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Abstract (English)

Prostate cancer (PCa) is a malignant disease that has a negative impact on the
quality of life of older men. Due to its clinical features, which include difficult detection,
spread, and recurrence, the need for more accurate and better imaging diagnostic grows.
In recent years, there has been a great deal of researches into multi-modality imaging,
68Ga prostate-specific membrane antigen ([(8Ga]Ga-PSMA-11) positron emission
tomography/ magnetic resonance imaging (PET/MRI). In terms of diagnostic accuracy,
standard definition, and diagnostic stability, the existing [?®Ga]Ga-PSMA-11 PET/MRI

requires significant improvement. The diagnosis of prostate lesions can be optimized.

The aim of this dissertation is to analyze imaging characteristics on
[8Ga]Ga-PSMA-11 PET/MRI, by evaluating and quantifying lesions of PCa.

This dissertation is based on four sub-projects. The research is based on
retrospective study design. Multi-modality and molecular imaging techniques,
[(8Ga]Ga-PSMA-11 PET/MRI were applied. Scanner 3.0 T PET/MRI system (SIEMENS
MAGNETOM Biograph mMR, Erlangen, Germany) was used. First, | evaluated the
compatibility, consistency and diagnostic threshold SUVmax of PET and MRI in
[(8Ga]Ga-PSMA-11 PET/MRI. Thirty-two patients and 170 lesions were investigated in
this sub-project. Second, a comparison of the diagnostic criteria of the new and old
versions of Prostate Imaging Reporting and Data System (PI-RADS) was performed.
Forty-six patients and 215 lesions were investigated in this sub-project. Third, the
dynamic changes of dynamic contrast-enhanced (DCE)-MRI in the lesions were
analyzed with quantitative analysis. Thirty-nine patients and 154 lesions were
investigated in this sub-project. Fourth, radiomics analysis of PCa was studied. As it is

an ongoing project, in this dissertation two cased are presented as examples.

| have obtained that when the lesion-to-background ratio (LBR) is 2.5, the
coincidence of the two modalities (PET and MRI) is the highest. The new version of
PI-RADS offers more detailed diagnostic criteria, allowing for greater diagnostic
repeatability, and the kappa value was raised from 0.723 to 0.853. DCE parameters
provide more information on lesions' characteristics. It showed that the malignant lesion
had more abundant blood vessels, which made the time for the contrast agent to flow
into the lesion shorter than that of the benign lesion. There is also a close relationship

between perfusion parameters. Radiomics analysis was presented by two cases.



Diagnostic criteria improvement and lesion information refinement are beneficial in
clarifying the nature of lesions, optimizing diagnostic methods, and reasonably
evaluating treatment alternatives, consequently enhancing the accuracy and diagnostic

efficiency of image-guided therapies.



Zusammenfassung

Prostatakrebs ist eine bosartige Tumorerkrankung, welche die Lebensqualitat von
alteren Mannern mindert. Aufgrund seiner klinischen Merkmale, zu denen die schwierige
Diagnose, die Ausbreitung und das Rezidivieren von PCa, wachst der Bedarf an
genauerer und besserer bildgebender Diagnostik. In den letzten Jahren wurde im
Bereich der multimodalen Bildgebung intensiv an der multimodalen Bildgebung, der
%8Ga-Positronenemissionstomographie/Magnetresonanztomographie (PET/MRT) mit
prostataspezifischem Membranantigen ([8Ga]Ga-PSMA-11), geforscht. In Bezug auf die
diagnostische Genauigkeit, die Standarddefinition und die diagnostische Stabilitat muss
das bestehende [®Ga]Ga-PSMA-11 PET/MRT erheblich verbessert werden. Die

Diagnose von Prostatalasionen kann optimiert werden.

Ziel dieser Dissertation ist die Analyse der Bildgebungseigenschaften von
[(®Ga]Ga-PSMA-11 PET/MRT, indem PCa-L&sionen bewertet und quantifiziert werden.

Diese Dissertation umfasst vier Teilprojekte. Die Forschung basiert auf einem
retrospektiven Studiendesign, wobei multimodale und molekulare Bildgebungsverfahren,
8Ga)Ga-PSMA-11 PET/MRT, in einem 3.0 T PET/MRI-Scanner (SIEMENS
MAGNETOM Biograph mMR, Erlangen, Deutschland) ausgewertet wurden. Zunachst
wurde die Kompatibilitat, Konsistenz und den diagnostischen Schwellenwert SUVmax
von PET und MRT bei [®Ga]Ga-PSMA-11 PET/MRT bewertet. 32 Patienten und 170
Lasionen wurden in diesem Teilprojekt untersucht. AuRerdem wurde ein Vergleich der
Diagnosekriterien zwischen der neuen und der alten Version des Prostate Imaging
Reporting and Data System (PI-RADS) durchgeflihrt, wobei 46 Patienten und 215
Lasionen eingeschlossen wurden. Als Drittes wurden die dynamischen Veranderungen
der dynamischen Kontrastverstarkung (DCE)-MRT in den Lasionen mit einer
quantitativen Analyse untersucht. Hierbei wurden 39 Patienten und 154 La&sionen
analysiert. Schliel3lich wurde im letzten Teilprojekt, die radiomische Analyse von PCa
erforscht. Da es sich um ein laufendes Projekt handelt, werden in dieser Dissertation

zwei Fallbeispiele vorgestellt.

