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ABSTRACT

Novel Biopsy Needle and Assisted Robotic System Design for
Prostate Biopsy Procedure under MRI

Prostate cancer (PCa) is one of the most common cancer type among men.
The mortality rate for prostate cancer is significantly high compared to other common
cancer types which makes it even more concerning for elderly males. For this reason the
early and accurate diagnosis of PCa is vital to avoid deaths caused by PCa. In clinical
practice, PCa is diagnosed with ultrasound guided biopsy procedure (TRUS-guided
biopsy) after observing signs of PCa with different pre-screening methods. However,
diagnosing PCa with the TRUS-guided prostate biopsy is controversial mainly because
US imaging is not able to provide contrast difference between healthy tissue and le-
sion. For this reason, biopsy samples are taken statistically from different regions of
the prostate. On the other hand, magnetic resonance imaging (MRI) can help to dis-
tinguish lesions from healthy tissues. Therefore, the optimal way to perform prostate
biopsy is to perform it under MRI guidance in order to eliminate accuracy concerns.
In this thesis, a novel hydraulic needle delivery system that is designed for perform-
ing MRI-guided prostate biopsy procedure is proposed. The needle delivery system is
composed of the main robotic unit, control unit, hydraulic actuator, biopsy gun and
biopsy needle. All of these components were designed, manufactured and assembled
in the scope of this thesis. The feasibility of the overall system was evaluated through
in-vitro phantom experiments under an MRI guidance. The in vitro experiments per-
formed using a certified prostate phantom (incorporating MRI visible lesions). MRI
experiments showed that overall hydraulic biopsy needle delivery system has excellent
MRI compatibility (SNR Loss < 3%), provides acceptable targeting accuracy (average
2.05 £ 0.46 mm) and procedure time (average 40 minutes).
Keywords: Image Guided Intervention, Minimally Invasive Devices, MRI compatible

robotics, Prostate Biopsy, Hydraulic Actuation, Biopsy Needle.



vi
OZET

MRG Altinda Prostat Biyopsi Islemi icin Yenilikci Biyopsi
Ignesi ve Yardimci Robotik Sistem Tasarimi

Prostat kanseri, erkekler arasinda en sik goriilen kanser tiirlerinden biridir.
Prostat kanseri i¢in Oliim orani, diger yaygin kanser tiirlerine kiyasla onemli &lgiide
yiiksektir ve bu durum prostat kanserini yash erkekler icin daha da énemli hale ge-
tirmektedir. Bu nedenle prostat kanserinin neden oldugu 6liimleri 6nlemek icin prostat
kanserinin erken ve dogru teshisi hayati 6nem gimaktadir. Klinik pratikte prostat
kanserine, farkli 6n tarama yontemleri ile prostat kanseri belirtileri gozlemlendikten
sonra ultrason egliginde biyopsi prosediirii (TRUS kilavuzlugunda biyopsi) ile teshis
konulur. Bununla birlikte, TRUS kilavuzlugunda prostat biyopsisi ile prostat kanseri
teghisi, esas olarak ultrason goriintiilemesinin saglikli doku ve lezyon arasinda kontrast
fark: saglayamamasi nedeniyle tartigmalidir. Bu nedenle prostatin farkl bolgelerinden
istatistiksel olarak biyopsi 6rnekleri alinir.Ote yandan, manyetik rezonans goriintiileme
(MRG), lezyonlar saglikli dokulardan ayirt etmeye yardimer olabilir. Bu nedenle, bu
tiir endigeleri ortadan kaldirmak i¢in prostat biyopsisi yapmanin en uygun yolu, MRG
rehberliginde yapmaktir. Bu tezde, transperineal yaklagimla MRG egliginde prostat
biyopsisi igslemini gerceklestirmek icin tasarlanmig yeni bir hidrolik igne iletim sistemi
6nerilmistir. Igne iletim sistemi, ana robotik iinite, kontrol iinitesi, hidrolik aktiiator,
biyopsi tabancasi ve biyopsi ignesinden olusur. Bu bilegenlerin tamami bu tez kap-
saminda tasarlanmig, iiretilmis ve montaji yapilmigtir. Tasarlanan sistemin fizibilitesi,
MRG rehberligi altinda in vitro fantom deneyleriyle degerlendirilmigtir. Gergeklegtir-
ilen in vitro MRG deneyleri hidrolik biyopsi ignesi iletim sisteminin miikemmel MRI
uyumluluguna (SNR Kayb1 < 3%), yeteri derecede giivenilir hedefleme dogruluguna
(ortalama 2.05 £ 0.46 mm) ve kabul edilebilir iglem siiresine (ortalama 40 dakika)
sahip oldugunu géstermistir.

Keywords: Goriintii Kilavuzlu Miidahale, Minimal Invaziv Cihazlar, MRG uyumlu

robotik, Prostat Biyopsisi, Hidrolik Aktiiator, Biyopsi Ignesi.
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1. INTRODUCTION

1.1 Prostate Cancer

The prostate is a small gland that is located at the base of the bladder and
encircles the water pipe (urethra) that transports urine from the bladder to the penis.
The prostate gland’s function is to produce substances that aid in the passage of sperm.
In young men, the prostate gland is about the size of a walnut. However, it may grow
larger as you age, and for most men, this is a completely harmless process. Prostate

cancer (PCa) affects a moderate percentage of men.
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Figure 1.1 Anatomy of Prostate [1]

Prostate cancer (PCa) is one of the most common cancer type among men. In
2020, approximately 1.4 million new PCa diagnose and more than 375.000 deaths due
to PCa were reported globally [25]. With these figures PCa is the second most common

cancer type and fifth highest cause of cancer death among men. The diagnosis of PCa



is possible with pathological examination after obtaining biopsy samples. The biopsy
procedure is performed after screening the elevated prostate-specific antigen (PSA)
level or after getting abnormal digital rectal examination (DRE)results [26]. However,
PSA show rather low specificity (37%) [27] and DRE is an insensitive examination
(36%) |28] for PCa detection.

1.2 Methods to Perform Prostate Biopsy Procedure

1.2.1 Transrectal Ultrasound Guided Prostate Biopsy

In clinical practice, the most common prostate biopsy procedure is transrectal
ultrasound (TRUS)-biopsy procedure. The first TRUS prostate biopsy procedure was
proposed by Takahashi et. al after the introduction of US imaging technologies in clin-
ical applications [29]. Although, at early stages the image qualities were poor but with
the advancements in US imaging technologies the efficacy of the TRUS biopsy was im-
proved significantly. For instance, with US imaging the detection of small tissues was
not straightforward and image resolution was poor in early days but advanced features
such as color, power Doppler, contrast-enhancement, harmonic and flash replenishment
imaging, and elastography helped to detect the cancer in early stages [30]. As a result
of these enhancements, in clinical routine TRUS-biopsy became as the most preferred
biopsy procedure to diagnose PCa [31].

It is estimated that annually over 1 million TRUS-biopsy operations are performed in
the USA and the European Union [32]. Although the TRUS-biopsy procedure is the
current gold standard for prostate cancer diagnosis, it has some drawbacks and limita-
tions from patient and clinician standpoint. For instance, with the TRUS biopsy 23%
false-negative results [33] and a minimum detection rate of 33.3% [34] were reported
which show that the reliability of TRUS-biopsy is questionable. In clinics, the TRUS-
biopsy is performed by taking 10-12 biopsy samples from statistically-defined regions
without leveraging visual guidance about location of the target tissue. The statisti-

cal approach causes inherent sampling errors. Therefore, cancer detection accuracy is



controversial because of the variations of the size and location of the target tissues.
Furthermore, TRUS-biopsy is an uncomfortable procedure for the patients due to its
nature and taking large number of samples (e.g. 10-12 samples) results in prolonged
procedure time. Besides, TRUS-biopsy is an invasive procedure and carries high risk
of infection due to the contamination of biopsy needles during multiple transrectal
insertions. Therefore, taking large number of samples during prostate biopsy is not

desirable.

Ultrasound view

Biopsy needle
takes a tissue sample
inserted via a needle channel from the prostate

in ultrasound probe

Biopsy needle

Figure 1.2 Illustration of TRUS Biopsy Procedure

1.2.2 MRI-Fused and TRUS Guided Prostate Biopsy Procedure

Prostate biopsy is the only standardized biopsy procedure which does not uti-
lize any visual information prior to the biopsy procedure as a guidance. Recent studies
report that Magnetic Resonance Imaging (MRI) fused TRUS-biopsy increased PCa
detection rate by 32% compared to the traditional TRUS-biopsy [35|. In this proce-
dure, MRI images of the prostate are obtained prior to the biopsy procedure. After
obtaining the MRI images target locations are defined and with advanced tools the
MRI images are registered to the US images during the procedure. In this way the

biopsy samples are taken from pre-defined target locations with certain accuracy [36].



Additionally, registration of MRI images with US images resulted in reduction of the
total number of biopsy samples. It was shown that reducing the number of biopsy
samples during prostate biopsy procedure reduces the number of low-risk cancer di-
agnosis [36] and also minimize patient discomfort and risk of infection. Although the
MRI-fused TRUS-biopsy decreases the number of unnecessary prostate biopsies and
improves the reliability of the biopsy procedure, real-time images are limited by the
TRUS technology which bring inadequate resolution and soft tissue contrast during
the procedure. Additionally, the registration of MRI images with US images is usually
complicated, time consuming [35] and require expensive devices. Therefore, a better
solution to improve the diagnostic quality of the prostate biopsy to perform the biopsy

procedure under MRI guidance.

Fusion Device

Figure 1.3 MR/US Image Fusion for Targeted Biopsy

1.2.3 Prostate Biopsy Procedure Under MRI

1.2.3.1 Prostate Cancer Imaging with Magnetic Resonance. MRl isanon-

invasive imaging modality that employs the absorption and emission of radio frequency
energy as well as the systematic manipulation of magnetic fields along three axes. The
basic principle is leveraging the interaction of nuclear spins (usually from water and
fat) with the externally applied magnetic fields and measuring the various impacts of
external magnetic fields on nuclear spins. MRI offers multi-dimensional images from

multiple planes and without the necessity of repositioning the object.



In MRI the signal to noise (SNR) depends on various factors such nuclear spin den-
sity, size and location of the target object. Prostate is rather located in the center
of the body and it is small in size (means less nuclear spins) which result in limited
SNR for conventional imaging. Furthermore, it is encased in a lipid pool. Given the
prevalence of PCa in the peripheral zone [37|, additional precautions must be taken
to avoid the negative consequences of chemical shift interference, particularly for vul-
nerable modalities like magnetic resonance spectroscopy (MRS). Several solutions have
been developed to address these issues. Combining phased array coils with endorectal
coils is a typical approach for increasing SNR to acceptable levels. It has been shown
that this solution offers better detection of PCa with DWI technique [38].

T2 weighted imaging is a fundamental MRI sequence which is based on T2 relaxation
differences between different tissues. The degree of difference between healthy and
diseased tissue is a limiting factor in detecting tumorous tissue in the prostate. T2
weighted images have been found to have limited accuracy for this purpose because
the characteristics of malignant prostate tissue can be confused with those of other dis-
orders [39]. Tt has been shown that the performance of DWT in detection of PCa is more
reliable than that of T2 weighted images. T2 weighted imaging, on the other hand, is
still used in prostate imaging methods because of its capacity to offer high-resolution
morphological anatomy. Standard T1 and T2 weighted sequences and additional func-
tional parameters such as dynamic contrast enhancement (DCE), diffusion-weighted
imaging (DWI) may be used to determine high-risk regions for PCa [26]-[36].

In DWI the contrast is obtained from the microscopic movements of water molecules
in certain directions. Diffusion generating gradients are applied in several directions
and the diffusion properties of each voxel are modeled as a tensor [40]|. Various param-
eters, such as mean diffusion (MD), fractional anisotropy (FA) and apparent diffusion
coefficient (ADC) maps, are derived using these tensors [41|. In peripheral PCa, DWI
has been reported to be efficient way in distinguishing malign tissues [38]-[42].

DCE imaging is a type of magnetic resonance imaging (MRI) technology that uses
contrast chemicals to better define malignancies and vascular networks [53]. Image
reconstruction takes advantage that dynamic changes are observed only in a specific
parts of the data, allowing for quick and efficient collections. DCE has been reported
to be an effective technique for the detection and grading of early PCa [43].



