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ABSTRACT

Whilst biomarker research is gaining momentum within the cancer sciences,
disappointingly few biomarkers are successfully translated into clinical practice, which
is partly due to lack of rigorous methodology. In this thesis, | aim to systematically
study several quantitative magnetic resonance imaging (MRI) biomarkers (QIBs), at
various stages of biomarker development for use as tools in the assessment of local

and metastatic prostate cancer according to clinical need.

| initially focus on QIBs derived from conventional multiparametric (mp) prostate MRI
sequences, namely T2 weighted (T2W), apparent diffusion coefficient (ADC) and
dynamic contrast enhanced (DCE). Firstly, by optimising analytical methods used
throughout the thesis, deciding which approach is more reliable between single-slice
region-of-interest vs. contouring the whole tumour volume using two different software
packages. | then consider whether metric reproducibility can be improved by
normalisation to different anatomical structures, and assess whether it is preferable to
use statistics derived from imaging histograms rather than the current convention of

using mean values.

I combine multiple QIBs in a logistic regression model to predict a Gleason 4
component in known prostate cancer, which represents an unmet clinical need, as non-
invasive tools to distinguish these more aggressive tumours do not currently exist. |
subsequently ‘technically validate’ a novel microstructural diffusion-weighted MRI
technique called VERDICT (Vascular, Extracellular and Restricted Diffusion for
Cytometry in Tumours) to detect aggressive prostate cancer as part of a prospective
cohort study. | assess the image quality, contrast-to-noise ratio, repeatability and
performance of quantitative parametric VERDICT maps to discriminate between

Gleason grades vs. the current best performing, but still imperfect tool of ADC.

In the final two results chapters, motivated by the limited diagnostic accuracy of the
prostate cancer staging modalities in current clinical use, | investigate the ability of mp-
whole body (WB) MRI to stage aggressive cancer outside the prostate in patients with
a high risk of metastases at primary diagnosis, and in biochemical failure following

prostatectomy.






IMPACT STATEMENT

In addition to the knowledge dissemination that have occurred at meetings and in
published/proposed peer reviewed articles; my research could be put to beneficial use

in multiple ways inside and out of academia.

Within academia, the improved analytical methods | have developed for quantitative
multiparametric (mp)-prostate  MRI could be used to standardise research
methodology, which should help address the ‘reproducibility crisis’ that is agreed to
exist within the medical sciences. More robust assays would also lead to more robust
conclusions, stronger effect sizes and better classification of patients. My finding that
open source (rather than commercial) DICOM viewers lead to more reliable
measurements will also help reduce the costs associated with quantitative imaging
trials. As a result of this research, other members of my group have already begun to
use my suggested analytical methods in combination with the plugins | have co-

developed with collaborators at CMIC.

My logistic regression model has demonstrated an ability to classify peripheral zone
(PZ) tumours, which is beneficial knowledge to other groups who work in metabolic
imaging whereby their techniques are likely to hold greater potential for classifying
transition zone (TZ) tumours. My work spent developing VERDICT maps as
quantitative imaging biomarkers is a natural progression from this model, since both
techniques aim to improve our ability to estimate Gleason grade non-invasively. Whilst
| strive to be as rigorous as possible in the development of these novel putative
biomarkers, prior to widespread application, further development should occur in
collaborations outside of UCL. Indeed, we are already in discussion with the University

of Toronto with a view towards multicentre validation.

My work on WB-MRI could also initiate further research. In the case of primary staging,
multicentre and statistically powered collaborations now are urgently required prior to
clinical adoption, which should include engagement with health economists. The use of
the technique in biochemical failure could promote development of techniques which
have potentially greater sensitivity e.g. mp-MRI for local recurrence and Prostate
Specific Membrane Antigen (PSMA) PET/CT or PET/MRI for distant disease.

Outside of academia, | hope to see aspects of my work being used in routine clinical
practice within the NHS. Whilst mp-MRI looks poised to be introduced into the prostate

cancer management pathway by NICE relatively soon, it is still hampered by a lack of
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biological specificity, as evidenced by the 40% of indeterminate scans. Patients who
have an mp-MRI positive prostate lesion could attend for an MRI ‘virtual biopsy’
examination comprising quantitative mp-MRI with VERIDCT, whereby a logistic
regression models (or more sophisticated machine learning algorithms) could classify
lesion(s) in combination with clinical data such as fluidic biomarkers to estimate
Gleason grade, avoid biopsy, prognosticate and reduce biopsies. Similarly, patients
deemed to be at high risk of metastatic spread could contemporaneously undergo WB-
MRI and avoid the requirement for multiple visits or investigations including BS, mp-
MRI, and PET/CT. To achieve this, the public should be informed of important
developments arising from this work and non-academic radiologists would need to be

trained regarding how to report these emerging investigations.
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1 INTRODUCTION

1.1 Thesis overview

Multiparametric (mp) MRI appears poised to revolutionise the prostate cancer
management pathway, but nevertheless it is still falling short of its full potential due to
limitations including subjective interpretation, the lack of standardization of analytical
methods and an inability to adequately distinguish between Gleason grades. For
example, whilst mp-MRI in clinical practice currently relies upon rudimentary analytical
methods (visual inspection) and pulse sequences (T2W, ADC and DCE), more
sophisticated quantitative analytical methods and biologically specific pulse sequences
are available, which could potentially used to increase its performance. In addition, the
ability of mp whole-body (WB) MRI to stage prostate cancer remains essentially
unproven. The overall aim of this body of work is to develop quantitative and
semiquantitative magnetic resonance prostate cancer imaging biomarkers to address

some of these shortcomings.

This thesis is comprised of 10 chapters and is structured as follows:

Chapter 1 forms the introduction to the thesis. | provide an overview that outlines the
content of each chapter, and then conduct a background literature review to justify my
research aims. The background comprises section A, which considers the prostate
itself, and section B, which focuses on extraprostatic disease. Section A provides an
overview of prostate biology including its anatomy, development, physiology and
histology with a particular emphasis on Gleason grading. Mp-MRI is then introduced,
along with its current role and limitations, which form the problem statements for
chapters 3 - 7. The biomarker development roadmap is introduced and will provide a
framework to validate or devalidate imaging biomarkers throughout the thesis. Section
B reviews the mechanisms of prostate cancer metastases, introduces the AJCC ‘TNM’
staging system (Tumor, Nodes, Metastases), justifies the importance of accurate
cancer staging and then describes the limitations in current imaging staging methods to

be addressed in chapters 8 and 9.

Chapter 2 details the MRI physics relevant to the contents of the thesis. Section A
introduces the fundamentals of MRI physics including precession, excitation,
relaxation, pulse sequences and diffusion. Section B focuses on the biophysical basis
of T2-weighted (T2W) imaging, dynamic contrast enhanced (DCE) and diffusion
modelling. Current limitations in biophysical modelling are discussed and serve as a

27



rationale for the use of quantitative mp and VERDICT (Vascular, Extracellular and
Restricted Diffusion for Cytometry in Tumours) MRI as biomarkers in prostate cancer

characterisation.

Chapter 3 states the research aims, objectives and hypotheses to be addressed in the

thesis.

In Chapter 4, | consider how current analytical methods in quantitative imaging could
be improved to reduce the heterogeneity between subsequent studies, as there is a
lack of consensus in the literature regarding what constitutes optimal analysis. In
section A, | investigate the agreement between single slice and volumetric analysis of
prostate tumours using two different DICOM (Digital Imaging and Communications in
Medicine) viewers and study the intra and interobserver precision of each method. In
section B, | will investigate whether the scan-rescan reproducibility of simple
quantitative imaging metrics (T2W, ADC and DCE) can be improved by normalizing to
different anatomical structures, and assess whether it is preferable to use statistics
derived from imaging histograms rather than the current convention of using mean
values. The findings from these studies will thereby influence analytical methods

throughout the thesis.

In Chapter 5, | use imaging data from the PICTURE (Prostate Imaging [multi-
parametric MRI and Prostate HistoScanning™] Compared to Transperineal Ultrasound
guided biopsy for significant prostate cancer Risk Evaluation) study to combine multiple
Quantiative Imaging Biomarkers (QIBs) with prostate specific antigen (PSA) density in
a logistic regression (LR) model for use as a potential tool to help classify a Gleason 4
component in prostate tumours non-invasively. This piece of work therefore seeks to
combine the elements of the mp-MRI that are currently performed as part of routine

clinical practice.

Chapter 6 introduces the INNOVATE (combining advances in imaging with biomarkers
for improved diagnosis of aggressive prostate cancer) trial and the associated ethics
application, which provides the framework in which | subsequently develop VERDICT

as an imaging biomarker for prostate cancer characterization.

Chapter 7 uses a systematic approach to assess the clinical value of VERDICT MRI
parameters as putative quantitative imaging biomarkers for non-invasive Gleason
grade estimation, as per the imaging biomarker roadmap for cancer studies. | assess

image quality, repeatability and the performance of quantitative parametric maps in
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discriminating between Gleason grades vs. the current best performing, but still
imperfect tool of ADC. This chapter therefore seeks to validate a new tool for Gleason

grade prediction, which could supplement conventional mp-MRI.

Having worked towards the technical validation of new imaging biomarkers for the
detection of aggressive prostate cancer within the prostate, | then aim to develop
further tools which can detect nodal and osseous involvement in patients at high risk of

metastatic disease.

Chapter 8 reports the findings of the MASTER (MRI Accuracy in Staging
and Evaluation of Treatment Response in Cancer) study, whereby the diagnostic
accuracy of WB-MRI will be compared with **"Tc bone scintigraphy (BS) and '®F
choline Positron Emission Tomography (PET)/Computed Tomography (CT), which are
currently used as part of clinical care in our hospital. | am particularly interested in the
optimal combination of pulse sequences that can achieve reasonable diagnostic

accuracy within a clinically acceptable scan slot.

Chapter 9 presents the findings from the PROPS (PET/MRI pre-Radiotherapy for Post-
Prostatectomy Salvage) study, which is a multicentre, multivendor, multinational trial
whereby the image quality, interobserver agreement and diagnostic accuracy of WB-
MRI will be considered in patients with biochemical failure following radical

prostatectomy vs. *™Tc BS, conventional CT and "®F-choline PET/CT.

Finally, Chapter 10 summarises the thesis, provides a discussion, and makes

recommendations for future research.

| have carried out all work myself unless otherwise stated in the declaration section at

the beginning of each chapter.
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1.2 Background

Section A: The Prostate

Anatomy

The adult prostate is a male composite sex organ located in the pelvis, which has an

inverted pyramidal shape and a volume of around 30cc in health.

The modern understanding of the anatomy of the glandular prostate was provided by
McNeal who introduced the concept of ‘zones’ in a 1981 paper (1), which replaced the
older descriptions of lobes. These zones are best appreciated on T2-weighted (T2W)
magnetic resonance imaging (MRI) and were first demonstrated in 1987 (2). The
peripheral zone (PZ) has a longer T2 relaxation time and surrounds the lower signal
central zone (CZ) and transition zone (TZ), which in turn surround the ejaculatory ducts
and prostatic urethra respectively. The TZ tends to enlarge with age under the
influence of testosterone in a process called benign prostatic hyperplasia (BPH), which
can cause the gland to exceed 300ml in volume and gives rise to considerable

anatomical variation.

The prostate is incompletely covered by nonglandular elements comprising the anterior
fibromuscular stroma (AFS) which is continuous with the prostate ‘capsule’ (3), which
surrounds the prostate. The base is related to the bladder superiorly and tapers
inferiorly towards its apex, which is continuous with the distal urethral sphincter (DUS).
The two seminal vesicles (SV) sit on either side of the gland base and open as

ejaculatory ducts into the prostatic urethra, which runs vertically through the gland.

The aforementioned structures are demonstrated in Figures 1 — 3 (base to apex).
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Figure 1: T2W turbo spin echo (TSE) at the gland base showing the SV (arrows) and CZ (star)

Figure 3: T2W TSE showing the apex (stars) and DUS (arrow)
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The arterial supply is derived from multiple arteries, mainly the inferior vesical artery,
which is a branch of the internal iliac artery, and to a lesser extent the middle rectal and
internal pudendal arteries, all of which terminate as prostatic arteries and are
distributed evenly throughout the prostate (4). Venous and lymphatic drainage will be

considered in section B.

Development

The primordial prostatic buds develop from the urogenital sinus at about 10 weeks of
life. Testicular androgens stimulate the endoderm and mesoderm to proliferate and
differentiate into ductal structures prenatally, and remain similar until puberty when the
adult phenotype develops. The CZ appears to derive from the mesonephric (Wolffian)
ducts, which arise from the mesoderm whereas the TZ and PZ develop from the pelvic

part of the urogenital sinus, which is derived from the endoderm (5).

Physiology and function

The main function of the prostate is to produce and release a thin citrate and acid
phosphatase rich fluid for liquefaction of semen that contributes 30% of the ejaculatory
volume and provides a favourable environment for fertilization. The smooth muscle
cells are innervated by the inferior hypogastric plexus, which maintains both
parasympathetic control of glandular secretion and sympathetic innervation to facilitate
occasional but rapid muscular contraction during ejaculation. The prostate also has a

mechanical role in preventing urinary incontinence (6).

Histology (microstructure)

30 - 50 tubuloalveolar glands are composed of pseudostratified columnar epithelium,
which function as exocrine cells that secrete their products into a central lumen and
empty into the prostatic urethra via tubules during ejaculation. Beneath the epithelial
cells are basal cells, which rest on the basement membrane and regenerate the
epithelium. The epithelium is in turn surrounded by connective tissue and smooth
muscle to form the stroma within which the vascular, venous and lymphatic vessels are
embedded (7). A photomicrograph of these normal histological appearances is

provided in Figure 4.
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Figure 4: Photomicrograph of normal human prostate (H&E stain)

A: lumen, B: epithelium, C: stroma. Permission to reproduce this image has been granted by Dr Edward
Klatt MD.

Histologically the TZ and PZ have similar glandular structure, although the PZ has a
looser stroma with a higher proportion of ground substance, less collagen and elastin
and fewer stromal elements to potentially proliferate into nodules. The CZ is easy to
distinguish from the TZ and PZ as it is composed of more interleaving smooth muscle
and complex, large polygonal glands (8). The TZ, PZ and CZ are demonstrated in

figures 5 — 7 below.

Figure 5: Photomicrograph of the PZ (H&E stain)
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Figure 7: Photomicrograph of the CZ (H&E stain)

BPH

BPH is caused by an altered oestrogen:testosterone ratio, whereby the
dihydrotestosterone (DHT) secreted by stromal cells causes increased growth factor
(GF) transcription, bringing about an increase in cell number and stromal content with
papillary buds, infoldings and cysts with a tendency towards squamous metaplasia and
infarction (5). The stromal-to-epithelial ratio has been shown to change from 2:1 in the
healthy prostate to 5:1 in men with BPH (9). T2W MRI appearances of the normal

transition zone vs. BPH are shown in figure 8.

35



Figure 8: T2W TSE showing a segmented normal TZ (left) and a TZ affected by BPH (right)

Note the difference in the size of the TZ in both prostates (2.9 vs. 18.0 cm2).

Prostate cancer

Epidemiology

Prostate cancer is the most common cancer in Western males with more than 40 000
new cases diagnosed per year in England and Wales (10). The incidence of prostate
cancer is increasing, in part due to the impact of prostate specific antigen (PSA)

screening and triple assessment (covered later).

The three well established risk factors associated with prostate cancer are increasing
age, ethnic origin (with higher rates in Afro-Caribbean men) and family history. It has
also been observed that higher levels of insulin-like growth factor | (IGF-1) are
encountered in men with prostate cancer, which may explain its association with the

sedentary western lifestyle, which increases its production (11).

Whilst prostate cancer poses a significant economic and health burden to healthcare
systems, most cancers will remain clinically occult and will not reduce life expectancy,
even if left untreated. For example, an autopsy series of 249 cases showed incidental
small prostate carcinomas in up to 20% men aged 30 to 40 and 64% men aged 60 to
70 (12). This raises some difficult questions regarding an optimal strategy for
screening, diagnosis, management and follow-up of disease and is why prostate

cancer remains one of the most controversial topics in the medical literature.
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Histopathology

Adenocarcinoma is by far the most common histological cancer subtype (95%), and
arises from acinar or ductal epithelium, likely from a precursor of prostatic
intraepithelial neoplasia (13). Other cancer subtypes include transitional cell
carcinoma, sarcoma and neuroendocrine tumours. 70% of adenocarcinomas arise in
the PZ, 24% in the TZ and 8% in the CZ (14). As cancers progress, malignant cells

breach the basement membrane and invade into the lumen and stroma.

In 1966, Dr. Donald F Gleason (a Minnesotan pathologist) published a unique grading
system for prostate cancer based on architectural features at low-to-medium
magnification, using Haematoxylin and Eosin (H&E) stain (15) which stains the nuclear
chromatin and cytoplasmic material purple and orange-pink respectively. Appearances
were classified into five ‘Gleason grades’ based on the extent of glandular
differentiation and stromal invasion. The original diagram drawn by Dr. Gleason is

shown in figure 9 below.

PROSTATIC ADENOCARCINOMA
(Histologic Grades)

Figure 9: Original drawing of proposed Gleason grading system by Dr. Donald Gleason

Permission to reproduce this image has been granted by the Nature Publishing group.

The Gleason score is the sum of the two most prevalent patterns seen (primary and
secondary) and may therefore range from 2 to 10. If only a single pattern is present,

the two patterns are assigned the same grade. A considerable strength of the Gleason
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grading system is that it has been prospectively validated in cohorts totalling around
5000 patients, with overall and cancer-specific survival as end points (16). Typical

examples of each Gleason grade are provided in figures 10 — 14 below, whereby

permission to reproduce these images has been granted by the Nature Publishing
Group (16).

Gleason 1 closely resembles the normal prostate and has small, rounded, uniform,

closely packed and well-circumscribed glands without evidence of stromal infiltration.

Figure 11: Photomicrograph showing Gleason grade 2 (H&E stain)

Gleason 2 also closely resembles normal prostate, although has greater variability in
gland size and shape with a higher proportion of stroma separating the glands than
Gleason 1. However, glands are larger than in pattern Gleason 3. Both Gleason
patterns 1 and 2 are rare entities and are not reported clinically due to poor

reproducibility, often with incorrect grading of higher-grade cancer (17).
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Figure 12: Photomicrograph showing Gleason grade 3 (H&E stain)

Gleason 3 is the most common score, and shows more variability in glandular
distribution than in Gleason pattern 2. Glands are less well formed with irregular
separation, ragged and poorly defined and slightly infiltrative edges. On the whole,

glands are smaller with a lower proportion of stroma than in Gleason 1 and 2.

Figure 13: Photomicrograph showing Gleason grade 4 (H&E stain)

Gleason 4 tumours have pseudoacinar or cribriform glands that are coalescent, fused

and poorly defined without intervening stroma and high degrees of infiltration.

Figure 14: Photomicrograph showing Gleason grade 5 (H&E stain)

Gleason 5 cancer has no discernible glandular lumen, with necrotic sheets of epithelial

cells.
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Ancillary features used to diagnose and grade prostate cancer include increased
nuclear-to-cytoplasmic ratio, nuclear atypia and intraluminal features including loss of

corpora amylacea and deposition of crystalloids.

Whilst Gleason scoring in clinical practice is formed by the subjective opinion of a
trained uropathologist analysing multiple complex features, digital pathology methods
offer the potential for objective and quantitative measurements of some of these
features. Groups have shown that segmented percentages of lumen, stroma and
epithelium differ significantly between benign and cancerous regions, and also change
significantly with increasing Gleason grade, whereby the percentage of lumen and

stroma decrease as epithelium increases (18,19).

Clinical significance of Gleason grade

In a landmark paper, Albertsen et al., (20) reported upon the natural progression of
prostate cancer for each Gleason grade whereby 767 men were treated with
observation or delayed androgen depravation therapy (ADT) alone, with 20 year follow
up. Mortality rates per 1000 person years were 6, 12, 30, 65 and 121 for Gleason
grades 2-4, 5, 6, 7, and 8-10 respectively. Fifty years after its initial description,
Gleason grade remains the single most important predictor of survival in prostate
cancer (21), and it is therefore imperative that assays of cancer grade are as accurate

as possible.

In addition, there is growing evidence that making a distinction between Gleason 3 and
Gleason 4 cancer is particularly important, due to their different genomic signatures
(22,23) and natural histories (24,25). Indeed, some authors have questioned whether
Gleason 3 should be labelled cancer, as it fails to meet the hallmarks of cancer on

multiple counts (26), occurs normally with age (27,28) and doesn’t metastasize (29).

The traditional prostate cancer diagnostic pathway

The management of prostate cancer was revolutionized by the introduction of triple
assessment in the 1990s, which combines digital rectal examination (DRE) and serum
PSA level with transrectal ultrasound (TRUS) guided biopsy. The National Institute of
Health and Clinical Excellence (NICE) have recommended triple assessment as the
standard of care ever since this approach was first proposed (30) but even when used

in combination each of these tests have inherent flaws, which will be outlined
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subsequently.

DRE

DRE is used to detect cancers adjacent to the rectum, which are harder than the
normal prostate on palpation. Despite the fact that most cancers being located in the
PZ (near the rectal wall), tumour detection is dependent upon clinical experience and
subject to substantial interobserver error (k=0.63) amongst experienced urologists (31).
Furthermore, its sensitivity is poor at 37% (with a 91% specificity) meaning nearly 2/3

of tumours will be missed by DRE, even in experienced hands (32).

PSA screening

PSA is a glycoprotein enzyme produced by normal prostate epithelium, which liquefies
seminal fluid coagulum and plays an important role in fertility. Whilst the highest
concentration of PSA is found in the seminal fluid, a small quantity escapes the
prostate and enters the bloodstream (33) which causes a rise in serum PSA levels.
Whilst increased serum PSA is observed in prostate adenocarcinoma, BPH and
prostatitis may also cause false positive results. False negative results may be found in
tumours which do not secrete PSA e.g. neuroendocrine tumours — a rare but lethal

cancer subtype (34).

PSA testing consequently has a fairly flat receiver operating characteristic (ROC) curve
with an AUC of 0.7 i.e. it is relatively poor at predicting or excluding significant prostate
cancer at all diagnostic levels (35). Whilst PSA density levels (PSA level/gland
volume), act to normalize the gland volume effect from BPH (36), its performance
characteristics appear to yield only slight improvement (37), which drives the need for
more specific circulating biomarkers in the diagnosis of prostate cancer. Circulating
biomarkers in serum, plasma, urine, and prostatic fluid have all been explored, but thus

far remain invalidated in large cohorts collected under standardised conditions.

TRUS biopsy

TRUS guided biopsy involves sampling the prostate with core biopsies under TRUS
guidance using a semi-systematic approach. However, TRUS systematically misses
the anterior prostate and the extreme apex, posterior midline tumours, CZ and extreme
basal tumours are also commonly under sampled (38). TRUS also has a false negative
rate of up to 40% (39), may detect clinically unimportant tumours (40) and localises

disease poorly due to tangential needle deployment.
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Multiparametric prostate MRI at University College London
Hospital (UCLH)

Multiparametric (mp) prostate MRI employs a combination of different pulse sequences
in a single examination, due to the advantages and limitations of each sequence.
Scanning protocols have been established on 1.5 and 3 Tesla (T) machines at our
institution and are compliant with UK (41) and European (42) guidelines. We administer
0.2 mg/kg (maximum 20 mg) of spasmolytic (Buscopan; Boehringer Ingelheim,
Ingelheim, Germany) intravenously prior to scanning to reduce rectal peristalsis and
0.2ml/kg intravenous macrocyclic gadolinium based contrast agent (GBCA) (Prohance,
Bracco, Milan, IT) at the beginning of the 6™ acquisition at 3ml/s followed by a saline
flush of 20 ml for dynamic contrast enhanced (DCE) imaging. Notably, we maintain
spatial resolution at a cost of temporal resolution for DCE images using a 212s
sampling time between frames. Alongside the b=0, b=150, b=500 and b=1000s/mm?
used to generate the Apparent Diffusion Coefficient (ADC) map which use 16 signal
averages, we acquire a separate high b-value DWI acquisition (b=1400 and
2000s/mm? at 1.5 and 3T respectively) with 32 signal averages to increase the

sensitivity for small and TZ tumours (43).

Examination protocols at 1.5 and 3T are provided in tables 1 and 2 respectively. We
have 3 machines at 1.5T, all of which are Siemens Avanto (Siemens Healthcare,
Erlangen, Germany) scanners and have the same scanning protocol. The 3T scanner

is a Philips Achieva (Philips Healthcare, Eindhoven, NL).

FA Phasing
Sequence TR TE degrees BW Hz/Px FoVmm STmm Gap ETL direction FS Matrix base
T2 TSE Coronal 5240 104 150 190 180 3 03 24 R>L No 256
T2 axial TSE 3mm 5170 92 180 191 180 3 03 22 A>P  No 256
ep2d Diffusion b0 150 500 1000 2100 96 0 968 260 5 0 172 A>P  Yes 172
ep2d Diffusion b1400 2200 98 0 968 320 5 0 172 A>P  Yes 172
T1 VIBE 5degrees 561 25 5 300 260 3 06 O A>P  Yes 192
T1 VIBE 20degrees 561 25 20 300 260 3 06 O A>P  Yes 192
T1 VIBE 10degrees 561 25 10 300 260 3 06 O A>P  Yes 192
T1 VIBE 15degrees 561 25 15 300 260 3 06 O A>P  Yes 192
T1 VIBE 25degrees 561 25 25 300 260 3 06 O A>P  Yes 192
T1 Flash 3d match VIBE 104 4.78 15 130 260 3 06 O A>P  Yes 256

Table 1: UCLH prostate MRI acquisition protocol at 1.5T

VIBE = Volumetric Interpolated Breath-hold Examination, TR = repetition time, TE = echo time, FA = flip
angle, ST = slice thickness, ETL = echo train length, BW = bandwidth, FS = fat saturation

42



FA Phasing Total scan

Sequence TR TE degrees BW Hz/Px FoV mm ST mm Gap TSE factor direction FS ACQ matrix duration
T2 sag REF 1579 100 90 217.3 240 5 5 20 A>P No 120 x 89 00:18.9
T2 TSE coronal 6128 100 90 160.7 180 3 3 16 R>L No  300x290 05:55.4
T2 TSE axial 5407 100 90 160.7 180 3 0 16 R>L No  300x290 05:13.6
DWI 0 150 500 1000 2753 80 90 10.8 220 5 0 - A>P SPAIR 168x 169 05:16.5
DWI b2000 2000 78 90 9.9 220 5 0 A>P  SPIR 168x169 03:40.0
DCE 20dyn mod SENSE 5.8 2.8 10 246.1 180 3 0 R>L SPAIR 140x 162 04:14.1

Table 2: UCLH prostate MRI acquisition protocol at 3T

Applications

The use of mp-MRI, performed prior to targeted biopsy has brought about a revolution
prostate cancer care at UCLH, where we perform >3000 examinations annually.
Sensitivities and specificities of 70%—-90% and 61%—89% respectively have been
reported for the detection of clinically significant cancer (44—46), which make it the
most sensitive and specific imaging technique available for this purpose (47). Of
particular importance is the recently published multicentre UK-based PROMIS study
(48) in which 576 men underwent both mp-MRI performed at 1.5T and TRUS biopsy,
using 5mm template mapping biopsy (TPM) as the reference standard. The study
showed sensitivities and specificities of 93% and 41% for mp-MRI, compared with 48%
and 96% for TRUS biopsy for the detection of clinically significant cancer. The authors
concluded that if mp-MRI is used as a triage test in cases of suspected cancer, a
quarter of TRUS biopsies could be avoided. An example of a typical positive prostate

detection mp-MRlI is provided in figure 15 below.
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Figure 15: mp-MRI showing a typical Likert 5 lesion

Top left: T2W TSE showing a region of low T2 signal in the left PZ at midgland level extending from 3 to 6
o’clock. Top right: DCE images showing lesional enhancement. Bottom left: ADC map showing restricted
diffusion within the lesion. Bottom right: b= 2000 s/mm? showing high lesional signal intensity.

In addition to cancer detection and avoidance of biopsy, mp-MRI can localize and
stage tumours (49), guide biopsy (50), increase the detection of high-risk lesions and
reduce unnecessary detection of low-risk lesions vs. TRUS (51). Other emerging
applications include the facilitation of focal therapies (52), monitoring in active
surveillance programs (53) and for detecting recurrence following treatment (54). In this
way, mp-MRI can help inform decisions at almost every stage of the prostate cancer
management pathway. However, there are still a number of limitations with mp-MRI,

which will now be considered.

Limitations

Human observers interpret medical images in a complex, subjective, but educated
mental process that is poorly understood (55), whereby each of the available
sequences is interpreted in combination and an opinion given as to the suspicion of
cancer. Whilst reports were initially constructed in a disparate and unstructured manner
(56), ordinal scoring systems have since been adopted, influenced by their success in
Breast Radiology. Here, impressive reduction in inter and intra-observer variability was

shown (57) with subsequent integration into standard clinical practice (58).
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The Likert scale is the simplest of the scoring systems, and was first proposed in 2011
(59). The overall impression of cancer likelihood is provided using a 1- 5 scale (42) 1:
highly unlikely, 2: unlikely, 3: equivocal, 4: likely and 5: highly likely for the presence of
clinically significant tumour, rather than a the traditional binary present/absent system.
This scale may also incorporate clinical suspicion (considering clinical history, PSA
etc.) in addition to imaging appearances. In 2012, ESUR proposed the Prostate
Imaging Data and Report System (PI-RADS) score which also uses a five-point scale,
but scored lesions on each individual sequence and provides clear definitions as to
what constitutes a 1 — 5 score (60) based on consensus opinion and literature review.
PI-RADS™ version 2 was published with updated guidelines in 2015, in consensus
with the American College of Radiology (61). PI-RADS v2 introduced a common
lexicon for reporting and introduced the concept of ‘dominant sequences’ (62) which
simplified PI-RADS and gave a greater bearing on the final score, namely T2 for the TZ
and DWI for the PZ.

However, such scoring systems are still imperfect. For example, interobserver
agreement for all scoring systems (as measured by Cohen’s k) is around 0.4 — 0.7 (63—
66), and require prospective validation which takes several years to perform and must

be repeated each time guidelines are changed.

Quantitative MRI

Whilst MRI emerged from nuclear magnetic resonance (NMR) — developed for the
quantitative analysis of chemical substances, its quantitative origins were all but
abandoned by the clinical community following spatial encoding. However, MRI still
affords the opportunity to objectively measure tumoural biophysics (considered in detail
in the next chapter) which could reduce inter and intra observer variability and support
clinical decision making e.g. in the contexts of avoiding, triggering and targeting biopsy
for MR-positive lesions, monitoring patients for change in status whilst on active

surveillance and when making decisions regarding treatment.

The ability of quantitative MRI to make a non-invasive, in vivo, whole lesion
assessment of disease status is particularly appealing because biopsies are subject to
sampling error (67—69) and as invasive procedures confer multiple theoretical risks.
Specifically, the National Institute for Health and Care Excellence (NICE) special
advisers committee recognise septicaemia, bleeding, urinary tract infection and
haematuria as potential adverse events (70). Not only does ex-vivo tissue lose

physiological information, registering each core to its true in vivo location remains an
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issue, as does tissue shrinkage, breakage and distortion during slide preparation. In
addition, intraobserver and interobserver agreement of kK =0.66 and k=0.54 have been

demonstrated amongst consultant UK pathologists (71).

Whilst ‘virtual biopsy’ using quantitative MRI could potentially address some of these
shortcomings, we face a number of challenges before imaging biomarkers can be used

to inform clinical decision-making.

Definitions

Quantitative imaging is a metrological discipline, and a common lexicon has been set
out in consensus documents (72-77). Key definitions and considerations will be
provided, using direct quotations where necessary to accurately preserve their

meaning.

Quantitative imaging is defined as ‘“the extraction of quantifiable features from
medical images for the assessment of normal [findings] or the severity, degree of
change, or status of a disease, injury, or chronic condition relative to normal [findings]’
(72). Characteristics that are measured to reflect structure or function of normal or
pathological processes are called biomarkers, and have been defined by the Food and
Drug Administration (FDA)-National Institutes of Health (NIH) Biomarker Working
Group as an: “Indicator of normal biological processes, pathogenic processes, or
responses to an exposure or intervention, including therapeutic interventions”(78).
Biomarkers may be used to detect whether disease is present or absent (diagnostic
biomarker), identify a clinical endpoint (prognostic biomarker), or identify those likely to

respond to a treatment (predictive biomarker)(78).

These notions have been combined to produce a definition for a quantitative imaging
biomarker (QIB): “...an objective characteristic derived from an in vivo image
measured on a ratio or interval scale as an indicator of normal biological processes,

pathogenic processes or a response to a therapeutic intervention.” (72).

Bias concerns the absence of systematic error from the true value of the measurand
(the measurement in question), whereas precision represents the agreement between
quantitative values obtained by replicate measurements (absence of random error).
Precision may be tested under the same experimental conditions; repeatability, or

different experimental conditions; reproducibility.
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Limitations of quantitative imaging biomarker research

Despite a mounting body of literature concerning quantitative imaging biomarker
research (as evidenced by the PubMed search result in figure 16), only a handful of
magnetic resonance imaging biomarkers have been translated to clinical practice (79),
and usually characterize tumour burden (such as ‘TNM’ staging or RECIST (Response
Evaluation Criteria in Solid Tumors)) rather than physiology or microstructure. The
reasons behind this are multifactorial and largely due to lack of standardization of the
multiple variables that are required to form and analyse an MR image. For example,
clinical workflows favour high throughput anatomical images rather than reliable
quantitative measurements, meaning there is a lack of competition between vendors to
develop better-calibrated machines. This leads to considerable heterogeneity in study
methods, inconsistent results and adds to the ‘reproducibility crisis’ which is being

experienced throughout science (80).

Results by year

Selected 2017 - 171 items
Download CSV

-~

PMC Images search for quantitative
imaging biomarker
Figure 16: Results from a PubMed search for ‘quantitative imaging biomarker’

Carried out 6/5/2017

One of the objectives of a quantitative imaging researcher should be to assess and
minimize sources of unwanted variation in the measuring system to expose the true
biological variation within or between subjects. A summary of the sources of this

variation provided in table 3 (constructed with the assistance of (79,81)).
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Image data collection: Image analysis:

Room temperature Image viewing conditions:

Hardware: Display window, image magnification, viewing
Vendor, field strength, coil architecture, institutional distance, ambient lighting

maintenance Artefacts

Scanner software platform/version Analytic software

Acquisition parameters Changes in analysis software over time

Shim quality Inter observer error

Signal/contrast to noise ratio Intra observer error

Radiographer technique/experience
Image artefacts

Post processing techniques

PACS storage

Vendor competition

Scanners poorly established for quantitative imaging

Patient factors: True differences in biophysical properties
Patient size/shape/cooperativeness
Repositioning between examinations

Movement artefact

Bowel gas artefact

Table 3: Causes of variation within an MRl measuring system

Improving quantitative imaging biomarkers

The imaging community has assembled a number of organisations to reduce this
variation, including the Quantitative Imaging Biomarkers Alliance (QIBA, from the
RSNA), the Quantitative Imaging Network (QIN, from the National Cancer Institute),
and the International Society for Magnetic Resonance in Medicine (ISMRM) ad hoc
committee on standards for quantitative MRI. Indeed, the mission statement of QIBA is
to: ‘Improve the value and practicality of quantitative imaging biomarkers by reducing

variability across devices, patients and time’ (72).

A ‘qualified’ imaging biomarker must possess the following characteristics in
prospective, adequately powered patient cohorts (73,79,82):

1. Technical validation: precision and absence of bias

2. Biological validation: relationship of the biomarker to the disease process in question
3. Clinical validation: Diagnostic performance characteristics with the disease process
in question (sensitivity, specificity, predictive values). N.B. this is not equivalent to
forecasting clinical outcome, which defines a surrogate biomarker, or clinical utility

whereby contributions to patient management are considered.

Additional considerations include cost effectiveness, availability and tolerance of the

biomarker.
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In order to facilitate the process of imaging biomarker qualification, a Biomarker
Roadmap was produced as a consensus document with the backing of Cancer
Research UK (CRUK) and the European Organisation for Research and Treatment of
Cancer (EORTC) (79). Here, a stepwise development pipeline is recommended,
whereby biomarkers are discovered, assessed in terms of repeatability early on,

combined with biological validation as summarized in figure 17.
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Figure 17: The imaging biomarker roadmap for cancer studies

This image is distributed under a creative commons license.
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On the whole, research should therefore progress from simple to more complex
methods, measuring and reducing bias and precision at each stage where possible. A
number of experimental frameworks are available at UCL to test the value of emerging

biomarkers. Their advantages and disadvantages are considered in table 4 below,

along with the research groups that have the facilities to perform them.