Es wurde festgestellt, dass die Ubereinstimmung der beiden Modalitdten, PET und
MRT, am hochsten ist, wenn das Lasions-Hintergrund-Verhaltnis (LBR) 2,5 betragt. Die
neue Version von PI-RADS bietet detailliertere Diagnosekriterien und ermaoglicht eine

hohere diagnostische Wiederholbarkeit von 0,723 bis 0,853 (kappa value). Die



DCE-Parameter liefern mehr Informationen Uber die Merkmale der Lasionen. Es zeigte
sich, das bdsartige Lasion Uber mehr Blutgefalle verfigen, wodurch die Zirkulationszeit
des Kontrastmittels in die Lasion kilrzer war als bei gutartigen Lasionen. Zudem zeigte
sich ein enger Zusammenhang der Perfusionsparameter. Die radiomische Analyse

wurde anhand von zwei Fallen vorgestellt.

Die Verbesserung der Diagnosekriterien und die Prazisierung der Informationen
uber die Lasion tragen dazu bei, die Art der Lasion zu erkennen, die Diagnosemethoden
zu optimieren und die Behandlungsalternativen adaquat zu bewerten, wodurch die

diagnostische Effizienz der bildgestutzten Therapien erhoht werden.



1. Introduction

1.1 Male reproductive system introduction

All of the anatomical organs involved in sexual reproduction make up what is known
as the reproductive system, which is a biological system. The reproductive system is
composed of several non-living substances, including fluids, hormones, and
pheromones, all of which are essential[1]. It is the collective name for the organs in the
human reproductive system that create children and secrete sex hormones to maintain

sex traits in humans.

The male reproductive system is comprised of internal and external genitalia.
Internal genitalia include the reproductive glands, the ducts of seminal discharge, and

the accessory glands. External genitalia include the scrotum and the penis.

1.2 Prostate gland

Prostate gland is the biggest accessory sexual gland found in pelvic cavity, situated
between the bladder and the penis[2]. It is positioned anterior to the rectum. Urethra
goes through from bladder to penis over the inner section of prostate, allowing urine to
flow freely out of body. With the levator ani muscle inferolateral to the gland, prostate
gland is positioned underneath the bladder neck and above the external urethral
sphincter. An important anatomical feature is the location of the rectum ampulla behind
the prostate, which is utilized in the digital rectal examination (DRE) for inspecting the

prostate.

Typically, almost seventy percent of the prostate is glandular in nature, while the
remainder consists of fibro-muscular tissue. A thin fibrous capsule surrounds the
prostate gland. However, it is not a true capsule but rather resembles the thin connective
tissue seen in big blood veins called the adventitia. Due to the fact that the urethra and
ejaculatory ducts run through the prostate, the prostate has traditionally been classified

into anatomical lobes.

As stated in McNeal et al., “The prostate gland contains three major glandular

regions—the peripheral zone, the central zone, and the transition zone—which differ



histologically and biologically” ([3], p. 613). Central zone, which encompasses
ejaculatory ducts, accounts for approximately one-quarter of the normal prostate
volume[2]. Central glandular duct discharges at an angle into the prostatic urethra,
preventing urine reflux. The transitional zone (TZ) is positioned in the urethra's central
region, surrounds it, and accounts for about 5% to 10% of typical prostate volume. The
peripheral zone (PZ) accounts for approximately 65% of the gland volume and is placed
in the rear. The fibromuscular stroma is found anteriorly in the gland and merges with the

tissue of the urogenital diaphragm."

1.3 Common prostate conditions

In clinical realm, common prostate conditions comprise prostatitis, enlarged prostate,
and prostate cancer. Prostatitis is a disorder characterized by inflammation of the
prostate gland[4]. Prostatitis can manifest at any age[5]. However, it usually occurs
between thirty and fifty. Prostatitis is broadly categorized into two main types, as outlined
in the review by Domingue and Hellstrom[6]: chronic prostatitis and acute prostatitis.
Chronic prostatitis, the most prevalent form, is characterized by recurrent symptoms that
last for months at a time. On the other hand, acute prostatitis is often caused by germs
from the urethra infiltrating the prostate and causing inflammation. While it is generally
rare, it can pose a serious threat if symptoms are severe and sudden. In such cases,

prompt treatment is imperative.

The appearance of an enlarged prostate indicates that the gland has grown in size.
In the majority of men, the prostate tends to increase in size as they age. It is common to
hear the term benign prostatic hyperplasia (BPH) to refer to enlarging of prostate[7]. The
exact cause of an enlarged prostate is still unknown. Changes in the cells of the testicles,
as well as factors associated with age, may have an impact on both the development of
the gland and the quantities of testosterone produced. BPH is the most prevalent senile
alteration seen in prostate imaging. In the past, it has long been the focus of differential

diagnosis between BPH and prostate cancer (PCa) foci.

PCa is epithelial cancer that originates in the prostate gland and spreads throughout
the body, which is one of the most often diagnosed kinds of malignant diseases in males.

Further information about PCa is provided below.



1.4 Background of prostate cancer

1.4.1 Epidemiology of prostate cancer

According to data from the Global Cancer Statistics 2020 encapsulated by Sung et
al.[8], PCa will account for 7.3% of all cancers, including both male and female, in 2020,
in terms of new cases registered worldwide. In terms of incidence, it is the 2nd most
common male malignancy, accounting for 14.1 % of all malignancies, trailing only lung
carcinoma (14.3%). According to the American Cancer Society, PCa is 3.8% of total
cancer fatalities in both genders, ranking it eighth in overall mortality. It also accounts for
6.8% of all cancer deaths in males, ranking it fifth in overall mortality. This tendency is
linked to the advancement of screening and diagnosis tools for PCa. PCa grows
relatively slowly and may not show signs for decades. This has resulted in PCa being

more frequent in older men.