To summarize, MRI is an advanced imaging tool for reliable diagnosis and grading of

PCa because to its excellent soft tissue contrasts, high spatial resolution, non-ionizing

radiation, non-invasive nature and flexible target localization to capture images in mul-

tiple planes.

Table 1.1: MRI Sequences

Sequence | Sequence | Physics Clinical Features Example Image
Group Type

Spin T1 In T1 Weighted imag- | -Fat produces high signal

Echo Weighted | ing short TR and TE | and appears bright in MR

(SE) (T1) are used. T1 sequence | images.

relies on the relaxation
of the longitudinal re-
laxation (spin-lattice)
of the tissueds magne-

tization

-Water produces low signal
and appears dark in MRI
images.

-Contrast agents and para-
magnetic materials produce
high signal and appears
bright.

-Muscle produces intermedi-
ate signal intensity.

-Brain white matter produces
intermediate signal intensity
and grey matter produces

hyper-intense signal intensity.

Continued on next page




continued from previous page

Example Image

Sequence | Sequence | Physics Clinical Features
Group Type
Spin T2 In T2 Weighed imag- | -Water produces high signal
Echo weighted | ing long TR and TE | and appears bright in MRI
(SE) (T2) are used to measure | images.

transverse (spin-spin) | -Fat produces low-

relaxation.

intermediate signal intensity
in conventional Spin Echo
(SE). However, it produces
high signal in advanced se-
quences like Turbo Spin Echo
(TSE) and Fast Spin Echo
(FSE) and appears bright in
MR images.

-Contrast agents and para-
magnetic materials produce
low signal intensity.

-Muscle produces intermedi-
ate signal intensity.

- Brain white matter pro-
duces hypo-intense signal
intensity, grey matter pro-
duces intermediate signal

intensity.

Continued on next page




continued from previous page

Example Image

Sequence | Sequence | Physics Clinical Features
Group Type
Spin Proton In PD Weighed imag- | -PD weighted sequences used
Echo density ing long TR and short | to be preferred for brain
(SE) weighted | TE are used to mea- | imaging but replaced by other
(PD) sure proton density. modern imaging sequences.
PD sequences offer good con-
trast difference between fluid
and hyaline/fibro cartilage
which makes PD sequences
ideal in the imaging of joints.
-Water produces high signal
and appears bright in MRI
images.
-Fat produces high signal in-
tensity
-Muscle produces intermedi-
ate signal intensity.
-Hyaline cartilage produces
intermediate signal intensity.
-Fibrocartilage produces low
signal intensity.
Gradient | Steady- In SSFP  imaging | This sequence is mainly used
Echo state transverse  magneti- | assessment of dynamic car-
(GRE) free pre- | zation is maintained | diac functions.
cession between successive
(SSFP) cycles.

Continued on next page




continued from previous page

Sequence | Sequence | Physics Clinical Features Example Image
Group Type
Gradient -T2* GRASS and FISP offer less
Echo -Gradient Recalled | image contrast compared to
(GRE) Acquisition in Steady | FLASH. GRASS and FISP
State GRASS and are ideal when there is
-Fast Imaging with | no time limitation for ac-
Steady state Preces- | quisition and can offer bet-
sion (FISP) ter SNR compared to FLASH
-Fast Low Angle Shot | with short TR times.
(FLASH)
Inversion | Short tau | STIR sequence is used | Initially, Inversion Recovery
Recovery | inversion | to suppress fat in MR | sequences are developed to
(IR) recovery | images. obtain T1 weighted images.
(STIR) In current practice they are
used to suppress certain type
of material. (e.g. fat, fluid
etc.).
In order to distinguish differ-
ent tissues, the T1s should be
different.
Materials that are shortening
T1 (e.g. gadolinium) cannot
be used with STIR.
Inversion | Fluid- FLAIR sequence is | FLAIR sequence is particu-
Recovery | attenuated| used to suppress fluid | larly used for brain imaging.
(IR) inversion | in MR images. It has been tested for var-
recovery ious studies for central ner-
(FLAIR) vous system (CNS) diseases

such as: multiple sclerosis,
subarachnoid hemorrhage, in-

farction and head injuries.

Continued on next page
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continued from previous page

Sequence | Sequence | Physics Clinical Features Example Image
Group Type
Inversion | Double DIR sequence is used | Double Inversion Recovery
Recovery | inversion | to suppress fluid in MR | sequence is mainly used for
(IR) recovery images. neuro-imaging and cardiovas-
(DIR) cular imaging.
Diffusion | ConventionaDWI sequence is used | DWI sequence is used for var-
Weighted to measure diffusion | ious clinical needs such as:
Imaging of water and diffu- | Early identification of cere-
(DWI) sion characteristic of | bral infarction, chronic vs
tissues. acute stroke differentiation.
Diffusion | Apparent | ADC is a measure of | ADC sequence has similar use
Weighted | diffusion | water diffusion and it | cases with conventional DWI.
Imaging coeffi- is used to determine
(DWI) cient abnormal diffusion re-
(ADC) stricted tissues.
Diffusion | Diffusion | The diffusivity of water | DT  sequence is mainly
Weighted | tensor molecules differs be- | used for diagnosis of CNS
Imaging (DT) tween tissues and axon | diseases such as alzheimer,
(DWI) fascicles in favor of | schizophrenia or white matte
axon fascicles. This is | deformation due to tumors.
measured to determine
axonal organization.
Perfusion | Dynamic | DSC sequence is based | With PWI color coded images
Weighted | suscep- on the susceptibility | can be created to assess the
Imaging tibility related signal loss to | perfusion of the tissues.
(PWTI) contrast due contrast agent in-
(DSC) jection.

Continued on next page
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Example Image

Sequence | Sequence | Physics Clinical Features
Group Type
Perfusion | Dynamic | DCE sequence is used | With PWI color coded images
Weighted | contrast to calculate perfusion | can be created to assess the
Imaging enhanced | related parameters by | perfusion of the tissues.
(PWI) (DCE) measuring the contrast

agent related T1 short-

ening.
Functional | Functional| fMRI sequence relies | fMRI provides functional in-
MRI MRI on changes in blood | formation by assessing the ac-
(IMRI) (IMRI) flow in response to ac- | tivity of cortex.

tions or stimuli.
Magnetic | Time- TOF sequences are | MRA is used to detect vascu-
resonance | of-flight used to detect flow | lar structures from any part
angiog- (TOF) within vessels leverag- | of human body. It is used
raphy ing the enhancement | an replacement of conven-
(MRA) of spins that are enter- | tional or CT angiography and

ing into the slice. avoids ionizing radiation.
Suscep- Suscep- SWI sequence lever- | SWI is mainly used to deter-
tibility- tibility- ages the particles that | mine calcium or hemorrhage
weighted | weighted | distort the main mag- | that is not visible with other
Imaging Imaging netic field. MRI sequences.
(SWI) (SWI)

1.2.3.2 Challenges for MRI Guided Applications .

Although, MRI is an ex-

cellent imaging tool for the diagnosis of several diseases lately it has been used as a

part of a therapy tool during some interventional procedures [44]-[45]-[46]. However,

performing interventional procedures under MRI is usually not straightforward because

the MRI environment brings some technical limitations such as:
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a.) The high-frequency and high-power magnetic field (RF field) may couple with the
conductive materials and generate inductive surface current which may cause excessive
heating and serious burns if get in contact with the patients. It has been reported that
the temperature increase might be up 34at the tip of the conductive wire which shows
that RF heating should be considered as a big safety threat for such MRI applications
[47]. Besides, such eddy currents may degrade the image SNR significantly.

b.) Ferromagnetic materials such as iron, cobalt and nickel that disturb the homo-
geneity of the static magnetic field may degrade the MRI signal and image quality.
Therefore, such material should be avoided in the close proximity of MRI bore.

c.) In order to use conventional electronic devices within MRI environment proper
sealing of these devices against electromagnetic interference is required even if these
devices are made of MRI-Conditional or MRI-Compatible materials. Otherwise, the
electronic devices may couple electromagnetic field induced current and as as result
may fail to function or do not function as expected. Therefore, the number of electro-
magnetic devices that can be used inside the MRI room is very limited and specially
designed and sealed devices must be designed for MRI applications.

d.) The physical dimensions of the MRI instrument also bring a challenge for the clin-
icians. In clinical practice the MRI bores are usually 60 cm 70 cm in diameter which
does not leave sufficient space to insert and manipulate therapy tools. Therefore, it is
not easy for clinicians to navigate the biopsy needle while patients are lying inside the
MRI bore [48|. This is a serious limitation on the activities of clinicians which brings
necessity for the MRI-compatible biopsy needle and delivery systems for the clinical

procedures.

1.2.3.3 Biopsy Needle Visualization Under MRI . MRI-visibility of interven-

tional tools is still in important topic for researchers. In order to track interventional
procedures in real time under MRI specially designed tools are required. These tools
should be designed such that they should be able to create sufficient signal to track the
pose and position of the devices under MRI but at the same time should not distort the

anatomical signals and images significantly. There are different approaches to ensure
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MRI-visibility of the tools. Some of these approaches are usually less complicated but
offer reduce tracking precision and some approaches require complex hardware but can

offer high precision tracking. The tracking methods can be grouped as follows:

1. Encoder Tracking
In this tracking method, encoders are used to monitor the movements of the
individual components (e.g. needle, robot arms etc.) of the robotic system [49]-
[50]-[51]. The movements are tracked by the encoders that are placed on the
robotic system’s joints. In this way any movement in each joint is captured
by the encoders and the exact position of each arm can be calculated. In this
method, the robotic system should be anchored to the MRI scanner table with
rigid mounting elements and the system should be calibrated with respect to the

MRI scanneras coordinate system before each procedure.

Optical Tracker Sensors ( x3)

Patient

Figure 1.4 The intraoperative MR scanner and the sensors of the tracking device [2]

2. Passive Tracking
In this tracking method, the exact posture and position of the robotic system’s
components are determined by imaging the passive markers under MRI. The pas-
sive markers are placed within the robotic systemas components using specially
designed holes or structures. Susil et al. proposed a prostate brachytherapy de-
vice to operate under MRI [52]-[3]. The holes within the device were filled with

contrast material and the system was imaged under MRI before the procedure
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using conventional T1 or T2 weighted images. As a contrast material a surgical
lubricant (Surgilube, NY, USA) was chosen to provide high strength MRI signal
with T1=1850 ms and T2=240 ms and to ease insertion of the catheter. In this
study, the contrast materials was measured with SE and FSE sequences. There-
fore, contrast material should be chosen from high T1 and high T2 materials
in order to obtain bright images with T'1 weighted and T2 weighted sequences.
As it is seen in figure 1.5 regularly designed patterns are easily seen in the MRI
image and can be used to register robotic system with the MR coordinate sys-
tem. Two holes were used to determine the x coordinate axis and other two were
used to determine y coordinate axis. In order to prevent inaccuracies due to the
resolution and spacing of the holes, the tracking of the system is supported with
the endorectal guide. The endocrectal guide was also covered with a tube (6 cm
long and 0.125" diameter tube) which was filled with the same contrast material
to enhance MRI visibility. Beyersdorff et al. utilized fiducial markers to track
biopsy needle for MRI-guided prostate biopsy procedure [53].

. Optical Tracking

In this tracking method, the exact posture and position of the robotic system’s
components is measured by a tracking system that relies on optical principles.
In this approach, there should be optical visibility between the robotic system
and optical components (camera etc.) in order to calibrate the robotics systemas
position with the MRI scanneras coordinate system. In order to track the com-
ponents of the robotic system there should be optical targets or LEDs fixed to
the robotic system. DiMaio et al. proposed an optical tracking system that used

to register and track a robotic system with an open MRI scanner [4].

. Gradient Field Tracking

In this tracking method, the posture and the position of the robotic system’s
components is determined by magnetic sensors that are fixed to the robotic sys-
tem. The magnetic sensors are used to sense the gradient fields of the MRI
scanner. Hushek et al. employed a commercially available tracking system, En-
doScout (Robin Medical Systems, USA), in an MRI application [54|. In this

approach, the magnetic sensors should be positioned close to the isocenter of the
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Imaging coil

!

