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etterath

n. the feeling of emptiness after a long and arduous process is finally
complete—having finished school, recovered from surgery, or gone
home at the end of your wedding—which leaves you relieved that it's
over but missing the stress that organized your life into a mission.

The Dictionary of Obscured Sorrows


https://www.dictionaryofobscuresorrows.com/post/667859208298987520/etterath
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Abstract

The current risk assessment of prostate cancer (PC) relies on histopathological
samples from biopsies and clinical variables such as prostate-specific antigen
(PSA). However, this comes with uncertainties and in some cases it can be
challenging to separate patients who would benefit from radical treatment and
those who would not. The risk assessment tools for PC need to be improved and
preferably developed into predictive markers. Medical imaging using positron
emission tomography (PET) and magnetic resonance imaging (MRI) are
potential diagnostic modalities for achieving such improvements. Both PET and
MRI have several clinical applications in PC already and are increasingly being
incorporated at different steps in the clinical management. For example, MRI is
used to guide targeted biopsies, and also as a guide during planning of external
beam radiotherapy treatments with focal boosting of the macroscopic visible
tumour. However, more precise and individual treatment strategies demand
verification of both the characterisation regarding aggressiveness and spatial
distribution of the disease.

To evaluate the performance of PET and MRI in detection of biochemical
recurrent PC after radical prostatectomy, a systematic literature review was
conducted (study I). The results of this systematic review indicated that there is
a large variety of available imaging methods for PC being used for detecting local
and/or locoregional recurrence. Many of the included studies were based on
evaluation of patients with high PSA levels yielding high sensitivities and
specificities. A pooled mean sensitivity was calculated to 84% for multiparametric
MRI (mpMRI) and Choline-PET/CT. Methodological variations between and
within studies were observed which limited the possibility of performing a
meaningful meta-analysis. No publications evaluating radiotracers binding to
prostate-specific membrane antigen (PSMA) were included in the review,
although the early literature of using PSMA-PET showed much promise.

To introduce a PSMA-binding radiotracer to the clinical management of PC at
Umed University Hospital a clinical trial was performed with the aim to
investigate the clinical performance of the radiotracer [68Ga]PSMA-11. In this
clinical trial we aimed to both evaluate the diagnostic performance and the safety
of the radiotracer. To evaluate the safety, regarding radiation-exposure, absorbed
organ doses as well as the effective dose were calculated in a cohort of six low-risk
PC patients (study II). The results showed that the effective dose for
[¢8Ga]PSMA-11 was 0.022 mSv/MBq, and that the kidneys and lacrimal glands
were the organs receiving the highest organ doses. Based on these results, which
were in line with other clinically used radiotracers, we could conclude that
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[¢8Ga]PSMA-11 is, from a radiation dosimetry perspective, a safe radiotracer to
inject into patients.

The diagnostic performance, specifically regarding detection of intraprostatic
tumours using [68Ga]PSMA-11 (PSMA)-PET, mpMRI and [1C]Acetate (ACE)-
PET was evaluated in a cohort of 55 intermediate and high-risk PC patients
planned for radical prostatectomy with the whole mount histopathology as the
reference test (study IV). The imaging modalities were radiologically reviewed
and compared. Sensitivity regarding detection of intraprostatic lesions was
calculated for each imaging modality. Regarding detection of lesions with a
volume >0.5 cc and with a ISUP grade =2, PSMA-PET and mpMRI showed
similar performance with sensitivities of 69% and 73%, respectively while ACE-
PET had a sensitivity of 36%.

In this clinical study, a registration procedure between histopathology and in vivo
images was developed and performed in all patients. This procedure included
both a 3D printed patient-specific prostate-mould, an ex vivo MRI of the
specimen and image registrations (study III). The uncertainty of the precision
of the registration between histopathology data and in vivo data was evaluated by
comparing positions of landmarks visible in the corresponding images. The
uncertainty of the method was estimated to a median in-plane error of 1.7 mm
[interquartile range: 1.0, 2.5] for the entire registration procedure.

To conclude, the tools for risk assessment of PC need to be improved and
developed into predictive markers. When in vivo data is correlated with
histopathology data, such as the data set collected within this thesis, it is possible
to identify new predictive markers that can be used to improve the clinical
management of PC.
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Abbreviations

[68Ga]PSMA-11 [68Ga]Glu-NH-CO-NH-Lys(Ahx)-HBED-CC
ACE [1C]Acetate

ADC Apparent Diffusion Coefficient

BCR Biochemical Recurrence

BPH Benign Prostatic Hyperplasia

CT Computed Tomography

DCE Dynamic Contrast-Enhanced

DRE Digital Rectal Exam

DWI Diffusion-Weighted Imaging

EANM European Association of Nuclear Medicine

ESUR European Society of Urogenital Radiology

FDG [*8F]fluorodeoxyglucose

FN False Negative

FP False Positive

ICRP International Commission of Radiation Protection
ISUP International Society of Urological Pathology
miTNM Molecular Imaging Tumour Node Metastasis
mpMRI Multiparametric MRI

MRI Magnetic Resonance Imaging

OSEM Ordered Subsets Expectation Maximization

PET Positron Emission Tomography

PI-QUAL Prostate Imaging Quality

PI-RADS Prostate Imaging -Reporting and Data System
PROMISE Prostate Cancer Molecular Imaging Standardized Evaluation
PC Prostate Cancer

PSA Prostate-Specific Antigen

PSMA Prostate-Specific Membrane Antigen

PSMA-PET PSMA-labelling radiotracer used during PET/CT imaging
QUADAS-2 Quality Assessment of Diagnostic Accuracy Studies-2
RF Radio Frequency

SBRT Stereotactic Body Radiotherapy

T1iW T1 Weighed Imaging

T2W T2 Weighed Imaging

TN True Negative

TP True Positive

TRUL Transrectal Ultrasound

QUADAS Quality Assessment of Diagnostic Accuracy Studies
VOI Volume of Interest

WMH Whole-Mount Histopathology
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Sammanfattning

Den nuvarande riskbedomningen av prostatacancer (PC) bygger pd vavnads-
prover fran biopsier och kliniska variabler som prostataspecifikt antigen (PSA).
Dessvarre kommer den nuvarande riskbedomningen med osdkerheter, och det
kan i vissa fall vara svart att skilja pa vilka patienter som behdver en radikal
behandling och vilka som klarar sig utan. Metoderna for riskbedomning av PC
behover forbattras och battre prediktiva markorer identifieras. Medicinsk
avbildning med hjidlp av positronemissionstomografi (PET) och magnet-
resonanstomografi (MRT) ar potentiella diagnostiska metoder for att uppna
sddana forbattringar. Bdde PET och MRT har redan flera kliniska tillaimpningar
inom PC och anvinds i allt hogre grad i olika steg i den kliniska hanteringen. Till
exempel anvinds MRT kliniskt som guidande bildtagningsmetod vid riktade
biopsier. Det finns idag dven ett stort intresse for att individualisera PC
behandlingar och vid extern strdlbehandling utfors detta genom att rikta
och/eller ge en 6kad strdldos mot den synliga tumoren baserat pA MRT eller PET.
Dock kraver mer exakta och individuella behandlingsstrategier verifiering av hur
modaliteterna presterar i béde att beskriva lokalisationen och att kunna
karaktirisera sjukdomen.

For att utvardera prestandan av PET och MRT vid detektion av biokemiskt
aterfall av PC (6kat PSA efter radikal operation av prostatan) genomfordes en
systematisk litteraturstudie (studie I). Resultaten av denna systematiska
litteraturstudie indikerade att det finns ett stort antal tillgdngliga bildtagnings-
metoder som anviands for att uppticka lokalt aterfall och/eller regionala
lymfkortelmetastaser av PC efter radikal operation. Ménga av de inkluderade
studierna baserade sin analys pd patienter med hoga PSA-nivder, och manga
studier rapporterade hog sensitivitet och specificitet. En sammanslagen
medelsensitivitet berdknades till 84% for multiparametrisk MRT (mpMRT) och
Kolin-PET. Metodiska variationer mellan och inom studier observerades vilket
begrinsade mdjligheten att utfora en meningsfull metaanalys. Inga publikationer
som utviarderade radiospdramnen som marker till enzymet prostataspecifikt
membran-antigen (PSMA) inkluderades, dven om den tidiga litteraturen
angdende PSMA-PET och detektion av biokemiskt dterfall av PC var mycket
lovande.

For att introducera radiospardmnen som binder till PSMA i den kliniska
hanteringen av PC vid Umeé Universitetssjukhus utfordes en klinisk studie med
syfte att undersoka den kliniska prestandan av radiosparamnet [68Ga]PSMA-11. I
denna kliniska studie utviarderades dven patientsdkerheten ur ett stralnings-
exponeringsperspektiv (studie IT). I denna utviardering berdknades den effektiva




dosen sa vil som absorberade organdoser i en kohort av sex PC-patienter med lag
riskprognos. Den effektiva dosen for [68Ga]PSMA-11 berdknades till 0,022
mSv/MBq, och vi sdg att njurarna och tarkortlarna var de organ som fick de
hogsta organdoserna. Baserat pa dessa resultat, som var i linje med andra kliniskt
anvanda radiosparamnen, kunde vi dra slutsatsen att [68Ga]PSMA-11 dr ett sakert
radiospdramne att injicera i patienter ur ett strélsdkerhetsperspektiv.

Den diagnostiska prestandan, specifikt med avseende detektion av intra-
prostatiska tumorer med PSMA-PET, mpMRT och [1C]Acetat (ACE)-PET
utvirderades i en kohort av 55 mellan- och hogrisk PC patienter som planerades
for radikal prostatektomi och den post-operativa histopatologiska utvirderingen
anviandes som referenstest (studie IV). Bildmodaliteterna utviarderades och
jamférdes genom en radiologisk granskning. Sensitivitet, med avseende pa
detektion av intraprostatiska lesioner berdknades for varje bildtagnings-
modalitet. Resultatet av studien visade att vid lesioner med en volym >0,5 cc och
ISUP-grad =2 hade PSMA-PET och mpMRT liknande prestanda, bdda med en
uppskattad sensitivitet pad 69 och 73%, medan ACE-PET hade en sensitivitet pa
36%.

Inom denna Kkliniska studie utvecklades och utférdes ocksd en registrerings-
procedur mellan histopatologi och MR-bilder for alla inkluderade patienter.
Denna registreringsprocedur innefattade bidde en 3D-utskriven patientspecifik
prostataform, en ex-vivo MRT av den bortopererade prostatan, samt
bildregistreringar (studie III). Osidkerheten av hela registreringsproceduren
utviarderades genom att jimfora positioner av landmirken som var synliga i
motsvarande bilder. Metodens osidkerhet uppskattades till ett medianfel i
bildplanet pa 1,7 mm [interkvartil intervall: 1,0—2,5].

Sammanfattningsvis, metoderna for riskbedomning av PC behover forbattras och
utvecklas, och bittre prediktiva markorer behover identifieras. I detta arbete har
bland annat MRT och PET korrelerats till histopatologi genom en noggrann
registrerings-procedur (studie IIT). Niar MRT och PET data ar korrelerade till
histopatologi, dr det mojligt att identifiera nya prediktiva markérer som kan
anviandas for att forbattra den kliniska hanteringen av PC.
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1 | Introduction

Cancer

The general development of cancer is a gradual process that begins with damage
to the cells” deoxyribonucleic acid (DNA), the chemical compound carrying the
cells” genetic information [1]. The body normally eliminates cells with damaged
DNA, but in the case of cancer, these mechanisms have been altered. Atypical
cells start to grow unrestrainedly, forming tumours that can grow beyond their
usual tissue boundaries to invade adjacent organs and even spread to other
organs. When the cancer cells have spread beyond the source organ, the cancer is
said to have metastasized, and this is a major cause of death from cancer [2].

Cancer cells have alterations in their proliferation and growth capabilities [3].
Normal cells are regulated by growth factors and a specific density-dependent
inhibition causing them to only proliferate until some certain cell density is
reached. This mechanism ceases to function in cancer cells which instead
proliferate uncontrolledly, independent of cell density, which is why tumours are
often characterized by high cell densities [4]. Furthermore, for tumours to
proliferate and grow (at least beyond a size of 2-3 mm), they need to be supplied
with new vasculature [5]. One way of achieving this is to create new vessels from
the existing vasculature in a process called angiogenesis. These new blood vessels
within the tumour are unstructured in their arrangement, lack hierarchy and the
blood flows more slowly in them than compared to other vessels [6]. Increased
vascular permeability is also an effect seen in vessels surrounding tumours [7].
Cancer cells also have a general metabolic rewiring, e.g. an increased glucose
uptake, giving them an advantage during tumour initiation, progression, and
differentiation [3].
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Figure 1: Overview of the prostate gland and its adjacent organs.

Prostate cancer

Prostate cancer (PC) is the most common type of cancer and the most common
cancer-related cause of death among men in Sweden [8]. In numbers, there are
about 10 000 new cases identified in Sweden and around 2500 deaths per year.
PC has a strong age dependence and about 75% of all deceased PC-patients are
over 75 years old [8]. The growth rate can be slow and some men affected by PC
can live many years without any treatment while others get tumours that grow
fast and metastasize [9].

The prostate gland

The prostate gland is a male reproductive organ with various functions. The main
function is the production of seminal fluid, an important component of semen.
The prostate is located below the urinary bladder and adjacent to the rectum, see
Figure 1. Below the bladder, connected to the base of the prostate, lie two small
glands called the seminal vesicles. These glands contribute to the production of
the seminal fluid. The urethra, which carries urine and semen out of the body,
runs from the urinary bladder through the prostate gland.

The prostate glandular epithelium is composed of luminal, basal, and
neuroendocrine cells. The cells forms acini (cluster of cells) and ducts which
together are the foundation of the prostate gland [10]. The most characteristic
feature of the prostatic histology is fibromuscular stroma (clusters of smooth
muscles mixed with elastic fibres). Imbedded in this mixture of tissue are
prostatic glands, which are responsible for approximately one third of the seminal
fluid production. The prostate is surrounded by a thin layer of connective tissue
that merges with surrounding soft tissues, including nerves.
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Figure 2: Schematic overview of the prostatic anatomy. It is commonly divided longitudinally into
three main parts, apex, mid and base. In the transversal plane, it is divided into zones with the most
peripheral zone (towards the rectum) is called the peripheral zone, and more centrally located are
the transitional and central zones. The anterior fibromuscular stroma is located on the anterior
parts of the prostate.