1.4.2 Etiology and risk factors of prostate cancer

The tangible origin of PCa remains largely unknown. But several factors raise the

exposure to this disease. These include age, ethnicity, family history, and obesity.

Advanced age is the primary risk factor for PCa. It is usually happened in men over
50-year-old and is the most prevalent in males over the age of 70. Life expectancy has
grown as medical conditions and technology have improved. Additionally, usage of
prostate-specific antigen (PSA) screening is growing, and more older men are detected
with PCa. Scardino[9] observed that over one-third of men over the age of 50 die of

causes other than PCa, and that histological evidence of PCa is discovered at necropsy.

PCa prevalence varies significantly between ethnic groupings. According to Wu et
al.[10], this significant disparity is related to socioeconomic situations and biological
characteristics. Some studies suggest that genetic susceptibility may be a factor in
biological characteristics. A chromosomal 8924 mutation has been related to a rising

danger of PCa in African American males [11-14].

According to Gallagher et al.[15], around one-fifth of individuals with PCa have a
family history, which may be explained by similar patterns of exposure to certain

environmental carcinogens and shared lifestyle choices, among other variables. Genetic



factors are associated with an elevated risk of PCa, accounting for around 5% of the

disease risk.

In the majority of obese men, the metabolism and circulation levels of sex steroid
hormones, which are acknowledged to be prostate growth and cancer-related, have
changed[16]. As a result, obesity is associated with metastatic and aggressive
PCa[17,18]. Large body mass index (BMI) is also related to more aggressive diseases,

as well as less favorable outcomes[19].

1.4.3 Symptoms of prostate cancer

In PCa’s early stages, it does not exhibit clear symptoms and indications. Advanced
PCa might present signs and symptoms. Basic invasion of normal prostate tissue and
metastatic invasion of lymph nodes, soft tissues, and bone structures are the primary

symptoms of PCa[20].

According to the Prostate Cancer 2020 guidelines, primary tumor invasion causes
difficulty peeing, reduced urine stream power, blood in the urine or sperm, substantial
weight loss, and erectile dysfunction[21]. Because of the increasing pressure exerted by
the enlarged prostate gland on the urethra, patients may experience growing difficulty
urinating, which is frequently the first symptom that they notice. When a tumor
compresses the rectum, it can result in difficulty passing stools or intestinal obstruction;
when a tumor compresses the vas deferens, it can result in an inability to ejaculate; and
when a tumor compresses the nerves, it can result in pain in the perineum that can

radiate to the sciatic nerve.

In addition to spreading to nearby organs such as the bladder, PCa metastases can
spread to the ossein and other organs via the blood or lymphatic system. PCa that has
migrated to the bones can cause bone pain and fractures[22]. It is possible that PCa will
spread to the bladder, seminal vesicles, and vascular nerve bundles, causing
haematuria, haematochezia, and impotence in the process. Metastases to the pelvic
lymph nodes can result in edema in both lower limbs on either side of the body. PCa
patients frequently develop bone metastases, which can result in bone discomfort,
pathological fractures, and paraplegia. PCa can also spread to the bone marrow,

resulting in anemia or a low blood count in some cases. Even if PCa has spread to other



systems, it may still respond to treatment and be under control, but it is uncertain that it

will be cured.

1.5 Diagnosis of prostate cancer
1.5.1 Screening for prostate cancer

PSA is an antigen associated with the prostate gland and a single-chain
glycoprotein secreted, as demonstrated by Balk et al.[23]. Normally only very low PSA
levels are present in the blood, and pathological alterations or traumas to prostate can
lead to an elevated serum PSA level. Benign prostate disease can also lead to an
increase in serum PSA[24]. Serum PSA levels are raised in the majority of patients with
PCa. Therefore, PSA is routinely used as PCa serum marker and is widely used for

detection, risk management, monitoring and prognostic evaluation of PCa.

Doctors utilize DRE to examine the prostate since it is a very easy procedure. After
putting on gloves or finger gloves, the doctor applies some lubricant to the index finger
and the anal area, then inserts the index finger into the rectum for the examination.
Because the prostate is an inside organ, doctor will not be able to see it immediately
during the procedure but can feel it by pressing against it. It is used in a preliminary
screening of PCa and is quite painless[24]. Having a prostate that is bigger than normal
for the patient’s age might indicate that he has a problem with an enlarged prostate. This

might be an indication of PCa if it is firm or lumpy in the prostate.

1.5.2 Diagnosing prostate cancer

Transrectal ultrasound (TRUS) scans are used to produce an image of a specific
region of the body by using high-frequency sound waves. A prostate ultrasound scan
can detect changes in patient’'s prostate, including abnormal growths, that might
otherwise go undetected. Ultrasound scanners detect tissue using sound waves and
transform them into a visual picture on a computer screen. It is possible that the patient
will have a biopsy of his prostate gland performed at the same time as your PCa

