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General introduction






Chapter 1

Purpose and structure of this thesis

The purpose of this thesis was to investigate prostate MR-imaging solutions that intend to improve
the diagnosis and treatment of prostate cancer. In total, a number of two techniques/methods were
studied. At first the application of an in-room mobile touching device (MTD) to monitor and target
MR-guided prostate biopsies (MRGB) were examined. The goal of applying an in-room MTD is
to increase the efficiency of the time-consuming MR biopsy procedure. First, the MR-safety and
compatibility of the MTD were investigated, the next steps were to validate the method a) in a
phantom and b) on the patient. The major endpoints of this study were improved efficiency, i.e.

time reduction of the procedure and equal or possibly better accuracy of the biopsies.

The second project in thesis focused on the treatment improvement of prostate cancer. The goal
of the project was to examine whether ex vivo prostate MR is a feasible means to identify positive
surgical margins (PSM) in a radical prostatectomy specimen. If feasible, ex vivo MRI might be
a faster solution for determining potential positive resection margins compared to a pathologist’s
determination. Moreover, this technique could be employed to direct extended resection or radiation

therapy while the patient is still on the operation table.

Initially, the execution of third project was intended in which a MR compatible biospy robot* was
going to be evaluated. However, due to a delay in the development of the robot itself the project
did not fit into the time scope of the internship any more. Therefore, inclusion of the project into

this thesis was renounced.

The resulting thesis consists of three main parts. Part I introduces the subject of prostate cancer
and MR imaging of the prostate as well as the treatment of prostate cancer in chapter 2. Part II
contains the research that was performed within the scope of the application of an in-room MTD to
monitor and target MRGB. It consists of four chapters (chapter 3-6) that together intend to form
part of a scientific paper. Chapter 3 and 6 respectively present a scientific introduction and method

that are going to be implemented into a publication. However, the work presented in chapter 4

*The MIRIAM project: http://cmi-nen.nl/business/projects/miriam/


http://cmi-nen.nl/business/projects/miriam/

CHAPTER 1.

and 5 is written in a report-ish form which is suitable for including it into this thesis but not for
scientific paper. The experiments described in these chapters will appear as paragraphs in the
method section of the future publication and are already included as such in chapter 6. Part II
does not contain the results of the aforementioned patient study that we intended to conduct as
a result of the Institutional Review Board application that had to be done first. At the moment
of writing, the patient study is postponed awaiting the Board’s verdict so the actual conduction is
future work. Part III contains only one chapter, chapter 7, that presents the high field MRI ex vivo
prostate study. This work is presented as a scientific paper that is going to be published. Chapter
8 summarizes the conclusions from this thesis as a separate chapter. Finally, three appendices
are presented containing specific descriptions of methods that were used during the experiments of

chapter 4 and 5.



Chapter 2

Background

2.1 Prostate cancer

The prostate is an exocrine gland which is part of the male reproductive system. It situated just
below the urinary bladder in which it surrounds the urethra and its main function is to secrete a
slightly alkaline fluid that is part of the semen. Four different zones of the prostate gland can be
distinguished. The peripheral zone is located in the posterior part of the gland closest to the rectum.
This is the zone where most prostate cancers (PCa) (74%) originate from [1] . The transition zone is
the innermost part of the prostate surrounding the proximal urethra, 23% of PCa originate here [1].
It begins to enlarge as men pass age 40, a disease referred to as benign prostatic hyperplasia (BPH).
Lastly the prostate consists of the central zone surrounding the ejaculatory ducts and the anterior

fibromuscular zone.

In the Netherlands 10,897 men were diagnosed with prostate cancer in 2013 of the total of 53,095
men diagnosed with cancer of all sites but non-melanoma skin [2]. Almost half (47%) of the men
diagnosed with PCa is 70 years or older [2]. In that same year 2,535 men died of prostate cancer
among the total of 23,054 cancer related deaths, with that it is the second most common cancer
related death cause in the Netherlands after trachea- and lung cancer [2,3]. It is estimated that
absolute incidence of prostate cancer will increase to 17,000 new patients a year in 2020 which is

mainly attributable to the ageing population [4].

The clinical behaviour of prostate cancer ranges from a microscopic, well differentiated tumour
that may never clinically significant to an aggressive, high grade cancer that ultimately causes
metastases, morbidity and death [5]. Symptoms attributable to cancer are absent in most men with
early state prostate cancer. Some symptoms that could be associated with prostate cancer and are
seen commonly are urinary frequency, urgency, nocturia, and hesitancy, but could be related to
BPH as well. Less common are hematuria and hematospermia, both symptoms that are more likely

to be caused by BPH than cancer.



CHAPTER 2. 2.2. MR PROSTATE IMAGING

Several screening tests are available that lead to the suspicion on prostate cancer, however only
a biopsy of a suspected lesion can fully diagnose and stage prostate cancer. On digital rectal
examination (DRE) a physician palpates the prostate to search for irregularities. However, this
technique is not an accurate staging method, because benign and malignant nodules are hard to be
distinguished from each other [6]. Furthermore, the test is liable to inter observer variability [7].
Another available test is the examination of the serum prostate specific antigen (PSA). The PSA
protein is highly specific for the prostate as it is excreted solely by prostate cells. Yet, it is not
prostate cancer specific, because other conditions such as BPH or prostatitis can also cause an
elevated PSA level. Despite the fact that this test lacks prostate cancer specificity, more prostate
cancers are detected as a result of the widespread PSA screening, because men with a suspicious

serum PSA undergo a biopsy [5].

In case of a suspicious DRE and/or PSA level a biopsy of the prostate should be performed in
order to further evaluate the diagnosis. The most commonly used technique for that is a transrectal
ultrasound guided biopsy [8]. However, the major drawback of this is method is its low prostate
cancer detection rate of 22% [9], because of the fact that more than 40% of prostate tumours are
isoechoic and only the peripheral zone can be accurately detected [10]. Furthermore, the technique
is associated with a significant false negative rate ranging between 20% and 33% [11]. As a result
of these limitations, many patients with a persistently elevated or rising PSA and negative TRUS

biopsies are subject to diagnostic uncertainty.

2.2 MR prostate imaging

An answer to these limitations is the increasing role of MR imaging in the detection of prostate
cancer. Unlike ultrasound, MRI has a high sensitivity for detecting prostate tumours and provides
excellent soft tissue contrast and multiplanar volumetric imaging capabilities [12]. A study showed
overall accuracies of 67%-69% of T2 weighted imaging in localizing prostate cancer with a 1.5 T
MR scanner [13]. The same study also showed that the use of functional MR further increased
the detecting accuracy. The application of dynamic contrast enhanced (DCE) and MR spectro-
scopic images in conjunction with the T2 weighted images resulted in accuracies of 91% and 81%
respectively [13]. Another functional MR technique is diffusion weighted imaging (DWI) and a com-
bination of diffusion weighted and T2 weighted images showed areas under the receiver operating

curve of 0.92 and 0.88 for the peripheral and transition zone respectively [14].

Instead of using TRUS to guide the biopsies, the created by means of MR can be used to guide them.
Currently available data, shows that in patients with prior negative TRUS guided biopsy results,
3 T MR guided prostate biopsy is feasible and has a higher detection rate than does repeat TRUS
guided biopsy [10,15]. In our institution, a transrectal biopsy of the prostate is taken under MR
guidance with the assistance of previously acquired diagnostic MR images (T2 weighted, DWI and

DCE). The transrectal approach provides a short pathway in which no anaesthetics are required.
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CHAPTER 2. 2.3. TREATMENT OF PROSTATE CANCER

The biopsy session starts with acquiring T2 and diffusion weighted images of the prostate once more
to verify the position of the lesions. Subsequently, a needle guided which is visible on T2 weighted
images is inserted rectally. The guide is connected to an MR compatible biopsy device (Invivo,
Schwerin, Germany) that enables rotation, angulation and translation of the MR compatible biopsy
needle. A localizer image is used to detect and reposition the needle whereupon MR images in two
perpendicular planes must be obtained to direct the needle guide to the target. Once the needle
guide and the suspected lesion are aligned the needle can be slid through and a biopsy can be

obtained for pathological analysis.

2.3 Treatment of prostate cancer

Several treatment options exist for men with localized prostate cancer (clinically confined to the
prostate) including radical prostatectomy (RP), external beam radiotherapy (EBRT), interstitial
prostate brachytherapy, hormonal therapy, combinations of these, and active surveillance (AS).
The most important factors in selecting the initial treatment are, the histological grade (Gleason
score), clinical TNM stage, serum PSA level, life expectancy, comorbidities, and patient preference.
For patients with low- and intermediate risk localized PCa (cT1a-T2 and Gleason score 6-7 and
PSA <20) and a life expectancy of more than 10 years the recommended treatment is RP [16]. A
prospective randomized control study, with a maximum follow-up of 23 years (median 13 years),
demonstrated that in this category of patients, RP significantly lowered the incidence of death
from all causes (56 versus 69%), death from PCa (18 versus 29%), distant metastases (26 versus
38%), and use of hormonal therapy (43 versus 67%) compared with AS [17]. Radical prostatectomy
involves the removal of the entire prostate gland including seminal vesicles and the ampulla of the
vas deferens. Depending on the characteristics of the tumour and the man’s sexual function, this

may invovle sparing of the neurovascular bundle increasing the chance on preservation of potency.
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Chapter 3

Real-time MR guided prostate
biopsies using a mobile touching
device: introduction to a patient

study

A persistently elevated or rising serum prostate specific antigen (PSA) level or an abnormal dig-
ital rectal examination (DRE) could indicate the presence of prostate cancer (PCa). However,
the definite diagnosis of PCa depends on prostatic needle biopsies as they allow histopathologic
confirmation [18]. The standard method to obtain material for histopathologic evaluation is the
transrectal of transperineal ultrasound-guided systematic 12-core prostate biopsy [19,20]. Although
the latter methods show a similar efficacy, the transrectal approach is the preferable route because it
does not require spinal anaesthesia or catheterization [19]. Nevertheless, the transrectal ultrasound
guided biopsy (TRUSGB) procedure is characterised by a low sensitivity (39-52%) and a relatively
high specificity (81-82%) [21]. Moreover, detection rates diminish when patients are subjected to
consecutive biopsies (10%, 5% and 4% for the second, third and fourth biopsies respectively) [9].
Furthermore, this method shows a significant discordance between the biopsy Gleason score and
the underlying pathologic Gleason score: approximately one in three biopsy diagnoses of low grade
cancers (Gleason 6) are upgraded at pathology [22]. Ultrasound is merely able to guide the physi-
cian to the gland itself while only the outlines of the organ are visible and local tissue characteristics
are not. The physician has to determine the systematic biopsy sites by cognitively sub-dividing the
gland into 12 symmetric locations. Consequently, the prostate is biopsied virtual blindly in contrast
to all other image-based cancer diagnoses that are targeted by either direct (e.g. bronchoscopy) or

radiologic imaging.

