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ABSTRACT

A NOVEL DESIGN OF MRI VISIBLE PROSTATE BIOPSY
NEEDLE

A reliable diagnosis is vital to apply the proper treatment for prostate cancer.

Conventional prostate biopsy methods have limited accuracy for the diagnosis. Mag-

netic Resonance Imaging (MRI) provides superior anatomical images of the prostate,

o�ering precise tumor targeting which in turn increases diagnostic yield. For that pur-

pose, we aimed to develop a novel MRI compatible and visible prostate biopsy needle.

The visible distal tip of the needle is expected to provide accurate placement while the

proposed biopsy mechanism can reduce the bleeding and infection risk. The prostate

biopsy needle has been designed using MRI compatible nitinol hypo tubes and fabri-

cated using an Nd: YAG laser cutting system. Furthermore, the distal tip sharpness

and force resistance of the three di�erent needle designs were tested in vitro (silicon

mold). According to results the needle with high walled biopsy groove was preferable.

Equally spaced Iron Oxide (Fe2O3) nano-particle coatings were placed over the dis-

tal tip of the outer needle surface to enhance its visibility under real time MRI. The

coating concentration and marker size were optimized using di�erent MR sequences.

MRI visibility experiments indicate that spin-echo acquisitions should be preferred over

gradient-echo acquisitions and Fe2O3 coatings with moderate concentrations appear to

be more suitable for the passive tracking of penetration depth. The biopsy needle han-

dle also has been designed in Solidworks 2015 and generated using a rapid prototyping

system. Finally, the in-vitro performance of the biopsy mechanism was carried out on

fresh veal meat. Obtained samples indicate that Nd: YAG laser cutting can be suc-

cessfully utilized in nitinol needle production and the biopsy handle design provided

repeatable successful biopsy sample collections through in vitro trials.

Keywords: interventional MRI, prostate biopsy, biopsy needle, passive device visual-

ization
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ÖZET

MRG ALTINDA GÖRÜNTÜLENEB�LEN YEN� NES�L
PROSTAT B�YOPS� ��NES�

Prostat kanseri tedavisi için güvenilir bir tan� yöntemi oldukça önemlidir. Bili-

nen prostat biyopsi tan� yöntemlerinin do§rulu§u s�n�rl�d�r. Manyetik Rezonans Görün-

tüleme (MRG), prostat�n daha detayl� ve daha kaliteli anatomik görüntülerini ç�kard�§�

için tümörün daha kesin bir ³ekilde tespitini yap�p tan�sal verimi artt�r�r. Yapm�³

oldu§umuz projede bu amaç do§rultusunda, MRG uyumlu ve MRG alt�nda görün-

tülenebilen prostat biyopsi i§nesi geli³tirmeyi hede�edik. Önerilen biyopsi mekanizmas�

kanama ve enfeksiyon riskini azalt�rken, i§nenin görüntülenebilen uç k�sm�n� tümörlü

bölgeye do§ru bir ³ekilde yerle³tirmesi beklenir. Prostat biyopsi i§nesi MR uyumlu niti-

nol hipo tüpler kullan�larak tasarlanm�³ ve Nd: YAG lazer kesim sistemi kullan�larak

üretilmi³tir. Buna ek olarak, uç keskinli§i ve biyopsi oyu§u farkl�la³t�r�lm�³ üç i§-

nenin kuvvet direnci laboratuvar ortam�nda test edilmi³tir. Sonuçlar do§rultusunda,

yüksek duvarl� biyopsi oyu§u olan i§nenin dayan�m� daha fazla oldu§u gözlemlendi§in-

den bu i§nenin tercih edilmesine karar verilmi³tir. D�³ i§ne yüzeyinin uç k�sm�na e³it

aral�klarla kaplanan demir oksit (Fe2O2) nano parçac�klar�n gerçek zamanl� MR görün-

tüsünde görünürlü§ü artt�rd�§� görmek için kaplama yo§unluklar� farkl� MR dizileri

kullan�larak optimize edilmi³tir. MR görünürlük deneyleri, spin eko tabanl� görün-

tülerin gradyan eko tabanl� görüntülere göre tercih edilece§i ve orta yo§unluklardaki

Fe2O3 kaplamalar�n�n penetrasyon derinli§inin pasif olarak izlenmesi için daha uygun

oldu§u görülmü³tür. Biyopsi i§ne tabancas� da Solidworks 2015 kullan�larak tasarlan-

m�³ ve h�zl� prototip sistemi kullan�larak üretilmi³tir. Son olarak, biyopsi mekaniz-

mas�n�n laboratuvar ortam�ndaki performans� taze dana eti üzerinde gerçekle³tirilip,

elde edilen sonuçlar, Ng: YAG lazer kesme i³leminin nitinol i§ne üretiminde ba³ar�l�

bir ³ekilde kullan�labilece§ini ve biyopsi tutaca§� tasar�m�n�n laboratuvar ortam�ndaki

denemeler yoluyla tekrarlanabilir ba³ar�l� biyopsi numuneleri sa§lad�§�n� göstermi³tir.

Anahtar Sözcükler: Giri³imsel MRG, prostat, biyopsi i§nesi, pasif cihaz görüntüleme
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1. INTRODUCTION

Prostate cancer (PCa) is one of the most common diseases among elderly adult

men that causes mortality, requires accurate diagnosis and careful screening to get more

positive results [1]. Mortality and morbidity rates are noteworthily high. The cause of

the cancer is the uncontrolled cell growth. There are many di�erent factors playing a

role as its origin of genesis, including genetic make up, environmental conditions and

precursor diseases etc. [2]. Irrespective of the origin of the PCa, early diagnosis is

vital to cure the cancer before number of cancer cells increase and spread to the other

organs of the body, called as metastasis. Especially when cancerous growth breaks

through extracellular capsule of the prostate, the spreading is highly aggressive, that

constitutes a high risk of metastasis and mortality [3]. Therefore, signi�cance of the

diagnosis rises a lot. With the advances in medical imaging technique, prostate cancer

diagnosis methods have also been improved. Despite such technological developments,

we are still far from detecting PCa accurately in its early phases, which in turn gives

rise to erroneous diagnostic decisions. As a result, there is still ample room for the

improvement of imaging techniques and development of novel diagnostic instruments

to help mitigate the negative impacts of PCa by providing a more e�cient detection

method.

Providing an arsenal of contrasts, Magnetic Resonance Imaging (MRI) is one of

the most promising imaging tools to build up a powerful PCa detection pipeline. Today,

several standards have been set by widely recognized radiology authorities to employ

multiparametric MRI for PCa screening (PIRADS) [4]. Moreover, the awareness has

been increased about the importance of targeted biopsy techniques despite the presence

of a standardized biopsy sampling procedure for prostate [5]. Currently, the most

common application of targeted prostate biopsy is carried out by the utilization of

ultrasound, a technique that has been referred as Transrectal Ulstrasound (TRUS) [6].