Template

Immobilization arm

Figure 1.5 Needle placement device. a) The needle-guiding template and endorectal imaging coil.
b) The template holes, filled with surgical lubricant, are easily visualized in MR images. c) After reg-
istration of the position and orientation of the needle-guiding template. Visualization of the template
allows for easy verification of this registration. [3]

MRI scanner’s magnet and precise calibration is required should be performed

for the entire ROI in each MRI application.

5. Active Tracking with Micro Coils
In this tracking method, the posture and the position of the robotic system’s
components is determined by micro coils which are either embedded of surface
coated to the robotic system. The micro coils are electronically connected to the
MRI scanner to measure signals coming from the micro coils and constructing the
MRI images. In this approach customized MRI sequences are used to track these
micro coils under MRI. Firstly, the active tracking approach with micro coils is
proposed by Dumoilin et al. to track 6-DOF system under MRI [55]. Yildirim et
al. proposed a novel method to surface coat needles and robotic component to

create surface micro coils which are used for precise tracking [5].
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Figure 1.6 a) Open-MRI scanner b) 5-DOF MR-compatible robot which equipped with an optical
tracking (inset) [4]

Yaras et al. employed an opto-acoustic coupled active micro coil for real time

Figure 1.7 Surface Coated Active Coils [5]

device tracking under MRI [6]. The opto-acoustic markers helped to reduce the
micro coil induced RF heating significantly.

Krieger et al. reported a hybrid tracking method which utilized active and
passive tracking approaches in the same design [7]. The active tracking coils are
used for imaging and the passive markers are used for real time tracking the
device components.

The active tracking method offers accurate and fast tracking without requiring
pre-calibration. However, the active tracking requires electronic components to
connect micro coils to the MRI scanner and channels dedicated for the micro coils
are needed which increase the complexity of the system. Also, customized MRI
sequences may limit the clinical deployment since this approach requires special

MRI sequences.
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Optical fiber

: . Piezoelectric transducer
Receiver coil Modulated light
Figure 1.8 Opto-acoustic Active Tracking [6]
Table 1.2: Comparison of Tracking Methods
Tracking Method Advantages Disadvantages

Encoder Tracking

-Commercially available tools can be
used (e.g optical encoders etc.).

-Optical encoders are usually MRI-
compatible and do not bring addi-

tional issues.

-Requires mechanical stiffness and
anchoring mechanism for fixing the
robotic system to the MRI scanneras
table.

-Precise calibration is required be-
fore each procedure with respect to
the MRI scanneras coordinate sys-

tem.

Passive Tracking

-It is possible to develop customized
designs depending on the robotic
systeméas design and application.
-Easy to implement and does not re-
quire expensive tools.

-Does not require pre-calibration.

-Requires image based registration
and real time image based calcula-
tions.

-The excitation is less controlled

compared to active tracking.

Optical Tracking

-Commercially available optical sen-
sors or LEDs can be used.
-Optical components usually do not

bring MRI compatibility issues.

-Requires optical visibility within
MRI environment which brings ad-

ditional physical limitations.

Continued on next page




18

continued from previous page

Tracking Method

Advantages

Disadvantages

Gradient Field Track-
ing

-Commercially available magnetic
sensors can be used.
-3D tracking is practical thanks to

the 3D magnetic sensors.

-Magnetic sensors might distort the
MRI images if not positioned prop-
erly.

-Precise pre-calibration is required

for the whole volume of interest.

Active Tracking

-Offers the best tracking accuracy.
-Offers fast tracking for real-time
applications.

-Does not require pre-calibration.
-The excitation is more controlled

compared to passive tracking.

-Requires complex processes to pro-
duce micro-coils or other tracking
technologies.

-Might bring RF heating concerns.
-Dedicated MRI channels are re-

quired for the micro-coils.

- Can be combined with other tech-
nologies to eliminate RF heating

concerns.

1.2.3.4 MRI Compatible Robotic Systems for Prostate Biopsy Procedure.

In order to cope with the limitations of working under MRI, remote controlled MRI-
compatible robotic assist devices are proposed for various interventional applications
e.g. prostate biopsy and brachytherapy, brain biopsy, breast biopsy and bone biopsy
etc. More than 25% of the literature published in the last decade concentrates on
prostate biopsy, which makes it the most popular application [56].

Fischer et al. developed a pneumatically actuated prostate biopsy robot with 8 degrees
of freedom (DOF) [8]. Custom-made pneumatic cylinders were controlled with precise
stepper motors and a transperineal approach was preferred for the biopsy operation.

Elhawary et al. proposed a transrectal robot with 5-DOF control where piezoceramic
motors were used to actuate robotic arms [57]. Song et al. reported a pneumatically
actuated 4-DOF needle delivery system for prostate biopsy with a transperineal ap-

proach [58]. Van den Bosch et al. developed a 5 DOF device where needle insertion
was performed with the pneumatic tapping principle [59]. Seifebadi et al., Su et al.
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Figure 1.9 Hybrid Tracking Approach [7]

and Eslami et al. proposed a prostate biopsy device with a transperineal approach and
preferred piezoelectric motors for remote actuation [9]-[20]-[10].

Yakar et al., reported a pneumatically actuated 5-DOF robotic system where for
inserting needle guide and biopsy needle transrectal approach was preferred [60]. A
needle delivery design was utilized by Krieger et al. and Stoianovici et al. as a part
of a robotic prostate biopsy system where Krieger et al. preferred piezoelectric motors
and Stoianovici et al. used custom-made pneumatic motors to actuate robotic arms

[12]-[11].

In this design, the endorectal guide and the biopsy needle were designed to be

visible under MRI. The biopsy needle and the guide incorporate passive markers to
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Figure 1.10 Pneumatic Prostate Biopsy Robot a)Horizontal View b) Vertical View [8]

make them visible under MRI guidance. Patel et al. proposed a modular transperineal
prostate biopsy system with 4-DOF which were actuated using piezoelectric actuators
[13]|. The previous MRI-guided prostate biopsy studies were summarized in table 1.3 in
terms of number of DOF, actuator type, signal to noise ratio (SNR), targeting accuracy
and clinical approach.

There are also commercially available solutions that are designed to perform prostate
biopsy procedure under MRI. For instance, Philips Dynatrim Solution (Philips Health-
care, Netherlands) offers a stage for targeted transrectal prostate biopsy. The stage is
used to to target the lesions inside the prostate with 3 DOF. However, the adjustment
of the stage is done manually with high accuracy adjustment knobs. The solution of-
fers MRI visible transrectal guide which is partially filled with a liquid that is visible

under the MRI. In this was, the stage to patient registration is done within the system.
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Figure 1.11 Pneumatic Prostate Biopsy Robot [9]
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Figure 1.12 Piezoelectric Prostate Biopsy Robot [10]

Besides, the solution offers a navigation tool which can calculate the required manipu-
lation of the DOFs after acquiring the patient image. The system works with standard
biopsy guns and nitinol biopsy needles. Therefore, the visibility of the biopsy needle is
poor and this bring practical challenges during the procedure.

As shown in table 1.3, in existing literature various actuator types were used to per-
form prostate biopsy procedure under MRI. However, in none of these studies hydraulic
actuators were used. In the proposed design the tele-operated arms are controlled with
the custom-made master-slave type hydraulic actuators to isolate the MRI incompat-
ible system components such as stepper motors and controllers from MRI room. The

hydraulic actuators helped to minimize RF signal interference and distortions on the
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Figure 1.13 Custom-made Pneumatic Prostate Biopsy Robot [11]

MRI images. As seen in table 1.3, the hydraulic actuators offer significant improve-
ment in terms of SNR loss when compared with ultrasonic and piezoelectric actuators,
Similarly, our hydraulically-actuated design offers better accuracy compared to pneu-
matic actuators since pneumatic systems suffer from maintaining acceptable accuracy
between cases due to the compressibility of gasses. Furthermore, the proposed de-
sign uses rolling diaphragm cylinders against the conventional diaphragm cylinders for
driving the biopsy needle which also reduces the complexity of the design and en-
ables a low friction, compact, master-slave type of actuation. As depicted in table
1.3, in most of the previous studies either transrectal or transperineal approach was
preferred. The proposed hydraulic based needle delivery system is designed to perform
the prostate biopsy procedure using transperineal approach. However, it is supported
with a transrectal (endorectal) guide. The endorectal guide is enabled to have a more
robust kinematics, since it is used to fix the position of the needle delivery system with
respect to the prostate phantom which is mimicking an average patientas anatomy. Be-

sides, the tip of the endorectal guide is designed to be visible under MRI and it is used
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Figure 1.14 Piezoelectric Prostate Biopsy Robot [12]

to register the MRI image with the coordinate system of the needle delivery unit. The

prostate biopsy needles are also designed and fabricated using shape memory (medical

grade) nitinol tubes in order to have the least amount of deviation from the targeted

trajectory during needle-tissue interaction and needle insertion. The biopsy needles

incorporated with equidistantly spaced Fe,Os strips to improve the MRI visibility of

the needles. The biopsy gun is designed to be MRI compatible and it is enabled for

tele-operation with a hydraulic actuator.

Table 1.3: MRI-Guided prostate biopsy applications

Year | Authors | DOF| Actuator
Type

SNR Loss

Accuracy

Clinical

sign

De-

MRI Visibil-

ity

Continued on next page
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continued from previous page

Year | Authors | DOF| Actuator SNR Loss Accuracy Clinical De- | MRI Visibil-
Type sign ity

2008 | Fischer | 8 Pneumatic | 5% 0.94 mm | Transperineal | No enhance-

et al.[8] Cylinders rms per axis ment for MRI
were used measured Visibility
together with phantom
with  Pro- studies)
portional
Pressure
Regulators

2010 | Elhawary| 5 Piezocerami¢ 1.1% min:1.97 mm, | Transrectal Fiducial
et Motors max:2.72 mm, markers are
al.[57] and linear ave:2.3 mm, inserted  for

slides were in phantom passive track-

used ing and RF
Coil is wused
for active
tracking

2010 | Van 5 Pneumatic | - - Transperineal | No enhance-
den tapping ment, for MRI
Bosch Visibility
et
al.[59]

2011 | Yakar 5 Pneumatic | - - Transrectal No additional
et motors enhancement
al.[60] for MRI Visi-

bility

2012 | Seifebadi| 5 Piezoelectriq - 2.50 mm (in | Transperineal | No enhance-
et al.[9] motors and phantom) ment for MRI

Pneumatic Visibility
actuators

2011 | Su et |6 Piezoelectrig No signifi- | - Transperineal | Fiducial
al.[20] actuators | cant signal frame for pas-

degrada-

tion

sive tracking

Continued on next page
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Year | Authors | DOF| Actuator SNR Loss Accuracy Clinical De- | MRI Visibil-
Type sign ity
2013 | Song et | 4 Ultrasonic | 44% and | ave:0.94 mm | Transperineal | No enhance-
al.[58] motors 0.4% with | (in phantom) ment for MRI
and with- Visibility
out motor
respec-
tively
2012 | Krieger | 8 Piezoelectrid 80% and | ave: 2.40 | Transperineal | Hybrid Track-
et motors 40-60% mm, max: | with a tran- | ing
al.[12] with  and | 3.70 mm (in | srectal guide
without phantom)
motor re-
spectively
2016 | Eslami | 4 Piezoelectrid 6.37% 0.50 mm(in | Transperineal | No enhance-
et motors air) ment for MRI
al.[10] Visibility
2013 | Stoianovici3 Pneumatic | No signifi- | 2.09 mm (in | Transperineal | Passive mark-
et motors cant SNR | phantom), with a tran- | ers and Active
al.[11] Loss 2.58 mm (ani- | srectal guide | RF Coil for
mal) imaging
2019 | Patel et | 4 Piezoelectriq 15.35% 1.5 mm (in | Transperineal | No enhance-
al.[13] phantom), ment for MRI
3.7-4.0 mm visibility
(clinical)

1.3 Actuation Principles for MRI Biopsy Applications

The actuation principles that are used in MRI biopsy applications can be cate-

gorized in three main groups from MRI compatibility and patient/medical staff safety

standpoint:
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Figure 1.15 Piezoelectric Prostate Biopsy Robot [13]

1. Actuation methods that are inherently compatible with MRI, which do not con-
tain ferromagnetic or conductive materials and in which no AC or DC current
is needed during the actuation in the MRI room. Depending on the design,
non-ferromagnetic conductive materials can be used if they are not in contact
with the patient/medical staff. Actuation mechanisms (hydrostatic, mechanical
or pneumatic) which poses a master actuator located outside the MRI room can

be listed as an example of this group.