Figure 2 illustrates the prostatic anatomy, which is often divided longitudinally
into three different parts. The superior part of the prostate, connected to the
bladder, is known as the base, the middle part as mid and the last and most
inferior part is called the apex. The anatomy of the prostate gland is further
divided into different zones described by McNeal [11]. The most posterior
(outmost) zone is called the peripheral zone. This is the largest zone, representing
about 70% of the total prostate volume (in a healthy prostate), and the zone where
most of the glandular tissue is located. The central zone is cone-shaped and
surrounds the ejaculatory ducts. It makes up around 25% of the prostate’s total
mass. To a large extent, the central zone represents the base of the prostate.
Compared to the peripheral zone, the muscular stroma of the central zone is much
more compact. The transition zone is surrounding the urethra and is often small
(about 5% of the volume of a healthy prostate). This is the principal site of benign
prostatic hyperplasia (BPH), or enlarged prostate, pathogenesis and thought of
as the zone of the prostate that continues to grow throughout life. However, this
is often due to nodular growth, associated with BPH, and as a result of this,
compression of the urethra and bladder outlet obstruction are common [12].
Anteriorly of the prostate, the anterior fibromuscular stroma is located, which
does not contain any glandular tissue. Instead, smooth muscle cells are mixed
with fibroblasts, blood vessels, and nerves.




Characteristics of PC

PC often develops from the glandular epithelial cells. In these cases, the specific
type of cancer is called acinar adenocarcinoma [13]. ~70% of all PCs develop from
the peripheral zone, ~25% arise from the transition zone, and ~5% from the
central zone [14]. Most cancer types share the same features or characteristics,
but there are exceptions. For example, the general elevation of glucose
metabolism seen in most cancers is not a hallmark for PC [15]. Instead, the
metabolic rewiring increases lipid energy metabolism and a dominant uptake of
fatty acid has been seen in PC [16] as well as increased levels of choline and up-
regulated choline kinase activity [17]. Another characteristic of PC is prostate-
specific membrane antigen (PSMA). PSMA is a transmembrane protein that is
expressed mainly by PCs cells, but also found for example in the kidneys and the
small intestine. Its expression is increased in poorly differentiated, metastatic,
and hormone-refractory PC [18]. PSMA is encoded by the folate hydrolase 1 gene
and has been shown to be a prognostic marker for aggressive PC [19].

Diagnosing PC

The process of diagnosing PC is not straightforward and depends on the
individual patient and situation. The Swedish healthcare program for PC [8]
states that most patients with urinary symptoms, or other symptoms for PC, are
examined using a digital rectal exam (DRE) i.e. palpation of the prostate.
Palpation is the traditional clinical method used to examine the prostate [20], and
before 1990 DRE was practically the only diagnostic method used (combined with
biopsy verification). However, in the early 1990s, prostate-specific antigen (PSA)
was introduced and many clinics started to measure PSA in the blood to diagnose
PC [21]. This resulted in a significant increase in PC cases. However, it was shown
early on that PSA could not be used in individual patients to determine neither
their clinical-stage nor grade [22]. It was also shown that the PSA level could be
elevated due to other conditions such as prostatitis (inflammation) and BPH [23].
It was therefore concluded that PSA as a standalone method for early detection
(or screening) of PC, was not optimal [24]. Instead, it was suggested to combine
PSA and the result of a DRE when diagnosing PC [25], a routine that is still used
today.

Regarding diagnostic imaging, magnetic resonance imaging (MRI), an imaging
modality described more in detail later in this chapter, is presently obtained in
most of the patients being evaluated for PC.




Figure 3: Example of a whole mount histopathology slice with multifocal prostate cancer (several
intraprostatic lesions). The dominant lesion is scored as Gleason score 4+3. Abbreviations: GS =
Gleason score and GG = Gleason grade.

Tumour grading

To determine the tumour grade, tissue samples are collected and investigated by
a pathologist. These samples can be collected according to a standard biopsy
template or targeted directly to the suspected lesion. A drawback of the systematic
biopsies approach is the risk of missing relevant lesions, while a drawback with
targeted biopsies is that only the suspected lesion can be validated, and
consequently, no information about the remaining prostate is provided [3].
According to the national healthcare program, curative treatments should always
be based on a histological diagnosis [8].

A prostatic adenocarcinoma is often characterized by smaller glands with little or
no intervening stroma compared to normal glands. Other features can be that the
nuclei are enlarged, more rounded, and hyperchromatic. In less differentiated
carcinomas the glands can be fused together, called cribriform glands [26]. Many
tumours have two or more of these patterns. The cells are classified according to
the Gleason score system, depending on how differentiated the cells are [27].
Well-differentiated cells are classed as healthy cells whilst poorly differentiated
cells are classified as cancer cells. The Gleason grades range from 1-5 where 3-5
are defined as cancer. Gleason grade 5 is the most poorly differentiated and has
the most aggressive pattern. Since PC often exhibits a multifocal appearance, see
Figure 3, the most common and second most common patterns are reported
when the grade is determined after radical surgery, resulting in a combined
Gleason score. In 2014 a simplified version of the Gleason score-system was
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developed by the International Society for Urological Pathology (ISUP). In the
ISUP-scale, the lowest Gleason scores (<6) defined as no cancer, are graded as
ISUP grade 1, ranging to the most aggressive Gleason scores (9-10) which are
scored as ISUP grade 5. Table 1 shows the conversion between Gleason score and
ISUP grade.

Tumour staging

The stage, or distribution of the disease in the body, is defined by the tumour
nodal metastasis (TNM) classification system [28]. In this classification system,
the tumour (T) stage describes the tumour extension locally, i.e., if the tumour is
confined within the prostate (T1-T2), if it has grown beyond the prostatic capsule
(T3a) or invaded the seminal vesicles (T3b), or if the tumour has invaded the
closest adjacent structures/organs (for example external sphincter, rectum,
pelvic wall, and levator muscles) (T4). The nodal (N) stage describes the spread
to the nearest (regional) lymph nodes. This is defined as NX (nodes are not
assessed), No (no lymph node metastasis), or N1 (regional lymph node
metastasis). The metastasis (M) stage describes the spread to other distant
organs, other than the regional lymph nodes, and is defined binarily (Mo or M1)
as distant metastasis existing or not.

The clinical T stage is often assessed by DRE. The pathological T stage can be
determined only after radical prostatectomy. Medical imaging can indicate nodal
or metastatic spread which can be confirmed with biopsies. The likelihood for
nodal spread can be assessed with nomograms based on clinical parameters such
as PSA and Gleason score [8]. A nomogram is a graphical representation of a
statistical model used to calculate a prediction of the outcome of the patient. Each
variable is weighted based on severity scales to get the prognostic weight of the
clinical parameter.

Table 1: Conversion between the ISUP grades and Gleason scores. The ISUP-scale was developed
to convert the Gleason score into ISUP grade groups that are easier to interpret for both patients
and clinicians [29].

ISUP grade group | Gleason score
1|<6
2| 7(3+4)
3| 7(4+3)
4 | 8 (4+4 or 3+5 or 3+5)
51 9-10




Table 2: A simplified illustration of the risk-group classification for patients without known
metastatic spread, according to the Swedish national health care program for PC [8].

Risk classification PSA (ng/mL) ISUP grade T stage
Very low <10* 1** Tlc
Low <10 1 T1-T2a
Intermediate 10-19 2-3 T2b-T2c
High 20-49 JEx* T3
Very high 50 5 T4

* and PSA density <0.15 ng/mL/cm3

** 8 mm cancer in 1-4 of 8-12 systematic biopsies

*** or ISUP grade 3 in more than half of all systematic or targeted collected biopsies from a lesion with PI-
RADS score 5

Prognosis

PC patients, without known metastatic spread are classified into one of three risk-
groups formulated by D'Amico (low-, intermediate-, or high-risk) [30]. These
groups describe the risk for biochemical recurrence (BCR) after curative
treatment (which is detected by increased PSA although a radical treatment
approach was performed) and are used to guide which further clinical actions
(investigations or treatments) are suitable for the patient. The clinical parameters
considered are PSA level, ISUP grade, and clinical T stage. In the clinical
management of PC in Sweden, the low and high risk-groups are divided into two
groups, see Table 2. This sub-division is motivated due to substantial prognostic
differences within the original groups [31], [32].

When deciding what risk-group a patient belongs to, it is often the variable with
the highest value that determines the final group. To be classified as very high-
risk one of the criteria for very high-risk or two of the criteria for high-risk should
be fulfilled. Patients classified as very high-risk for biochemical recurrence, will
be further investigated for metastatic disease using medical imaging [8].
According to the Swedish national PC register (NPCR), 20% of all newly
diagnosed patients were defined as low risk, 37% as intermediate risk, 14.5%
localized as high risk, and 28.5% as very high risk.




PC treatments

The prognosis and the expected remaining lifetime are considered when deciding
treatment. In low-risk PC patients, active monitoring is a management option
that can spare the patient from unnecessary side effects of treating a disease that
most likely will not affect the patient's quality of life or be the cause of death [8].
In more advanced PC the two main definitive curative treatment options are
radiotherapy and radical prostatectomy. In the choice of treatment, the T stage is
important, and in Sweden radiotherapy is the preferred choice for patients with
a tumour stage T3 and higher [8].

Radiotherapy

Since the 1960s, external beam radiotherapy has been used as a curative
treatment for PC. At that time, a total dose of 72 Gy delivered over 9 weeks in 1.33
Gy/fraction was common [33]. Currently, the standard radiotherapy treatment
scheme for high-risk patients in Sweden is 78 Gy in 39 fractions to the entire
prostate gland with margins covering for set-up variations and internal
movements [8]. For intermediate-risk patients, the current recommended
radiotherapy treatment is either ultra-hyperfractionated 42.7 Gy in 7 fractions
[34] or hypofractionated 60 Gy in 20 fractions [8]. Furthermore, most PC
treatments in Sweden are image-guided using tiny metal objects, fiducial
markers, that are implanted before the treatment [8]. These fiducials can be
visualized on positioning kV-images acquired before each treatment session to
reduce set-up errors. It is also possible to visualize them during the treatment for
image-guided intrafraction motion detection [35].

Unfortunately, radiotherapy treatment for high-risk patients is not always
definitive, and as a consequence local relapses at the site of the dominant lesion
can occur [36]. By giving a higher total dose, the chance of local tumour control
increases [37]. However, escalating the dose to the entire gland is not optimal
since this will result in increased dose to nearby organs at risk. Instead, escalating
the dose to only the dominant lesion would keep the normal tissue complication
probability of the radiation-sensitive adjacent organs low. To improve local
control, high dose rate brachytherapy can be used as an additional treatment to
escalate the dose, without increasing the dose to the surrounding structures [38].
In brachytherapy, radioactive sources (often Ir-192) are placed in the prostate
gland using hollow needles, inserted through the rectal wall, in which the source
is inserted using thin catheters. The radioactive sources are positioned for a
period (usually a couple of minutes) in predefined positions before they are
removed. Unfortunately, brachytherapy is an invasive method that may cause
discomfort to the patient. The procedure also requires additional clinical
resources (operating room, spinal anaesthesia, etc.).




Figure 4: Illustration of a radiotherapy treatment of PC. The dark-red area illustrates a focal
simultaneous integrated boost directed towards a lesion that was visible on MRI.

It is also possible to include an integrated boost during the external radiotherapy
course (illustrated in Figure 4). This means that the radiation dose is increased
towards the area of the suspected dominant lesion, often defined by MRI. This
has been shown to improve the disease-free survival for patients with localized
intermediate- and high-risk PC without affecting the toxicity and quality of life of
the treated patients [39].

Radical prostatectomy

The other choice of curative treatment is radical prostatectomy. Initially this
surgical method was not trivial to perform without causing disturbing side effects
for the patients and was therefore only used as a palliative treatment for some
time. As with most things, surgical methods have improved and in the 1990s the
first laparoscopic radical prostatectomy was performed [40]. Further technical
improvements led to the first robot-assisted laparoscopic nerve-sparing radical
prostatectomy being performed using the Da Vinci robot in 2000 [41]. These
technical developments have minimized the blood loss and other surgical
complications as well as reduced the risk of troublesome long-term side-effects
for the patients, including urinary leakage and impotence [42]. During the
surgical procedure, the prostate and seminal vesicles are removed. It can be
performed with a nerve-sparing technique, which reduces the risk of impotency
and urinary leakage, however, this procedure is only applied when the risk for
extracapsular extension is low. In patients where the risk of extracapsular
extension is high, the neurovascular bundle should also be removed. If this is
done bilaterally, the patient will most likely suffer erectile dysfunction after the
surgery [8].




Salvage treatments - recurrent prostate cancer

Patients treated with radical prostatectomy as primary treatment are monitored
by PSA to ensure that the definitive therapy was successful. If increased levels of
PSA are detected after the surgery, the patient is assessed to have a biochemical
recurrence, BCR, and salvage radiotherapy is a possible second-line treatment,
still with curative intention. If the histopathological examination of the surgical
specimen shows positive surgical margins (cancer cells in the outer border of the
removed tissue) or a PSA level of >0.09 ng/mL, the patient is considered to have
suffered a recurrence [8]. It has been shown that the chance of cure is decreased
with higher PSA level, therefore salvage radiotherapy is initiated without delay.
In patients with low PSA levels, the tumour burden is likely very small, resulting
in low probability of detection using medical imaging. If recurrent PC can be
delineated on diagnostic imaging, it is possible to use a more individualized
approach when planning the salvage radiotherapy treatment. If no metastatic
spread is identified on diagnostic imaging, the radiotherapy treatment is aimed
towards the lesser pelvis, focusing on the anastomosis, but also involving parts of
the urinary bladder and rectum. The fractionation scheme for this treatment is
often 70 Gy in 35 fractions.

Regarding recurrence after radiotherapy, a local recurrence is difficult to re-treat
using salvage radiotherapy. Instead, treatment options for local recurrence are
salvage brachytherapy, cryotherapy, or salvage prostatectomy [8]. This limitation
of second-line treatments puts higher demands on the first-line radiotherapy
treatment to be as accurate as possible.

Technical aspects of PET and MRI in PC care

Magnetic resonance imaging

MRI has been a staple in the imaging of the prostate gland since its introduction
in the 1980s [43]. The reason for this is mainly that MRI offers excellent soft-
tissue contrast, high spatial resolution, and can image in arbitrary slicing planes.
The soft-tissue contrast allows the depiction of the prostate gland and its internal
and surrounding structures [44]. By changing image acquisition parameters, the
contrast in the images can be modified, and even make the signal dependent on
properties such and microscopic or macroscopic motion. This is done by
adjusting the timing and order of radio-frequency pulses and gradients, creating
different MRI pulse sequences.
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Figure 5: Example of a prostate imaged using a T1W sequence (left) and a T2W sequence (right). In
the left image there is no contrast difference in the internal structures within the prostate while in
the right image the internal structure of the prostate can be depicted.

Some MRI sequences clearly depict anatomy (morphological images) and some
sequences provide information on biological properties of the tissue (functional
images). These sequences are the foundation of MRI, and when using both
morphological and functional MR-sequences in an imaging protocol it is often
referred to as multiparametric MRI (mpMRI) or biparametric MRI (depending
on how many functional sequences are included).