Advantages Disadvantages
Computer Cheap Least realistic
simulation Convenience

No ethics required
Phantom Need temperature control Unrealistic: no anatomy,

Convenience

Stability

Can know ‘truth value’

No ethics or recruitment required

Can scan at higher field strengths

physiology or pathology

Biophantom

Need temperature control
Relative convenience

Can know ‘truth value’

No ethics or recruitment required

Can scan at higher field strengths

Can be difficult to make
Not very realistic
No anatomy

Little physiology or pathology

Animal Homeostasis controls temperature Project and personal license
No recruitment required No human anatomy/physiology
Can scan at higher field strengths or pathology
High throughput
In and ex vivo experiments
Can mimic pathology in a controlled
way
Physiology and pathology
Can control therapies
Healthy Homeostasis controls temperature Requires ethics
human Human anatomy and physiology Less convenient
volunteer Can control for age and gender etc. No pathology
Generally compliant No therapy response
Often unethical to give contrast
Patient with | Homeostasis controls temperature Inconvenient: Ethics, difficult to
disease Ideal: human anatomy, physiology recruit to

and pathology

Can study therapy response

Table 4: Experimental frameworks for biomarker validation

CMIC; the Centre for Medical Image Computing, CABI; the Centre for Advanced Biomedical Imaging;, CMI;
the Centre for Medical Imaging.

No different from other areas of research, biomarker development studies have
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historically been incompletely reported which has motivated the EQUATOR (Enhancing
the QUAIity and Transparency Of health Research) network to produce the REMARK
(REporting Recommendations for Tumor MARKer Prognostic Studies) guidelines (83),
which provide a checklist for reporting biomarker studies, albeit with a focus on non-
imaging tumour markers. Others have advocated the prospective registration of trial
protocols on clinicaltrials.gov (84), and/or publication of research protocols prior to data
collection (85) to hold the research team to account (e.g. avoiding multiple post hoc

comparisons) and to promote reproducible research.

Extracting quantitative imaging metrics

Quantitative features are usually extracted by manually placing a region/volume of
interest (ROI/VOI) around a region of pathological tissue in a process also called

segmentation, which requires a priori knowledge of anatomy and pathology.

Since every image pixel is a greyscale representation of a quantitative value of signal
intensity or measured biophysical behaviour, ROIls are in fact a matrix of numbers,
which can be represented as a frequency histogram. Multiple statistical descriptors can
be extracted from the histogram, but by far the most widely used is the mean value.
Other histographic descriptors, which negate spatial information but provide measures
of imaging heterogeneity include SD, entropy, skewness and kurtosis. However, their
repeatability and reproducibility are uncertain (86,87) and thus are at an earlier stage of
biomarker development than typical mean values. Since ROI/VOI placement is also
subjective, measurements are subject to inter and intra observer error, and optimal

analytical methods remain essentially uncertain.

Section A summary and future directions

In summary, Gleason grade is the most important predictor of prostate cancer survival
and QIBs that could help predict Gleason grade would have multiple potential clinical

applications.

In order to achieve this, the precision of potential biomarkers must be considered in
terms of their repeatability, reproducibility, intra and interobserver error and developed
in a systematic way, adhering to the biomarker development pipeline. Prospective
imaging biomarker development trials should also be registered on an appropriate trial

database, and reported according to REMARK guidelines.
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1.2 Background

Section B: Nodal and metastatic prostate cancer

Prostate cancer cells must overcome multiple steps in order to spread to other sites.
Whilst still at the primary site, cells lose their cell adhesion molecules, invade and
degrade the local stroma, with distant spread subsequently occurring via two possible

routes; the lymphatic system or (neo)vasculature.

Lymphatic system

The lymphatic system is composed of blind ending capillaries lined by endothelial cells,
which collect and drain macromolecules and interstitial fluid to lymph nodes, where
lymphocytes and antigen presenting cells mediate the immune system. Lymph is
transported from the nodes, along the thoracic duct (in addition to chyle from the
digestive system) and then returned to the circulation at the confluence of the left
brachiocephalic vein. This pathway is generally preferred to the vascular alternative
because lymph vessels are larger in calibre than smaller capillaries, lack a basement
membrane and flow velocities are an order of magnitude slower than in the systemic
circulation and have a closer chemistry to interstitial fluid than blood, which promotes
cell viability(88). The initial route of spread in prostate cancer tends to be via the pelvic
lymph nodes, which forms the basis for pelvic lymph node dissection (PLND) as a

treatment strategy(89).

Nodal anatomy

The regional nodes in prostate cancer consist of the internal and external iliac lymph
nodes, along with perivisceral lymph nodes. The external iliac group is located adjacent
to the external iliac vessels, between the inguinal ligament and the iliac bifurcation and
subdivided into the medial and lateral chains. A commonly involved sentinel node is
located in the medial chain, referred to as the ‘obturator node’ due to its close proximity
with obturator internus (OI) muscle. The internal iliac nodes are located deeper in the
pelvis, adjacent to the internal iliac vessels and named according to the many
subdivisions of these vessels. Notably, this group includes the junctional node at the
iliac bifurcation. Perivisceral nodes are located around the rectum, bladder and
prostate and are less commonly involved than the iliac nodes(88).
Metastatic groups comprise the common iliac, paraaortic and inguinal lymph nodes.
The common iliac nodes are adjacent to the vessels, superior to the iliac bifurcation
and can be subdivided into the lateral, middle and medial chains. The paraaortic lymph
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nodes are located adjacent to the aorta and inferior vena cava (IVC), and are
subdivided into seven groups, each named according to their relationship with these
vessels. Those related to the IVC are the laterocaval; precaval and retrocaval groups,
those related to the aorta are the lateroaortic; preaortic and retroaortic groups, with the
aortocaval nodes between the two main vessels. The inguinal nodes are also split into
superficial and deep groups, according to their relationship with the inferior epigastric

vessels.

Nodal pathways

Whilst there is some controversy as to the exact course the lymphatic vessels and
nodes take, the strongest data arises from large series of PLND whereby positive
common iliac nodes are always accompanied by positive pelvic nodes, and positive
paraaortic nodes are always accompanied by positive common iliac nodes(90,91),

which suggests sequential progression towards the diaphragm.

Vascular system

In 1889, Stephen Paget (the son of James) observed that whilst embolic abscess in
septic patients were equally likely to arise in the liver and the spleen, breast cancer
metastases overwhelmingly favoured the liver which led to the ‘soil and seed
hypothesis’, whereby tumours (seeds) could have affinity for certain ‘fertile’ organs
(soil)(92). This hypothesis was temporarily superseded by the work of James Ewing
who proposed that tumour cells are guided towards their sites by the lymphatic and
blood vessels(93). However, pioneering work from Joseph Fidler suggested that these

two theories are not mutually exclusive(94).

Prostate cancer cells that spread via the (neo)vascular system must survive the forces
imparted on them by the bloodstream and evade immune system defences. Once near
the site of a potential secondary, they extravasate through the vascular wall, effect
changes in the local microenvironment and establish deposits which may continue
proliferating(95). The venous (rather than arterial) system is preferred in prostate
cancer due to thinner vascular walls, the distal location of the prostate and as

evidenced by the distribution of metastatic disease.

Compelling and complimentary work by carried out by Batson(96) and Bubendorf and
colleagues(97) informed the understanding of haematogenous dissemination in

prostate cancer, whereby two separate systems are thought to channel metastases,

54



namely the IVC and the vertebral venous plexus (of Batson). In his seminal paper,
Oscar Batson cannulated the dorsal vein of the penis in cadavers and showed that
injection of a thick radiopaque contrast agent led to opacification of the iliac veins and
IVC. With a thin agent, the IVC was not demonstrated and plexiform veins were
opacified in an ascending fashion throughout the spine to connect with the intercostal
veins and the cerebral venous sinuses. This axial skeletal drainage is thought to be a
portal system and is similar to the main disease distribution in prostate cancer as
confirmed by Bubendorf. In this highly cited autopsy study of 19,316 cases carried out
between 1967 and 1995, of whom 1,589 had prostate cancer(97), the prevalence of
skeletal metastases was 90% for the spine (97% lumbar, 57% thoracic and 38%
cervical), with a clear ascending distribution and skip lesions occurring in only 1 — 2%
of cases. The second route (via the IVC) is thought to give rise to appendicular and soft
tissue metastases much later in the disease(97), which are relatively rare in the PSA
screening era. However, most common sites in this pathway include lungs and pleura,
liver and adrenal glands(98). The independence of these two systems was suggested

by an inverse relationship between spine and lung metastases (p< .0001).

Whilst there is a lack of large cohort studies performed in the PSA screening era, a
single paper reported disease distribution in nearly 75 000 patients with prostate
cancer with 84% bone involvement, 10.6% metastatic lymph nodes, 10.2% liver
metastases and 9.1% thoracic disease(99). However, their reference standard was not

stated.

Clinical staging of prostate cancer

By far the most widely used staging method for this purpose is the American Joint
Committee on Cancer (AJCC) staging system, which was introduced in 1977 and now
is in its seventh edition (with the 8™ to be adopted on January 1% 2018). Here, the
tumour stage is classified by way of TNM: Tumour (extent of the primary), Nodes

(nodal invasion) and Metastases (presence or absence)(100).

Staging can be assessed using a variety of means including physical examination,
imaging, pathology, and autopsy results and decisions regarding how best to do this
should consider the accuracy, invasiveness and cost effectiveness of each diagnostic
test. Staging or restaging can take place in a number of potential clinical situations
including primary staging of disease at diagnosis, following focal or whole gland
therapies, for response assessment following treatment and to assess for suspected

recurrence following treatments.
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The clinical staging system for prostate cancer that should be used for diagnostic

imaging tests is stated below(101):

Primary tumour (T)

X Primary tumour cannot be assessed
TO No evidence of primary tumour
T Clinically inapparent tumour not palpable or visible by imaging

T1a Tumour incidental histologic finding in <5% of tissue resected
T1b Tumour incidental histologic finding in >5% of tissue resected
T1c Tumour identified by needle biopsy (because of elevated prostate specific antigen [PSA] level)
T Tumour confined within prostate; tumours found in 1 or both lobes by needle biopsy
but not palpable or reliably visible by imaging
T2a Tumour involves one-half of 1 lobe or less
T2b Tumour involves more than one-half of 1 lobe but not both lobes
T2c Tumour involves both lobes
Tumour extends through the prostatic capsule; invasion into the prostatic apex, or the
T3 . . o
prostatic capsule is classified not as T3 but as T2
T3a Extracapsular extension (unilateral or bilateral)
T3b Tumour invading seminal vesicle(s)
Tumour fixed or invades adjacent structures other than seminal vesicles
T4 ;
(e.g. bladder, levator muscles, and/or pelvic wall)

Regional lymph nodes (N)

NX  Regional lymph nodes were not assessed
NO  No regional lymph node metastasis
N1 Metastasis in regional lymph node(s)

Distant metastasis (M)

MO No distant metastasis

M1 Distant metastasis

M1a Nonregional lymph nodes(s)

M1b Bone(s)

M1c Other site(s) with or without bone disease

Clinical significance of cancer stage

Since patient survival depends heavily on disease stage, accurate staging underpins

prognostication and management decisions.

Organ confined prostate cancer

When organ confined, the cancer-specific mortality for prostate malignancy is low
compared with other cancers. Large cohort studies in Sweden with follow-up >20 years
report 16% cancer-specific mortality in one study(102) and 29% in another study(20)
for patients with early stage disease (T1-3). Similarly, ten-year follow-up studies of
active surveillance vs. prostatectomy report cancer-specific mortality rates of 15% in
the watchful waiting arm of the Scandinavian prostate cancer group 4(103) and 8.4%

for the PIVOT study.
56



Lymph node positive prostate cancer

There are no studies in the literature that follow up untreated node-positive prostate
cancer due to ethical reasons, which in itself illustrates a different natural history to
organ-confined disease. However, the EORTC reported an 18-month median time to

progression with untreated node positive disease(104).

Metastatic prostate cancer

Although a heterogeneous population in terms of age, fitness, disease distribution and
burden, metastatic prostate cancer remains an incurable disease with a poor prognosis
which is comparable with other disseminated malignancies, and has a median overall
survival of 42 months in the recently published STAMPEDE trial, despite ADT (105).

Staging of metastatic prostate cancer: challenges with imaging studies

Since diagnostic yield is affected by the PSA level, Gleason grade and cancer
stage(106), studies concerning metastatic prostate staging are heterogeneous due to
variations in the i) cancer risk categories (D’Amico/lUCSF CAPRA etc), ii) guidelines

concerning indications for imaging and iii) inconsistent reference standards.

Where possible, use of a histopathological reference standard by way of PLND is
usually preferable. This can be done in multiple ways, with conventional PLND solely
dissecting the obturator fossa, extended PLND (ePLND) also removing internal and
external iliac nodes and superextended PLND removing common iliac and presacral
nodes in addition(107). Some groups have also removed paraaortic nodes(91).
However, this balance can be difficult as there is proportional relationship between
yield and complication rates (107) and once PLND is performed, the registration of
resected nodes to images can present further difficulties. Furthermore, ethical approval
for invasive procedures will usually only be granted whereby prostatectomy is being
performed, which leads to spectrum bias. Whilst imaging-based reference standards
may provide alternatives, studies are limited by the performance characteristics of each

test and also suffer from incorporation bias.

Reference standards are even more difficult for skeletal disease as histology does not
form part of routine care, research biopsies are difficult to secure ethical approval for
and autopsies are declining (108,109), and often miss disease(97,110). Composite or
follow-up based imaging reference standards are therefore often used, although

depend on the performance of the reference test.
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Imaging tools for staging prostate cancer

There are at least eight separate international guidelines which provide
recommendations on when to stage prostate cancer (111), leading to confusion
amongst clinicians and researchers alike. However, all guidelines currently recommend

BS +/- pelvic CT as staging modalities.

Technitium-99m bone scan

BS uses intravenously injected technetium radiotracer, often labelled to methylene
diphosphonate (MDP), which adsorbs onto hydroxyapatite and images osteoblastic
bone mineralisation. BS is widely available, low cost and as a small series of images,
are relatively quick to report. However, their performance characteristics are limited
since false negative (FN) findings commonly occur due to low spatial resolution or lack
of osteoblastic activity. False positive findings may be caused by benign conditions
such as joint disease, healing fractures and benign bone neoplasms. A recent meta-
analysis provided pooled sensitivities and specificities of 0.59 (95%CI: 0.55-0.63) and
0.82 (95%CI: 0.78-0.85) respectively(112).

(Abdomino)pelvic CT

The detection of positive lymph nodes in computerized tomography (CT) is heavily
dependent on short axis diameter measurements combined with assessment of
morphological features such as a rounded shape or the loss of the normal fatty hilum.
Due to relatively flat ROC curves, performance is limited at all cut-offs for size with the
largest meta-analysis to date of 1024 patients in 24 studies giving a pooled sensitivity
of 0.42 (0.26 - 0.56 95% CI) and specificity of 0.82 (0.80 - 0.83 95% CI)(113).

This limited performance in staging modalities currently recommended by international
guidelines has acted as the main driver for further research into more accurate

techniques.

Choline PET/CT

'®F_choline-PET/CT techniques combine anatomical imaging using CT with functional
radiopharmacological information to stage both the lymph nodes and bones in a single
examination. Whilst the glucose analogue Fludexoyglucose (FDG) is the most widely
used PET tracer, tracer uptake and avidity tend to be poor as prostate cancer generally

progresses slowly and has limited glycolytic metabolism. Techniques concerning
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choline were therefore developed and have improved performance. Choline is an
essential component of the cell membrane, which depends on the production of
phosphatidyl-choline, which is elevated in cancer cells(114). Two main techniques
have been described, namely "'C and '®F with the latter having a longer half-life,

permitting distribution without a cyclotron.

Clinical trials regarding the use of ®F_choline-PET/CT generally show superior
performance over routine imaging. For primary lymph node staging, studies report a
relatively low, often variable sensitivity with high specificity. A 441 patient meta-
analysis carried out by Evangelista et al. reported an I1? index of 71.7 for sensitivity and
22.7 specificity, showing that studies are heterogeneous, with a pooled sensitivity of
49.2% (95% confidence interval (Cl), 39.9-58.4) and a specificity of 95% (95% ClI,
92.0-97.1)(115).

For bone metastases, a meta-analysis of 1102 patients gave a pooled sensitivity and
specificity of 0.91 (95 % CI 0.83-0.96) and 0.99 (95%CI: 0.93-1.00) respectively, with
I> heterogeneity statistics of 0.0 and 2.8. In this way, '®F-choline-PET/CT studies
demonstrate high diagnostic accuracy for bone metastases with impressive consensus
between studies. Furthermore, this additional improvement in diagnostic performance
has been shown to be clinically valuable by Beheshti et al. who found that
management was changed in 15% of cases when patients were staged with "°F-
choline-PET/CT(116). In the context of biochemical failure following prostatectomy or
radiotherapy, the predictive value of PET/CT is dependent on clinical features such as
PSA level, PSA doubling time and PSA velocity(117). A meta-analysis of 19 studies in
1555 patients showed a pooled sensitivity and specificity for lymph nodes of 100%
(95% CI: 90.5% -100%) and 81.8% (95% CIl: 48.2% - 97.7%) respectively. The
performance for bone metastases was not reported in this study, but another study
concerning biochemical failure reported sensitivities and specificities of 88 and 99%

respectively(118).

However, PET/CT is not without its limitations. Firstly, the radiation associated with
both PET and CT confer a substantial radiation dose and potential cancer risk
(119,120). Tracer availability is limited and financial and logistical difficulties mean it
can be difficult to implement on a large scale. The spatial resolution of PET is also
limited to 5mm (121), whereby the 45% of positive nodes <4mm(122) could account for
its poor sensitivity. Finally, the contrast resolution of CT is relatively poor, especially
with unenhanced scans. Despite this these limitations, ''C-choline PET CT has been

recommended by the European Association of Urology guidelines 2015 for patients
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with an equivocal bone scan and for biochemical failure following prostatectomy(107).

Whole-Body MRI

The concept of whole-body MRI (WB-MRI) was first proposed as early as 1969(123)
but has only recently been implemented as a result of advances in magnet design,
receiver coil and moving table technology, post-processing equipment and viewing
software. WB-MRI has shown success in other tumour types including breast (124),
colorectal(125), myeloma (126), lymphoma(127) and paediatric tumours(128), with the
International Myeloma Working Group recommending its use as part of the clinical
management pathway(129). The first report of WB-MRI with diffusion in prostate
cancer was in 2004(130).

Theoretical advantages of WB-MRI over the aforementioned cancer staging modalities
include absence of ionizing radiation, widespread availability without the need for
specialist equipment, delivering a ‘one-stop’ staging modality (131), relatively low

cost(132) and superior contrast resolution to CT.

Using anatomical sequences alone, MRI has equivalent sensitivity and specificity to
CT(113) for lymph node detection, and is superior to bone scan at detecting bone
metastases(133-135). The addition of newer sequences such as multiecho Dixon
(mDixon) which images fat and water, diffusion which can probe microstructure and
post contrast imaging which reflects tumoural vascularity, may further improve its

performance and could be combined in mp imaging protocols.

For the primary staging of nodal disease, studies which incorporate diffusion into
scanning protocols report a highly variable sensitivity ranging from 17%(136) to
73%(137). Whilst both of these studies used ePLND as the reference standard, the
lower sensitivity of the first study by Pinaquay and colleagues used b-values of 0 and
100s/mm?, and failed on multiple counts to meet the international recommendations for
using diffusion as a cancer biomarker(138), which emphasizes the need for optimised
scanning technique. The specificity for nodal detection is generally thought to be high,
with a limited number of studies ranging from 86%(137) to 98%(139).

A meta-analysis concerning WB-MRI for the detection of bone metastases reported
pooled sensitivity and specificity of 0.97 (95 % CI: 0.91-0.99) and 0.95 (95%CI: 0.90-
0.97) respectively(112), confirming substantial promise for the detection of bone

metastases. However, MRI studies have higher levels of heterogeneity than PET/CT,
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as evidenced by I? indices of 67.1 and 57.6 for sensitivity and specificity of MRI vs. 0.0
and 2.8 for choline PET/CT respectively. Heterogeneity in WB-MRI studies may arise
from differences in scanning protocols, and somewhat ‘impure’ studies which do not
report nodal accuracy and group together multiple tumour types (often with breast

cancer) for bone metastases(140-143).

Consideration of what represents an optimal protocol of WB-MRI in primary staging is
an area of uncertainty. Perhaps partially due to uncertainty in disease distribution
during the PSA screening era, complete coverage has been both suggested (144) and
deemed unnecessary (145), and no studies have been reported which consider the
individual contribution of each pulse sequence to diagnostic accuracy. The subjective
nature of clinical reporting also raises similar issues to those experienced with mp-
prostate MRI, whereby it may be preferable to use an ordinal scale to score the

suspicion of cancer.

Further potential limitations of WB-MRI include scan duration and the presence of
artefacts including susceptibility, motion, distortion, fat swapping with mDixon images,
poor fat saturation with diffusion images and stitching artefacts at station boundaries.
This is particularly pertinent in multicentre studies where heterogeneity can arise due to
differences in scanning technique (see table 3). Additionally, the literature to date has
focused on use of the technique in primary staging, with a single study focusing on use
in biochemical relapse following prostatectomy whereby the diagnostic accuracy (in
terms of sensitivity and specificity) was not reported, nor was interobserver agreement

considered.

Section B summary and future directions

In summary, accurate staging of prostate cancer is of paramount importance when
making clinical decisions, yet currently hinges upon inaccurate techniques. WB-MRI
holds significant potential for disease staging prostate cancer, although requires further

validation before it is introduced into routine clinical practice.

Specifically, studies comparing choline-PET/CT and bone scan +/- CT in the same
cohort would be welcome whereby utility of each sequence could be considered.
Diagnostic accuracy should also be reported using the best possible reference
standard and multicentre studies are required to produce generalizable data with high
patient numbers, although would require consideration regarding image quality. Trials

that use the technique in situations other than primary staging are also lacking, and

61



should consider the interobserver agreement vs. PET/CT. Finally, reporting practices

may be harmonised by the use of scoring systems, much like mp-prostate MRI.
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2 MAGNETIC RESONANCE IMAGING THEORY:
ACQUISITION AND ANALYSIS

Section A: from proton to pulse sequence

The following texts were used extensively throughout this section:

1. Gadian, David G. NMR and its applications to living systems. Vol. 7. Oxford:
Oxford University Press, 1995.

2. McRobbie, Donald W., et al. MRI from Picture to Proton. Cambridge university
press, 2006.

3. Johansen-Berg, Heidi, and Timothy EJ Behrens, eds. Diffusion MRI: from
quantitative measurement to in vivo neuroanatomy. Academic Press, 2013.

4. Quantitative MRI in Cancer, Thomas E. Yankeelov, David R. Pickens, Ronald
R. Price, September 13, 2011 by CRC Press

Hardware

Modern MRI scanners are comprised of a cylindrical static superconducting
electromagnet (typically 1.5 Tesla (T) or 3T), radiofrequency (RF) coils, gradient coils
and shim coils. A liquid helium cryogen is used to achieve zero resistance in the coils
and is maintained at around 4 Kelvin (K) (figure 18). The static field polarizes nuclear
spins within a patient and shim coils keep the static field as homogeneous as possible,
adjusting for the magnetic field variations produced by the body. RF coils act as
transmitters of an RF pulse and receivers of the nuclear magnetic resonance (NMR)
signal. Three gradient coils are arranged orthogonally and spatially encode the NMR
signal by making the spins precess at frequencies unique to their location using linear
magnetic field variations, superimposed on By. These coils are named Ggs for slice
selection, Go for phase encoding and G, for frequency encoding. High power amplifiers
drive the gradient coils which have high slew rates, and the timings of RF pulses and
gradients are manipulated by a computer as part of a ‘pulse sequence’, which is a
predefined set of instructions which determine the characteristics of MR images. Other
computer systems reconstruct and display images, and act as an interface with Picture
Archiving and Communications systems (PACS) for the storage and retrieval of

imaging data.
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Figure 18: Cross section of an MRI scanner

Proton spins in an external magnetic field

The 'H nucleus, along with other nuclei such as *He, *C and ?*Na are found to exhibit
a property called ‘spin’ and in the presence of an external magnetic field, ‘precess’
around this magnetic field (figure 19). The gyromagnetic ratio (y) determines the

precessional frequency, and is unique for each elemental nucleus.

IBO

Figure 19: A precessing proton

In the absence of an external magnetic field, the net magnetization vector within a body

is nulled due to the cancelling of randomly orientated nuclear spins. However, once the
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external static magnetic field (Bo) is applied, spins may assume one of two possible
discrete energy states: parallel or antiparallel (called spin-up and spin-down) to B, with
slightly more spins (approximately 9 for every 1 million for 'H at 1.5T) assuming the
parallel position, as it is a lower energy state. The proportion of spin up to spin down
energy states is governed by the Boltzmann distribution, which is a quantum

mechanical description given by:

Equation 1

Ndown

Where Ny is the number of spin up protons, Ndown iS the number of spin down protons, h is Plank’s

constant, k is the Boltzmann constant and T is temperature in Kelvin.

This unequal distribution generates a net magnetization vector (My) (summed across

all spins) aligned to By.

The precessional frequency of nuclei or Larmor frequency (w), in an external magnetic

field (By) is given by:

Equation 2

w= Byy

Excitation

NMR signal develops from perturbing My with a RF pulse (B,), transmitted orthogonally
to Bp and oscillating at the Larmor frequency of precessing protons. In the quantum
mechanical model, the B4 pulse excites spins to higher energy states, and once
switched off, photons with are released with an energy level equal to the difference
between the two states (the Larmor frequency). However, it is often more helpful to
consider the bulk properties of spin populations (rather than individual nuclei), which is
why the classical mechanical model is used in preference for the rest of this chapter. In
this model, the B4 pulse causes the net magnetization vector to rotate away from its
initial alignment in a process called excitation (figure 20). The angle the vector
assumes following excitation is called the ‘flip angle’, which is commonly 90° whereby
the longitudinal magnetisation (M., long the z-axis) is converted to transverse
magnetisation (M,, — in the XY plane, perpendicular to Z) meaning M, is 0. However,
other flip angles less than 90° can also be used in certain circumstances (such as

‘gradient echo’ experiments - considered later in this chapter). A degree of M,
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magnetisation is necessary for signal detection as this produces much higher
recordable levels of signal intensity.

/ RF PULSE

90°

ﬂ

 ——

X

Figure 20: Excitation depicted within the rotating frame of reference

Relaxation

After the RF pulse is switched off, spins return to their original state in a process called
relaxation whereby M, recovers to the original M, value and M,, decays to zero, which
are defined by time constants T1 and T2* respectively. The changing magnetic fields
that occur during relaxation induce a measurable electrical current (‘signal’) oscillating
at the Larmor frequency within a receiver coil according to Faraday’s law; called free
induction decay (FID, figure 21).

Induced voltage

Figure 21: Free induction decay
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Spin-Lattice (T1) Relaxation

The recovery of M, occurs through ‘spin-lattice relaxation’ whereby the net
magnetisation vector returns to thermodynamic equilibrium with its surroundings
longitudinally. This requires an energy exchange process, whereby the energy
absorbed through RF excitation is dissipated to by nuclei to their surroundings (the
“lattice”). It can be modelled as a simple first order exponential growth and ranges from

tenths of seconds to seconds in normal biological tissue.

T1 relaxation occurs when molecules in higher energy states encounter the magnetic
moment of another nearby nucleus rotating at, or near the Larmor frequency. T1
relaxation times are therefore dependent on field strength, temperature, the mobility of
the spins, the presence of macromolecules and paramagnetic influences. It is given by

the formula:

Equation 3

M (t) = Mp(1—e™™)

Where t = time and T1 = time for magnetisation to recover to (1-e'1) of Mo, or 63.2% (figure 22).

Magnetisation (M)

T1 T1 Time (t)

Figure 22: T1 relaxation
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According to figure 22, voxels with different measured T1 relaxation times (as a
consequence of their biophysical properties) will have different values of signal
intensity at certain times, which is exploited for image contrast. However, native T1
relaxation is unused in current clinical detection and characterization protocols for
prostate cancer, other than to demonstrate T1-hyperintense post-biopsy haemorrhage.
However, DCE imaging forms a key part of the prostate mp-MRI examination and
utilizes the T1 shortening effect of intravenously injected chelated Gadolinium to probe
regional differences in vascularity (a combination of vascular density, blood flow,
permeability and interstitial volume). DCE imaging in prostate cancer will be considered

in further detail in section B of this chapter.

Spin-spin (T2) relaxation:

T2 relaxation occurs when spins interact with one another (spin-spin interaction),
causing a change in precessional frequency and decay in M,, as a consequence of
loss in phase coherence in the XY plane, and occurs without energy transfer (figure
23).

o @
R

Figure 23: Loss in phase coherence

Rotational and tumbling motion of nuclei causes spatially and temporally varying
magnetic fields. Hence, the magnetic field experienced by any given nucleus over time
becomes slightly different to other nuclei. As the precessional frequency of a nucleus is

dependent on the external magnetic field it experiences (equation 2), these differences
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result in a dephasing effect across all nuclei that increases with time following the 90
degree RF pulse.

T2 relaxation can in its simplistic form be modelled as monoexponential decay, and is
in the order of milliseconds in biological tissues:

Equation 4

Myy(t) = Mxy(o)e_t/TZ

Where T2 is the time taken for the signal to decay to 36.8% (e") of its initial value of My (figure 24).

Magnetisation (M)

ro 2 Time ()

Figure 24: T2 relaxation

Similar to T1 relaxation, figure 24 shows that voxels with different measured T2
relaxation times (driven by differing biophysical properties) can have different values of
signal intensity at certain times, which is again exploited for image contrast. However,
pure T2 relaxation only occurs when the static external field is entirely homogenous,
which in practical terms is never the case. Additional dephasing effects occur from
static inhomogenieities in By due to induced magnet imperfections and susceptibility
gradients generated within the body which speed up dephasing, termed T2'. When
these effects are not corrected the dephasing is termed T2* (equation 5).

Equation 5

7 -T2 17
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T2* decay occurs gradient echo (GE) experiments but can be minimized by spin echo

(SE) experiments (giving approximate T2 contrast), and will be considered later.

Unlike native T1, native T2 contrast mechanisms are important for prostate cancer
detection, due to different relaxation times in cancerous and non-cancerous tissue. The
biophysical basis of T2 signal in prostate cancer will also be considered in more detail

in section B of this chapter.

MRI contrast agents

MRI contrast agents cause T1 and T2 shortening by generating oscillating local
magnetic fields. The agents in widespread clinical use are based around gadolinium
(Gd*") ions, which are strongly paramagnetic due to 7 unpaired electrons, and have a
magnetic moment 1000 more than that of a hydrogen nucleus (146). The degree of T1
and T2 shortening per millimole of substance is defined as the relaxivity (1/AT1 or T2).
T1-weighted images (see later) are usually preferred over T2W images due to more
pronounced effects (T1>> T2) whereby tissues with high gadolinium concentrations will
appear bright. Since elemental Gd is toxic to multiple organ systems (147), it is
chelated to large stable complexes as gadolinium based contrast agents (GBCASs)
where it is bound until excretion, predominantly by the kidneys. GBCAs are generally
considered to be amongst the safest compounds that are administered to patients in
the short and medium term with adverse incidences occurring in less than 2 per cent of
cases. However, there is growing concern regarding long term accumulation in soft
tissues, and nephrogenic systemic fibrosis can occur with severe renal impariment
(148).

Echo formation and pulse sequences

Rather than sampling the FID directly, it is more common to further manipulate the
spins to form a so-called ‘echo’ (since the powerful B1 pulse still has effects on the
receiver coil). The two main families of echoes are produced in ‘spin echo’ and

‘gradient echo’ experiments.

Spin echo (SE)

To form a SE, when spins dephase in the transverse plane, a ‘refocusing RF pulse’,
typically 180° is applied at a time equal to half the time to echo (TE/2) such that the
phase differences (and field inhomogeneity) are reversed, and a SE signal is formed by
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signal regrowth with maximum amplitude at TE (when the spins are back in phase).
The sequence is repeated with a time between excitations known as the repetition time
(TR), which controls the amount of signal in the longitudinal plane (figure 25) since it

determines how long the magnetisation vector has to recover between excitations.
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Figure 25: SE pulse sequence.

Rapid acquisition with relaxation enhancement (RARE)

To reduce imaging time, multiple 180° pulses may be applied before each TR
(provided there is sufficient residual transverse magnetisation), to create multiple
echoes in an ‘echo train’ as part of a RARE sequence (figure 26). Whilst repeated 180°
pulses result in high energy deposition (which has encouraged the development of
other sequences with reduced flip angles), RARE sequences remain the clinical
workhorse for T2W imaging of the prostate as SNR is comparable to conventional SE
sequences but with significantly reduced scanning time. RARE has been assigned the

proprietorial name ‘TSE’ by Philips, which is used in preference throughout this thesis.
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Figure 26: RARE pulse sequence

GE

GE experiments use a short TR and do not apply a 180° refocusing pulse, meaning the
decay of transverse magnetisation is governed by T2*. Instead, bipolar magnetic field
gradients are applied after the initial excitation pulse to dephase and rephase the spins
and create an echo. Here, smaller repeated RF excitations are applied that convert
only a fraction of M, to M,,, meaning more signal is available for the next excitation. In
this context, flip angles that produce the highest signal intensity (called the ‘Ernst
angle’) are <90°, M, recovery is more rapid and imaging times are shorter (figure 27).
However, the compromise of low flip angle techniques is the smaller amount of
transverse magnetisation, which results in less Sl than spin echo experiments. N.B. flip
angles other than the Ernst angle are often intentionally selected to optimise image
contrast. In addition, a ‘spoiler’ gradient may be applied at the end of data acquisition,
or the frequency-encoding gradient extended to remove residual unnecessary

transverse magnetisation that can cause artefacts (figure 27).
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GE pulse sequences are preferred for DCE prostate imaging due to their short
acquisition time, which permits sufficient multiframe time resolution although their
governing T2* decay makes them susceptible to artefacts and short acquisition time
generally trades spatial resolution and signal-to-noise ratio (SNR). DCE images used
as part of the prostate mp MRI protocol are often fat saturated to maximize contrast

between enhancing tumour and surrounding peri-prostatic fat.

Fat-water imaging: the Dixon method

Water and fat have markedly different chemical structures, whereby water is a small
polar molecule with an electronegative oxygen atom, which pulls the shielding electron
cloud away from the hydrogen nuclei and exposes them to a relatively stronger
magnetic field which results in a high rotational frequency. In comparison, fat
molecules are much larger and have better-shielded protons with a lower rotational
frequency that is more efficient for T1 relaxation. As a result, T1 relaxation times are
lower for fat than water and the resonant frequency of water molecules is slightly

higher than fat, referred to as ‘chemical shift’.

The different rotational frequency of water and fat protons mean their spins cycle in
and out of phase with each other every 1.1ms after the original RF pulse at 3.0T (149)

as seen in figure 28.
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Figure 28. Phase cycling of water and fat.

Spins are in phase at 0.0 and 2.2ms, and out-of-phase at 1.1ms.

Since the human body consists mainly of water and fat, these differences can be
exploited by MR techniques and give rise to different T1 weightings. Multiecho (m)
Dixon imaging was first proposed by Thomas Dixon in 1984 (150) and acquires a set of
two images with different echo times; one where fat and water spins are in phase and
another where they are out-of-phase. From these images, water and fat only images

can be calculated and reconstructed as shown in figure 29.

Figure 29. Example of mDixon Images
IP= in phase, OOP= out-of-phase, F=fat only W=water only
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Spatial encoding, MR signal collection, storage and image generation

To spatially encode an image and determine spin location, Ggis initially applied (often
in the z-direction) which causes spins to precess at different frequencies. A block of
spins is chosen using a resonance RF pulse with the same range of resonant
frequencies (bandwidth) as the desired slice. Within this slice, G, is applied across one
dimension during the signal read out to give each pixel a unique value of precessional
frequency from which their spatial position can be deduced in this dimension. Gy is
applied orthogonally to G, and G prior to read out, whereby its magnitude is increased
for each repetition to give each pixel in the G, direction a different value of rate of
precessional phase change, from which spatial position can be deduced in this
dimension.