Compared to other imaging methods, magnetic resonance imaging (MRI) provides the best visuali-
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CHAPTER 3.

sation of the prostate due to its inherent high soft-tissue contrast, high resolution, multi-planar volu-
metric capabilities, and the ability to simultaneously image functional parameters. Multi-parametric
MRI (mpMRI) with T2-weighted (T2W), functional diffusion weighted imaging (DWI) and dynamic
contrast enhanced (DCE) sequences is now the established approach to prostate MRI [23]. A recent
meta-analysis reported pooled sensitivity and specificity of 0.74 and 0.88 respectively for mpMRI
to detect clinically significant PCA [24]. Besides accurate detection of disease, mpMRI is able to
perform accurate localisation of lesions. In a study conducted by Turkbey et al. [25], histopatho-
logical specimens were sliced exactly according to the mpMRI images by using a customised three-
dimensional mould enabling standardised slicing. A positive predictive value for mpMRI at 3 T of

98% in the overall prostate was found.

The ability to accurately localize PCa enables the application of MRI for directing biopsies of
tumour lesions, namely MR targeted biopsies (MRGB). MRGBs can be divided into three categories
of approaches [23,26]. Firstly, approaches in which registration or fusion software is employed to
combine both MR and US-images. This allows an MR-defined lesion to be identified on US-images
during a TRUSGB procedure. Secondly, approaches called cognitive tracking in which the physician
performs a TRUS-biopsy using prior knowledge of the lesion as seen on MR and applying it to select
the appropriate biopsy site by means of US-visualisation. These two kinds of approaches are referred
to as out of bore. Exclusively MR based are the in bore approaches that acquire a pre-biopsy MR
to define the targets and use MR to guide and control the procedure. This study focusses on the
final approach and uses a method which has previously been described [27,28]. In a prospective
comparison with TRUSGB, this approach reduces the detection of low-risk PCa (-87.2 %) and the
number of men requiring biopsy (-36.3%), while increasing the detection of intermediate/high risk
PCa (17.7%) [29].

A limitation of this method is that it is rather time consuming while MR-time is scarce. Hambrock
et. al [30] reported a median biopsy procedure time of 35 minutes (range, 21-75 minutes). The goal
of our study is to prospectively achieve proof-of-principle of an in bore MRGB method that uses
a real-time MR-sequence in combination with an in-room mobile touching device (MTD) to guide
and control the procedure at in vivo patients. Furthermore, we will evaluate whether the proposed

method can reduce the time expenses, and examine the accuracy of the procedure.

12



Chapter 4

Determination of the safe distance
between the MR bore and an MTD
through ASTM F2052-06

4.1 Introduction

Currently, the possibilities to employ a mobile touching device (MTD) into the MR room to mon-
itor and target MR guided prostate biopsies (MRGB) are investigated. A key requirement before
employment can take place is knowledge of the MR-safety of the device. This experiment will ad-
dress the measurement of the magnetically induced displacement force produced by static magnetic
field gradients on the MTD and the comparison of that force to the weight of the device. The
goal of this experiment is to find out to what distance to the MR bore the MTD can be positioned
during an MRGB without being sucked into the MRI. A secondary goal is evaluation of the MTD’s

functionality when positioned in a strong magnetic field.

4.2 Materials

The magnetic field in which the MTD was tested was generated by a 3 T Magnetom Skyra (Magne-
tom Skyra, Siemens AG, Erlangen, Germany). The MTD in question was an iPad 2 (iPad 2, Apple
Inc., Cupertino, CA, USA). A custom made wooden construction holding the protractor was used
to attach the MTD to the IV pole. A custom made bag from cotton fabric able to hold the MTD
was suspended from the wooden construction through a string and screw-eye. In turn, the wooden

construction was tie wrapped to the IV pole. Figure 4.3 provides an overview of the construction.

13



CHAPTER 4. 4.3. METHOD

4.3 Method

The method in this experiment was adapted from the ASTM F2052 — 06 standard test method
for measurement of magnetically induced displacement force on medical devices in the magnetic
resonance environment [31]. The magnetically induced displacement force is produced when a
magnetic object is exposed to the spatial gradient of a magnetic field causing the object to translate
in the gradient field. This method intends to find the point in a magnetic field that produces
the greatest magnetically induced displacement force on a device that is suspended from a string.
Therefore, the angular deflection, «, of the string from the vertical is measured. If the device
deflects less than 45°, the critical deflection angle, then the magnetically induced displacement
force (Fy,) is less than the force on the device due to gravity (Fg). In that case, the device will
not be sucked into the MR bore. These forces are visualised in the free body diagram in figure
4.1. Note that any induced torque by de magnetic field is left out of consideration as this requires
a different testing method. Furthermore, investigating the induced torque was not required for
accomplishing the current research goal. The ASTM method was slightly extended for the current
experiment to accommodate for research purposes. The major adaptation that was made was that
a grid of multiple measure positions was chosen rather than finding the one position of maximum
deflection. With this grid, information of the deflection angles on various positions in the MR
room could be obtained providing a global indication of safe (MTD not drawn into the bore) and
unsafe (MTD drawn into the bore) use of the MTD. Besides that, the critical deflection angle of
the MTD was determined at multiple locations. Therefore, a so-called critical angle line could be
determined indicating save use of the device for positions farther away from the MRI and unsafe

use for positions closer by the MRI.

The MTD was positioned on varying distances from the bore not only on the centreline but lateral
from that line (x-direction) as well, at -80, -40, 40 and 80 centimetres with the centreline located
at 0. In the longitudinal (z-axis) direction, thus along By, the MTD was positioned at 10, 20, 30,
40, 50, 70, 100, and 150 cm. A measurement was considered invalid in case the MTD would touch
the MR bore. This could be the case at the bore distances of 10, 20 and 30 cm considering the
length of the string of & 30 cm that suspended the MTD. To reach the desired measure positions
the MR table was removed. The measurement positions are depicted in figure 4.4. The positions

were marked on the floor such that multiple measurements (n=3) could be performed.

By eye-balling the obtained deflection angles of the MTD on the different positions an estimate of
the location of the critical angle line could be made. Subsequently, a more precise determination of
its location was done by slowly setting the deflection angle on 45°by moving the IV pole closer by

of farther away from the bore. Once 45°was achieved the distance from the bore was measured.

The performance of the MTD was evaluated on observational basis.

14



CHAPTER 4. 4.4. RESULTS

4.4 Results

The results of this experiment are reported as specified in section 10 of the ASTM document [31]
with an additional part concerning the different deflection angles at varying positions and the criti-

cal angle line. This is additional part 14. Additional part 15 addresses to the MTD’s performances

4

Figure 4.1: Force- or free body diagram of the MTD in the magnetic field. Where T =tension
in string, F,, =magnetically induced displacement force due to magnetic field spatial gradient,
F, =gravitational force, and o angular deflection of string measured with protractor

15



CHAPTER 4. 4.4. RESULTS

in the strong magnetic field. The numbering (from 1 to 13) in this section corresponds with the

numbering in section 10 in the ASTM document.

1. Device product description
A frontal and lateral appearance of the MTD is depicted figure 4.2. The device characterised
by a large capacitive touch screen and the round home button on the front. On the lateral
side, various buttons are situated such as volume control etcetera, which are not depicted.

The back of the device consists of aluminium acting as an encasement.

2. Photograph of the configuration
Figure 4.3 contains a photograph of the configuration of the device as used in the experiment.
It shows the MR compatible IV pole holding a custom fabricated fixture with attached pro-
tractor and the cotton bag containing the MTD. The fixture itself consists of two wooden
parts: a stick and a block (behind protractor) joined together with wooden plugs. The pro-
tractor was stuck on cardboard which in turn was taped onto the wooden block. A metal
screw eye was inserted through the centre of the protractor and tightened into the wood. The
cotton sac with sewn string was used to hold the MTD and could be suspended from the
screw eye. The cross on the sac marks centre of gravity of the MTD. The entire fixture with
attachments fixed onto the IV pole using 4 tie wraps (top one not visible). Some additional
tape was used to resist a final amount of movement between the pole and the configuration.

Except for the screw-eye no magnetisable metals were used.

[r N

N
bt
[N
3
3
N
(o)
e \ — J
— i
8.8 mm 185.7 mm

Figure 4.2: Schematic frontal and lateral representa-
tion of the MTD.
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CHAPTER 4. 4.4. RESULTS

Figure 4.3: Photograph of the configuration as was
applied in the experiment.

3. Device product identification
— Commercial name: Apple iPad2 32GB Wi-Fi
— Model number: A1395
— Serial: DN6FMVYDFHY

4. Materials of construction

The materials of construction of the MTD could not be retrieved.

5. Number of specimens tested
Only one specimen of the MTD was tested. It was considered unnecessary to test multiple of
them.