Although this technique is easy to reach, fast and non-expensive, the localization of

the target is highly restricted due to low contrast and resolution. This indicates a
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need for a more accurate and precise imaging modality to perform targeted prostate

biopsy. At this point, MRI is a highly attractive modality given that it provides the

highest soft tissue contrast among all imaging techniques without exposing patients to

ionizing radiation. Nevertheless, developing biopsy techniques in the presence of a high

magnetic �eld comes with its own set of challenges regarding patient safety and image

quality. Recently, researchers has shown an increased interest in the development of

targeted prostate biopsy under MRI [5]. However, much of the research up to now

has been descriptive in the nature, remaining a need for the design and production of

tailored tools to perform targeted prostate biopsy under MRI.

Volume of the biopsy sample is an important factor that determines the diag-

nostic yield. Therefore, taking more biopsy sample with a single cut is an crucial to

increase the e�ciency of the procedure. The literature suggests a minimum core length

of 11.9 mm for a fairly yielding sampling [7,8]. Hence, not only MRI compatibility and

visibility, but also design parameters those determine the e�ciency of biopsy procedure

should be taken into account.

Based on these, the aim of the present study is developing a novel MRI com-

patible and visible prostate biopsy needle that provides e�cient sampling. Moreover,

we also aimed at developing MRI compatible handles to shot these needles e�ciently.

MRI compatible prostate biopsy needles that are commercially used in biomed-

ical applications are not MRI visible. Based on the patented needles, materials that

are non ferromagnetic like nitinol alloys are used to produce needle but visibility of

the needles are inadequate [9]. In line with these reports, noticing the de�ciencies of

MRI Prostate biopsy procedures during the visit of American Hospital helped us to

enhance the properties of the tools that are designed in this project. The prostate

needle images and the MRI sequences were taken and evaluated. According to the

results, the prostate biopsy needle were not so su�cient to make the process easier and

the most important point was the prostate needle was seen as an artifact and hitting

the target tumorous location was made by manual adjustments. In this circumstance,

it is an important necessity to develop the needle properties and enhance its working
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mechanism. The commercial nitinol needle (TSK soft tissue biopsy needle) cannot seen

under MRI clearly and location of the nitinol needle can just be estimated because of

susceptibility artifact and this situation puts a strain while taking the biopsy. A tunnel

that is �lled with gadolinium can be seen under MRI that is inserted to the rectum and

it helps to determine the location of nitinol biopsy needle. The image that is obtained

in the American hospital during the biopsy session is shown in Figure 1.1.

Figure 1.1 Nitinol needle biopsy image under MRI (Courtesy of American Hospital Radiology
Department, �stanbul, 2016).

As a conclusion, we aimed to enhance the visibility of the nitinol prostate biopsy

needle using iron oxide coating. Di�erent needle tip and biopsy groove con�gurations

are planned to take the target tissue easily with a high yield. Note that commercial

prostate biopsy needles are designed using nitinol rod [10]. In this project, we decided to

use nitinol wire instead of nitinol rode to increase the e�ciency of needle. Moreover, the

volume of the biopsy groove is planned to be increased to facilitate sample collection and

cutting performance. Finally, we also aimed at producing handle designs with di�erent

penetration mechanisms to increase the e�ciency of the prostate biopsy needle.
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1.1 Anatomy of the Prostate

The prostate, which is approximately 20 g in volume, 3 cm in length, 4 cm

in wide and 2 cm in depth [11], is the largest male accessory gland that is located

anterior to the rectum and responsible for the secretion of the �uids rich in proteins

and minerals that maintain and nourish sperm. It is a pyramidal �bromuscular organ

with its shape resembling a chestnut. Regions of the prostate can be classi�ed under

�ve zones as an apex, a base, an anterior, a posterior and two lateral surfaces [12].

Prostate is the origin of two prevalent diseases that are PCa, and benign pro-

static hyperplasia (BPH) for elderly men. It is the common cancer type that is com-

monly diagnosed in aging male population. Today, a considerable part of the health

care industry makes remarkable investments in these two prostate diseases and reserve

ample funds to research morbidity and mortality in the aging male populations to

better understand its mechanisms [13,14].

Figure 1.2 Anatomy of prostate [15].

The prostate is divided up into di�erent zones as Central (CZ), Peripheral (PZ)

and Transitional (TZ) according to their function. The central zone (CZ) is the part

of the prostate that surrounds the ejaculatory ducts and prostatic urethra at the veru-

montanum. All the prostatic glandular tissue is located in the peripheral zone (PZ).
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In accordance with other zones, carcinoma, chronic prostatitis, and post in�amma-

tory atrophy are more common in the peripheral area. The transition zone (TZ) is

responsible for development of age-related benign prostatic hyperplasia (BPH) and,

less commonly, adenocarcinoma [16].

Figure 1.3 Zones of prostate [16].

Transition zone (TZ) contains 5% of the glandular tissue, central zone (CZ)

contains about 20%, and the outer peripheral zone (PZ) contains 70%-80% of the

glandular tissue. Prostate cancers originate in the peripheral zone (PZ) approximately

70%-75% and in the transitional zone (TZ) around 20%-30%. Central zone is not an

origin of cancers; it usually occurs in case of invasion by PZ tumors [17�19].

1.2 Prostate Cancer Screening

Prostate cancer has a high prevalence in aging male population [1] and second

cause of death in men [20]. Therefore, an early and accurate detection of the prostate

cancer is vital to apply the proper treatment. In many cases, the prostate biopsy is the

initial diagnosis technique to detect cancer and evolved over the past 10 years because

of the technological advancements and the risks that may occur during the biopsy

session has decreased with novel applications. As a result of this, accuracy of prostate

cancer diagnosis and successful cancer treatment has improved [21,22].



6

Di�erent types of prostate pre-screening methods are explained in the following

subsections.

1.2.1 Digital Rectal Examination

In early times of the prostate cancer screening, the examination was made by

with �nger into a man's rectum to feel for any nodularity, �rmness or irregularity in

the prostate by a doctor [23].

1.2.2 Transperinal Biopsy (Needle)

It is a technique that takes a sample from the prostate through the perineum

via a needle. In 1922, Barringer made the �rst description of the needle puncturing for

acquiring the tissue for histological analysis. The patient was under local anesthesia

and sample taken from just lateral to the median raphe 1cm anterior to the anus via

18 gauge needle [23].

The biopsy technique gives us an opportunity to take the tumorous tissues that

are at the apex and anterior zones. These zones are common sites for prostate cancer

detection [24].

1.2.3 Transurethral Biopsy

Transurethral biopsy of the prostate is a method that requires general anesthetic,

and the needle reaches to the prostate gland from the way of the urethra.

According to pathological examination results cancer is detected in 53 men which

is 12.5%. For detection, the transurethral biopsies are used and they achieved to detect

32 of 53 (60.4%) which means transurethral biopsies missed the 21 cancer case. We
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can conclude that transurethral biopsy sampling is not e�cient and reliable to detect

prostate cancer in men with clinically signi�cant BPH [25]. Additionally, in another

research it is demonstrated that transurethral biopsies are not useful in patients with

frequently elevated or increasing serum PSA [26].