Echoes are sampled and digitised by an analog-to-digital converter and stored in ‘k-
space’, which is the spatial frequency domain of digitised MR signals. Here, a ‘line’ of
k-space represents a sampled echo at a particular value of Gy. 2D Fourier transforms
are then used to reconstruct an MR image from k-space within echoes (in the
frequency encoding direction and between echoes (in the phase encoding direction)
(figure 30).
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Figure 30. Filling of k-space.
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Diffusion MRI: basic principles

Diffusion is the process whereby molecules naturally disperse. The speed at which this
occurs is influenced by temperature, viscosity, particle size and the presence of a
physical barrier. Whilst the path taken for a given molecule is truly random, when a
large population of molecules are studied in homogeneous media e.g. pure water, a
Gaussian displacement distribution is encountered, which resembles a ball in 3
dimensions (figure 31) since spins placed at the centre of the ball will diffuse towards
its surface with equal probability in all directions. Situations that potentially violate

these Gaussian assumptions will be considered later in this thesis.

1D 20

Figure 31: Gaussian displacement distributions

Albert Einstein showed that:

Equation 6

<r?>=6DAt

Where <r*> is the root mean squared displacement, D is the diffusion coefficient = 3 x 10 mm?/s for water
at 37°C and At is the diffusion time (151).

For example, if At were 50ms (a typical measurement time in a diffusion MRI pulse
sequence), mean displacement would be around 30um. Whilst water molecules in the
luminal space would be freely diffusing under such conditions, water molecules in other
environments may not be. For example, in the case of intracellular water, 30um is
larger than the mean distance to prostate cancer cell membranes, which have a typical
radius of 10um (152), which physically restricts water motion and violates free isotropic
Gaussian displacement. In this way, microstructural configuration can change diffusion
behaviour. Diffusion-weighted imaging (DWI) sequences are sensitive to the
displacement of water molecules and are achieved by the addition of ‘diffusion

gradients’ to a standard pulse sequence.
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Pulse Gradient Spin Echo (PGSE) sequence

The simplest, and most commonly used diffusion-weighted MRI sequence is the
PGSE, which is a modified form of the spin-echo sequence. The sequence uses two
identical diffusion-sensitising gradients either side of the 180° pulse to dephase and
rephase spins. If there is no change in position of spins relative to the applied gradient
at TE, the phase shifts will cancel and signal will be unchanged. However, there is
displacement in the direction of the gradient, phase shifts will not cancel and the
returned signal will have been attenuated (figure 32). The sensitivity of diffusion-

weighted sequences have to restricted water motion can be altered by varying:

G: Gradient strength
0: Gradient duration

A: Timing between diffusion gradients

Higher values for each of these parameters give rise to greater diffusion weighting.

Overall diffusion weighting can be represented as a single ‘b-value’, calculated as:

Equation 7

5
b = y2.G2.6%(4- §)
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Figure 32: Diffusion-weighted pulse sequence
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Echo planar imaging

Most diffusion-weighted acquisitions use a technique called echo-planar imaging (EPI)
as a means of obtaining a whole image within a single excitation, which substantially
reduces acquisition time for fast imaging. EPI is achieved by oscillating the frequency
encoding gradient from positive to negative amplitudes, and ‘blipping’ the phase
encoding gradient (figure 33) to traverse k-space in a zigzag fashion within a single
excitation. Specifically, the frequency encoding polarity is oscillated from positive to
negative to dephase and rephase spins in a sinusoidal fashion. In k-space this means
sweeping from right to left, then left to right in the K, direction with the blipped phase
encoding gradient acting as to move up the k, axis at the end of each line. The
disadvantages of echo-planar techniques generally arise from susceptibility and

ghosting artefacts arising as a result of these rapidly changing magnetic field gradients.
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Figure 33: EPI pulse sequence
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Section B: The biophysical basis of MRI techniques

To detect prostate cancer, MR pulse sequences exploit the different biophysical
properties of benign and cancerous tissues to generate image contrast. When
discriminating between individual Gleason grades however, even slighter differences in
biophysical properties must be probed. | considered the biological differences in each
Gleason grade in chapter 1, and will focus on their behaviour under the conditions of
pulse sequences. T2W, DCE and DWI will be reviewed in turn, with particular
emphasis on recent developments in DWI with a view to improved microstructural

characterisation.

T2

Mechanisms of T2 relaxation in perfectly homogeneous media were described by Felix
Bloch in 1946(153) and were covered in part A of this chapter. Throughout the 1950s,
NMR research was unravelling behaviour in more complex materials, such as different
liquids and crystals. Even in the simplest of substances, T2 relaxation times are
governed by multiple complex physical processes, meaning the biophysical basis of T2

signal in prostate cancer remains poorly understood.

T2 and water

Despite its simple chemical formula, water is a complex substance with remarkable
physical properties. Under physiological conditions, water protons have long relaxation
times relative to fat and other macromolecules and thus generate the majority of MR
signal in most tissues, with higher water content generally causing higher T2W signal
intensity (Sl) (154). However, the biochemical environment alters fluid dynamics via the
cohesive and adhesive forces exerted by macromolecules, which act as to reduce T2
relaxation time. Important theory regarding these effects was introduced in a landmark
paper written by Bloembergen, Purcell and Pound in 1948; often referred to as the BPP
paper(155). In order to understand this theory, the concept of the correlation time (T.)

must be understood.

Molecular (rather than nuclear) rotation may generate local magnetic fields that induce
T2 relaxation. This rotation can be represented as T., which is defined as the time
taken for a molecule to rotate by 1 radian (=57°). T, depends on molecular size and is
unsurprisingly lower for smaller molecules (e.g. water) than for macromolecules (e.g.

proteins and fat). Molecules with low T, have magnetic field fluctuations so rapid that
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their average effect upon nearby molecules (called “motional averaging”) is negligible
as it rotates very rapidly. Conversely, the slowly varying fields induced by
macromolecules cause more sustained local magnetic field inhomogeneities, which
significantly increases local dephasing effects and causes more rapid loss in
transverse magnetisation, reducing the T2 relaxation time. In this way, water molecules
closer to macromolecules will experience more rapid dephasing and reduced T2
relaxation times. Three differing ‘hydration layers’ around macromolecules can be
considered, with increasing influence of dephasing effects, and reduced T2 the closer
water spins are to macromolecules, namely ‘free’, ‘structured’ and ‘bound’ layers
(figure 34) (156).

“Free”
water

“Structured”
water

“Bound”
water

MACROMOLECULE

Figure 34: Hydration layers around a macromolecule

Macromolecules are loosely defined as molecules with > 1000 atoms(157), and have
correlation times so short that pronounced dephasing causes them to be practically
invisible at echo times used in clinical imaging. However, macromolecules do produce
indirect effects on water as a consequence of their strong local magnetic field
fluctuations, which causes more rapid T2 decay. Therefore, the longer water molecules
spend in the vicinity of macromolecules, the shorter T2. The ‘bound’ pool immediately
surrounds macromolecules and therefore has the shortest T2. As a consequence,
proteinaceous fluid often has an intermediate T2. The ‘free’ pool is relatively unaffected
by macromolecules and therefore has the longest T2 and the ‘structured’ pool lies
between the free and bound pools, with an intermediate T2.
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T2 relaxation in prostate cancer

Whilst the concepts outlined above are useful descriptors of T2 relaxation in relatively
simple lattices, the situation in vivo is vastly more complex and further considerations
need to be made. For example, unlike ADC which is almost universally low in viable
tumour tissue relative to the surrounding healthy tissue, T2 relaxation times vary
between tumours, and can be of high signal intensity (e.g. glioblastomas and hepatic
metastases), intermediate signal intensity (e.g. breast and renal tumours - depending
on the histological subtype) or low signal intensity, as is the case in prostate cancer.
Furthermore, there is substantial evidence for bi- or multiexponential T2 decay(158—

161) in prostate cancer.

Regional differences of water amount within the tumour microenvironment may provide
some understanding into multiexponential behaviour, although this probably only
provides an partial explanation because the relationship between amount of water and
T2 relaxation time is found to be weak (156,157). Other possible contributors include
different oxidation states of haemoglobin(164) and pH levels(165) have also been
implicated, as has tissue compartmentalisation (luminal, stromal, intracellular) (159-
161,163,166). Langer et al(19) correlated parametric T2 values with segmented
regions of prostatectomy specimens and found that nuclear (mean slope -0.42,
p=0.001), cytoplasmic (-0.39, p=0.01) and luminal (0.52, p<0.001), but not stromal
(0.01, p=0.92) proportions correlated with T2 signal. It has also been shown that T2 of
the normal PZ decreases significantly (by 14%) immediately after ejaculation(167)
which could be due to loss in this luminal fluid. Consequently, the lower T2 signal
encountered in aggressive tumours may be (partially) explained by loss in tubuloacinar

structures as Gleason grade increases.

Indeed, a study in 74 patients confirmed decreasing T2W SI, normalized to the Ol
muscle with increasing Gleason grade (p<0.001)(168), suggesting potential clinical
utility for T2 normalised signal intensity (T2nSl) in differentiating between Gleason
grades. However, further evidence is required, because this is an isolated study to the

best of my knowledge.

DCE

Since contrast in DCE imaging exploits altered haemodynamic and vascular

permeability in tumours, it is important to review vascular biology.
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Tumour vascular biology

Cancer cells are defined by unlimited replicative potential, resistance to apoptosis and
are insensitive to antigrowth signals and self-sufficient in growth signals(169). Whilst
early cancers with a few cells can rely upon nutrient diffusion to sustain cellular
function, once cancers exceed a certain size (around 1mm), cellular hypoxia ensues
and a complex proangiogenic signalling pathway commences to recruit vessels and
exceed these size limitations (170). This transition to a vascularized state is called the
‘angiogenic switch’, which was first proposed by Judah Folkman in 1971 (171) and
relies heavily upon vascular endothelial derived growth factor (VEGF) expression, a
signalling protein which promotes endothelial cell migration and proliferation combined
with factors such as fibroblast growth factors (FGFs)(172) and matrix
metallopeptidases (MMPs) (173). The vascular bed within tumours is also denser than
normal tissues, poorly constructed, spatially heterogeneous, immature and often
incomplete with vascular pseudochannels, arteriovenous shunting(174) and increased

porosity to macromolecules (including GBCAs)(175).

Microvessel density (MVD) is often used as a quantitative marker of angiogenesis and
has been linked with survival in breast(176) and colorectal(177) cancers. However,
MVD remains a controversial issue in prostate cancer because its relationship with
outcome is disputed. Furthermore, whilst many investigators have shown an increase
in MVD of prostate cancer vs. normal tissue(178,179), others have found no such
relationship(179) with overlapping values in BPH(180) and conflicting evidence
regarding changes with Gleason grade(181,182). Part of the reason for this
heterogeneity between studies could be attributed to different methods by which it is
measured (183) ranging from the maximal vascular density within a specimen (184), to
the use modern digital segmentation techniques to count all vessels within a region of
interest (179).

Acquisition protocols for DCE

DCE imaging involves acquiring serial volumetric images though the prostate at regular
intervals before, during and after administration of a GBCA. Effective fat saturation is
recommended (61) to null the signal from periprostatic fat which has high T1W Sl
which can mask enhancement if left unsaturated. In this way, fat saturation in DCE
prostate protocols allow for more accurate assessment of extracapsular extension and

therefore tumour staging (185).
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At our institution, fat saturation is achieved using SPAIR (Spectral Attenuated Inversion
Recovery) (186), which provides optimal fat saturation when compared with other fat
saturation techniques (187). The requirement for a time series means T1-weighted 3D

spoiled GE sequences with a low flip angle are also used.

Despite the existence of international guidelines, institutional practice in DCE technique
can vary substantially, largely because there is a trade-off between temporal resolution
- preferable for quantitative curve fitting due to an increased number of data points to
capture the signal intensity changes as precisely as possible, and spatial resolution -
preferable to define prostate anatomy. Rapid image acquisition also necessitates larger
voxels to maintain SNR, meaning spatial resolution is usually less than T2W

sequences.

GBCAs

GBCAs are used to probe the aforementioned changes in vascular biology, and have
an intravascular biodistribution with rapid passage into the interstitial (but supposedly
not intracellular) space. Contrast agent then passes back into the plasma (down a
concentration gradient) and is eliminated by glomerular filtration with an effective half-
life of around 2h. The only intended effect is T1 shortening, whereby regions of high

Gadolinium concentration have high T1W SI.

Time-intensity curves

When an ROI is placed on each frame of a DCE acquisition (figure 35) and the Sl
plotted as a function of time a, ‘time-intensity curve’ is generated (figure 36) which

reflects the pharmacokinetic handling of contrast medium in that region.

Figure 35: DCE images showing enhancing tumour

Left: precontrast ROls on normal (green) and cancerous (red) prostate, time point 1 in figure 33 below.
Middle: early postcontrast ROIs on normal and cancerous prostate, showing excellent contrast resolution
between cancerous and non-cancerous regions, time point 2 in figure 33 below. Right: late postcontrast
ROlIs on normal and cancerous prostate, showing poor contrast resolution between cancerous and non-
cancerous regions, time point 3 in figure 33 below.
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Figure 36: Time intensity curves from cancerous and non-cancerous regions of the prostate

Typical time-intensity curves of the normal and cancerous prostate are shown in figure
33 above, with the green curve representing normal tissue and the red curve
cancerous tissue. As a consequence of increased angiogenesis, prostate cancer tends
to demonstrate increased early enhancement with and rapid washout (which may
relate to AV shunting)(171). Hence, early-enhanced images provide optimal contrast

resolution between tumour and normal tissue.

Data analysis

There are three methods for analysing DCE images in current use, which, in order of
increasing biological specificity but also technical difficulty are: qualitative, semi-

quantitative, and quantitative.

Qualitative analysis

Qualitative assessment involves visual inspection of early-enhanced DCE images (and
sometimes time-intensity curves), whereby tumours appear as a region of
hyperenhancement. Qualitative assessment of images is the mainstay of DCE in
clinical practice and is all that is recommended in both PI-RADS(60) and UK(188)
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guidelines. However, central limitations to DCE comprise a lack of microstructural
specificity and substantial overlap between hyperplastic TZ, prostatitis and tumour.
Two further assessments can be made from qualitative images. Firstly, the early-
enhanced DCE metric (EE) can be calculated, defined as the S| of the second
enhancing image, normalized to the precontrast Sl (189). Secondly, curve type can be
assessed, which considers whether the washout phase continuously increases (type 1),
plateaus (type Il), or washes out (type Ill). Whilst there is evidence behind use of such
analyses for Breast Imaging Reporting and Data System (BI-RADS) assessment in
breast MRI(58), evidence for its use in prostate MRI is lacking(190), and was therefore

removed when PI-RADS was revised for version 2.

Semiquantitative analysis

Semiquantitative assessment of DCE data concerns the model-free assessment of
time-intensity curve shape (‘curveology’). Parameters are commonly extracted from
time-intensity curves are shown in figure 37 and table 5 and have been defined

previously (189,191).

=
m

Signal intensity

oT TP
Time (t)

Figure 37: Semiquantitative enhancement characteristics of a time-intensity curve
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Parameter Abbreviation Definition

Area under the curve AUC Area under the time intensity curve
Enhancement slope SoE Gradient of the enhancement slope
Maximum enhancement ME S| of maximum enhancement

Onset time oT Time to from first image to curve inflection
Time to peak TTP Time from first image to peak enhancement
Washout slope WG Gradient of the washout slope

Table 5: Definitions of semiquantitative enhancement characteristics

The advantage of semiquantitative metrics are that they are relatively simple to
calculate, tend to be more reproducible than modelling-based parameters(192) and do
not require such stringent limitations in time resolution as pharmacokinetic modelling.
The disadvantage is that differences in temporal resolution and injection rates make
absolute values meaningless (and therefore should be normalized) and there is a lack

understanding as to the physiological meaning of parameters.

Quantitative analysis

True quantitative analysis uses pharmacokinetic models to convert SI measurements
to gadolinium concentration, since AR1 is x[Gd]. In order to do this accurately, the

native T1 contrast of the tissue (T1o) should be measured, and the haematocrit should

also be taken into account (since GBCA does not pass into red blood cells).

The most popular pharmacokinetic model for cancer imaging is the ‘Extended Toft’s
Model’, which also requires ‘arterial input function’ (AIF) to be provided, which
represents the GBCA bolus within the arterial system supplying the prostate. The
model assumes passive diffusion from the vasculature into the EES and 4 main
pharmacokinetic parameters may be estimated, namely K™, Kep, Ve ana V, (figure
38)(193,194).

° Ktrans

is the ‘“forward mass transfer constant’ i.e. the rate of transfer of
gadolinium from the plasma into the EES, which depends on a combination of 3
factors: blood flow (F), the vascular surface area (S) and the vascular
permeability (P).

*  Kg is the ‘reflux rate constant’ i.e. rate of transfer from the EES back into the
vasculature

* V.is the volume of gadolinium in the extracellular space, and can be calculated

from K""/Kegp
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* V,is the volume of gadolinium in the blood plasma

Contrast bolus
Whole body
extracellular space

Blood plasma
(VP) trans

Kep Tumour extracellular
space (Ve)

Renal
excretion

Figure 38: Schematic representation of Tofts’ pharmacokinetic model

Pharmacokinetic modelling is potentially advantageous because it theoretically extracts
parameters with physiological meaning. Where cancer has increased blood flow and

volumes, K""®

, Kep and V, would all increase, whereas V. would decrease with
decreasing stromal proportion. However, in order to perform accurate measurements
(e.g. capture the AIF peak), temporal resolution should be as high as possible, which
compromises the spatial resolution of clinical images. In addition, the reproducibility of

extended Toft’s parameters has been questioned(195).

DCE analysis and Gleason grade estimation

Overall, the evidence of quantitative DCE analysis in Gleason grade assessment is
fairly weak and probably obscured by heterogeneity in acquisition protocols. The most
encouraging study was performed by Vos and colleagues who showed statistically
significant correlations with Gleason grade for both quantitative and semiquantitative
parameters, with similar performance for both types of metric with Spearman’s p of
0.33 - 0.43(196). Engelbrecht et al. showed weak correlations between multiple
semiquantitative DCE parameters and Gleason score (Pearson’s r between -0.34 and
+0.21), with the strongest correlations with onset time and time to peak enhancement
(197). Interestingly, Chen and colleagues (198) found a relationship between washout

gradient and Gleason score, where K™ and K, failed to achieve significance, despite
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use of a Ty map and a 2s time resolution, giving credence to the possibility that
‘simplest is best’ for DCE analysis. Finally, no discriminatory value was found for
semiquantitative(199) and Tofts’ parameters for Gleason grade(200) estimation in two
other studies, meaning the use of DCE parameters in Gleason grade prediction

remains an area of debate.

DWI

This section discusses the different mathematical models that can be used to describe
the diffusion MRI signal in prostate cancer. Their evidence base and shortcomings will

also be considered.

Introduction to diffusion modelling

If a perfectly homogeneous material with free Gaussian diffusion (e.g. water) is
scanned at increasing b-values, the measured Sl is found to fall with monoexponential

decay, as shown in figure 39 below.

Signal intensity

b (s/mmA2)

Figure 39: Signal decay curve

Blue dots: measured signal, red line: monoexponential fit to measured data

However, normal and cancerous prostate tissue are heterogeneous and

compartmentalized, with a wide range of diffusion behaviours in each voxel meaning
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decay curves in vivo are consistently found to be multiexponential(138), whereby
monoexponential models are found to underestimate Sl at low b-values and high b-
values (figure 40), due to ‘IVIM’ and ‘Kurtosis’ effects, which will be considered

subsequently.

IVIM effect

ADC

Signal intensity
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Figure 40: Signal decay curve of in-vivo tissue showing IVIM and Kurtosis effects

Diffusion models attempt to best describe the observed decay in S| and can provide
quantitative information regarding tissue integrity. Models can be broadly categorized
into ‘signal models’, which aim to describe the shape of the decay curve in
mathematical terms, and ‘microstructural models’, which aim to assign the overall

diffusion behaviour in each voxel into individual histological components.

Isotropic signal models

ADC

ADC is the simplest diffusion model and describes the diffusion curve as a
monoexponential decay function, assuming a Gaussian displacement distribution and

requires at least 2 b-values. The model takes the form:

Equation 8

S = SO e—b.ADC
Where S = signal intensity, So= signal intensity at b=0, where b is the diffusion weighted factor also known

as b-value, and ADC = apparent diffusion coefficient.
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Intravoxel Incoherent Motion (IVIM)

Denis Le Bihan proposed that signal loss at low b-values was due an additional effect
of randomly orientated capillaries, with fast flowing blood mimicking diffusion
(perfusion, or ‘pseudodiffusion’)(201). Such effects are only detectable at b-values
<150 mm/s? (138), after which conventional diffusion effects predominate. Therefore,
acquisitions which include b-values <150 mm/s? can potentially capture this information
and split diffusion and perfusion effects into separate pools. The formula for the IVIM

model is given by:

Equation 9

S=Sy(1—f)e PP + fe b+

Where f is the perfusion fraction — the intravascular volume, D is the real diffusion coefficient and D* is the

perfusion coefficient.

Diffusion Kurtosis and Stretched Exponential

However, IVIM still underestimate S| at high b-values (>2000 mm/s?) (202-205).
Diffusion Kurtosis imaging (DKI) and stretched exponential (SE) both attempt to
describe this additional non-Gaussian phenomenon, which is thought to arise due to
the restriction to diffusion imparted by obstacles such as cell membranes and
fibres(206). Both necessitate acquisitions with b-values >2000 mm/s® DKI includes a
Kurtosis index (K) in the model, which is a description of the deviation from Gaussian
behaviour, with higher values thought to reflect more deviation and therefore

microstructural complexity (207).

Equation 10

K
§ = Spe~PKbEPkH)

The stretched exponential takes the form:

Equation 11

S = Sye~@sh*
Where a is the stretching parameter (or heterogeneity index), whereby a value closer to 1 indicates greater
similarity to the monoexponential situation. Ds is the distributed diffusion coefficient, which is the stretch-

adjusted diffusivity.
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Anisotropy and diffusion tensor imaging

Where there is diffusion anisotropy caused by diffusion preference or hindrance in a
particular direction (governed by tissue microstructure), diffusivities are unsurprisingly
found to be different in each direction. Diffusion tensor imaging (DTI) can represent this
anisotropy whereby ‘diffusion tensor’ is a 3 x 3 matrix used to describe 3D
displacements, with three principal diffusion directions (eigenvectors) and their

diffusivities (eigenvalues A;> A,> Aj):

Equation 12

The diagonal elements (D,, D,, and D) represent diffusivities along each principle
axis, and the rest of the elements represent the correlation between them. Since
D,~D,,, D,=D,x and D,=D,, there are six unknowns which can solved using
multivariable linear regression to estimate the eigenvectors and eigenvalues in each
voxel, provided the acquisition uses at least six gradient directions and a b=0 (since the
diffusion tensor is symmetrical i.e. D,x=Dy;), using multivariable linear regression (208).
The diffusion tensor can also be graphically represented as an ellipsoid, with the
principle axes representing principal eigenvectors, and the diffusion distances their

eigenvalues (figure 41).
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Figure 41: Diffusion ellipsoids; L: prolate, middle: oblate, R: isotropic ball

For example, the ellipsoid may be:

A ball, (isotropic) where A;= A,= A3
Prolate (cigar shaped), where A;>> A,= A3
Oblate (disc-like), where A;= A,>> A3

The fractional anisotropy (FA), can be calculated to provide a measure of diffusion
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asymmetry within each voxel, using the eigenvalues:

Equation 13

FA = (A —22)2+ (A3 — 23)2 + (A1 — A3)?
22 + 23+ 1%)

Diffusion models for prostate cancer

Various studies have investigated the relationship between model estimates and
Gleason score. At least ten studies have shown a consistent and fairly strong negative
relationship between increasing Gleason grade and ADC score (209-220), which make
it the most robust tool for non-invasive estimation of Gleason grade. However, all
studies demonstrate overlapping ADC values between each Gleason grade meaning
ADC, when used alone, fails to accurately predict Gleason grade in an individual

patient.

The tendency for cancerous tissues to demonstrate low ADC values is often attributed
to ‘cellularity’. However, whilst authors have demonstrated some correlation between
decreasing ADC and nuclear count, correlation is only moderate(221,222) and ADC
seems to be more closely related with the percentage of individual components of
prostate cancer tissue (lumen, epithelium and stroma)(18). Notably, pathologists also
make assessments of Gleason grade by assessing tissue architecture rather than cell
density, and the proportion of these components also changes with Gleason grade (as
has been considered in chapter 1). Therefore, it would be very useful if a validated
imaging biomarker could explain the contribution to the diffusion signal for each of

these components so their relative fractions can be determined.

The IVIM model was an important development because it offers subvoxel information
and was the first model to have a hypothesized relationship with tissue microstructure.
Whilst IVIM has been shown to provide a better fit to data than ADC(203), its
usefulness in prostate cancer detection and characterization is uncertain as the
evidence is conflicting(223,224), and is a relatively new technique in the prostate(225).
Furthermore, the relevance of vascularity in the grading of prostate cancer is
questionable. Whilst both stretched exponential and DKI have been shown to fit the
signal better than ADC(203,205), evidence for their use in prostate cancer is again
insufficient with fewer studies in the literature than IVIM. DTI studies have been
inconsistent in the prostate, which may relate to the sensitivity of FA measurements to

noise and the relatively large voxel volumes of in vivo scans(202,226-232).
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In conclusion, whilst a range of signal models exist and can provide a relatively good fit
of in vivo diffusion data, they lack biological specificity and microstructural correlates at
histology. This makes accurate biological validation very difficult to achieve, and

motivates the development of microstructural models.

Microstructural models

“If one knows what to look for, it is much easier to find it (206)”

Microstructural models relate the contributions to MR signal from each tissue
compartment directly to histological features. A number of models have been gaining
interest due to their ability to estimate histology non-invasively, and have yielded

impressive results in high field strength ex-vivo neuroimaging studies(233).

VERDICT

VERDICT (Vascular, Extracellular and Restricted Diffusion for Cytometry in Tumours)
is a framework which models diffusion signal in three distinct environments(234), and

can be mathematically represented by the equation:

Equation 14
3
S= Z fiSi
i=1

Which can also be expressed as:

S= fiS1+ f252 + 353

Where: f= fraction, S1 is the signal from the intracellular water, S2 is the signal from the extravascular,
extracellular space and S3 is the signal from the blood vessels.

Intracellular water has the lowest diffusivity of all compartments, with water diffusion
being ‘restricted’ by cell membranes(235). This compartment also has a high viscosity
due to macromolecules(236) with higher nuclear: cytoplasmic ratios, (which increase
with Gleason grade) causing further diffusion restriction(237). In this way, VERDICT
also provides a measure of the amount of non-Gaussian behaviour experienced at

higher b-values.

In the Extracellular, extravascular space (EES) we are likely to encounter two pools of
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water molecules with distinct behaviours:
i. Free Gaussian diffusion within luminal spaces with monoexponential decay.
ii. Hindered diffusion of molecules travelling in the fibrous and muscular stroma

and navigating around epithelial cells.

16T ex-vivo microimaging with isotropic voxels of 40um has confirmed that the
diffusivities in both of these components differ substantially (2.1 and 0.7 x 10°mm?%s
respectively) but are both higher than in epithelial cells (0.4 x 10°mm?s)(235). It has
also been suggested that the greater the tortuosity (A) of EES, which in turn is affected
by cell size, density and organisation, the greater the slowing of water motion(238).
Diffusion behaviour in the vascular compartment is the fast-flowing intravascular

pseudodiffusion previously considered in IVIM.

Following model selection using Akaike Information Criterion (AIC) and Bayesian
Information Criterion (BIC) ranking, the optimal components for the compartments

(after Panagiotaki et al(239)) in prostate cancer were shown to be:

i) ‘Spheres’ for the intracellular compartment, which have impermeable
boundaries, a non-zero radius and isotropic diffusion.

ii) ‘Balls’ for the EES, which are isotropic tensors with Gaussian diffusion.

iii) Astrosticks for the vascular compartment, which are multiple uniformly
distributed cylinders of zero diameter. Whilst pseudodiffusion in each stick is

anisotropic, the overall sum means each voxel is isotropic.

Fitting the model to each voxel produces parametric maps for the whole organ, with
three maps produced for each acquisition, namely fic — the intracellular volume fraction,
fees — the extravascular extracellular volume fraction, and f,,sc — the vascular volume

fraction. Typical examples are shown in figure 42, alongside the conventional mp-MRI.
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frase

Figure 42: mp-MRI (leftmost 4 images) and VERDICT MRI (rightmost 3 images).

Left: Mp-MRI shows a right PZ lesion between 7 — 8 o’clock (arrows) which has a high T2W Sl (top L), low
ADC value (top right), lesional enhancement (lower left) and high signal on high b-value images (lower

right). Right: VERDICT images show elevated fic, reduced fees and equivocal fyasc.

The VERDICT prostate model assumes no exchange between the compartments and
does not account for fluid viscosity, variations in cell size, shape or membrane porosity.
The lumen and stroma are also considered as a single isotropic compartment as part
of the EES.

VERDICT and the biomarker development pipeline

After proof-of-concept using computer simulations, proof-of-principle studies were
carried out at 9.4T in two murine colorectal cancer models with known differences in
histology, whereby these differences were successfully measured using VERDICT, as
were changes following administration of gemcitabine, where ADC and IVIM failed to
detect significant differences(205). An in-vivo study of VERDICT in human prostate
cancer was then performed at 3T, and showed discrimination of benign and cancerous
tissue, with AIC confirming that VERDICT was the most appropriate model over ADC,
IVIM and DKI. The scanning protocol was then optimized to reduce the scan time from
40 minutes to 10 minutes using an optimization procedure(240), whereby VERDICT
can now supplement conventional detection mp-prostate MRI. In this way, investigation
in domain 1 of the biomarker roadmap has been completed and, after ‘lock-down’ of
acquisition and analytical methods, we strive to validate the putative clinical value of
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VERDICT maps for the non-invasive estimation of Gleason grade. This will include
technical validation, by way of image quality, repeatability and biological validation, by

examining the values of the VERDICT parameters in each Gleason grade.

In summary, there are multiple diffusion models that have demonstrated potential for
the non-invasive estimation of Gleason grade, which could be developed as surrogate
markers of survival outcomes to help inform management decisions in the prostate
cancer pathway. In particular, whilst each component of the mp-MRI (T2W, ADC, DCE)
has shown some potential at classifying Gleason grade, predictive models which
combine each of these parameters may have better value than each single predictor.
Whilst VERDICT also harbours potential for improved biological specificity vs. ADC, it
currently remains in the discovery domain of the biomarker roadmap, and therefore
needs translation and validation in order to assess its putative value as a predictor of

Gleason grade.
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3 AIMS, OBJECTIVES AND HYPOTHESES

In this chapter | define the problem statements, aims, objectives and hypotheses of
each of the results chapters (namely chapters 4, 5, 7, 8 &9) in order to emphasize how
each chapter builds upon the work of the previous, and to act as a concise reference

for the body of my work.

Chapter 4

Problem statement:

Analytical methods for quantitative mp-prostate MRI have not been standardised.

Aim

To standardise methods for quantitative mp-MRI analysis throughout this thesis.

Objectives:

i. To assess the intermethod, intraobserver and interobserver agreement of
quantitative mp-MRI tumour measurements using single slice (ROIl) vs.
volumetric (VOI) analysis with two different DICOM viewers.

ii. To assess whether normalisation of T2W Sl can be improved the reproducibility
by normalising to regions other than the current standard practice of using Ol.

iii. To determine whether histographic metrics are more reproducible than mean

parameters.

Null hypotheses:

i. There is no significant difference between ROI and VOI analysis in terms of
intermethod, intraobserver and interobserver agreement.

ii. The reproducibility of T2nSI will be the same, regardless of the region
selected as a normalization reference.

iii. The reproducibility of histographic metrics such as standard deviation (SD),

entropy, skewness and kurtosis are equivalent to mean values.
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Chapter 5

Problem statement:

Non-invasive tools that can predict a Gleason 4 component in patients undergoing
active surveillance do not currently exist. Whilst each component of the MRI has been
shown to predict Gleason grade individually, their use in combination may be superior

but is less well established.

Aim

To combine components of mp-MRI with clinical parameters in zone-specific predictive

models that best predict a Gleason 4 component in known prostate cancers.

Objectives:

i. Develop logistic regression (LR) models for the prediction of a Gleason 4
component in known prostate tumours

ii. Test the model performance following leave-one-out (LOO) internal
validation and a prospective test cohort

iii. Assess model performance vs. the opinion of experienced radiologists

Null hypotheses

i LR models cannot predict a Gleason 4 component in prostate cancer
ii. Models do not maintain their performance at internal and external validation

iii. Models cannot outperform radiologist opinion
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Chapter 7

Problem statement

The ability of current components of the mp-MRI to distinguish between Gleason
grades non-invasively is limited. VERDICT MRI (a microstructural diffusion-weighted
technique) holds theoretical potential for this purpose, although requires technical and

biological validation prior to clinical validation and utility studies.

Aim

To technically validate, and perform early biological validation regarding the use of
VERDICT parametric maps as quantitative imaging biomarkers in prostate cancer,

according to the imaging biomarker roadmap.

Objectives

To test VERDICT maps in terms of:
i. Image quality
ii. Repeatability

iii. Their ability to distinguish between Gleason grades

Null hypotheses

i. ADC maps are superior to VERDICT MRI maps (fic, fees and fiasc) in terms
of image quality

ii. ADC metric repeatability is superior to that of VERDICT estimates

iii. ADC is superior to VERDICT estimates (fic, fees and fyasc) in terms of ability

to discriminate between Gleason grades

99



Chapter 8

Problem statement:

Accurate staging of aggressive primary prostate cancer is of paramount importance

when making clinical decisions, yet currently hinges upon bone scan (BS) +/- CT,

which are inaccurate techniques. WB-MRI holds significant promise for this purpose,

but requires further development before it can be introduced into clinical practice.

Aim:

To develop WB-MRI using semiquantitative scoring systems for use in the primary

‘TNM’ staging of aggressive prostate cancer.

Objectives:

To use a semiquantitative scoring system in conjunction with mp-WB-MRI
To determine agreement between WB-MRI and PET/CT and BS

To determine the interobserver agreement of mp-WB-MRI

To compare the diagnostic accuracy of mp-WB-MRI with BS and "®F-choline
PET/CT for both nodal and metastatic disease

To establish whether there is an additional value of T2W and post contrast

mDixon above precontrast mDixon and DWI sequences alone

Null hypotheses:

100

Intermodality agreement is equivalent for WB-MRI, PET/CT and BS
Interobserver agreement in WB-MRI is low

The diagnostic accuracy of WB-MRI is low

There is no additional value of T2 and postcontrast mDixon sequences vs.

precontrast mDixon and DWI alone



Chapter 9

Problem statement:
The image quality, interobserver agreement and diagnostic accuracy of WB-MRI
remain unknown in the context of biochemical failure post prostatectomy due to a lack

of studies reported in the literature.

Aim:
To assess the value of WB-MRI vs. '®F-choline PET/CT in combination with a
semiquantitative scoring system for staging patients with biochemical failure following

radical prostatectomy in a multicentre, multivendor, multinational study.

Objectives:

i. To use WB-MRI in conjunction with a semiquantitative scoring system to
classify disease status in patients with biochemical failure following radical
prostatectomy.

ii. To determine the image quality of WB-MRI in a multicentre study

iii. To determine the interobserver agreement of WB-MRI

iv. To determine the diagnostic accuracy of WB-MRI and "®F-choline PET/CT

Null hypotheses:
i. The image quality of WB-MRI is the same between each centre
ii. Interobserver agreement in WB-MRI is low

iii. The diagnostic accuracy of WB-MRI is low
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4 IMPROVING THE RELIABILITY OF QUANTIATIVE MP-
PROSTATE MRI METRICS

Section A: Single slice ROl vs. VOI analysis of mp-prostate MRI
metrics using two different DICOM viewers

Author declaration

All of the work in this chapter was conceived, analysed and written by me personally,
under the supervision of Dr. Shonit Punwani. Patients were recruited to the PICTURE
study (241) by the Academic Urology team at UCLH for section A. A second
Radiologist, Mrishta Brizmohun Appayya also contoured lesions in section A, to gauge
intermethod agreement. Extraction of time-intensity curves and imaging histogram
values in section B were performed using an Osirix plugin developed alongside, and
written by, Michela Antonelli.