MRI sequences suitable for PC

T1 weighted (T1W) and T2 weighted (T2W) sequences are two of the most used
MRI sequences within oncology applications. These images are morphological,
with their contrast reflecting T1 and T2-relaxation of the protons in the object.
Figure 5 shows an example of the contrast difference between a T1W and a T2W
image. The technical difference is mainly the timing between excitations
(repetition time) and the time between excitation and the signal readout (echo
time). T1W images are created using a short echo-time to minimize the impact of
T2-relaxation. T2W images are created using a long repetition time to minimize
the impact of T1-relaxation.

One of the most used functional MR sequences in PC exams is diffusion-weighted
imaging (DWI). This sequence is based on the sequence for T2W, with two extra
diffusion gradients added. The first gradient will add a phase to the protons
depending on their position. The following gradient cancels out the first gradient
for stationary protons, while the effect on moving protons will be a random phase
change which will not contribute to the signal. In an unrestricted environment,
water molecules move randomly (Brownian motion or free diffusion) and will
therefore give rise to less signal compared to water molecules with restricted
mobility [45]. By increasing the amplitude (i.e., the duration, strength, and
spacing) of the diffusion gradients (also known as the b-value) the sensitivity to
diffusion increases.
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In PC exams, it is common to use three different b-values (for example: 0, 200,
and 1000 s/mmz2). Another commonly used functional MRI sequence, which
reflects the vascular permeability, perfusion, and interstitial fluid volume, is
dynamic contrast-enhanced (DCE)-MRI [46]. In this sequence, the passage of a
contrast agent (often gadolinium chelate) within the tissue is analysed. The
sequence is a TIW-sequence acquired over time, i.e., before, during, and after the
contrast injection. The paramagnetic contrast agent is injected into the blood and
will affect the tissue it passes through by shortening the T1 and T2 relaxation of
the surrounding protons. The biological rationale is that due to increased vascular
permeability and increased blood supply around the tumour, the contrast agent
will behave differently in malignant tissue compared to healthy tissue.

MRI in PC evaluations

The foundation of MR imaging in PC is in the morphological T2W-images, where
we can detect tumours and study the internal zones of the prostate. For example,
the peripheral zone often has high water content whereas the transition zone
consists of a more stroma-rich tissue. The signal intensity in the peripheral zone
is therefore often high and homogeneous on T2W-images and more
heterogeneous in the transition zone [44]. In the peripheral zone, tumours are
depicted as low-intensity areas and thereby it is possible to determine the size
and potential spread to surrounding tissues. In T1tW-images it is possible to detect
post-biopsy-related haemorrhage since blood products show up as hyperintense
areas in T1W-images [47].

Typically, water diffusion is restricted in malignant tissue and is therefore
depicted as high-signal intensity areas on the DWI acquired using a high b-value.
Other physiological motions (such as blood flow) may also affect diffusion in
tissue, and to distinguish these effects we can study the apparent diffusion
coefficient (ADC) instead. Based on two or more DWIs acquired with different b-
values an ADC map can be calculated — this is often done automatically by the
MRI software. The unit of ADC is [mm?/s] and this is a quantitative measure. In
an ADC map, the contrast reflects the apparent diffusion, and areas with high
diffusion have a high signal (or ADC-values), and areas with restricted diffusion
(such as malignant lesions) have low ADC-values and are depicted as dark areas.

Regarding DCE, the typical characteristics for PC are early enhancement of the
contrast agent, followed by a washout pattern that can be distinguished from
healthy tissue. Further functional information about the tumour can be obtained
by using the enhancement curve to calculate contrast enhancement parameters
through mathematical fitting to different pharmacokinetic models [46]. Figure
6 shows an mpMRI examination including a morphological T2W sequence, a
DWI, DCE and an ADC-map.
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Figure 6: Example of a multiparametric MRI examination, a) shows a dynamic contrast enhanced
(DCE) MRI with early enhancement, b) shows an apparent diffusion coefficient (ADC) map, ¢) a T2
weighted (T2W) sequence and d) a diffusion weighted image (DWI) acquired with a high b-value.
The white arrows indicate a suspicious intraprostatic lesion.

Standardized interpretation systems for MRI (PI-RADS)

To reduce subjectivity and minimize observer variability, the use of standardized
image interpretation guidelines is encouraged. The aim is to ameliorate the
consistency and performance of the reporting which improves both multi-centre
evaluations as well as clinical assessments. Regarding interpretation and
reporting of MRI exams of the prostate, Prostate Imaging-Reporting and Data
System (PI-RADS) [47] is widely used. Besides promoting global standardization
of interpretation and reporting, PI-RADS is designed to reduce variations in
acquisition within and across different clinics to provide good image quality. The
principle of the PI-RADS reporting system has been established through a
sequence of different editions. In the latest version, PI-RADS v2.1, the assessment
is based on a 5-point scale which determines the likelihood that combinations of
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mpMRI findings on T2W, DWI, and DCE, correlate with the presence of a
clinically significant cancer in the prostate gland. Table 3 shows the PI-RADS
scores and their corresponding assessment categories. Here, a clinically
significant cancer is defined on pathology/histology as ISUP grade =2 and/or
volume >0.5 cc, and/or includes extraprostatic extension [47]. In PI-RADS v2.1
lesions are evaluated differently depending on their anatomical location. For
example, for lesions located in the peripheral zone, the overall lesion PI-RADS
score is generally the same as the score of the lesion on DWI, except for lesions
scored as 3 on DWI, which may be upgraded to PI-RADS score 4 if DCE is
positive. For lesions in the transition zone T2W-imaging is the dominant
sequence, and the DWI result is used to upgrade between PI-RADS score 2—4.
PI-RADS also provides a sector map of the prostate anatomy used to define the
location of the lesion. This map consists of 41 segments spread over the prostate.
Consistent usage of this will enable radiologists, urologists, pathologists, and
others to localize findings described in MRI reports, and it will be a valuable
visual aid for discussions with patients about biopsy and treatment options.

In line with PI-RADS v2.1, a scoring system for prostate MR image quality,
Prostate Imaging Quality (PI-QUAL), has been proposed by Giganti et al. [48]. In
PI-QUAL each sequence is scored based on questions regarding the image quality
to reduce subjectivity. Image quality is critical for evaluation, and it is important
to quantify. Equivocal evaluation results may be due to bad image quality.
According to the Swedish national health care program, all MRI scans performed
during the diagnostic work-up of PC should be evaluated using the standard
reporting system PI-RADS v2.1 and depending on the resulting PI-RADS score,
targeted or systematically collected biopsies should be performed [8].

Table 3: The PI-RADS v2.1 scores and their corresponding assessment category.

PI-RADS
Assessment category
score
1 Very low: Clinically significant cancer is highly unlikely to be present
2 Low: Clinically significant cancer is unlikely to be present
3 Intermediate: The presence of clinically significant cancer is equivocal
4 High: Clinically significant cancer is likely to be present
5 Very high: Clinically significant cancer is highly likely to be present
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Positron emission tomography/computed tomography

Another imaging modality used in PC is positron emission tomography (PET).
This is an imaging modality that assesses the biochemical and functional
processes in the body. The principle of PET is that a radioactivity distribution is
computed based on the detection of photons emitted from inside of the body from
an injected radiotracer. A radiotracer is a chemical compound where a non
radioactive atom is replaced by a radionuclide/radioactive nuclide. The
radiotracer is chosen dependent on the physiological function being studied (e.g.
metabolic processes, blood flow, or receptor binding processes) [49]. The
radiotracer will travel through the body via the blood stream and attach to the
target of the imaging while the radionuclide constantly will decay and emit
ionizing radiation.

In PET all radionuclides used are positron-emitters. The emitted positron will
travel a short distance and during this travel, it will lose kinetic energy until it has
reduced its velocity to a point where it can interact with an electron. When the
interaction between the positron and electron occurs, both will be annihilated,
and two annihilation photons will be produced. The annihilation photons, with
an energy of 511 keV and almost opposite travel directions, will often be registered
in a PET-detector [49]. If the photon loses too much energy inside the patient,
i.e., it is attenuated, or if it is scattered outside of the PET detector ring, it will not
reach the detector ring and will not be registered. Photons detected within a short
time-window are assumed to correspond to the same annihilation and will be
registered as coincident. To create the final image, all coincident events are
grouped into a projection image, called a sinogram. To reconstruct images from
these projections, the filtered back-projection was the previous standard method
[50]. Today iterative statistical reconstruction algorithms (such as the ordered
subsets expectation maximization (OSEM)-based algorithms) are often provided
by the PET-scanner vendors and used by the clinics. Newly developed
reconstruction methods are often based on deep learning methods, which have
been shown to be both faster and of higher quality [51].

PET is not a standalone modality - instead it is often combined with either a
computed tomography (CT) or MRI resulting in the hybrid modalities PET/CT
and PET/MRI. PET gives functional information while CT and MRI provide
information about morphology and anatomical localization [52], [53]. In a CT-
scan, tomography images are created based on projections of photons, X-rays,
traveling through the body. Electron density differences in the tissue causes the
projections to vary and anatomical cross-section images can be reconstructed.
The contribution of radiation exposure from the CT scan depends on the scanner
setting, i.e., the tube current and time (mAs), peak energy, scanned volume of the
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body, slice thickness, slice spacing, etc. The exposure should be held as low as
possible, while still yielding useful images.

Radiation exposure

During a PET scan (both using PET/CT and PET/MRI) patients will be exposed
to ionizing radiation. The exposure will be higher in a PET/CT scan compared to
a PET/MRI scan since the MRI (as described earlier) does not use ionizing
radiation. The injected radiotracer will expose the body to ionizing radiation and
the radiation dose will be dependent on the biodistribution of the radiotracer. The
radionuclide decays to a more stable state, and during this process radiation is
emitted. Besides emitting beta particles, such as electrons and positrons, both
gamma and alfa radiation can also be emitted depending on the type of decay
which in turn affect the exposure of the patient. The exposure is also dependent
on the amount of radiation, the activity (decay/s or becquerel [Bq]), of the
injected radionuclide. The activity of a radionuclide decreases exponentially, and
the time it takes for the radionuclide to decay to half of the initial activity is called
its physical half-life. For the most common radiotracers used in PET the half-life
varies between 2 min (150) and 110 min (*8F). ¢8Ga has a half-life of 67.6 min and
1C 20.4 min [54]. Furthermore, the radiotracers biodistribution, i.e., the uptake
and clearance of the radiotracer in the organs will affect the absorbed dose to
individual organs. To address this, an effective half-life can be used for dose
calculation of radiotracers. This effective half-life considers the biological half-
life (the time it takes for the body, by natural processes, to eliminate the substance
to half of the initial amount) as well as the physical half-life, mentioned above.

The most basic quantity of radiation exposure is the absorbed dose, and it is
determined by the amount of energy that has been deposited by radiation into a
mass or tissue. Absorbed dose has the unit J/kg or Gy. Biological effect from a
radiation exposure differs depending on the type of radiation the exposure
concerns, for example alpha and gamma radiation have different interaction
mechanisms. Therefore, another quantity called equivalent dose (H;), can be
used which is calculated by adding a radiation weighting factor to the absorbed
dose. This quantity can be further adjusted by taking into consideration that the
radiosensitivity of organs differ from each other. To account for this a tissue-
weighting factor (Wy) is added and one gets the effective dose (E), shown in the
following expression

EZZWT' HTZZWT' ZWRDT,R
T T R
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where W is the tissue weighting factors, W; is the radiation weighting factor and
Dy g is the absorbed dose in a tissue or in an organ. The unit for both equivalent
and effective dose is Sievert [Sv]. This concept is not that complicated when an
external source is used since the exposed organs are often known, and the
exposure will end when the source is removed. When a radiating source is
injected into the body, the exposure is internal, and the calculations become more
complicated.

Radiotracers suitable for PC

In oncology [!8F]fluorodeoxyglucose (FDG) is the most commonly used
radiotracer [49]. This is a glucose analogue that is absorbed in cells with high
glucose uptake and phosphorylation. FDG will accumulate more in tumour cells
compared to other cells, due to metabolic rewiring, resulting in increased signal
intensity in these areas in the PET images. Unfortunately, FDG has limited
sensitivity in PC, especially in local staging, since PC does not generally have up-
regulated glucose metabolism as many other types of cancer (described in chapter
1) [55]. The role of FDG in PC may however change, since recent results show that
in detection of bone metastases for primary staging of high-grade PC, FDG
performed similarly to or better than the current standard method (bone
scintigraphy) [56].

[1C]JAcetate (ACE) is another radiotracer that can be used to detect PC [57]. An
explanation for this is that PC is likely to have increased fatty acid metabolism,
instead of increased glucose metabolism [16]. ACE is metabolized and
incorporated into the cellular lipid pool, and due to increased involvement of fatty
acid synthesis pathways in PC, this radiotracer will target malignant PC tissue
more than healthy prostate tissue [58]. ACE has been shown to correlate with
prognostic markers such as PSA velocity and initial Gleason score, indicating it
could be used as a prognostic factor for PC [59]. ACE has been the standard
radiotracer for clinical PC examinations at Umea University hospital. Another
radiotracer for PC is Choline [60], labelled with either [8F]- or [©C]. PC has
increased levels of choline and up-regulated choline kinase activity and when a
choline-radiotracer is injected into the blood it gets absorbed and trapped in the
tumour cells (in the form of phosphatidylcholine) [61]. In a comparative study of
ACE and [8F]Choline, both methods showed similar results in both per-patient
and per-lesion performance [62]. The uptake of [*8F]Choline in PC tumours does
not seem to be correlated with cellular proliferation [63]. Instead, a correlation
with hypoxia has been shown. Increased choline uptake was shown compared to
FDG and ACE during hypoxia, while in a non-hypoxia situation (aerobic
conditions) the results were the opposite [64]. On the other hand, Grosu et al.
[65] presented that choline-PET failed to distinguish tumour from non-tumour
tissue.
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Figure 7: Prostate cancer examinations using ACE-PET/CT (left) and PSMA-PET/MRI (right).
Different uptake patterns are seen between the two radiotracers with ACE being more diffuse and
[68Ga]PSMA-11 more specific and indicates a lesion in the right peripheral zone. The images are of

the same patient acquired on the same day.

The current trend within PET imaging of PC is to use a radiotracer that targets
prostate-specific membrane antigen, PSMA. PSMA-binding radiotracers were
discovered in 2010 to detect and stage PC, and were approved in the United States
by the Food and Drug Administration in 2020 as the first Ga-
radiopharmaceutical for PET imaging of PC [66]. PSMA is, as mentioned earlier,
a membrane-bound enzyme that is only found at low levels in benign prostate
tissue, but significantly increased in PC cells. PSMA-binding radiotracers consist
of three parts: a protein binding part which is identical in almost all PSMA-
binding radiotracers and a part that acts as a carrier for the radioactive nuclide,
often [68Ga] or ['8F]. These two parts are separated by a linker to avoid
interference with the protein binding part.