1.2.4 Transrectal Approaches

Transrectal approach uses di�erent types of needles to reach the prostate gland

via rectum and collect the tumorous tissue.

• Needle: Below �gure shows an early design of a �ne needle and a guide [27].

Figure 1.4 The needle and guide with disposable syringe [23].

• Digitally guided transrectal biopsy: Finger guided biopsy techniques was

very common up to 1950s although Astraldi made the �rst transrectal Digital-

guidance biopsy in 1937. In 1959, Barnes and Emery used the sound of urethra

to diagnose the prostate cancer via placement of the Silverman needle [23].

1.2.5 Prostate Speci�c Antigen (PSA)

Prostate-speci�c antigen (PSA) is a protein produced only by prostate cells and

valuable cancer indicator. PSA test used to determine the volume of PSA within the

blood. If the volume of PSA is higher than normal values (<4 ng/mL), it means

prostate cancer may be present. Number of systematic biopsies shows that cancer
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Figure 1.5 Digitally-guided transrectal biopsy of the prostate with the sound of urethra [23].

detection level of PSA is 10 ng/mL or in patients with prostate sizes 50 cc [21,28,29].

However, PSA is insu�cient to warrant to diagnose the prostate cancer based on current

evidence [1].

1.2.6 The Sextant Method

In 1989, two papers published in the Journal of Urology by Hodge et al. has

started the modern era of the prostate biopsy needle [30]. First article described the

transrectal prostate biopsies of palpable abnormalities and the second paper, which

started the new era of the prostate needle biopsy, described the schematic biopsy

that divides prostate into six sites the apex, middle, and base of each prostate lobe.

According to the information gathered by accumulation of the literature, this method

is considered as successful to detect the prostate cancer [23]

Figure 1.6 Di�erent systematic biopsy schemes. A) Sextant biopsy, B) The 10-core biopsy, C) The
12-core, or double sextant biopsy, D) The 13-core, 5-region biopsy [23].
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1.3 Imaging Modalities for Prostate Biopsy Procedure

1.3.1 Transrectal Ultrasound (TRUS) Guided Biopsy

It is a technique to create an image of the prostate on a video screen by a small

probe that produces sound waves. The information of echo is translated by a computer

into a picture to determine the normal and abnormal areas of the prostate. The men

with an abnormal DRE, a high level of PSA (>4.0 ng/ml) or PSA velocity (rate of PSA

change) >0.4 to 0.75ng/ml/yr is highly at risk of prostate cancer, and TRUS-guided

prostate needle biopsy should be performed [31].

Transrectal biopsy usually need to 8-12 samples from various locations to di-

agnose the prostate cancer due to an acceptable protocol based on published data

[23,32,33]. However, the accuracy of the detection is controversial due to the prostate

gland size variations. According to Karakiewicz et al., the bigger the size of the prostate

gland, the lower the yield of sextant of biopsy [34].

Figure 1.7 Illustration of transrectal biopsy procedure [35].

In addition, TRUS technique also has some disadvantages that cause false pos-

itive results. Low resolution and low contrast of images decrease the success of the

diagnosis. Images helps the physician while taking the biopsy from the suspicious area
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with a thin needle, so visibility of the cancerous tissue and determining of the suspicious

area is a key to increasing the success of the diagnose.

After the development of ultrasound imaging, the �rst trans-rectal ultrasound

guided prostate biopsy described by Takahashi and Ouchi in 1963 although the quality

of the image was too poor. Association with technological progression towards the

1980s, high-quality apparatus like 7 MHz probe has been produced and enabled to

obtain better diagnosis [23, 36].

The disadvantages of sonography is detecting the tumors that are tend to be

larger, therefore a monitor and extra features is required for sonography to detect the

prostate cancer in an early stage. Based on the technological developments ultrasound

technique also has developed and yield of prostate biopsy increased [37]. Enhanced

ultrasound modalities (EUM) such as color, power Doppler, contrast-enhancement,

harmonic and �ash replenishment imaging, and elastography play essential role in

detection of prostate cancer [38].

1.3.2 Computed Tomography (CT) Scan

CT is a transmission based imaging technique that reconstructs multiple X-ray

projections to provide high-resolution anatomical images. Although it provides rapid

image acquisition for low costs per scan, target is exposed to ionizing radiation, which

has been a matter of debate for a long time regarding public health [39]. Moreover,

X-ray attenuation does not yield a satisfactory soft tissue contrast. Therefore, utilized

alone CT is not an e�cient modality for the detection and the grading of the PCa. Sole

application of CT in PCa detection is con�ned to the identi�cation of enlarged lymph

nodes [40]. In clinical practice, CT is commonly combined with Positron Emission

Tomography (PET/CT), which is a nuclear emission based imaging technique that

localizes the source of excessive metabolic material uptake upon the administration

of radiopharmaceuticals. Depending on the selected radiopharmaceutical, PET/CT is

shown to be either discouraging [41] or not suggested as a �rst-step screening method
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especially for high-risk groups in PCa [42]. Overall, CT cannot be regarded as a

promising imaging modality for the detection and the classi�cation of PCa.

1.3.3 Magnetic Resonance Imaging (MRI)

MRI is a non-invasive imaging technique consist of a magnet, magnetic gradient

coils, an radio frequency transmitter and receiver and a computer. It uses absorption

and emission of radiofrequency energy and manipulates magnetic �elds systematically

along three axes. Therefore, it does not need to reposition the target anatomy and

provides images in di�erent planes. Although MRI has many advantages including

superior soft tissue contrast, prostate imaging comes with its set of challenges.

The prostate has a small anatomy and located in the central region of the

body, which lowers SNR. Moreover, it is ensheathed by a lipid pool. Given that PCa is

commonly observed in the peripheral zone [43] special measures must be taken to avoid

detrimental e�ects of the chemical shift interference especially for susceptible modalities

such as MRS. To overcome these problems, di�erent techniques have been developed

for decades. A common solution to elevate SNR level to acceptable levels is combining

phased array coils with endorectal coils. This combination has been shown to detect

more cancer foci in di�usion weighted prostate images [44]. Moreover, sophisticated

imaging sequences have been designed to provide a more accurate prostate localization

for MRS [45]. Despite its promising potential for use, MRS has not taken its place in

clinical practice yet in multimodal prostate MRI [46]. A commonly referenced guideline

by American College of Radiology, Prostate Imaging Reporting and Data System (PI-

RADS), suggests a multiparametric approach for the detection and characterization

of PC [4]. These MR modalities are T2 weighted, di�usion-weighted and dynamic

contrast-enhanced imaging (DCE).