Introduction

A range of DICOM viewers have been developed for the analysis of quantitative
imaging data, and each has their advantages and disadvantages. As | previously
discussed in chapter 1, analytical methods in quantitative MRI trials have not been
standardised, which increases the heterogeneity between studies and can thereby
reduce their repeatability and reproducibility. Whilst consensus guidelines have, for
example, advised volumetric analysis of tumours over single slice region-of-interest
(ROI) analysis(138), presumably to standardise analytical methods and reduce some
of this heterogeneity, to the best of my knowledge, there is no data in the prostate
literature to confirm that VOI methods have higher levels of interobserver and

interobserver agreement.

In this study, | compare the quantitative values obtained from ROl and VOI
measurements in 20 patients with biopsy-confirmed prostate cancer using a different
DICOM viewer for each method (Osirix for ROI, and MIM for VOI). Three fundamental
metrics from mp-prostate MRI will be assessed, namely T2W SI, ADC and early-
enhanced (EE) DCE. Their intermethod agreement will be compared, as will
intraobserver repeatability and interobserver reproducibility. The results of the present
study will be used to inform the analytical methods used throughout the rest of the

thesis.
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Materials and methods

Our Institutional Review Board (IRB) approved the study and waived the requirement
for individual consent for retrospective analysis of patient data collected as part of
clinical trials/routine care (R&D No: 12/0195, 16 July 2012). 330 patients were
consecutively recruited for the main study, which has been reported previously (241).
In brief, inclusion criteria were (i) men who underwent previous TRUS biopsy whereby
suspicion remained that cancer was either missed or misclassified and (ii) men suitable
for further characterisation using Transperineal Template Prostate Mapping (TPM)
biopsy. Exclusion criteria were (i) previous history of prostate cancer treatment and (ii)
men in whom TPM was inadequate for analysis due to lack of complete gland sampling

or inadequate sampling density.

A subset of these men were analysed for the present study, imaged between February
2013 and January 2014. 20 men were chosen in total; 11 with PZ tumours and 9 with
transition zone (TZ) tumours, as confirmed with cognitive MRI targeted biopsy(242).
Tumours were selected to have Likert score =24, measure = 0.5cc and be present on at
least 3 contiguous ADC slices (Median 2.1cm® IQR 0.8 — 3.0). 4 tumours were
Gleason 3+3, 14 were Gleason 3+4 and 2 were Gleason 4+4. Only index lesions were

included in the analysis.

The 3T Achieva acquisition protocol was carried out in all patients (as defined in

chapter 1).

Image analysis

Quantitative MRI parameters were extracted using i) open source Osirix software (v7.0
Bernex, Switzerland) to draw ROIs on single tumour slices, at the epicentre of lesions
(ROI), and ii) MIM proprietorial software (Cleveland, USA) to draw the entire volume
(VOI), whereby MIM software uses semiautomatic rigid translational co-registration of
T2W, ADC and DCE images. VOIs were therefore placed on all registered sequences
contemporaneously using a single VOI, unlike Osirix where separate placement of

ROls is necessitated (figure 43).
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Figure 43. Lesion contouring of the same patient using both DICOM viewers.

Left fourmost images using Osirix, right fourmost images using MIM. For both viewers, a=T2, b=DCE,
c=high B, d=ADC map.

For each case, the radiologist (EJ) was made aware of the location of the index lesion
as defined by diagrams produced for the trial MRI reporting proforma. ROIls were
drawn with a washout period of 1 week between single slice and volumetric
measurements (to prevent the radiologist performing the analysis recalling the precise
location of the previous ROIs drawn, in order to minimise bias) and gauge intermethod
agreement. The analysis was then repeated following a washout period of 3 months to
gauge intraobserver repeatability. A second board certified radiologist (MB) also

performed the analysis to gauge interobserver reproducibility.

The mean Sl of each ROI/VOI on T2W, ADC and DCE images at all time points was
recorded. The EE DCE metric was defined as the second image following

enhancement of the lesion, normalized to the precontrast ROI/VOI.

Statistical analysis

Statistical analysis was performed using GraphPad Prism v6.0 (La Jolla, California,
USA) and using SPSS version 22 (IBM, New York, USA).

For intermethod comparison, paired t-tests were performed to assess constant
differences between ROI and VOI methods. Lin’'s concordance correlation coefficients
(pc) and Bland-Altman (B-A) analyses were performed to assess agreement between

methods.

105



For intraobserver agreement, paired t-tests, Intraclass Correlation coefficient (ICC) (3,1
with absolute agreement) and B-A analyses were performed. Mean values of the two

metrics were also calculated for intermethod comparison, as described previously.

For interobserver agreement, paired t-tests, Lin’s concordance correlation coefficients
(pc) and B-A analyses were performed. B-A plots are expressed as a percentage of the
mean value, to facilitate comparison between methods and quantitative parameters.
Where two measurements were taken during the intraobserver read, their mean value

was used.

Scatterplots will also be presented. Levels of agreement for ICCs and p . will be

interpreted according to Landis and Koch(243): 0.0-0.20 no to slight agreement, 0.21-
0.40 fair agreement, 0.41-0.60 moderate agreement, 0.61-0.80 substantial

agreement, and 0.81-1 almost perfect agreement.
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Results

Intermethod agreement

Results of intermethod agreement are presented in table 6 and figure 44. Whilst high

levels of concordance are shown between both methods, as evidenced by narrow B-A

limits of agreement and values of p; > 0.9, single slice measurements gave lower T2

values and higher EE DCE than volumetric analysis, which reached statistical

significance.

Method Mean +/- SD

Paired t-test B-A 95% limits p.

Single slice T2W 1445 + 56.5

Volume T2W 150.1 + 63.0

Single Slice ADC 665.7+113.0

Volume ADC 681.3+120.5

Single slice EE DCE 1.8 £0.26

Volume EE DCE 1.7+0.3

p-value of agreement

(%)
0.03* -15.2,9.4 0.98 (0.96 — 0.99)
0.19 -16.7,12.3 0.90 (0.76 — 0.96)
0.005** -6.8, 14.6 0.90 (0.78 — 0.96)

Table 6: Agreement between ROl and VOI methods

95% ClI (lower - upper) are provided in parentheses.
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Figure 44: Graphical representation of intermethod reproducibility

Left column: scatterplots with a line of identity, Right column: B-A plots.
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Intraobserver agreement

Results from assessment of intraobserver reproducibility are presented in table 7 and

figures 45 and 46. Here, high levels of agreement were again obtained with B-A limits

of agreement to within +/- 20% and ICC 20.86 with the exception of volumetric ADC

analysis, whereby the second set measurements were significantly lower than the first.

Method Mean +/-SD Paired t- B-A 95% limits of ICC

test agreement

p-value
Single slice T2W
Measurement 1 144 .4+60.7
Measurement 2 144.8+57 3 0.92 -18.6, 16.9 0.96 (0.91, 0.99)
Volume T2W
Measurement 1 149.4+63.8
Measurement 2 150.9+62.9 0.61 -15.9, 13.8 0.98 (0.95 - 0.99)
Single Slice ADC
Measurement 1 662.5+114.9
Measurement 2 668.94116.2 0.56 15.9, 13.3 0.92 (0.80 — 0.96)
Volume ADC
Measurement 1 705.0£124.8 L _
Measurement 2 657 64125 4 0.005 11.5,25.8 0.80 (0.43 - 0.93)
Single slice EE DCE
Measurement 1 1.75%£0.25
Measurement 2 17940 26 0.13 -16.5, 11.7 0.86 (0.68 — 0.94)
Volume EE DCE
Measurement 1 1.70£0.24
Measurement 2 17040 28 0.94 -15.5, 16.5 0.86 (0.68 — 0.94)

Table 7: Intraobserver agreement
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Interobserver agreement

Results of interobserver agreement are presented in table 8 and figures 47 and 48.

Interoberver agreement was lower for EE DCE measurements than T2W and ADC,

which achieved high levels of agreement (p. = 0.84). In addition, the first reader

obtained statistically significantly lower values of T2W Sl than the second.

Method Mean +/-SD Paired t-test  B-A 95% limits Pc
p-value of agreement
(%)

Single slice T2W
Reader 1 144.6+58.5 * )
e fiaaisos 003 13.1,7.7 0.99 (0.98, 1.00)
Volume T2W
Reader 1 150.1463.0  0.28 -21.6,17.2 0.96 (0.91, 0.99)
Reader 2 154.3166.0
Single Slice ADC
Reader 1 665.74113.0  0.56 -15.0,17.5 0.89 (0.74, 0.95)
Reader 2 658.5£116.6
Volume ADC
Reader 1 681.3+120.5  0.45 17.8,21.7 0.84 (0.65, 0.93)
Reader 2 669.6£125.0
Single slice EE
DCE

1.77+0.24 0.86 -17.9,18.7 0.80 (0.56, 0.91)
Reader 1
Reader 2 1.76£0.24
Volume EE DCE
Reader 1 1.7040.25 0.13 -18.1,27.9 0.70 (0.41, 0.86)
Reader 2 1.63+£0.30

Table 8: Interobserver agreement
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Figure 47: Scatterplots of interobserver agreement
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Figure 48: B-A plots of interobserver agreement
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Discussion

A range of DICOM viewers are available for the analysis of quantitative imaging data,
and each has their advantages and disadvantages. Of the open source packages,
Osirix was chosen because is the most commonly used DICOM viewer in the
world(244) and an open access version (Osirix Lite) is available to download for free. In
this way, other researchers can easily reproduce analytical methods without the need
for expenditure and in the spirit of open access technology; plugins may be developed
and shared to further customize analysis. However, without plugins, Osirix is currently
positioned for single slice ROI analysis, as VOIs are not summated. As a
consequence, compliance with recommendations for volumetric analysis as suggested
by Padhani et al. (138) is difficult using this software package. Furthermore, the lack of
an automatic export function of quantitative imaging data into analytical spreadsheets

risks transcription errors.

Fuelled by such shortcomings, companies like MIM have strived to develop further
functionality within proprietorial packages. Of these packages, MIM was chosen
because it has workflows that have been developed specifically for mp- prostate MR,
and UCLH has a close working relationship with the company meaning our group has
experience with its use and training and technical support also readily available.
However, other proprietorial DICOM viewers including ProFuse (Vision Medical,
Australia) and OleaSphere (Olea Medical, France) are also available. Particular
advantages of MIM include the ability to place a single VOI to extract all quantitative
imaging metrics as a consequence of image registration. This makes extraction of
values over a ‘4D’ time series (e.g. DCE images) possible without placement of
multiple ROIs, which speeds up workflow considerably. Furthermore, metrics may be
easily ‘copy and pasted’ into an excel spreadsheet. However, since MIM is a private
company, use of its software requires regular payments, which reduces its popularity
and reproducibility. In addition, plugins cannot be developed for MIM without
permission of the company, and may be commercialized, leading to lower levels of

flexibility.

In terms of intermethod agreement, the results from this study show ‘almost perfect’
agreement between both Osirix ROl and MIM VOI methods for all components of the
mp-MRI, with around +/- 10 - 15% precision for all maps and highest concordance for
T2W imaging. ADC and EE DCE have slightly lower levels of agreement, which could
be due to smaller numbers of pixels per lesion giving rise to higher variability. Single

slice ROl measurements also produced significantly higher values of EE than VOlI,
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which could be due to the anecdotal observation that the epicentre of prostate tumours
enhance more than the periphery. However, T2W and ADC values were not

significantly different for both ROl and VOI techniques.

‘Almost perfect’ intraobserver agreement was also found for all quantitative
parameters. Specifically, whilst intraobserver measurement precision was again in the
order of +/- 10 - 15%, the lowest values of agreement were found for volumetric ADC
measurements, whereby ADC values extracted during the second session were
around 8% lower than the first. This may represent a training effect, whereby | became
more familiar with the software by the time of the second session, and highlights

another potential disadvantage of MIM.

In terms of interobserver agreement, values were similar for both radiologists, although
agreement was lower for volumetric methods than single slice ROl analysis (by as
much as 10%), which may be due to the nature of MIM software whereby the

radiologist’s judgment of successful registration could introduce further variation.

Whilst there is no data in the prostate literature comparing single slice ROI vs.
volumetric techniques, there is one study comparing analytical methods in liver CT
(245), which showed that volumetric measurements of tumour attenuation were more
reproducible than single slice comparators (+/-23% and 7% respectively). However, the
different modality and disease behaviour (e.g. larger lesions, with minimum 20mm in

cross section) means these results are unlikely to conflict with my findings.

The main limitation of this study was the relatively small cohort of patients, which arose
due to selecting patients with tumours large enough for volumetric analysis, but not so
large as to make the dataset poorly representative of typical prostate tumours to be
encountered during the rest of this thesis. Confidence intervals were also narrow

enough to give a reasonable degree of certainty.

As a result of this work, Osirix was used in preference to MIM throughout this thesis. In
order to expedite analysis using Osirix and address one of its shortcomings, | have
worked with a computer engineer at CMIC to develop a plugin which enables the
semiautomatic export of mean S| values to an excel spreadsheet, including values
from a 4D series. In this way, it can produce a time-intensity curve from DCE data,
without the need to place multiple ROls. In addition, we have developed a plugin that
can export quantitative metrics from tumour volumes in Osirix, which may be essential

in certain situations e.g. assessment of intratumoural heterogeneity.
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Further work could include investigation of ROIs vs. VOIs using a single platform i.e.
Osirix to gauge which metrics are preferable, without the additional need for image

registration, which leads to inherent error.

Conclusion

The analysis of ROIs and VOlIs using two different DICOM viewers show high levels of
intermethod and interobserver agreement for T2W, ADC and early-enhanced DCE
images, and are therefore both likely to give valid results. However, the higher levels of
intraoberver and interobserver agreement found with Osirix-based single slice analysis
means | will use Osirix in preference for the rest of this thesis, and can avoid the need

for proprietorial software.

Summary

* Two analytical methods for quantitative mp-prostate MRI were compared,
namely single slice ROI analysis using open source Osirix software, and whole
tumour VOI analysis using proprietorial MIM software.

* Their intermethod, intraobserver and intraobserver agreement were compared
using B-A analysis, intraclass correlation coefficients and Lin’s concordance
coefficients.

*  Whilst both methods demonstrated substantial levels of agreement, higher
levels of agreement were observed with single slice Osirix analysis, which is the
simpler analytical method.

» Since one of the benefits of MIM software is automatically populating data into
spreadsheets for faster analysis, an Osirix plugin was developed for this

purpose to further improve image analysis using Osirix.
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Section B: Assessing and improving the reproducibility of
quantitative mp-prostate MRI metrics

Introduction

I now wish to establish whether other techniques can be used to further improve the

multiscanner, multivendor reproducibility of quantitative mp-MRI prostate metrics.

| firstly wish to challenge the received wisdom of normalising T2W SI metrics to the Ol
muscle, which to the best of my knowledge was first selected as a normalization region
in a study by Engelhard et al (246), but the reasons for using this structure were not
stated and were probably arbitrary. Although subsequent studies involving quantitative
T2nSI, including those from our own group (189,247), have followed the same method,
Ol normalisation may not represent optimal technique and | therefore wish to discover
whether normalising to the bladder (urine) increases the scan-rescan reliability of
T2nSI. In addition, | seek to explore whether the reproducibility of ADC values can be
improved by normalising to the bladder, to obviate scaling factors as this has been
shown to be beneficial in multiscanner studies in other tumour types (248,249) but has

uncertain benefit in single scanner prostate studies(250-252).

| then investigate whether statistics derived from imaging histograms (namely SD,
entropy, skewness and kurtosis) have higher levels of reproducibility than their mean
values for each component of the mp-MRI, as their reproducibility is currently unknown
(86,87,253). The benefit of normalising histographic metrics to the mean values of a

normalisation region will also be determined.

Materials and methods

Our IRB waived the requirement for patient consent for this retrospective analysis of
patient data. 14 men with a median age of 60.7 years (IQR 66.5 — 78.2) were
retrospectively identified from the patient database of all mp-MRI examinations
performed at UCLH. Inclusion criteria were i) repeat mp-MRI examinations within 3
months or less, ii) examinations performed at 2 different field strengths (1.5 and 3T)
and iii) normal (Likert 2) regions within both the TZ and PZ on both scans. Exclusion
criteria were i) previous history of treatment for prostate cancer and ii) non-diagnostic

image quality. Examinations were performed between October 2009 and May 2015.
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Acquisition protocols were performed on the 3T Achieva and one of the 1.5T Avanto

scanners (as defined in chapter 1) in no particular order.

Image analysis

Datasets were analysed using Osirix software (v7.0 Bernex, Switzerland) whereby a
standard 40mm? ROI was placed on the normal (Likert 2) TZ and PZ for scan 1, and
then copied ROls onto the registered slices of scan 2, with subsequent manual
refinement if necessary. A 40mm? ROI has 205 pixels on a T2W acquisition, 36 pixels
on ADC and 57 pixels on DCE images, where slice thickness was 3mm, 5mm and
3mm respectively. ROls were chosen to be 40mm? to reflect a typical small tumour, as
the relative measurement error could be expected to be dependent on the size of the
ROI, as has previously been confirmed in a liver imaging study(254). In this way, the

results presented here should represent ‘worst case examples’.

Mean T2W S| metrics were normalized to the largest possible ROI placed on i) the Ol
ii) the bladder urine signal. ADC values were i) measured directly and ii) normalized to
the bladder urine signal (the Ol has too low a SNR on ADC maps for use as a
normalization reference region). Values for the SD, entropy, skewness and kurtosis of
ROI histograms were also extracted using an Osirix plugin written in house, using the

following formulae, reproduced from the supplementary materials of (255).

SD:
Equation 15

SD = (XTI_DEX: zy: Z(I(x,y,Z) — U2

x=1y=1z=1
Entropy:
Equation 16
Ng
= — Z P(i)log, P(i)
i=1

Where Ny is the number of discrete grey levels, P is the first order histogram and P(i) is the fraction of

pixels with grey level i.

Skewness:
Equation 17

1 e I(x,y,2z) —u
AN
x=1y=1z=1
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Kurtosis:
Equation 18

L NV [y 2) -t
VFWEEE[?] 3

EE DCE metrics were calculated by dividing the value of the EE image (defined as the
second image following prostatic contrast enhancement) to the pre-contrast ROI. All
normalised metrics are calculated by dividing the value of the prostate metric by the

mean Sl of the normalisation region.

A typical example of imaging parameter extraction is shown in figure 49.

Figure 49: Quantitative imaging parameter extraction

Figure 1: Left: ROIs placed within the transition zone (red circle) and PZ (cyan circle) on scan 1. Middle:
ROlIs placed upon the transition zone (magenta circle) and PZ (yellow circle) on scan 2. Right: A
normalisation ROI placed within the bladder urine signal (blue ellipse) and Ol (orange elipse).

Statistical methods

Statistical analysis was performed using GraphPad Prism v6.0 (La Jolla, California,

USA) and using SPSS version 22 (IBM, New York, USA).
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Lin’s concordance correlation coefficients were calculated to assess scan-rescan
reproducibility, and are interpreted according to Landis and Koch (243): 0.0-0.20 no to
slight agreement, 0.21-0.40 fair agreement, 0.41-0.60 moderate agreement, 0.61—
0.80 substantial agreement, and 0.81-1 almost perfect agreement. Scatter plots and B-

A plots will be constructed for metrics that achieved ‘substantial agreement’ or higher.

Results

Lin’'s concordance correlation coefficients (p.) are provided in table 9 for mean values.

Metrics with substantial agreement or higher are starred(*).

Metric TZ (pc) PZ (p.)
Non-normalized T2W 0.15 (-0.28 — 0.53) 0.35 (-0.11 - 0.68)
Ol normalized T2W 0.13(-0.18 - 0.42) 0.55(0.17 - 0.79)
Bladder normalized T2W 0.82 (0.54 — 0.94)* 0.64 (0.22 - 0.86)*
ADC 0.69 (0.33 - 0.88)* 0.68 (0.29 — 0.88)*
Bladder normalized ADC 0.76 (0.46 — 0.90)* 0.54 (0.17 - 0.79)
EE DCE 0.51(0.18 - 0.73) 0.14 (-0.12 -0.38)

Table 9: p. for mean MRI derived parameters

Scatterplots are presented in figure 50 for metrics which achieved substantial

agreement or higher.
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BA plots of the same metrics are presented in figure 51.
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Figure 51: B-A plots of the data presented as scatterplots in figure 46

Results for ADC are also expressed as a percentage of the mean value for comparison with the literature

(3" row).
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Lin’'s concordance correlation coefficients (p.) are provided in table 10 for histographic
metrics for T2W, ADC and EE DCE, with and without normalization to the bladder for

T2W and ADC metrics, and the precontrast prostate ROI for DCE metrics. No metrics

achieved substantial agreement or higher.

Not normalised (pc)

Normalised (pc)

Metric TZ Pz TZ Pz

T2W SD 0.30 (0.84 - 0.44) 0.42 (0.02-10.71) 0.54 (0.05-0.82) 0.58 (0.19 - 0.84)
T2W entropy 0.28 (-0.19 — 0.64) 0.13 (-0.83 — 0.56) 0.59 (0.16 — 0.83) 0.55(0.10-0.81)
2w 0.22 (-0.12 - 0.52) 0.05 (-0.39 — 0.46) 0.52 (0.03 -0.81) 0.18 (-0.24 — 0.55)
skewness

T2W kurtosis -0.08 (-0.22-0.06) 0.39(-0.13 -0.74) 0.07 (-0.45 - 0.55) 0.54 (0.11-0.80)
ADC SD 0.28 (-0.27 - 0.69) 0.09 (-0.36 — 0.57) 0.05 (-0.45 0.53) 0.33 (-0.22, 0.72)

ADC entropy

0.51 (-0.20 — 0.76)

0.47 (0.02 - 0.76)

-0.19 (-0.27, 0.67)

0.32 (-0.20, 0.70)

ADC 0.02(-0.37—0.41)  0.06 (-0.44—0.54)  -0.55(-0.45,0.35)  0.22(-0.25,0.61)
skewness

ADC kurtosis ~ 0.19 (-0.30-0.60)  -0.13 (-0.60 —0.41)  0.35,(-0.19,0.72)  0.00 (-0.51, 0.51)
EE SD -0.05(-0.53 - 0.45) 0.09 (-0.34-050)  0.29(-0.26,0.69)  -0.09 (-0.42, 0.26)
EE entropy ~ -0.05 (-0.45-0.36)  0.47 (0.02 — 0.76) 0.14 (-0.33,0.54)  0.01(-0.42, 0.44)

EE skewness

EE kurtosis

0.29 (-0.17 — 0.65)

-0.06 (-0.54 — 0.44)

0.06 (-0.44 — 0.54)

-0.13 (-0.54 — 0.41)

0.36 (-0.53, 0.67)
-0.06 (-0.60, 0.41)

0.06 (-0.40, 0.49)
0.11 (-0.32, 0.50)

Table 10: p. for parameters derived from ROl histograms

Discussion

Our results confirm that in order to compare T2W SI

between scanners, a

normalization region must be selected, and normalising to the bladder urine signal
seems vastly preferable than the current convention of using OIl. The reason for this is
likely explained by the higher SNR of the bladder and the more consistent nature of
urine signal. Specifically, the Ol muscle can have variable signal intensity due to fatty
atrophy (giving rise to high T2W S| amongst low signal muscle) whereas the bladder
urine is consistently and uniformly of high Sl. In addition, the TZ was shown to be more
reproducible than the PZ, which could be partly due to the greater change in SI of the
PZ vs. TZ in relation to ejaculation (167). Also, since the TZ has a greater resemblance
to tumour than the PZ, the S| of tumour may also be more similar to that of the TZ i.e.

more reproducible.
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ADC measurements were shown to be slightly less reproducible than bladder urine
T2nSI, but still achieved ‘substantial’ levels of agreement. Whilst normalising ADC
values to the bladder urine signal improved the reproducibility of the TZ, the
reproducibility of PZ metrics worsened. In this way, the utility of ADC normalisation in
multiscanner studies remains uncertain, and requires further investigation with a
dedicated and appropriately powered prospective study. However, the effect size is

unlikely to be very large.

All histogram metrics were shown to have lower levels of reproducibility than mean
values and are therefore unlikely to provide sufficient reproducibility for use in
multicentre trials without strict standardisation of imaging protocols. Lower levels of
reproducibility could also explain why their predictive performance for Gleason grade
were shown to be poor in a multiscanner study (256). However, a number of metrics
did improve with normalisation to a reference region, which, to the best of my
knowledge has not been performed in studies to date. In this way, normalisation may
help to increase the precision of such metrics for use in optimised multicentre trials in

the future.

To the best of my knowledge, there are no studies in the literature that consider the
effects of different T2 normalisation regions, or report upon the
repeatability/reproducibility of such metrics. The reliability of ADC measurements
however has been investigated to a much greater extent. Whilst phantom studies with
standardised acquisition protocols report multiscanner variability of less than 5% (257—
259), in-vivo reliability is found to much less consistent (260) with 10% variance quoted
in a back-to-back examination with the patient lining supine combined with registration
of the scans during analysis (261). However, repeatability coefficients increases further
(18%) with ambulation and repositioning (262) and when scans are spaced by a
month, single scanner repeatability of up to 35% has been reported (263). Whilst ADC
measurements should theoretically be independent of the scanner used (81),
multiscanner multivendor studies in human have shown considerably different values,
even when acquisition protocols are similar (264). Since the present study was
performed on a mix of scanners without protocol optimisation with up to 3 months

between both scans, the ADC variability of +/- 40% is unsurprising.

The limitations of the current study include its retrospective nature with inconsistent
intervals between both scans and the small number of patients leading to wide
confidence intervals in many cases. However, since the effect size of normalising to

the bladder urine was so large, the confidence intervals of bladder urine vs. Ol
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normalisation for the TZ do not overlap meaning there is sufficient evidence to favour
normalising to the wurine signal. Furthermore, prospective studies regarding
repeatability/reproducibility are notoriously difficult to recruit to, which makes the
development of such datasets extremely difficult and supports my retrospective study
design. For example, a recent prospective repeatability study concerning ADC
repeatability approached 189 patients to obtain the largest cohort to date in 15 patients
(265).

The imaging biomarker roadmap (79) also recommends single centre repeatability
before reproducibility assessments are made, whereby this data is also urgently
required. Due to the retrospective nature of the study whereby patients are
occasionally recalled for a repeat scan at different field strengths; | could only perform
a reproducibility study. However, since multiple imager, multicentre studies provide the
most robust level of evidence of clinical efficacy in Radiology research and often the
only practical way of achieving statistical power (81), this data is still useful. Finally, |
acknowledge that the reproducibility of tumours was not investigated in this study,

which was due to an insufficient number of patients with positive Likert scores.

Further work should include dedicated prospective studies with greater numbers of
patients, ideally with histologically confirmed tumours. Where possible, studies should
be methodically performed according to the imaging biomarker roadmap, with

standardised imaging protocols for multiscanner reproducibility studies.

Conclusion

Here | have shown that bladder normalization results in superior reproducibility vs. the
current standard practice of using Ol, and that histogram metrics are less reproducible
than mean values. | will therefore normalize to the bladder, rather than the Ol
throughout this thesis and will also not use histogram metrics as predictors of Gleason

grade as | do not have the resources to optimise them for use as imaging biomarkers.

Summary

* A retrospective single centre, multiscanner scan-rescan reproducibility study
was used to investigate whether the precision of quantitative T2W and ADC
metrics can be improved by normalizing to different anatomical structures, or by
using imaging histogram metrics other than the mean value.

» Statistical analysis was carried out using B-A plots and Lin’s concordance
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correlation coefficients.

T2 S| metrics were significantly more reproducible when normalised to the
bladder urine signal rather than the Ol muscle.

Normalisation of ADC did not improve reproducibility.

Mean values are more reproducible than SD, entropy, skewness and kurtosis.
In this thesis, T2nSI will therefore be calculated by normalising to the bladder
rather than OI, ADC will not be normalised to a reference region and only mean

values will be used.
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5 ZONE-SPECIFIC LOGISTIC REGRESSION MODELS
FOR GLEASON PATTERN 4 PREDICTION

Author declaration

All of the work in this chapter was conceived and written by me personally, under the
supervision of Dr. Shonit Punwani. Patients were recruited to the PICTURE study (241)
by the Academic Urology team at UCLH (Hampstead National research ethics
committee REC reference 11/LO/1657). Michela Antonelli from CMIC performed the
statistical analysis and I performed quantitative image analysis.
Mrishta Brizmohun Appayya, Francesco Giganti and Shonit Punwani were the

radiologists who made qualitative assessments of Gleason score.

Introduction

Having established the optimal analytical methods for qualitative imaging metric
extraction throughout the thesis, | now wish to combine metrics from the mp-MRI to
predict a Gleason pattern 4 component in prostate cancer. As | discussed in chapter 1,
prostate cancer is a heterogeneous disease state, with a strong relationship between
aggressiveness, as characterised by Gleason grade, and survival (20). Specifically,
percentage Gleason 4 has been shown to outperform traditional Gleason grading as a
prognostic marker in a multivariate study of 379 prostatectomy specimens (266). A
reliable, quantitative and non-invasive test to identify patients at risk of aggressive
disease (those with a potential Gleason 4 component) would therefore have significant

clinical value but does not currently exist.

Clinical parameters such as tumour volume (TV) (267) and serum PSA level may hold
some potential for this purpose as they are known to correlate with Gleason grade
(268). However, the predictive value of PSA for aggressive prostate cancer is limited
as larger gland volumes (GV) result in elevated PSA levels. Consequently, PSA
density (PSAd), which normalises serum PSA level to GV has therefore generated

interest as a more specific biomarker for aggressive prostate cancer (269).

Whilst there is some evidence that the subjective opinion of radiologists interpreting
mp-MRI can be used to estimate Gleason grade (270), quantitative measurements of
Sl including T2nSI and ADC also moderately correlate with Gleason grade (168,271)
and have been shown to differ in PZ vs. TZ tumours (189,247).
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The purpose of this study was to develop and test whether separate LR models for TZ
and PZ tumours based on clinical and quantitative mp-MRI parameters can classify
tumours into those with/without a Gleason 4 component, and compare their
performance with the subjective opinion of three radiologists with differing experience

levels.

Materials and methods

Our IRB approved the study and waived the requirement for individual consent for
retrospective analysis of patient data collected as part of clinical trials/routine care
(R&D No: 12/0195, 16 July 2012). The research was conducted according to the

principles of the Declaration of Helsinki.

Patient cohorts

In order to build the cohort for deriving the LR model — the model derivation cohort
(MDC) — a trial dataset of 330 patients was interrogated. Full details of the trial have
been previously reported(242). In brief, inclusion criteria were (i) men who underwent
previous TRUS biopsy whereby suspicion remained that cancer was either missed or
misclassified and (ii) men suitable for further characterisation using TPM biopsy.
Exclusion criteria were (i) previous history of prostate cancer treatment and (ii) men in
whom TPM was inadequate for analysis due to lack of complete gland sampling or

inadequate sampling density.

A subset of these men was interrogated for this study, whereby selection criteria were:
(i) 3T mp-MRI, comprising T2W, diffusion-weighted and DCE imaging; (ii) Likert (42)
=3/5 index lesion localized on mp-MRI, deemed to be either of TZ or PZ origin. TZ/PZ
border lesions, defined as having a component in both the TZ and PZ, were excluded
from the analysis. (iii) TPM and targeted index lesion biopsy confirming Gleason score
3+3 tumour or greater, which acted as the reference standard. A flow diagram for

patient selection to generate the MDC is shown in Figure 52.
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Potentially eligble

patients n=330
Excluded n = 100
6 1.5 Tesla scans
81 withdrawn/no histology
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Figure 52: Flow diagram of patient selection for the Model Derivation Cohort (MDC)

For temporal validation we used a temporally separated cohort (TSC) of 30
consecutive men: 20 for the PZ and 10 for the TZ with the same selection criteria and
scanning protocol as in the MDC, performed between June 2014 and December 2015.
Table 11 shows the minimum, maximum and median values of age, PSA, GV and TV

of the two cohorts.
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PZ TZ

Parameter Min Max Median Min Max  Median

Age (yrs) 43 79 63.4 48 83.4 655
MDC PSA (ng/ml) 2.5 19 6.6 27 30.3 9.6

GV (mls) 16 77 35.2 18 65.8 321

TV (mls) 0.02 5.1 0.4 0.03 10 1.2

Age (yrs) 55.7 80.2 69.8 56.8 70 63.3
TSC PSA (ng/ml) 2.7 91 8.1 3.4 18 8.6

GV (mls) 20.8 75.9 43.8 25 100 35

TV (mls) 0.1 15 0.9 0.05 9.4 0.8

Table 11: clinical patient characteristics

PZ; peripheral zone, TZ; transition zone, PSA; prostate specific Antigen, GV; gland volume TV; tumour
volume MDC; model derivation cohort TSC temporally separated cohort

The mp-MRI acquisition was performed on the 3T Achieva using the protocol defined in

chapter 1.

Targeted biopsy

For the MDC, a systematic biopsy of the whole gland was performed through a
brachytherapy template-grid placed on the perineum at 5-mm sampling frame. Focal
index lesions also underwent cognitive MRI-targeted biopsies at the time of TPM
whereby two biopsy cores were obtained for the index lesion. A genitourinary
pathologist with 12 years of experience analysed all the biopsy cores blinded to the
MRI results.

Ultrasound guided TPM # targeted biopsy acted as the reference standard for the TSC
using cognitive MR-guided registration, with a brachytherapy template grid used in 29
patients and freehand targeting for a single case with a 10ml lesion. TPM and targeted
biopsies were chosen as the reference standard because they are superior to TRUS
biopsy, are the sampling method of choice in the active surveillance population and
avoid the spectrum bias associated with a prostatectomy reference standard(272),

which favours patients with aggressive disease.

Multiparametric MRI review

Mp-MRI images were qualitatively assessed by three radiologists independently (FG,
MB and SP) who had 2, 3 and 10 years of experience respectively using Osirix version
7. The pictorial report of each patients mp-MRI, produced as part of the prospective

trial dataset was made available to the Radiologists for localisation of biopsy-targeted
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and histologically confirmed Likert =3/5 lesions. The three Radiologists were informed
of the serum PSA level and made a visual estimate of Gleason grade based on a
qualitative image features (lesion size, T2 signal intensity, relative intensity on ADC
and b2000 images and intensity of early contrast enhancement), classifying the index
lesion into those with an expected histologic Gleason 4 (primary or secondary) and
Gleason 3+3 disease pattern, blinded to the biopsy results. The GV and TV were also

measured using tri-planar measurements and the prolate ellipsoid formula (273).

Extraction of mp-MRI derived quantitative parameters

MR datasets were analysed with MIM Symphony Version 6.1 (MIM Software Inc.,
Cleveland, USA). Rigid translational co-registration of volumetric and axial T2W, ADC
and DCE images were performed semi-automatically, with subsequent manual

refinement.

A VOI was contoured for each index lesion and recorded the mean S| of each VOI on
the axial T2W, ADC and DCE images at all time points. A typical contoured lesion is
shown in Figure 53. In order to standardize signal intensity between subjects, T2nSI
were calculated by dividing the signal intensity of the lesion by that of the bladder urine
(274).
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Figure 53: Typical lesion contours using MIM

a. Axial T2W TSE of a 64 year-old male showing the volumetric contour of a TZ prostate tumour for
extraction of mp-MRI parameters. b. axial post gadolinium DCE image c; axial b=2000mm/s® d. ADC
‘map’.

EE and ME metrics were derived from the DCE MRI signal enhancement time curves.
EE was defined as the first strongly enhancing postcontrast S| divided by the
precontrast Sl, and ME as the difference between the peak enhancement Sl and the
baseline Sl normalized to the baseline S| (275). Clinical features of TV, GV and PSAd

were also selected as potential features to include in model development.

Model derivation

Data were analysed using MATLAB version 8.2 (MathWorks, MA, USA) and SPSS
Statistics 24.0.0 (IBM, NY, USA).