screening. It is called TRUS-guided biopsy[26].
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Magnetic resonance imaging (MRI) is used for noninvasive evaluation. As Weinreb
et al. reported, “Advances in technology (both in software and hardware) have led to the
development of multiparametric MRl (mpMRI), which combines anatomic T2-weighted
(T2W) with functional and physiologic assessment, including diffusion-weighted imaging
(DWI) and it is derivative apparent-diffusion coefficient (ADC) maps, dynamic
contrast-enhanced (DCE) MRI, and sometimes other techniques such as in-vivo MR
proton spectroscopy” ([27], p. 2). MpMRI scan creates a comprehensive image of
prostate and surrounding tissues using magnets. As mentioned in the same paper, “The
Prostate Imaging — Reporting and Data System Version 2 (PI-RADS™ v2) is the product
of an international collaboration of the American College of Radiology (ACR), European
Society of Urogenital Radiology (ESUR), and AdMetech Foundation” (Weinreb et al.[27],
p. 1). Categories are assigned to area of prostate from 1-5, which implies a gradual rise
in the likelihood of experiencing clinically significant malignancies. This method is widely
utilized worldwide and has developed into a standard protocol. PI-RADS V2.1 was
introduced by Turkbey et al.[28] in 2019. A comparison of the old and new versions is
one of the studies in this dissertation. MpMRI can be used to assist pinpoint potential
cancerous regions in the prostate and to estimate the rate at which cancer may develop.
It reveals whether the disease has progressed beyond the prostate or to other regions of
the pelvic. If a prostate biopsy is necessary, doctors can use the scan images to
determine which areas of the prostate to sample. “The use of mpMRI-targeted biopsy is
increasing the detection of clinically significant prostate cancer in both biopsy-naive and

previous negative biopsy settings,” as described in Stabile et al.([29], p. 2).

Prostate biopsy is a procedure that utilizes tiny needles to obtain small samples of
prostate tissue, which is usually performed while TRUS. The tissue is evaluated for signs
of malignancy subsequently. If cancer is detected, the biopsy findings will indicate the
disease’s aggressiveness. In other words, it is a proclivity for spreading outside the
prostate. Doctors often collect 10 to 12 small pieces of tissue from various regions of the
prostate in standard biopsy for PCa diagnosis[30,31]. Nowadays, with the development
of mpMRI, MRI-targeted biopsy is also a choice for prostate biopsy. Men who had a
positive mpMRI result received MRI-targeted biopsy under real-time ultrasonographic
supervision, aligning target MRI image with prostate real-time ultrasound imaging while
biopsy. It can be accomplished with visual records or with the help of software, thus it is

also called MRI-ultrasonographic fusion biopsy[32,33].


https://www.nature.com/articles/s41585-019-0212-4
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1.5.3 Determining the aggressiveness of prostate cancer

The Gleason score (GS) is a widely utilized tool in clinical practice to assess the
grading of PCa cells. The current version, introduced in 2014[34], is the prevailing
standard. After a biopsy establishes the existence of cancer, the next step is to ascertain
the cancer cells’ aggressiveness. In a laboratory, doctors analyze samples of cancer
cells to evaluate the extent of their deviation from healthy cells. A higher score indicates
a more aggressive malignancy with a greater tendency for rapid spread. Given the
potential variation in severity within prostate tumors, the Gleason score assesses
samples of prostate cancer cells on a scale of 3 to 5. It involves summing up the scores
of the first and second dominant patterns, resulting in a range from 6 to 10. Higher

scores denote a more aggressive and poorly differentiated form of cancer.

Clinicians have acknowledged the need for a more precise method to categorize
malignancy classes than the Gleason score, given various considerations. As a result, a
Grade Group System comprising five grades was developed to offer a more
comprehensive and simplified understanding of how PCa behaves and responds to
treatment. This gives a single score from 1 to 5 based on increasing Gleason scores[35].
Grade Group 1 represents the least aggressive form, while Grade Group 5 signifies the
most aggressive. This represents a significant advancement in the diagnosis of PCa.
Currently, a biopsy pathology report typically includes both the Gleason score and the
Grade Group, providing clinicians with a comprehensive view of the disease's

characteristics.

1.5.4 Detecting the spread of prostate cancer

After patients have been diagnosed with PCa, further TNM staging is required to
specify a treatment plan. The following methods can help determine the systemic spread

of metastases.

Bone scintigraphy can assist determine whether cancer has spread to the bones,
and it has been widely used in the evaluation of bone metastases with multi cancers[36].
When PCa spreads to other regions, it often starts in the bones. Patient is injected with a
little dose of low-dose radioactive agent, technetium ®m-methyl

diphosphonate (**mTc-MDP), that achieves in injured regions of ossein all over body in
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this scanning. As stated in Papathanassiou et al., “Single-photon emission computed
tomography (SPECT) combined with computed tomography (CT) provides both
structural and functional information. SPECT/CT has been proven useful for interpreting
radionuclide bone scan results in patients with bone malignancies” ([37], p. 474).
Because *mTc-MDP bone scintigraphy is widely available and inexpensive, it has been
applied to assess PCa bone metastases for decades. However, it has a low specificity
for this illness when compared to other imaging techniques, due to the radiotracer’s
accumulation in inflammatory, traumatic, and degenerative lesions. Other disadvantages
of bone scintigraphy are low spatial resolution and insufficient image quality. Therefore,
traditional bone scintigraphy will be taken the place by positron emission tomography

(PET)/ CT when evaluating bone metastases, if a PET/CT scanner is applicable[38].