T2w imaging is one of the most basic imaging sequences in MRI that displays

anatomy regarding the di�erences in the T2 relaxation times of tissues. In this regard,

the detection of the tumorous tissue in the prostate is bounded by the degree of dif-
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ference between healthy and pathological tissue. It has been shown that T2w images

have a low accuracy for this purpose since malign prostate tissue characteristics can

be resembled by other diseases [47]. Have demonstrated that performance of di�usion

imaging in detection is more reliable than that of T2w images. Nevertheless, T2w

contrast is still contained in the prostate imaging procedures since it has the ability to

provide morphological anatomy with high resolution.

As it has provided a new dimension to the detection of brain tumors and led

to the emergence of human connectome studies [48], di�usion imaging has acquired an

important role also in the prostate imaging [49]. Unlike the T1 and T2 weighted

images, contrast in di�usion imaging is determined according to the restriction of

the microscopic motion of the water molecules in certain directions. This is achieved

by applying di�usion sensitizing gradients in multiple directions (at least six), and

modeling the di�usion characteristics for each voxel as a tensor [50]. From these tensors,

several di�usion anisotropy indices are calculated including fractional anisotropy (FA),

mean di�usion (MD) and apparent di�usion coe�cient (ADC) maps, etc. [51]. This

metric has been shown to be e�ective in di�erentiating benign tissue from malignant

tissue in peripheral PC [44,52] and highly recommended by PIRADS guideline for the

imaging of PC in the peripheral zone.

Lastly, DCE imaging is a special MRI technique which is based on the ad-

ministration of contrast agents to delineate tumors and vascular networks better [53].

Image reconstruction is designed to exploit the fact that contrast agent-based dynamic

changes will appear only in a certain region of the raw data, so that fast and e�ective

acquisitions are possible. Being one of the three imaging modalities for multiparametric

imaging of prostate in PI-RADS guideline [35], DCE has been shown to be a suitable

approach for the detection and grading of early PC [54].

As a conclusion, MRI is a powerful imaging technique for an accurate detection

and grading of the PCa thanks to its wide spectrum of contrasts, being non-invasive

without exposing ionizing radiation and ceasing the need for target repositioning to

acquire images in di�erent planes.
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1.4 Grading of the Prostate Cancer

After the prostate biopsy sample, if it is diagnosed as cancer, it is classi�ed

according to its aggressiveness. The most common grading system is Gleason system.

It is based on a comparison of cancer cells with normal prostate cells. Gleason score

(range of 2 to 10) can be obtained by adding two grades to each other; �rst grade

represents 'most like normal cells' (through 5) and the second grade represents 'least

like normal cells' (through 5). The Gleason score is essential to determine the treatment

because tumor grade is an important factor to detect the aggressiveness of prostate

cancer [16].

Figure 1.8 Examples of the prostate tissue sections with di�erent Gleason scores (size about 700 by
900 µm2) [55].

1.5 Prostate Biopsy Under MRI

Although most of the prostate cancer screening comprises several challenges,

MRI guided biopsy provides more reliable solutions with localizing signi�cant tumors

[56].

Some of the advantages of MRI in PCa screening can be listed as follows:

• Reduced number of biopsies (less bleeding, pain, infection risk)

• Detailed anatomical images (less false positive results)

• More precise tumor targeting, rapid and accurate diagnosis [56]
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MRI can be used to improve treatment planning for prostate carcinoma by

providing information that not only helps to more accurately delineate the prostate

and seminal vesicles, but also to de�ne a subtarget within the prostate that can be

treated to a higher dose [57].

We attended prostate biopsy sessions that was committed under MRI at Amer-

ican hospital. According to our observations, �rst thing was preparing and positioning

the patient and after that immobilizing the base plate (DynaTrim). Second thing was

obtaining the image of prostate gland and detecting the tumorous tissue. Rotation,

angulation and movement was measured with a program that is called DynaCAD after

obtaining the image of prostate. This program helps the physician to determine the

angle of needle and distance of needle from the tumorous tissue for shooting. After

detection of the required parameters, needle inserted to the patient's prostate gland

with speci�ed angled via the tunnel that is inserted to the patient's rectum. After posi-

tioning the needle, the physician shot the needle to take the tumorous tissue and after

that withdrew the needle. All these adjustments performed manually by technicians

and physicians.

Figure 1.9 Equipment that are used under MRI prostate biopsy a) biopsy gun, prostate needle
guide, bottles and lidocaine jelly, b) base plate (Invivo, Schwerin, Germany) [58].
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1.6 Visibility of the Devices Under MRI

Visualization of the devices that are used under MRI is still the topic of active

research for interventional applications. There are two di�erent approaches to deal

with this problem, active tracking and passive tracking. Active tracking devices are

the ones that are equipped with an electrical hardware. These methods use RF coils

that are attached to the device or alters magnetic susceptibility via induction. Unlike

active tracking instrumentation, passive tracking does not include any kind of active

hardware. This means that the whole body of the device can be seen under MRI

without the need of any electromagnetic manipulations. As a result, passive markers

cause less heating of tissue caused by RF.

One of the passive tracking methods is positive image contrast. This technique

uses a dilute solution of MR contrast agent, �lling the catheter lumen to increase the

visibility of the device. Herewith, the device emits the signal and brightens under MRI.

Using a similar approach, an alternative solution is to minimize the background tissue

signals to enhance the visibility of the device. There are several methods to suppress

this signals such as Hadamard excitation pulses [59], the projection dephaser (PD) [60],

magnetization preparation [61].

The advantage of employing the PD method stems from the fact that tissue

signal can be e�ciently suppressed using magnetic �eld gradients with small ampli-

tudes [62]. The extent of the application of the projection cycle determines the degree

of suppression. For example, to reach a uniform background, a full cycle projection

must be applied. Regarding the fact that devices occupy more less volume in the exci-

tation area, the e�ect of dephasing will be insigni�cant on the device, which eventually

increases the relative signal acquired from it. To extend this conventional way of con-

spicuity enhancement of the device, Draper et al. has suggested a multi-cycle approach

rather than single cycles [63]. This method has increased contrast by a factor of ten,

where measurements are performed using the following device-to-background contrast

(C) equation:
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C =
Sc − Sb

Sc + Sb

X100% (1.1)

where Sc is the signal from device and Sb is the signal from the background tissue.

1.7 Existing Needle Designs

Current biopsy needles that are used in biomedical applications have di�erent

tip con�gurations with several cutting mechanisms and variable handle designs. There

are more than one possible categorization of the needles regarding their cutting mech-

anisms. Nevertheless, it is possible to consider two main categories based on cutting

mechanisms, which are the end cutting and the side cutting. Although end cutting

needles just have a sharpened hollow tube to cut and take the tissue, side cutting

needles uses a sliding sheath for cutting mechanism. The literature indicates that side

cutting needles can push the tissue rather than taking. End cutting needle, on the

other hand, can core out the tissue around the target area. This highlights the impor-

tance of decision making about the cutting mechanism in the e�ciency of the biopsy

procedure.