Zone-specific LR models were derived separately for PZ and TZ tumours, to predict the
presence of a Gleason 4 or Gleason 3+3 component. First, using the MDC, a forward
stepwise feature selection was applied to select the subset of parameters (defined as
parrz, and parpz, respectively) most likely to contribute significantly to the LR models.
Each parameter is included in the model on the basis of the significance of the score

statistic (p-value), or excluded using the probability of a likelihood-ratio statistic.
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The results of the LR models generated using each single parameter (univariate
models) were then compared with the results of the multivariate models. Since the
performance of machine learning classifiers decrease when the data used to train the
model is imbalanced with a bias towards the majority class (276), which applies to the
PZ cohort in our study (72 Gleason 4, vs. 27 Gleason 3+3) due to a higher natural
incidence of Gleason 4 containing tumours, a resampling technique called Synthetic
Minority Over-sampling TEchnique (SMOTE) (277) was applied to the PZ MDC to
generate artificial data to balance the training cohort and reduce this bias. Here, the
minority class is over-sampled by using a k nearest neighbour algorithm, which
introduces new synthetic examples of data in ‘feature space’ along the line segments
joining any/all of the k minority class nearest neighbours of each minority class
sample. On the basis of the amount of over-sampling required, a number of neighbours
from the k nearest neighbours are randomly chosen. After applying SMOTE to the PZ
MDC, 45 synthetic samples belonging to the class of 3+3 Gleason cancers were added
and this new re-balanced data is used to generate the LR model. SMOTE was not

applied to the TZ MDC as this cohort was sufficiently balanced.

Model validation

Two different strategies were used to validate the PZ and TZ models. First, LOO
analysis of the MDC was applied to internally validate the models. For LOO, data from
one patient was excluded, and a model was generated from the remaining data. This
model was tested on the excluded patient to calculate a predictive probability. The
process was repeated for all patients to calculate a predictive probability for each
patient, from which an ROC curve was constructed. For the PZ cohort, after removing
the patient used for testing, SMOTE is applied to the remaining data before using it to

generate the model.

Models were then further validated on a temporally separated cohort of patients (TSC)
to prove their generalizability. As for the LOO analysis, SMOTE was applied to the
MDC before deriving the PZ model. For temporal validation of PZ and TZ models, a
ROC curve was constructed using the predictive probability calculated on the MDC,
and the threshold T_50 corresponding to a specificity of 50% (allowing for 1 in 2
patients being over called for disease containing a Gleason 4 component) was

considered due to its particular clinical relevance.
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We then applied the LR models to the TSC and used T_50 to calculate the model
sensitivity and specificity on TSC. A flow diagram of the model validation strategies is

shown in Figure 54.

Inerrogaton of
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Faing cohon trning cobon
Extraction of Extraction of
QU BLtve & Guanizative and
Cualtatve chnical parametors recal paramesars Quainave
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Parameter sekecton Parameter selection
Dervation of PZ Dertvation of TZ
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of PZ modol of TZ mocel

Figure 54: Flow diagram outlining the model validation strategies used in the study

PZ; peripheral zone, TZ; transition zone, LR; logistic regression, SMOTE; Synthetic Minority Over-
sampling Technique, ROC-AUC; receiver operating characteristic area-under—the-curve
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Results

Model derivation and internal validation

For the TZ model, the forwards stepwise selection procedure stopped after the first

step to use only one parameter (pary; = {ME}, p=0.04, In(odds) 2.53), while for the PZ

model the procedure select three parameters (parp, = {ME,ADC,PSAd}, p<0.001,

In(odds) 2.71, -2.54 and 5.98 respectively).

To further evaluate pary; and parp,;, we compared their ROC curves with univariate

and multivariate models. Figure 55 shows the ROC curves generated following the

univariate and multivariate LOO analysis for TZ and PZ,

respectively. Their

corresponding AUC values and statistics (Standard Error (SE) and 95% CI) are shown

in Table 12.
Model AUC SE 95% ClI

Lower Upper
Univariate TZ
ADC 0.54 0.10 0.34 0.74
T2nSI 0.58 0.10 0.38 0.78
PSAd 0.68 0.10 0.49 0.87
ME 0.72 0.09 0.53 0.90
TV 0.43 0.10 0.23 0.62
EE 0.67 0.10 0.48 0.86
Multivariate TZ
All parameters 0.78 0.09 0.62 0.95
Univariate PZ
ADC 0.72 0.06 0.60 0.84
T2nSI 0.65 0.06 0.52 0.77
PSAd 0.72 0.06 0.60 0.84
ME 0.78 0.06 0.67 0.89
TV 0.68 0.06 0.55 0.80
EE 0.66 0.06 0.53 0.78
Multivariate PZ
ADC+PSAd+ME 0.83 0.05 0.73 0.93
All parameters 0.83 0.05 0.73 0.93
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Table 12: ROC characteristics following univariate and multivariate LOO analysis

Note: TZ; transition zone; PZ; peripheral zone; ADC; apparent diffusion coefficient, T2nSI; T2 normalized
signal intensity; PSAd; prostate specific antigen density; ME; maximum enhancement DCE metric; TV
tumour volume; EE; Early enhanced DCE metric.

Figure 55: ROC curve generated by applying the univariate and multivariate LOO analysis to both
the TZ MDC (left) and PZ MDC (right)

Although the TZ model built using all the parameters obtains a better ROC-AUC than
the one built with pary;, using all the parameters is not justifiable due to the small
sample size of 35 patients (278). For the PZ, the LR multivariate model generated with
all the parameters and parp; are characterized by the same ROC-AUC. Since both
models outperform all univariate LR models but have the same performance
characteristics, we chose the more parsimonious model that uses a lower number of

parameters.

Temporal model validation

For the temporal validation, we first derived the LR models using the subset pary, and
parp, of parameters for, respectively, the TZ MDC and PZ MDC. The two LR models

(denoted as LRtz and LRpy) are shown in equations 13 and 14 below.

Equation 19

LRyz: In(odds)y; = —0.97 + 2.53 - ME

Equation 20

LRpy: In(odds)p; = —1.06 — 2.35 - ADC + 8.27 - PSAd + 2.95 - ME

The probability threshold at the cut-off point T_50, was 0.58 for the TZ and 0.22 for the
PZ. Table 13 reports for both LRtz and LRpy the ROC-AUC and the values of sensitivity
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and specificity at the cut-off point achieved on the MD and TSCs with the

corresponding number of correctly classified samples.

Model AUC SE 95% Cl T .50
sN  sp  CCS
MDC
LRy,  0.72 009  053-090 077 046 23/35
LRy,  0.83 005 073-093 093 048  80/99
TSC
LRy,  0.56 019  019-093 060 020 4/10
LRp;  0.85 009  067-1.00 090 050  14/20

Table 13: ROC-AUC, sensitivity and specificity achieved with T_50

Note — SN; sensitivity, SP; specificity; MDC; model derivation cohort; TSC; temporally separated cohort;
LRTZ; logistic regression for the transition zone; LRPZ; logistic regression for the peripheral zone; CCS;

number of correctly classified samples; T_50

Comparison of the LR models against radiologist performance

To further assess the LR models generated for PZ and TZ, we compared the results
obtained by LRtz and LRpy on the TZ and PZ MDCs with those achieved by the three
radiologists. Figure 56 shows the ROC curves for the TZ and PZ MDCs obtained by

the three radiologists, their mean and the ROC curves generated by LRtz and LRpy.

Figure 56: ROC curves obtained by the three radiologists and by the LR models applied to both the
TZ MDC (left) and PZ MDC (right).

The LR model ROC-AUC values obtained on TZ and PZ, respectively, are 0.72, and
0.83 vs. mean radiologist ROC-AUC of 0.54 and 0.56.
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Discussion

These results show that LR models designed to predict a Gleason 4 component in
known prostate cancer have different LR equations and performance characteristics in
each zone (TZ/PZ) and thus should be developed in a zone-specific fashion. The PZ
model was superior to the subjective opinion of expert radiologists at all probability

thresholds and maintained performance at internal and temporal validation.

Whilst the TZ model performance showed promise at internal validation where it
outperformed the three radiologists, it showed poor predictive capability at temporal
validation, which emphasizes the need for an external patient cohort to test the true
generalization capability of predictive models. However, predictive models for PZ
tumours present a more important clinical problem as PZ tumours have a higher

incidence (80% vs. 20%TZ) and tend to be more aggressive (279).

The findings from this study can immediately inform the reporting of mp-MRI in clinical
practice, whereby PSAd, ADC and ME should be considered by radiologists to
estimate to the presence of a Gleason 4 component in known tumours. Such models
could also be used to target the most suspicious component of tumours, as has been
applied in DWI alone (209). With further work, these models could also be applied in
active surveillance programs, non-invasively detecting whether tumours have
undergone transformation to a higher Gleason grade, thereby provoking biopsy or
intervention. This potential application is particularly pertinent in light of the findings
from the recently published ProtecT study (280) which showed no significant difference
in survival outcomes at 10 year follow up in patients randomized to active surveillance,
surgery or radiotherapy; likely to impact the uptake of active surveillance as a
management strategy. Indeed, mp-MRI is already advocated by NICE in the UK as part

of the active surveillance program (281).

Several studies have previously reported LR and mp-MRI derived parameters for the
prediction of Gleason grade in prostate cancer (213,214,282,283). Whilst our study is
in agreement that ADC is a useful parameter for this purpose, our study differs from the
literature in a number of ways. Firstly, all other studies excluded tumours <0.5ml,
meaning such data is not generalizable to smaller index lesions, which can be

aggressive (284) and are often followed in active surveillance programs.

Hotker et al (282) studied 195 patients and reported a best performing univariate

parameter (ADC) achieved an AUC of 0.69 for distinguishing 3+3 tumours from those

140



containing a Gleason 4. A possible explanation of their lower reported ROC-AUC could
be the multiscanner nature of the study and the combination of PZ and TZ cancers into
a single model. Furthermore, the authors showed that Kyans failed to add value for

discriminating such tumours and the models did not undergo external validation.

Whilst we did not derive Tofts’ model parameters due to our institutional preference for
higher spatial resolution of DCE MRI over temporal resolution (which is required for a
Tofts’ fitting), we demonstrated that ME which is a robust, generalizable
semiquantitative metric (193) can considerably improve the discriminatory ability for the

prediction of Gleason 4 cancer components above ADC alone.

The other studies derive models based on 54 patients (213) or fewer and combine DWI
with spectroscopic metrics, which necessitate specialist equipment and knowledge.
Indeed, all of our metrics can be extracted from the minimum protocol requirements as
recommended by international consensus guidelines (42) and thus are more
generalizable to non-specialist centres. However, the failure of our models to
characterize tumours in the TZ, where other groups report impressive data suggest TZ

tumours may be better classified using metabolic or spectroscopic techniques.

Since our model uses PSAd as a predictor of Gleason 4 tumour, our study affirms that
serum and imaging biomarkers can be synergistic (285). Our results are also
consistent with another group who found no additive value of TV in Gleason grade
prediction (282). In this study we chose to analyse index lesions only, to avoid
statistical clustering and because index lesions usually drive management strategy and

patient outcome (286).

One possible limitation to our study is the unbalanced nature of the PZ cohort, which is
governed by the incidence of tumours in each class. However, we used SMOTE to
control for this bias and use all of the available data. The TZ cohort was balanced
though smaller than the PZ, due to a lower natural incidence of TZ tumours, which may

account for the poorer performance of the TZ model at temporal validation.

We also focused upon the development and initial validation of LR models from a well-
characterized cohort of patients scanned in a standardized manner on a single MRI
scanner, which provided us with the optimal dataset to develop a maximally performing
model. However, whilst we also limited parameters to simple measures that may be
reproduced easily, assessment of the generalizability of our developed models by way

of large-scale external validation (e.g. at other centres), and consideration of their
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impact on patient outcome should be the subject of further work.

Conclusion

LR models combining PSAd and quantitative mp-MRI parameters outperform
experienced radiologist opinion for the prediction of Gleason pattern 4 in prostate
cancer. Whilst the PZ model maintained its performance on a temporally separated
patient cohort, the TZ model failed to do so. LR models could therefore harbour great
potential when making management decisions in the prostate cancer pathway, and
would be particularly useful to inform decisions regarding patients on active

surveillance programs.

Summary

* Quantitative metrics from mp-prostate-MRI were used to predict a Gleason 4
component in known prostate cancer.

* The value of combining multiple parameters into a predictive LR model was
also studied for the TZ and PZ separately.

*  Whilst the TZ model performed poorly at external validation, the PZ model
combining ADC, PSAd and ME outperformed the opinion of experienced

radiologists.
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6 THE INNOVATE TRIAL

Author declaration

All of the work in this chapter was conceived and written by me personally, under the

supervision of Dr. Shonit Punwani.

Introduction

Having established the best performing predictive models to determine the presence of
a Gleason pattern 4 component using conventional mp-MRI sequences, | now wish to
validate a new quantitative diffusion-weighted MRI biomarker which | hope will provide
higher levels of diagnostic accuracy than ADC. At the beginning of my research
fellowship, | made an application for ethical approval using the Integrated Research
Application System (IRAS), which was granted by the NHS Surrey Borders Research
and Ethics committee (reference 15/L0O/2099) on 23 December 2015. The trial in
which | wish to achieve this is called INNOVATE; Comblning advaNces in imagiNg with
biOmarkers for improVed diagnosis of Aggressive prosTate cancEr. The study was
funded by Prostate Cancer UK (PCUK) via the Targeted Call 2014: Translational
Research St.2 funding stream and is registered on ClinicalTrials.gov, with reference
NCT02689271(287), to improve the reporting of the trial and in accordance with the
recommendations of Andre et al. (288). The study protocol has also been published in
an open access journal (BMC cancer) (289) to increase its reproducibility, increase
transparency and decrease type | errors arising from multiple post hoc
comparisons(85). The abstract from this paper is provided below and the original paper

is provided in appendix E.

Background

Whilst multi-parametric magnetic resonance imaging (mp-MRI) has been a significant
advance in the diagnosis of prostate cancer, scanning all patients with elevated
prostate specific antigen (PSA) levels is considered too costly for widespread National
Health Service (NHS) use, as the predictive value of PSA levels for significant disease
is poor. Despite the fact that novel blood and urine tests are available which may
predict aggressive disease better than PSA, they are not routinely employed due to a
lack of clinical validity studies. Furthermore approximately 40 % of mp-MRI studies are
reported as indeterminate, which can lead to repeat examinations or unnecessary

biopsy with associated patient anxiety, discomfort, risk and additional costs.
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Methods/Design

We aim to clinically validate a panel of minimally invasive promising blood and urine
biomarkers, to better select patients that will benefit from a mp-prostate MRI. We will
then test whether the performance of the mp-MRI can be improved by the addition of
an advanced diffusion-weighted MRI technique, which uses a biophysical model to
characterise tissue microstructure called VERDICT (Vascular and Extracellular
Restricted Diffusion for Cytometry in Tumours). INNOVATE is a prospective single
centre cohort study in 365 patients. Mp-MRI will act as the reference standard for the
biomarker panel. A clinical outcome based reference standard based on biopsy, mp-
MRI and follow-up will be used for VERDICT MRI.

Discussion

We expect the combined effect of biomarkers and VERDICT MRI will improve care by
better detecting aggressive prostate cancer early and make mp-MRI before biopsy

economically viable for universal NHS adoption.
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7 VERDICT MRI AS A POTENTIAL QUANTIATIVE
IMAGING BIOMARKER FOR GLEASON GRADE
PREDICTION

Author declaration

All of the work in this chapter was conceived, written and analysed by me personally,
under the supervision of Dr. Eleftheria Panagiotaki, Professor Daniel Alexander and Dr.
Shonit Punwani. VERDICT maps were produced via an automatic fitting process using
a cloud based platform called XNAT (maintained at UCL by Ben Yvernault), which
integrates the VERDICT code of Eleftheria Panagiotaki and Elisenda Bonet-Carné.
Uran Ferizi carried out the fitting of my ROI data to produce quantitative values of
VERDICT estimates for my statistical analysis. Mrishta Brizmohun Appayya and James
O’ Callaghan scored MRI image quality with myself in consensus. Paul Bassett
reviewed the statistical methods, but did not contribute to statistical analysis. Dr
Caroline Moore and Professor Hashim Ahmed were the Urologists who performed the
targeted biopsies and Drs Alex Freeman, Charles Jameson and Marzena Ratynska

were the histopathologists who reported the biopsy specimens.

Introduction

As | discussed in chapter 1, any new biomarker requires rigorous validation to be
translated into clinical practice, which was the rationale behind the biomarker roadmap
for cancer studies (79). This document recommends that following discovery and
demonstration of feasibility, imaging biomarkers undergo technical and biological

validation and putative clinical evaluation.

In prostate cancer, biomarkers that can probe tumour aggressiveness non-invasively
are highly desirable as they may aid decision to biopsy, guide targeting to the most
aggressive tumour components, and could also prove valuable within active
surveillance programmes to monitor for changes in cancer grade. Of the currently
available imaging biomarkers, ADC is the longest established and best validated, and
as discussed in chapter 1, there is a consistent relationship of decreasing ADC as
found with increasing Gleason grade (209-219,290). ADC therefore formed part of the
best performing PZ model in chapter 5.

However, despite its merits, quantitative ADC measurements are not routinely used in
clinical practice due to lack of biological specificity (202). Recently our collaborators
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presented the feasibility of a novel Magnetic Resonance Imaging (MRI) technique
called VERDICT MRI as a quantitative microstructural imaging tool for prostate cancer
(203). VERDICT combines a DWI MRI acquisition with a mathematical model and
assigns the diffusion-weighted MR signal to three principal components: i) intracellular
water inside cells (fic) ii) water in the EES (fees) and iii) water in the microvasculature
(fuasc)- Since the fraction of each of these compartments differs between each Gleason
grade (18), VERDICT derived metrics may provide higher biological specificity than

ADC as a marker of Gleason grade.

In the present study, we compare VERDICT MRI metrics and ADC in terms of image
quality, repeatability and putative clinical value for Gleason grade differentiation. We
are specifically interested in the ability of VERDICT to discriminate between Gleason

3+3 and Gleason 4 containing lesions for reasons considered previously.

Materials and methods

Our IRB approved the study protocol and informed written consent was taken from all
study participants. The study is reported using the REMARK (83) guidelines where
applicable.

One hundred and nine patients being investigated for prostate cancer were
prospectively recruited to the INNOVATE trial for VERDICT MRI between April and
November 2016, and following patient exclusion sixty two patients were included in the
analysis. Inclusion criteria were i) clinical suspicion of prostate cancer, or ii) undergoing
active surveillance for known prostate cancer. Exclusion criteria were i) previous
treatment for prostate cancer (prostatectomy, radiotherapy, brachytherapy, ablative
therapies) ii) on-going hormonal treatment for prostate cancer and iii) biopsy within 6

months prior to mp-MRI.
Imaging data was used to form two cohorts: cohort 1, the repeatability cohort and

cohort 2, the biopsy cohort. A patient recruitment flow diagram is presented in Figure
57.
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EXCLUDED
n=135
Potentially eligible

n=23
8 refused

3 uncontactable

12 ineligible

n=112
Confirmed eligible

n=3
1 did not attend
2 voluntarily withdrew

n=109
Scanned
n=44
No repeatability or biopsy
n =65

Included in study

n=3
2 unacceptable source data
1 unacceptable image quality

n =62
Analysed

n=28
repeatability
only

n=13
repeatability and
biopsy

n=21
biopsy only

Figure 57: Patient recruitment flow diagram.

Cohort 1: Repeatability cohort

We performed a scan-rescan repeatability study of the VERDICT acquisition protocol in
41 patients. 31 of these patients were scanned without an interval between the two
scans (group A) and the remaining 10 patients were scanned with a 5-minute interval

between scans, during which time patients walked around the scanner room (group B).

Cohort 2: Biopsy cohort

Following clinical mp-MRI and VERDICT MRI, 34 patients (of whom 13/34 were also in
the repeatability cohort) with a focal prostate lesion (defined as PI-RADS 3, 4 or 5 on
standard mp-MRI) underwent targeted TPM of the index lesion, using the mp-MRI to
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guide cognitive targeted biopsy (performed by Urologists CM and HA, each with 7
years of experience of cognitive targeting biopsy). For an individual patient, 2-6 biopsy
cores were taken at the targeted biopsy site. Specialist genitourinary pathologists (AF,
CJ and MR with 13, 13 and 10 years of prostate pathology experience respectively)
reported the biopsy cores in the standard clinical fashion, to assign each biopsy core
with a Gleason score (291). As there is a particular clinical need to distinguish tumours
with a Gleason 4 component, we grouped results into three categories, namely

benign/Gleason 3+3, Gleason 3+4 and = Gleason 4+3.

Clinical mp-MRI acquisition

All patients underwent conventional mp-MRI, using either the 1.5 or 3 Tesla (T)
protocols. ADC maps produced from the clinical acquisition are hereby referred to as
ADCCLINICAL-

VERDICT MRI acquisition

VERDICT MRI was performed in all patients, either at the same time as, or within 2
weeks of original mp-MRI study. If carried out at the same time as mp-MRI, VERDICT
diffusion-weighted MRI sequences were acquired prior to DCE imaging. VERDICT
uses an optimized single shot EPI pulse-gradient spin-echo sequence (240) using five
b-values of 90-3000s/mm in 3 orthogonal directions with a range of diffusion and echo
timings designed to probe tissue microstructure. 14 slices are acquired with a 220 x
220mm field of view and a 176 x 176 reconstruction matrix to give 1.3 x 1.3 x 5mm?®
voxels with the same spatial resolution as the clinical DWI acquisition used in our
centre. Acquisition time for VERDICT totals 12min 25s, compared with 8min 27s for the

diffusion component of the clinical mp-MRI.

Diffusion gradient parameters for VERDICT MRI are provided in table 14.

b value, A/, ms TE, ms |G|, T/m Nav

s/mm?

90 23.8/3.9 50 0.0612 6
500 31.3/11.4 65 0.0443 12
1500 43.8/23.9 90 0.0320 18
2000 34.3/144 71 0.0677 18
3000 38.8/18.9 80 0.0600 18

Table 14: Diffusion gradient parameters for VERDICT MRI.

A; timing between gradient pulses, O, gradient pulse duration, |G|; gradient strength, TE; echo time, Nav;

number of averages.
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Diffusion model

The VERDICT model was fitted to the diffusion MRI data using the AMICO framework
(292), which uses linearization and convex optimization for ultrafast fitting. Maps of fic,
fees and fiasc are produced, along with the objective function map (foy;), which provides a
measure of ‘goodness-of-fit'. Voxels with an insufficient fit (defined by thresholding the
objective function at 2 SD from its expected value given the SNR of the images) were
excluded from the quantitative analysis. Since ADCcinica. Was performed at two
different field strengths and could therefore not be used in the quantitative analysis,
ADC was also fitted to the VERDICT data for comparison, hereby defined as
ADCyerpict- ADCyerpict Was produced using a Levenberg-Marquardt fit and the b= 0,
90, 500 and 1500 images, chosen since they are closest to those used for ADCcnicaL
(b=0, 150, 500 and 1000).

Image analysis

mp-MRI lesion localization

Clinical mp-MRI studies were reported by an experienced Uroradiologist (SP with 10
years of prostate mp-MRI reporting experience), and scored using the PI-RADS™
version 2 scale (61), from which pictorial reports were produced to denote the
importance, number and location of focal lesions. The most important lesion was

hereby defined as the index lesion.

Comparison of ADC¢ ncaL and VERDICT MRI image quality

Two board certified radiologists, fellows in prostate MRI (EJ and MB, both with 3 years
of experience in mp-MRI), and a postdoctoral MRI physicist (JOC) assessed the
ADCcinica. maps and VERDICT maps in consensus, along with their multi-b-value
source images for all patients (n=62), using the first acquisition for the repeatability
cohort. Overall image quality, in terms of the influence of artefacts, was scored using a
subjective 1 — 5 ordinal scale in accordance with (293,294): 1: very poor quality,
considered non-diagnostic (artefacts on all slices, scans uninterpretable), 2: poor
quality with some impairment of diagnostic quality (substantial artefacts, but still
interpretable), 3: satisfactory quality without impairment of diagnostic quality (some
artefacts present), 4: good quality (hardly any artefacts), 5: excellent quality (no
artefacts present). ADCcinicaL Was used here since image assessment was qualitative.

Images with a score of 1 were excluded from quantitative VERDICT metric analysis.
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Measurement of quantitative VERDICT and ADCygrpict metrics

VERDICT MR datasets were analysed using Osirix version 8.0 (Osirix, Bernex,
Switzerland). | manually contoured a VOI for each index lesion on the fic map, using
the clinical mp-MRI and the rest of the VERDICT maps for visual guidance. VOIs were
kept as large as possible, whilst avoiding inclusion of normal surrounding tissue.
Where possible, a standard 40mm? ROl was placed on both the normal TZ and PZ,
defined as PI-RADS 1 or 2 on clinical mp-MRI.

For the repeatability cohort, VOI/ROIs were copied onto the second acquisition and
position manually adjusted to maintain the same anatomical site as for placement on
the first acquisition. A typical example of contouring is provided in figure 58.
Quantitative mean values of ADCyerpic, fic, fees and f,asc were then extracted by fitting
the VERDICT model to the data in each voxel within the VOI/ROI.

Scan 1

Figure 58: Example of lesion contouring.

For the biopsy cohort, the mean quantitative metrics from VOIs were matched with the
Gleason grade of tumour confirmed at targeted biopsy of the lesion. The mean value of

the two metrics was used for patients in the repeatability cohort.

Statistical analysis

Data were checked for normality using the Shapiro-Wilk test. Kruskal-Wallis with post
hoc testing was performed to determine the differences between the overall image
quality of each VERDICT map and ADC.

To assess the repeatability of ADC and VERDICT metrics, in accordance with (73),
ICC (3,1) were calculated, and interpreted as: 0.0-0.20 no to slight agreement, 0.21—
0.40 fair agreement, 0.41-0.60 moderate agreement, 0.61-0.80 substantial

agreement, and 0.81-1 almost perfect agreement (243). B-A plots were also
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constructed and mean bias and the 95% limits of agreement determined for each

metric.

ANOVA with Bonferroni multiple comparisons correction was performed to determine

the differences between the three defined histopathology categories (benign/Gleason
3+3, Gleason 3+4 and = Gleason 4+3) for VERDICT and ADC parameters. ROC-AUC

was calculated for the ability of ADCyerpict and VERDICT maps to discriminate

between benign/3+3 and 3+4/24+3. Statistical significance was set at p<0.05.

Results

Patient demographic data are displayed in table 15. The mean time between VERDICT

MRI and biopsy was 82.5 days (interquartile range, IQR 42 — 124 days).

Whole cohort

Repeatability

cohort Biopsy cohort

Number of patients

Median age, IQR

Maximum PI-RADS
score:

2
3
4
5

Gleason grade:

Benign/3+3
3+4
> 4+3

62

66.3 (58.5 — 70.0)

11

18
18
15

41 34

67.1(63.0-69.7) 64.8 (58.5—70.0)

11 0
12 9
11 13
7 12
- 12
- 14
- 8

Table 15: Patient demographic data
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Image quality assessment

No significant differences were found in overall image quality between each of the

compared maps (adjusted p>0.99 for all comparisons). Results are shown in table 16.

ADC f|C fEES fvasc Comment
1: Very poor 1 1 1 1 Excluded
2: Poor 10 11 12 12
3: Fair 28 30 29 30
4: Good 21 18 18 17
5: Excellent 3 3 3 3
Mean 3.23 3.17 3.16 3.14

Table 16. Results of image quality assessment.

Note: results are number of scans for each VERDICT map scoring each level of image quality.

Metric repeatability

ICCs for ADCyerpict and VERDICT parameters (measurement 1 vs. measurement 2)
are shown in table 17 for the normal TZ and PZ (PI-RADS 1/2), and focal lesions (PI-
RADS 3, 4 or 5), for groups A and B. B-A plots are provided in figures 59 — 64.

ICC

No focal lesion TZ No focal lesion TZ No focal lesion PZ No focal lesion Pz Focallesion Focal lesion

Parameter
group A (n=29) group B (n=10) group A (n=30) group B (n=10) group A (n=18) group B (n=7)
ADCverpicr  0.99 (0.98 — 1.0) 0.83 (0.43 - 0.95) 0.77 (0.57—-0.89)  0.86 (0.50 — 0.96) 0.89 (0.74 — 0.96) 0.95 (0.76 — 0.99)
fic 0.89 (0.76 — 0.94) 0.75 (0.27 — 0.93) 0.96 (0.91-0.98)  0.94 (0.80 — 0.99) 0.92 (0.77 — 0.97) 0.76 (0.19 — 0.95)
fees 0.88 (0.76 — 0.94) 0.91 (0.68 — 0.98) 0.88 (0.77-0.94)  0.86 (0.53 -0.96) 0.86 (0.67 — 0.95) 0.56 (-0.35-0.91)
(

fuase

0.81(0.64 — 0.91)

0.47 (-0.26 — 0.83)

0.87 (0.74 — 0.94)

0.54 (-0.02 - 0.86)

0.83 (0.60 — 0.93)

0.53 (-0.13 - 0.89)

Table 17: ICCs (3,1) of ADC and VERDICT parameters

95% ClI are shown in parentheses
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B-A plots: Group A
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Figure 59. Repeatability of ADC and VERDICT parameters for the normal TZ of group A.
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Figure 60. Repeatability of ADC and VERDICT parameters for the normal PZ of group A.
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Figure 61. Repeatability of ADC and VERDICT parameters for the index lesion for group A.
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B-A plots: Group B
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Figure 62:Repeatability of ADC and VERDICT parameters for the normal TZ of group B.
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Figure 63:Repeatability of ADC and VERDICT parameters for the normal PZ of group B.
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Figure 64:Repeatability of ADC and VERDICT parameters for the index lesion for group B.

Correlation with Gleason grade

The distribution of ADCyerpict and VERDICT parameters in each Gleason grade group

are shown in figure 65, with their values provided in table 18.
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Figure 65:Box and whisker plots showing the distribution of ADCverpictr and VERDICT parameter

values in each Gleason grade group

Corrected p-values following Bonferroni-corrected ANOVA are indicated.
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Parameter No focal lesion Focal lesion: Focal lesion: Focal lesion:
benign/3+3 3+4 > 4+3

ADC 1.44 +0.18 142 +£0.22 1.21+0.16 1.11 £ 0.07

fic 0.15+0.13 0.33+0.18 0.50+0.14 0.53+0.12

fees 0.57 £0.13 0.49+0.14 0.40+0.13 0.27 £ 0.07

fuasc 0.28 +£0.10 0.19+0.15 0.12 £ 0.09 0.20 £ 0.11

Table 18: Distribution of ADC and VERDICT parameters in each Gleason grade group.

Parameters are expressed as mean + SD.

ROC-AUC for the ability of ADCyerpict and VERDICT parameters to distinguish

benign/3+3 vs. 3+4/24+3 are shown in figure 66.
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Figure 66.ROC curves and their AUC values for ADCverpict and VERDICT maps, to distinguish
benign/3+3 vs. 3+4/24+3.

Discussion

After its initial conception and subsequent development in a murine model at 9.4 Tesla
(T)(205), VERDICT was first tested in human subjects at 3T in an 8 patient pilot study
in prostate cancer(203). The aim of the present study was to formally develop its use
as a potential biomarker for Gleason grade prediction in prostate cancer in line with the
imaging biomarker roadmap(79). As a first step in biomarker validation | evaluated the

repeatability of the VERDICT MRI parameter maps and assessed image quality (vs.
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ADCcpinical) in the normal and cancerous prostate.

Since VERDICT images have the same voxel size as ADCcpinicaL, the spatial resolution
of VERDICT MRI parametric maps and standard ADC maps is equivalent. To our
knowledge, there are two studies concerning image quality in mp-prostate MRI which
have used a similar 5-point scale to assess the overall image quality of ADC images
(293,294). These studies showed a mean image quality of 3.18 and 3.03 out of 5
respectively, meaning our ADC and VERDICT images (3.16 — 3.23) were comparable
to those found in the literature. The fact that we found no significant difference in image
quality between ADC and VERDICT maps was unsurprising since VERDICT MRI
utilises echo-planar-based sequences in the same way as the standard DWI

acquisition, and therefore is susceptible to the same causes of image artefact.

In terms of metric repeatability, ADC demonstrated ‘almost perfect’ repeatability in all
but one case (normal PZ) where agreement was ‘substantial’. In comparison with the
literature, our ADC measurements are slightly more precise compared to those of
Gibbs et al. who showed an ADC variation of 13 - 17% in the immediate term and 20 -
25% in scans separated by a month (295), we found around 5-15% variation. We have
also shown that fic and fges have comparable levels of repeatability vs. ADC, with fic
demonstrating almost perfect repeatability in all but two cases (where agreement was
‘substantial’) and fegs with ‘almost perfect’ repeatability in all but one case where
agreement was ‘moderate’. As could be expected, interval scans demonstrated lower
levels of repeatability than immediate scans, which could be due to greater difference
in the histological content of each voxel between the two scans and the lower sample
size of group B increasing the influence of outliers. Of all VERDICT metric maps, the
lowest levels of repeatability were observed in the f,.sc map, which is likely to arise from
relatively low values of vascular fraction within tissue leading to increased relative
noise. Additionally, we found that f,.sc was the least useful predictor of Gleason grade,

which may arise from its limited repeatability.

The repeatability of all VERDICT parameters compares favourably with other diffusion
models in prostate cancer. For example, one group (296) compared the repeatability of
ADC with parameter estimates from stretched exponential, DKI and biexponential
models in the human prostate with scans separated by a mean interval of 2 days
(range 1 — 22), and found that whilst monoexponential fits and DKI achieved ICCs of
around 0.75, the repeatability of stretched exponential and biexponential parameters
was approximately 0.25. Similarly, another group of investigators showed the ICCs of
D* and f from IVIM, and a from stretched exponential to be 0.25, 0.42 and 0.64
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respectively, even when calculated from two sets of identical b-values performed in a

single acquisition (297).

Our study also demonstrated putative clinical value of VERDICT MRI, showing that fic
was able to better distinguish between Gleason grades vs. ADCygrpict. In particular fic
could better distinguish a secondary pattern 4 component from benign/3+3 in a focal
prostate lesion, and also showed higher ROC-AUC than ADC for benign/3+3 vs. 23+4.
Given the clinical importance of this distinction, there could be multiple potential clinical
applications for VERDICT in prostate cancer management once fully validated as an
imaging biomarker. Such applications include the non-invasive monitoring of patients
for progression whilst on active surveillance, appropriately avoiding or triggering

prostate biopsies and risk-stratifying patients to make treatment decisions.

One of the main limitations of this study is the relatively low number of interval
repeatability scans, at 10 patients. However, other similar studies have had 8 or fewer
subjects (295), which emphasizes that interval repeatability examinations are difficult to
perform given the time limitations of clinical workflows. Secondly, since clinical mp-MRI
was often performed on a different scanner to the VERDICT acquisition, ADCc_nicaL
could not be used in quantitative analysis, meaning ADCyerpict Was used instead.
However, ADCyerpict Was selected to have similar b-values and also has comparable
acquisition parameters to the ADCc nicaL- Additionally, as a single scanner study, the
next step in validation should be to test reproducibility across multiple scanners and
institutions (79).

Whilst we have used targeted biopsy to avoid potential sampling errors inherent with
TRUS biopsy (69); the biological interpretation of VERIDCT parameters estimates
remains unconfirmed due to the simplicity of the mathematical tissue model, whereby
direct comparisons with histology are required to establish the extent to which they
reflect their target quantities. For example, f,.sc may not provide a reliable estimate of
vascular volume fraction, because of model assumptions e.g. fixed intrinsic diffusivity.
As a subject of further work, our group therefore wishes to use apparatus which
accurately register MRI to histological slices (280 - appendix E) to biologically validate
VERDICT maps.
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Conclusion

VERDICT MRI derived metrics are similar to ADC in image quality and repeatability,
but we showed early indications of improved estimation of prostate cancer Gleason
grade. With further work, VERDICT metrics could be combined in predictive models
such as that provided in chapter 5 to better predict Gleason grade in prostate cancer

non-invasively.

Summary

* VERDICT MRI has shown significant promise for estimating tissue
microstructure in the preclinical setting and in a prostate cancer pilot study.

* Prior to translation into clinical practice, VERDICT requires further validation
according to the imaging biomarker roadmap for cancer studies, which was the
focus of this chapter.

* VERDICT maps were shown to have similar image quality and repeatability vs.
ADC, but showed early indications of improved ability to estimate Gleason
grade, and in particular a Gleason 4 component.

* With further validation, VERDICT MRI could prove to be a useful clinical tool for

non-invasive Gleason grade estimation.
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8 WHOLE-BODY MRI AS A STAGING MODALITY IN
PRIMARY PROSTATE CANCER

Author declaration

All of the work in this chapter was conceived, written and analysed by me personally,
under the supervision of Dr. Shonit Punwani. Ethical approval and the first half of
patient recruitment were carried out by Dr Arash Latifoltojar (Bromley National
Research Ethics Committee reference 12/LO/0428), whilst | carried out the second half
of patient recruitment. Drs. Arash Latifoltojar and Alan Bainbridge developed the
scanning protocol. Drs Harbir Sidhu and Navin Ramachandran reported the clinical
scans during reporting sessions during which time Case Report Forms (CRFs) were

filled in by myself.