As illustrated by Jones et al., "Instrumentation for PET imaging has experienced
tremendous improvements in performance over the past 60 years since it was first
conceived as a medical imaging modality" ([39], p. 2). The scan is conducted using a
tracer that contains radioactive tracers. This sort of tracer is injected into the vein of
patients’ arm. Different tracers are used for different examination purposes. The tracer is
subsequently incorporated into certain organs and tissues. When a PET scanner detects
the tracers, they give important information to the doctors about the condition of patient’s
organs and tissues. Certain tissues and diseases have a high level of chemical activity.
Areas with more chemical activity concentrate more tracers. Such areas on PET scans
show up as radioactive concentrations. Standardized uptake value maximum (SUVmax)
is often used as a quantifier of PET images, which is commonly used in the analysis of
fluorodeoxyglucose (FDG)-PET images, as well as other PET agents. SUVmax is the
ratio of the radiopharmaceutical concentration in a volume of a region of interest
(ROI) expressed “in microcuries of injected agent per volume to concentration in the
body if uniformly distributed (determined by a standard body phantom),” as defined in
Waxman et al. ([40], p. 1). There are no units for SUV. Depending on how the SUV is
normalized, there are some different formulas for SUV, like "body weight, lean body
mass (LBM), or body surface area,” as defined in Tao Chan([41], p. 130). SUV

normalized by body weight is the most commonly used, which is used in this study.

Prostate-specific membrane antigens (PSMA) has piqued the enthusiasm of
researchers in recent years as potential particular targets for PCa imaging. In

conventional PET scans, the most often used tracer is FDG, , which detects glucose


https://www.sciencedirect.com/topics/medicine-and-dentistry/computer-assisted-tomography
https://www.sciencedirect.com/topics/medicine-and-dentistry/computer-assisted-tomography
https://www.sciencedirect.com/topics/medicine-and-dentistry/single-photon-emission-computed-tomography-computed-tomography
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metabolism. In the case of PCa, however, FDG is not particularly effective in detecting
PCa cells. PSMA is a transmembrane glycoprotein that has been linked to tumor growth
and recurrence, and it is found in high levels in PCa cells, where it is
overexpressed[42,43]. %8Ga is generated from %Ge / ®Ga radionuclide generator
systems that are not dependent on the presence of a cyclotron. As established in
Sterzing et al., “using the novel %Ga-labelled PSMA ligand
Glu-urea-Lys(Ahx)-HBED-CC ([®®Ga]Ga-PSMA-11), which presents outstanding affinity
to PSMA, a highly selective approach of imaging PCa, lymph node metastases and

distant metastases is available” ([44], p. 35).

PET/CT and PET/MRI are currently widely used in evaluation of tumor diseases
worldwide. Eiber et al.[45] illustrated that [(8Ga]Ga-PSMA-11 PET/CT shows a much
wider range of detection within the clinically relevant scope of low PSA levels than in
other imaging modalities. Compare to MRI, CT offers advantages in terms of relatively
low cost, fast scanning speed, and short examination time. However, its spatial
resolution for pelvic scanning is not as satisfying as MRI. PET/MRI combines MRI with
PET. It supplies high soft-tissue contrast, which allows for comprehensive multi-modality
examination. By incorporating functional MR, it is also possible to go beyond anatomical
correlation. The possibility of genuinely simultaneous operation enables multiple MR
sequences to be acquired during a PET scan without the need for additional examination
time. Hybrid PET/MRI with simultaneous collection of PET and MRI data enables the

combination of functional and molecular information.

1.6 Aim of the research

[(®Ga]Ga-PSMA-11 PET/MRI is universally applied in diagnosis and assessment of
PCa, and its continued use in the future is generally anticipated[46,47]. Besides
providing a comprehensive evaluation of lesion distribution and monitoring patients’

results, it also allows for the treatment prognosis[48].

The aim of this dissertation is to analyze imaging characteristics of
[(8Ga]Ga-PSMA-11 PET/MRI, by evaluating and quantifying lesions of PCa.



14

2. Methods

2.1 Patients

All cohort studies were approved by the local ethics review board (EA1/060/16), and
the requirement for informed consent for this retrospective analysis was waived. Criteria
for selecting the participants were as follows. Criteria for inclusion: (1) individuals with
PCa proved by biopsy; (2) individuals received [(8Ga]Ga-PSMA-11 PET/MRI in our
department; (3) it was possible to get the essential information. Criteria for exclusion: (i)
For sub-projects 1 to 3, individuals who had had a radical prostatectomy (RP) prior to
scanning were eliminated; (ii) The required data could not be gathered. For sub-project 4
radiomics analysis, intraprostatic lesions and metastasis were investigated, and (i) was

not obligatory for metastasis cases.

All patients were confirmed to have PCa by systematic biopsy prior
[(®Ga]Ga-PSMA-11 PET/MRI scanning. Biopsy techniques included 12-core prostate
biopsy and 14-core prostate biopsy. The needle biopsy technique introduced by Hodge

et al. has become the gold standard method for diagnosing prostate cancers[49].

2.2 Imaging acquisition protocol

PET tracer is intravenously injected into patients. Injection dose activity: 1.8-2.2
MBq (0.049-0.060 mCi) /bodyweight kg. Thirty minutes before the beginning of PET
acquisition, patients are administered furosemide to reduce the halo artifact produced by
scattering over-correction, which is linked with increased renal and urinary tracer
involvement on PET. The examined patient needs to urinate just before the acquisition.
There were no adverse effects seen following the administration of [(3Ga]Ga-PSMA-11.

Every patient’s imaging protocol was carried out according to the identical methodology.