Two other important design parameters are needle diameter and tip type. Needle

tips include conic, bevel and blunt tips [64]. Comprehensive testing on the e�ect of

needle diameter and tip type on the mechanics of the insertion has shown that needles

with bevel tips are more likely to experience bending and larger diameters increase

friction [65]. This in turn results in more forces to act on the needle. Moreover,

analytical modeling of the needle tip and cutting angles has identi�ed these parameters

as a prerequisite knowledge for making a needle design [66]. Highly relevantly to the

present study, studies reviewed here suggest testing di�erent tip and cutting designs in

the development process of a biopsy needle.
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2. METHODS

2.1 MRI Compatible Prostate Biopsy Needle

2.1.1 Selection of the MRI Compatible Material

Nitinol is commonly used in biomedical applications because of its material

properties especially being MR compatible. In addition, nitinol has shape memory

e�ect that describes restoring the original shape by heating and pseudoplasticity that

means recovering the original shape after large deformations [67].

Moreover, the properties of nitinol like elastic deployment, kink resistance, ther-

mal deployment, bio-compatibility, superelasticity, constant unloading stresses, fatigue

resistance, uniform plastic deformation are also remarkable for selection of needle ma-

terial [10]. Nitinol also has a lower magnetic susceptibility compare to stainless steel,

therefore it is safe to, and it provides more clear images with fewer artifacts [67].

Nitinol is commonly used as stent, retrieval baskets, intra-aortic balloon pump,

endoscopic instruments use nitinol rods to actuate scissors and graspers, the atrial

septal occlusion device, the arrow inter-aortic balloon pump, etc. after commercialized

in the biomedical industry [10].

2.1.2 MRI Compatible Prostate Biopsy Needle Design

The distal tip and biopsy reservoir geometry of the nitinol biopsy needle set

(outer and inner needles) were designed by using Solid Works 2015 CAD software as

shown in the �gure 10.
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Figure 2.1 Prostate biopsy needle design on SolidWorks 2015 a) Inner needle (1.38 mm OD / 0.93
mm ID) b) Outer needle (2.05 mm OD / 1.47 mm ID).

The design and lengths of inner needle are shown in Figure 2.2.

Figure 2.2 a) Inner needle lengths (27 cm length and 1.9 mm length biopsy groove) b) outer needle
(22 cm length and 26◦ tip angle).

Both inner and outer needle drawings converted to �at geometry from tubular

geometry on Solidworks 2015 and converted to DWG format to transfer the laser cutting

device. The �at images of the needles are shown in Figure 2.3.
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Figure 2.3 Tubular to �at geometry conversion of needles a) Inner needle b) Outer needle

2.1.3 The Biopsy Mechanism Design of the Needle

The prostate needle has been designed by using MRI-compatible material such

as nitinol. It consists of two needles (inner needle and outer needle) which have com-

pletely di�erent shapes and working mechanisms. There are two interwoven needles in

our design. The outer needle is used as a guide while inserting and pushing forward in

the prostate gland via rectum. Inner needle is used as carrierg via taking the tumorous

tissue into its biopsy groove. When both needles are inside the prostate gland, inner

needle is advanced to the exact tumor location, the outer needle is shoot to cut the

tissue and the biopsy sample is locked in biopsy groove of inner needle. Finally both

needles are withdrawn from the body.

Figure 2.4 Prostate biopsy needle solidworks design (inner and outer needle).
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2.1.4 Fabrication of the Biopsy Needle Prototypes

Biopsy needle was designed in SolidWorks 2015 (Dassault Systemes SOLID-

WORKS Corp, ABD) and converted to the format required by laser cutting system

using Alphacam (Vero Software, UK). Laser cutting of the biopsy needle was carried

out using Nd:YAG (neodymium-doped yttrium aluminum garnet; Nd:Y3Al5O12) laser

cutting device, which is located at the Life Sciences and Technologies Research Center,

Bo§aziçi University. This device has a maximum power of 400 W and 18-20 micron

beam diameter. To prevent oxidation and overheating during laser cutting process,

argon gas and water-cooling system were utilized, respectively.

Firstly, required modi�cations and transformations were on the laser cutting

device to change its utilization settings from plate cutting to tube cutting. To enable

this, all required additional parts were 3D printed in Life Sciences and Technologies

Research Center, Bo§aziçi University. After bringing laser cutting device compatible

with nitinol tube dimensions, biopsy needle cutting was performed. Following this,

to enable su�cient mechanical strength and easy tissue penetration characteristics of

biopsy needles, di�erent inner needle geometries were designed and produced using this

modi�ed setup. The laser cutting device is shown in the Figure 2.5.

Figure 2.5 Laser cutting device.
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2.1.5 Surface Treatment

The oxide and notch layer that consist of laser cutting has been removed via

micro-blasting. Micro-abrasive blaster (COMCO INC. AccuFlo) and 50 micron alu-

minum oxide precision micro abrasive powder has been used to remove the notches.

Figure 2.6 Microblasting device and working mechanism [68].

Microblasting device has air valve regulator modulator, mixing chamber, tank

and handpiece with di�erent size nozzles when other modulator is opened, the tank

ful�lls with air pressure (70-90 psi) that passes through mixing chamber. This high

pressure air �uidizes the small amount of abrasive. After closing the modulator the high

air pressure that is entrapped into the tank is released due to the decreased pressure

in the mixing chamber and the �uidized abrasive is released from tank and erupts

from the handpiece and removes the notches. Modulator opens and closes 60 times per

second. The images after and before microblasting are shown in the Figure 2.7.
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Figure 2.7 Nitinol biopsy needle a-b) before microblasting and c) after microblasting.

2.2 Forming Passive Visualization Markers on Biopsy Needles

2.2.1 Iron Oxide (Fe2O3) Markers

Iron oxide (Fe2O3) is a compound that is found in nature as a natural mineral

magnetite. It contains iron ions and shows permanent magnetic feature and also it is

ferromagnetic. Recently, mangnetic nanoparticles synthesis are extensively studied and

superparamagnetic iron oxide nanoparticles grab researched attention because of its

easily penetration and contrast enhancement properties. Iron oxide magnetic nanopar-

ticles (IOMPs) are getting popular and also some medical products which are based on

this material received their approval from US FDA such as Sinerem (Guerbert), Clar-

iscan (GE Healthcare), Endorem (Guebert), Resovist, Abdoscan (GE Healthcare), and

Lumirem (Guebert) since they are suitable for imaging di�erent locations such as liver,

spleen, bone marrow and lymph nodes [16, 69].

In order to achieve imaging, IOPMs' contrast enhancement in magnetic reso-

nance imaging property is utilized. However, in this project we used iron oxide nanopar-

ticles as coating to enhance our visibility of the prostate biopsy needle.
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As a solution of prostate needle biopsy visibility enhancement, iron oxide nanopar-

ticle coating was considered over the outer needle surface. MRI visible distance mark-

ings were placed on the nitinol needle at certain intervals by circumventing them using

Iron (II-III) oxide (Fe2O3) coatings. In this way, a real-time passive localization of the

biopsy needle with respect to the tumor location was intended to provide an easier

biopsy procedure. Thickness of each coating and coating intervals were determined to

equal 1 mm and 5 mm, respectively. Iron (II, III) oxide nano-powder (Aldrich Chem-

istry, 5 nm diameter) was mixed with ultraviolet (UV) cure solution (Dymax medical

device adhesives and coatings, 204-CTH-F) 3 ML and applied on nitinol needles with

the help of the polyamide masking bands that are placed at regular intervals of 5 mm,

using a �ne brush. Next, needles were exposed to UV light for 200 seconds to fasten

coatings onto needles. The results are shown in Figure 2.8.