Depending on the radionuclide, the molecular construction of the PSMA-ligands
differ. [68Ga]PSMA-11, [*8F]FDCFBC, [8F]DCFPyL, and [8F]PSMA-1007 are
examples of the most commonly used combinations [67]. PSMA-binding
radiotracers has been shown to be superior in detecting recurrent PC compared
to both ACE [68] and Choline [69], and allows detection of recurrent PC at very
low PSA-values [70]. It has also been shown to complement Choline-radiotracers
by identifying recurrence in patients where the choline-PET was negative [71].
However, similar to the existence of choline-negative PC lesions, there are
indications of PC subtypes not expressing the PSMA enzyme [68]. Figure 77 and
Figure 8 show examples of different uptake patterns between the radiotracers
ACE and [68Ga]PSMA-11.
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Figure 8: Prostate cancer examination using ACE-PET/CT (left) and PSMA-PET/MRI (right).
Here, ACE shows a more specific expression (indicating a lesion in the left peripheral zone) while no
distinct uptake of [68Ga]PSMA-11 is seen in this areas. The images are of the same patient, acquired
on the same day.

Standardized interpretation systems for PSMA PET

As for MRI, standardized interpretation systems have been developed for
evaluation of PET images. Regarding interpretation of PSMA-PET, different
interpretation criteria and report system have also been published to improve
objectivity and accuracy in image interpretation. No final consensus guideline has
been established yet, due to the recent introduction of PSMA-PET to the clinical
management. Among the suggestions of guidelines is the PSMA-PET Reporting
and Data System (PSMA-RADS) [72]. In this reporting system, all suspected
uptakes are categorized according to a detailed list of categories, and an overall
score is assigned. Category 1(a-b)-3(a-d) reflects benign or equivocal findings,
while 4-5 indicates likely, or almost certain, prostate cancer. PSMA-RADS is
mostly suited for evaluations of lesions outside the prostate gland [72].

The PC Molecular Imaging Standardized Evaluation (PROMISE) criteria is
another suggested reporting system, which includes an updated version of the
TNM staging system, specified for staging using molecular imaging, called
molecular imaging TNM (miTNM) [73]. In the PROMISE criteria, a
miPSMA score is reported for each lesion and reported as 0, 1, 2, or 3 for no, low,
intermediate, or high PSMA expression, respectively [73]. The highest two scores,
scores 2 and 3 are empirically considered typical for PC lesions. The expression
level should preferably be determined visually i.e., the authors do not recommend
uptake measurement on a regular basis. The miPSMA score is not designed for
diagnosing or excluding PC alone. Instead, the idea is that the interpretation of
the miPSMA score is considered within the clinical context and together with
other imaging findings, to set the final diagnosis. Regarding their suggested
miTNM grading system, a difference from the classical TNM-system is that miT2
stage is divided into miT2u (unifocal) and miT2m (multifocal). A T stage for
recurrent PC (miTr) has also been added to the possible T stage classes.
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Clinical aspects of PET and MRI in PC care

Imaging using both PET and MRI are increasingly employed in the clinical
management of PC. One of the most established applications of MRI is to detect
lesions, and to be used as the guiding imaging modality of targeted biopsies [8].
The left graph in Figure 9, illustrates the increased use of MRI before biopsies
in Sweden since 2016. In 2017, only 10% of all PC patients had an MR scan before
biopsy while in 2021 75% of all patients had an MRI. This trend is strengthened
by studies reporting that the usage of MRI-targeted biopsies detects more
clinically significant PC, compared to only performing systematic biopsies [74].
The PI-RADS score is weighted into the decision of whether systemically or
targeted biopsies should be performed, or if a combination of the two methods is
the most suitable.

All tumour-suspected areas based on MRI, i.e., lesions with PI-RADS score 4-5,
should according to the Swedish national health care program be further
evaluated using targeted biopsies [8]. There has also been an interest in
evaluating the usefulness of PSMA-PET to guide targeted biopsies. Early evidence
shows that PSMA-PET has a high detection rate of PC lesions [75] and that the
hybrid modality PET/MR can rule out false positive PET lesions [76]. Another
study evaluated the combination of PSMA-PET/MRI for targeted biopsies, which
also showed a high detection rate [77].

MRI has also been used during active surveillance. Active surveillance is
monitoring of PC patients with low-risk characteristics instead of a radical
treatment. In active surveillance, MRI is used for early detection of tumour
progression/stability and tumour reclassification, to reduce unnecessary biopsies
[78].

MRI also has an impact on the final decision of the T stage, which in Sweden is
assessed by DRE. Extracapsular extension and seminal vesicle involvement
(stage T3-T3b) are correlated to a worse prognosis [79]. Therefore, if the result of
the MRI indicated this, it is considered when determining treatment strategy, and
the T stage can be adjusted according to the result of the MRI [8]. One study
found a statistically significant correlation between increased use of MRI before
radical prostatectomy and a decrease of patients with positive surgical margin
[80]. In this study, the rate of positive surgical margins for patients with pT3
disease decreased from 70.6% to 32.3%, and during that time the incidence of
pre-treatment MRI of patients with stage pT3 increased from 17.6% to 64.6%.
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Figure 9: The left graph shows of the increased usage of MRI before biopsy in patients being
evaluated for prostate cancer (PC). The right graph shows the number of PC patients having an MRI
or a PET/CT used when defining the radiotherapy target (in both external beam radiotherapy and
extern radiotherapy combined with brachy). In both graphs the red curve represents all PC patients
being treated/evaluated in Sweden, and the blue curve represents patients being treated/evaluated
in the Northern part of Sweden.

PET has been the modality of choice for N and M staging of PC with high-risk
characteristics as well as during restaging of patients with recurrent disease.
Lately, evaluations of using PET also during T staging has been an emerging topic,
with PSMA being the radiotracer in focus. A meta-analysis of 12 studies
concluded that PSMA-PET/CT has moderate sensitivity and high specificity to
predict T3-T3b diseases, with higher sensitivities found using PSMA-PET/MRI
[81]. With PSMA already being the method of choice for N and M stage, there is
now an increased interest for evaluating how well PSMA performs in T staging,
especially in predicting T3-T3b lesions. The reason for this, is most likely the
enticing thought of having one diagnostic method capable of performing both
initial T, N and M staging alone.

Another important field within PC management where PET and MRI are of
emerging interest is to guide targeted radiotherapy treatments. In Figure 9, the
graph to the right shows how the usage of MRI and/or PET/CT during definition
of the radiotherapy target has increased over the last 12 years. As mentioned
earlier, in external beam radiotherapy there is growing evidence that there is a
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benefit to increasing the dose to sub-volumes within the prostate during the
treatment. A large study (FLAME) compared the standard treatment, external
beam radiotherapy fractionation of 77 Gy in 35 fractions, to a dose-escalated
treatment in which an integrated boost of up to 95 Gy was delivered to the visible
lesion (defined by MRI) [82]. No difference in toxicity was seen between the
groups at 2 years follow up, and at 5 years follow up the method was concluded
to be safe and effective with improvements in disease-free survival [39]. Other
studies have evaluated the possibility of using the combined information of PSMA
and MRI to define the sub-volume suitable for dose-escalation, with promising
results [83]. It has even been shown that PSMA-PET (either combined with CT
or MRI) significantly improved delineations of intraprostatic lesions compared to
using mpMRI [84].

Another patient group where medical imaging is important is PC patients with
biochemical recurrence after radical surgery. These patients often have small
tumours, and evidence shows that early initiation of salvage radiotherapy is
important for the recurrence-free survival [85]. This puts high demands on
imaging modalities to be able to detect the location of the tumour in an early
stage.

Knowledge gaps regarding PET and MRI in PC care

The current risk assessment of PC comes with uncertainties. For example, PSA
measurements are not cancer-specific and can be increased due to benign
conditions [86]. The method for determining the tumour grade (biopsies) also
has its flaws, with a risk of missing important lesions when performing both
systematically and targeted biopsies. Collecting tissue samples is an invasive
procedure, that might cause patient discomfort [87]. Consequently, with the
result of the PSA-test, the defined tumour grade, and the clinically determined T
stage (through DRE) being the cornerstone of the diagnostic process of prostate
cancer, there is a risk of patients being misclassified. This can lead to difficulties
in separating patients that would benefit from a radical treatment from patients
that do not need radical treatment. As a result of this, patients may be both over-
and undertreated, with consequences for both the patients and the healthcare.

To improve PC management more information about the disease characteristic
for the individual patient is necessary to be able to customise treatments and give
the patient the best possible care. One way of gathering more information is by
using medical imaging, which is already implemented in the clinical workflow.
Specifically, PET and MRI already have an increasingly important role in the
clinical management of PC and are both being used or evaluated for incorporation
during detection, staging, grading, and treatment planning. Methodological
improvements with for example standardized interpretation guidelines, to
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increase general knowledge and reduce observer variability, as well as improved
technical capabilities have improved the diagnostic performance of both PET and
MRI in several aspects of the clinical management of PC. Besides the most basic
(yet very important) function of medical imaging, to detect and define tumours,
these (almost) non-invasive imaging methods possess the capabilities of both
morphological and functional assessments of the tissue that likely can give
valuable diagnostic information of the condition. These types of clinical
characteristics, gathered using PET and MRI, can potentially be used to improve
the current risk assessment of PC. However, to encourage further incorporation
to the clinical management, some questions need to be answered. For example:

e How does PET and MRI perform in detecting local and loco-regional
recurrence after radical prostatectomy? Is there any modality that can be
used to guide salvage radiotherapy even for patients with very low PSA
(<0.2 ng/mL)?

e How well perform different imaging modalities (PET and MRI) in
detecting and staging intraprostatic lesions? Is there a difference
between the imaging modalities regarding their sensitivity of detecting
intraprostatic lesions of different ISUP grades and/or of different sizes?

e  Which imaging modality gives the most accurate spatial definition of the
intraprostatic lesions? Is it the combined information of several
modalities that gives the best approximation? Does it differ between
patients, due to individual tumour characteristics?

e Are there any imaging modalities that can improve diagnosis by
separating clinically significant from clinically non-significant PC? Is
there image information, not visible to the human eye, that can be used
to aid in detecting small lesions? When in vivo image features are
correlated to histopathology features, is it possible to find prognostic
markers that can be used to improve the current risk assessment?
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2 | Purpose and aims of
the thesis

The purpose of this thesis was to contribute to increased knowledge and to
improve the clinical management of PC regarding the usage of PET and MRI. A
large part of this work concerns the introduction and performance evaluation of
[68Ga]PSMA-11 PET/MRI, which was a new imaging modality at the start of this
doctoral project. This was mainly to be done by evaluating the diagnostic
performance and the patient safety from a radiation exposure perspective, of
[68Ga]JPSMA-11 PET. The diagnostic performance was to be compared to other
PET and MRI methods, as well as to histopathology.

Specific aims of the studies included in this thesis were:

II.

I1I.

Iv.

In a systematic literature review, evaluate the usefulness of PET and MRI
for identifying local- and locoregional recurrence of PC after radical
surgery, to improve and individualize salvage radiation therapy.

Calculate effective- and absorbed organ doses from an injection of the
radiotracer [¢8Ga]PSMA-11 in a cohort of low-risk PC patients to evaluate
if the substance is safe to inject into patients.

Develop a method to correlate histopathology to in-vivo PET/MRI data
of PC and report the uncertainty of the method.

Evaluate and compare PSMA-PET, ACE-PET and mpMRI in detection of

intraprostatic lesion in primary intermediate and high-risk PC, with co-
registered whole mount histopathology as reference standard.
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3 | Methods

Evaluation of the diagnostic performance

In recent decades evidence-based medicine has become the standard approach in
medicine in general. This approach aims to ensure that clinicians are
conscientious, systematic, and use relevant research results as guidance when
making decisions about the care of individual patients [88]. It also implies that
healthcare resources are used as efficiently as possible, which promotes clinicians
to stay aware of new findings and encourages well-performed clinical studies to
gather evidence.

In the clinical management of PC, the trend is to individualize and use targeted
treatments tailored for the specific patient. Many steps in the clinical
management of PC have been improved over time. For example, with improved
detection and better treatments, more patients are being cured and patients with
systemic spread live longer. However, to follow the approach of evidence-based
medicine, it is important to validate methods before incorporating the methods
clinically. This is important regardless of whether the diagnostic test is used to
detect the disease or to define the spatial extent of the disease, during treatment
planning.

To obtain evidence research needs to be done and commonly this is performed in
a clinical study. The study needs to be designed in a suitable way to be able to
answer a research question. Studies focusing on medical imaging can be
evaluated using many different measures, for example, reliability, patient safety,
accuracy, technical feasibility, and clinical outcomes such as impact on treatment
strategy or overall survival [89]. When evaluating the diagnostic accuracy of
medical imaging modalities the most commonly used format is a cross-sectional
study design [90]. In cross-sectional studies, data is collected at one time-point
and compared to a more trustworthy test (a gold standard). This type of data gives
a snapshot of the health condition of the patient and can give information about
the prevalence of the condition rather than explaining the cause [91].
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Systematical reviews

Another important way of gathering evidence regarding the performance of, for
example, different types of imaging modalities, is to combine the results from
different studies performing the same/similar evaluations of the same diagnostic
test. This was the study design used in study I. In this study we evaluated how
well PET and MRI perform in detecting local and loco-regional recurrent PC.
Systematic reviews are generally designed to answer a specific research question
that should be formulated including the population, the intervention, the
comparison, and the outcome. In study I, the formulation of the research
question was: “Surgically treated patients, with local- and/or locoregional
recurrence identified by a BCR, that was evaluated in studies where sensitivity
and specificity of diagnostic imaging were part of the primary endpoint. The focus
of the imaging studies should be imaging using MRI and/or PET and all studies
should have a relevant reference standard consisting of either biopsy or focal-
treatment follow-up (by PSA or radiological follow-up).”

The process of gathering data in a systematic review starts with performing a
systematic literature search in a database storing research publications. In our
study, a broad PubMed/Medline search was performed, focusing specifically on
imaging studies where the detection of local and/or regional recurrence of post-
radical prostatectomy patients were evaluated. A broad search query was used to
ensure that we did not miss any relevant studies. All studies needed to have
sensitivity and specificity of MRI or PET as the primary endpoints. For inclusion,
a clinically relevant reference standard was required such as biopsy, other
histological analysis, and/or treatment follow-up.

