDUING NANO 33 loT GND ’ =l
IN out =
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:1 \ & CurrentBuffer ¥ 2 |

3
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Figure 5.2 Current supply circuit image and circuit schematics

5.2.3 In-vitro experiments

20 G needle prototype with miniature localized current controlled tracking mark-
ers were tested under high performance 0.55T MRI scanner (prototype Magnetom Aera,

Siemens Healthcare, Erlangen, Germany) for marker visibility and artifact size control
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using the marker control circuit using 3 different sequences namely: GRE, TSE, and
b-SSFP. The same setup was used under 1.5T MRI scanner (Siemens Magnetom Aera,
Siemens Healthcare, Erlangen, Germany) to test the magnetic field dependency of
the introduced tracking method. Additionally, RF-induced heating experiments were
performed for validating the safety of prototypes.

Current based marker artifact size with respect to the frequency and amplitude
of the applied current and performance of the signal generator circuit were tested and
current parameters that were determined by the in-vitro experiments in chapter 3 were
confirmed via in-vitro experiments using a real time b-ssfp sequence (TE/TR: 2/4 ms,
FOV: 399x399 mm?, bandwidth: 340 Hz/px , matrix: 240x158, slice thickness: 8 mm).
The performance of the needle prototype and the current supply circuit were further
tested using GRE sequence (Parameters) and T2-weighted TSE sequence (parameters).
The needle prototypes were placed at the isocenter of the scanner 450 oblique to the
main magnetic field and parallel to the main magnetic field (B0) plane in the gel phan-
tom prepared according to ASTM 2182-19 [123]. Imaging performance of conductive
ink printed marker design was tested by applying alternating currents with various
current amplitudes to the tracking markers. Marker artifact sizes were measured using

a DICOM imaging software (MicroDICOM).

RF-induced heating tests were performed to validate the safety of the current
applied needle prototypes. Fiber optic temperature probes (Opsens model ID: OD:)
were used for recording the temperature during real-time b-SSFP sequence with dif-
ferent flip angles (45°, 60°, 75°) and hence different SAR(2.74 W /kg, 3.58 W /kg, 3.95
W /kg) values. Polyimide tubes were fixed alongside needle by polyester heat-shrink
tubes and fiber optic temperature sensors (Opsens OTG-M170) were placed inside the
polyimide ports. Needles were placed at the isocenter of the scanner making 45 de-
grees with the Z axis and 2 cm away from the right edge of the gel phantom (High SAR
area according to the ASTM standard). Heating profile along the needle is recorded
by pulling the temperature probe back slowly in a constant speed starting from the
distal end to the proximal end during 75° flip-angle b-SSFP scan to determine the hot
spot (the spot on the needle that heats up the most) of the needle. Static heating
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experiments were performed by recording the temperature change from the needle’s
hot spot during 90 second scans using b-SSFP sequence with different flip angles (45,
60°, 75%). Finally, a 10-minute static heating experiment is performed with 75° flip

angle to observe the long-term temperature change.

5.2.4 Post-mortem animal experiments

Mechanical and MRI visibility performance of the needle prototypes were tested
in vivo under real-time MRI guidance. The needle prototypes were inserted into the
liver of a deceased swine. MR images of the prototype needle in the liver tissue were
recorded and the marker artifact sizes were measured. The signal generator circuit
was turned off next and the image of the needle without the markers was captured
in the same location. The signal generator circuit was modified by programming the
microcontroller to turn on and off with 2-second intervals to create "blinking" markers
during the rest of the experiment. Video files of needle insertion into the liver and

blinking marker artifacts were generated using DICOM images.

The same real-time b-SSFP sequence as in vitro experiment was used during in
vivo experiments as well and MonteCarlo interactive interface was used for interactive
plane selection throughout the experiment. In order to reduce the use of animals, the
experiment was conducted following another non-survival porcine experiment. Animal
experiments were approved by the National Heart, Lung and Blood Institute (NHLBI)
Animal Use and Care Committee and performed according to the contemporary Na-

tional Institutes of Health standards.
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5.3 Results

5.3.1 In-vitro experiments

Figures 5.3 and 5.4 show the in vitro MR images of the needle prototype with
respect to different frequency and amplitude values of applied current to the conductive
ink printed markers using b-SSFP sequence. The applied alternative current generates
an external local magnetic field around the solenoid coil markers and creates a con-
trollable negative contrast on the image by introducing a non-constant offset to the
gradient fields. It is shown in Figure 5.3 that the largest marker artifacts can be ob-
tained when the current was applied with a frequency exactly half of the repetition
frequency (When TR = bms, repetition frequency = 200Hz applied current frequency
= 100Hz) of the b-SSFP sequence. The artifact size decreases as the applied current
frequency value moves away from the ideal frequency. Figure 5.4 shows the effect of
the current amplitude on the marker artifact size. It can be seen that the artifact size
increases with the amplitude of the current and the artifacts disappear when the signal

generator circuit is switched off as expected.