Scanner 3.0 T PET/MRI system (SIEMENS MAGNETOM Biograph mMR, Erlangen,
Germany) was used. The process for acquiring the data was separated into two phases.
First, a PET/MRI scan of the body is done from the apex to the middle of the thigh, with
each bed receiving 3 minutes of PET collection and 24 cm of coverage. Second, a

dedicated MRI scan of the pelvis was taken, followed by the reconstruction of PET data.
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Table 1 summarizes the statistics of the MRI scan, and it is cited from published work by
Zhao et al.([50], p. 9, CC BY 4.0). "Reconstruction was conducted with an ordered
subset expectation maximization algorithm (OSEM), with 3 iterations/21 subsets, based
on an x-matrix acquisition with a 4-mm Gaussian filter and relative scatter scaling.
Attenuation correction was performed using the non-enhanced MRI data," stated Zhao et
al.([51], p. 3). "Contrast-enhanced agent gadobutrol (Gadovist®, Bayer Pharma AG,
Berlin, Germany) is intravenously administered at a clinical dose of 0.1 mmol/kg
bodyweight. Following the acquisition of precontrast data, a total of 60
contrast-enhanced data were obtained, with the start of the first postcontrast acquisition
corresponding with the start of the contrast injection," as mentioned in published work by
Zhao et al.([52], p. 8).

Table 1. MRI scanning parameters.

TR/TE FOV Flip angle Section thickness Voxel size

Sequence
(msec) (mm) (degrees) (mm) (mm)
T2WI HASTE Axial 1400.0/95.0 400 160 5.0 1.3x1.3x5.0
T1WI FS VIBE 1600.0/96.0 350 160 4.0 1.1%1.1%4.0
T2WI Axial 5500.0/103.0 180 150 3.0 0.5x0.5x%3.0
T2WI Sagittal 1600.0/96.0 350 160 4.0 1.1x1.1x4.0
T2WI Coronal 4500.0/102 200 173 3.0 0.4x0.4x3.0
DWI 11600.0/70.0 280 3.0 2.5x2.5x3.0
T1WI FS TWIST Dynamic  7.41/3.30 260 12 3.5 1.4%1.4x3.5
T1WI STARVIBE 3.711.77 360 9 1.2 1.1x1.1x1.2

2.3 Imaging analysis
2.3.1 LBR of SUVmax

Without access to PET images, all MRI images were evaluated by a radiologist
based on PI-RADS 2.0[27]. Focal lesions with a PI-RADS scoring of 2 or 3 were
classified as MRI negative, whereas those with a scoring of 4 or 5 were classified as MRI
positive. PI-RADS score of 1 was excluded from this investigation due to the fact that,
according to PI-RADS 2.0, the score of 1 indicates normal prostate tissue. T2WI was
utilized to correlate the anatomic location of [¥Ga]Ga-PSMA-11 PET.

[(3Ga]Ga-PSMA-11 PET was reviewed by a nuclear medicine physician who was
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unaware of the MRI findings. An aberrant signal on MRI or avid PSMA uptake on PET
scans delineated an ROI. SUVmax is determined by ROI. In [¥3Ga]Ga-PSMA-11 PET,
avid localized lesion in prostate with concentration more than the normal prostate uptake
that was not ascribed to physiological radio-tracer bio-distribution was regarded as
positive. Lesions that have equivalent or lighter concentrations as background were
considered negative. As stated in Zhao et al., "LBR is defined as a ratio of lesion
SUVmax to background SUVmax" ([51], p. 3).

2.3.2 Comparison between PI-RADS 2.0 and 2.1

Two doctors independently assessed the images and clinical data. Both evaluators
read MRI images by PI-RADS 2.0 and 2.1[28,53-55]. An aberrant signal on MRI or avid
PSMA uptake on PET scans delineated an ROI. After that, the findings of both versions
to determine inter-reader repeatability were examined. PI-RADS versions 2.0 and 2.1
were used to analyze mpMRI images, respectively. SUVmax was used to analyze
[(8Ga]Ga-PSMA-11 PET images depending on the ROI.

2.3.3 Dynamic contrast-enhanced MRI

ROIs were manually defined and identified on MRI scans as areas having an
aberrant signal. MRI images were evaluated using PI-RADS 2.1[28]. PI-RADS 1-3
lesions are categorized as benign, whilst PI-RADS 4-5 lesions are diagnosed as
malignant. SUVmax is defined as the T2WI finding, using the ROI. All of the pictures
were read by the same dual-trained physician.

Syngo.via MR Tissue 4D was used to produce all of the perfusion parameters,
“Perfusion parameters, including arrival time (AT), time to peak (TTP), wash-in slope
(W-in), wash-out slope (W-out), peak enhancement intensity (PEI), and initial area under
the 60-sec curve (IAUC),” as mentioned in Zhao et al.([52], pp. 8-9). They were derived
from the time-intensity curves. X-axis indicates time, while Y-axis indicates the increase
based on the baseline. SUVmax between 2.0 and 3.0 have previously been proposed as
appropriate cutoff levels for reducing false-positive interpretations of weakly PSMA
positive uptake[56,57]. In this project, a SUVmax 3.0 threshold was used. The definitions
for the aforementioned parameters are cited from my previously published work([52],
p.9). “AT: point in time when contrast enhancement starts; TTP: time from arrival time to
end of wash-in; W-in: slope of the fitted line between AT and end of wash-in; W-out:

slope of the fitted line between start of wash-out and end of measurement; PEI: value of
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concentration when the contrast enhancement reaches the highest concentration; iIAUC:

initial area under curve in 60 sec.”