2. Actuation methods in which electric energy is transported to the actuators which
are located inside the MRI room with the help of shielded cables. These methods
require using non-ferromagnetic materials and filtering to avoid signal and power
interference. Electrostatic, ultrasonic and piezoelectric actuators can be listed in

this group.

3. Actuation methods which use conventional electromagnetic actuators and fer-
romagnetic materials. In these methods these non-MRI compatible materials
should be fixed at a certain distance from the MRI scanner and should be shielded

to avoid interference.
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Figure 1.16 Philips Dynatrim Solution for Targeted Prostate Biopsy Procedure

The actuation methods that are used in MRI applications can be grouped and

analyzed as:

. mechanical actuation,
. pneumatic actuation,
. hydraulic actuation,

. electric actuation,

. electromagnetic actuation in terms of actuation principles

Mechanical Transmission Systems and Actuators

The simplest type of actuation from the MRI compatibility standpoint is me-

chanical actuation. In mechanical actuation relevant components are used to store
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energy and convert the energy to mechanical power where the actuation is needed.
Mechanical actuation also allows master-slave type of actuation in which master actu-
ator is positioned at a sufficient span with the MRI scanner or completely exterior of

the MRI room and power is transferred to the slave actuator.

1.3.1.1 Potential Energy Based Actuation. The use of mechanical actuation

does not necessitate the use of a power source or electronic components. It has been
shown that to control basic devices and to manage friction and mass, mechanical
actuators that are based on gravitational or elastic potential energy can be utilized
[14]. This approach is intriguing because the actuation if performed on the mechanical
structure while eliminating the need for an external source of energy (electrical or
mechanical). The potential energy base actuators usually utilize springs which must
be reloaded before each trial. The material of the spring is important in terms of
MRI compatibility and device characteristics. There are commercially available copper
alloys which are shown to be MRI compatible and provide sufficient characteristics for
steady operation such as Phosphorus Copper (CuP), Beryllium copped (CuBE) or
brass [61]-[62]-]63].

general support

AXIS ———

capstan ——

force

generator - 460 [mm]

Figure 1.17 Design of the potential energy based actuator using a capstan mechanism. This 2 DOF
mechanical interface was designed to transform the force induced by a groove carved on a shaft. [14]
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The potential energy based actuators offer advantages like lower cost and simple
implementation, high bandwidth without significant delay and unnecessity of external
power supply which also simplifies the design. On the other hand, there are some
disadvantages like short motion range and lack of precise control and no feedback
mechanism with a computer system which limits the application areas of the potential

energy based actuators.

1.3.1.2 Mechanical Transmission Systems. Mechanical transmission systems

are frequently utilized to transmit power for a long distance into a confined location.
Because access to the MRI scanner bore is limited in MRI applications, remote actua-
tion has found various use cases. In MRI applications, a specially designed waveguide
can be used to transmit force and motion inside the MRI room through the penetration
wall. This enables for the use of traditional electromagnetic actuators outside the MRI

room while also preventing the infiltration of electromagnetic interference sources.

Belt/Cable Transmission

Belt/Cable transmissions are mainly used when it is not practical to place ac-
tuators directly on the robotic system in order to enable remote actuation. There are
various applications of belt/cable transmission in medical applications such as robotic
assisted surgical systems like the da Vinci Robotic-Assistend Surgical System (Intuitive
Inc.l, USA), force rendering platforms like Phantom (Sensable Tehnologies, USA) and
haptic application devices like Freedom 6S (MPB Technologies, Canada). A 4-DOF
robotic system was proposed by Oura et. al [15] for minimally invasive procedures
which transmitted motion generated by ultrasonic motors using belts. When robots
interact with human in an MRI environment, MRI compatibility and safety must also
be taken into account. The demand for a sturdy and fixed guiding structure, which
results in a non-flexible design, is the fundamental disadvantage of belt/cable trans-
missions. The master actuator could be positioned inside the MRI room to alleviate
this issue. This also eliminates the need to pass through the waveguide which is placed

on the penetration wall. A torque motor, when combined with a short cable transmis-
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MRI

Figure 1.18 Belt/Cable transmission based actuator [15]

sion, produces an intriguing MRI-compatible actuation principle with high bandwidth,
low inertia and friction, making it excellent for applications needing force rendering.
Due to the possibility of slippage, position encoders that are MRI compatible may be

installed in such devices in order to improve safety measures.

Shaft /Rod Transmissions

Mechanical transmission of rotational and translational motions from an actu-
ator to a robotic system is possible with utilization of the shaft/rod transmissions.
Shaft/Rod transmissions require fixed anchoring structure which results in non-flexible
installation and placement. There are various applications of shaft/rod transmission
in the literature. A leverage parallelogram mechanism (LPM) based transmission is
proposed by Koseki el al. |64] for a 6-DOF robotic system for a length of 1.8 meter. To
excite touch senses in the hand during an fMRI examination, a 2-meter-long carbon-
fiber rod was proposed to transfer DC motor rotation which is located outside the
MRI room [65]. Krieger et al. [16] demonstrated a robotic system to perform prostate
biopsy procedure with MRI guidance such that the physician could operate manually

from outside the MRI scanner.
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Figure 1.19 Shaft transmission based actuator [16]

1.3.2 Pneumatic Actuators and Transmissions

In an MRI setting, pneumatic actuators are one of most preferred transmission
principle to generate basic force pulses and movements due to the simplicity of imple-
mentation and high efficiency. Pneumatic cylinders that are made of MRI-compatible
materials are commercially available or custom-made MRI-compatible pneumatic cylin-
ders can be designed and produced easily. In a hospital setting it is easy to access
compressed air supplies and it is usually available in MRI settings which provides
operational simplicity. Besides, flexible tubes can be shaped and positioned without
requiring massive modification inside the MRI room. If an external air compressor is
required, it can be positioned outside of the MRI room. Additionally, working with air
does not pose leakage related safety threat in clinical settings and does not require a
return pathway in case of an air leakage. The main disadvantages of pneumatic actua-
tors are compressibility of the air which results in limited bandwidth and considerable

delay.
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Pneumatic actuators were proposed for various fMRI applications that are con-
centrating on sensorimotor cortex mapping [66]-[67]-[68] and studies that are inves-
tigating control of the human motor system [69]-[70]. Pneumatic transmissions are
preferred in MRI-compatible emergency buttons and headphones which exist in many

MRI systems for patient safety concerns.

Pneumatically actuated pistons and double-acting diaphragms are an ideal method
of activating clamping systems that can be used to mechanically release or fix mechani-
cal structures such as the fixation of a needle guide that is used during a brachytherapy

procedure [71].

A rotary wave generating motor was proposed by Stoianovici |[72] which is de-
formed by three pulse-like sequential pneumatic pistons, which resulted in rotation.
These actuators allowed open-loop control for position. DiMaio et al. [17] utilized
piezo-electric valves, in contrast to conventional electromagnetic valves, to increase the
bandwidth and to reduce inherent delays. An MRI compatible assistance system was
developed by Innomotion which leveraged plastic-made pneumatic actuators. These

pneumatic actuators were used to obtain steady, slow motion with special algorithms.

‘ Actuated Surface .

Horizontal -
Motion :

Pneumatic Actuator
Forward Rear
Motion Motion

Figure 1.20 Pneumatic actuator mechanism for horizontal motion for both rotation and
translation[17]
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1.3.3 Hydraulic Actuators and Transmission Systems

Hydraulic transmission systems offer two different actuation principles. The
first principle is to generate hydraulic pressure with a pump and to actuate remotely
located hydraulic cylinder with the pressurized fluid. The second principle is to form
a closed-loop master-slave type hydrostatic system in which master cylinderas motion
is replicated by the slave cylinder. In this way, the master cylinder does not require a
hydraulic pump and can be controlled with conventional electromagnetic motors and
with a linear stage that are located at a remote location. In hydraulic system flexible
hoses are used which allows to place hoses in desired orientations and positions based
on the system design. The choice of the materials for hydraulic cylinders determines
the MRI compatibility of the system. Therefore, hydraulic cylinders that are made up
of MRI-compatible materials ensures MRI compatibility of the system.

It has been shown that hydraulic transmissions can be used for both controlling
the position for robotic applications and measuring the force feedback for haptic appli-
cations where there is an interaction of the patient and the robot. For 10-meter-long
hydraulic transmission the bandwidth was measured as 20 Hz and the resonance fre-
quency was measured as 9 Hz [73]. If required, the transmission length can be reduced

to boost bandwidth.

Kim et al. [18] used ultrasonic motors to actuate a hydraulic transmission based
manipulator to perform surgeries for liver diseases. An MRI-compatible robotic system
that is powered by two electric motors which are located at a long distance (ideally not
within the MRI room) to run a hydraulic actuation system was proposed by Hogan
et al. [74]. The actuators’ performance is limited by joint friction, fluid type and by
the viscosity and compression of the oil. In medical applications, the leakage of oil,
although small, is not desirable. By adjusting the tension of the joints, the friction can
be reduced by the compensation of increased bleeding. Hydrostatic transmission needs
extra mechanisms in which electromechanical power is converted into hydraulic power

before being transformed at output into mechanical power.
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Figure 1.21 Master-Slave type hydraulic actuation|[18]

1.3.4 Electrical Actuators

Electrical actuators benefit from the transmission of electric power over flexible
and small cables and from the direct conversion of the electricity into mechanical energy.
Actuation comes from low current and high voltage electric fields. Multiple conversion
of energy can be avoided as opposed to mechanical transmissions. However, the use
of such actuators is limited to the safety and MRI compatibility issues and requires a

minimum distance from the magnet iso-center and ROI of imaging.

In addition, it may be necessary to filter signaland shielding depending on the
systemas working principle and the imaging sequences. The most widely used actuators
for MRI compatible robotic systems are ultrasonic and piezoelectric motors, although

several groups proposed other types of electric actuators.

1.3.4.1 Ultrasonic/Piezoelectric Actuators. The most commonly preferred

MRI compatible actuator is the ultrasonic motors. The ultrasonic motors were firstly
studied for positioning purposes for MRI guided interventional applications |75]-[49]-
[76]. Compression and stabilization of body parts [19], as well as actuation of an arm
to induce the strain of tissue plane for MR elastography, were among the other use

cases [77|. An intrauterine fetal surgical micro-manipulator was developed by Harada
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Figure 1.22 Ultrasonic Actuation[19]

et al. using ultrasonic motors and tested [78] in an open MRI scanner. Hata et. al pro-
posed a robotic system to assist operators inside the MRI room to perform microwave
thermotherapy for addressing liver tumors [79].

Piezoelectric actuators were also used by different groups for various applications such
as the vibrotactile stimulation for somatotopic mapping of the brain cortex [80] or ex-
citation of tissues during MRI elastography [77].

Although, in many applications the output of the ultrasonic motors was transmitted
using linkages or levers in some applications ultrasonic motors were used to drive the
manipulations directly depending on the position of the ultrasonic motors and shielding
degree of the ultrasonic motors. It has been shown by Gassert et al. [81] and Hartwig
et al. [62] with proper shielding and filtering ultrasonic motors can be used even for

fMRI applications such as haptic applications and studies for human motor control.

1.3.4.2 Electrostatic Actuators. In an MRI environment electrostatic motors

may also be used as they produce negligible electromagnetic field and do not contain
ferromagnetic materials [82]. High-performance electrostatic actuators were developed
by some research groups, which generate enough torque or thrust to power conventional

mechatronic devices. The film actuator Dual Excitation Electrostatic Drive is one of the
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Figure 1.23 Piezoelectric Actuation[20]

strongest [83]. Electrostatic actuators, on the other hand, still require advancements

in power electronics before becoming a viable option.