In figure 5.5 you can see the contrast comparison between the alternating current
controlled marker artifact and a passive marker artifact. 100 mg Iron-oxide powder
(FeyO3) was mixed with 1 ml. of UV curable adhesive and was spread and cured on
the needle tip so that a 3 mm long (same length as the current controlled solenoid coil
marker) passive marker to create the passive marker artifact on the MR image. Figure
x.a and b shows the sagittal and the transversal images of the artifact formed by the
passive marker respectively. Figure x.c and d shows the sagittal and transversal images
of the current controlled artifact images respectively. Using the transversal images of
both of the markers contrast to noise ratio of the images are calculated for a quantitative
comparison between the passive and the current controlled markers. The contrast to
noise ratio of the passive marker is calculated as -1.1 and the contrast to noise ratio of
the current controlled artifact is calculated as -1.3. Because we are comparing negative
contrasts smaller valued current controlled artifacts shows a better performance. The

contrast to noise ratio of the artifact images are calculated by subtracting the mean
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Figure 5.3 In vitro marker artifact sizes with respect to TR value of the b-ssfp sequence and frequency
of the applied current

phantom pixel values from mean artifact pixel values and dividing the resulting value

to the mean noise value of the image.

Figure 5.6 shows MR images of the needle prototype that contains current ap-
plied conductive ink printed solenoid coil markers using GRE and T2-weighted TSE
sequences. The current parameters that were determined in Chapter 3 for forming
conspicuous artifacts were used for both GRE and T2-weighted TSE images. 60 mA
AC with a frequency of 5 Hz was applied to the conductive ink printed markers for the
GRE image that has a TR value of 100ms and 10 mA and 20 mA AC with a frequency
of 33 Hz was applied to the conductive ink printed markers for the T2-weighted TSE

images that have an echo spacing value of 15 ms.
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Figure 5.4 In vitro needle prototype images and the effect of current amplitude to marker artifacts.
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5.3.2 Post-mortem animal experiments

Post-mortem MR images of the needle prototype inserted in the liver tissue
with real-time MRI guidance are given in figure 5.8. It can be seen that the marker
artifacts disappear when the signal generator circuit was turned off and the conspicuity
of the needle drastically diminishes. The dark vertical lines on the images have resulted
from cross-plane signal saturation of intersecting slices during real-time capture with

MonteCarlo interactive interface software.

5.3.3 Discussion

Earlier studies in the literature have demonstrated that device tracking can be
accomplished via forming a negative contrast by applying continuous direct current to
conductive markers while using a GRE sequence [117]| or by applying transient direct
current and image postprocessing while using an SE or b-ssfp sequences [118],[119].
In this work it was shown that employing alternating current with a frequency that
is exactly half of the repetition frequency of a b-SSFP sequence gives the best results
without any image postprocessing or any need for an external connection between the

scanner and the interventional device. Additionally, applying alternating current with
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Figure 5.5 Passive and current controlled marker comparison

a frequency that is exactly half of the echo frequency of a turbo Spin-echo sequence
and applying either a continuous DC or AC with a frequency half of the repetition
frequency of a Gradient-echo sequence results in marker artifacts with high conspicuity.
The frequency and the amplitude of the AC signal can be adjusted using the custom-
designed signal generator circuit therefore, device tracking can be accomplished for
different sequences and the marker artifact size can be adjusted in accordance with the

procedure.

Being able to adjust the artifact size is a significant advantage of this method
over passive markers because the anatomical image underneath the interventional de-
vice can be observed without any external artifact by decreasing the applied AC signal
amplitude. Although the introduced method is not capable of forming colorized marker
artifacts that are as conspicuous as active markers, it is simpler to design and easier
to use. The introduced method does not require an external software, a device specific

hardware or a separate receive channel to connect to the scanner. Both active and
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Figure 5.6 Current applied needle prototype images using GRE and TSE sequences.

semi-active(resonant) devices need to be tuned to the Larmor frequency of the MRI
scanner. Therefore, they can only be used under one specific magnetic field strength.
On the other hand, current controlled markers are not Larmor frequency dependent
and can be used in various MR scanners with different strengths as shown in this work

for 0.55T and 1.5T scanners.

The size of interventional devices and a smooth outer profile without lumps can
be crucial for the safety and success of the procedure. Designing solenoid coil markers
by printing conductive ink on heat-shrink polyester tubes instead of winding copper
wires on interventional devices keeps the increase of the device thickness to a minimum
and results in a smoother outer profile. Another advantage of this method is conductive
ink-printed heat shrink tubes can be sleeved and fixed on any interventional tool such
as catheters, guidewires or needles. Therefore, using the same signal generator circuit,

any commercial or custom-made MR-compatible interventional device can be made

visible under MRI.
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Figure 5.7 RF induced heating measurement of the needle prototype.