An evaluation of the quality and potential risks of bias of the included studies was
performed. To reduce the risk of subjectivity and observer variability, this was
done using the Quality Assessment of Diagnostic Accuracy Studies (QUADAS)-2
guideline. When assessing the overall quality using QUADAS-2, 11 signalling
questions are answered with regards to patient selection, index test, reference
standard, and patient flow where each question is scored as yes, no, or unclear.
Each of these domains is then scored as high or low risk of bias based on the
signalling questions. The result of this evaluation gives the review a measure of
the overall quality of the articles of which the review is based upon.

In systematic reviews, results from several studies are collected and compared. If
many of the included studies use similar evaluations, with similar degrees of
errors, it is possible to pool their results through a statistical analysis method
called meta-analysis. The strength of performing a meta-analysis is that the
pooled estimate is statistically more likely to be close to the unknown truth, than
the individual estimates. This is often the ambition with a systematic review, to
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be able to perform a meta-analysis of the resulting data. However, not until the
data has been collected can a decision be made of whether it is appropriate to
perform a meta-analysis. Only when a group of studies is sufficiently
homogeneous in terms of both participants and interventions will the results of a
meta-analysis be powerful. In study I, median and pooled mean values were
calculated in subgroups of the included studies that were suitable for pooling. It
is common to test the statistical heterogeneity when performing a meta-analysis,
to evaluate if differences in the results are genuine differences (heterogeneity) or
if the variation of the results is attributable to chance (homogeneity). To test the
heterogeneity of the included studies in study I the DerSimonian—Laird
between-trial variance estimator, 72, and the inconsistency, 12, index [92] were
used. A high I? index indicated that the evaluated studies were heterogeneous.

Radiological evaluation

Based on the, at the time, lack of comparative imaging studies (both comparative
between modalities but also comparative to histopathology) and general studies
regarding PSMA-PET/MRI in localized PC, it was decided to perform a
comparative study. This study, which studies III-IV are based upon, was a
prospective cross-sectional study. The data collected in this study was from 55
intermediate and high-risk PC patients, examined with the index tests PSMA-
PET/mpMRI and ACE-PET/CT during the same day, before radical
prostatectomy. After surgery the resected prostatic specimen was examined in a
histopathology examination which was used as a reference test.

The purpose of the reference test is to confirm or refute the findings of an index
test. The reference test, or gold standard, would in a perfect world represent the
truth about the condition. In studies focusing on localized PC, where the
diagnostic accuracy or performance of imaging findings are evaluated, tissue
samples collected using core needle biopsies can also be used to validate the
findings. As mentioned, tissue samples can be collected in a targeted fashion i.e.,
directly from the suspected lesion, or systematically collected according to a
standard biopsy template. However, both methods have their shortcomings.
Using the systematic biopsy approach involves the risk of missing relevant lesions
and in the targeted biopsies approach only the suspected lesion can be validated,
and consequently, no information about the remaining condition is provided
[93]. However, it is the research questions that set the level of the reference
standard. For example, in studies evaluating the detection rate of an imaging
method, a binary confirmation of the occurrence or non-occurrence of disease
might be enough. While in studies evaluating for example the possibilities to
predict tumour grade, a confirmation of both the occurrence and the
pathologically determined grade is needed for confirmation. In this type of
studies, whole mount histopathology (WMH) from radical prostatectomy, which
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was used in study IIT and IV, is known to be a more informative reference
standard giving information about the overall condition.

In the radiological evaluation performed in study IV, PSMA-PET, ACE-PET and
mpMRI were evaluated separately. Two MRI radiologists evaluated all mpMRI
examinations, while two double licensed nuclear medicine physicians-
/radiologists evaluated the PSMA-PET and ACE-PET examinations. All reviewers
were blinded to specific patient characteristics that could introduce bias to the
reading. They were only aware of the inclusion criteria of the study. Two different
readers were used for each modality to strengthen the statement of the index test,
and to be able to study the inter-observer variability.

In studies of diagnostic tests, there are several outcome measures that can be used
for evaluation. Commonly in diagnostic tests, the test result is binary (i.e., a
positive or a negative test result). Patients with a positive result, both on the index
test and the reference test, are defined as true positive (TP) cases. Conversely,
patients with a positive test result on the index test with a negative reference test,
are defined as false positive (FP) cases. Patients with both a negative index test
and a reference test are defined as true negative (TN) cases, and patients with a
negative index test while the reference test was positive are defined as false
negative (FN). Using these variables different statistical measures and outcome
measures can be calculated, some commonly used are illustrated in Figure 10.
For example, the tests accuracy i.e., its ability to correctly differentiate the
subjects with the condition and the ones without can be used. This is calculated
by the ratio of all correctly classified subjects to all included subjects [94].
Sensitivity and specificity are other well-known measures used to determine the
performance of diagnostic tests. Sensitivity reflects how well the test performs to
correctly classify a present condition (classify a sick person as sick). The
specificity reflects how well the test performs to correctly classify a non-present
condition (classify a healthy person as healthy). Sensitivity is defined as the ratio
of true positives to all subjects having the condition (TP and FN) and specificity
is instead defined as the ratio of true negatives to all subjects not having the
condition [94]. Furthermore, positive predictive value (PPV) predicts how likely
it is that a subject with a positive test result has the condition. It is calculated by
dividing the number of true positive cases with all positive cases (TP and FP) [94].
Negative predictive value (NPV) instead predicts how likely it is that a subject
with a negative test does not have the condition. This is defined as the ratio of the
number of true negative cases to all cases with negative test results (TN and FN)

[94].
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Figure 10: Illustration of the data collection process in a cross-sectional study design, a two-by-two
matrix, and some examples of outcome measures that can be used for study evaluation.

The definition of TP, TN, FP, and FN are important and will affect the possible
outcome measures. In some imaging studies, a patient-based analysis is not
optimal, for example, if all included patients already have a confirmed disease,
like the cohort used in study IV. In this case a lesion-based analysis yields more
information compared to having for example an un-diagnosed cohort, including
patients that are TN. Therefore, a lesion-based approach was used in study IV.
All reviewers used the PI-RADS v2.1 sector map to define the locations of the
identified lesions. Similarly, the locations of all lesions identified in the
histopathological examination were also defined using the sector map. For a TP
lesion, the positions reported by the reviewer and the pathologist needed to be
similar in order to be classified as a match. In cases of small differences in
reported location these were adjusted and considered a match after a visual
inspection. A FP lesion was defined when no lesion could be correlated to the
reported location, and a FN lesion when a lesion found on histology was not
identified by the reader. In this approach, there are no TN cases. An alternative
approach, when using WMH as a reference test, is to perform a sector-based
analysis. In this approach each sector is seen as a separate case [95]. Using this
kind of evaluation, agreements between the index and reference tests is
determined as a TP or TN sectors. In cases of disagreement, the sector is defined
as FP or FN. Consequently, specificity and NPV are also possible to calculate, even
if the cohort only consisted of sick people, compared to when the lesion-based
approach is used.

To statistically compare the performance of two diagnostic tests, a McNemar test
can be performed. This statistical test evaluates the number of TP cases identified
by one and not by the other test. The null hypothesis of the McNemar test is that
the diagnostic tests perform equally. When evaluating the performance of PSMA
and mpMRI identifying intraprostatic lesions in study IV this test was used.
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Co-registering WMH to in vivo imaging

As mentioned, WMH is known to be the optimal reference standard when
evaluating localized PC. There are different ways of correlating WMH to the index
test. In study IV the PI-RADS v2.1 sector map was used to correlate between the
index test and reference test. All lesions identified in the histopathological
examination were defined using the sector map, and each observer reported the
position of the identified lesion accordingly. Using this method, for a true positive
lesion the reported positions needed to match. Another possible method is to
compare the in vivo image and WMH visually. This can give a more detailed
overview of the condition, but the spatial conformity is not completely accounted
for. Therefore, the most accurate, and most advanced method, that gives both a
voxel-to-voxel comparison, as well as the spatial correspondence, is to register
the WMH to the in vivo image [96] which was the method used in study III.

The spatial agreement between in vivo image and WMH might be inconsistent
due to several reasons. First, the slicing plane between in vivo images and WMH
can differ. Secondly, as soon as the specimen leaves the body its shape will be
deformed. Deformation occurs by shrinkage and shearing during fixation in
formalin [97], and during the process of histopathological evaluation. Other
difficulties are differences in image contrast, resolution, and slice thickness
between in vivo image and histopathology images.

To reduce the risk of tissue distortions occurring when the specimen leaves the
body and before it is fixated in formalin, and to keep track of the orientation of
the specimen, a prostate-mould or fixating device can be used. With 3D printer
technology being readily available, this has been the most common strategy for
creating moulds [98], and also used in study III. Besides shape preservation,
another feature of the fixation boxes is that guiding slits can be added to the
design. These can be used during specimen sectioning and assures that the same
orientation and slicing plane is used in the histopathology and the index test.
Figure 11 shows a model of the prostate-mould used in study III.

An example of a construction of a non 3D printed fixation box is to instead use
agarose to fixate the shape of the specimen [99]. Another approach to is to use
extrinsic or intrinsic fiducials to ease the correlation. For example, Gibson et al.
[100] placed strand-shaped fiducial markers on the surface of the specimen after
the surgery, and used them to guide the optimal cutting plane of the specimen to
match with in vivo MRI slices. The same study also inserted three strand-shaped
fiducials through the specimen, which assisted as landmarks during image
registrations. Another study used carbon rods, inserted into the specimen, which
also assisted during image registrations [101].
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Figure 11: Computer aided designed model of the prostate-specific mould used in study III.

An alternative, or complementary method, is to correct possible deformations of
the WMH by using an intermediate image between the in vivo and histopathology
image. This intermediate image, an ex vivo image of the surgical specimen before
it has been sectioned, can therefore guide how the histopathology image should
be deformed to more resemble the in vivo image. MRI is a commonly used ex vivo
imaging method [102], and was the method used in the presented procedure in
study III. Besides MRI, photos of the WMH block face [103] and CT imaging
[99] have been used successfully. To correct for the tissue deformations, image
registrations can be used. Different types of registration methods are available,
and the amount of deformation in the WMH in comparison to the in vivo images
determines the degree of complexity in the image registration.

Image registrations

When digitalized, WMH images are high-resolution 2D images. These images can
be directly registered to the in vivo image. Alternatively, the registration can be
done in several steps, with the first step being the histopathology being registered
to an intermediate ex vivo image before it is registered to the in vivo image. This
two-step registration-approach was performed in study III.

Image registration is a commonly used concept with many applications in the
management of medical images. For example, image data acquired during the
same acquisition are in the same coordinate system, i.e., the same frame of
reference, and can be visualized together directly (fused). However, in situations
when visualization of PET data (collected in a PET/CT scanner) together with
separately collected MRI data is necessary, the examinations need to be
registered and spatially aligned using image registrations to be able to visualize
them together. A clinical example of this is in radiotherapy planning. Here, all
dose calculations are done using CT data, but as the soft tissue contrast is not
sufficient in a CT image it is often complemented by MRI and sometimes also by
PET. To define the tumour volume and organs at risk, the additional image
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information is registered to the CT. When the images are registered to each other,
they can be fused. Furthermore, within an MRI protocol, which is constructed of
several sequences scanned one-by-one, it is possible for internal mismatch
(internal and external patient movement is the main cause) even in images
collected during the same protocol.

The most common transforms used to register images are rigid, affine, and non-
rigid transformation. The most basic of these is the rigid transform. This
transform translates and rotates the image (the moving image) to fit the desired
image data (the fixed image). During a rigid registration, the image maintains its
relative shape and size. This registration basically moves the image in space, and
is suitable to use when changing the position, the coordinates, of image data is
the purpose of the registration. In a slightly more advanced registration, an affine
transform can be used. In general, an affine transformation only consists of
rotations, translations, dilations, and shears of an object. The transformation
preserves proportions of lines, but it does not necessarily preserve angles or
lengths. For example, a triangle is an affine geometry, and it can be transformed
into any other triangle using an affine transform by changing the edges of the
vertices. However, this transformation only captures global image motion and
not local deformations [104]. In cases where the image registration demands a
more advanced transformation, a non-rigid registration can be used. A commonly
used non-rigid registration method is b-spline transformation. Here, the rigidity
can be controlled by adjusting the distance, the point spacing, between the points
used for calculating the transform.

During image registration, a similarity metric is used to find the optimal solution
by measuring image similarity. The similarity metric defines the mathematical
expression for how to determine the degree of agreement. Depending on the
specific situation, different metrics are preferable. A commonly used metric is
“mean squared difference” which calculates the sum of squared differences
between pixel intensity values. Other metrics are: “cross-correlation”, “sum of
squared intensity differences” and “ratio image uniformity”, all suitable when the
registration concerns images from the same modality. When the images are from
different modalities, and consequently the pixel intensity of the two images
differs a lot (for example a CT and an MRI, or an MRI and a WMH image) a
“mutual information” metric is a better choice. This metric maximizes the mutual
information of the images based on a two-dimensional histogram of the pixel
intensities from corresponding points, i.e., their joint intensity histogram. This
metric was used as similarity-measure in study III.
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Histopathology + Ex vivo MRI + registered In vivo PET/MR + the
annotated lesion histopathology registered lesion

Figure 12: Examples of different images in the co-registration process in study III. The first image
shows a whole mount histopathology (WHM) image including an annotated lesion and its ISUP
grades, before registration (left). The second image shows the corresponding registered WHM
(middle) which was registered using an affine transform to the ex vivo T2W MRI. The last image
shows the registered lesion fused to the in vivo T2W MRI (right) after a rigid 3D registration.

To find the best solution an iterative optimisation strategy is used. During this
optimisation, intensity values of non-existing voxel positions need to be
determined and this can be done using a suitable interpolation method. There are
different interpolation methods that can be used, varying in quality and speed.
One of the simplest techniques, which is low in quality but requires limited
computational resources, is nearest neighbour interpolation. In this method, the
intensity of the closest voxel in distance is returned from the interpolation.
Another slightly more advanced method is linear interpolation. Here, the value is
a weighted average of the surrounding voxels, using the distance between each
voxel taken as weight. (N-th order) B-spline interpolator is a more advanced
alternative. A higher order increases the quality, but it will also require more
computational time.

To simplify usage of image registration open-source software or “toolkits” have
been developed. Elastix [105] is one of the most used software which consists of
a collection of algorithms that are commonly used to solve medical image
registration problems. Elastix is as many other similar toolkits based on the code
from the Insight Toolkit (ITK) [106]. In this thesis, all registrations were done in
MICE Toolkit (Nonpi Medical AB, Umed, Sweden) in which Elastix has been
implemented in a visual programming interface. Figure 12 shows an overview
of the process in study III of registering an annotated lesion to in vivo MRI.
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Registration procedure in study III

With the histopathology image being in 2D, the first registration was a 2D-affine
registration, where each histopathology slice was registered to its corresponding
ex vivo MRI slice. A manual assignment of which WMH image corresponded to
which ex vivo image was required in this step. Since the specimen shrinks and is
likely to deform during the histopathology preparations [97], an affine
registration using mutual information as the similarity-measure was used in the
first registration step in of the co-registration procedure. This registration uses
the internal structures of the ex vivo MRI to adjust the WMH.