1.3.4.3 Electroactive Polymers. Electro-active polymers (EAPs) offer a rela-

tively new form of actuation that go by a variety of names, including ionic polymer-
metal composite (IPMC) actuators and electrostrictive polymer actuators (EPAMs).
EAPs are the actuators that alternate the physical properties of the materials in re-
sponse to changes in electric/chemical potential or temperature. The functioning prin-
ciple and needed driving voltage are the fundamental differences between EPAMs and
IPMCs [84]-[85]-[86]. When the voltage is applied to across EPAM its thickness de-
creases and surface area increases. On the other hand, IPMCs bend when voltage is
applied in the direction of the cathode. Another major variance between EAPs and
IPMCs is the required voltage; EAPs are driven with kilovolts whereas IPMCS require
very low voltages. Furthermore, IPMC are continuous and EAPs are on-off type actu-
ators. Nakano et al. [87] proposed usage of these actuators for fMRI applications in
neuroscience field by creating haptic displays. Also, these actuators are promising for

applications for tactile simulators. Vogan et al. [21] used EAPs to create an adjustable
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MRI coil which can change its size according to the ROI in order to gain the best
image resolution and quality. In this way the patient comfort is improved by reducing
the imaging time. Also, it has been shown that these actuators offered sufficient MRI
compatibility and did not distort the MR images. However, the safety issues related to

these actuators should be investigated for applications which requires patient contact.
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Figure 1.24 The Single Actuator Integrated Coil Design [21]

1.3.4.4 Electrorheological Fluid (ERF) Actuators. When an external elec-

trical field is applied the flow properties changes for certain fluids called electrorhe-
ological fluids (ERF) which can be used to control torque. These fluids behave like
a Newtonian fluid under normal circumstances. However, when the electrical field is
present they behave like Bingham fluid which means that the yield stress varies by
changing current. Therefore, it is possible to generate blocking or resistive torques by

varying the electric field.

Khanicheh et al. [22] proposed a rehabilitation device which used an MRI-
compatible ERF. Because ERF materials can be made MRI compatible and the force
and torque can be regulated directly, it is an appealing actuation method for rehabili-

tation and haptic devices.
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Figure 1.25 MR compatible ERF Driven Hand device [22]

1.3.5 Electromagnetic Actuators

Despite the fact that electromagnetic actuators are neither fundamentally MRI
safe nor MRI compatible, they provide for simple velocity, position and torque control,
as well as precise force feedback to detect human actions. Therefore, electromagnetic
actuators are employed in many traditional haptic applications. Electromagnetic ac-
tuators usually contain a permanent magnet and a soft magnetic material which are
used to condense the electromagnetic flux are the source of the safety concern. As a
result, the static magnetic field will strongly attract such a motor, which should be
tightly fixed at certain span from the MRI magnet. The necessity of relatively exces-
sive current to run the motor and noise created by the power supply all contribute
to electromagnetic compatibility difficulties. Nonetheless, similar actuators have been
employed in MR contexts, where they take use of the scanner’s static magnetic field or

use electromagnetic filtering and shielding.
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1.3.5.1 Magnetomechanical Vibrotactile Devices and Lorentz Actuators.

Lorentz actuators are topic of interest for several research groups which aim to mini-
mize the safety and MRI compatibility issues of electromagnetic actuators. The main
reason for this interest is that Lorentz actuators do not contain ferromagnetic materials

and use the static magnetic field of the MRI scanner.

Lorentz Force-based Actuation

(b)

Figure 1.26 Examples of MRI-driven robots actuated by the Lorentz forces in the literature. ai c)
MRI-driven catheters with Lorentz coil embedded. [23]-[24]The torque induced on an active Lorentz
coil deforms the tip, which enables precise tip control within MRI.

Magnetomechanical vibrotactile devices (MVD) are used by Graham et al. [8§]
in order to develop a somatotopic mapping during fMRI. It has been also used in MR
elastography applications to create shear and compression waves [66] and to navigate
the catheter tip in several MRI applications |89]. Riener et al. |90] used this technique
to control a one-degree-of-freedom haptic sensing with a force sensor to detect the
motion of wrist during an fMRI application. A hall-effect type sensor was included
into the haptic sensing system, enabling measurement of density of the magnetic flux
and thereby reducing the reliance on the device’s position within the scanner’s static

magnetic field.
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The proposals of Graham et al. [88] and Reiner et al. [90] showed sufficient MRI
compatibility and sensitivity of positioning and orientation. However, this depends
on the clinical setting and used MRI sequences. Therefore, in each application the

performance of the proposed solutions should be assessed.

1.3.5.2 Shielded Direct Current (DC) Motor. Traditional Direct Current mo-

tors, while commonly preferred in various applications and great for positioning and
haptic sensing applications, have major MR safety and compatibility issues. The fer-
romagnetic components that will be attracted by the scanning magnet are the source
of the safety concerns. It should be noted that electromagnetic interference would

possibly occur is the DC motor is not shielded or poorly shielded.
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2. SOLUTION DESCRIPTION AND SPECIFIC AIMS

In this thesis, we introduce a hydraulic based biopsy needle drive system and
passive prostate biopsy needle design to perform prostate biopsy procedure under real-
time MRI guidance in order overcome the existing problems in clinical practice. The
solution, i) will address the reliability concerns of TRUS biopsy by offering a targeted
biopsy procedure, ii) will ease utilization of MRI images during the biopsy procedure by
eliminating the necessity of image registration of different modalities, iii) will address all
the technical limitations by offering the ultimate design features in terms of material
selection, mechanical design and actuator selection and iv) will offer enhancement
of needle visibility with passive tracking approach in order to improve the targeting
accuracy. The proposed solution includes the design, driving the kinematic equations,
production, characterization and experimental validation stages of a robotic prostate
biopsy system.

The proposed robotic prostate biopsy system is composed of following components;i)
needle delivery unit, ii) control unit, iii) hydraulic actuators, iv) biopsy gun and v)
biopsy needle. Although, there are similar studies that are available in the literature

the main specific aims and possible contributions of this thesis are;

1. Adoption of rolling diaphragm cylinders in the hydraulic actuator design and pro-
viding its characterization. The inclusion of rolling diaphragm cylinders brings
significant benefits like reduction of internal friction, fast response, precise open-
loop control, high output torque over long hydraulic lines and high sensitivity
to support haptic applications. Therefore, rolling diaphragm cylinders play an

important role for the system.

2. Designing a compact, low-cost and simple robotic system for real time prostate
biopsy under MRI with required specifications in term of targeting accuracy, total
procedure duration, robustness, patient safety measures and anatomical compli-

ance.
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. Driving inverse kinematic equations specific to the robotic system in order to
register the patient with the robotic system and to perform calculations required

for the robot manipulation.

. Preclinical evaluation of the robotic biopsy system with MRI experiments using

a prostate phantom.

. Demonstration of complete systemas feasibility in terms of key performance met-

rics (e.g. targeting accuracy, procedure duraction etc)

. Investigation of active tracking techniques that can be applied for the biopsy

needle and conducting animal experiments.
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3. MATERIALS AND METHODS

3.1 System Design

A hydraulically-actuated needle delivery system was designed to drive the prostate
biopsy needle under real time MRI guidance. The system was composed of five main
components: i) needle delivery unit with 6 DOF, ii) hydraulic actuator system, iii)
motor controller user interface, iv) MRI compatible biopsy gun and v) biopsy nee-
dle. The needle delivery system was designed to be anatomically compliant based on
similar medical device specifications in the market. The design was simulated using
an anatomical model in order to ensure that every voxel inside the prostate can be
traced with the needle tip. Additionally, patient comfort was also considered during
design stages and it was aimed to obtain biopsy samples without causing any unneces-
sary discomfort for the patient. The hydraulic actuator was designed in a master-slave
configuration such that the master unit was controlled by the operator in the control
room and motions of the master were precisely replicated by the slave unit which is
located in the MRI scanner room. The master-slave configuration enabled us to use
low-cost conventional components (non-MRI compatible) for the master system which
is located outside of the MRI scanner room. The hydrostatic transmission mechanism
was preferred to transfer the required force and/or torque during the biopsy needle
insertion. In principle, the required force or torque is first created on the master unit
and transferred to the slave unit using the hydrostatic transmission mechanism. An
MRI-compatible biopsy gun and biopsy needle were designed and produced in order to

acquire biopsy samples.

3.1.1 Biopsy Needle, Biopsy Gun Design and Passive Tracking

SolidWorks design and drawing tool (Dassault Systems SOLIDWORKS Corp,
MA, USA) was used to design the bevel cut distal tip and biopsy reservoir of the
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coaxial biopsy needle. The design file was then converted to the required format for
the laser cutting system using Alphacam Software (Vero Software, UK). Both inner
and outer components of the The biopsy needle was formed through laser cutting
process by using a Nd:YAG laser cutting device at Bogazici University Center for Life
Sciences and Technologies. The maximum power of this device is 400 W and the beam
diameter is 18-20 microns. Initially, the laser cutting device was brought to the tube
cutting mode and this modification of the setup required additional parts to hold and
fix the low profile nitinol tubes. These support parts were designed using a computer
aided design (CAD) software (Dassault Systems SOLIDWORKS Corp, MA, USA) and
fabricated using the 3D printing device(Zortrax M200, Zortrax S.A, Poland).

The nitinol tubes were processed after bringing the laser cutting device to the tube
cutting mode. In tube cutting process, argon gas was used in order to prevent excessive
oxidation on the cutting surfaces and because titanium is a flammable metal, and a
water cooling system was used to reduce the heating. Laser cutting process requires
fine tuned settings depending on the type of the material, physical parameters such as
width, thickness of the nitinol tube and the cutting process. The key success factors

for the laser cutting process are

e To obtain planar cutting profile which requires proper adjustment of the laser

cutting device settings such as power, pulse width and frequency of the laser

e To prevent attachment of removed parts of the tube which requires proper ad-

justment of the pressure settings for argon gas, dry air

e To obtain desired design at the end of the laser cutting process with desired
precision which requires proper positioning of the tube to enable 360 degrees

cutting profile and proper adjustment of all device and pressure settings.

e Repeatability of the process with the same materials and settings to produce

multiple needles with the same characteristics

e Proper focusing of the laser beam to avoid unintended cuts on the reverse side of
the tube.

In the proposed thesis, several settings were tested to optimize the laser cutting
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process and to obtain desired needle design and characteristics. Finally, biopsy
needle production process was performed with following settings:

— Laser Power: 100 W

— Pulse Width: 0.6 msec

— Frequency:250 H

— Speed: 0.4 inch/sec

— Argon Gas Pressure: 6 bar

— Dry Air Pressure: 8 bar

— Water Cooling Line Pressure: 3 bar

Figure 3.1 depicts the laser cutting device in tube cutting mode.

Several biopsy needle designs were fabricated using the laser cutting device and

Figure 3.1 The Laser Cutting Device

these designs were tested to minimize the unintended deflection of the needles
during tissue-needle interaction and to maximize the sample acquisition efficiency.
After several experiments the most suitable design was chosen fabricated from
tight fit coaxial nitinol tubes (Confluent Medical Technologies, CA, USA) which

have 0.037" outer diameter for the inner needle and 0.058" outer diameter for
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the outer needle. The final design of the biopsy needles were fabricated using a
Nd:YAG laser cutting system with bevel tip angle of 26 deg as shown in figure
3.2.