17
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Figure 4.4: Measurement positions as viewed from above in the xz-
plane. The red crosses mark the positions at which a deflection angle
could not be reliably measured,while deflection angles were successfully
measured at the black circles

6. Coordinates of the test locations
The origin of the Cartesian coordinate system was chosen at the centreline of the MR bore
at the face of the device, the edge of the bore, rather than positioning it at the isocentre of
the magnet. Considering the aim of the study this was a rational choice. The MTD was
positioned on different positions in the xz-plane, which were marked on the floor such that
repeated measurements could be performed as accurately as possible. The y-position of the
device was kept constant at a position of 124.5 cm from the floor. This distance was not
chosen deliberately, but was a result of roughly hanging it at the intended height for future
use. Figure 4.4 provides the defined measurement positions as viewed from above, thus in
the xz-plane. Deflection angles were not successfully determined at each of the predetermined
test locations. A measurement was designated unsuccessful when the MTD touched the bore
during a measurement, which was the case in the z-distances of 10 and 20 c¢m, or when the
IV pole could not be moved, thus did not fit, at the specific test location. At x = 0, the MR
table connection unit prevented the MTD from being closer than 55 cm from the bore. As a

result, the z=55 measurement was performed instead of the z=50 measurement.

7. Values of |Bland |VB|
All the measurements were performed within the 3 mT isoline of the magnetic field. A room
plan depicting the isolines of varying field strengths is shown in figure 4.5. Further detailed
information on the field strengths exerted more closely to the bore was unavailable. Therefore

the value of the magnitude of the magnetic field, ||B|, was between 3 mT and 3 T during the
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CHAPTER 4. 4.4. RESULTS

measurements. In turn, given the 3 mT isoline at 3168 mm form the isocentre of the magnet,

the magnitude of the spatial gradient of the magnetic field, |VB|, was 0.95 T /meter.

8. Measured deflection angles
Table 4.1 contains the deflection angles, «, of each measurement (n=3) at the various test
locations that provided a representative measurement as marked by the black circles in figure
3. In all cases the MTD was attracted to the magnet.

9. Mean deflection angles
Table 4.2 contains the mean deflection angles at each test location. These means angles are
represented graphically in figure 4.6 and 4.7. The data in between the predefined test locations

was interpolated.

10. Weight of the MTD
The weight of the MTD, the iPad2, was 603 grams.

11. Weight of the string and bag
The weight of the string and back to suspend the MTD from the test fixture was 39.5 grams.

/__*\\

ISOCENTRE I
OF MAGNET

4299 mm

L |
EQUIPMENT
ROOM

SCALE: Tmm = 96 mm

4267 mm

Figure 4.5: The floor plan above resembles the MRI layout and magnetic field lines at our institution
except for the equipment room that is located at the opposite side. All deflection angle measurements were
performed within the inner isoline of 3 mT which is situated at 3168 mm from the isocentre of the magnet,
thus 2304 mm from the bore entrance.
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12.

13.

14.

Weight of material used to constrain the MTD (test fixture)
The weight of the material, the test fixture, used to constrain the MTD during the test 252.2

grams

Mean magnetically induced displacement force
The mean magnetically induced displacement force, Fm, was calculated from the measured
test data for each individual position. This was done by applying the following relations which

has been derived from the force diagram in figure 4.1
YF,=0=F,, — Tssin(«) (4.1)

YF, =0=Tscos(ar) —mg (4.2)
Solving these two equations provides :

F,, = mgtan(«) (4.3)

Where m is the mass of the device, g is the gravitational acceleration, and « is the angular
deflection of the string measured with the protractor. When applying equation (4.3) on the
values in table 4.2 where m = 0.603kg (see part 10) and g = 9.81];—3 table 4.3 is obtained.

Determination of the critical isoline

The z-position of the critical isoline was globally localised by observing the obtained deflection
angles (table 4.1). Initially, the position was determined between z = 40 and z=50 cm. As
a result, the critical isoline could be determined only on x = -40 and 40. This was because
at x = 0, the MTD could not be brought closer than z = 55. Another reason was that a
deflection angle of 45 degrees could not be reached at x = -80 and 80 as the MTD already
touched the MRI bore at lower deflection angels. The z-positions at which a deflection angle
of 45 degrees was reached were determined three times at both x = -80 and x = 80. These
values were averaged as well as the averages resulting from both the x-positions. See table

4.4. The critical isoline is visualised in both figure 4.6 and 4.7.
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Figure 4.6: Three dimensional representation of the deflection angles in degrees at the different test loca-
tions.
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Figure 4.7: Two dimensional view from figure 4.6 The black dots represent the factual measured angles
whereas the data in between was interpolated. The black line represents the critical isoline which was
determined at 43.7 cm from the face of the MR bore.
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Table 4.1: Measured deflection angles, «, in degrees were determined three times at each of the test

locations.

X -80 40 0 40 80
z
30 19 21 20 n/a n/a n/a 35 35 36
40 4 4 4 | 51 51 52 n/a 53 54 bH4 | 4 4 5
50 2 2 3 14 14 16 n/a 34 32 32 3 3 2
55 n/a n/a 15 20 15 n/a n/a
70 1 1 1 4 4 5 5 6 6 3 4 4 0 1 0
100 0 1 1 1 1 0 1 1 1 0 1 0 0 0 0
150 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Table 4.2: Mean deflection angles at each of the test locations. Angles are in degrees.

N80 -0 0 0 80
30 20 n/a n/a n/a 353
40 4 513 n/a 537 4.3
50 23 14.7 n/a 327 27
55 n/a n/a 167 n/a n/a
70 1 43 57 37 03
100 0.7 0.7 1 0.3 0

150 0 0 0 0

Table 4.3: Mean magnetically induced displacement force, Fp, in Newton on the MTD

N |80 -0 0 40 80
30 22 n/a n/a n/a 4.2
40 04 74 n/a 80 04
50 02 15 =n/a 38 0.3
55 n/a n/a 1.8 n/a n/a
70 01 04 06 04 0
100 0.1 01 0.1 0 0
150 0 0 0 0 0

Table 4.4: Determination of the z-position of the critical isoline. Values are in centimetres.

x-postion 45°at z-position Mean z-position
x=-80 45 46 43 44.7
x =80 42 44 42 42.7
Overall mean: 43.7
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15. Functionality of the MTD in a strong magnetic field
The MTD remained functioning properly when positioned in the magnetic field near the MR
(<1m). However, its functions severely worsened when brought closer to the MR which caused
the screen to flicker and eventually the entire device to freeze. This occurred at z-positions
smaller than £+ 30 cm. Functions returned to normal when the device was removed from
the magnetic field, however in case of freezing this required a hard reset by simultaneously
holding the home and standby button for 10 seconds. When holding a static position within
the magnetic field the effects did not occur as fierce when moving it around in the field. This

can be explained by appearing induction effects.

4.5 Discussion and conclusion

The critical isoline found during this study is at twice the distance as the line found in Kogelman’s
thesis, 43.7 cm versus £ 21 cm [32]. An explanation for this could be the fact that one long side of
the MTD is more attracted to magnet than the other. As a result a different deflection angle can
be measured at the same z-position by just turning a different side towards the bore. In this study

a “worst case scenario” was chosen, thus the more attracting side was faced towards the MRI.

Two weaknesses regarding this study should be noticed. Firstly, the cotton back and string used
to suspend the MTD weighted more than 1% of the MTD itself, whereas the ASTM demands it to
weigh less than 1%. Therefore, a safety margin should be included when determining the safe use
zone of the MTD. The second weakness of this study was the limited precision at which the test
fixture was crafted and at which the IV pole could be positioned. However, the three measurements

at each position showed limited variation, so this should not be considered a problem.

Finally, the fairly large discrepancy between the (z,x) = (40, -40) and (z,x) = (40, 40) should be
noticed. An explanation for this could either be incorrect positioning of the IV pole due to an
erroneously placed floor marker or the fact that the front face (screen) of the device is less attracted
than the back side (encasement). At positions next to the centreline (x=0) the MTD was somewhat
attracted in an oblique fashion, always towards the centreline. While the front face was always
pointed in the negative y-direction, this could alternately cause the MTD to be attracted more
when located in negative y-positions, and vice versa in positive y-positions. Of course, this only
holds true when aluminium back side is more attracted than the screen side which might shield
the device. However, this has not been thoroughly proven. Such a discrepancy can also be noticed
between z = 30, y = -80 and z = 30, y = -80, be it to a lesser extent. The other measurements

showed no discrepancies.

In conclusion, this study proved that the device will not be sucked into the MRI when used at
positions that are farther away than 43.7 cm the MRI bore. For the sake of safety a margin should
be included, making 50 cm a more applicable distance. Besides that it can be concluded that the

MTD remains functional at that distance.
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Chapter 5

Determination of the accuracy of MR
guided prostate biopsies using real
time MR imaging and an iPad for

visualisation

5.1 Introduction

The current procedure of performing MR guided prostate biopsies is time consuming as the operator
has to move between the MR room and the control room to steer the needle guide and operate the
MR, respectively. Depending on the position of the lesion within the prostate and the number
of lesions, a complete procedure might take up to 75 minutes [30]. A suggested solution to this
drawback is the implementation of a mobile touching device (MTD) within the MR room on which
real-time MR images of the procedure are visualised. In this way, the movement of the operator

could be reduced to a minimum and valuable MR time could be saved.

In a previous study the MR safety aspects of the MTD in question were addressed and it was found
that the device could be used safely at a distance of 50 cm from the bore. This study, however,
addresses the accuracy of the proposed method by conducting a phantom experiment. The goal is to
evaluate whether the target is actually hit when the needle guide is directed by using real-time MR
images which are visualised on an in-room MTD. Next to the success rate, the amount of deviation
between the target and the needle is examined as well as the time to target the needle guide. The
outcome is applied to support the verdict whether conducting a subsequent patient study would be

responsible or not.
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Figure 5.1: The four phantom with the twelve CSRs still visible are depicted. Shortly after, the top layer
of the phantom was moulded. The two cups on the left contain the small CSRs, the two on the right the
large ones.