In the following step, the ex vivo MRI was registered to the in vivo axial T2W
MRI, a 3D rigid registration was used, and the registered histopathology stack
was transformed accordingly. This registration was a mask-to-mask registration,
and no information from the internal structure was used in the optimization. A
binary mask covering the prostatic volume in the ex vivo MRI was created, and a
binary mask of the in vivo prostatic volume was created from the already
delineated prostate in the in vivo axial T2W MRI (used to create the mould). The
reason for using a mask-to-mask registration, instead of using internal structure
in the registration, was that it proved to be a more robust method primarily due
to varying in vivo T2W image quality between patients. In this registration, only
rotations around the z-axis were allowed, since the prostate was assumed to be
fixed inside the prostate-mould, in the desired orientation. To correct for
specimen distortion concerning the specimens fit inside the mould, 2D non-rigid
B-spline registration was used. In this registration the actual prostatic contour of
the ex vivo MRI volume (e.g., without extraprostatic margins) was registered to
the contour of the delineated in vivo prostate. This registration was a multimetric
registration using mean squared difference and bending energy penalty
(weighted: 0.9999/0.0001). The control point spacing of the b-spline
transformation was 10 mm. A visual inspection of the delineated in vivo prostate,
used for mould creation, was done, and if improvements were possible, the
delineation was adjusted manually before the registration. Figure 13 shows an
example of a patient with extra prostatic margins changing the position of the
lesions, which could be corrected for using this registration.

To evaluate the performance of the method in study III, how well the registered
histopathology spatially correlated to the in vivo images, an uncertainty
estimation was performed. This estimation concerned comparing positions of
clearly visible landmarks in the registered histopathology to the in vivo T2W MRI.
In this evaluation 25 of the 55 patients were included.
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Figure 13: [llustration of the effect of the contour correcting deformable registration. A registered
ex vivo prostate is overlayed on a T2W MR before (left) and after (right) the deformable registration.
The white boundary is the extraprostatic fat removed during surgery.

Evaluation of radiation exposure

When a new radiotracer is introduced, it is not only the diagnostic performance
that needs to be evaluated. It is also important to evaluate whether the substance
is safe to inject into patients, specifically because it exposes the patients to
ionizing radiation. To be able to compare different imaging methods regarding
radiation exposure, for example to determine the risk for late stochastic health
effects, the effective dose can be used. In this case the effective dose is not to be
calculated for individual patients. Instead, it is a generalized measure that uses a
model with weighting factors for both the radiation quality and how
radiosensitive organs are. In study II, our purpose was to determine the effective
dose and the absorbed organ doses from an injection of [¢8Ga]PSMA-11. This is
especially important to assess when a new radiotracer is introduced.

For consistency and to assure evidence-based exposure calculations of effective
doses from injected radiotracers, there are recommendation and guidelines
concerning this topic. It is mainly a non-governmental organization, the
international commission of radiation protection (ICRP), that actively works for
improving aspects of radiation protection by developing and recommending
methodology used for assessment of internal and external radiation exposure.
They provide updated dosimetric models, reference data, reference biokinetic
models, and dose coefficients, which are used when, for example, calculating the
effective dose. The latest report concerning exposure calculations is ICRP
Publication 103 [107], which is an updated version of ICRP Publication 60 [108].
In this revision, the calculation of equivalent and effective dose remained
unchanged, however, methods used in the calculation were revised. For example,
there were improvements to radiation weighting factors, and regarding the model
describing the effects of external and internal sources. The mathematical model
used to calculate external and internal sources in ICRP Publication 60 was
replaced by a computational phantom based on real human data.
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Dose calculations in study II

In study II, when determining the radiation exposure from an injection of the
radiotracer [¢8Ga]PSMA-11, PET images were collected over time to be able to
analyse the biodistribution in the body of the radiotracer, rather than studying
the health condition. To get a representative cohort, with minimal impact from
tumours, a patient cohort of low-risk PC patients was used in study II. In total,
6 low-risk PC patients were included and all were injected with [68Ga]PSMA-11.
The biodistribution of the radiotracer was studied based on four different
PET/CT acquisitions. The first acquisition was acquired simultaneously to the
injection, while the last PET scan was performed 255 min after the injection. The
radionuclide 68Ga has a half-life of 67.7 min [54], which means that less than 10%
of the radiotracer remains in the patient after 255 min.

In addition to PET images, urine and venous blood samples were collected. The
urine was gathered from the patient when possible but at the most 4 h post-
injection, while the venous blood samples were drawn at 45 min, 85 min, 175 min,
and 245 min post-injection. Urine samples and blood samples were gathered
from all patients to increase knowledge about the biokinetics of the radiotracer.
In the PET data, kidneys, liver, lungs, spleen, salivary and lacrimal glands, and
total body volume were delineated using RayStation (RaySearch, Stockholm,
Sweden). All organs were delineated in each PET acquisition. In PET images each
voxel represents the activity per voxel or volume (Bq/voxel or Bq/mL), i.e., an
activity concentration. Based on this, the fraction of injected activity was
determined for all volumes of interests (VOI) by multiplying with the organ mass
and normalized to the injected activity. The median value of the activity
concentration in the VOIs was used to make the estimation less sensitive to noise.

Exponential functions were adjusted to the measured PET data for each organ.
When integrating these functions, that follow the physical and biological
retention of the radiotracer, the estimated time integrated activity coefficients
(also called the residence time) is obtained as the area under the curve. This
coefficient is then used to calculate both the absorbed organ dose and the effective
dose using a dedicated software (for example IDAC 2.1 [109] which was used in
study II). Without dedicated software these types of calculations are very
complicated to perform. For example, depending on the distribution of the
radiotracer in the body, the exposure will vary between organs, and organs will
expose/be exposed by each other, i.e., be both target and source organs. Specific
absorbed fractions are taken into account in the calculations which are the
fraction of radiation energy emitted from a source organ and absorbed in a target
organ per unit mass [110]. Specific absorbed fractions are pre-calculated by
computational phantoms and Monte Carlo methods published in ICRP 133 and
implemented in, for example, IDAC 2.1.
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Using this software, absorbed organ doses were calculated according to ICRP
publication 107. The absorbed dose to the eye lenses was estimated using Monte
Carlo methods since it was not included as a target organ in IDAC 2.1. The
absorbed dose calculations were based on the specific absorbed fractions
published in ICRP 133, and the effective dose was calculated according to ICRP
Publication 103.
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4 | Results

Study I

Imaging for the Detection of Locoregional Recurrences in
Biochemical Progression After Radical Prostatectomy
—A Systematic Review

In this systematic review we aimed to evaluate the usefulness of PET and MRI in
identifying local and regional recurrences in patients with BCR.

In total, 25 articles were included in the review. These were selected after
reviewing the 1224 articles identified through the PubMed/Medline literature
search. All were deemed of sufficient quality using the QUADAS-2, although the
concern for bias were high both regarding the reference test and the flow and
timing of the inclusion in several studies.

Of the included articles 12 concerned MRI and 15 concerned PET. When pooling
the reported mean sensitivities and specificities, we found that ACE-PET/CT and
[1C]/[8F]Choline-PET/CT had the highest pooled sensitivities, 92% and 84%,
respectively. [11C]Choline was the radiotracer with the highest pooled specificity
(86%). Regarding MRI, we found that MR spectroscopy combined with DCE had
the highest pooled sensitivity (89%). mpMRI showed high pooled sensitivity
(84%), with similar results using DWI combined with T2W imaging (82%), and
DCE combined with T2W imaging (82%). These methods also showed high
pooled specificities (85%, 89%, and 92%, respectively).
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Study II

Radiation dosimetry of [¢8Ga]PSMA-11 in low risk prostate cancer
patients

In this study we aimed to determine the effective dose and organ doses from an
injection of [¢8Ga]PSMA-11 in a cohort of low-risk PC patients.

The effective dose was calculated to be 0.022 mSv/MBq [111]. This can be
compared to the effective dose from other radiotracers used to image PC, e.g.,
[*8F]Choline (0.01 mSv/MBq) [112] and ACE (0.0049 mSv/MBq) [113]. These
radiotracers are commonly administered with 3.5 MBq/kg (['8F]Choline) and 5
MBq/kg (ACE). Using these numbers, a standard man (80 kg) would receive a
dose of 1.96 mSv from ACE and 2.8 mSv from [*8F]Choline. Comparatively,
[68Ga]PSMA-11 is often administered with 2 MBq/kg and based on our calculated
effective dose (0.022 mSv/MBq) an injection to a standard man gives a dose of
3.5 mSv.

In this patient cohort we observed that the kidneys and lacrimal glands were the
organs receiving the highest absorbed organ dose. After injection of 160 MBq
[68Ga]PSMA-11, the kidneys received approximately 40 mGy, while the lacrimal
glands obtained an absorbed dose of 0.12 mGy per administered MBq. Using
Monte Carlo simulations, we estimated the absorbed dose to the eye lenses to be
0.0051 mGy/MBq. [8Ga]PSMA-11 was rapidly cleared from the blood and
accumulated specifically in the kidneys and the liver. The blood activity showed a
bi-exponential behaviour and based on this a biological half-life in blood was
calculated to be 6.5 min (91%) and 4.4 h (9%).
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Figure 14: Biodistribution of [68Ga]PSMA-11 through a maximum intensity projection of the
whole-body PET scan collected at the different time points in study II.
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Study III

Registration of histopathology to magnetic resonance imaging of
prostate cancer

In this study the aim was to develop and evaluate a registration procedure
between WMH and in vivo PET/MRI of the prostate and to estimate the
uncertainty of the method. The specific uncertainty of adding a contour-
correcting registration to the registration procedure was also to be evaluated.

Twenty-five patients were used to determine the uncertainty of the registration
procedure. In these, 84 corresponding landmarks were found in the in vivo T2W
MRI and the registered WMH. The anatomical features most often identified as
suitable landmarks were the urethra (62%), prostatic cysts (33%), and the
gjaculatory ducts (5%). The median number of identified landmarks per patient
was 3.

The median in-plane error was determined to be 1.8 [interquartile range: 1.2, 2.7]
mm before the contour correcting registration, and 1.7 mm [interquartile range:
1.0, 2.5] after this registration. The patients were divided into two groups
depending on their surgical margin status. In the group of patients with extra
prostatic margins, the median in-plane error improved from 2.1 [interquartile
range: 1.4, 3.2] mm to 1.8 [interquartile range: 1.2, 2.6] mm after using the
contour-correcting deformable registration. Comparatively, in the patients
without surgical margins the median error was 1.3 [interquartile range: 0.9, 2.4]
mm before and 1.5 [interquartile range: 1.0, 2.5] mm after the contour-correcting
deformable registration.

To summarise, after an evaluation of 25 patients, the in-plane uncertainty after

the presented registration procedure was determined to be 1.7 mm [interquartile
range: 1.0, 2.5].
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Study IV

Identification of intra-prostatic lesions - a comparison between
whole-mount histopathology, [¢8Ga]PSMA-11 PET, mpMRI and
[1*C]Acetate PET

The purpose of this study was to compare the ability to identify intraprostatic
lesions using PSMA-PET, ACE-PET and mpMRI in 55 intermediate and high-risk
PC referred to radical prostatectomy, with histopathology as reference standard.

The histopathological evaluation of the 55 PC patients included in the study
revealed 123 lesions with a volume >0.05 cc. Of these lesions 85 were >0.1 cc (49
patients) and 44 lesions were >0.5 cc (39 patients). Table 4 show specifications
about the ISUP grade distribution of all lesions. In the group of larger lesions,
with a volume >0.5 cc, only one lesion had ISUP grade 1 consequently 43 lesions
were >0.5 cc and had a ISUP grade >2. The median volume of these lesions was
1.1 cc (ranging from 0.5-10.9 cc). The distribution of ISUP grades was 2 (21%), 3
(21%), 4 (35%), and =5 (7%). In detecting these lesions, PSMA-PET and mpMRI
performed equally (p=1) with a mean sensitivity of 69% and 73%, respectively,
while ACE-PET showed a mean sensitivity of 36%.

Table 4: Grade characteristics of all lesions >0.05 cc identified in the histopathological
examination separated by different volume thresholds.

Number of lesions [median volume (volume range)]

ISuP >0.05 cc >0.1cc >0.5 cc

All 123 (0.2 (0.05-10.9)] 85 (0.6 (0.1-10.9)] 44 (1.1 (0.6-10.9)]
1 34.0.09 (0.05-0.8)] 14[0.2 (0.1-0.8)] 1[0.8]
2 44103 (0.05-6.3)] 31[0.4(0.1-6.3)] 14[0.9 (0.6-6.3)]
3 21 (0.6 (0.05-2.9)] 19 (0.6 (0.1-2.9)] 11[1.1(0.6-2.9)]
4 21 [1.5 (0.06-3.5)] 18[2.0(0.1-3.5)] 15 (2.3 (0.7-3.5)]
>5 310.9(0.6-10.9)] 310.9(0.6-10.9)] 310.9(0.6-10.9)]
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Number of observers indentifying lesions with a volume >0.5 cc
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Figure 15: Histogram of the number of observers, separated by imaging modality, that identified
lesions >0.5 cc (44 lesions). All but one lesion was of ISUP grade >2.