RF-induced heating is one of the main issues concerning the safety of interven-
tional devices under MRI. The temperature rise of elongated metallic devices under RF
exposure can be high enough to cause a tissue damage. The results of RF-induced heat-
ing tests that were performed according to the ASTM standard [123] showed 1.34°C
rise during a 90-second scan and 2.20°C rise during a 10-minute scan under the worst-
case scenario (with the highest possible flip angle and SAR value). The temperature
rise caused by the applied current to the conductive ink-printed markers without the
RF exposure was recorded as 0.2°C' after 10 minutes. The increase in temperature at
the hot spot of the needle prototype is within clinically acceptable limits. Finally, the
electrical safety of the prototype is ensured by entirely insulating the needle with the

final layer of polyester heat-shrink tube and the 3D printed hub.

5.3.4 Conclusion

In this study, AC-controlled, conductive ink-printed coil markers to be used in
real-time MRI-guided procedures is developed as a method for improving the visibility
of MR~compatible interventional devices. A low-profile custom nitinol needle is used,
as an interventional tool, to test the performance of the introduced methodology. The
visibility of the needle is tested under both 0.55T and 1.5T MRI scanners using b-
SSEFP sequence. Marker artifact control is tested with in-vitro experiments under a

0.55 T scanner using the custom signal generator circuit. In both in vitro and in
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Figure 5.8 Post-mortem needle prototype images.

vivo experiments under MRI, the conspicuity of the MR-safe nitinol needle prototype
was clearly increased. RF-induced heating experiments showed that the maximum
temperature change was 1.34°C' after 90-second using 75° FA at the hot spot of the

prototype was under clinically accepted levels.
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6. GENERAL CONCLUSION AND FUTURE WORK

In this thesis study novel device technologies that could improve the field of
MR-guided needle interventions, particularly biopsy operations, were introduced and
tested via in-vitro and in-vivo experiments. Minimally invasive operations are replacing
conventional open surgical methods with advantages such as reduced post-operative
discomfort for the patient, decreased recovery time, decreased infection risks, reduced
total cost of medical care, and so on. Combining these great advantages of minimally
invasive operations with image guidance of MRI that could provide to physicians with
excellent soft tissue contrast, real-time imaging with a high signal-to-noise ratio, and
multiplanar imaging in an ionizing radiation-free environment can increase the success

of the operations significantly.

The use of conventional interventional tools for MR~guided procedures is con-
strained by safety issues that can arise from the high static magnetic field (main mag-
netic field By) of the MRI environment and the RF-induced heating on metallic in-
terventional devices that can be caused by the dynamically changing electromagnetic
fields (gradient fields and RF pulses) of the MRI. Furthermore, MR-safe custom de-
signed, or commercially available interventional devices have very poor conspicuity
under MRI therefore, it is challenging to visualize and track these devices during the
course of MR~guided interventions. These challenges of performing minimally invasive
procedures with MRI guidance make it necessary to develop new methodologies for
device localization and tracking under MRI for increasing the safety and success of the
operations. This thesis study has successfully achieved its three main objectives that

could improve the field of interventional MRI.

The first objective of this study was to design a novel, small, compact, and
MR-compatible force sensor that could be integrated into the needle tip to provide
a tactile feedback and a needle tip location information by measuring the real-time

axial force that is applied to the needle tip during needle insertion into the target
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tissue. This objective was achieved by designing a Fabry-Perot interferometry-based
fiber optic force sensor with the enhanced resolution by titanium coated secondary
mirror surface and improved design for an easier fabrication. The FPI-based sensor
probe was integrated at the tip of an 18-gauge biopsy needle. According to the benchtop
experiments, the introduced FPI-based force sensor was capable of measuring forces

up to 20 N with a resolution of 0.03 N.

The sensor was successful at detecting small changes in the applied axial force
to the needle tip, this way the physician can appreciate the small changes in the
mechanical properties of different tissue types along the needle insertion trajectory
using the tactile feedback that is provided by the needle tip force sensor. Further
benchtop experiments showed that the introduced fiber optic force sensor was capable
of detecting different tissue types by measuring the force during needle insertion into
different tissue types such as chicken breast, beef and bovine fat tissues. Additionally,
it was demonstrated that the fiber-optic force sensor was successful at measuring the
stiffness of gelatin test samples that have different elastic modulus values. Being able to
distinguish different tissue types and capability to detect the stiffness level could make
cancer diagnosis possible without needing a biopsy sample because it was shown that
there is a significant difference between the mechanical characteristics of malignant and
benign tissues. It was shown that neither the 18-gauge biopsy needle nor the fiber optic
force sensor that was integrated at the needle tip caused any safety issues in the MR

environment or any disruption in the MR image by performing phantom experiments

under MRI.