Figure 2.8 Iron oxide nanoparticle coating (135 ± 5 µm thick) with polyamide tape masks.

Di�erent concentration values were prepared to determine the most appropriate

concentration value, and the images which are obtained and tested under MRI were

compared. The concentration values of the prepared solutions are as shown in Table

2.1.
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Table 2.1

Concentration of the prepared solution.

Sample Iron Oxide (gr) UV Solution 3ml (Drop)

1 0.04 4

2 0.02 4

3 0.01 4

4 0.005 4

5 0.0025 4

Figure 2.9 Images of iron oxide coated outer needles coated di�erent concentration.

2.3 Mechanical Tests

2.3.1 Sti�ness Tests

Produced biopsy needles were mechanically tested to determine an appropriate

design for biopsy procedure using digital force meter. Each needle was �xed from

its proximal end (blunt end) and gradually pushed towards a silicon material until the

needle was penetrated in and proceeded a certain distance (1 cm). During this process,

axial force acting on the needle was recorded and deformation was observed.
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Figure 2.10 Sti�ness testing mechanism (LLOYD instruments, LF Plus digital testing machine).

2.3.2 Peeling Tests

An adhesive tape was used to prove the adhesive power of iron oxide coatings.

The tape was pasted to the surface of coatings and withdrew. According to results,

iron oxide nano-coating was durable enough for the �rst trials.

2.4 Prostate Biopsy Gun Design of the Biopsy Needle

Two di�erent prostate biopsy needle guns have been designed in Solidworks 2015

to take the target tissue easily and successfully each time. Produced biopsy needles

(inner and outer needles) were nestled and placed within two di�erent handle designs

fabricated through 3D printer (Zortrax M200). First handle design is a conventional

gun that has straight pin channel. The second handle design is a spiral gun that has

a spiral pin channel (two ends of the groove are 180◦ apart). Both designs include

a stainless steel compression spring to �re the outer needle to perform the biopsy

procedure. As a working mechanism of the gun, the inner needle is attached to the

back of biopsy handle. The outer needle is attached to the piston that can move back

and forth throughout the handle. The pin is attached to the piston to manipulate it.

When the pin moves back and forth during the pin channel, piston and outer needle
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also moves and piston compress the spring. According to action mechanism, when the

pin is not locked the spring is released, when the pin is locked, the spring is squeezed.

The spring is produced using 7 mm stainless steel compression coil (7 cm length and 1

mm diameter) and becomes 3 mm length after squeezing 4 mm. After that, to prevent

the undesired releasing, lock the pin to immobilize the spring. When the inner needle

groove is on exact location based on MRI images, unlock the pin, release the spring that

�res the outer needle. Therefore, the outer needle slides on the inner needle and takes

the expected tumorous tissue sample into the biopsy groove. The di�erence between

the �rst and the second design is the spiral movement of the outer needle. Spiral biopsy

gun gives an angle to the outer needle while sliding on the inner needle. It is expected

to cut the tissue easily while sliding rotationally on the inner needle. Both handle

designs are shown in Figures 2.11 and 2.12.

Figure 2.11 Conventional prostate biopsy needle gun a) handle cap b) needle handle c) bushing of
outer needle d) piston for spring e) pin f) bushing for inner needle.
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Figure 2.12 Torqued prostate biopsy needle gun a) handle cap b) needle handle c) bushing of outer
needle d) piston for spring e) pin f) bushing for inner needle.

The handle designs were fabricated by using a three dimensional printer (Zortrax

M200 3D printer) Z-ultrat thermoplastic �lament was used as a printer material. The

printed and uni�ed model of the guns are shown in the Figures 2.13 and 2.14.

Figure 2.13 Conventional prostate biopsy needle gun a) before shooting b) after shooting.
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Figure 2.14 Torqued prostate biopsy needle gun (180◦ angle) a) before shooting b) after shooting.
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3. RESULTS

3.1 Biopsy Needle Production Using Laser Cutting

The biopsy needle design has two coaxial needles to increase the biopsy e�ciency

of the needle. The aim of this design is: have sharp outer needle tip to reach the

tumorous area easily, take the target value of cancerous tissue, cause less bleeding, less

traumatic cutting, prevent the fracture of the needle during the procedure especially

when it is inside the body and prevent the damage of the tissue.

Using laser cutting technique, multiple needles have been produced from di�er-

ent designs and their conveniences have been evaluated. Given that the inner needle

is relatively more functional and attaining less mechanical strength in comparison to

outer needle, more tests and designs have been carried out for it. Part of these designs

is shown in Figure 3.1.

Figure 3.1 Biopsy needles with 1) high walled biopsy groove with less pointed tip, 2) high walled
biopsy groove with a pointed tip, 3) pointed tip and low walled biopsy groove with a pointed tip. A
commercial needle used as a reference (TSK soft tissue biopsy needle).
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The nitinol needles with high-walled biopsy grooves (design 1 and 2) attain

higher forces at the moment of puncture and de�ect less than the needle with low-

walled biopsy groove (design 3) does. Figure 3.2 shows that the insertion forces for

nitinol biopsy needles with high-walled grooves are comparable to conventional biopsy

needles.

Figure 3.2 a) Mechanical testing apparatus for biopsy needle penetration test. The samples inserted
into a silicon mold at a constant speed of 5 mm/sec. b) Needle insertion forces measured by load
cell with high-walled biopsy groove and less pointed tip (Needle-1, blue), high-walled biopsy groove
and pointed tip (Needle-2, green) and low-walled biopsy groove with pointed tip (Needle-3, red). A
commercial needle used as a reference (TSK soft tissue biopsy needle, purple). Initial needle peak
insertion forces (N): 0.89, 0.77, 0.46, 0.64 and peak time points (s): 6.83, 5.40, 5.01, and 5.92 for
needle 1, 2 and 3 and commercial needle, respectively. A indicates the time point when the needle
contacts the mold surface B indicates the time of puncturing for each needle.
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3.2 Prostate Biopsy Handle Gun In Vitro Trials

The performance of the uni�ed biopsy mechanisms were tested in vitro using

fresh veal meat as shown in Figure 3.3. The obtained results are shown in Figure 3.4.

Figure 3.3 Demonstration of in vitro biopsy trials with fresh veal meat.

Figure 3.4 Biopsy samples that are taken with a) the commercial needle (TSK, soft tissue biopsy
needle) b) the conventional prostate biopsy needle gun c) Spiral prostate biopsy needle gun.