Introduction

Having developed biomarkers that can better discriminate aggressive tumours within
the prostate itself, | now wish to consider whether mp-WB-MRI can be used to
accurately detect and stage extraprostatic disease, for purposes of further

prognostication.

As | discussed in chapter 1, patient survival in intermediate and high-risk prostate
cancer depends heavily on ‘TNM’ stage (100) and therefore accurate cancer staging
underpins all prognostication and management decisions. Despite the emergence of a
number of imaging platforms for this purpose, the mainstay of imaging-based staging
decisions are still dependent upon BS +/- pelvic CT, as supported by at least eight
international guidelines (111). Whilst such modalities are simple to implement, their
performance characteristics are limited (112,113), and have not been fully addressed
by the inception of choline PET/CT.

Whole body (WB)-MRI is a promising alternative, whereby reported performance is
comparable to choline PET/CT in a number of early studies (131,145,299-301) yet has
higher spatial and contrast resolution than PET, does not use ionising radiation and
can be performed as a ‘one stop’ examination in combination with mp-MRI. However,
its interobserver agreement has only been reported in a single study, further
assessment of diagnostic accuracy would be welcome (especially using a robust

reference standard) and the optimal balance of pulse sequences which can achieve
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acceptable levels of diagnostic accuracy within a clinically acceptable time frame has

not been established.

The purpose of the present study is to determine the interobserver concordance of mp-
WB-MRI and compare lesion distribution and intermodality concordance with BS and
PET/CT for the primary staging of intermediate and high-risk prostate cancer. The
diagnostic accuracy of each modality will also be assessed using a one-year follow-up
mp-WB-MRI based reference standard and a locked sequential read (LSR) paradigm

to determine the additive value of each MRI sequence.

Materials and Methods

Our IRB approved this prospective single centre study. Informed written consent was
obtained from each participant, whereby 56 consecutive men (mean age 67.9 years,
range 51.9 — 84.4) were identified at Multidisciplinary Team (MDT) meetings between
July 2012 and November 2015. Inclusion criteria were i) men aged 18 or over ii) new
diagnosis of intermediate or high-risk prostate cancer, as defined by the D’Amico
criteria (302). Exclusion criteria were i) contraindications to MRI e.g. severe
claustrophobia or MR unsafe device ii) prior therapy for prostate cancer iii) men unable

to provide informed consent. A recruitment flow diagram is shown in Figure 67.
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Eligible for study

n=64

Excluded n=7
6 refused
1 claustrophobic

WB-MRI
n=57

Excluded n=1
No BS

Included in study
n=56

PET/CT BS
n=33 n=56

Follow-up WB-MRI
n=29

WB-MRI + BS +
PET/CT + follow up |«
WB-MRI n=16

Figure 67. Patient recruitment flow diagram.

BS = Bone scan

Standard imaging comprised BS in all patients +/- '®F-choline-PET/CT in 33 patients.
The decision to perform a '®F-choline-PET/CT was made on a case-by-case basis
whereby the risk of extraprostatic disease was considered to be high at
multidisciplinary team (MDT) discussion. WB-MRI was performed within a mean of 15.9
days (range 0 — 49) of BS.

Multi-parametric WB-MRI Protocol

All patients were imaged on a 3.0 Tesla wide bore system (Ingenia, Philips, Best, NL),
with WB coverage from vertex to feet using a 6 station acquisition, a head coil, two
anterior surface coils and table-embedded posterior coils. A coronal pre-contrast
mDixon, axial T2W TSE and axial DWI with body signal suppression at 4 b-values (b0,
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b100, 300 and 1000) were performed, from which an ADC map was constructed. Post-
contrast mDixon imaging was then carried out following a 20ml injection of intravenous
gadoterate meglumine (Dotarem®, Guebert, France) (Figure 68). Full acquisition
parameters are provided in table 19. Images were prepared for review by combining
multiple stacks into single datasets using the scanner workstation for mDixon images

(figure 65) and Osirix version 7.0 (Bernex, Switzerland) for axial images.

Figure 68. Stitched WB post-contrast WB-mDixon
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mDixon (pre- and  DWI (b=0, 100,
T2W-TSE  ost-contrast) 300, 1000s/mm?)
Imaging plane Transverse  Coronal Transverse
TE (ms) 80 1-02/1-8 71
TR (ms) 1228 3-0 6371
FOV (mm*mm) 500*300 502*300 500*306
Voxel size (mm*mm) 1*1 2-1*21 4*4-2
Number of slices 40 120 40
Slice thickness (mm) 5 5 5
Acquisition matrix 500*286 144*238 124*72
ETL 91 2 39
Acceleration factor 2 2 2-5
Pixel bandwidth (Hz) 537 1992 3369
Scan time (min) 15.2 55x2 47

Table 19. WB-MRI acquisition parameters

¥MT¢ scintigraphy protocol

WB imaging was performed in all patients, using anterior and posterior views, 256 x
1024 matrix and energy window(s) of 140 KeV, 2 — 4 hours after a single injection of

Tc®m-methylene diphosphonate (MDP).

Choline PET/CT protocol

33 patients underwent '®F-choline-PET/CT on an integrated 64-slice scanner
(Discovery VCT; GE Healthcare) from vertex to mid thigh, 60min after an intravenous
injection of '®F-fluoro-ethyl-choline tracer (198—410 MBq; average activity, 327.4 MBq).
A low-dose, unenhanced CT scan was initially performed for attenuation correction and
image fusion at 120 keV and 10mA (couch movement 0.8 s and 30 mm per rotation).
WB-PET emission images were then acquired and reconstructed using the Hounsfield

units from the CT to a resolution of 128 x 128 with 5mm slice thickness.

Follow-up WB-MRI

Patients were invited to attend a follow-up WB-MRI 1 year after their initial scan — using
the same acquisition protocol — to inform the reference standard. 29 patients attended
in total. Of the 27 who did not attend, two patients died, 9 were lost to follow-up and 16
declined a second attendance. WB-MRI was chosen as the follow up test due to the
limited performance characteristics of BS and CT and ionizing radiation associated with
choline PET/CT.
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BS and PET/CT image review

Nuclear medicine physicians reviewed the BS and "®F-choline-PET/CT staging studies
as part of their standard clinical care using GE Advantage workstations. Disease
positivity was defined as accumulation of radiotracer, greater than the surrounding

background and incompatible with normal physiological activity.

WB-MRI review

Two board certified radiologists (NR with 12 years experience, HS with 9 years
experience) independently reviewed anonymised MR datasets using an Osirix
workstation (v. 7.0 Pixmeo, Bernex, Switzerland), aware of the presenting PSA level

only and blinded to all other clinical and imaging results.

The body was divided into 9 nodal regions (external iliac, internal iliac, common iliac,
paraaortic, presacral, other abdominal, inguinal, thoracic and neck) using standard
anatomic definitions. 10 skeletal sites were assessed for the presence of disease
(skull, cervical spine, thoracic spine, lumbar spine, pelvis, sternum, clavicle/scapula,
ribs, upper limb and lower limb), as were 8 soft tissue sites (brain, lung, pleura, liver,
adrenal, mesenteric, soft tissue and other). Scans were reviewed using a locked
sequential read (LSR) paradigm, whereby each radiologist initially reviewed the
mDixon and DWI and scored the suspicion of disease at each site using a 1 — 6 ordinal
scale (1; definitely not present, 2; probably not present, 3; possibly not present, 4;
possibly present, 5; probably present, 6; definitely present) for each disease site,
according to the ‘TNM’ 7" edition staging system (NO/N1, M1a/M1b/M1c). T2W images
were then revealed and sites re-scored. Lastly, post-contrast mDixon was revealed and
a final mp-MRI score assigned. The time to report WB-MRI studies was recorded for
both readers. Where discordancy arose between the two radiologists, a third board
certified radiologist with 12 years experience (SP) adjudicated and rescored discordant

sites using all available MR images, also aware of the PSA level only.

Derivation of reference standard

The third board certified radiologist then independently reviewed follow-up WB-MRIs in
combination with clinical information at the time of the scan to assign patients into the

following categories using the definitions below:
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True positive (TP) sites: i) Lesion on WB-MRI (defined as suspicion level 4/5/6) which
is BS and "®F-choline-PET/CT positive (if performed). Follow up WB-MRI (if performed)
also demonstrates lesion progression without systemic therapy, decrease with
systemic therapy, or new lesions. ii) Lesion on WB-MRI which is BS or PET/CT
negative (if performed) but progresses on WB MRI follow up without systemic therapy,

decreases with systemic therapy, or new lesions identified.

True negative (TN) sites: No lesion on WB MRI (defined as suspicion level 1/2/3) or BS
or PET/CT, unchanged at follow up and without evidence of biochemical failure, as per
the Phoenix definition (303).

False positive (FP) sites: Lesion on WB-MRI that was BS or PET/CT negative and

unchanged at follow-up up. No evidence of biochemical failure.

False negative (FN) sites: No lesion on WB MRI but positive BS or PET/CT, which

increased without, or decreased in size with systemic therapy at follow-up.

Statistical analysis

Data were analysed using SPSS Statistics version 23 (2015, IBM, NY, USA). The

following statistics were calculated:

1. The distribution of positive lesions for each staging modality (BS,
PET/CT and WB-MRI) for local nodal and metastatic disease using the
‘TNM’ classification. Percentages were recorded i) for all patients
(n=56), ii) for patients undergoing PET/CT (n=33).

2. The interreader agreement of WB-MRI (n=56) and agreement between
WB-MRI and BS (n=56) and PET/CT (n=33) were assessed using «
statistics, interpreted according to Landis and Koch (243), whereby < 0
indicates no agreement, 0-0.20; slight, 0.21-0.40; fair, 0.41-0.60;
moderate, 0.61-0.80; substantial and 0.81-1 as almost perfect

agreement.

3. ROC-AUC was calculated for both WB-MRI readers following each
component of the LSR, applying thresholds for each level of suspicion (1
— 6) vs. the reference standard. Differences in ROC-AUC values were

assessed according to (304), using a significance level of p <0.05. 29
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Results

patients underwent follow-up MRI. Four patients with suspected bone
metastases on WB-MRI without follow-up had a concordant BS, to give
n=33 patients. Two patients and one patient with suspected N1 and M1a
disease on WB-MRI respectively had a concordant PET/CT, to give
n=31 and 30. Youden’s index (305) was used to determine the optimal
cut-off of the ROC curve, and thus provide the highest combination of

sensitivity and specificity.

The sensitivity, specificity positive (PPV) and negative (NPV) predictive
values were then determined at each ‘TNM’ stage for the BS, PET/CT
and WB-MRI against the reference standard. The simplest combination
of LSR that gives no statistically significant difference in ROC-AUC wiill
be used for further analysis. Here, a comparison was made between
patients with the reference standard, who also underwent initial staging
PET/CT. Group sizes were n=18, 17 and 18 for NO/N1, MO/M1a and
MO/M1b respectively.

56 patients had a median PSA of 20.05 (IQR 10.07 — 61.20). 50 patients were ‘high-

risk’ and 6 patients ‘intermediate-risk’. Maximum Gleason score was 3+3 for two

patients, 3+4 for nineteen patients, 4+3 for fourteen patients, 4+4 for five patients, 4+5

for thirteen patients and 5+5 for one patient. The mean time of radiologists to report

each component of the LSR was 15 min for mDixon + DWI, 6.5 min for T2W and 4 min

for post-contrast scans.

The distribution of disease for each staging modality (BS, "®F-choline-PET/CT and WB-

MRI) is presented in table 20. No suspicious lesions (3/4/5) were identified below the

mid thigh level on any staging modality. Two cases had suspicious lesions in the neck

and thoracic spine; otherwise no disease was identified above the diaphragm.

170



BS

PET/CT

WB-MRI

NO

N1

MO

M1a

M1b

M1c

30/33 (90.9%)

43/56 (76.8%)

3/33 (9.1%)

13/56 (23.2%)

23/33 (69.7%)

10/33 (30.3%)

22/33 (66.7%)

7/33 (21.2%)

6/33 (18.2%)

0/33 (0%)

26/33 (78.8%)

44/56 (78.6%)

7/33 (21.2%)

13/56 (23.2%)

24/33 (72.7%)

38/56 (67.9%)

3/33 (9.1%)

6/56 (10.7%)

8/33 (24.2%)

16/56 (28.6%)

0/33 (0%)

0/56 (0%)

Table 20. Distribution of lesions on each staging modality.

No lesions were detected on BS or WB-MRI outside of the PET field of view. Example

image comparisons between WB-MRI, PET/CT and BS are shown in figures 69 and

70.
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Figure 69. True positive WB-MRI, false negative PET/CT and BS.

Top left: Negative bone scan, Top right: positive "8F-choline PET/CT showing a metastasis at the right
inferior pubic ramus (white arrow), Bottom left: visible metastasis on T2W T2 TSE, Bottom right: visible
metastasis on b=1000s/mm?

Figure 70. True positive WB-MRI and PET/CT, false negative BS.

Top: Axial T2W TSE with fused b=1 000s/mm’ showing a metastasis at the left iliac bone (white arrow),
middle: negative bone scan, bottom: negative "8F-choline PET/CT.
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Concordance statistics (k) between WB-MRI readers; between WB-MRI consensus vs.

bone scan; and WB-MRI consensus vs. '®F-choline-PET/CT are presented in table 21.

Local nodes Metastatic Metastatic
(N1) nodes (M1a) bones (M1b)
Interobserver concordance 0.79 0.68 0.58
for WB-MRI (n=56)
Concordance of WB-MRI vs. - - 0.68
BS (n=56)
Concordance of WB-MRI vs. 0.77 0.37 0.64

PET/CT (n=33)

Table 21. Interobserver and intermodality concordance.

ROC-AUC statistics for TNM’-based nodal and metastatic status following each part of

the LSR are presented in table 22 against the follow-up based reference standard.

NO/N1 (n=31) M1a (n=30) M1b (n=33) Mean
Reader 1
mDixon + DWI 0.97 (0.91 —1.00) 0.99 (0.96 —1.00) 0.86 (0.72 —1.00) 0.94
+ T2W 0.98 (0.94-1.00) 0.99(0.95-1.00) 0.93(0.84 —1.00) 0.96
+ contrast 0.98 (0.94-1.00) 0.97 (0.91-1.00) 0.90(0.76 —1.00) 0.95
Reader 2
mDixon + DWI 0.94 (0.81 —1.00) 0.87 (0.60-1.00) 0.86 (0.73 —1.00) 0.89
+ T2W 0.94 (0.82-1.00) 0.87(0.60—1.00) 0.94(0.83 —1.00) 0.91
+ contrast 0.94 (0.82-1.00) 0.87(0.60—1.00) 0.93(0.82 —1.00) 0.91

Table 22. ROC-AUC for each component of the LSR

No significant differences were detected between the mean ROC-AUC for each
component of the LSR (p<0.05), so the simplest WB-MRI combination was chosen for
further analysis (DWI + mDixon). Youden’s index confirmed the optimal cutoff of the
ROC-AUC was 24 in all cases. The sensitivity and specificity for BS, '®F-choline-
choline PET CT and WB-MRI were therefore calculated using a threshold of 24 as
positive against the follow-up reference standard. Results are displayed in table 23,

along with their numerators and denominators.
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N1(n=18) _ M1a(n=17) __ M1ib (n=18)
BS
Sensitivity
itivi - ; 0.60 (3/5)
Specificity 1.00 (13/13)
PPV
i 1.00 (3/3)
0.87 (13/15)
PET/CT
gegi:]ﬁ:‘éﬁy 1.00 (7/7) 0.75 (3/4) 0.80 (4/5)
Speciiolty 0.82 (9/11) 092 (12/13)  0.92 (12/13)
v 0.77 (7/9)  0.75 (3/4) 0.80 (4/5)
1.00 (9/9) 092 (12/13)  0.92 (12/13)
WB-MRI: Reader 1
3922:22:? 1.00 (7/7) 1.00 (4/4) 0.80 (4/5)
Speciiolty 0.91(10/11)  0.85(11/13)  1.00 (13/13)
v 0.88(7/8)  0.67 (4/6) 1.00 (4/4)
1.00 (10/10)  1.00 (11/11)  0.93 (13/14)
\éveixs:t Reader2 4 09 (7/7) 0.50 (2/4) 1.00 (5/5)
Sonetv 1.00 (11/11)  1.00 (13/13)  0.76 (10/13)
ng y 1.00 (7/7) 1.00 (2/2) 0.62 (5/8)
iy 1.00 (11/11)  0.86 (13/2) 1.00 (10/10)
WB-MRI: Mean
Sensitivity 1.00 0.75 0.90
Specificity 0.96 0.93 0.88
PPV 0.94 0.83 0.81
NPV 1.00 0.93 0.97

Table 23. Performance characteristics of BS, PET/CT and WB-MRI.

Discussion

The results from this study show that both WB-MRI and "®F-choline-PET/CT detected
more positive bony metastatic (M1b) lesions than BS with 8, 6 and 3 positive lesions
respectively. Indeed, for M1b disease, WB-MRI was shown to have the highest
sensitivity of all modalities: 0.90 vs. 0.80 for '®F-choline-PET/CT and 0.60 for BS with
specificities of 0.88, 0.92 and 1.00 respectively. A meta-analysis which compared the
diagnostic accuracy of BS, "®F-choline-PET/CT and WB-MRI for the detection of bone
metastases confirmed superior sensitivity of cross sectional imaging over BS with
respective pooled sensitivities and specificities of 0.97/0.95, 0.91/0.99, and 0.79/0.82
for WB-MRI, "®F-choline-PET/CT and BS (112). This high sensitivity is likely explained

by the sensitivity of DWI sequences to small changes in tissue microstructure, which
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can be detected in the early cellular phase of a metastasis, before a sclerotic reaction
has been effected (306).

Our results also show high and very similar sensitivities/specificities of WB-MRI and
PET/CT for detection of nodal disease, with values of 1.00/0.96 and 1.00/0.82 for N1
disease and 0.75/0.93 and 0.75/0.92 for M1a disease respectively. In this way, both
modalities appear more accurate than conventional CT, with meta-analysis (113)
reporting pooled sensitivities and specificities of 0.42/0.82, in comparison with
0.49/0.95 for choline PET/CT (115). WB-MRI studies which incorporate diffusion into
scanning protocols report a variable sensitivity ranging from 0.17(136) to 0.73(137).
Whilst both of these studies used extended ePLND as the reference standard, the
study with the lower sensitivity selected b-values of 0 and 100s/mm? which
emphasizes the need for optimised scanning technique. In concordance with the
findings of our study, the specificity of WB-MRI for nodal detection is thought to be
high, with a limited number of studies quoting values ranging from 86%(137) to
98%(139).

The LSR paradigm allowed the incremental value of additional sequences to be
assessed, whereby adding T2W and post-contrast mDixon sequences did not improve
ROC-AUC significantly. These results can be used to improve the efficiency of WB-
MRI in research and clinical practice. For example, performing mDixon + DWI would
save 10min of reporting time; 20min scan time and avoid the need for cannulation and
Gadolinium administration. Furthermore, as suggested by MET-RADS-P (307), use of
2 b-values rather than 4 could be sufficient - especially for primary staging purposes,
which would reduce scan time by a further 25 min. In these consensus guidelines
based on expert opinion, WB-Dixon and DWI combined with whole spine T1 and STIR

were recommended, meaning our findings support a similar scanning protocol.

Complete coverage of the body has been both suggested (144,307) and deemed
unnecessary (145), perhaps exacerbated by uncertainty regarding disease distribution
in the PSA screening era. Since no lesions were detected below the knee or
extravertebral lesions above the diaphragm, including the below the knee may be
unnecessary and a spinal MRI above the diaphragm may be satisfactory, which is in
keeping with the findings of another study (145). Here, in all 60 patients with high-risk
prostate cancer, it was shown that peripheral metastases always occurred in
combination vertebral metastases, and that no metastases were seen below the knee.
With further confirmatory work, scanning the abdomen, pelvis and femora using

mDixon and DWI at 2 b-values paired with a whole spine MRI as a routine staging

175



examination would have approximately 700 images, vs. 12 000 images per patient in
the present study. Reducing number of images is also likely to improve interobserver
concordance, which was ‘substantial’ for N1 and M1a disease (k=0.79 and 0.68

respectively), but ‘moderate’ for M1b (0.58).

The limitations of this study include patient number, its single centre nature and a low
number of positive cases. Whilst incorporation bias likely gave rise to the high values of
sensitivity and specificity (vs. PLND as a nodal reference standard), it would not have
been practical or ethically acceptable to perform nodal dissection for the purposes of

the study, and selecting patients who are undergoing PLND would incur spectrum bias.

We chose to use a reference standard that was based around follow-up MRI, rather
than best value comparator (BVC) alternatives that rely upon other imaging tests with
limited performance characteristics. Whilst TP were assigned without follow-up imaging
when BS and MRI were concordant due to the high specificity of BS in the context of
prostate cancer, we did not assign TN without MRI follow-up, since genuine lack of
sensitivity i.e. FN results on both modalities is also possible. Another potential strength
of the scanning protocol was its vertex-to-feet nature enabling direct comparison with
BS, and assessment for possible lesions outside of the field-of-view for PET/CT.
Whole-body cross-sectional studies regarding disease distribution in the PSA
screening era are also welcome since the disease distribution in prostate cancer was
best characterised by an autopsy study prior to PSA screening, which did not routinely

examine the peripheral skeleton (97).

Further work should be carried out in multicentre trials where economic and clinical
utility could also be considered. Since prostate-specific membrane antigen (PSMA)
PET-CT is gaining popularity as a staging tool (308-310), a similar study comparing
the diagnostic accuracy of modalities would also be of significant interest, but could not
be performed for the present study since PSMA was not available in the UK until 2016.
Indeed the findings of this study are not limited to WB-MRI, and could be used to

inform rational PET-MRI protocols, or design dedicated similar studies for this purpose.

Conclusion

WB-MRI provides high levels of interobserver concordance, intermodality concordance
and diagnostic accuracy for both nodal and metastatic bone disease, with higher levels
of sensitivity than BS for metastatic disease, and similar performance to PET/CT

overall. T2W and post contrast mDixon also have no significant additive value above
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mDixon and DWI alone.

Summary

* The primary staging of extraprostatic disease is an important clinical problem
but currently hinges upon the inaccurate techniques of CT and BS.

* In this chapter, the interobserver concordance and diagnostic accuracy of WB-
MRI was assessed for comparison with BS and choline PET/CT.

* The interobserver concordance of WB-MRI was shown to be high.

* Diagnostic accuracy (sensitivity, specificity, PPV and NPV) levels of WB-MRI
were very similar to PET/CT, and could be achieved using a protocol comprised

of T1W Dixon and DWI sequences alone.
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9 WHOLE BODY MRI AS A STAGING MODALITY IN
BIOCHEMICAL FAILURE FOLLOWING RADICAL
PROSTATECTOMY

Author declaration

PROPS is a multicentre, multinational study based at 10 sites over 3 continents. UK
ethical permission was carried out by Dr Sue Chua at the Royal Marsden Hospital
(REC London — Chelsea, reference 14/L0O/1587). Patients were recruited locally at
each site. Scanning protocols at all sites were optimised Dr Alan Bainbridge and
myself. All of the work in this chapter was conceived, written and statistically analysed
by me peronally, under the supervision of Dr. Shonit Punwani. Drs. Shonit Punwani,
Harbir Sidhu and Nina Tunariu acted as the MRI readers and completed the MRI
CRFs. Prof. Rod Hicks, from Peter McCallum Cancer Centre completed the central
PET reads.

Introduction

Having established that WB-MRI achieved high levels of diagnostic accuracy
achievable using T1W and DWI in the context of primary prostate cancer, | wish to
apply a similar scanning protocol to stage suspected recurrence following radical

prostatectomy (RP), as this remains essentially undefined.

Staging in this context represents an unmet clinical need because whilst biochemical
failure is defined by the American Urological Association as a PSA=0.2 with a
subsequent confirmatory PSA of 20.2ng/ml (311), BS and CT are unlikely to be positive
until PSA levels exceed 10ng/ml (312,313) and choline PET/CT is only sensitive when
PSA levels exceed 1.0 - 5ng/mi(314,315). More sensitive imaging techniques that can
detect the site of recurrence would we welcome and could rationalise clinical
management in the 20 — 40 % of patients that develop suspected recurrence in this
context (316). For example, salvage radiotherapy (RT) may be targeted to the site of
local or nodal recurrence, or avoided in the case of extrapelvic metastatic disease.
Specifically, higher sensitivity may be achieved by whole-body DWI which commonly
has an in plane spatial resolution of 1- 2mm vs. PET which is limited to 5mm

isotropically (121).
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Whilst multicentre trials provide a higher level of evidence than single centre studies
(81),considerations regarding image quality in WB-MRI have not yet been reported,

and its interobserver agreement in suspected recurrence remains uncertain (317).

The aim of the present study is to evaluate the image quality, interobserver agreement
and diagnostic accuracy of WB-MRI in the context of biochemical failure following
radical prostatectomy in a multicentre, multinational study carried out over 3 continents
(Australia, USA and Europe).

Materials and methods

This prospective multicentre, multinational cohort study was carried out at seven sites
between September 2014 and February 2017. IRBs based in each country (Australia,
Canada, United Kingdom) granted ethical approval of the study protocol. Patients were
identified in range of settings including MDT meetings, outpatient clinics and through
patient referrals for imaging studies. Written informed consent was obtained for each
participant. 86 men with a median age of 65.2 (IQR 56.6 — 71.1) were consecutively

selected.

Inclusion criteria were: i) men with suspected recurrent prostate cancer following
previous radical prostatectomy ii) being considered for salvage radiotherapy iii) *"Tc
bone scan and abdominopelvic CT within 12 weeks of enrolment negative or equivocal
for metastatic disease in bone, viscera or lymph nodes iv) NO or NX on basis of original
prostatectomy v) PSA = 0.2ng/mL vi) Documented PSA rise measured on 3 occasions
vii) at least one adverse feature of: current PSA > 1.0, initial Gleason Grade > 8,
positive surgical margin, pT3b, PSA doubling time (PSAdt) < 10 months. Exclusion
criteria were: i) significant sarcomatoid or spindle cell or neuroendocrine small cell
components ii) proven metastatic disease iii) evidence of unequivocal disease outside
the prostate bed on conventional imaging iv) refusing salvage prostate bed

radiotherapy v) ADT within 6 months prior to enrolment.
A paired study design was implemented, whereby patients underwent both "®F-FCH

PET/CT and WB-MRI examinations. The diagnostic accuracy of choline PET/CT was

the primary outcome measure and will be reported separately.
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WB-MRI protocol

All patients underwent mDixon or T1W and axial DWI at 1.5 or 3 Tesla (T) using
gradients of b=50 and 1000 s/mm?. Coverage was from skull base to mid thighs for
both sequences. For T1WI, precontrast fat saturated volume interpolated GE imaging
(3D) was performed and a Dixon based technique was preferred. Imaging was
performed either in the coronal plane using an isotropic image resolution of 2 or 3 mm
adjusted to allow a maximum breath-hold time for acquisition time of 20s per station, or
in the axial plane with a 5mm slice thickness. For DWI, any fat saturation technique
could be used with a slice thickness of 5 to 7mm. Full details of MR scanners and

acquisition protocols are provided in tables 24 to 26.

Site  Field strength (T) Manufacturer Model Number of scans
1 1.5 Siemens Aera 20

2 3 Siemens Skyra 16

3 3 Siemens Biograph 13

6 1.5 Philips Ingenia 9

7 3 Siemens Trio tim 8

9 1.5 Siemens Aera 1

10 3 Siemens Skyra 19

Table 24. Details of machines and scans performed at each site.

Site Plane Sequence S Slicemm SSmm TR(ms) TE(ms) FA BW (Hz/p) AM RM Pixel spacing FoV (cm) PE Time (min)
1 Coronal Dixon 3 2 2.2 6.23 2.39/4.77 10 605 192 x 134 175x497 2.19x2.19 42x105 Row 6
2 Axial Dixon 3 5 5 3.86 1.23/2.46 9 1085 256x230 258x735 1.56x1.56 40x 115 Row 6
3 Coronal Dixon 3 3 3.1 3.6 1.23/2.46 10 965 192x 192 192x430 1.98x1.98 50x112 Row 9
6 Coronal Dixon 3 3 1.5 6.23 2.39/4.77 15 618 280x 277 560x 560 0.99x0.99 55x 100 Row 7
7 Coronal T1 2 3 3 4.28 2.45 11 651 256 x243 256x483 1.95x1.95 50 x 94 Row 5
9 Coronal Dixon 2 2.8 2.8 7.63 2.39/4.77 14 400 160x 120 160x375 2.81x2.81 45x 105 Row 7
10 Coronal Dixon 3 2 2 4.02 2.46/1.23 9 750 256 x 256 258x 610 1.88x1.88 50x110 Row 8
Table 25. MR acquisition protocols performed for T1WI.
S =number of stations, SS = slice spacing, AM = acquisition matrix, RM = reconstruction matrix, PE =
phase encode direction.
Site Stations Slicemm SS TI TR TE FA ETL BW (Hz/p) AM RM Pixel spacing FoV (cm) NEX PE FS Time (min)
1 4 5 5 180 13400 69 90 55 2300 128x128 384x384 1.68x1.68 43x43 2 Col STR 20
2 3 5 5 230 18900 60 90 48 2055 128x128 192x192 2.03x2.03 40x40 2 Col STR 18
3 4 6 6.6 220 13500 78 90 1 2131 138x136 276x272 1.38x1.38 38x38 4 Col STR 44
6 4 6 6 180 7754 92 90 77 2079 169x164 336x336 1.48x1.48 50x50 1 Col STIR 22
7 6 7 91 248 6300 77 90 1 2003 192x192 228x228 1.74x1.74 50x50 4 Col STIR 17
9 5 5 5 180 10600 66 90 51 1955  128x104 256x208 1.12x1.12 30x40 6 Col STIR 20
10 5 6 6 - 7200 77 90 71 1530 192x192 192x193 2.50x2.50 45x45 4 Col CHESS 19

Table 26. MR acquisition protocols performed for DWI.

Note. FS = fat saturation

Datasets were uploaded onto an online repository and downloaded by a designated

central MRI site for preparation into single image stacks prior to review.

181



®F_choline-PET/CT protocol

Patients underwent dynamic pelvic and WB-"F-choline-PET/CT imaging 60 minutes
after intravenous administration of ['®F]-fluoromethyl-choline (3.6 MBg/kg to a
maximum of 400MBq at time of injection). A low-dose unenhanced WB-CT scan was
initially performed for attenuation correction and image fusion with coverage from skull
base to proximal thighs in the supine position. Dynamic scans frames were acquired at
4 x 30s, 4 x 1min and 2 x 2min, after which time the whole-body PET acquisition was
acquired towards the head. Full acquisition parameters for each site are provided in
table 27.

Site Vendor Model DR kVp mA RT(s) Matrix Slice ToF
mm
1 Philips Ingenuity TF 128 120 83 0.5 512x512 4 Yes
2 Siemens Biograph 6 6 110 90 0.8 512x512 4 No
3 GE Discovery STE 16 140 31 0.5 512x512 3.75 No
6 Philips Ingenuity TF 128 120 83 0.5 512x512 5 Yes
7 GE Discovery STE 16 140 132 0.5 512x512 3.75 No
9 Philips Gemini TF 64 120 46 0.5 512x512 5 Yes
10 Siemens Biograph 40 40 120 92 05 512x512 3 No

Table 27. "®F-choline-PET/CT acquisition protocols

DR = number of detector rows, kVp = peak kilovoltage, RT = rotation time, ToF = time of flight

Treatment protocols

Patients either underwent i) no treatment, ii) conformal or intensity modulated (IM) RT
to the prostate bed +/- pelvic lymph nodes, commenced within 6 weeks of enrolment,
iii) ADT iv) combination therapy of RT and ADT, according to institutional

guidelines/physician discretion and with awareness of the PET/CT findings.

WB-MRI review

A board certified radiologist (SP with 12 years experience) reviewed anonymised MR
datasets using Osirix workstations (Pixmeo, Bernex, Switzerland), blinded to all clinical
and imaging results. A CRF was completed which included assessment of image
quality and suspicion of nodal and metastatic disease. Overall image quality was
scored for each imaged region (head, neck, thorax, abdomen, pelvis, thigh) usinga 1 —
5 ordinal scale modified from (293,294,318) (1= uninterpretable, non-diagnostic 2 =
poor, non-diagnostic, 3= acceptable for diagnosis, 4 = good, 5 = excellent) for both

T1WI and DWI sequences.

182



To record the suspicion of nodal and metastatic disease, the body was divided into 9
nodal regions (external iliac, internal iliac, common iliac, paraaortic, presacral, other
abdominal, inguinal, thoracic and neck) using standard anatomic definitions. 10
skeletal sites were assessed (skull, cervical spine, thoracic spine, lumbar spine, pelvis,
sternum, clavicle/scapula, ribs, upper limb and lower limb), as were 8 soft tissue sites
(brain, lung, pleura, liver, adrenal, mesenteric, soft tissue and other). A 1 — 4 ordinal
scale (1 - likely / definitely benign, 2 - probably benign, 3-probably malignant, 4- likely/
definitely malignant) was used to score the suspicion of disease at each site (56). The
most likely nodal and metastatic cancer stage was then assigned according to the
AJCC ‘TNM’ 7™ edition staging system, namely NO/N1, M1a/M1b/M1c (101). A second
board certified radiologist (NT, with 9 years experience) independently reviewed 40
datasets, and completed the same CRF for the assessment of interobserver

agreement.

8F_choline-PET/CT review

The suspicion of nodal and metastatic disease was recorded using a binary scale
(positive/negative) for the same sites as the WB-MRI, using the ‘TNM’ 7 staging

system by a central reader with 16 years of experience of PET/CT (RH).

Statistical methods

Data were analysed using SPSS Statistics version 23 (2015, IBM, NY, USA) and
GraphPad Prism version 6 (2014, San Jolla, CA, USA). Statistical significance was set

at p<0.05 and data were checked for normality using the Shapiro-Wilk test.

A flow diagram of the statistical methods is shown in figure 71.
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Figure 71. Patient recruitment flow diagram and the formation of 3 separate cohorts for statistical
analysis.

INDET = indeterminate

The following statistics were used to assess image quality in all patients (n=86):

* Comparison of the mean overall image quality of all anatomical regions for

T1WI vs. DWI using Wilcoxon matched pairs testing.

* Comparison of overall image quality of each anatomical region for T1WI and

DWI using Friedman'’s test with Dunn’s multiple comparison correction.
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* Comparison of T1WI and DWI sequences across different sites using Kruskal-

Wallis testing and Dunn’s multiple comparisons correction.

For the suspicion of disease, the following analyses were carried out:

+ The distribution of positive lesions (3/4) on both WB-MRI and '®F-choline-
PET/CT according to ‘TNM’ stage (n=86).

* Interobserver agreement of WB-MRI using percentage agreement for each
‘TNM’ stage (n=40).

* Intermodality percentage agreement of WB-MRI and '®F-choline-PET/CT for

each ‘TNM’ stage (n=86). Cohen’ s k was not used due to the low numbers of
positive sites, giving rise to a prevalence effect (319) which causes « to fall

considerably.

Measures of diagnostic accuracy for WB-MRI and "®F-choline-PET/CT were calculated
using two different methods. The first analysis (in 70 patients) considered the ‘whole
patient’ accuracy of each test (positive/negative for the presence of any disease) and
the second analysis (in 52 patients) considered the presence of local (prostate bed) or
metastatic (N1/M1a/M1b/M1c) disease.

Whilst reference standards were slightly different for each analysis, both reference
standards were based on a combination of tissue biopsy (if performed) and PSA follow-
up at three, six, nine and twelve months. Flow diagrams of the reference standards for
whole patient analysis and local/metastatic analysis are given in figure 72 and 73
respectively. Decisions regarding lesion biopsy were based on local protocols the
results of the PET/CT (as clinicians were kept blind to WB-MRI results). PSA treatment
failure was defined as a PSA level of 20.2ng/ml above the nadir, followed by a higher

value or a single value =0.5ng/ml (320).
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Figure 73. Flow diagram of the reference standard used for local/metastatic disease analysis
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The following statistics of diagnostic accuracy were then calculated:

The diagnostic accuracy of WB-MRI and '®F-choline-PET/CT vs. each
reference standard (sensitivity, specificity, positive predictive value (PPV),
negative predictive value (NPV)) using a threshold of =3 as positive for the WB-
MRI.