5.2 Materials and methods

5.2.1 Phantom

Four phantoms were made of agar (DI water, 3% w/v agarose, 0.2% w/v NaCl) and were moulded
into coffee cups. In each of the cups, three raisins that represented cancer suspicious regions (CSRs)
were inserted 2 cm under the rim of the cups. In this way, the raisins were positioned in an area
that could be completely covered by the biopsy device as is the case with a patient’s prostate. The
total of twelve raisins in four 'prostates’ consisted of two equal categories of size, namely, small: +
5 mm, and large: + 10 mm. On T2 weighted MRI, the raisins appeared as hyper intense white

spots on a gray background of agar.

5.2.2 Fixture

In order to support the cups and to be able to reach the phantoms with the biopsy device, a custom
poly(methyl methacrylate) (PMMA) fixture was made. The fixture raised and tilted the phantom

so that is came in reach of biopsy device. See figure 5.4.

5.2.3 General set-up

Images were acquired with a wide bore (70 cm) 3 T MRI system (Magnemtom Skyra, Siemens,
Erlangen, Germany). The procedure was planned using Interactive Front End (IFE) software from
Siemens that was installed on a dedicated PC, the IFE PC, which was positioned in the control
room. Furthermore, this PC transferred the images that were visualised on the MTD. The MTD,
an iPad2 (Apple Inc., Cupertino, CA, USA) was situated in the MR room and was mounted on a
MR compatible IV pole using a car kit holder. The IV pole was positioned next to the MR table at
75 cm from the bore, which was considered a convenient distance for looking at the screen. Both

the aforementioned PC and the MTD were connected to the same WiFi network. In this way, it

26



CHAPTER 5. 5.2. MATERIALS AND METHODS
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Figure 5.2: Floor plan of the general set-up during the experiment with: (1) the operator controlling the
MR, (2) the operator controlling the biopsy device, (a) the IFE PC, (b) the MR computer, (c) the MTD
mounted on the IV pole, and (d) the phantom and biopsy device while being imaged in MR, scanner.

was possible to use remote desktop software to visualise the real-time MR images on the MTD.
The phantom was placed on the dedicated fixture. A body coil was placed covering the phantom.
The biopsy device, DynaTRIM, with attached needle guide (both Invivo, Gainesville, FL, USA)

was positioned in front of this. Figure 5.2 gives an overview of the general set-up.

5.2.4 Procedure

Once all preparations were made, the biopsy procedure itself was performed as follows (see table

5.1 for detailed sequence parameters):

1. Subsequently to obtaining localizer images, T2 weighted MR images of the phantom were

acquired and the CSRs were located.

2. The T2 images were transferred from the MR computer to the IFE PC using a build-in transfer
tool that comes with IFE.

3. The slices for the real-time sequence were planned in IFE, see figure 5.3. In short this came
down to defining a target and entry point, defined at the pivot of the needle guide (see
appendix A), to create a trajectory. Next two slices were positioned orthogonally to each
other through this trajectory. This occurred in such a fashion that one slice, the coronal
slice (as defined by IFE, bottom-left in figure 5.3) visualised the left-right displacement of
the needle and the other one, the sagittal (as defined by IFE, bottom-right in figure 5.3) the
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up-down displacement. See appendix B for more details on slice planning in IFE.

4. The slice planning was transferred back to the MR computer using the same channel as in

step 2.

5. The real-time MR sequence (BEAT-interactive real-time tip tracking (iRTTT)) for visuali-
sation of the procedure was started. The moment that the sequence started, images were
visualised on both the MR computer as well as on the IFE PC which is a build-in IFE
functionality. The images were shared from the IFE PC with the MTD trough team viewer
software (VNC viewer, RealVNC Ltd, Cambridge, UK). The BEAT sequence acquired an MR
image every 240 milliseconds (ms), the refresh rate of an individual image direction was 720

ms.

6. While standing in the MR room, the visual information on the MTD was used to set the
needle guide in the correct orientation, i.e. the needle guide has to be positioned across and
alongside the projected trajectory in both slices. The real-time visual feedback provides an
intuitive way of orientating the needle guides. A correct orientation was achieved by loosening

setscrews 1 and 2 (see figure 5.3) allowing for up-down and left-right adjustment respectively.

7. True-FISP (TRUFI) images in two directions, axial and sagittal with an orientation identical
to the BEAT images, were acquired to verify the orientation of the needle guide before taking

the actual biopsy. The images were obtained once again when the biopsy needle was in place.

90385 mm
90385 mm

90.385 mm

e [

BRE mu

Figure 5.3: Screen capture from the IFE interface while planning MR slices. The yellow rod is the
planned needle trajectory, with the entry point coloured green and the target point in purple.

28



CHAPTER 5. 5.2. MATERIALS AND METHODS

In this case one set of T2 images was obtained per phantom, based on this set a planning could be
made for all three CSRs within the cup. The biopsy procedure was performed by two operators:
one operated the MR while the other was in the MR room to set the needle guide. Positions were
switched after six CSRs were targeted, this occurred in such a manner that both operators had one

phantom containing small CSRs and one containing large CSRs.

5.2.5 Data analysis

By subtracting the acquisition time from the last and first BEAT-iRTTT image, the mean time
required to adjust the needle guide in the desired position was defined. In terms of accuracy two

analyses were performed.

On the one hand the success rate of the method was considered, which was done by visually verifying
whether the needle trajectory traversed the CSR using the post needle insertion TRUFI images.
On the other hand the accuracy was expressed in the deviation of the needle from the target. Thus,
the shortest distance between a point -the centre of the CSR- and a line -the needle trajectory- was
calculated. The deviation was determined separately for the axial and sagittal images directions,
thus the right-left deviation and the up-down deviation. Both these analyses were performed using
software written in Matlab (MathWorks, Natick, MA, USA) for which only the pre needle insertion
TRUFT images were employed, because the needle in the post needle insertion image is known to

cause artefacts.

The written software presented the user a graphic user interface (GUI) in which both TRUFI
images could be visualised. Next, the user had to manually define the centre of the CSR. The
needle trajectory could be roughly defined by drawing a line between the two hyper intense borders
of the needle guide. Subsequently, a build-in algorithm repositioned this line to the centreline of
the needle guide corresponding with the needle trajectory. Furthermore, the line was extrapolated
so that it was visible if the needle traversed the CSR and with that it was determined whether
the biopsy had been successful of not. The CSR was hit by the needle in all twelve cases in both
axial as well as sagittal slice direction. When both the point and the line were defined, the script
automatically determined the shortest distance between these two. See appendix C for a more
thorough description of the GUI.

5.2.6 Statistics

Independent samples Student’s t-tests were applied in the statistical analysis. P values smaller than

0.05 were considered significant.
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5.3.

RESULTS

Table 5.1: Parameters of the applied MR sequences. T2W, T2 weighted; TSE, turbo spin echo; BEAT-
iRTTT, adapted cardiac MR sequence with interactive realtime tip tracking; TRUFI, TrueFisp; TR, repeti-

tion time; TE, echo time; ST, slice thickness

Sequence # TR (ms) ST Voxel size Matrix
slices (mm) (mm)

T2W-TSE 50 13,923 3 0.75 256 x 256

BEAT- - 240.19 5 2.34 128 x128

iRTTT

TRUFI 5 4.56 3 0.75 256 %256

Table 5.2: Needle deviation in millimetres determined in axial and sagittal slice direction.

Axial deviation Sagittal deviation Operator

Target size

Target 1 2.3288 0.2254 1 Large
Target 2 2.1381 1.1830 1 Large
Target 3 2.5975 0.4545 1 Large
Target 4 0.1615 0.7039 2 Small
Target 5 0.4725 1.5474 2 Small
Target 6 2.5331 1.6553 2 Small
Target 7 0.1898 1.4369 1 Small
Target 8 0.1903 2.3397 1 Small
Target 9 0.7378 1.5426 1 Small
Target 10 0.7184 1.5426 2 Large
Target 11 1.5236 0.8880 2 Large
Target 12 0.9375 1.0441 2 Large
Mean + SD 1.211 £+ 0.9603 1.2636 + 0.6406

5.3 Results

All twelve biopsies were successfully performed the time to target the needle guide was 01:29 +

00:22 (mm:ss).

The deviation of the needle in each image direction as well as other characteristics are presented
in5.2. The mean distance between the needle and the centre of the CSR was 1.2110 £ 0.9603 mm
and 1.2636 + 0.6401 mm in the axial and sagittal slices. Statistics (P = 0.876) revealed no significant

difference of the needle deviation between the two slice directions. Per slice direction statistics was

performed to test for any significant difference in deviation between the operators and the target

sizes. No significant difference in deviation was found between the operators in neither the axial-
(P = 0.867) nor the sagittal deviation (P = 0.606). This was also the case between the target sizes

in the axial deviation (P = 0.070). However, in the sagittal deviation a significant difference was

found (P = 0.035) between the target sizes.
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Figure 5.4: Photograph from a part of the set-up as was used during the experiment. Visible at
the centre of image the PMMA fixture holding a coffee cup containing the phantom standing at
the MR table just in front of the bore. At the right de biopsy device holding the needle guide is
visible. At the left a step is positioned with the used body coil on top of it. The MTD mounted on
the IV pole is positioned behind the MR table. Loosening setscrew 1 allows up-down movement
along the arc. By loosening setscrew 2, left-right adjustment around its own axis is allowed

5.4 Discussion

The results of our study show that the proposed biopsy method is feasible as all CSRs were hit.
Furthermore, we demonstrated that our method could save valuable MR time given the mean time to
target the needle guide. Anastasiadis et al. [28] reported a mean number op prostate specimens per
patient of 5.22 with a mean intervention time per single specimen of 9 minutes. When considering
some additional time for insertion of the biopsy needle and acquisition of the TRUFI confirmation
scans to the mean time to target the needle guide (01:30, mm:ss) we could easily achieve a mean
intervention time per single specimen of 4 minutes, thus saving 5 minutes. In total our method

could potentially save around 25 minutes.