2.3.4 Radiomics analysis

First, focal lesion selection was achieved using dedicated post-processing software
Syngo.via (Siemens Healthcare, Erlangen, Germany). Syngo.via can automatically
calculate lesion’s SUVmax and volume. The volume calculation is based on voxel size.
Lesion inclusion criteria were: 1) The lesion was present on both twice scans; 2) The
lesion should have a clear border with adjacent tissue; 3) Lesions showing PSMA avidity
and having a volume of at least 1.0cm3. Exclusion criteria was: Lesions, which are
smaller than 1.0cm3, can not be captured by image matrix resolution are therefore
excluded. The borders of the volume of interest (VOI) were defined using a threshold
SUVmax>3.0[56,57]. A cutoff of SUVmax> 3.0 was selected in this study to minimize
false-positive interpretations of slightly PSMA-positive findings. The tumor boundaries
were then automatically contoured. T2WI was used for anatomical correlation for
[(®Ga]Ga-PSMA-11 PET. Each included lesion was analyzed in the same location in both

before and after treatment imaging.

2.4 Statistical analysis

Descriptive statistics are used to describe demographics and clinical features of
patients. Normally distributed data are reported as mean + SD, while non-normally
distributed data are reported as medians (interquartile range, IQR Q1, Q3). Data
analysis was conducted using SPSS 25 (IBM Corp, Armonk, NY, USA). A p-value <0.05

was considered statistically significant.

2.4.1 LBR of SUVmax

Ranging from 2 to 5, prostate lesions were divided into 4 categories based on
PI-RADS scores and then LBR for each category were calculated. | employed receiver
operating characteristic (ROC) and area under curve (AUC) calculations to determine
the optimal LBR cutoff point[51].

2.4.2 Comparison between PI-RADS 2.0 and 2.1
Regarding PI-RADS 2.0 and 2.1, | studied the same set of lesions. With kappa(k)

value, the inter-reader agreement was examined respectively. “Kappa statistic values
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are : less than 0.0, 0.00-0.20, 0.21-0.40, 0.41-0.60, 0.61-0.80 and 0.81-1.00, indicating
strength of agreement : poor , slight, fair, moderate, substantial and almost-perfect,
respectively” (Landis & Koch[58], p.165).

2.4.3 Dynamic contrast-enhanced MRI
The DCE-MRI parameters between prostate benign and malignant lesions were
compared by Mann-Whitney U test. Correlations between each parameter were

calculated by Pearson correlation.

2.4 4 Radiomics analysis
Radiomics features were extracted from PET images. Texture analysis was
performed using 3D slicer 4.10 (http://www.slicer.org/), an open-source python

platform[59]. The VOI was segmented by setting a threshold SUVmax >3.0. The tumor

boundaries were then automatically contoured. This ensured that the VOI for radiomics
analysis and semiquantitative analysis for the same lesion was identical due to the use
of the same cutoff value.

The following radiomics features—entropy, variance, and mean—were selected for
analysis due to their extensive study and reporting in other publications[60-62]. Each
texture feature describes a specific relationship of pixels with their neighbors. The
definitions of features are: Entropy: entropy specifies the uncertainty/randomness of
image values. It measures the average amount of information required to encode the
image values; Variance: variance is the mean of the squared distances of each intensity

value from the mean value; Mean: average gray-level intensity within the VOI.


http://dict.cn/respectively

19

3. Results

3.1 LBR of SUVmax
3.1.1 Patient cohort
Thirty-two patients are investigated in this sub-project. Characteristics of patients

are presented as follow: Age: 70 £ 7; PSA level: 11.45 (5.67, 24.36) (ng/mL); Biopsy
Gleason score (n): 3+3 (4), 3+4 (7), 4+3(5), 4+4(9), 4+5(2), 5+4(3), 5+5(2).

3.1.2 Imaging analysis

“A total of 170 focal prostate lesions were detected. PI-RADS score was 2 in 70
lesions (70/170) with LBR of 1.5 (0.9, 2.4); 3 in 16 lesions (16/170) with LBR of 2.5 (1.6,
3.4); 4 in 46 lesions (46/170) with LBR of 3.7 (2.6, 4.8); and 5 in 38 lesions (38/170) with
LBR of 6.7 (3.5, 12.7),” as reported in Zhao et al.([51], p. 4). The ROC for

[(8Ga]Ga-PSMA-11 PET and lesion validation results are shown in Figure 1.
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Figure 1: ROC curve. ROC curve generated with a generalized linear model of LBR for
[(®Ga)Ga-PSMA PET. With the generalized linear model estimate, AUC for [¢3Ga]Ga-PSMA PET
was 0.83, 95% CI (0.77, 0.89), with an optimal LBR threshold of 2.5, 85.2% sensitivity, 72.0%
specificity, p<0.001. The presented figure is cited from previously published work by Zhao et

al.([51], p. 4, CC BY 4.0).

3.2 Comparison between PI-RADS 2.0 and 2.1
3.2.1 Patient cohort
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Forty-six patients are investigated in this sub-project. Characteristics of patients are
presented as follow: Age: 75 &= 7; PSA level: 12.48 (4.33, 26.48) (ng/mL); Biopsy
Gleason score (n): 3+3 (10), 3+4 (9), 4+3(7), 4+4(10), 4+5(3), 5+4(5), 5+5(2).

3.2.2 Imaging analysis

A total of 215 focal prostate lesions were studied. “Regarding the inter-reader
agreement of the PI-RADS assessment category between the two readers, the kappa
value was 0.723, substantial for version 2.0; and 0.853, almost perfect for version 2.1, ”
as reported in Zhao et al.([50], p. 3). Figure 2 illustrates "typical nodules", and Figure 3
illustrates an atypical nodule with DWI 5, which increases PI-RADS evaluation from 2 to
3.