The second objective of this study was to introduce a device tracking method
that could easily be implemented on custom or commercially available MR-compatible
interventional tools, particularly biopsy needles, that could increase their visibility and
conspicuity during MR-guided interventions. In chapter 4, electrical current controlled
conductive ink printed miniature solenoid coil markers were introduced and successfully
increased the device conspicuity using three different MRI pulse sequences namely b-

SSFP sequence, GRE sequence and Ts-weighted TSE sequence.
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A quantitative analysis was performed, using a custom made 6 Fr. PEEK
prototype that contains conductive ink printed markers, to determine the optimal
current type and parameters that would form the most conspicuous marker artifacts
for each of the aforementioned MR pulse sequences. It was shown through in-vitro
experiments, for both b-SSFP and T2-weighted TSE sequences applying an alternating
current with a frequency that is half of the echo frequency of the pulse sequences can
form significantly larger artifacts. For GRE images it was demonstrated that using
either alternating or direct current can form conspicuous marker artifacts. The artifact
size control by controlling the applied current amplitude was successful for all three
sequences. The capability of introduced device tracking method using conductive ink
printed markers to increase the visibility of MR-compatible commercially available
interventional tools was successfully demonstrated using a 5 Fr. pigtail flush catheter.
Performing in-vitro visibility experiments under both 0.55 T and 1.5 T MRI scanners for
all three sequences showed that the introduced device tracking method is independent

of the Larmor frequency or magnetic strength of the MRI scanners.

The third and the final objective of this study was to introduce a custom de-
signed MR-compatible 20-gauge nitinol needle prototype that contains current con-
trollable conductive ink printed markers and a current supply circuit that could be
safely used in the MR environment without causing any disruption on the MR im-
age. The needle prototype and the current supply circuit that could be used in the

MR-environment was successfully designed and introduced in chapter 5.

The needle prototype contained 3 conductive ink printed markers and the cur-
rent supply circuit was capable of providing an alternating current to those markers
with an adjustable amplitude up to +/- 60 mA and a frequency up to 12.5 MHz. It
was shown that the conspicuity of the custom designed nitinol needle prototype was
increased significantly by connecting it to the current supply circuit and adjusting the
applied current according to the current parameters that was determined in chapter 4
with respect to the MRI pulse sequence. RF-induced heating experiments were per-
formed on the current applied needle prototypes under MRI and after showing that the

RF-induced temperature rise doesn’t reach dangerous levels the needle prototype and
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the current supply circuit was tested further in-vivo with an animal experiment. An in-
teractive b-SSFP sequence was used during the in-vivo experiment and the needle was
inserted into the liver tissue of a pig. The conspicuity of the needle prototype was suc-
cessfully increased by applying an alternating current with predetermined parameters

to the conductive ink printed markers using the current supply circuit.

As a summary, the safety and the success of MR~guided biopsy operations can be
increased by using the introduced novel device technologies and methodologies through-
out this thesis study. This study showed that a biopsy needle can be custom designed
using an MR safe material such as nitinol. An FPI based fiber optic force sensor can be
integrated into the designed biopsy needle and provide real-time tactile feedback, nee-
dle tip location information and information about the tissue stiffness to the physician
without causing any safety problems during an MR-guided procedure. Additionally,
by placing conductive ink printed markers on the needle and using the current supply
circuit, the MR-safe needle prototype can be made visible and trackable during biopsy
operations under MRI in many clinical setups. The size of the marker artifacts can be
controlled and adjusted with respect to the needs of the procedure, which is another

great advantage of the introduced method.

In the future, the current controlled device tracking makers can be improved
further by colorizing the marker artifacts using image post processing and the markers
can be made more conspicuous this way. To be able to colorize the marker artifacts by
image processing, the negative contrast formed by the externally generated local mag-
netic fields should be distinguished from the negative contrast formed by the anatomical
susceptibilities. This can be achieved by creating a mask that can be overlayed onto
the anatomical MR image like Eibofner et al [119] do in their work. Another way
to distinguish the marker artifacts from the anatomical susceptibilities could be using
the blinking artifact that was achieved by programming the current supply circuit in
chapter 5. After achieving to form colorized marker artifacts by image post processing
a superior biopsy needle, that could be safe and visible under MRI and could provide
a needle tip force feedback, will be custom designed using a nitinol hypo tube and

integrating the FPI based fiber optic force sensor and the current controlled device
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tracking markers together.
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