The accuracy of the expounded biopsy method greatly depends on the accuracy at which the IFE
planning has occurred as the position of the target and entry point as well as the slice orientation
were defined manually. However, regarding the current state of IFE, this is the highest achievable
accuracy while the alternative, i.e. automatic planning, most probably would have lead to a lower

accuracy. Another factor that might have limited the accuracy is the low spatial resolution (2.34
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mm) of the images that were acquired using the BEAT-IRTTT sequence. It is possible to increase
the resolution of the images, yet a the expense of the refresh/frame rate of the acquisition. Despite
these factors that limited the accuracy the described biopsy technique provides a clinical applicable
method considering the fact that all of the measured needle deviations were within the boundaries
of the artificial CSRs.

The image quality of the MR images was rather poor, even an extra bottle of water was needed to
obtain a signal at all. In some cases it did affect the employed analysis method as the algorithm
sometime had some difficulties in determining the exact centreline. However, a better image quality

is expected when patients are scanned as more signal will be produced.

A drawback in the performed statistics is its low statistical power, especially when the differences
in deviation between operators and target sizes are analysed (n = 6). However, these analyses are

a minor consideration point as they do not directly support the main goal of the study.

5.5 Conclusion

By employing the described method it was possible to take accurate biopsies of targets down to
5 mm in a phantom. All targets were hit by applying the obtained alignment of the needle guide
after real-time targeting and visualisation on the MTD. The targeting time was approximately 01:30

(mm:ss), which is favourable compared to the current clinical practice.

32



Chapter 6

Real-time MR guided prostate
biopsies using a mobile touching
device: study design on behalf of a

patient study

6.1 Preceding work

Before the MTD was used to monitor and target the MRGB procedure, the magnetically induced
displacement force produced by the static magnetic field gradients exerting on the device was
measured. By applying a standardised testing method [31] a critical iso-line was defined that
ensured safe use of the MTD in the MR environment at a minimum distance of 50 cm away from
the bore entrance. At this distance, the device maintained position despite the present magnetic field
gradient. However, to avoid damage attributable to human error, i.e. the device being accidentally
pushed into the unsafe (< 50 cm to the bore entrance) zone, it was secured to the MR table. After
obtaining this knowledge, an accuracy experiment was performed in agar phantoms at which the
procedure time was recorded as well. During the experiment, all targets (n=12) were successfully
hit with an average deviation of 1.21 4+ 0.96 and 1.26 £+ 0.64 in the axial and sagittal direction
respectively. The average time that was required to adjust the needle guide was 01:29 + 00:22

(mm:ss).
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6.2 Patient population

Prior to conducting the study, approval of the local Institutional Review Board and written informed
consent from all patients were obtained. Twenty subsequent patients with a high suspicion of
prostate cancer, i.e. an elevated serum PSA (> 4.0 ng/mL) level and /or abnormal DRE, and a single
suspicious finding (PIRADS 4 or 5) on prostate mpMRI, that have been referred to our department
to undergo MRGB were prospectively recruited. Patients who, were unable to undergo MR imaging,
had contra indications to MRGB, had a metallic hip implant or any other metallic implant or device,
or had multiple suspicious lesions on diagnostic MRI were excluded from participation in this study.
An equal number of patients who underwent MRGB at the conventional way were selected to form
a matched patient cohort. The parameters used to identify matched patients included patient age,
serum PSA level, number of negative previous TRUS biopsy sessions, and estimated lesion size on

diagnostic mpMRI.

6.3 Real time MRGB in combination with the MTD

All MRGB procedure were performed on a 3 T clinical 70 cm wide bore MR system (Magnetom
Skyra, Siemens AG, Erlangen, Germany). After that patient was positioned head first prone on
the MR table, the needle guide was transrectally inserted, and standard T2W as well as DW
imaging series were acquired to re-locate the CSR. The standard field of view of the T2W series was
extended by a few extra slices to cover the entire needle guide as well. The acquired T2W images
were transferred to a dedicated stand alone PC running planning software (Interactive Front End,
Siemens). Subsequently, this software defined a needle trajectory for which the biopsy target and
the turning point of the needle guide were manually identified and marked. The latter point, was
experimentally defined at 9.0 cm from the tip of contrast filled compartment of the needle guide
as seen on MRI. The software defined the needle trajectory in between these points. Thereupon,
two MR imaging slices orthogonally oriented to each other were aligned to the established needle
trajectory in such a way that these were only rotated in on plane, i.e. either transverse or sagittal
adjustment. Using the software again, the planned slice positions were returned to the MR scanner
and entered into a real-time MR sequence (BEAT-iRTTT). This sequence enabled acquisition of
MR images with a frame rate of approximately three images per second, allowing an image update
of the single scan direction once per second. After completing the slice planning, the physician

entered the MR room while the technician started the real-time MR-sequence.

The acquired MR images were visualised on the planning software in real-time while the software
simultaneously projected the planned needle trajectory within the same window. Furthermore,
these images were visualised on a mobile touching device (MTD)(iPad 2, Apple Inc., Cupertino,
CA, USA) inside the MR room that was connected to the stand alone PC outside the MR room

using a remote desktop application over a WiFi connection (see figure 6.1 for the set-up). The
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Figure 6.1: The set-up for the MRGB procedure using an MTD: (1) the technician controlling the MR, (2)
the physician controlling the biopsy device, (a) the IFE PC, (b) the MR computer, (c) the MTD mounted
on the IV pole, and (d) the biopsy device while in position for the biopsy procedure

MTD itself was mounted on a MR compatible IV pole using a car kit holder. This set-up provided
real-time feedback to the physician facilitating him to direct the needle guide into the planned scan
planes. Once the needle guide was directed into a satisfactory positions the real-time MRI sequence
was stopped. Next, a confirmation scan was acquired evaluating the alignment of the needle guide
according to the standard MRGB protocol. Only when the alignment was considered satisfactory
on these images as well, a biopsy was taken. In case of a suboptimal alignment, further conventional

adjustment was performed before a biopsy was taken.

6.4 Study endpoints

The primary outcome was the technical success rate of the real-time MRGB procedure in combina-
tion with the MTD. This success was acknowledged if the first alignment of the needle guide based
on the real-time targeting procedure yielded a representative biopsy core. However, success was not
acknowledged if the alignment required further adjustment after examining the confirmation scan.
The secondary results were the time-to-first-biopsy and the total procedure time of the real-time
MRGB protocol. The time between the final diagnostic MRI at the start of the protocol and the first
confirmation scan of the first biopsy is defined as the time-to-first-biopsy, while the time of the first
MR scan to the final MR scan of the MRGB procedure is specified as the total procedure time. The

time-to-first-biopsy and total procedure time required for the real-time and conventional MRGB
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prodcedure were statistically compared using an independent samples Student’s t-test considering

P values smaller than 0.05 significant.
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Abstract

Context: Like any other cancer treatment the success of radical prostatectomy (RP) depends
on complete resection of the tumour with sufficient margins. Incomplete resection leaves the pa-
tient with positive surgical margin(s) (PSM) which is considered an adverse outcome. A potential
solution could be ex vivo MRI to localize PSM providing the surgeon immediate feedback on the
surgical results while the patient is still on the operation table. This technique could direct sec-
ondary additional treatment which in turn could improve patient outcome.

Objective: We investigated the performance of 7 T ex vivo MRI to predict PSM in RP specimens
with histopathological examination (HPE) as the reference standard.

Method: Patients (n=12) who had biopsy proven PCa and a diagnostic multi parametric MRI
prior to RP were included. After RP, the prostates were scanned in a 7 T MRI scanner using
T2 weighted (T2W) and diffusion weighted (DW) sequences. Subsequently, the images were radi-
ologically evaluated for tumour and margin status. Presence of PSM was graded on a five-point
scale for the T2W and DW images separately. The assigned scores on T2W and DW images were
statistically compared using an independent samples Student’s t-test. The specimens were totally
included, and tumour and margin status were annotated by HPE as well. Tumours that could be
identified on both ex vivo MRI and histopathological slides were considered a match.

Results: A set (n=16) matching tumours was established out of the tumour that were found by
ex vivo MRI (n=19) and those found by HPE (n=35). Within this set, HPE had identified four
lesions with a PSM, but these were annotated as negative surgical margin (NSM) by ex vivo MRI.
Furthermore, by ex vivo MRI nine of twelve NSM annotated by HPE were identified. A sensitivity
of 0, and a specificity 0.75 were found respectively.

Conclusion: 7 T ex vivo MRI has failed to demonstrate the ability to predict PSM in fresh RP
specimens as it showed a poor performance compared to the reference standard HPE. This is mainly

attributable to the methodological limitations that were present.

Key words: e Prostate cancer e Radical prostatectomy e Positive surgical margins ¢ Ex vivo MRI
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7.1 Introduction

Radical prostatectomy (RP) is the recommended treatment with curative intent in patients with
low- and intermediate risk localized prostate cancer (PCa) (cTla - T2b and Gleason score 6-7
and PSA <20) and a life expectancy of more than 10 years [16]. Among the different methods
of RP -retropubic (RRP), laparoscopic (LRP), and robot assisted (RALP)- the latter has become
the dominant surgical approach as more than 75% of RPs are performed that way [33]. Like
any other cancer surgery, the success of this treatment relies on complete surgical extirpation of
the tumour with sufficient margins. At examination of the haematoxylin and eosin (HE) stained
sections, tumour that extends to the inked surface of the prostatectomy specimen which the surgeon
has cut across is defined as a positive surgical margin (PSM) and is considered an adverse patient
outcome [34-36]. In addition, PSMs are associated with an increased risk of biochemical recurrence
(BCR) and local disease recurrence as well as the need for secondary cancer treatment [35]. Although
the risks of PSM are generally recognized, they have been reported in 15% of patients undergoing
robot assisted RP [37].