32

Table 3.1

Biopsy sample weights measured with microscale (Mettler Toledo, MS TS balances).

Sample Number Commercial Needle (gr) Conventional Needle (gr) Spiral Biopsy Needle (gr)

1 0.0008 0.0039 0.0034

2 0.0008 0.0062 0.0008

3 0.0002 0.0032 0.0009

4 0.0002 0.0016 0.0020

5 0.0001 0.0039 0.0018

6 0.0003 0.0022 0.0015

7 0.0006 0.0045 0.0036

8 0.0004 0.0038 0.0014

9 0.0004 0.0032 0.0009

10 0.0004 0.0061 0.0017

Average 0.00042 0.00386 0.0018

The weight of tissue biopsies was measured with microbalances, and the average

weights were calculated as 0.00042 gr, 0.00386 gr and 0.0018 gr for a commercial needle,

the conventional prostate biopsy needle gun and the Spiral prostate biopsy needle gun,

respectively. The standard deviations for commercial biopsy needle gun, conventional

biopsy needle gun and for spiral prostate biopsy needle gun are 0.000244, 0.0015 and

0.000984, respectively.

Designed prostate biopsy needle diameter is thicker than commercial prostate

biopsy needle diameter. Designed prostate biopsy needle groove volume (9.05 mm3) is

almost two times bigger than commercial needles groove volume (4.72 mm3), however

when examined the average weights of the biopsy samples for inner needles, the di�er-

ence between weights of biopsy samples that are taken during in vitro trials is bigger

than two times. The di�erent design characteristics of produced needles may lead to

this distinctness. Designed inner needle has high walled biopsy groove and also needle

wire is used instead of nitinol rod with di�erence of the commercial needle. That might
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have formed basis for obtaining more tissue with minimum loss. High walled nitinol

wire needle may enable obtainment of relatively larger biopsy samples with less slot

volume.

3.3 Iron Oxide (II-III) Coated Nitinol Needle under MRI

E�ect of Fe2O2 concentration on T2 weighted MR images acquired by TSE

sequence at 1.5T is shown in Figure 3.5. In the regions where coatings are present,

expansion of the hyperintense regions is observed to be higher for coatings with high

concentration, compared to those with low concentration. A plausible expectation for

the measurement of the thickness of each coating and the distance between two coatings

are expected to fall within 1-2 mm and 3-5 mm, respectively. Distance measurements

performed on MR images of nitinol needles with high concentration coatings indicates

1.67 ± 0.36 mm (mean ± SD) of coating thickness and 4.53 ± 0.12 mm of coating

intervals. Minimum coating thickness equals 1.67 ± 0.36 mm for the coating with

the lowest concentration. Note that this value converges to expected values better

than the remaining. However, boundaries of hyperintense regions in coatings with low

concentrations are not possible to be distinguished as clearly as in the coatings with

higher concentrations. Since this challenges a consistent determination of the coating

intervals (5.42 ± 0.12 mm), accuracy of the measurement seems to decrease. On the

other hand, measurements performed on the coating number 3 that attains a moderate

concentration result in values (4.82 ± 0.3 mm) converging to the actual dimensions

better than the remaining does (Figure 3.6). Moreover, moderate concentration allows

the expansions of the hyperintense regions remarkably, which increases the accuracy

and the repeatability of the measurement.
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Figure 3.5 T2 weighted MR images acquired using Turbo Spin Echo (TSE) imaging sequence: a)
All nitinol needles that are coated by Fe2O3 compound with di�erent concentrations (1: maximum
concentration 5: minimum concentration) at identical intervals of 5mm, b) image of the nitinol needle
with coatings number 3 and 4, c) image (of the nitinol needle with coatings number 3 and 4 for)
acquired by changing phase encoding direction and applying water suppression.

Distortions caused by the selection of the phase encoding direction along the

long axis of the needle preclude the feasibility of distance measurements. (Figure 3.5-

c). The needle having the coatings number 3 and 4 shows fewer distortions when

compared to the remaining needles (Figure 3.5-a). To eliminate the e�ects caused by

possible magnetic susceptibility interactions due to the presence of other needles on

the appearance of the image, this needle was imaged for the second time using same

acquisition parameters (Figure 3.5-b). When imaged alone, distortions on the needle

shaft has been shown to increase drastically.
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Figure 3.6 MR images acquired using TSE sequence belonging to the nitinol needle which has
coatings number 3 and 4 on it. Red frames indicate the area corresponding to the same region in
all panels. a) T2 weighted MR image, b) 3D image reconstruction of biopsy needle (ring-shaped
structures represent Fe2O3 coatings), c) measurement of the coating intervals.

Figure 3.7 MR images in each panel are acquired with di�erent imaging sequences, showing three
biopsy needles having coatings with di�erent Fe2O3 concentrations. a) Image acquired by (spin-echo
based) Half-Fourier Acquisition Single-Shot Turbo Spin-Echo (HASTE) sequence, b) image acquired
by (gradient-echo based) Fast Imaging with Steady State Precession (FISP) sequence, c) image ac-
quired by (gradient-echo based) Volumetric Interpolated Brain Examination (VIBE) sequence.
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4. DISCUSSION

Di�erent prostate biopsy needle designs with needle tip and biopsy groove con-

�gurations were fabricated and their performance was compared through in vitro tests.

Obtained samples indicate that Nd:YAG laser cutting can be successfully utilized in

nitinol needle production. Outer needle tip angle was sharp enough to cut the tissue,

but the most challenging part of the design was determining the inner needle biopsy

groove design that is both durable and e�cient. Due to the property of superelastic-

ity of nitinol, designing inner needle biopsy groove with di�erent wall thicknesses was

expected to give us ideas about nitinol durableness for use of the project. Sti�ness of

nitinol is less than stainless steel and the elastic range is almost double compared to

stainless steel, therefore the inner needle can bend during insertion of the tissue and the

angle of needle tip can change [70]. This causes the misplacement of needle and makes

di�cult to take the target tissue, false results increases and yield of biopsy decreases.

Two di�erent biopsy groove with high walled and low walled were decided to produce

for the inner needle. According to bending test results, inner needle with high walled

biopsy groove shows more durable characteristic than the inner needle with low walled

biopsy groove. Based on the results, we decided to generate the needle with high wall.

Distance measurements performed in the acquired MR images reveal a pro-

portional relation between the coating concentrations and the precision of the mea-

surements. On the one hand, high Fe2O3 concentration cause coating intervals to be

underestimated, on the other hand, it increases the noticeability of the hyperintense

regions, facilitating the real-time passive tracking. However, it is worth bearing in

mind that the more the ferromagnetism is pronounced, the more prominent artifacts

will occur. Therefore, Fe2O3 coatings with moderate concentrations appear to be an

optimum preference for the passive tracking of penetration depth.