Interobserver agreement was higher using PSMA-PET compared to mpMRI, 84%
agreement vs 68%, respectively, in detection of all lesions >0.5 cc. The joint result
of the two mpMRI observers was that 88% of these lesions were identified. The
corresponding result for PSMA-PET was that the observers together identified
77%. When combining the findings from all four observers 93% of the lesions
were identified by at least one observer (either mpMRI or PSMA-PET) and only
3/43 lesions were missed, which can be seen in the histogram in Figure 15. For
the small high-grade lesions, with a volume between 0.1—0.5 cc and a ISUP grade
>2, together the PSMA-PET observers detected 37% compared to 31% using
mpMRI. Figure 16 shows the corresponding histogram for the detection of the
small high-grade lesions.
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Figure 16: Histogram over the number of observers, separated by imaging modality, that identified
each of the high grade (ISUP grade >2) lesions with a volume between 0.1-0.5 cc.
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5 | Discussion

Diagnosing recurrent PC

In this thesis, study I concerned PC patients with rising PSA after radical
prostatectomy, i.e., a biochemical recurrence, BCR. These patients represent a
particularly difficult patient group to diagnose using medical imaging since they
often have low PSA-values and small tumours that are hard to visualise using
medical imaging [85]. This is also a particularly important patient group to be
able to image, since if it is possible to detect the lesion, the treatment can be
focused towards the location of the recurrence [114]. To achieve optimal
treatment outcome, salvage radiotherapy should be initiated as early as possible,
when BCR is detected (preferably at a PSA level >0.1 ng/mL [8]). To evaluate the
possibilities of using PET and MRI to depict local or locoregional recurrence of
PC after radical surgery, a systematic review was performed. Varying PET and
MRI imaging methods were found with many authors reporting high sensitivities
and specificities. Our pooled mean sensitivity and specificity of the individual
imaging modalities ranged from 54—92% and 75—92%, respectively. There were
uncertainties among the included studies regarding the patient population,
reference method and methodology of the index test according to the QUADAS-
2 evaluation. This heterogeneity may have affected the result of the meta-
analysis. Furthermore, most of the included studies had not performed their
analysis on patients with low enough PSA levels. Among the studies evaluating
the detection in low-PSA cohorts, sensitivities between 67-90% [115]—[118] using
MRI was found in patients with PSA <1 ng/ml. The highest sensitivity was
reported using mpMRI (90%) [115]. Regarding PET, both [1C]Choline and
[:8F]Choline have been evaluated in low-PSA cohorts, both with a reported
sensitivity of 20% for patients with PSA <1 ng/mL [117], [119], [120].
Unfortunately, no studies using radiotracers targeting PSMA were included in the
systematic review.

After this systematic review was published, additional articles on this topic have
been published. For example, Evans et al. [121] presented a review where they
compared the radiotracers ["C]/[8F]Choline, [®8Ga]/[*3F]PSMA, and
[*8F]Fluciclovine in the detection of BCR PC. They found that PSMA-binding
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radiotracers had the best result, with a detection rate of 51.5% in patients with
PSA levels <1.0 ng/mL. Fendler et al. [70] found comparable results when
evaluating [68Ga]PSMA-11 PET in detecting BCR PC. They found a detection rate
of 38% for patients with PSA <0.5 ng/mL, and 57% for patients with PSA between
0.5—1.0 ng/ml.

Additional imaging studies of BCR PC have been published, evaluating the benefit
of using hybrid PET/MRI. For example, Achard et al. [122] presented an overall
detection rate of 58.6% using Choline-PET/MRI. Their reported detection rates
were 12.5% and 42.9%, in sub-groups of patients with PSA <0.5 ng/mL and 0.5—
1.0 ng/mlL, respectively, and they concluded that MRI detected more local
recurrences, while PET found more loco-regional recurrences. In a PSMA-
PET/MRI study, Kranzbuhler et al. [123] presented a detection rate of 44% and
72.7% in patients with low PSA values (<0.2 ng/mL) and with PSA values between
0.2—0.5 ng/mL, respectively. The overall detection rate in this study (consisting
of 56 patients with a median PSA value of 0.99 ng/mL) was 78.6%. Separate
evaluations of MRI and PET resulted in detection rates of 24% and 76%,
respectively. This indicated that the PET-part was the most efficient method, with
a result almost comparable to the combined PET/MRI examination.

Furthermore, the clinical impact of using PSMA-PET before salvage treatment in
BCR PC has also been studied in a recent review performed by Wondergem et al.
[124]. They pooled data from 16 included studies and found that 45% of all
treatment strategies were changed based on the evaluation of PSMA-PET, with
specifically more patients being selected for metastasis-targeted treatments.

When comparing these newly published results to the results of study I, the
introduction of PSMA-binding radiotracers seems to have improved the detection
rate, although still moderate numbers are seen in the lowest PSA sub-groups.
Although the identified articles in study I indicate high and sufficient detection
rates for MRI, this does not seem to be applicable at low PSA levels. For example,
in a cohort of 142 patients with BCR (median PSA was 0.21 ng/mL), mpMRI had
a detection rate of only 11% [125]. Furthermore, in a PSMA-PET/MRI study of
patients with PSA levels <0.2 ng/mL after radical prostatectomy, PET/MRI was
positive in 32% of patients while MRI was positive in only 9% [126]. Regarding
PET/MRI evaluations, Achard et al. [127] only showed concordant findings
between PET and MRI in 44% of the cases, indicating that the complementary
information is valuable. In summary, this indicates that using the hybrid solution
PSMA-PET/MRI is beneficial for detecting recurrent PC, as predicted in our
review.
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Diagnosing localized PC

The other patient group in focus in this thesis was intermediate and high-risk PC
patients. A cohort of 55 patients planned for radical prostatectomy was imaged in
the same day using PSMA-PET/MRI and ACE-PET/CT. To be able to compare
the performance of the methods for detecting intraprostatic lesions, PSMA-PET,
ACE-PET and mpMRI were evaluated separately. In the PSMA-PET evaluation a
reconstructed CT-like anatomical background was used, which was based on a
large field-of-view T2W MRI sequence.

In this study we found that for intermediate and high-risk PC, PSMA-PET
performed equally to mpMRI in detecting PC lesions >0.5 cc and with a ISUP
grade =2 (with mean sensitivities of 69% and 73%, respectively), and both

methods performed superior to ACE-PET. The results of study IV confirm the
known relationship between lesion size, ISUP grade and possibilities of detection
using medical imaging [128].

We also found that the interobserver agreement was higher using PSMA-PET
compared to mpMRI. Instead, the mpMRI observers complemented each other
and together they found 88% of the large high-grade lesions, compared to 77%
using PSMA-PET. This indicates that the performance of PSMA-PET is less
observer-dependent when compared to mpMRI. Although being a powerful
diagnostic tool, interpretating mpMRI can be hard and this has been highlighted
as one of the difficulties of MRI [129]. Education, standard interpretation
guidelines, and “double review” are therefore likely to further improve the
capability of both PET and MRI. Regarding mpMRI, which has an emerging role
in the clinical management of PC, PI-RADS v2.1 has already both improved the
consistency of the scanner settings between clinics and formalized a methodology
for image evaluations and reporting. A meta-analysis (including 21 studies and
3857 PC patients) reviewed the performance of PI-RADS v2 compared to PI-
RADS vi1 for detection of PC [130]. This review showed an overall pooled
sensitivity of 89% and pooled specificity of 73%. In a sub-group that only used PI-
RADS v2, the sensitivity increased to 95%, with consistent specificity.

In a study by Vargas et al. [131], confirming the performance of PI-RADS, all
histopathologically identified lesions were PI-RADS scored retrospectively. They
found that PI-RADS v2 correctly identified 94—95% of all PC lesions with a
volume >0.5 mL. So, even when knowing of their presence, the assessment of
lesions with a ISUP grade >3 and a volume >0.5 mL, was limited. They also saw
that DCE-MRI offered limited added value to the T2W and the DWI in their data.

Comparing the result of study IV to other publications, similar results are found,
with PSMA-PET/CT detecting 71% and mpMRI 86% of the intraprostatic lesions
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[132]. However, this cohort differed from the one used in study III-IV, in that
only 4/10 patients had multifocal PC. Instead, most patients had one big lesion
occupying a median of 25% (range, 10%—70%) of the prostate. Another recent
study presented a sensitivity of 88% using PSMA-PET/MRI while MRI alone had
92% [133]. In this study, biopsy was used as reference standard, which should
result in less FN lesions compared to when WMH is used, which affects the
calculations of sensitivity.

Comparing results of diagnostic studies using medical imaging, where some
publication reports excellent detection of intraprostatic lesions and some reports
moderate sensitivity, can be hard. The varying performance is likely to be due to
differences in study methodology (index and reference test etc.) as well as patient-
and tumour characteristics in the evaluated cohorts. If most patients for example
have higher risk characteristics, they are more likely to have larger and more
poorly differentiated tumours, which are easier to detect using medical imaging
[134]. Another possible cause is differences during the histopathology
examination and lesion definition. WMH is considered to be the gold standard,
however, this examination might not have 100% accuracy. Human error might
occur as well as methodological differences between institutions, which can affect
the number of identified lesions. For example, in patients with very multifocal
diseases, if each lesion island is defined as separate lesions or as one large with
normal tissue in between [135], this can affect the numbers.

As mentioned, similar tumour characteristics in the compared cohorts is
beneficial for a representative comparison. There are indications of different
types of PC tumours, with some being PSMA-positive while others express other
properties making them more suitable for another imaging modality. Tradgardh
et al. [136] compared PSMA-PET to histopathology, and found that in 39 patients,
95% of all index lesions were identified, while two patients had PSMA-negative
index lesions (5%). In comparison, in study IV, 13 lesions (>0.5 cc) were not
detected by PSMA (30%) and 3 and 9 of these lesions were instead detected by
ACE and MRI, respectively. This highlights the importance of evaluating which
lesions are important to detect. Are the small high-grade lesions and for example
the PSMA-negative lesions clinically relevant lesions? It is known that PC can be
separated into non-significant and clinically significant PC. Several studies show
that many identified PCs never develop into lethal or even noticeable diseases for
the patients while some PCs quickly develop and can cause the patient significant
suffering and finally be the cause of death [135]. Therefore, in the current clinical
management of PC, commonly mentioned terms are “clinically significant PC”,
“dominant lesion” and “index lesion”. Often, it is the size of the lesion that is the
deciding factor of being clinically significant [137].
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Table 5: Summary of detection rate/sensitivity of intraprostatic lesions reported in a few articles
which performed a separate analysis of a sub-cohort with small lesions.

Imaging Lesion characteristics B

Reference modality (grade, volume) Sensitivity (%)
Vargas et al. [131] T2W+DWI All, >0.5 mL 95
Sandgren et al. (study IV) mpMRI ISUP >2, >0.5 cc 73
PSMA ISUP >2, >0.5 cc 69
Turkbey et al. [138] mpMRI All, >5 mm 68
Vargas et al. [131] T2W+DWI ISUP 3, <0.5 mL 27
Sandgren et al. (study IV) mpMRI ISUP >2, <0.5 cc 31
PSMA ISUP 22, <0.5 cc 37
Turkbey et al. [138] mpMRI All, <5 mm 37

ISUP or Gleason grade is a known prognostic marker [139]. Therefore, the small
(<0.5 cc) high-grade lesions represent an important group of lesions to be able to
detect in an early stage. The definition of a clinically significant PC lesion, used in
PI-RADS v2.1, is a lesions with a volume >0.5 cc and/or a ISUP grade >2 and/or
extracapsular extension [47]. This definition has no size limitation on the high-
grade lesions, which might be reasonable to add when considering identifying
them using medical imaging. There are technical limitations (mainly due to
limitations in resolution and partial volume effects) when using both PET and
MRI, that makes detection of the very small lesions difficult. Comparing the sizes
of the detected lesions in study IV, one of the mpMRI observers found 48 lesions
(35 of these were >0.5 cc). These lesions had a mean and median volume of 1.5 cc
and 0.75 cc, respectively, (range: 0.02—10.9). In comparison, one PET observer
found 44 lesions (30 of these were >0.5 cc), with a mean and median volume of
1.4 and 0.7 cc, respectively (range: 0.06—10.9). This indicates that it is possible
to detect very small lesions both using mpMRI and PSMA-PET, although
detecting small lesions is clearly much more difficult. We also performed a sub-
analysis of all lesions in our data with a volume between 0.1—0.5 cc (29 lesions).
This analysis showed that when combining the result from both observers,
PSMA-PET found 37% and mpMRI 31% of the lesions. Table 5 shows the
reported result of a few identified articles, performing a sub-analysis of small
high-grade lesions.

In imaging studies, specifically when using WMH as reference standard, a more
stringent expected detection limit of the lesions would be beneficial, based on
perhaps the resolution limit of the modality. Hopefully, with increased knowledge
about the tumour biology and correlation to imaging methods, increased
consistency between studies is possible in the future.
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Diagnosing metastasised PC

Metastasised PC has not been the primary focus in this doctoral project, however
the use of both PET and MRI to diagnose these patients is increasing. Mostly, PET
is used to detect more distant PC metastases, and most of the current literature is
focusing on PSMA-PET/CT.

Han et al. [140] studied the clinical utility of both PSMA-PET/CT and PSMA-
PET/MRI during initial staging of PC. They performed a systematic review, that
included 15 studies, 1163 patients, and found that there was a management
change in 54% of all patients. The change in management was mostly due to a
worsened prognosis. However, the clinical impact, if this change in management
improved prognosis and patient outcome is still unknown [140]. Maurer et al.
[141] compared 130 patients with intermediate or high-risk prostate cancer who
underwent either PSMA-PET/MRI or PSMA-PET/CT prior to prostatectomy
including template pelvic lymph node dissection, for detection of lymph node
metastatic disease. Their patient-based analysis showed a sensitivity and
specificity of 65.9% and 98.9%, respectively, compared to 43.9% and 85.4% for
standalone CT and MRI. Budaus et al. [142] also evaluated the performance of
PSMA to detect lymph node metastases, however they reported a more moderate
sensitivity of 33%, when compared to surgically removed lymph nodes. They saw
that the size of the lymph node was important for detection. PSMA was false
negative in 67%, and as for the detection of intraprostatic lesions 93% of the
intraprostatic lesions were detected.

An evolving field today is the treatment of oligometastatic PC with high precision,
stereotactic body radiotherapy (SBRT) [143]. PC is the most evaluated diagnosis
for this type of treatment and PSMA-PET/CT the imaging modality most used for
identifying the metastasis [144]. In a recent multicenter study, PSMA-PET guided
SBRT was compared to Choline-PET/CT guided SBRT for oligorecurrent
castration-sensitive PC [145]. Their comparison showed that patients treated
with PSMA-guided treatment were disease-free longer after treatment, compared
to the Choline-guided treatment. Similarly, a personalized PSMA-guided salvage
radiotherapy has been compared to the standard salvage treatment and has been
recommended to be the standard treatment for BCR patients [146], [147].

Evaluation methods — outcome measures

Diagnostic methods are often, also in this thesis, compared through their
calculated sensitivity and specificity. Patient and tumour characteristics can
influence these, which is important to remember when comparing these values
between studies. Preferably, future studies in medical imaging should move away
from tumour imaging focusing on detection and sensitivity/specificity. Instead,
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the focus should rather be to target more clinically relevant endpoints such as for
example the impact on overall survival and identification of which type of PC that
can be detected using a specific imaging modality. Perhaps it is a specific tumour
characteristic that differs between patients. Identifying this, would perhaps lead
to better diagnostics and follow-up for individual patients. The clinical
management of PC would benefit identification of in vivo biomarkers, that can be
used as prognostic and predictive biomarkers. For example, identifying
diagnostic methods that can separate patients that would benefit from radical
treatment, from the patients that would not. This would lead to a reduction of
both over- and under-treatments, benefiting both the individual patient as well
as the hospitals.