The results of histopathological analysis of the specimen are not instantly available. Until then, both
the surgeon and patient can not be fully certain of the success of the procedure. We hypothesize that
the information obtained from an ex vivo MRI to evaluate for PSMs in the RP specimen immediately
after resection while the patient is still on the operation table, can be of value for both the patient
and the surgeon. The rationale is that the results of this method could be applied to direct extended
resection or adjuvant radiation therapy. In turn, this might improve patient outcome. In our study,
we investigated the possibilities of the application of high field MRI to predict PSM in fresh RP
specimens and compared its performance with HPE as the reference standard. To our knowledge
this is the first study that employs high field ex vivo MRI to predict PSM in RP specimens.

7.2 Method

7.2.1 Study population

Prior to conducting our study, approval of the Radboudumc Institutional Review Board and written
informed consent from all patients were obtained. Patients who had biopsy proven prostate cancer as
well as a diagnostic 3 T multi parametric MRI (mpMRI) examination, including T2 weighted (T2W),
diffusion weighted (DW), and dynamic contrast enhanced (DCE) imaging, prior to undergoing RRP
or RALP could be included. The time between the mpMRI and RP had to be no longer than four

months.
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7.2.2 Preparation of prostate specimen

Immediately after surgical resection, the entire intact prostate specimen was brought to the pathol-
ogy laboratory. The specimen was weighted, inked and its dimensions were measured. A saline filled
tube serving as orientation and fixation was inserted in the urethra. Hereafter, it was positioned
in a custom made container (the PathoBox) manufactured in MR safe poly(methyl methacrylate)
(PMMA) in which a layer of paraffin was moulded on which the specimen could be pinned down
using wooden pins. The container was designed to fit into a glass box. Six saline filled rods, three
on each sides of the container alongside the specimen and opposite to each other, provided refer-
ence for both pathological slicing and MR imaging. The fresh prostate was positioned and pinned
down on the paraffin aspiring for an identical orientation of both the ex vivo MR images and the
pathology slices. Furthermore, the specimen was so positioned that the ex vivo images could be

acquired perpendicular to the rectal wall enabling a matching orientation with the in vivo MR.

7.2.3 Ex vivo MRI

The enclosing glass box was filled with perfluoropolyether (PFPE)(Galden, Solvay Solexis, Thorofare
NJ, USA). Magnetic susceptibility artefacts caused by the air tissue transition were eliminated
by inundating the entire specimen with Galden that does not emit MR signal. Next, the box
containing the prostate was positioned in a 7 T horizontal 154 mm wide bore MR system (ClinScan
70/20, Bruker Corporation, Billererica, MA, USA), interfaced to a Siemens console (Syngo MR B15,
Siemens Healthcare GmbH, Erlangen, Germany). Axial T2W and DW images, including b-values
of 0-100-500-1000 s/mm?, were acquired and aligned to the opposing rods visible on the localizer
images. Furthermore, a set of sagittal T2W images was obtained and apparent diffusion coefficient
(ADC) maps were calculated from the DW images using the standard ADC post processing available
in Syngo BV15. The number of contiguous slices was chosen to cover the entire prostate, the
repetition time was set as low as possible while maintaining T2 weighting. For further details on
the sequence parameters see table 7.1. The scan protocol was optimised in one prostate specimen

not included in this study.

7.2.4 Histopathological processing

Following ex vivo imaging, the Galden was poured of and the prostate was returned to the pathology
laboratory for formalin fixation and further processing. After fixation, the specimen was completely
included by accurately cutting it in 4 mm thick slices at which the six rods facilitated the alignment
with the imaging. The 4 mm macro slides were paraffin embedded and HE stained preceding to
slicing them in to 4 pm sections. Under microscopic guidance, the pathologist (C.A.H.K., 23 years
experience) annotated PCa by hand using a fineliner and subsequently digitalised the slides by

a flatbed scanner at 300 dpi. Furthermore, the Gleason score, extra prostatic extension (EPE),
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Table 7.1: Parameters of the applied MR sequences. T2W, T2 weighted; TSE, turbo spin echo; DWI,
diffusion weighted imaging; HASTE, Half-Fourier acquisition single shot turbo spin echo; TR, repetition
time; TE, echo time; ST, slice thickness

Se- # TR TE ST Aver- Voxel size Ma- Scan time
quence slices  (ms) (ms) (mm) ages (mm) trix (mm:ss)
T2W- 26 4800 56 2 1 0.13 512x512 05:12
TSE

DWI- 26 2000 44 2 4 0.51 128x96 4x05:12
HASTE

seminal vesicle invasion, surgical margins status and length, tumour dimensions in three directions

or diameter, and the pathological stage were reported.

7.2.5 Radiological assessment

Preceding the assessment of the ex vivo data, the radiologist (J.J.F., 7 years experience) was pro-
vided with the in vivo mpMRI images disengaged from any previous results which were re-evaluated
which helped identifying PCa in the ex vivo MRI. In this way, a potential bias caused by the ra-
diologist’s inexperience with ex vivo MR images was avoided. The positions of the identified PCa
were manually annotated on a 27 sector scheme of the prostate [38] enabling correlation of both the
radiological and histopathological findings. The reader graded his confidence that a lesion contained
a PSM on a five-point scale: Grade 1 indicated definitely no PSM present; 2, probably no PSM; 3,
PSM possible; 4, PSM probable; and 5, PSM definitely present. Grades were assigned to the lesions
for the T2 and DWI series separately.

7.2.6 Data analysis & statistics

An independent observer correlated each tumour annotated by the radiologist with a tumour an-
notated by the pathologist. This was done by cognitively fusing both images using landmarks such
as the urethra, benign prostatic hyperplasia (BPH) nodules, and the tumour itself. Furthermore,
the shape of the entire prostate as well as the shapes of the peripheral and transition zone were
employed for the fusion. Tumours that could be identified on both MRI and histopathological slides
counted as a match. The selection of matching tumours was applied to compare ex vivo MRI to
histopathological examination in assessing PSM. The PSM probability scores assigned to lesions
on T2 were statistically compared with the scores based on DWI using a Mann Whitney U-test

considering P values smaller than 0.05 significant.
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7.3 Results

In total, 12 patients (average age = 62 + 5 years) were included. These patients had prostate specific
antigen (PSA) values of 4.2-19.4 ng/ml (median = 8.7). After mpMRI, all patients successfully
underwent RP, the time in between was 1-4 months (median = 3). Further clinical characteristics
are listed in table 7.4. The number of 26 MR slides to cover the entire RP specimen was sufficient in
almost every case, except for one transversal T2W series that required 30 slides and three sagittal
T2W series of which one required 33 and two of them 30. Obviously, the TR and scanning time

were adjusted accordingly.

In twelve fully sectioned RP specimens, with TNM stadium pT2c (n =10) and pT3a (n = 2), the
pathologist annotated 35 PCa lesions. Of these lesions, five were assigned a Gleason score of 5, 18
a score of 6, ten a score of 7 and two were Gleason 8. Based on the provided tumour dimensions or
diameter, the volumes ranged from 34-24,000 (median = 576) mm?. EPE of 0.6 mm and 0.8 mm
was reported in two lesions, PSMs with length 2-10 mm were reported in five lesions, and seminal
vesicle invasion was not detected in any of the specimens. Additional pathological characteristics

are reported in table 7.4.

In turn, the radiologist reported 19 lesions, 16 of them could be matched with an annotated lesion on
the histopathological slides, while 3 of them could not as histopathology did not annotate tumour at
those positions. So in terms of detection, 16 of the 35 (46%) lesions, including the five lesions with
PSM, reported by the pathologist could be discovered on ex vivo MRI, yet 19 (54%) were missed.
The characteristics of the found and missed lesions are described in table 7.2. The confidence grades
of PSM of the 16 matching lesions for the T2W and DWTI series showed no statistically significant
difference (Mann-Whitney U = 128, nj=ny = 16, P = 1.00). Of the 16 matching lesions, 3 had a
PSM on ex vivo MRI, yet, these were issued negative surgical margins (NSM) by HPE. Likewise,
the radiologist issued all four of the PSMs determined by HPE as NSM. An example is given in
figure 7.1. An example of a corresponding diagnosis of NSM is given in figure 7.2. The data in
the contingency table (table 7.3) resulted in a sensitivity of 0 and a specificity of 0.75. The table
also contains the averages of the confidence grades the were given to a lesion classified for each

contingency.

Table 7.2: Characteristics tumours by ex vivo MRI found and missed by ex vivo MRI. Number in parentheses
are percentages.

Characteristic Found tumours Missed tumours
Gleason score < 6 9(56) 14(74)
Volume < 1000 mm? 5(31) 15(79)
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Table 7.3: Performance of ex vivo MRI to detect PSM versus HPE. The numbers in the parentheses
represent the average confidence grade that was assigned to each contingency with the first number the score
assigned based on the T2W images and the second number based on the DW images.

‘ PSM present in HPE  PSM absent in HSE ‘

PSM present in MRI 0 3 (3.67, 3.67) 3
PSM absent in MRI 4 (2.00, 1.85) 9 (1.78, 1.89) 13
| 4 12 | 16

Table 7.4: Clinical and pathological characteristics of the 12 patients. * Average value + standard deviation.
b Median value, with range in parentheses.