Micro-blasting process was used to remove the oxide layer and burrs formed

1.9 mm

P e
b
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I\—

Figure 3.2 Biopsy Needle Design

during the laser cutting process. To remove the burrs, a micro-abrasive blaster
system (COMCO INC. AccuFlo, USA) was used with 50 microns aluminum oxide
precision micro abrasive powder at Bogazici University Center for Life Sciences
and Technologies and Figure 3.5 depicts images taken after and before microb-
lasting process. In order to assess and improve the tracking performance of the
robotic system the biopsy needle should be tracked precisely real time during the
procedure. The most convenient way to track the biopsy needles is enhancing
their visibility by either incorporating a passive or an active tracking method be-
cause the nitinol-made needles cannot generate MRI signals to be tracked under
MRI. In our study, we prefer to implement the passive visualization technique to
the biopsy needle design to make it visible under MRI. The biopsy needles were
deposited with equidistantly spaced thin film Fe;O3 strips using physical vapor
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Figure 3.3 Assembly of Inner and Outer Biopsy Needle

deposition (PVD) coating. In PVD coating atoms are removed from a solid or
a liquid by means of an energetic method and these atoms are deposited on a
nearby surface. There are different types of atom removal methods for PVD such
as thermal evaporation, physical sputtering, laser ablation, and arc-based emis-
sion [91]. In order to find the optimal recipe for the thin film FeyO3 we played
with the parameters such as PVD duration, strip spacing and strip width. As
shown in figure 3.6 the plastic tape strips were used to create equidistant Fe,O3
thin film marker over the needle length. The PVD duration has a direct impact
on the thickness of the strip. It has been seen that the signal intensity increased
with the increasing thickness. However, increasing the strip thickness too much
caused excessive distortion on the MRI images of the surrounding medium and
signal interference between adjacent strips. Besides, increasing the strip thick-
ness also increased the surface resistance of the needles during penetration and
removal of the needles. In this study, the PVD system (Vaksis, Angora, Turkey)
at Bogazici University Center for Life Sciences and Technologies was used with

following settings:
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Figure 3.4 The Microblasting Device

Base presure: 2.3210~"Torr

Coating pressure : 0.5210~% Torr

Argon flow rate : 22 Scem

Coating temp : RT

Sample longitude axis rotation : 20 rpm
Coating power source : DC

Coating Power : 100 Watt

Film growth rate : 20 nm / min
Coating time :30 min

PVD duration was chosen as 30 minutes in order to maintain the optimal
efficiency from the Fe;O3 strips for tracking the needles. The strip spacing

was chosen as 5 mm to prevent signal interference between adjacent strips
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Figure 3.5 Biopsy needles a-b) without microblasting and c) with microblasting.

but not to compromise tracking precision. Lastly, the strip width was chosen

as 1 mm.

Figure 3.6 Iron oxide nanoparticle coating

The biopsy gun was designed to fit onto the needle delivery unit with a fixed
position. The inner and outer biopsy needles were mounted to the biopsy needle
holder and biopsy gun was assembled as shown in figure 3.7. An MRI compatible
spring which was made of brass was used to load the biopsy gun. The biopsy gun

is loaded manually by the operator before the procedure. During the procedure
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the biopsy gun is fired again manually by the operator. The firing mechanism is
designed to avoid unintentional motions of the biopsy needles which can result

in a decrease in targeting accuracy. The MRI visibility of the endorectal guide

Figure 3.7 Biopsy gun a) before the gun is fired b) after the gun is fired ¢) needle holder is used to
separate the multiple sentences.

also was improved with fiducial markers in order to enable registration of the

phantom with the needle delivery unit.

3.1.2 MRI Compatibility and Material Selection

In MRI applications, material selection is an important stage in the design pro-
cess. Inconvenient selection of materials might bring adverse effects which may
cause significant problems from patient safety and image quality standpoint. As
discussed, ferromagnetic materials can be pulled strongly by the static magnetic
field in the vicinity of MRI bore which may cause serious safety issues. Similarly,
conductive materials with long electrical lengths (i.e. longer than the quarter

wavelength of transmit RF signal) may experience excessive temperature rise
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due to induced current. Also, the eddy currents that are induced over the con-
ductive system components may degrade MR image qualities.

From the safety standpoint, the American Society of Testing and Materials
(ASTM) standard F2503-13 classifies devices in the MRI environment into three
distinct classes:

(1) MR Safe: the materials and devices that cause no negative impact or harm
to the patients and medical staff in any MRI environment,

(2) MR Conditional: the materials and devices that cause no negative impact or
harm to the patients or medical staff when used in certain conditions, and

(3) MR-Unsafe: the materials and devices that can cause negative impact or harm
to the patients or medical staff or other people within the MR environment. Fig-

ure 3.8 shows the labeling for ASTM standards. In the proposed thesis, the body

lcon Geometric Shape and Appearance Meaning

A square

MR Safe

An equilateral triangle with radiused outer
comers

MR Conditional

A circle with a diagonal bar

MR Unsafe

Figure 3.8 ASTM MRI Compatibility Icons
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of needle delivery or robotic system was produced using an engineering plastic
material called castermid, utilizing a 3-axis Computer Numerical Control (CNC)
system. Castermid does not have any magnetic property such that is it not pulled
by the strong magnetic field of the MR bore. Furthermore, castermid does not
show any electrical conductivity property which means that it does not carry any
safety risks due to the RF signal induced heating. Therefore, castermid is listed
as an MRI-compatible material according to the ASTM standards. Furthermore,
in this thesis castermid was chosen because it shows excellent physical and me-
chanical properties for robotic applications. For instance, it is a very light, rigid
and durable material which offers excellent mechanical advantages against other
commonly used materials such as copper, steel, bronze, aluminum, brass, fiber,
brass and other metals. Thanks to its low surface friction castermid does not
require lubrication which is also very desirable in robotic applications. Addition-
ally, the cost of ownership for castermid is very low compared to other materials
which makes it appealing for profitable mass production. Lastly, castermid can
be processed with standard manufacturing methods such as CNC systems which
enables precise manufacturing of the desired designs with computerized systems.
Once the robotic components were manufactured the body of the robotic system
was assembled. Custom made joint pins were used at the articulation points.
Conventional, metallic joint pins were not preferred not to degrade the MRI
compatibility of the robotic system. Therefore, the joint pins were specially de-
signed using Solidworks CAD program (Dassault Systems SOLIDWORKS Corp,
MA, USA) and manufactured from castermid with the utilization of a CNC sys-
tem.

Some of the physical and mechanical properties of castermid is listed as follows:

— Density: 1.15 g/cc

— Tensile Strength: 83.4 MPa

— Tensile Modulus of Elasticity: 4 GPa
— Compression Stress: 93.2 MPa

— Compression Modulus: 2.7 GPa

— Coefficient of Friction: 0.39
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— Wear Factor 0.44 mg/km
— Volume Electrical Resistivity: 1.0el4 ohm.cm

— Surface Electrical Resistivity: 1.0el3 ohm

In the proposed robotic system, the kinematics design required two rotational
motions mainly to rotate the endorectal guide around its axis. In order to enable
rotational motions two bearings were included in the robotic system’s design.
However, conventional bearings were not preferred in this design because the
conventional bearings usually include materials that are MR-unsafe. Therefore,
the special bearings which are composed of ceramic beads and a polymer enclo-
sure(NSK Europe, Berkshire, England) were utilized to enable rotational motions

for the robotic system.

As discussed in section 3.1.1, the biopsy gun was fabricated from acrylonitrile bu-
tadiene styrene (ABS) which is an MRI compatible material and the biopsy nee-
dles were fabricated using a Nd:YAG laser cutting system from MRI-compatible

nitinol tubes.

In the proposed robotic system design, the master actuator, control system and
the other electromechanical components were kept outside of the MRI room.
Therefore, MRI compatibility was not required and material selection was arbi-
trary for these components. As a part of master-slave type hydraulic actuator
design only the slave hydraulic cylinders were fixed on the robotic needle deliv-
ery system. The slave cylinders were chosen from commercially available rolling
diaphragm hydraulic cylinders (ControlAir Inc, NH, USA). The physical specifi-
cations of these cylinders were length: 7.13 cm, diameter 2.38 cm, bore diameter:
1.78 cm, maximum operating pressure: 8.62 bar. The rolling diaphragm cylinders
had single input port which also allowed easy sealing of hydraulic pipes in range
of operating pressure. The shell, head and piston of the rolling diaphragm cylin-
der were made of aluminum, and the diaphragm was made of neoprene rubber
with dacron fabric. Only the steel rods of the cylinders were replaced with same

size aluminum rods in order to ensure MRI compatibility.
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3.1.3 Mechanical Design

The main design criteria of the robotic system was to keep the overall system
design compliant with the human anatomy. In this regard following criteria were

considered in the design process:

— the components of the robotic system that are in contact with the patients
should have proper dimensions with respect to the human anatomy e.g.

diameter of the endorectal guide, size of the biopsy needle etc.

— the initial pose of the needle delivery system should be adjustable to be able
to target the prostate.

— the kinematics of the needle delivery system should allow scanning of the

biopsy needle tip throughout the whole volume of an average size prostate.

— the needle delivery system should have a compact design to be able to fix

the system to the MRI table without disturbing the patient.

— the needle delivery system should be able to withstand external forces (e.g.
patient movements) when fixed to a certain position in order to preserve the

desired targeting accuracy.

— the operation of the robotic system should not create any disturbance for

the patient.

— the operation and the initial pose of the robotics system should not alter

the location and shape of the prostate

— the initial insertion of the biopsy needle should be manual to ensure patient

safety and should be fixed to the robotic system after initial insertion.

— the kinematics of the robotic system should be as simple and as efficient as

possible to avoid complexity inside the MRI room.

In the proposed needle delivery system design, in total there 6 DOF. The first
3 DOF were controlled manually and the remaining 3 DOF were controlled re-
motely as shown in figure 3.8. The manual controls were used to bring the needle

delivery system to its reference position or so called 4zero positiona. In the zero
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position, the initial pose of the needle delivery system is given to adjust the
system with respect to the patient and insert the endorectal guide through the
rectum. The manual controls 12 were used to adjust the height and lateral po-
sition of the needle delivery system. The manual control 3 was used to adjust
the angular position of the endorectal guide. Once the needle delivery system
was brought to its zero position, all the manual controls were fixed by using the
clamps to prevent unintended motions of the manual arms and to fix the needle
delivery system’s base with respect to MRI scanner. The joints of the needle
delivery system designed such that they can withstand 20 N force in its zero
position.

The body of the needle delivery system was composed of three main parts; base,
inner and outer part as depicted in figure 3.8. The outer part was connected to
the base of the system from the 3rd manual control joint. The outer and inner
parts were connected by using two bearings. The first remote control axis R; and
the bearings enabled rotation of the inner part with respect to the outer part.
The first hydraulic cylinder which is coupled to the inner part was used to rotate
the endorectal guide around its own axis. The angular position of the biopsy
gun or the needleas axis was controlled with a second hydraulic cylinder Ry. The
third remote controlled hydraulic cylinder which was coupled to the biopsy gun

housing was used to adjust the insertion depth of the biopsy needle (L).

3.1.4 Kinematics

In the proposed design, the needle delivery system is fixed to its zero position
after inserting the endorectal guide through the rectum. Once the needle delivery
system is in its zero position only the endorectal guide is in contact with the
patient. It has been shown that the angular movement of the endorectal guide
does not alter the place and shape of the prostate [11], which thus enables precise

targeting of the biopsy needle with inverse kinematic calculations. In addition, it
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Figure 3.9 Design of the needle delivery unit and the biopsy gun

is possible to target the prostate with minimum manipulation of the system and
potential infection risk is lower than other methods because the biopsy needle
has minimum contact with the anal sphincter [11].

The kinematic diagram is shown in figure 3.10-a and the kinematics of the tele-
operated 3 DOF can be derived as follows:

The rotation of the endorectal guide R; is established with the linear motion
of the hydraulic cylinder. The angular rotation of the endorectal guide can be
calculated from Ry = L;/r; where L is the linear motion of the cylinder and 4

is the radius of the gear. If we define xyz needle delivery unit coordinate system,
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Figure 3.10 Dimensions of the needle delivery unit

the rotation R; causes rotation of the joint point M as shown in figure 3.10-b:

M. cosR, sinR, M,
= (3.1)
Mz// —sinR; cosRy M,
Si?’LRl
Y'=| cosR; (3.2)
0

In y’z plane the biopsy needle is rotated by S in order to align with the target

point. The direction of the needles becomes as shown in figure 3.10-c;

¥=—sinRy-y +cosRy-2 (3.3)
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where Ry = a +  and o = arctan (h/d). Ls is the insertion depth and L is the
length of the biopsy needle. The position of the needle tip can be calculated from

direct kinematics as follows:

T=M+(L+L3)-9 (3.4)
The inverse kinematics can be calculated as follows:

Ry = arctan (1,/7,) (3.5)

The rotation of endorectal guide R; is obtained with the linear motion of the
hydraulic cylinder. The linear motion of the 1st hydraulic cylinder can be calcu-
lated from L, = Ry -r; where L; is the linear motion of the cylinder and r; is

the radius of the gear.