ROC-AUC for extrapelvic disease as shown on WB-MRI by applying thresholds
for each level of suspicion (1 — 4) of disease presence. Youden’s index (305)

was used to calculate the optimal cut-off of highest diagnostic accuracy.

Results

Descriptive data for patient baseline characteristics are shown in table 28.
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Attribute (n=86)

Age (yrs): median, IQR 65.2 (56.6 — 71.1)
Baseline PSA (ng/ml): median, IQR 0.44 (0.29 - 1.09)
PSAdt (months): median, IQR 3.99 (3.00 - 6.98)

Gleason score

N/A 48
6 0
7
8 13 (34.2%)
9 12 (31.6%)
13 (34.2%)
10
0
pT2a 3 (3.5%)
pT2b 5 (5.8%)
pT2c 24 (27.9%)
pT3a 32 (37.2%)
pT3b 22 (25.5%)
pT4 0
Surgical margin positive 26
Negative 60
Seminal vesicles positive 22
Negative 64
Treatment strategy
None 15
ADT only 5
Pelvic RT only 39
Pelvic and nodal RT only 2
ADT + RT 25

Table 28. Baseline patient characteristics.



The mean time interval between '®F-choline-PET/CT and WB-MRI was 2.4 months
(SD: 13.52). The mean time interval between prostatectomy and WB-MRI was 2.87
years (SD: 2.79).

Image quality

A comparison of T1 and DWI image quality for the mean of all anatomical regions is
shown in figure 74, with the results of the Wilcoxon matched pairs test also indicated.
The mean score of T1W sequences was 4.28 (SD: 0.50) vs. 3.58 (SD: 0.37) for DWI.
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Figure 74.Comparison of overall image quality for T1TWI vs. DWI.

The mean image quality of each anatomical region for both T1 and DWI is shown in
table 29.

T1WI DWI
Head 4.54 3.92
Neck 4.44 3.44
Thorax 3.79 3.40
Abdomen 4.13 3.55
Pelvis 4.27 3.56
Thigh 4.48 3.72

Table 29. Mean image quality of each anatomical region.

Friedman’s testing showed the thorax had significantly lower image quality than the
head (p<0.0001), neck (p<0.0001), abdomen (p=0.009), pelvis (p=0.0001) and thigh
(p<0.0001), with the abdomen vs. thigh also achieving statistical significance (p=0.02).
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For DWI, the head had statistically higher values than the neck (p=0.005), thorax
(p<0.0001), abdomen (p=0.01) and pelvis (p=0.03). The thorax and thigh also reached
statistical significance than the thigh (p=0.01).

The mean image quality of T1WI| and DWI sequences across centres are shown in
figure 75, with significant differences following Kruskal-Wallis testing with Dunn’s

multiple comparison correction indicated.
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Figure 75. Image quality of T1IWI and DWI scans performed at each site.

Distribution and agreement of suspected disease

The distribution of probable disease (defined as a suspicion 23 for WB-MRI) is shown
in table 30 for both WB-MRI and "®F-choline-PET/CT.

PET/CT (n=86) WB-MRI (n=86)
Local 9/86 (10.5%) 8/86 (9.3%)
NO 65/86 (75.6%) 78/86 (90.7%)
N1 16/86 (18.6%) 8/86 (9.3%)
MO 78186 (90.7%) 78/86 (90.1%)
M1a 6/86 (7.0%) 3/86 (3.5%)
M1b 2/86 (2.3%) 5/86 (5.8%)
M1c 1/86 (1.2%) 0/86 (0.0%)

Table 30. Distribution of lesions on each staging modality
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The results of interobserver and intermodality agreement are presented in table 31.

Local Metastatic Metastatic Metastatic

nodes nodes bones soft tissue

(N1) (M1a) (M1b) (M1c)
Interobserver 87.5% 97.5% 97.5% 100%
percentage (35/40) (39/40) (39/40) (40/40)
agreement
Intermodality 82.6% 93.0% 94.2% 98.8%
percentage (71/86) (80/86) (81/86) (85/86)
agreement

Table 31. Interobserver and intermodality agreement

Diagnostic accuracy of WB-MRI and PET/CT

The performance characteristics of WB-MRI and '®F-choline-PET/CT vs. the reference

standards are shown in table 32 for whole patient and local/metastatic analyses.

Whole patient

Local disease

Metastatic disease

(n=70) (n=52) (n=52)
PET/CT
Sensitivity  0.37 (22/60) 0.06 (2/30) 0.55 (10/18)
Specificity ~ 0.80 (8/10) 1.00 (15/15) 0.85 (28/33)
PPV 0.91(22/24) 1.00 (2/2) 0.66 (10/15)
NPV 0.17 (8/46) 0.35 (15/43) 0.78 (28/36)
WB-MRI
Sensitivity ~ 0.27 (5/18) 0.13 (4/30) 0.28 (5/18)
Specificity  0.90 (9/10) 0.94 (15/16) 0.94 (32/34)
PPV 0.94 (16/17) 0.80 (4/5) 0.71 (5/7)
NPV 0.17 (9/53) 0.37 (15/41) 0.71 (32/45)

Table 32. Performance characteristics of each staging modality for whole patient and
local/metastatic analyses

For extrapelvic disease, the ROC-AUC was 0.65 (95%Cl 0.48 — 0.80) for WB-MRI,

whereby the optimal suspicion threshold according to Youden’s index was 2/4, with

values of 0.56 and 0.73 for sensitivity and specificity respectively. In comparison, '°F-

choline-PET/CT had a sensitivity and specificity of 0.50 and 0.79 respectively.
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Discussion

Whilst PET/CT has been recommended for use as a staging modality in cases of
biochemical recurrence with a PSA >1ng/ml(107), its use is limited by availability, cost
and ionizing radiation exposure and has low sensitivity at lower PSA levels. Whilst WB-
MRI offers a potential solution to such problems, issues surrounding image quality,

interobserver agreement and diagnostic accuracy need to be elucidated.

Image quality in multicentre studies is important since suboptimal scanning protocols
may compromise diagnostic performance. The observation that the overall image
quality of T1WI sequences was significantly higher than DWI is perhaps unsurprising
since the latter are acquired using EPI acquisitions, which are more prone to artefacts
such as distortion and ghosting. We also found that image quality can differ
significantly between centres for both sequences, and were again more pronounced for
diffusion sequences. This emphasizes the importance of effective protocol optimisation
in WB-MRI practice whereby the number technical false errors due to suboptimal
image quality can be reduced. The finding that image quality varies between stations,
and is specifically lower in the thorax vs. the head, which is likely to be due to lower
SNR and movement artefact associated with cardiac motion, chest wall and
diaphragmatic excursion. Poorer image quality in the neck and shoulder stations is
consistently found with diffusion-weighted sequences (321,322). Such findings are
important targets for sequence development and should also be considered when

constructing reports, as images are commonly compromised in these regions.

Whilst all disease detected on '®F-choline-PET/CT and WB-MRI in the present study
was occult on BS and abdominopelvic CT, the majority of patients still had negative
examinations. This low incidence of possible nodal and osseous metastases (9 and 6%
respectively) is comparable to the findings of Robertson et al., who in the only paper to
date concerning the diagnostic accuracy of WB-MRI in biochemical failure following

prostatectomy quoted figures of 8 and 9% (323).

Interobserver agreement was high for both local nodal and M1a disease (285%) for all
sites according to the ‘TNM’ staging system. Even higher levels have been reported in
the context of primary staging (94%) (299), which could be due to greater levels of

experience with the technique in this setting.

Since this was a multicentre study, the findings are highly generalizable and its paired

design whereby patients underwent both WB-MRI and "®F-choline-PET/CT means the
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power is higher than for independent sampling(324). On the whole patient level, both
PET/CT and WB-MRI had a similar low sensitivity but high specificity for disease
presence. Whilst the whole patient sensitivity of '®F-choline-PET/CT (37%) was lower
in this study than that quoted in a recent meta-analysis in biochemical failure of 75.4%
(95%Cl: 66.9% - 82.6%), the median PSA level in the present study was lower than
most studies (325-329), whereby PSA level has been shown to strongly increase
diagnostic yield (117,330). The similar performance of WB-MRI suggests the technique
is also influenced by PSA level and has not yet closed the gap between the definitions
used for biochemical failure and the pinpointing of the source of PSA rise. Whilst
groups have advocated rationalising scans to patients with PSA >1ng/ml, the present
study confirms that nodal and osseous metastases do still occur in patients with low
PSA levels, and imaging could potentially change management in these patients,
which should act as a stimulus for further research into developing more sensitive

techniques.

The lower sensitivity of WB-MRI vs. "®F-choline-PET/CT for extrapelvic disease (0.28
vs. 0.55) may be a genuine finding, or could also be explained by the perceptual error
of a single observer, which is supported fact that optimal performance was obtained
when a threshold of =2/4 as positive was used. The training effect of observers

reporting WB-MRI in this context will be the subject of further work.

The present study builds upon the work of Robertson and colleagues (317) by
increasing the number of cases in a prospective study with multiple scanners, field
strengths and paired examinations with choline PET/CT (rather than FDG). We also
chose to use a biopsy and PSA-based reference standard to calculate sensitivity and
specificity, as opposed to follow-up imaging as such reference standards would be

subject to incorporation bias.

We acknowledge a number of limitations in the present study. Firstly, since the primary
outcome measure was choline PET/CT, recruitment for adequate WB-MRI
examinations fell slightly short of the 90 cases that were required to achieve a type |
error rate of 5% and a type Il error rate of 20%. Secondly, secondary
lymphadenectomy + bone biopsy would have been preferable to the reference
standard used. However, this does not represent standard practice in any of our
institutions, and would have made ethical approval difficult. Where biopsy was not
performed, reliance upon PSA kinetics suffers from a lack of agreed consensus to
define treatment response and could impact upon the apparent diagnostic test

performance.
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The impact of individual pulse sequences on diagnostic performance, confirmation of
the impact of baseline PSA level on diagnostic yield and clinical utility studies regarding
the impact on patient management should all be the subject of further work, as should
the utility of mp-prostate MRI to stage local disease in combination with emerging
techniques such as PSMA PET (CT/MRI) for metastases.

Conclusion

The image quality of WB-MRI varies substantially between centres, particularly for
diffusion-weighted sequences, which emphasizes the need to optimise sequences
carefully prior to establishing a WB-MRI practice. Whilst both '®F-choline-PET/CT and
WB-MRI demonstrate superior performance over BS and conventional abdominopelvic
CT, with WB-MRI showing ‘substantial’ interobserver agreement, their sensitivity is still
limited at PSA levels below 1ng/ml which may be addressed with further developments
such as PSMA PET/MRI.

Summary

» Staging distant disease in the context of biochemical relapse is an important but
unsolved clinical problem.

*  Whilst this would be best answered by a multinational study, image quality is an
issue in such trials.

* In this chapter | studied the image quality and interobserver agreement of WB-
MRI, and compared its diagnostic accuracy with choline PET/CT.

* | showed that image quality is variable between centres, scanners and regions
of the body with particular heterogeneity for DWI sequences, emphasizing the
requirement for careful protocol optimisation for research and clinical studies
alike.

* Whilst interobserver agreement for WB-MRI was high, and the diagnostic
accuracy was comparable with choline PET/CT, neither modality is sufficient for

accurate staging in the context of biochemical relapse at present.
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10 THESIS SUMMARY, DISCUSSION AND
CONCLUSIONS

In this thesis, | aimed to develop multiple quantitative and semiquantitative magnetic
resonance imaging biomarkers, as driven by clinical need, according to the biomarker
development roadmap for cancer studies. | have focused upon a number of potential
biomarkers ranging from those with a large evidence base (e.g. ‘TNM’ stage), through
conventional mp-MRI to translational techniques such as VERDICT. A broad range of
study designs have been intentionally chosen and range from retrospective studies
with small patient numbers to prospective single and multicentre studies requiring
ethics applications. Following review of the relevant literature and MRI physics to
unravel the deficiencies in the current application of MRI to prostate cancer, the aims of

my thesis were stated as follows:

1. ‘To improve the quality of analytical methods used for quantitative mp-MRI

throughout this thesis’.

This was achieved in chapter 4, where | showed that single slice analysis using Osirix
produces slightly more reliable results than volumetric analysis using proprietorial
software. | then showed that normalisation to the bladder is preferable to the current
convention of using Ol, and that histographic metrics are less reproducible than mean

values.

Further work could include performing similar studies prospectively using appropriately
powered sample size whereby both repeatability and reproducibility should be
assessed in a systematic fashion with standardised imaging protocols as should be

performed for dedicated quantitative imaging trials.

2. ‘To combine components of mp-MRI with clinical parameters in zone-specific
predictive models that best predict a Gleason 4 component in known prostate

cancers’.

| achieved this aim in chapter 5, whereby the best preforming LR model in the PZ
demonstrated a superior diagnostic accuracy vs. the opinion of experienced
radiologists at all diagnostic thresholds at both internal LOO validation and using an

external cohort of patients.
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Further work could include broader external validation, firstly by using a larger number
of patients with the same scanning protocol, then applying the model to other scanners
and centres. A clinical validation study would also be of particular interest to see
whether such models could be used to improve diagnosis, as the clinical benefit of

such models remains undetermined.

3. ‘To develop maps from VERDICT prostate MRI| as quantitative imaging

biomarkers, according to the imaging biomarker roadmap’.

This aim was addressed in chapters 6 and 7, whereby | used the INNOVATE ethics to
study the image quality, metric repeatability and the ability of VERDICT MRI maps to
discriminate between different Gleason grades. Here, | showed that whilst VERDICT
maps are similar to ADC in terms of image quality and repeatability, early indications

show improved estimation of a Gleason 4 component.

Further work is currently underway and considers rigorous biological validation of
VERDICT MRI vs. segmented histological correlates and consideration of metric

reproducibility across multiple centres.

4. ‘To develop WB-MRI using semiquantitative scoring systems for the primary

‘TNM’ staging of aggressive prostate cancer’.

| achieved this in chapter 8, where | assess disease status in WB-MRI using a
semiquantiative scoring system. | discovered that high levels of diagnostic accuracy
could be achieved using a limited protocol of T1 and DWI, which achieved a higher
sensitivity than BS and '®F-choline-PET/CT for the detection of bone metastases. The

interobserver agreement of WB-MRI was also found to be ‘moderate’ to ‘substantial’.

Opportunities for further work include increasing patient number, selecting cases that
are known to have positive nodal or bony disease, carrying out a multicentre study, and
using a PLND based reference standard. Scanning protocols could also be refined as a
result of this work and performance characteristics compared with new emerging

techniques such as PSMA PET and superparamagnetic iron oxide.

5. ‘To assess the value of WB-MRI vs. "®F-choline PET/CT in combination with a
semiquantitative scoring system for staging patients with biochemical failure
following radical prostatectomy in a multicentre, multivendor, multinational

study’
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This was achieved in chapter 9, where | discovered that the image quality in WB-MRI is
variable between sequences, anatomical regions and centres, suggesting rigorous
protocol optimisation is an important aspect of practice in WB-MRI. Whilst the
interobserver agreement was ‘substantial’, the sensitivity of WB-MRI was found to be
similarly low as for "®F-choline-PET/CT, and is likely to depend on the PSA level of the

patient in a similar fashion as it does for PET/CT.

Further work could include the assessment whether perceptual FN may be reduced by
radiologist training, the assessment of the impact of combining mp-prostate MRI and
emerging techniques such as PSMA PET/CT on diagnostic accuracy. The effect of
PSA level on scanning yield should also be clarified in this context, as it has been for
PET/CT, as should consideration into the clinical utility of the technique, by way of
changing patient management. Finally, semiquantitative scoring systems in WB-MRI
should be validated prospectively, potentially identifying specific diagnostic features

that should suggest a particular score, as has been carried out with BI-RADS.
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FRCR exam

222



Clinical skills developed during PhD

1.

Whole body MRI reporting

20 STREAMLINE C reports (primary staging of colorectal cancer)
19 STREAMLINE L reports (primary staging of lung cancer)

37 MASTER reports

Total = 76

| attended focal prostate MDTs and mp-MRI reporting sessions

| gained experience with radiotherapy planning software as part of a

multidisciplinary collaboration with the UCLH Clinical Oncology team during the
PROPS study
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Courses attended during PhD

April

February
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May

April

May

March

January

November
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2017

2017

2016

2016

2016

2015

2015

2015

2014

The International Society for Magnetic Resonance in Medicine,

Honolulu, Hawai’i

Introduction to Regression Analysis, ICH Centre for Advanced

Statistics. London

Sample size and power calculations, ICH Centre for Advanced

Statistics

The 24™ Annual meeting of the International Society for

Magnetic Resonance in Medicine, Singapore

Comprehensive Imaging Cancer Centre Conference, London

British Uro-oncology Group, London

Introduction to SPSS, University College London

MRI Physics Course, University College London

MATLAB computer programming course, UCL Centre for

Medical Imaging



Appendix C

Funding obtained for PhD-related activities

2017

2017

2017

2016

2016

UCL School of Life and Medical Sciences stipend to attend the
25™ Annual Meeting of the International Society for Magnetic

Resonance in Medicine

UCL Centre for Medical Imaging stipend to attend the 25" Annual
Meeting of the International Society for Magnetic Resonance in

Medicine

Clinical Stipend to attend the 25" Annual Meeting of the

International Society for Magnetic Resonance in Medicine

Radiology Research Trust Travel Grant to attend the International

Society for Magnetic Resonance in Medicine

Educational stipend to attend the 24™ Annual Meeting of the

International Society for Magnetic Resonance in Medicine

£590

£800

$1225

£1000

$1090
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University College London Hospitals INHS |

NHS Foundation Trust
UCL Haspnsls
Ursversty Collage Hoapial
235 Buston Road
London
NW1 20U

Tekphone 020 2458 TH0 ent 7R304
Webate www o ong

PATIENT INFORMATION SHEET
Study title: Combining advaNces in imagiNg with biOmarkers for
improVed diagnosis of Aggressive prosTate cancEr

Short title: INNOVATE

PART 1

We would ke 10 invite you %0 take part i a research sthudy Before you decide
you need 10 understand why the research s being done and what it would
invaive for you. Please take tme to read the following information carefully

Fart 1 telis you the purpase of this study and what wil happen to you # you
lake part.

Pan 2 gives you more delailed rdormabon about the conduct of the study.
Please ask us if there s anything that 1s not clear or # you would ke more
Information and take time 1o decde whether o not you wish 10 take pant. You
can also tak to your family, fnends or your GP about the study if you wish

What is the purpose of the study?

Your doctor is aveady trying lo detect prostale cancer by perfomung a
Prostate Speafic Amigen (PSA) blood test and a prostate MRI

Wae plan on using an adatcnal advanced MRI techrugue. pared with new
blood and unne lests %o mprove the dagnosis of aggressive prostale cancer
We will address teo interlinked probieens

1) We are currently unsure which patents will benelit most from hining an
MRI and current methods of patent sefection including a rased PSA level are

U C I h s Nens St Bomwer  Bay Mty e Py

o AR e (i~ N e SR gl . . P
OJM?—M Poge 1 ot

olege London P 8 TE St e FEseutor ree
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University College London Hospitals

NHS Foundation Truss
mperfect Desgda the 1act that new Biocod and urine tests are avalable which
may prowide a better performance than PSA, they are not routinely used as
they have not been fully lested in Brge research studes

2) University College London (UCL) has led the way in the accurale diagnoss
of prostate cancer, using MRI before blopsy to delermine the location of
lumeers and guide acowrate hssue sampiing with biopsy. Alithough this
represents a huge leap forward, around 40% MRIs are ndeterminate, which
means we are unsure whether aggressive cancer is present or not. This can
lead 10 repest MRIs and bopsies, which are assocated with addinonsl rsks,
discomfort and more hospital vists. We therefore propose to improve the
diagnostic accuracy of prostate MRI by adding a new MRI techmique calied
VERDICT %0 the scan protocol. Based on cur previous work, we expect that
this will alow us 10 IMmage the prostate in much greater delall and reduce the
number of uncertan IMaging results.

We hope %o recrust around 385 participants info the INNOVATE study.

Why have | been invited?

You have been chosen because of the suspicon that you could have prostate
cancer and.

i) Haven't had a prostate biopsy within ihe last 6 months
] Harven'l had peevious treatmentis) for prostate cancer

Do | have to take part?

No It 5 up 0 you o decde We wil descrde the research shudy n this
nformaton sheet and you may ask questions &t any slage. Usefdl contacts
are provided at the end of the nformaton sheat If you agree 10 pariopate,
you wil be asked 10 59 & participant consent form on the day of the scan,
fogether with the study invesbgalor or a coinvesbgator,

You are free 10 withdraw at any time, without giving a reasan, This would not
affect the standard of care you recene.

What will happen if | agree to take part?

One of the members of the study team wil ask some questons to confirm you
mmbmmmaw.wmwwmmm
any queshions you may have.

Because of the high magnetc field, all pabents need to undergo a thorough
safety Questiornare and assessment 10 ensure thal any melalic implants of

ooy R i latow Ane ons o bt oma-
- o vy Pt (L] That Bew -y oyt
Srwle S rnapy s Y R S Vew g g nl i v

University College London Hospials FNOVATE Partcpant miormation Sheet
Version 2.1, 29™ December 2015

227



University College London Hospitals

NHS Foundation Trust
devices (such as pacemakers, sients, jont replacements or even shrapnel)
are compatitle and safe withn e Scanner. In cccasional Croumsiances, this
may result in the examination being rebooked while we get further infoemation
about e metaihc objects.

Once this is done, you will be ssked 1o provide & urine and blood sample and
the MR| scan. There s no further special preparation for the study
but you will need 10 be still for the duration of the scan.

We would also inform your GP of your pancipation i s Inal, if you dedcide 1o
pantcipate

Blood and urine samples

A smal plastc tube (cannula) will be nserted M0 an arm or hand vemn pexr 1o
the scan. This alows MR| contras! 1o be gven for the scan, but wil also akow
us jo collect some blood samples at the same time for research purposes
wheve possbie. 32mi Dlood (kss than 2 tablespoons) will be collectad

A 40mi unne sample pot wil be provided. and may be Tiled before or afer the
scan

There are two parts of the MR| scan — the cinikal 5can you woulkl nomaly
have and the addacnal VERDICT rescarch scan, They are done at the same
time, 50 you do not have to come back for ancther scan Contrast agent 5
routinely used for the dinical part of the scan but is not required for the
VERDICT scan.

The nomal scan takes 40 minutes, and will proceed as Noma This scan wil
inform your doctor in making treatment decisions with you # prostate cancer is
confymed

The VERDICT research scan requires 20 minutes of extra scanning time,
meaning all mages will be acquired within a one hour combined shot.
Since the value of VERDICT MRI in assessing prostate cancer &5 not wel
known, this réormaton will NOT be made avadabile lo your doctor, of
influence your treatment. Instead, the scans wil be interpreted separately,
and thew results are slored and assessed at a later date.
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By taking part in the INNOVATE study you will have the same routing imagng
mvestigations that you would if you didn't take parl. Your participation in the
research study would not affect your routing cinical cafe in any way, which
would contruwe as per National Insttute of Chnical Excellence (NICE) and
UCLH trust guidelnes

What Is the drug, device or procedure that is being tested?

The urne and bicod will be analysed for levels of compounds, called
Biomarkers” which are similae 1o PSA. We are planning on lestng a panel of 8
of these bomarkers, which we have dentfied as having signficant promise
for fubre chnical use.

We would also use the blood 10 analyse “Exosomes” Exosomes are lke the
body's gwn fleet of incredibly small vans, ransponting matenals between cels
Excsomes released by cancer have recenty emerged as a novel therapeutc
target in cancer care, as they have been impicated in cancer survival, growth,
and spread

We will compare the biood and urine lest results with Bssue biopsy specmens
and MRI images 10 500 f these new lests can help identify more aggressive
forms of prostate cancer.

The VERDICT (Vascular and Extraceliuls Restncled Diffusion for Cytometry
In Tumours) MR s an advanced scan, which is used % gan information
about the makeup of prostale cancer. Our research s0 tar has shown
significant promise in the characterisabion of prostate cancer bul s8il needs %o
be vaiidated in a chnical tnal, By comparing the resuits of the scan to
subsequent tssue biopsy speamens, we hope fo mprove the diagnostic
perormance of prostate MRI, in order 10 reducs Needinss DIopsies

What are the alternatives to participation?

Participabon in this study & not your only opbon. You may chodsa 10 undargo
only the routne vestigabions thal would usually be undertaken In your
situabon. You can disouss these opions with the study doctor before deading
whether or not %o take part in this study project.

What are the possible benefits of taking part?

We carnol guaraniee or promise that you will recenve any benefits from ths
research Howaver, the information we get from this study will help mprove
the treatment of people with prostate cancer if successful, the techniques we
are invesbgabing could be used routinely in all hospitals
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What are the possible disadvantages and risks of taking part?

There ace few dsadvantages of 18ng part in the study. You will have
spend 20 minutes extra bme on he scanner at the same time as your routine
prostate MRI. You will ais0 have 10 provide a blood and urne samgle, whnch
would take a few additonal minutes. The man risks of blood Sests are
discomiorn and brumsing at the sae where the needle goes n. These
complication are usually menor and go away shortly afler the jests are done

What are the side effects of any treatment received when taking part?

MR 5 a safe technique that has no harmiul side effects with the magnets
used in rousne cinical practce There are Cerlain pracaubons iat we
undertake 10 ensure that the ndwviduals having the MRI scan can do 5o safely
for example making sure that you 3o nol have any melal in the body We will
ask you & sat of routine queshions before you are allowed to enler the MR
scanner room. If you panicipate n e shudy the adatonal time spent in the
MR scanner has no harmiul side effects.

As parts of the scan could be nosy, we will provide you with earplugs and
headphones Bwough which we can play musc dunng the scan

Some peoplie may expenence symploms of claustrophobea from lying in a
confined space I you do expenencs GScomion at any time durng e scan,
you will be able to alert sta¥ by pressing on a buzzer and can communicate
with them Bwough the headphones provided. The exam will be stopped
immedialely on your reques!

What happens when the research study stops?

Aler your parbopabon in e INNOVATE study & compléle, the routne
standard of care wil continue as normal. After the study itself is complete, we
8im 1o analyse the results, wrte them up in madcal pumals and hopeflly
change the way we assess Prostale canoes.

What If there s a problem?

Any complaimt about the way you have been dealt with during the
clinical trial or any possible harm you might suffer will be addressed.
Detailed Information concerming this Is given In Part 2 of this
information sheet,

Will my participation in the study be kept confidential?
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Al information collechad about you during the course of the research wil be
kept stnictly confidential. ANl data is stored in accordance with the princpat of
the Data Protecton Act 1996

This completes part 1.

If e informaton i Pat 1 has interested you and you are consikdenng
participation, please read the adational information in Pan 2 before makng a
decision

PART 2
What if relevant new information becomes avallable?

Sometimes dunng the course of a study, new information becomes avallable
about the treatment of procedure that is beng studed If this happens, your
doctor will 1ell you aboul # and discuss with you whether you want %0 continue
in the study . If you decide 10 withdrare your shudy doclior will make
arrangements for your regular health care to continue If you decide o
continue in the study you! will be asked 10 S9N an updated consant fom

Occasionaly, on receiving new information your study docior might consider it
16 b in your best mierests 10 withdraw you from the study. He/ she will
explan he reasons and acrange for your reguiar health care o contnue

What will happen # | dont want to carry on with the study?
You can withdraw from the study at any bme.

What if there is a problem or what happens if something goes wrong?

If you wish 10 complain about your treatment by members of stalf due 1o youwr
participation in the research, Nabonal Heath Service or UCL complants
mechanisms are svadable 10 you Phease ask your research doctar & you
would like more information on this

In e uniialy event that you are harmed by taing part in this study, or If you
have concem aboul arry aboul any aspect of this study, you should ask 1o
speak %0 a member of the shudy team who will do their best 1o answer youwr
questions. If you remain unhappy o wish % complan formally, you can do
this through the NHS Complants Procedure Detalis can be obtained from
the hospital Patient Advice and Ligison Service on 020 3456 7808 ext 73018
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If you suspect that the harm s the result of the Sponsor’s (Ursversity College
London Hospaas) of the hospials neglgence then you may be able 1o clam
compensaton.  After discussing with your research docior, please make the
<daim in writng %0 the Or Shont Punwani, who 5 T Chiefl levestigator for the
research and = based at Wolson House, University College London. The
Chief Inveshgator wil then pass the clam to the Sponsor's Inswrers, via the
Sponsor's office. You may have 10 bear the costs of the legal action initially,
and you should consult a lawyer about this

What will happen to my data?

We wilf creade a database for the nal, which will hold your initals, date of birth
and a unique tnal identificabon number. No identifiadle mformaton (name,
address and medical record numbee) will be recorded. The list of identAcation
numbers and database will be held on a password prolecled secure NHS
compuler and tnal images are identifiabie only via the uwgue tnal
dentfication number. We will also securely store recoed the results of
previous magngbicod tests and the results of your MRI scan. AT information
wil be held by UCLH who wil collect, store, handle and process the data
Oriy the tnal personnel will have access 1o the data and will be responsible
for the safely and security of the dsta. With your pemssion we may use your
data for future studies, although agan it will be anonymsed as above. For this
123300 we expact 1o keep !he data for 15 years.

What will happen to my blood and urine samples?

We would lke 1o retan your samples for future ethically apgroved research for
15 years. They will be siored in lab 2 4, Crucform bulidng. Gower Street,
London, WC1EGBT. Al the end of the 15-year retention penod, all samples
wil be destroyed in accordance with the Human Tissue Authonty’s code of
practics

Will any genetic tests be done?

DNA 1ests will be performed, but will anly 10cus on genes related 1o prostate
cancer. We will not be able 10 tell your nsk of other dissases. You may opt out
of these tests if you wish,
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Who is organising and funding the research?

This study & being conducted by Dr Shont Punwani, Reader in Magnetic

Resonance and Cancer imagng. University College London and Honorary

Consuttant Radiclogist, University College London Hospitals

The study s funded by Prostate Cancer UK (PCUK).

No ocal or internabional pharmaceutical company s involived with this shudy.
None of the researchers associated with this study are drect financial

beneficianes and do not indirectly benefit financeally from your contribution or
from knowiedge gamed through analysis of your results. You will not benedt
financially fom your involvement i TS study NO mvestigalor or member of
NMMMﬁmmmmmmWMn

Who has reviewed the study?

This study has been reviewed and received favourabie opinion by NHS NRES
Commitiee London - Surrey Borders Evvcs Commitiee and University College
London Hospaals (UCLH) sponscre this peoject localy

Thank you
Thank you for consaderng taling part and taking the time 10 read this sheet

Further Information and who to contact:

Prncipal Investgator. Dr Shonit Puwani, Reader and Honorary Consultant
Radclogist n Cancer Imaging
Ressarch Felow: Dr Edward Johnston, Clinkal Research Felliow (UCL) and |
Monorary Radilogy Regstrar (UCLM). Tel 07944 212332

E: Edward, Johnstongucth nhs uk
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Ske Name: University Coliege Mospral
Patient 1D:

CONSENT FORM
INNOVATE: Comblmng advaNces m imagiNg with laOmarkers for
mmproVed dsagnosis of Aggressave pros Tate canckr

Name of Principal Investigator: Dr Shorst Punwani
Please initial box

1. 1 confirm that | have read and understand the information sheet

dated ......... (version ... ) for the above trial. 1 have had the
opportunity to consider the information, ask questions and have had

these answered satisfactortly.
2. 1 understand that mvy participation is voluntary and that | am free to

withdraw at any time, without giving any reason, without my medical
care or legal rights being affected.

3. 1 understand that relevant sections of any of my medical notes and

data collected during the trial, may be lcoked at by appropriate
Individuals from the University College Hospital, the sporsor (and
representatives of the sponsor) and relevant regulatory bodles, or

from the institution where it is relevant to my taking pert in this
research, | give pearmission for thess individuals to have access to
my records.

4. 1agree to my GP being Informed of my participation in this trial.

S. 1 give permission for my anonymised data and a copy of this consent

form to be retained in University College Hospital.

6. [ agree to ey anonymised data being used in future ethically

approved research (data will be destroyed after 15 years),

7. | agree for my samples 10 be stored and used m fulre ethicallty
appeoved research. Samples will be stored for 15 years, and then
disposad of

INNOVATE vz 1 23" Dec 2014 Page 1012
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B. 1 agree to give a urine sample and 24 - 40 ml of blcod

9, 1 agree to aure biopsy/prostatectony spedmens being analysed foe
ressarch purposes

10.  1DO/DO NOT (please delete) corsent 10 DNA testing

11, 1agree to take part in the above trial
Name of Patient

Date Signature
Name of person taking consemt Date Signature
(Designated responsible person)

E

When completed: Take 3 coples. Original and 1 copy to be kept In
notes and investigator site file and a copy to be given to the patient.
Data Protection Act 1998: This research project s registered for data pr
and the requiremants of the Act apply in Rl, The information held will be used |
medical research purposes only and wil be stored and dsposed of in 2

:

+

INNOVATE vz.1 29" Dec 2018 Page 2012
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PROPS trial

Case Report Form

L ycL e oo I
PROPS CRF: WB-MRI (QA) 1/6
Version 2.0, October 2016 Tris number

a. image avallabiity and coverage
Map Yos No Comment

Whole body T1 (skull base to med thigh, full AP coverage)

Whoie body diffusion (skull Dage to med thigh, full AP coverage)

b. Overall image quality (score 1 - 5):
1. Uninterpretalie 2 Pooe (man-diagnostic) 3 Acceptable 4 Good 5 Excelent

Map Head Neck Thorax Abdomen Pelvis Thigh

Vihclo body T1

VWhale body ditfuson

Comment

©. Quality of diffusion fat saturation (score 1 - 5):

1. None, 2 Pooe 3 Far, 4 Good, 6. Exceflert

Head Neck Thorax Abdomen Pelvis Thigh

: Motion inc, Other (state)
Ghosting Distorsion Susceptibility putsation
Vhole body T1
VYihcie body diffugon
Commaent
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Unwversity College Lomdon Mospaals

PROPS CRF: WB-MRI 2/6
Version 2.0, October 2016 Trial number

REFERENCE

Prostate Cancer Staging g "

EDITION

Definitions
o Primary Tumor (T) Pathoiogk (pT)
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PROPS CRF: WB-MRI 3/6
Version 2.0, October 2016 Trial number

WB-MRI T1 and DWI: T and N staging
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PROPS CRF: WB-MRI 4/6
Version 2.0, October 2016 Trial number

3. WB-MRI T1 and DWI: Skeletal M staging

Maotastatic bone ses:
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PROPS CRF: WB-MRI 5/6
Version 2.0, October 2016 ™l number

4. WB-MRI T1 and DWI: Non-skeletal M staging

Notastatic soft issue sites:
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Appendix E

Relevant published peer-reviewed articles

INNOVATE: A prospective cohort study combining serum and urinary biomarkers with
novel diffusion-weighted magnetic resonance imaging for the prediction and
characterization of prostate cancer. Johnston E, Pye H, Bonet-Carne E, Panagiotaki
E, Patel D, Galazi M, Heavey S, Carmona L, Freeman A, Trevisan G, Allen C, Kirkham
A, Burling K, Stevens N, Hawkes D, Emberton M, Moore C, Ahmed HU, Atkinson D,
Rodriguez-Justo M, Ng T, Alexander D, Whitaker H, Punwani S. BMC Cancer. 2016
Oct 21;16(1):816. DOI: 10.1186/s12885-016-2856-2

heeton of of NC Cancer 120V MW

e e A BMC Cancer

INNOVATE: A prospective cohort study @
combining serum and urinary biomarkers

with novel diffusion-weighted magnetic
resonance imaging for the prediction and
characterization of prostate cancer

Abstract
Background: W Gt

Methods Dengn e

Discussion: We erpect 1

Tral regivtration: NOVATE

\ ) BioMed Cental
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Backgreund

The masagernent of prostate cancer poses Sffcult chal:
bonges. which i largely beceuse we lach the secesary
tools 10 peedict s presence, and dscern between indo
St Aseane with & small chance of cinical manifestation
and aggresdve Temoses that are mace Bhely 1o be dethal
Sace prostate cancer b a commplox disease, It is sniikely
10 be felly characterived with 4 ssgle faidic oe dagnos
U irmaging madker.