Characteristic Value

Clinical characteristics:

Age (y) 62 + 5
Preoperative PSA (ng/ml) 8.7 (4.2-19.4)P
Surgical technique:

RRP 5

LARP 7

Time in vivo MRI to RP (months) 3(1-4)®
Highest Gleason score:
Gleason 3 + 3 5
Gleason 3 + 4
Gleason 3 4+ 5
Clinical stage:
cTlc
cT2a
cT2c
cT3a
Pathological characteristics:

Volume (mm?) 576 (34 - 24,000)P
Highest Gleason score:
Gleason 2 + 3
Gleason 3 + 2
Gleason 3 + 3
Gleason 3 + 4
Gleason 4 + 3
Gleason 4 + 4

Pathological stage:
pT2c
pT2c + R1
pT3a
EPE (mm) 0.6 and 0.8
PSM (mm) 5 (2-10) P

N Ot

W N N Ut

[ S R R e

N U W
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Figure 7.1: For a 62-year-old patient, (a), the ex vivo T2W images, showing a large centrally situated
BPH nodule, and a PCa region situated ventrally and laterally left which is only moderately visible; (b),
approximately corresponding histopathology slices showing the two separate lesions. Everything marked as a
dotted line is cancer; (c), ADC map; and (d) annotation by the radiologist. The lesion was issued as PSM by
pathologist, but as NSM by radiologist. The figure shows a moderate match of the PCa region in the periph-
eral zone on the left (Gleason 4+3 = T7; volume, 6,336 mm?) between MRI and histopathology. The lesion
(Gleason 3+4 = 7; volume, 6,300), from which only a small part is annotated on this histopathology slice, on
the right was not be on MRI. A fair correspondence in delineation exists between MRI and histopathology.
The ADC image shows values that are smaller in the regions of cancer than in the regions of normal tissue,
and better contrast between the tissues compared to the T2W image. The interruption of the dotted line on
histopathology indicates the PSM of 2 mm, which was missed on MRI.
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Figure 7.2: For a 67-year-old patient, (a), the ex vivo T2W images, showing a low signal intensity lesion
in the left transition zone suggestive of PCa.; (b), approximately corresponding histopathology slices. Ev-
erything marked as solid line is cancer; (c), ADC map; and (d) annotation by the radiologist. The figure
demonstrates that the position of the PCa (Gleason 3+2 = 5; volume, 15,000 mm?) could be matched on
MRI and histopathology with a corresponding evaluation (NSM). Furthermore, the delineation of the cancer
in both modalities fairly corresponds with each other, except for some small sprouts of tumour that were
missed on the MRI. The ADC values are smaller in the regions of cancer than in the regions of normal tissue.
Moreover, the position of a distinctive BPH nodule on the right and the urethra corresponds well on both
modalities.

7.4 Discussion

While the resulting specificity of ex vivo MRI to predict PSM is reasonable, the sensitivity is
considerably poor. The former is probably a result of a bias caused by more centrally situated
lesions as these were usually issued negative with minor doubt, which is reflected on the low grades
(average: T2, 1.78; DW, 1.89) that were assigned to the true negatives. Similarly, more doubt was
present in the false negatives which were assigned an average grade of 2.00 on T2 and 1.85 on DW.
The total of 13 NSMs assigned on MRI was graded with an average of 1.85 on both sequences. On
the other hand, the poor sensitivity could be explained by the fact that with RP the prostate is

removed using only minimal surgical margins. In addition, both the tumour and the Galden poured
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around the specimen emit low intensity signal, resulting in limited contrast. As a result of these
impediments, the minimally dimensioned margins of lesions situated at the edges were more difficult
to evaluate. In our study this lead to an underestimation of PSM probably caused by the reader
that was reserved with assigning PSM when in doubt. The uncertainty is perceived in the gradings
of the PSMs that were reported on MRI (average: 3.67 for both sequences). Making directed intra
operative frozen sections of these equivocal areas could be a solution to achieve a better diagnostic

performance.

The aforementioned limitation in image contrast could be avoided by somehow giving the fluid a
higher signal intensity while still avoiding susceptibility artefacts. This would improve the visibility
of the tumour compared to the enclosing fluid. Moreover, this would facilitate the detection of
margins by letting these appear as a narrow band of intermediate intensity in between. Substituting
Galden with a copper(II)sulphate solution could be an option to increase the signal intensity. The

concentration of this solution is crucial for the intensity and should be subject of further research.

The number of lesions (19 out of 35) that was missed on ex vivo MRI is subject of discussion. The
cause of missed lesions can be partially explained by the fair amount that had either a volume of
less than 1000 mm3 (79%) or a Gleason score equal or less than 6 (74%), versus 31% and 54%
respectively among the found lesions. Previous studies have demonstrated that these cancers are
difficult to detect by 3 T mpMRI [39,40]. However, when considering the relatively high in-plane
resolution of the ex vivo MRI (0.13 mm) compared to the in vivo MRI (0.40 mm), it is quite likely
that the reader was biased as a result of the in vivo MRI. Consequently, we assume that the reader
did not look for lesions on the ex vivo MRI in regions other than where lesions were detected on
the in vivo MRI.

Recently, other institutions have employed ex vivo MRI of RP specimens to improve the registration
of histopathological images with in vivo MRI by using ex vivo MRI as an intermediate modality to
compensate for tissue distortion due to surgical resection and fixation [41-43]. One study, conducted
by Fan et al. [44], evaluated the feasibility of correlating 9.4 T MRI findings with standard prostate

histopathology and showed a proper correlation between the two modalities.

Recent research has demonstrated promising results in reducing PSM by applying systematic neuro
vascular intra operative frozen section (IFS) examination to direct nerve sparing RP [45,46]. In case
a PSM was found, secondary additional resection was performed converting approximately 90% of
PSM into NSM. A similar workflow could be achievable by applying the method we presented with
no restrictions to the posterolateral side as potential PSM. Compared to IFS, our method would
be more suitable for evaluating multiple potential sides of PSM at once as we were able to map
the entire prostate in about half an hour added by a few minutes for radiological evaluation. In
contrast, the aforementioned studies only examined both posterolateral margins by IF'S which took
about 30-35 minutes, adding more margins for evaluation would drastically increase the operation
time. While secondary additional resection at the posterolateral sides has proven to be possible,

the feasibility for other sides of the prostate is limited given the close proximity of vital structures.
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For instance, performing secondary additional resection in the apex (accounting for one-third of
PSM [34]) would be infeasible given the proximity of the dorsal venous complex, erectile nerves,

rectum, and sphincter.

The major strength of our method is the possibility to facilitate radiation therapy after resection of
the prostate. Once the PSM are identified by ex vivo MRI, brachytherapy seeds could be specifically
positioned in the residual cancer area, from a logistic point of view HDR brachytherapy would be
most suitable. Moreover, implanting the seeds during the RP procedure saves the patient from a
separate implantation procedure. Furthermore, intra operative radiotherapy (IORT) administered
as a single high fraction of radiation following RP, as described by Saracino et al. [47], could benefit
from knowledge of the location of PSM because it would allow even more accurate irradiation while
reducing irradiation of the entire prostate bed. Likewise, precise localization of PSM could enable
more accurate repositioning of the patient for each fraction of postoperative external beam radiation
by intra operative positioning of gold markers ensuring more accurate irradiation and reducing side

effects.

A final remark should be made considering the study design. The design tries to answer two
chronological questions instead of one, namely a) whether it is feasible to visualise and localise PCa
and accompanying resection margin with high field MRI, and b), as our study intended to answer,
whether it is feasible to diagnose PSM using the same modality. Answering the second question is
difficult since it is hard to determine whether the results of the current study are attributable to the
intrinsic inability of high field MRI to visualise PSM or the inability to employ high field MRI as a
tool to diagnose PSM. A very important factor that could not be quantified is the inexperience of
the radiologist to evaluate MRI images of ex vivo prostates. Future research should be performed
that should especially focus on MR characteristics of PCa and resection margins for improved
identification. The ex vivo MR images should be spatially correlated with the histopathological
slides instead of examining them blindly. Subsequently, the ex vivo MRI should be evaluated for
the recognition of tumour as annotated on the histopathological slides in an unblinded fashion,

possibly by both the radiologist and pathologist together.

7.5 Conclusion

In conclusion, our study demonstrates that 7 T ex vivo MRI is not able to predict PSM in fresh
RP specimens as it showed a poor performance compared to the reference standard HPE. However,

the poor performance can be attributed to the methodological limitations that were present.
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Chapter 8

Conclusions

The MTD can be introduced into the magnetic field that is prevalent in the MR room as long as the
device is kept at a minimum distance of 43.7 centimetres from the bore entrance of the MRI. Adding
a safety margin 50 centimetres is a more applicable distance. Furthermore, the MTD maintains it

functionalities at that distance.

By applying the described method for real-time MR guided prostate biopsies using a MTD it is
possible to successfully target artificial CSRs with a high accuracy. Morover, it enables needle guide

targeting within a favourable time (mean = 01:30, mm:ss) compared to the current clinical practice.

Based on the aforementioned statements it can be concluded that the conduction of a subsequent

patient study would be responsible.

High field (7 T) MRI is not able to predict positive surgical margins in fresh radical prostatectomy
specimens as it showed poor performance compared with histopathological examination as the ref-
erence standard. However, conducting future research would be legitimate given the methodological

limitations that attributed to the poor performance.
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Appendix A

Determination of the pivot of the

needle guide

This appendix describes the test that was performed to determine the pivot, or centre of rotation,
of the needle guide when attached to the biopsy device as used during the MR guided biopsy
procedure. Definition of this point is important as it forms a point of the needle guide that will
always be visible in the real-time MR images independent of the orientation of the needle guide.

Otherwise, visual feedback of the orientation could be lost.

In order to discover the pivot, multiple MRI scans using a TRUFI sequence were acquired of the
needle guide attached to the biopsy device which was oriented into different angles, this could be
done precisely because the device contains local protractors. In the first session, the needle guide
was consecutively orientated 0, 5, 10, and 15 degrees downward by loosening setscrew 1 (figure 5.4)
and adjust the loosened part of the biopsy device upward. In a separate session, with the up-down
adjustment equal back to zero again, the same angular deflections were applied to adjust the needle
guide to the right. This was achieved by loosening setscrew 2 (figure 5.4) and turning the loosened

part of device around its own axis.