Figure 3.5 shows that distortions are occurring in the biopsy needle MR images

depend not only on the concentration of ferromagnetic coatings, but also on the se-
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lected phase-encoding direction of the acquisition sequence. It has been reported that

aligning frequency-encoding direction with the long axis of the needles reduces metal

susceptibility artifacts [71]. This is in good agreement with the present �ndings, high-

lighting the importance of reserving the appropriate direction for frequency encoding

before acquiring images. In addition, distortions observed on the shaft of the biopsy

needle having the coatings number 3 and 4 show an increase when the needle is imaged

alone (Figure 3.5-b). Improvement in the image quality (Figure 3.5-a), occurring when

the needle is placed between of the remaining needles can be therefore ascribed to a

possible neutralization of the susceptibility e�ects, which is most likely to be caused

by concomitant electromagnetic interactions.

Although utmost care was taken to adjust gradient-echo based sequence param-

eters in this manner, images acquired by spin-echo based sequences are superior to

those acquired by gradient-echo based sequences in the distinguishability of coatings,

in all cases (Figure 3.7). This is because spin-echo based sequences utilize refocusing

pulses that have the ability of partial recovery of the signal loss caused by ferromag-

netic objects in the �eld of view [72]. Therefore, images acquired by spin-echo based

sequences are expected to attain much better characteristics than those acquired by

gradient-echo based sequences. Present �ndings are in good agreement with this expec-

tation and underline a major concern in designing a prostate biopsy procedure under

MRI.

As a conclusion of the prostate biopsy needle gun trial results, the conventional

prostate biopsy needle gun is the most e�cient compared to other two needles due to the

biopsy sample weights that are taken from fresh veal meat. Although the expectations,

spiral prostate biopsy needle handle was not so e�cient because of insu�cient rotational

speed, and also the outer needle cannot cut the tissue e�ectively due to jamming of the

tissue between outer and inner needle. Nevertheless, using nitinol wire instead of nitinol

rod increased the cutting performance and e�ciency of needle with collecting more

tissue. Finally, new handle designs with di�erent penetration mechanisms increased

the e�ciency of the prostate biopsy needle biopsy.
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4.1 Conclusion

Overcoming technical challenges associated with the presence of a high mag-

netic �eld and preserving image quality, we have developed an MRI visible prostate

biopsy needle that enables real-time passive device tracking. Furthermore, two MRI

compatible biopsy guns have been designed to shot needles with di�erent propelling

pro�les. Although prostate is the only organ that allows for a standardized biopsy sam-

pling routines given its small surface area, targeting biopsy regions is highly desirable

to ease interventional procedures and to reduce patient discomfort without sacri�cing

diagnostic accuracy. Besides its exclusive bene�ts in decreasing under diagnosis and

false positive reports of PCa in clinical imaging, MRI is a highly promising method for

targeting biopsy regions. Therefore, utilization of this biopsy needle, which is speci�-

cally tailored for MRI, holds considerable implications in clinical practice like causing

less bleeding, decreasing infection risk and number of biopsy sample that are redundant

because of imaging the exact tumor location with MRI. All these advantages shorten

the biopsy session time that traumatize the patient with less pain.

4.2 Limitations of the Study

Usage of Fe2O3 coatings constitutes a major limitation since they do not hold

on nitinol material perfectly and its ferromagnetic characteristic is not preferable for

MRI. In order to overcome this limitation, alternative nanoparticles that can be coated

onto the needles will be searched and tried. But also a cover method will be searched

to decrease the toxic e�ect of the iron oxide and ferromagnetic characteristic [73,74].

Another limitation of the study is related to nitinol elasticity. Because of the

elasticity of the nitinol, the needle cannot be successful on penetration to extracapsular

regions and providing an e�cient sample. To overcome this problem, needles with MRI

compatible and higher mechanical strength should be improved. Furthermore, laser

cutting process for nitinol needle fabrication is a hard process because nitinol needle is
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exposed to a thermal process which makes nitinol needles fragile. Since we are using

nitinol wire instead of nitinol rod, the fragility of nitinol needle is getting higher. This

is why we need to prefer nitinol needle with a thicker wall, but at the end, this thicker

wall property makes laser cutting process di�cult, and we observed fractions during

cutting process [75].

Limitations are not only related to the product but also present in the testing

processes. We did not test our product on a real prostatic tissue. The tissue that

we used in our in vitro experiments is di�erent than the original prostatic tissue. We

did not test our device in vivo and get samples under the MRI. However, the primary

purpose of this study is designing and fabrication of a novel biopsy needle instead of

revealing comprehensive testing.

4.3 Prospective Studies

An important question for the future studies is how to improve the needle and

handle designs to further increase e�ciency of the biopsy procedure. First o�, the nee-

dle diameter is planning to be decreased for less pain of puncture while preserving the

durableness and tissue removal success. Designing a new con�guration with di�erent

puncturing angle and tip designs can also ease the needles sinking into the tissue and

tissue removal and makes the biopsy session painless. An additional improvement on

the design would be closing the tip of the needle, which is left open by default due to

nitinol wire. This modi�cation may provide a more e�cient penetration and sampling.

Iron oxide nanoparticles that are mixed with UV cure solution are coated with

a �ne brush onto the needle, but later in the project, sputtering will be used for iron

oxide coating to increase the adhesion and regularity.
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The �nal prostate biopsy system prototype was evaluated by using fresh veal

meat. For a next step of the project, interventional prostate biopsy training phantom

(Figure 4.1) is planning to be used for in vitro testing.

Figure 4.1 MRI visible tissue equivalent prostate phantom.

The prostate biopsy phantom will be imaged using TSE sequence and the lesion

will be marked with virtual marker. Next, accession planes of tumor lesions will be

detected. The biopsy robot will follow the directions and will be �xed. T2 weighted

MR sequences will be used to obtain an image of biopsy needle markers, and real time

MR sequences will be used to determine the orientation of biopsy robot and the needle

will move across the phantom. During the needle insertion, the sensor will measure and

record the force changes between normal tissue and a cancerous cell. Moreover, MR

contrast solution will be injected (1:20 dilution) before the needle removing and 3D

volumetric MR images will be obtained to determine probable axial, coronal, sagittal

deviations between target location and biopsy robot tip location.

Stainless steel springs has been used to test the prostate biopsy handle shooting

mechanism. To further increase MRI compatibility of the design, a nitinol spring to

shoot needle is planned to be produced in the laboratory.

Moreover, without sacri�cing MRI compatibility, design parameters can be im-

proved to achieve a higher mechanical strength, which eventually would yield a more

e�cient sampling, especially for the regions attaining a hard surface. Lastly, alterna-

tive nanoparticles can be coated onto the needles with more robust coating methods
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those enable a stronger grip of the MRI visible distance markers.

Second part of project is developing an MRI guided robot-assisted prostate

biopsy to achieve an easier and a more precise targeting. This robot will be equipped

with the needle and handle that are designed and produced in this work. Such combina-

tion with robotic assistance is highly promising to bring MRI guided targeted prostate

biopsy one more step closer to the clinical practice.
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