WMH correlation

The PET/MRI data of all patients included in study IV were co-registered to
WMH and will be used in further analysis. Image data correlated to
histopathology gives the possibility of comparing cellular features (found in
different histopathological examinations) to what is visible in the in vivo images.

Spatial mapping of histopathology to in vivo images using a co-registration
procedure has been done before. Our methodology concerns a procedure that
involves both a 3D printed patient-specific prostate-mould, ex vivo imaging, and
image registrations. Reynolds et al. [148] is the publication using the most similar
methodology, although methodological details in our method are adopted from
other publications. For example, the design of the patient-specific mould used
was adapted from Shah et al. and Trivedi et al. [149], [150]. These groups were
early to adopt individually designed devices to reduce the risk for prostate
deformation before and during specimen cutting, with evenly spaced slits used to
guide sectioning. Both studies concluded that the patient-specific mould
preserved the prostatic shape sufficiently and that it allowed for direct
histopathologic correlation to the in vivo MRI. An alternative to the 3D printed
prostate-mould was presented by Zamboglou et al [99]. This fixation device was
filled with agarose and designed with a customized cuvette with 4-mm-spaced
markers used to cut the prostate, together with a customized cutting device. The
specimen was placed in a similar orientation as the in vivo CT, in the agarose
solution after being inked for laterality. Another way of assuring sectioning of the
specimen as similar as possible to the in vivo image is to use fiducial markers.
Ward et al. [151] placed strand-shaped fiducials on the surface and within the
specimen and performed an ex vivo 3D T2W MRI to guide both image
registrations and specimen cutting. The fiducials placed on the surface of the
specimen were used to determine the optimal sectioning plane and to match the
in vivo MRI slices, while the inserted fiducials were used as landmarks to ease the
registration.
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Park et al. [152] presented a method to correlate prostate histopathology to in
vivo imaging using intermediate registration steps, including an ex vivo MRI of
the specimen and photos of the WMH (block face photos). The possibility of high
resolution as well as the soft-tissue contrast of MRI made it a suitable choice for
ex vivo imaging, however, ex vivo CTs have also been successfully used by
Zamboglou et al. [99]. In their co-registration procedure, the WMH was manually
matched to the ex vivo CT. The ex vivo CT was then registered to the in vivo CT
using a non-rigid registration to account for ex vivo changes. In a more recent
study, Zamboglou et al. [95] compared the use of CT and MRI as intermediates
and found that there were no differences between the two, although this most
likely depends on the registration method used.

A challenge with our method was that in patients where surgery was performed
with removal of extra-prostatic tissue to ensure radicality, the shape of the
specimen was affected when placed in the mould due to the fact that the amount
of extra tissue removed could not be foreseen before surgery. In other cases,
distortion was introduced due to uncertainties in delineation of the prostate (used
for mould creation) leading to small distortions of the specimen inside the mould.
To compensate for this, a deformable registration was applied which corrected
the erroneous contours. When comparing the result of using the contour-
correcting deformable registration, the improvement (a reduction of 0.1 mm) in
the entire cohort was not particularly large. However, with the tumour being the
reason for removing the prostate with expanded margins, it was the area of the
prostate being most affected. The uncertainty evaluation was performed without
using landmarks found in the tumour, and therefore this effect was not seen in
our comparison. With this in mind, we decided to use the deformable registration
on all patients. In this registration, the contour of the ex vivo MRI was redefined,
without the extra-prostatic margins, and deformed to fit the contour of the
prostate in the axial in vivo T2W MRI, used to create the mould. This was done
using a 2D non-rigid b-spline registration. To reduce the uncertainty of the
delineation of the prostate, a second visual inspection of the delineation was done
for all patients. In patients where it was possible to improve the delineation, it
was adjusted manually before being used in the registration. Inspired by
Finnegan et al. [153], the contour-correcting deformable registration was
modified after publication. Instead of just correcting the erroneous boundary a
normalized distance map was used.

In our study, both the ex vivo MRI and the WMH section had a slice thickness of
5 mm. The corresponding WMH slice was 5 um while the in vivo MRI had a slice
thickness of 2.5 mm. Differences in slice thickness between the modalities in
study III lead to the final registered WMH stack being reconstructed with 2.5
mm spacing. This approach was used by most of the other similar publications,
although some chose to interpolate between the slices. Increasing the resolution
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of the histopathology, to a slice thickness of 2.5 mm, would improve the
correlation but this would be technically challenging, specifically for the 3D
printer, and would also demand more work from the pathologist. Regarding the
uncertainty estimation of the co-registration procedure, many of the similar
studies that report error estimations used the same landmarks-based evaluation
as we did in study III. The in-plane error of our method was determined to be
1.7 [interquartile range: 1.0, 2.5] mm. This is comparable to many of the
previously presented methods although the methodology differs (ranging from
1.1 mm [151] to 3.2 mm [148]). A limitation of our error-estimation is that the
accuracy in the z-direction was not measured. Instead, we approximated the
maximal error in the z-axis to be 7.5 mm (three in vivo MRI slices). An error of
this magnitude is unlikely since visual inspections were constantly performed.

Radiation dosimetry of PSMA-binding radiotracers

In study II, our result is in line with most authors that have estimated the
effective dose of PSMA-binding radiotracers. Afshar-Oromieh et al. [154]
presented an effective dose of 0.023 mSv/MBq of [¢8Ga]PSMA-11 when they
performed a similar evaluation. Other PSMA-binding radiotracers [*8F]PSMA-11,
[8F]DCFPyL, [8F]DCFBC, [68Ga]PSMA-617, and [8F]PSMA-1007 have been
presented with the following estimates of the effective dose 0.013 mSv/MBq
[155], 0.0139 mSv/MBq [156], 0.0199 mSv/MBq [157], 0.0208 mSv/MBq [158],
and 0.022 mSv/MBq [159], respectively.

Although similar radiation exposure aspects, there are differences between these
PSMA-binding radiotracers. To begin with the radionuclides, ¢8Ga and 8F, have
different production procedures, different physical half-lifes and different
positron energies. 8Ga is obtained from a 8Ge/®8Ga generator, while 8F is
produced using a cyclotron. The possibility of in-house production using a
cyclotron is beneficial and allows for more patients being imaged per day but is
limited to those hospitals that have an on-site cyclotron [160]. Regarding the
difference in positron energy, 8F has a maximum positron energy of 0.65 MeV
while the maximum positron energy of ¢8Ga is 1.90 MeV. With a higher energy,
the positron will theoretically travel further from the site of decay before the
annihilation occurs, resulting in an blurrier image [161]. As opposed to
[8F]PSMA-1007, [68Ga]PSMA-11 is rapidly excreted via the urinary tract which
results in high accumulation of radioactivity in the bladder that can impair image
interpretation. This can lead to undetected lesions located in the close proximity
and/or infiltration of the bladder [162]. [8F]PSMA-1007 and [¢8Ga]PSMA-11
have been compared with similar diagnostic performance, although a slight
benefit to [18F]PSMA-1007 was seen which identified three additional low grade
lesions, compared to [8Ga]PSMA-11 [163].
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Strengths and weaknesses of this doctoral project

This project has concerned several parts of the clinical management of PC, by
focusing on different patient groups, with the common cause to improve the
clinical management through medical imaging using PET and MRI. An advantage
of this study is that we used an integrated PET/MRI to collect the image data,
reducing the risk of error due to poor spatial alignment between PET and MRI.
Compared with MRI, there are few publications of correlation between PET and
WMH, even though it is equally important to clarify the mechanisms behind PET-
visible tumours.

Unknown cellular mechanisms changing the appearance of the PC cells during
the evolution of the disease have not been considered. This might affect the
applicability of using these results in other patient groups. A limitation of study
IV is that it concerns mostly intermediate risk patients and only patients with
confirmed disease, since intermediate-risk PC is the risk-group more directed
towards surgery while high-risk patients are more likely to receive radical
radiotherapy. Using WMH as reference standard is complicated and demands a
specific patient cohort. Due to this, several studies instead use biopsy as the
reference standard. One advantage of biopsies is that it is more applicable and
gives a larger possibility of including participants that might not have prostate
cancer which gives a more realistic cohort for diagnosing purposes, compared to
using a cohort planned for radical prostatectomy. Unfortunately, biopsies don’t
have perfect accuracy. False negative lesions, as well as the targeted lesion [164],
can be missed.

Due to the long duration of this project, the data was collected between 2016-
2019, improvements in both imaging devices and evaluation methods have
occurred, with for example PI-RADS v2.1 being published in 2019. A consequence
of this is that the MRI acquisition parameters are not up to date with the
recommended parameters. Specifically, this regards the slice thickness of the
DWI and DCE, which were chosen to ensure slice conformity to the WMH.
Instead of 3 mm slices, which is the PI-RADS v2.1 recommended slice thickness,
5 mm thick slices were used. Thinner slices could have led to less added signal
from healthy tissue in small tumours making measurements of these lesions more
reliable.
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6 | Future directions

Diagnostic applications

During the process of diagnosing PC, biopsy remains the diagnostic test which
yields the molecular and histopathological information needed to grade the
disease and to make the final diagnosis. Molecular and histopathological factors
are central to understanding the disease. However, when collected through
biopsies, there is always a risk of missing information since the full spatial
distribution is not covered. With the known characteristic of PC, that it often is a
heterogenous disease with several lesions with different grades distributed over
the gland, the whole distribution of the intraprostatic lesions is most likely
important to map [135]. How to best map the distribution of the disease, and to
improve the characterisation of which lesions that are necessary to treat and how
these can be detected, could be the next step within PC research. Potentially this
can be done using medical imaging, with methods that can both give spatial
information of the condition, as well as information about molecular and
histopathological factors.

The data collected in this thesis includes several in vivo imaging modalities with
mapped histopathology. Using this data, the relationship between imaging and
molecular and histopathological information can be further studied and
hopefully used to identify useful prognostic and predictive biomarkers. It is
possible that we, in the future, can build predictive models based on image
information combined with molecular or histopathological information collected
from biopsies, which can be used to guide the treatment for the individual patient.

When constructing these types of models, a representative data set is crucial for
the model to be applicable to all variants of the disease and patients. In our study
the majority of the included patients were intermediate-risk patients, which is the
patient group primarily being treated with surgery at Umeda University Hospital.
Therefore, before a more in-depth analysis and model construction can be
performed, more data is required to assure a representative patient group. This
will be done by an expansion of the study in which 55 additional high-risk PC
patients will be included.
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Radiotherapy applications

The trend within radiotherapy is to create more individualized treatment plans,
and to increase the dose to a sub-volume of the prostate (in many cases the
dominant lesion). mpMRI has been the most used imaging modality for targeted
treatments of intraprostatic lesions [39], while PSMA-PET has been used as the
primary imaging method for defining oligometastatic diseases [144], and also
been evaluated in defining intraprostatic lesions [165]. However, it is important
to verify how accurately we can define lesions using medical imaging.

The data from study III will be used to perform an oncological evaluation. In
this evaluation, oncologists will define the gross tumour volumes (based on the
PSMA PET/MRI examination). The different regions will be spatially compared
to the registered histopathology-defined lesions. This study will hopefully yield
increased knowledge about the accuracy of lesion definition. It is possible that the
material can be used to create a guiding template for this kind of purpose. It is
also likely that computerised models can be trained based on this material to aid
in defining the gross tumour volume. Computer-based methods that analyse
image information such as statistical differences and/or combinations of
quantitative image parameters, undetectable by the human eye, might be found
and can assist in tumour delineations. For example, our current data suggest that
different parts of a tumour have different cell characteristics, and it might be a
combination of information from MRI and PET that gives the most accurate
definition of the tumour volume.

To use computerised methods to extract and process additional information from
medical images is sometimes referred to as radiomics and is used to predict
outcome and treatment response. This has been further developed by adding
individual genomic phenotypes, so called radiogenomics [167]. In the future it is
possible that treatment decisions are made based on the combined information
from medical imaging and clinical measurements, with certain tumour features
indicating which types of treatments that are needed. For example, PSMA-
negative lesions might need a more aggressive treatment approach than the
PSMA-positive lesions, or vice versa.

Identifying prognostic markers

Besides evaluating the most accurate way to define the volume of the lesions,
other cellular variables from the histopathological examination will be compared
to the in vivo images. ISUP grade has already been mapped to all imaging
methods and the future aim is to further compare quantitative measurements of
the imaging modalities to several other histopathological variables. To achieve
this, extensive immunohistochemical staining of all histopathology slides is
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currently being performed. The staining involves Ki-67, i.e., a marker for cell
division, PSA, PSMA, smooth muscle actin (a marker for muscle cells in tumours),
factor VIII (a marker for blood vessels), a marker for connective tissue (collagen
1), and fatty acid synthase. The result of the staining will be analysed and
compared to the variables in the different imaging modalities.

The lesions will also be analysed and compared to three different molecular
subtypes (MetA-C) found in metastatic PC [166]. These subtypes can potentially
be traced back to the primary tumour and potentially be a new variable to assess
during the diagnosis. The first subgroup, MetA-like tumours, has shown high PSA
and low Ki-67 expression. This is considered the least aggressive subtype. The
most dangerous subtype, MetB-like tumours, were associated with the worst
clinical outcome, having high Ki-67 and low PSA expression. The last subtype,
MetC-like tumours, has a moderate expression of both PSA and Ki-67.

55




7 | Conclusion

In this present thesis four different studies have been conducted, all with the aim
to improve the clinical management for PC patients using the imaging modalities
MRI and PET. The rationale of these studies mainly concerned evaluating the
performance of different imaging modalities and methods, as well as taking part
in introducing the radiotracer ([68Ga]PSMA-11) into the clinical management of
PC at Ume4 University Hospital. During the period of this project, PSMA-binding
radiotracers has become the standard for PC PET-evaluations in Sweden [8].

We found that in our cohort, both mpMRI and PSMA-PET identified ~70% of all
intraprostatic lesions >0.5 cc and with a ISUP grade >2. The combined detection
from both mpMRI observers was 88% and the combined detection from both
PSMA-PET observers was 77%. Combining the result from all four observers
(both PSMA-PET and mpMRI) yielded the highest detection with 93% of these
lesions being found. This indicates improved performance of using the hybrid
PET/MRI, and that “double review” is beneficial for improved detection.

With both PSMA-PET and mpMRI being increasingly used in the clinical
management of PC, it is important to keep in mind that both modalities do not
have 100% capability of detection. Tumour characteristics affects the possibility
of detection, specifically regarding PSMA, with a fraction of all PC lesions being
PSMA-negative. Hopefully future studies, that evaluates the performance of
imaging modalities, will focuses more on clinical endpoints, instead of focusing
only on sensitivity and specificity. When in vivo imaging data is correlated to
cellular properties of individual patients, it might be possible to find better
prognostic markers that can be used to further tailor treatment for individual PC
patients.
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