Both a sagittal and a coronal image were acquired from the needle guide in each different angular
deflection so that in total four sets of four images each, were obtained. In a Matlab script, a line was
manually draw alongside the centre of the needle guide for each image and the four resulting lines
were simultaneously projected on the final image of a set. By drawing a line between the tip of the
needle guide and the intersection of the previously drawn lines the distance of the pivot relative to
the needle tip was calculated. The distance was determined twice using the coronal images acquired
for monitoring the angular changes in the left-right direction and the sagittal images acquired for
monitoring the change in the up-down direction. The other two sets served as a control to verify
that the adjustments had influence in one degree of freedom only. If this is the case all four drawn

lines should run parallel to each other.
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Performing the described measurements in Matlab resulted in a pivot position of 89.3 mm based on
the sagittal images of the up-down adjustment and of 86.2 mm based on the coronal images of the

left-right adjustments. This resulted in a mean of 87.7 mm. See figure A.1.

Figure A.1: In quadrant (a), determination of the pivot position based on the sagittal images acquired
when performing up-down adjustment. The pivot is positioned at the intersection of all four red lines. The
image is slightly zoomed in.; (b), the coronal images of acquired during up-down movement. Note that the
four red lines are running parallel to each other.;(c), the pivot position visible in the coronal images acquired
during left-right adjustment.;(d) Again four parallel running lines, now in the sagittal image during left-right
adaptation.
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Appendix B

A comprehensive manual to IFE

This section provides a comprehensive manual to IFE as it was applied during the MR guided
prostate biopsies using a real-time sequence and in-room visualisation using an MTD. It mainly
addresses the required manual adjustments of the imaging planes such that these can be applied to

orientate the needle guide in the direction of the CSR.

Once T2W images of the region of interest (ROI) covering the prostate (in this example the phan-
tom) and the entire needle guide are acquired, these are transferred from the MR host to the
dedicated IFE PC using a built-in transfer script. This comes down to transferring the images to a
shared folder on the MR host which is accessible by the IFE PC. With IFE in planning mode, the
stack of 2D, more or less axial, images is digitally augmented to a multi plane view of the ROI: the

already available axial view, plus a coronal and sagittal view.

Subsequently, the CSR can be defined by setting a target point. This can be done at best using
the axial images as these provide the highest resolution regarding the fact that the pixels of the
T2W-images are not cubic. Using the sagittal view, the coronal slice can be toggled and rotated in
such a way that is positioned both alongside the needle guide as well as at the centre of it. Using
the build-in measurement tool the position of the entry point is marked at the the pivot of the
needle guide. The pivot was experimentally determined at 9.0 cm (87.7 mm) from the leading edge

of the contrast-filled compartment. The performed adjustments so far are depicted in figure B.1.

The centres of the coronal and sagittal slice are positioned over the marked entry point. Next,
both slices are rotated until they display both the target and entry point under the condition that
each slice is rotated around one axis only. To the achieve this, the coronal slice was rotated in the
sagittal image, thus around the sagittal axis. Likewise, the sagittal slice was rotated in the axial
image, thus around the axial axis. This specific way planning of the MRI slices allows visualisation
of the adjustments of the needle guide of one degree of freedom per viewing window. So, in this
case, adjustments of the needle guide in the top-down direction are visualised in the sagittal imaging

slice, whereas the adjustments in the left-right direction are visualised in the coronal imaging slice.
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Figure B.1: In quadrant (a), the axial T2W MRI of the phantom. In purple the target point on top of
CSR which is partially visible as a hyper intense area. The striped green and red line are the positions of
the coronal and sagittal slice respectively; (b), 3D representation showing the planned needle trajectory in
yellow. The phantom only appears vaguely as the image contrast could not be altered as a result of a bug;
(c), the initially coronal MRI of the phantom is now aligned with the needle guide by pivoting it around the
sagittal axes. Besides that it is toggled to the centre of the device. The green dot is the entry point which
has been measured and positioned at 9.0 cm from the needle tip; and (d) the sagittal view.

Figure B.2 shows the final result of slice planning in IFE.

Once the planning is satisfactory, it is transferred to the MR host where the slices of the BEAT-
iRTTT sequence are positioned and oriented accordingly. Meanwhile, IFE is switched from planning
mode to standard mode and the viewing windows are set to scan. Furthermore, the layout is set to
a three 2D plus 3D 2x2 layout and the reference lines are switched off. Next, the imaging sequence
can be started, and the acquired images are visualised on the IFE PC and on the remote-desktop-
connected MTD which is positioned in the MR room (see 6.1 for the set-up). By applying the
visual information from the coronal and sagittal slice, the operator adjusts the needle guide in the
left-right direction and top-bottom respectively until it is in-plane with each of the slices. Figure

B.3 shows the screen that is presented on the in-room MTD.

64



APPENDIX B.

Figure B.2: In quadrant (a), again the axial T2W MRI of the phantom; (b), the 3D representation; (c),
subsequent to the aforementioned adjustments the coronal slice is now aligned with the needle trajectory
planning by rotating it around the sagittal axis at which its pivot is positioned at the turning point of the
needle. Since this window is visualising the left-right adjustments of the needle guide, it becomes clear that
the guide show be adjusted slightly to the left (according to the window axes system); and (d) the sagittal
MRI slice which was subjected to similar adjustments as the coronal slice, except that is was rotated around
the axial axis. According to the window axis the needle guide requires almost no adjustment.
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Figure B.3: Now in standard IFE mode, but using a similar set-up as in the previous images, the planned
needle trajectory, yellow, is projected as an overlay on the axial, coronal, and sagittal images that were
acquired using the BEAT-iRTTT sequence. By clicking on the white highlighted icon under the layout tab
on the right the three 2D plus 3D 2x2 layout is obtained. The reference lines are removed by clicking on the
icon pointed out by the red arrow under the 2D view ref tab.
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Appendix C

Description of the Matlab (GUI used

to calculate needle deviation

The accuracy of the real-time MR guided prostate biopsy procedure was calculated using a Matlab
GUI which is visualised in figure C.1 This chapter will give a brief description on how to operate

the GUI and will give a short description on the calculation that are performed underwater.

The first step is to load the confirmation TRUFI images, per ”biopsy” session 5 axial images to
investigate the left-right deviation and 5 sagittal images to investigate the up-down deviation were
acquired. Loading is done by pressing the Load Images button (1), this will pop-up a windows
explorer screen by which one is able to navigate to the desired set of images. A set images has to be
stored in a separate file folder. No two sets can be stored in the same folder, as the loading function
is not equipped with a function to separate the sets of confirmation images acquired for different
biopsy sessions. Once the folder containing the desired image set to be analysed has is selected the
loading function automatically displays the axial images and sagittal images in their separate image
window in the GUI, with axial ones displayed in the window on the left (a) and the sagittal images
displayed in the right window (b). If the Load Images button is clicked once again, another image

set can be loaded

The next task is to determine the centre of the lesion and the centre of the needle guide, this can be
done by navigating through the stack of images using the slider on the left of each image window.
Once the centre of the lesion is determined it can be marked by clicking the Get Target Position
button (2) that lets a marker cross appear. By double clicking the centre of the lesion within the
image its coordinates are stored and the position is marked by a green dot. In case of a mistake,

the user can correct by clicking button 2 again and re-define the centre of the lesion.

After marking the lesion’s centre, the trajectory of the needle must be determined. If necessary a
different image can be selected using the slider again to find the centre of the needle guide. After

clicking the Get Trajectory button (3), the user must draw a rough line between the two white
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bars of the needle guide. The line is confirmed by double clicking on it, which will also activate a
repositioning algorithm. Using an intensity profile, this algorithm detects the two white intensity
peaks orthogonally at the left and the right of both ends (position A and B) of the manually
drawn line. The middle of the line between both peaks is the centre of the needle guide (the single
black stoke) and thus the needle trajectory. The coordinates of the trajectory are stored and it is
automatically drawn in blue while artificially increasing its length so that it is easily visible whether
the needle hit the lesion or not. Again, mistakes can be corrected by re-clicking the Get Trajectory
button.

As final step the Calculate Distance button (4) can be pressed that will automatically calculated
the shortest distance between the centre of the lesion and the needle trajectory. The distance is

displayed in the window under (5).

68



APPENDIX C.

Apnys £oemoor 9y} JO JrRYaq UO

S 4 €

UOTJRIASD 9[Paal a1 9)e[nofed 0 pawrureisord [N qe[e]y oy} Jo jutid usa1dg :1°D 2anSrg

4 | S 1% € c

I Aiopals
219690 7 aougisiq ajenofe) 7 7 opalell 129
wuw up 8sueysig

e o e [ s | [ o | [ i |
ww vy 3dUBlSIQ

s3p|g [ebeg

g uopsod <

v r_o_tmo.wf....”r

SapIS @y

g uonisod——

v uonisod § 4

69



	Preface
	I General introduction
	Purpose and structure of this thesis
	Background
	Prostate cancer
	MR prostate imaging
	Treatment of prostate cancer


	II In-room monitoring and targeting of MR guided prostate biopsies
	Real-time MR guided prostate biopsies using a mobile touching device: introduction to a patient study
	Determination of the safe distance between the MR bore and an MTD through ASTM F2052-06
	Introduction
	Materials 
	Method
	Results
	Discussion and conclusion

	Determination of the accuracy of MR guided prostate biopsies using real time MR imaging and an iPad for visualisation
	Introduction
	Materials and methods
	Phantom
	Fixture
	General set-up
	Procedure
	Data analysis
	Statistics

	Results
	Discussion
	Conclusion

	Real-time MR guided prostate biopsies using a mobile touching device: study design on behalf of a patient study
	Preceding work
	Patient population
	Real time MRGB in combination with the MTD
	Study endpoints


	III High field ex vivo MRI to predict positive surgical margins in tumour resection specimens
	Ex vivo 7 T MR imaging to predict positive surgical margins in radical prostatectomy specimens
	Abstract
	Introduction
	Method
	Study population
	Preparation of prostate specimen
	Ex vivo MRI
	Histopathological processing
	Radiological assessment
	Data analysis & statistics

	Results
	Discussion
	Conclusion


	Conclusions
	Bibliography
	Appendices
	Determination of the pivot of the needle guide
	 A comprehensive manual to IFE
	Description of the Matlab GUI used to calculate needle deviation