Ry = arctan (T, — M,)/(T. — M) (3.6)

Ly = (tan(Rs) - d) — h (3.7)

Where L, is the linear motion of the second hydraulic cylinder. Finally, the

insertion depth of the needle can be calculated as:

Ly = (T, — My)? + (T. — M1)2 — L (3.8)

3.1.5 Actuator Design

One of the main challenge during a robotic system design for MRI applications
is the choice of the actuator and the transmission system. The proper choice
mainly depends on the purpose of the application, required power, required
force, required output torque, MRI compatibility and speed. As discussed in
section 1.3 there are 5 main types of actuators that are used in MRI applications;
1)Pneumatic Actuators 2)Hydraulic Actuators 3)Mechanical Actuators, 4)Elec-

trical Actuators and 5)Electromagnetic Actuators. However, in recent literature
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pneumatic and electrical actuators appear as the most preferred actuators in MRI
applications.

In the proposed robotic system, a master-slave type actuator was preferred to be
able to use MRI-Unsafe commercial components. Using such commercially avail-
able products reduced the complexity of the robotic system and also reduced the
cost of materials. To ensure MRI compatibility MR-Unsafe materials were kept
outside the MRI room and output torque of these actuators was transferred to
the MRI room via a transmission line. Furthermore, the prostate biopsy proce-
dure and the proposed kinematic design required fast response time and precise
open-loop control to be able to work under real-time MRI guidance. Considering
these design criteria master-slave type hydraulic actuation was preferred in this
robotic system.

The hydraulic actuation was established by end to end connection of two hy-
draulic cylinders. The master units were actuated by conventional step motors
(M542 CNC, Changzhou Fengyuan Micro Special Motor Co. Ltd, Changzhou,
China) which were located outside of the MRI room. The rotational motion of
the step motors were converted to linear motion with a custom made linear stage.
The linear stage was connected to the slave hydraulic cylinder to transmit the
torque of the master cylinder.

The hydraulic actuation using incompressible fluid enables transmission of power
over long distances (in our design, it is up to 10m). Furthermore, hydraulic trans-
mission offers a fast response and steady transmission [73]-[92] which makes it
preferable to pneumatic transmission especially for MRI applications. Hydraulic
transmission with standard cylinders brings the disadvantage of high friction and
energy loss due to the tight O-ring sealing. For this reason, rolling diaphragm
cylinders were preferred in this design as shown in figure 3.11. In a rolling di-
aphragm cylinder, a U-shaped rubber diaphragm is used for sealing which brings
negligible internal friction at the expense of working with low pressure. However,
the pressure range was shown to be sufficient for medical applications which also

require haptic feedback [93].

In this design, the transmission lines were filled with oil and the line pressure
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was monitored continuously with a mainstream pressure gauge. The initial pres-
sure was set to 2 bar in order to prevent any mismatch due to the elasticity of
the transmission lines [94]. It has been shown that with hydraulic transmission
using rolling diaphragm cylinder mechanical power can be transferred through
the passive hydrostatic transmission along the long hydraulic tubes. Besides,
rolling diaphragm cylinders also offer fast response (rise time < 40 ms), precise
open-loop control of position (average error of 0.64A°) and high output torque
(0.49 NA-m) through 10-meter long hydraulic pipelines [95]. When compared to

pneumatic actuators hydraulic actuation offered following advantages:

1. Using hydraulic actuators brings the advantage of master-slave actuation
which has great potential for large torque actuation under MRI and offers

quick response time [96] and simplifies the actuation and motion control.

2. Hydraulic actuation offers simple and low cost design compared to pneu-
matic actuators. Whereas, pneumatic actuators require more complex setup
e.g. pressure controllers, compressors, brakes, position sensing setup etc.

[8]-[60]-

3. Hydraulic actuation offers sufficient motion and force tracking accuracy be-
tween master and the slave which eliminates the need for additional com-

ponents and simplifies the design significantly [97].

4. Pneumatic actuation does not provide flexibility to position control setup
at a large distance. However, hydrostatic control unit can be kept at a large

distance [8]-[95].

5. Rolling diaphragm based hydraulic actuation offer accurate feedback of
forces and motions between master and slave which enables possibility of

haptic sensing for future studies [97].

6. The rolling diaphragm cylinders also helped to assemble a closed loop system
without a need for expensive equipment to control and monitor the line

pressure which is usually required for pneumatic systems.
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3.1.6 Controller and User Interface

The control unit was kept outside the MRI room in order to use commercially
available materials such as stepper motors. The rotation of the stepper mo-
tors was translated into linear motion by using custom-made linear stages. The
Raspberry-Pi platform was used to create the user interface and run the mo-
tion control cards as shown in figure 3.12. The user interface allowed to adjust
the hydraulic cylinder linear motions gradually or to a pre-set value which is
translated from motor motion to linear stage. MRI images were processed in a
manual navigation tool, phantom-robot registration was done with this tool and

the needle-to-target trajectory was calculated.

3.2 Validation Through Phantom Experiments

The open-loop experimental workflow of the prostate biopsy procedure with the

proposed prostate biopsy system is designed as follows:

1. The prostate phantom is placed on the MRI patient table
2. The needle delivery system is mounted on the MRI table

3. The endorectal guide is inserted into the prostate phantom by controlling
the manual DOFs and then the endorectal guide position is locked. This is

called the zero position which is case or patient specific.

4. The prostate phantom is scanned to acquire a 3D volumetric MRI image of

the phantom.

5. MRI Images are imported to the navigation tool. A target point is defined
within the prostate phantom using the MRI images. Robot-phantom reg-
istration is done using markers on the endorectal guide and defined target
point. The position of the target point in the phantom is calculated using
the needle delivery systemas coordinate system. The trajectory from nee-
dle tip at home position to the target point is calculated using the design

parameters and position of the target point.
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6. Ly, Lo and L3 parameters are calculated by solving the inverse kinematic

problem of the needle delivery system.

7. Operator triggers the Ry and R, motion by manipulating the master unit

using the Raspberry-Pi user interface.

8. The biopsy gun is placed inside its housing on the needle delivery unit by
the operator. The needle is inserted manually by the operator in order to
minimize the bending risks during insertion. While inserting the needle the
biopsy gun was advanced through its housing. When the biopsy gun reaches

its final position inside the housing it is locked to the needle delivery unit.
9. A 3D MRI image is acquired again for confirmation of trajectory

10. Operator triggers the Ly motion (target insertion depth) by manipulating

the master unit using the Raspberry-Pi user interface.
11. A 3D MRI image is acquired at the final position of the biopsy needle

12. The needle tip position is compared with the target position and targeting

error is calculated.

13. If the error is acceptable (< 3 mm) then the biopsy gun is fired manually to
take the sample.

14. If the error is not acceptable (> 3 mm) then the needle is removed and

procedure repeated.

R, and R, motions are performed while the needle is not mounted to the needle
delivery unit. It is important is not preferred in our design because of the patient
safety concerns and to minimize the risk of deviation from planned trajectory
during initial needle-tissue interaction. Therefore, initial insertion of the needle
is performed manually. The final insertion depth is adjusted by tele-operation
after solving the reverse kinematic problem. Therefore, the biopsy needle travels
only in a linear trajectory after finalizing the endorectal guide orientation and
then it is inserted into the phantom which minimizes the risk of deviation from the
planned trajectory. The endorectal guide is used to register the phantom with the
needle delivery unitas coordinate system maximizing the registration accuracy.

Step 11 in our experiment procedure allows us to calibrate any registration error.
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Figure 3.11 a) Kinematic parameters for the needle delivery unit b) Kinematic diagram for R1
rotation c¢) Kinematic diagram for R2 rotation
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Figure 3.12 Hydraulic transmission with the rolling diaphragm cylinders
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Figure 3.13 Linear stage, step motor and control unit
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4. RESULTS

4.1 Improving Visibility of the Biopsy Needles

Biopsy needles were imaged under MRI (T2 weighted Turbo Echo sequence, TR:
4000 ms, TE: 102 ms) in order to assess the accuracy of distance measurement
using Fe;Os strips as shown in figure 4.1. It has been showed that passive
tracking of the biopsy needles with Fe;O3 strips offered sufficient accuracy for
the prostate biopsy procedure and the signal generated by the Fe;O3 strips does

not distort the images of the surrounding medium.

Figure 4.1 MRI image of the biopsy needle with Fe203 strips



66

4.2 Inverse Kinematics

In this section several target points were defined based on the design parame-
ters, average size and location of the prostate. By using the inverse kinematics
equations which were derived in section 3.1.4 the required manipulations R, Ro,
Ly,Ls and L3 were calculated for each scenario as given in table 4.1. It has been
shown that in each scenario the hydraulic cylinders remain within the dynamic
motion range which are = 1.75 cm for Lq,L, and L3 and the system is able to

trace the whole prostate volume.

4.3 In Vitro Experiments

In vitro MRI experiments were performed on a commercially available prostate
phantom (070L, Computerized Imaging Reference Systems Inc., USA) to eval-
uate the performance of the proposed biopsy needle delivery design under 3T
MRI System (Magnetom Trio, Siemens Medical Systems, Erlangen, Germany) as
shown in figure 4.2. The prostate phantom includes a lesion inside the prostate

in order to mimic the cancerous tissues (figure 4.2).

4.4 MRI Compatibility

Initially, MRI compatibility of the overall system was tested under 3T MRI. The
prostate phantom was placed inside the 12 channels head coil (Siemens Medical
Systems, Germany) and the needle delivery unit was placed on the MRI patient
table. In phantom experiments 12 channels head coil was preferred instead of
body or surface coils because the phantom was not able create strong MRI sig-
nal (figure 4.4). Moreover, lesions inside the prostate phantom were imaged with
and without placing the needle delivery unit in position using T2 weighted Turbo
Echo sequence (TR: 4000 ms, TE: 102 ms) and SNRs were compared.

In figure 4.3-a and figure 4.3-c the axial images of the prostate phantom were

shown without the needle delivery system and with presence of the needle de-



Table 4.1
Inverse Kinematic Calculations for Different Target Points

Physical Coordinate  Coordinate  Coordinate  Rotation Linear Motion
Constants X (cm) Y (cm) Z (cm) (rad) (cm)
(cm)

d T, T, T, Ry L,
5.65 -2 -3 6 0.588 1.176
h M, M, M. R, Ly
4.85 0 2.2 0.35 0.707 -0.019
L M M, M Ls
7.55 1.22 1.83 0.35 -0.117
d T, T, T, Ry Ly
5.65 -2 -3 5 0.588 1.176
h M, M, M, Ry Ly
4.85 0 2.2 0.35 0.804 1.019
L M) M, M! Ls
7.55 1.22 1.83 0.35 -0.845
d T, T, T, Ry Ly
5.65 -2 -3 7 0.588 1.176
h M, M, M, Ry Ly
4.85 0 2.2 0.35 0.628 -0.746
L M M, M! Ls
7.55 1.22 1.83 0.35 0.669
d T, T, T. R Ly
5.65 -2 -4 6 0.464 0.927
h M, M, M. Ry Ly
4.85 0 2.2 0.35 0.813 1.118
L M M, M! Ls
7.55 0.98 1.97 0.35 0.668
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Table 4.2
Inverse Kinematic Calculations for Different Target Points cont.