The standand ared owv rstinutional Sagroitic pathwrys
Aftey presestiog wih oy mpeoms, of fequesting s reening
Sor prostate cancer, patents typecally uadergo & digtal
rectal exam (DRI), combined with 3 peostae- pectic
antigen [FSA) Slood tee.

PSA

PSA & & ghyoopeaten eneyime prosond v soemal prostase
ephelium and bs rowtinely used as & serem Sossarker ke
prostate cancer, with saned Sevels typacally provoking trars
mctal aleoaccnd (TRLYS) bopey. Mowewr, s addition o
prostate cascer, ratwed PSA Jewhs are encoustered i be-
rign prostatsc hyperplisa (BIH). prostastn and nocmal
prosiate tesec, the PSA Lok Do & fabdy e rocetver oper.
wor haracterithe curve, resiling In Gdse positive and
negve resals maearing it s velatively pooe 8 gredhcting
o exchading ugniScat prostate cancer |1, 3], which ditoes
te neod for mose specific ceodlating bomarbens I 2
dagrosts. Ciroslating Somackn i weram, plaums, wenoe,
=nd prostatic fiad bave i boen exploced, bt thus far e-
man rvaldated 1o 3 defined vundued s 2 cuhort collected
ender slandurdied cooditonm.

PCAY

PCAT (peostate cancer sntigen X & the caly ether ros-
tinely avallible bloauarker, # s curmmitly oaly svallsble n
3 pewvate headhcare setting The PCAS tewt i carraed
on unne out after DRE and detects & prostate specific
on coding nbeosclere ackd (RNAL The bt has shown
okl utily s diagoosing prosate cancer and can
Scrimbeate tumoos cels Som beoign [1-5) When aed
songude magnetic smonance bmagiog IMRI) & shoss 4
cormelation with temoer volsene but NCAS dos not ap-
pear to coovelate with other chnkal parsmetons vach 2
sage 3nd grade | When swd doagide MRI the scour-
wy of the PCAS 1t can Be mproved, PCAS scoee hn
bt been shownt to cornvdale with snpicoss MRI fndiegs
and therebore could be used 0 select patients that tegquier
an MREL or becasse MEL sunporforms the PCAT it muay
hawe groater utdiny in weratfying pathents for active warvedl-
Lince oe further bopay [7-9].

Page 2ol )

“o

In the st 5 years, the prostate Cancer commmmnity his
undcrgone & protdd chasge awsy from cedon Iaseec
tal uhresound (TRUSE sampling of the prossate and 10+
wands image guided Sopsy requiring mulpaametrv
(mp)-MRE, nddadirg T2 weighted (T2W), difludon
weighsed (DWT) and ofom dynamic contrat enhanced
(DCE) imaging

In Jansscy 2004 the Netiooal Imtitute of Clisical Ex.
vellence (NICE) mswed revised gudedines on the man:
agerent of poostite cancer. which ncleded the woe of
MBI in prostate cancer dhagnomssics [HY In this
Socument, MR was only recommended in those with 3
negatie TRUS and for staging wheve & change =
tumeur (T) or nadal (N staging would alter managermene.
The reason for this s baly 1o be due to the face that
- MBI remaes 2 fews Sun perfedt tol For example,
e MRI s relatively espensive, appeosimatedy 40 % of
patients have equnocdt lindisgs and perfirmance &
modest for Getecmon of small vobumme (<05 00) Bumos
bwer grade aggrewne dnrow (wvondary Gleass pattem
+) and Sor lestorn within the transton 200w In addtion,
the cormelason of mp-MRI derved quanetatne matrics
with Gleason grade b only ssoderate; mwasning it licks bio-
lopxcal specificity. This recas ferther repeat mualtpers.
tetrse MR stades of wimovessary Daopnbes ate ofien
ecessated, with asaocuited pathent disosmdont, adddiond
ks and comae

Tumaours) within the Gagnests pursdigm (Feg 1)

Novel Lerum and urine tiomarkens

The Busdic biomarkerns we proposs 10 imestigate in owr
wdy have boen srdocted buned o the number of stades,
pathmt reports and e dbdity of 2 muarker to dncriminate
tumousr from bentgs or peodict poor ostcome (Addtional
e 1) AR markens can be teviod ba morvenally ovasive
sarrples eg whode Blood, serum. plissm of urise. We e
vidon et these markers woukd help sefoct patients mont
Bely 10 benefe foom whbseguent mp- MRL, theveby ratho-
nadiing valuble NS rowources. Horlzon scasning will
contre theooghout the wudy 10 inclede 2y new and
poomising murben.

VERDICT Mi

Mest difsion weighted MRI stodics have wed O
LexBaiqar i s wimples Saem by caloslsing the apparent
Affavion cortficient (ADC) to ideratfy clinically wpadicat
tumer foci moor clearly [11, 12 Ja poenal, ADC walom
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are Jwer In peostite carcinoma coopared with headhy
oo bt ADC vallues in Both tivse types vary widely sad
ovetlip sebntactially [12-14]

The recont VERDICT MRI sexhdgue [15 offers the

dhmuwwr(l‘l provided the ban for 3
Ent-n-mean stndy of chnical vabdity. In this study, we
Emuged & patients with hivclogecally wafrmed periph
enal pone caner and demonstraied Spnificant devtion
0 tumour Sractonal intracebalar and fractonal vasoular
vobume, and 3 seduction in Sacsonal extraceliuler extre-
vancudar volume, in bevplag with dbwaw

wumumwdhmm
wayg 4 computstonsl eptiresstion feanework [17] 10
reduce the VERDNCT scan tiese fromn 40 mis 0 & mece
ahinkcally acceptadle tine of §5 min

This bs the workd’s fint chnical trial oo wrvestigase the
e of VERDICT ML We emason that spphcation of
VERDECT MEL will imspoone the specificity of mp-MRI,
todace e marmbet of Ddeterminale exastination reselts

wad provade evaliation of the specitic histlogical feavere
changes amocisted with cancer.

Maethods and analyshs

Design
INNOVATE s & prospecsive cobort stedy with waghe
omtre recrutmest. The pamary objective B (o avwes
whether mpplemsentary VEEDICT MRl srgpooves the
dugnootic sccurscy of rp- MRI Sor detection of
prostale cancer by o stisarrnen of 10N The definitions of
sigrdficans cancer have been provided peevioady (18]
Pasticpants undergo standard mp-MRI [19] + bopsy,
together with waded ©dex tts (Baidic markers sd
VERDICT MEDL A S0 patient pdot phuse beld over | year
will provide histologaodly vabdated VERDICT MRI studies
i order o landisrine cadiohognts aned svoond the loarring
ourve tevessary o dinkcally nterpreting VERINCT i
apes Iniad evaluanon of Sukdc Diomarker perfarmance
for prediction of & negative mp-MBI result will be
conducied st the end of your | to derive theesbalds Sor
pempective spplcation An evalustion phase Seld over
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2 vears will prospectivedy test the added dingrostic ac
curacy of VERINCT to standard mp-MRIL During the
evaluation phase, selected Nabdic Dlamarker thresholds
will be applied to collected amples 1o prospectively
categoriwe patats Into these expected to achieve
megative and postive (with a levien) mg- MR scores.

Pationt pogulation
Inchmoon, enchusion and withdrawsd critesia are provided
i Tabde | belorw.

Informed conuent

Saformeed consent s 3 provequinie and wil be camied
out on the day of the ol Interventions, following 2
miaimum 24-h period of conidenation to pastiipase i
the wudy.

Teal irvierverions

The indew test - VERDICT Aty

All stdies will be performed on o 3 T MRI scanner
(Achieva, Philips. Amsterdam. NLL The s MRI
protecol Including rowne mg- MET will be bwted 0 &
maxbmem of 1-h wcan sene inchusive of 15 addisonal mi
mnes aloreed for VERDOCT MEL The mp-MEI prosecod
wil be vandirdined, 3 secommended 3 per the UK
conveswen  guideline oo peostate MRI [19], Table 2
Below. 20 puticols with tumcuns will enderge repeat
studies, with coe groep Daviag inmediste orpestabiity
Mok 10 back scans) and sonther undergoing repeat
studbes within o week 10 gauge The shovt term fepeatabel-
My of the pursmearic mags geserstnd By VERDICT.
This s sepplemenned by an optimised VERIDNCT MRI
sechaique based on previoasdy reperted work (15, which
s 3 Pube-gradient spin-echo sequence and 3 12 chan-
mel cordhac coll with b valoes of %3000 vmm® in $

Table ¥ rcdumon, ewchason and wehcrawe (riecs
Patere ncsion Crams

1N vl 10 Cor Cwme A paoil i - R iloninyg Doy
B il

2 Mgy e P (e OO N PR with & e
RN OF PR Canom

Pt Eaihan Cmans

1 M, st 10 P & A s, o o adorn artiac) mend sodce
e of VN

2. New urabie 1o g indormwd Coraere

3 Pevoun . ~ . Seschy yiof
PO o

4 OrrQoing NOmonal DTt £ Srostme Cane
L Pveann bugte wAT0 A Surdte of wlembded A
WS rad

1 woages radegune or arelen $u0 w0 etiad or ege Koston
protiore s aher & repost e

Popr st 2t

oathagond deections, For & < 500 the samder of serages
(NAV) « i, fowr 500« b 1000 NAV « 12 and for & > 1000
NAV I8 with vonel sioe « 132 1355 mm. matrix
woe » 17 x 176 The data s nermalined with 3 s 0
mage for every echo time (T1) 10 avold T2 dependence.

Scanning pacsseters Sor VERDOCT MBS are provided In
Table 5.

The parancteic magn generated from the VERDICT
sato pooduce messerements of the intracedbalar vodarme
feacnon (00 el radus (R) ocllubanty, estravascular
extracelular vodwme feacnon (TEES) and visoular vobare
fracmion (Vasc). We abso retan the Sttng b-squared
objective fencuon (fobfl, which is 3 wm of square dffer-
wnoes adunted 1o account Sor ofut Rican notee blas, o In
(15, 161 to confem vaccoadid fhang of the blopbyucd
VERDICT model has boon or highlght rogiom where the
modd Is mot appeopeiste. A fpical cuample of sach par
sty mups b peonsded 1 Fig 1

Reporting of onp MRT and VERDICT MA1

MET examination reperts showdd cecond the sispecion of
cancer uding a0 cednad Likers scale (1 1o 55 1+ tamear
Bighly sabbedy, 2- tumonr wrilibely, & equnvacal & semoor
Moty and 5 samour hghly My, Song evidence Srom
mwltiple Mutinstioos confinme mp-MED i able 0 accerately
detect and localise 205 cc prostate cancer 2 Gleason 4
[19-21).

The St 50 patients VERDICT MRI stodies will be
wsed o farrsbiorise radiclogists with VERDICT MRI de
wived pansneter maps, as they ascend the loarming ourve.
Radwboghts will be alkirwed 0 seview e VERDICT
MEL with acoess 10 blopsy results for cormelation once
walbible, Potennbl conclasions dawn from VERDICT
datacety wil not be incloded i cinical MR reports ac
ot thas stage we will pot krow G semitivity o specli-
city of VERDICT. These patients will oot Sorm part of
B main i) cobert

A loched sequentisd read repont for oap MRI peaw 10
sl Sellowing evabuathon of VERDICT MRI will be per
Sormed for the main 1ial cobont. mp- ME] reswits will be
wiade availabie 10 e climboal team as per sandand prac-
sce VERIDICT MRI resalts will be collecsed sing & Gawe
seport form but will net be mewesled 1o the dinucal care
Seam w0 ax net S oegatvely nflsence petamt care. A
mdiclopy will compare In vivo ML muges and note
seeas of boonmality as defined by the conventional mp-
MEL and comresponding regons of isterest (ROB) on
B paranetiic VERDICT mugs. In e case of prostatec:
Boony speciomens. MR slices will be visundly regstered 10
B pathologual specinen For bogaies targeted using
AEL the Sesbon bocathon <o be sscentained fom the op-
wration note/pathology repeet and ia the caw of possive
cores, specimers can be comidered o be 3 succonfid

gt
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Table 3 WADCT VSR o non gradent DacaTwton

b e Vreey s ne 1 Lo
L) PR < anw
mn LV s o
"o T x LS TR
7 23 4 N4
w e o O

Quaatitatve sessureraents of viocaler voluene fection
eatraceludar extrovesceler volume feaxction. mtrscdbeler
voluerse fraction, ool radan and ol desmaty willl be derined
frome VERINCT for comvelation agaient hoddogholl sees
sares (wee sextion 345

Fluidic morkers from blood and wrice

Whale blood, sorurs, plawms and e will be collected
froe o putierts o the dudy asng canling sunded oper
ating provedures (SO and asswyod Sor dingnostx murkens
(PCAL AGRZ (Anterhn grmliertt grotcin 2 hosssbog)
SPOND spondn 25 TMPRSS2 (Transmenbrane protease
sevine 2L ENHMomeobos  prosein  engradied 21
MAMLE Beta - b roseminoprotela), GDT IS Goowth di-
ferentiation factor 15, SIAL [Seviae/'Sevonne-proteis

P

. Cefliety Yoo

sl Pacnor, fok AN O

Prostate + Lesion

").1-(- T e rumn aaps N D (o Rng o s 0 00 S0 DO CMord w1 oo O OV cawvwrs f 0] vvagt hodee ¢+ ey
POWNG COgrd FIAgr AR Loerrgoned WgrTermed Man ML Wgmentator « e womerteon. 5C « roaceiiy volurw facroe. B e ool
POLnd pmemetn. g e Pows P reeond evter oF Oy per vower LS = Do efule | et spensl i

. by = clpecrie funcaon, 80 E1S e TASE e & ooy, =

rrrter of ory Dy voset with ity of eyt Ofsecive Bareton Mgdgitng e oot of 3 A B VEROLT sone

Pagr b of 11

inaw) and CDIclaster of dferersiation 100). Prosen
markers i all matsion will be avaped on 3 MescScale
dacovery (MSD) phtfiorm and deunyribomaciex acd
(DNA) will be extracted foom whole blood % isvent-
pite 22 peogacotic sngle nodecotide polymocphinm
ISNIY) essocuted with aggressive discase. BRNA for the
PCAS and TMPESSE queatification (rom seie will de
mtracted accordieg to an SOF sheady developed 0
our bboratary. gCR for PCAS TMIPRSSZ, 5 comtrod
peoes (TER (TATA badng protein), SIN (uaccinate
debydrogmanel. KMLP2 (605 acidic nbosoral proten
1) mad PSA will Be wned in triphcate to quastify gene
eapression. Devng the pilot phase we will continee w
ornon scan for sew markers and have incloded soope
W add 2 urder markens a5 evidesce comes 1o hght
and assavs are developed e g GOUM I (gelgl merrane
protem 10 NAALADLY (N-Acetylated Alphas Linked
Acdic Dipeptidase Lile 2)

We will abo evirat canceres from te seran and
Plasmss (when possdie) of patieras 1o derive madoculn
tamour Characteristics using  faovescence MMetime o
g mukcroscopy (FLIM) based measurements o well 2
aralyen of exosomal mbcre BNA  (muENA) tha ame
kacwn 0 be amocimed with cell 4o coll communication

Prostate ¢ Leson

we W %
e 15
=
o '
w0
on
©
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riche. Fusctional blood dertved miRNAs hive been tewog
] s potential rodest beomarkers in the detection of
varkoes types of cancer. The abilay to soreos v D
MRNAs and 50 perform FLIM of the opsdormal growth
factor recaptor (Erbll) Surdly awabers will add important
prognetic and peedictve infotmution foe diagnoss and
Srification of patienss L0 trestasent. Fnally, we will sp-
arte peripheral blocd meononeckar cdls (PRMCs) fom
whole blood of rewly dagnossd prostate cancer pathmits
to pecfocns s benctypiag of immune coll popu-
mm-m#»mw
petent sratification.

Defining reference standasds
Booarker poret: op- MR revak

Srce it & evviaged Sat dagrowic Somucker theedh-
ol i the blood o srne will be sbsle to pradict & sepa-
Uve mp ML cosul. snd act s & patchoeper 80 effectivedy
ratlonakse i wse, comventional mp MRI reselt willl foem
the sefevence standard. Amy leskon (Likert soore 3 and
above) will be cossidered 10 be & positive resalt. VIR-
DICT MRI will ot be conmidernd a5 part of the el
e wandard for Sudic markens sy the oty of
VERDICT MRI rertasns ushnown

VERDKT MRE hamology maMES bawed reference wandard
A levion based seference sandand will be deoved (Fg. 1)
- MRE Bas 2 90-95 % sogative ive valoe for ox-
chasn of sggrevine dacave (22| and will thescfore foers
the reference b the index tests when rep MRI is seps
thve {Likery scoee 12050 The positive peedicone valie of
m-MRI s lmed and repavted Betwven 4070 N
Theredore, where mp- MR s postive (Likert score 3475
& proststectiomny or biopay will be performed if climically
appeopeiste. The prostatectony or bugsy will then wper
sede the - MRI as 1he seference stundeed Wheee 2 v
0Py O PIOSTSetOms s non periormed, pasents will be
followed wp with laterval (6 monthe-1 year) mp- MBS as
part of wandard cinical caoe. A progremnve Libent soore
(35 208 or WY or 2 progrovew ledos (proviealy
soored 451 on repert mp MEL will be considered o
positive for the reference standird A aegative Likent
score (1:2/5) on the repeat mp MRI will be connidesnd
2n negative for the svlerence sandard. Leskons that remals
wabde with Likert score VS will be dovmed ndetermanate
and exchaded foen analysis unlews biognied. Based cn pee
vioes incenal sdit. e Sotal smenber of excloded patiores
s poedactod 10 be sppronnatedy 105

Hatopethological deta procmsing and collection
The clinically mont sppropriste biopey route for vach pa-
thert will be used %0 obiain tisue o informed By the

Page 0 11

mp-ME and dacused and docussented 3t the poostate
Muks diciplnary Tears (MDTL Decion 8o blopny o
petform peoststectonty will be Sused on sip ME] (e
VERINCT ME1

Tissse samples will be collecsnd, Sand 0 formaln and
ombedded In paraffin. Sections will be and stalaed with
Mﬁ-u—.mn.wmw
hesth service (NHS) pe lererm
Mv‘bkpﬂuﬂdh“mﬁ.‘o
PAares as per dandand methods.

1osopatheloghcal susament will be performed by
two binded Meogatholognts independerdy and then in
comsernus. Biopey and whole block sections taben will
be analysed after comventions] HEE stabsiog 1o swes
ot merphology inchading Gleason scoee, tumor vol
wine Cancer cove Jength, cell density, cell sae distnbe-

Smatcal consider atiorn

Sogie sire cofouliten

A srgle shie of 280 sabiects achieves 30 % power to
detext 3 dfferonce of 01 between two dagnostic teds
whone speciiction are (07 and 06 The caloulation uses =
Pwosaded McNerur oot with o sgraficance bevel of 0065,
The prevabenoe of paticris with 20 Cancer of sgnificant
cancer {SGheasan 3« 10 b estionased o8 06 The propertion
of ducoodant pairs s estimaned 3t 02, Alowing foe 10 % of
poments betng exchuded froom S ndforence standard, & toeal
of 35 patients traning, Sollowed
By 315 patients foe the makn sody) will be recruted. Based
Of CUTONE [MATRE o owr ntiition, spprosimstdy 10
mp- MR dtadies are performed per week @ mes that sseet
the dipghdey criteria. With 3 %0 % cecruttment rate (note
oor suds deta from previous wimdler stodies vepports 3 re-
coutiment rate of 0 %), complete recrutment & expected
o bk 73 week

Qutcome meavaren

Al pritmary od sccondury outooenes are preseniod in
Tabde 5 bedow.
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Table $ Mrimury and Mcondary OURCODW MLy
Prerury outcomw

RaSclogics surmament st added WIROKCT WA imorove e
Sagrontic sy of mOMN S of wogrite
G by & eeraen of 0N

Secordary outes

« A grove of Segroesc Radc muten asend on P Weolce
deavery (VLS phafores ardior in OMA and BNA, L sredt
Ot Wb & feiive O NI sen sl e 1008 Uikt sioned

« The e of puierd strumdevvnd monemreey | W) Bupwes b
e S AACtOn of goramet nd ot e sberumore Nt L
bt ] by Lot pven it faberds wd areTive of Mg wheve
e e

» Vetveind wuldanoe of WAORC)
o VLNMUICT AW 5 ettty ) Quirttatiay womdabie
» Bodoged wilemon of VINOT

* VUADICT bty Lol ek
dovy

* VIRDACT roaceiule voluorw Sacsion coostmm wih sogrersed
- o N ——

* VURDICT waoouler volorme Saction comeatn st sogmerod
L L S
» VORDICT evtracslider svxavincder volume Racsion conwlem
w_n wr P .
wrorvel Comgonent
« S of mprQ S rarker uome ket destew

Data mvalysis and Outiame dsseiuvest

Fhvadic markeny

The dagnossc accuracy of Busdic mackers will aho be
wvabiated agaleat the Likert score from the mpMEL 0
grape whether they may be used a8 3 wmuithw gate
heeper to reflably exclode patients in whoen the mpMRL
resslt o Bhely 10 be segative (Likert L2 To do this, e
wilts of each Nuddic marker will be compared agalast the
Likert score and 3 sernitnvity and spocticny will be ac
quired allowing for Recever operating curve (ROX) and
area soder curve (AUC) snulysis to subsequently be per
formed. Cansoer volusse nd Glexson grade will be coere
Toted with cxosome beveds (0 judge whiether they may
uve any wseful Chrcal apgpiioation as beomsarbers in e
St

VERDICY M
Lesion bised analysis will be performed 8o compare
specicny of g MRE with and without VERINCT MRI
Lot 2 Likert thieshold of 375 as posithve] against the ref-
orence vandard 0o mcertain whether VIRDICT has
say added diagnostic valae. Coerelation of VIRIXCT
derwved mapn and quantitative hitological parameters
will aho be svewed ung cormdation coefiicents, and
and- Altvwas pdoas.

Finally, a tell clinical demographic, Maidc marker,
qualtative and quantiative mp-MEL and quanttative
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VERIXCT parsmeter databune will be evtablnhed for
future explorstory amesoent sod prediction of loager-
bermn patieal oulcome

We believe the INNOVATE stady will be nponan
Becsuse it s one of the Brst <ol teals to bring -
Pether Two Impartant communities involved = prostate
cancee research in 3 dngle progect, namely dmaging and
Huadic Momarkens, who have traditionlly workod ks par-
sl The findings of this stady will abso be parscudarly
wnevesing. s the resalis fron dimical trinks of potennd
biorsarkens ase enpently needed and B Al repoesents
the workd's first clinical triad bsvolving VIERDICT MEL

Oucunson

The INNOVATE wady has some potential loitatuoes.
Firstly. 05 an obnervationd trul we are usable to labe
adétioml Sopuies Saud on the VERDICT MRI resuds
This & because 1t would Se snethical 1o perfoem ad8d-
tionad Bopum &t this stage of bomarker developmens,
= & would Soad to snneconary iscressed rik.

However, f VERDICT MRI is shown 10 be sucoenfud
n chanscieriang lesiots within the prosate, sdditionsl
Biopeaes woaddd e partculanly desiralde where besborn are
VERINCT postive ban negative om comventionsl mpMRL
0 determine whether sach diuropances aw doe 1o
arnout.

Simdacly, & abo uncertain how meay mp MRIs will
Dave lesions that are subsequently baogsied s G grosan
ol trestment dechibinn e ade acosling 10 The
standard chnical pathay. In addtion, since PSA & 2
poor gatebaneper Sor MK posttive Sesions, there will be 3
consderable mumber of scaos which aro mp-MEI nega-
eve, which coald be sadd 1o increxse the cost and redace
the efficioncy of this tial. but will alvo aliow o 10 better
understand the appearances of noomal VIRDICT signal

As with sy quantitatve Graging stedy testiag 3 new
soquence, the generalabilry of dats will be kmited in the
fine tance, and slll caly apply $o cur scaner. However
o VERDICT b confiermed %o be » repestable snd chnically
useful vt for the Sagnesn sad charscieraation of
POOMATE CANORL Our est step would Be 10 conduct
repeodacibiiny stody, usng the VERDICT scan proteced
ntbiahed o0 o Sffervnt scanser. f e VERDICT se
querce b confirmed o be scorptably reprodeciile, it
would soed 0 be progrenmed and made svailabic on
other soanters 10 conliens B waefuloess o5 part of & maltl
cener ol [n s wary. the developimens of the VERIXCT
soquence as 3 usell wmaging Somurker shoald Sllow 3
lopcd spwine progresion, according to biomadber rosd-
maps, wxch an those cuthned 1n the cormemans docusmemnt
v e of Sfhusion weghed MEL o & Cancer baornadber
123). o by Caner Resewrch UK (M),

This sandy is also lmited 10 waing 3 combined hinto-
logical/imaging follow-up seference standard.  Such
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sundards are commonly angloved in eadiobogical studies
when developung e tochiugees. Wikt tssae is wsialy
povderadle, & would be unethical 1o sample patents with
no evidest tumour 3t this stage of VIRDICT develop-
. Where S i obtained. there b some debate as to
what forme the el hitological orfermnce standed
Whibt whole mount proststectomy provides the ssost
connglete nformation with excelens spatid bocslination of
amors, which can ter be registesed to MBI datanets,
Prostatoctonmy canmot be seed i all patients 30d theorioee

oedinates with the MR bs Trrsted, snd as & sarplog Lech.
e b5 sebgect 1o saopling error (255 and My teiss
soaller semmons <07 o (D6 Daspite these oommeverses,
both prostatocsony sad termplate buopey remain prefierable
to TEUS beopry. which remats the standard of care
et cembers buat syviermaticdly misecs 20 < 30 % of disde-
ally sgnlicent cancers [27], purticulacly in the anfersor
shand (15}
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1. THE NEED FOR HISTOLOGICAL VALIDATION OF MRI

Imagagyg providios valuable son srvaseve informstion Sor diagnonn and trestment of prostete cancer
Thee Curvrnt stane of he aet i pondth paramsetes. MET (g SRE) (1), slthough even This backs speciy
£y snd canmet provide relable grading infoc Advaaced techziques 12, 1) show proesbse for
prodeng cancer macrosirectare and sy B¢ more speciin than comsetonad mxcthods. However,
Copont o Calnlation s mevndind 1o ansess thee Curvent amad prtentidl vadae of ach techibgers (0 pristate
cancet managemsenit. The carsent gobd stasdard for valsdation » hedobogacsl ancmesenl of whole
et serhal sexthoned radical peostatectons spedimmends, bal Coniguning mbarmation o wah
dinparste bmages prosents several challongo.

Bcbrw wer give s overview of these dhallempes sl the Currert methods S addsening oo of
hemt Then, we desonde 2 modd Sused spparatun and inughog protoced that eacdade o1 viw mageng
wnd o rramsber of mueon shrons thet argvove dgmest of trmaging and hnlobngy Hlane and sieinoe
o plane rotatioaal Ao 80 lmprove the ualiny of B¢ 11D svgtration prosesses. The sppuratin
avo alionens fou the colloction of wpplemnentary o vive MR &ata for boch the freh wfned sod the
fand pevndate i baem
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2. PROBLEMS IN HISTOLOGICAL
VALIDATION OF MRI METHODS

These are 2 onmrdeer of erumr Sevhenal probdenn comgis ding s
anevnpe to Srecdy mach and corlane MRT and Maslogy data
(4] Those dfudtion nciude

= Unenanched thowsw plases. T peacticn there b waaly so disect
coondinstion of methods and sergicad
apesionen processng. Thie sesabs i MRI ddice planses ussally
hurving Sfkrent plane srwetation snd plane spacing from the
Pododogy napes with s e correspondene betweon the
s v that, & baost, cnly & qualtasve cormdaton of MRI sad
pathology dats bs feaniblc
» Usenatihond spatial resodution A sodanse chemmt (Mol
i poostate MED {the sonnce of o wmi-dhcroe tom of
wcasistomiendt Jata) han & typiied sine thet may vary froe
02 men x 02 mm inplaw by | s dice thickines w»
2 oum % 2 o in-plasse by S mmen dioe Shickosens. By contat.
@ typacal Matodogial wrage weed for pathudogy assesnnd
baved on 2 35 pm thick thasae soction aad has aa lo-plane
rewobstn <) pm Even andet highly Meslined comition.
where Do Madodogy and MRI dices arv “co-planac” the MRI
wgnal orighsatos from 2 masch lasger thwae wvolasse than s
Mummm Thvas, there may b T
sinactie betecogeneity within the MEL Jdice S b 2t
sefioctod in the haeologscad data.

-Mmmmuwumwu
untary and Lrvob bowel comteom, sod
nmmmﬂdummdalnm
for signal detestion. Upos resstion, the 7 - detached

L e N s

by § (9, 10) ¢ atic |11 vk of the maont chosedy
algad Mistodog s and irnapr plarcs. beslly, Bhis redin es he pood
ownatic 310 peghatration 1o & mory tracsable 20 process. As the
accuracy of thas appeoach bs haghly dependertt on co-dligrmend
of iy lases with hestidogy sevtunm, o marsber of mwthonde
have booa descrbad based on posdiction of 3 putent specific
N0 prwted swbl the shupe of which o defiond by the v vt
Iaging desa The alm of the saedd & to bobd the prostate in the
e conformuation o which & was imaged while guados In the
e ] alngs thee Dissase cuingg plarses wiel The insage siie (waditams
(12050 The precision of thoe ssebd- based methods s depend-
et o The degror W which the mobd mutdhes The shupe of the
eniitd oot speciimen ansd e anseoaant o aTy Sragenat sing
o potathon of the prostate in the mobd. Rotation ermon v moee
Wity avomand the anes i whish the specenm has grestest rots
thonal vy try. Inchasion of & srethead cathener i the ecinmen
arnd tnodd Sevpn oo ey sose rodatinon erroes shout Bae beft - right
e of e peostine (4]

High spetsal resolition ex viw insaging of the prostate spect-
0w Pt Bem tsend an an inbermanlite “iepping stome” W rngvve
the y ol oo regh of b o MR aied Blstodogy duta,
Bt it £ send witheoat (16 0 patierst spevaic ssobl However,
the mnedd e Cam be (mpeived 3 batter L Biate Commguarman
betwoen MR and hoaokogaal smages

4. OUTLINE OF IMAGING AND SPECIMEN
HANDLING

The folloning points sutlne the method of lmaging and com-

humudwmmu-

v.a-wpa-.-hm o o e ani ad tensiin wnd
(L Dnivpdration

of » pateve-specitic XD-pristed mold %o optilae
Pirpvical kacation of the peostate in b rive MK smages, ox vivo ML
Wnages, and stodogy wmages. The abm i 1o rodusce the inbwrent
T ROy blems 40 3 saore tractble mnd

umummmg«-—uuw
vl B theoe dvrinkagy end thin wctionkng may caes
Surther deformaations.

» Uennihvnd mage features. MET sl Diosdogual waining
produce image comtrast acconding to very difervat thuae
properiies. The featutes poeset in ME e tory o be
vaddly Mentied in Matology bmages and vicr s, ading
0 2 ficalty 1 swewing the sccuescy of sny oo regitration
Proven

3. SURVEY OF METHODS

The vabelath = enthsnod carlicr have beon adidrened
with d'n-da-vh-by”-.nb.u—r
of which Burve boes reviewed in Ref (4 1) Here, we porvide »
bt overview of the sppecaches and peablermn addrrued by the
mxtbod we describe.

A partisd S Ristobongy g™ can be seconstiocied feom &
sack of hisology dices 3ad regiviered with MK image by 4 5D
pooces (', Wk Bowrver, the scourscy of s spproach o severdly
Hemitad by Dhe lowe cut of plane svsodation of S MRI data. The
pooblemn of meluing tnder-plase hotology dets cn be sddeoncd
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s e I dwmservbnal prosess

4.1, In Vivo imaging
This sty was Catrind ont i accondanir with the revomiesnds
thorn of She UK Reveurch G Framework bR 3
Resounh Eahics Commier with wiien isformed (oasert from
all wdjocts aad appeoved by the NRES Conmnittor Loodon-Sarmey
Bordors (REC 15LOMa%2) AT sbiects gave wrilhen sthorroed
ot i i ¢ with The Diex barstion of Hebd |

The goometry foe the sy viv Imaging neods tn be compatible
with Bhe Socal ol Mistopuihodogy peovesiing and soparting
Pootocod Tn ouwr e, the pathbogy Separtinent waes 5 moen thich
sections out spprvaiesstcly transaaial to the prosietic ucthes end
perpendionlar 5 the posterion face of the prostate, We perform
Tl weightod imagiog with 15 sues slice thicknes (with oo gap or
1.5 mven g i e "rme wusal” scanoser XY planse. The comtral shoe
e ol apprinimnately il g el s Sefirnd as The mter
ence for all swibmoguent smagiag and procossng and b defased by
MR visidde Moshanaris i the pationt speite mold
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Tngriheim, Germam ) was ade Sl Iy peu o
mugiog %0 reduce bowed peristalin. quﬂmm
sond corond T2 o sl oche (TSE) snaging. spplemmentod
with difunicn- woighted wmagiog & bvalen 0, 150, %00, and
1000 shmunr’. A dynsmsk contrad enduaced (IXCE) scquisition
war wibeganely erhered uiag wm«hm
Aot satuestion sod & lt-u-' +

apeot (0.2 g Probance. Bracon, Mian, 1y ) was ngectod o
e bogtaning of the teh acqaistion = 3 sl followed by 20 ml.
of sie

4.2. Contouring of In Vivo Images for
Patient-Specific Mold
ME datasets were snalyred uiing Onirtx Versbon 7.0 (Beroex,
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wl T weighted mmages. Comtoured landmarks o e
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mﬂm*«lﬁu“h“mhﬁ
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mam«muummnwm
e contorarad volame bt provaded weful isformation a e
he cxtent of the prostate. The positicns of confoans were
heckiad in ol planes and slissed sccondingdy wntil Beir
was aatifactory. W sdable, al Seast 3 icew
d:ﬂﬂhqﬂdmmm«duh«ﬁn
of the gland to cormoborate sxul % But the adge of the
prostate war el Combosred as i i poorly debnediad in Bese
plases To estinate wrvthial codeter poaram, the wrethia was
m-mmwmur-uwwu
polsang based on o y ok adjacent slie
wmm

4.3, Prostatectomy and Specimen
Preparation

The radhsd R e
wmmnmmu—uﬂ“um
pohlagy deperiment withowt Swmaln fostien. The God
spesionen was iakad and drked, and S wesioal vedkcles and any
maetal chipn that would casse magnetic ssorpebaliey artiacts were
semwrved A L2 o Samieter Glion rubbey catheter wan msented
Brough e anvthra, the prostate placed iste the mold, sad the
okl Badves fasteonad with foar plastic cable thes. The specimen
iade the Chmad mokd was Sem insericd 0o the Canmaer, whck
had boen pee-flied with wline. Geatle agtation war wied o
wliminste s Dabbies, and then the walwng pladon was bsertnd
Sully to comure aligaraced of the moold refervace plase with the
wxternal peference Lindmarks Prooss Basd was epected Daomgh
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4.4, Ex Vivo Prostate

Trosh ¢x vive scanmiag wan performed on bodh & 3T clnicad
MEI scasoer (Melgn Ackieve, Ko, the Netherlands) asd »
AT 20cm horlaontal bore MBS (Vieln lac, Palo Allo, CA,
USA)L Froed imsaging was comdictod anly ot 9.4 T Ihe refommnce
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Imaging o 94 T was performed ovng 300 mil'/m grsdionts
sl a0 72 mem mberenl dlemcter guadisbire ol IRAMD
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s apaired gaiog 0625 s 0425 s e plinse reseclation,
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5. MOLD DESIGN AND 3D PRINTING
5.1. Mold Template
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BAS men vl Satarter camater Bt comtann the provise
memerued in saliae during ox vioy svgieg. The mold devign b
busend o Uhe abslities and of aryleon pewder prisiong
(b ting Liser snmering wing HOSINT PLOO with PAZIN0 pose
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Poere conid o B prndecnd oo o Typscal bowe Gont plastic flamont
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ol 4 romone froes the design we dewcribe. A more bask
b degn sastable for a filament prioter s describod 13 Red [4).
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o A chumir af coc end of e modd dicate the spex end of
ey wr that o of B p Suring v v
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B0 g prnite.
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wwodd halves.

» CP. Two 04 mum wide dom, spacad 58 s apant, St the
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s thonirg
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v iaried i the Imagiog caniater and provide MR vicbie
landmuckos that caublc procise mstching of (v vive and o v
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of the ME! plascs o doser shgrenent with the
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o UDA 42 mem Snter sabne Aol siloon s wrethral
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