Physical Coordinate  Coordinate  Coordinate  Rotation Linear Motion
Constants X (cm) Y (cm) Z (cm) (rad) (cm)
(cm)

d T, T, T, Ry L,
5.65 -2 -2 6 0.785 1.571
h M, M, M. R, Ly
4.85 0 2.2 0.35 0.562 -1.294
L M M, M Ls
7.55 1.56 1.56 0.35 -0.874
d T, T, T, Ry Ly
5.65 -1 -3 6 0.322 0.644
h M, M, M, Ry Ly
4.85 0 2.2 0.35 0.733 0.237
L M) M, M! Ls
7.55 0.70 2.09 0.35 0.053
d T, T, T, Ry Ly
5.65 -3 -3 6 0.785 1.571
h M, M, M, Ry Ly
4.85 0 2.2 0.35 0.679 -0.294
L M M, M! Ls
7.55 1.56 1.56 0.35 -0.292
d T, T, T. R Ly
5.65 3 -3 6 -0.785 -1.571
h M, M, M, Ry Ly
4.85 0 2.2 0.35 0.679 -0.294
L M M, M! Ls
7.55 -1.56 1.56 0.35 -0.292

68



69

Prostate

Lesion /

\

Figure 4.2 a,b) Prostate phantom c) T2 weighted MR image in axial plane d) T2 weighted MR
image in coronal plane

livery system respectively. In figure 4.3-b and 4.3-d the coronal images of the
prostate phantom were shown without the needle delivery system and with pres-
ence of the needle delivery system respectively. The SNR comparison between
MRI images was performed using NEMA standard [98]. A region of interest in-
cluding the prostate tissue was identified and signal was calculated as the average
pixel values, noise was calculated as standard deviation of the difference between
two images divided by a2. It has been shown that the SNR loss was negligible
(<3%) in the presence of the hydraulic needle delivery system compared to single
phantom imaging. The only source of image degradation was the Fe;O3 strips

that were intentionally placed on the needle to enhance the needle visibility under

MRI.
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Figure 4.3 SNR comparison a) axial plane image without the needle delivery system b) axial plane
image with the needle delivery system c) coronal plane image without the needle delivery system d)
coronal plan image with the needle delivery system

4.5 Performing Prostate Biopsy Procedure Under MRI

The functionality of the needle delivery system was also tested under MRI. In
order to obtain 3D images, a T2-weighted SPACE sequence (TR: 3000 ms, TE:
424 ms) was used to identify the lesions within the prostate phantom. Initially,
using the 3D SPACE images, the target point on the lesion was identified and
registered with the endorectal guide and with the needle delivery system’s co-
ordinate system. Using the design parameters and reverse kinematic equations
required manipulations for hydraulic cylinders (L;, Ly and Ls3) were calculated
and translated into required step motor motions. The hydraulic cylinders (L,
Ly) were actuated one-by-one and after this step the biopsy gun was placed into
its housing. In this stage the biopsy needle was inserted to the phantom manually.

After placing the biopsy gun in its final position inside the housing the position of
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the biopsy gun was fixed. The housing of the biopsy gun was designed precisely
such that positioning error for the biopsy gun was negligible. After insertion of
the biopsy needle, a 3D MRI image of the phantom and the biopsy needle was
acquired using the T2-weighted SPACE sequence (TR: 3000 ms, TE: 424 ms)
and the planned trajectory was verified in the image planes. Finally, the biopsy
needle was inserted by Lj length to its final position with a constant speed of 2
mm /sec and the biopsy sample was acquired after the biopsy needle reached its
target position by manually firing the biopsy gun. The total biopsy procedure
time was measured as 40 4+ 5 minutes in average after 7 experiments as shown in
table 4.3. In total 7 experiments were performed because some distortions were
observed inside the phantom due to the consecutive needle insertions and taking

samples from the phantom.
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Figure 4.4 Experimental setup under 3T MRI

In figure 4.5.a, the MRI image of the phantom and the biopsy needle was shown
after the needle delivery system was moved on the R, and R, axes, and the biopsy
needle was inserted manually. In figure 4.5.b, the MRI image of the phantom and

the biopsy needle was shown after the biopsy needle was inserted to its final po-
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Table 4.3
Duration of MRI experiments.

Experiment Step Time (min)
Preparation of Needle Delivery Unit and Phantom 10
MRI Scan for Localization and Registration 7
Exporting MRI Images for Calculations 3
Calculation of Inverse Kinematics 2
Adjustment of manual controls 2
Manuel insertion of the biopsy needle 2
MRI Scan to confirm the targeted trajectory 5
Firing the biopsy gun and obtain the biopsy sample 4
MRI Scan to calculate targeting error 5
Total 40

sition. In figure 4.5.c the MRI image of the phantom which is indicating the void

inside the lesion was shown to verify the success of the biopsy operation.
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(b)

Void after taking the biopsy sample

Figure 4.5 In vitro phantom MRI experiment - target localization a) Manual insertion of the biopsy
needle after manipulations in R1 and R2 axes b) Tele-operated insertion of the biopsy needle by L3
length c¢) Image of the prostate phantom after removal of the biopsy needle and sample

Experiments showed that it was possible to reach the lesions and acquire biopsy
samples with the needle delivery system. The accuracy of the needle delivery
system was calculated as 2.05 £+ 0.46 mm after seven phantom experiments as

shown in table 4.4



Table 4.4
Targeting performance under MRI

Experiment | Error (mm)
1 2.32
2 1.84
3 2.21
4 1.53
5 2.45
6 2.67
7 1.34
Max 2.67
Average 2.05
StDev 0.46
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5. DISCUSSION

In this thesis, a novel robotic system was proposed to perform prostate biopsy
procedure under MRI guidance to cope with the challenges that exist in the cur-
rent clinical practice. The robotic system was designed such that it is compliant
with the human anatomy to ensure proper functionality and to ensure patient
comfort and safety. In the design process, the number of required manual and
remote controls and dimensions of the robot were selected carefully to be able
to scan the whole prostate volume with minimal manipulation of the robot and
also to avoid complexity. It was aimed to minimize complexity because working
under MRI bring significant technical challenges and keeping the design as sim-
ple as possible would help to cope with these technical challenges. For instance,
we achieved to obtain reasonable mix of manual and remote controls. With the
manual controls the robot is brought to its zero-position and fixed to the patient.
The needle is inserted manually by the operator which increased the safety of
the procedure. The remote controls were used to manipulate the needle’s posi-
tion in order to reach the target point based on the acquired MRI images and
calculations. Additionally, the overall system was fixed to the MRI table in or-
der to prevent unintentional motions with respect to the patient. On the other
hand, MRI room bring physical limitations such as working inside the narrow
MRI bore and isolation requirements of the MRI room. Therefore, utilization
of master-slave type of actuation and transmission of power through hydraulic
lines eased to manage such limitations. One of the important metric of the de-
sign success was to minimize the distortion of the anatomical images during the
biopsy procedure. In order to achieve this the materials that used for manu-
facturing the robot, actuators, biopsy gun and biopsy needle were selected very
carefully. The hydraulic actuation allowed real time monitoring of the patient
and manipulations of the remote controlled arms at the same time thanks to
excellent MRI compatibility. The robotic system’s mechanical components were
manufactured with high quality standards and all the materials were processed

with high finishing quality which maximized the targeting performance of the
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system. After completion of the manufacturing process of the robotic compo-
nents the robotic system was assembled and electronic components attached to
the robotic system. The biopsy gun and biopsy needles were not chosen from
commercially available products which brought flexibility during the design pro-
cess. Initially, the biopsy needles were designed to obtain maximum efficiency
in a single biopsy shot. Other important design criteria were to minimize unin-
tended deflection of the biopsy needle and to enhance MRI visibility of the biopsy
needle which were met in the final design. The customized biopsy gun was also
eased the mounting of the biopsy needles inside the biopsy gun and mounting
of the gun on the robotic system as well. Additionally, biopsy gun’s shooting
mechanism was produced from MRI-compatible materials which also improved
the performance of the overall system. The robotic system’s control was based
on the hydraulic actuation which utilized rolling diaphragm cylinders [99]. The
validation of the clinical work-flow and feasibility of the system was shown with
in-vitro MRI experiments using a commercial prostate phantom which contained
MRI visible lesions inside.

The system showed excellent MRI compatibility by offering a maximum 3% SNR
degradation thanks to the selected MRI-compatible materials for the needle de-
livery unit, biopsy gun, biopsy needle and preferred hydraulic actuators. The
main source of SNR degradation was observed as the FeyOs strips which were
placed on the biopsy needles in order to enhance tracking the biopsy needles un-
der MRI.

Hydraulic actuators, significantly improved the performance of the system when
compared to other actuators. Using hydraulic actuators enabled to have a master-
slave type actuation which simplified the design and operation significantly. Fur-
thermore, utilization of the rolling diaphragm cylinders provided significant en-
hancement over the performance of the robotic system. Rolling diaphragm cylin-
ders ensured torque tranmission over a long distance and supported the proposed
clinical workflow which requires fast response time and precice open-loop control.
In first set of experiments the hydrostatic lines were filled with oil. One of the im-
portant concern in hydraulic systems is the possible leakage in hydraulic cylinders

or joint points. In our experiments, we did not encounter any leakage problem
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thanks to the better sealing of rolling diaphragms compared to conventional O-
ring sealings and single acting mechanism of the rolling diaphragm cylinders.
However, in order to eliminate patient safety concerns distilled water can be used
in clinical experiments instead of oil. Burkard et al. reported the feasibility of
using water as a working fluid for rolling diaphragm based applications |97].

In our design, the equidistantly deposited FesOs markers on the biopsy needle
helped to correct the deviations from the planned trajectory after the needle is
inserted to the phantom/patient and therefore provided better performance in
terms of targeting accuracy compared to other studies in the literature. Besides,
the markers on the tip of the endorectal guide helped to simplify the registration
of the robot and the phantom with respect to the MRI scanner.

Although, there is no defined standard on the required targeting accuracy for a
prostate biopsy, it was reported that maximum 3 mm targeting accuracy should
be achieved [100]. Therefore, we believe our design showed sufficient accuracy
by providing 2.05 £+ 0.46 mm targeting accuracy. The main sources of error
were identified as robot-phantom registration error and systematic errors (e.g.
gear size, master-slave actuation etc.). In clinical trials there might be addi-
tional sources of errors like tissue deformation, patient movement etc. In order
to minimize such errors encoders might be added to the needle delivery unit to
monitor and adjust motions of remote-controlled arms. Moreover, robot-patient
registration may be improved with replacing the markers on the endorectal guide
and biopsy needle with active RF receive antennas as proposed by Yildirim et
al. [5] in order to improve the visibility of the endorectal guide and minimize
robot-patient registration errors.

The proposed system is promising in terms of overall procedure time (4045 min-
utes) in phantom trials compared to the TRUS biopsy procedure time in clinics

and other MRI-guided biopsy systems in the literature [26].
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5.1 Future Work

The proposed study needs further improvement in order to ensure the adoption
of the proposed prostate biopsy system for the clinical practice. Firstly, the vis-
ibility of the biopsy needles and the endorectal guide can be improved with an
active tracking approach which has been showed as a promising method for real-
time MRI applications by Yildirim et. al [5]. With this method, 3 dimensional
RF antennas and electronic circuits can be printed on non-planar surfaces with
a Computer Numerical Control (CNC) based conductive ink printing system. In
this study, the conductive ink based surface printing technique was shown to be
superior compared to the lithography based printing in terms of reproducibility,
process time and simplicity of the process. Therefore, in our application active
tracking elements can be printed onto the biopsy needles and endorectal guide to
obtain better MRI visibility and better tracking accuracy under MRI. A possible
improvement area for the proposed robotic prostate system is to develop a more
comprehensive patient to robot registration tool which can calculate the required
robot manipulations by looking at the MRI images of the patient, robot and
biopsy needle. In this way, the calculation errors can be minimized and the pro-
cedure time can be shortened significantly. Also, such a tool may help to perform
the procedure under real-time MRI by using fast MRI sequences and provide
real-time feedback during the procedure.In order to enhance the accuracy of the
proposed robotic prostate biopsy system and to ensure patient safety position
encoders might be embedded to the robotic arms to provide real-time feedback
during the procedure. In this way, the system can be automatized with a closed
loop feedback and can be integrated with the patient to robot registration tool.
The next step of this study will be to perform clinical trials with the proposed
prostate biopsy system. Initially, the feasibility of the system can be validated
with animal experiments. After completion of the suggested improvements the
system can be tested with clinical trials and the feasibility of the system can be
validated by human trials.

Similar hydraulic robotics systems were reported for different clinical applications

with success. Kokes et al. showed the feasibility of an MRI-guided hydraulic nee-
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dle driver system for the breast RF ablation procedure [101]. He et al. showed
promising results with a MRI-guided hydraulic robot for percutaneous needle ap-
plications [102]. Guo et al. proposed a hydraulic driving robot for intra-operative
MRI-guided bilateral stereotactic neurosurgery which showed sufficient stiffness
during insertion and targeting accuracy [94]. Such clinical applications also show
that there is a need for robust and reliable robotic tools for various MRI appli-
cations. Therefore, the proposed robotic prostate biopsy system can be modified

and adapted for other interventional applications which require MRI guidance.
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