Figure 2: TZ with typical BPH nodules. (A) Axial T2WI| shows completely encapsulated
"typical" nodules. (B) ADC map image presents no focal lesion with hypointense signal below the
background. (C) DWI (b = 1000 s/mm?) shows no lesion with a markedly hyperintense signal
above the background. (D) Early dynamic contrast-enhanced image presents no positive
enhancement within the typical BPH nodules. T2WI = 1, DWI = 1, DCE = negative, PI-RADS
assessment category = 1. (E) PET image shows inhomogeneous [(8Ga]Ga-PSMA-11 uptake.
(F)[f®Ga]Ga-PSMA-11 PET/MRI fusion. The presented figure is cited from previously published
work by Zhao et al.([50], p. 5, CC BY 4.0).
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Figure 3: TZ with an atypical nodule. (A) Axial T2WI| shows a homogeneous T2 hypointense,
mostly encapsulated nodule. (B) ADC map image presents a focal lesion with a markedly
hypointense signal below the background corresponding to the lesion seen in (A). (C) DWI (b =
1000 s/mm?) shows a focal lesion with a markedly hyperintense signal above the background
corresponding to the lesion seen in (A,B). (D) Early dynamic contrast-enhanced image presents
avid enhancement within the nodule. T2WI = 2, DWI = 5, DCE = positive, PI-RADS assessment
category = 3. (E) PET image shows no [3Ga]Ga-PSMA-11 avid uptake. (F) [®®Ga]Ga-PSMA-11
PET/MRI fusion. The presented figure is cited from previously published work by Zhao et al.([50],
p. 5, CC BY 4.0).

3.3 Dynamic contrast-enhanced MRI
3.3.1 Patient cohort

Thirty-nine patients are investigated in this sub-project. Characteristics of patients
are presented as follow: Age: 69 = 9; PSA level: 8.70(5.18, 18.83) (ng/mL); Biopsy
Gleason score (n): 3+3 (8), 3+4 (8), 4+3(8), 4+4(7), 4+5(2), 5+4(3), 5+5(3).

3.3.2 Imaging analysis
A total of 154 focal prostate lesions were studied. Comparing benign and malignant
lesions, TTP and SUVmax are significantly different (p<0.05). Other parameters did not

indicate significant difference, presented in Table 2. There is a moderate to strong
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correlation between the perfusion parameters, presented in Table 3. The presented

tables are cited from previously published work by Zhao et al. ([52], pp. 3-4, CC BY 4.0).

Table 2. Benign and malignant lesions comparison.

Parameter Benign lesions Malignant lesions
Median Q1 Q3 Median Q1 Q3 P Value
SUVmax 2.3 1.5 3.7 7.0 4.2 11.5 p<<0.05*
AT(min) 0.47 0.40 0.57 0.47 0.39 0.56 p>0.05
TTP(min) 1.09 0.84 1.32 0.95 0.75 1.22 p<<0.05*
W-in 0.13 0.07 0.18 0.12 0.08 0.22 p>0.05
W-out 0.01 0.01 0.02 0.01 0.01 0.02 p>0.05
PEI 0.21 0.15 0.28 0.20 0.15 0.26 p>0.05
iAUC 0.08 0.05 0.1 0.08 0.05 0.12 p>0.05
*p <0.05.
Table 3. Pearson correlation analysis.
AT TTP W-in W-out PEI iAUC
AT 1 -0.17* 0.18* -0.05 -0.004 0.18*
TTP - 1 -0.45* 0.71** 017 -0.31*
W-in - - 1 -0.30** 0.57** 0.95*
W-out - - - 1 0.41** -0.18*
PEI - - - - 1 0.70**
IAUC - - - - - 1

*p<0.05 *p<0.01

[(®Ga]Ga-PSMA-11 imaging is used to supplement mpMRI in order to characterize

worrisome lesions for target biopsy[63]. Lesions’ multi-modality quantitative assessment
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adds therapeutic significance to this research. DCE parameters reflect the microvascular
configuration of lesions, while SUVmax represents the concentration of PSMA in lesions.
A fusion of data enables a thorough assessment of tumor status and the selection of an
optimal treatment plan. These characteristics give extensive information on the

aggressiveness of tumors located in various areas, Figures 4 and 5.

Figure 4: TZ with a PI-RADS 1 change. (A) Axial T2WI shows typical BPH change. (B) DWI (b
= 1000 s/mm?2) shows no lesion with a marked hyperintense signal above the background. (C)
ADC map image presents no diffusion restriction. (D) Early dynamic contrast-enhanced image
presents no enhancement within the typical BPH nodule. (E) [(8Ga]Ga-PSMA-11 PET/MRI fusion
image shows moderate [8Ga]Ga-PSMA-11 uptake, with SUVmax of 6.3. (F)DCE-MRI
time-intensity curve demonstrates persistent increase enhancement. AT: 0.39min; TTP: 1.09min;
W-in: 0.16; W-out: 0.02; PEI: 0.25; iAUC: 0.10. The presented figure is cited from previously
published work by Zhao et al. ([52], p. 5, CC BY 4.0).
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Figure 5: TZ with a PI-RADS 5 lesion. (A) Axial T2WI| shows homogeneous hypointense. (B)
DWI (b = 1000 s/mm?) shows a marked hyperintense signal above the background. (C) ADC
map image presents a lesion with hypointense signal below the background. (D) Early dynamic
contrast-enhanced image presents positive enhancement within the lesion. (E)
[(8Ga]Ga-PSMA-11 PET/MRI fusion image shows avid [(8Ga]Ga-PSMA-11 uptake, with SUVmax
of 29.2. (F)DCE-MRI time-intensity curve demonstrates a decline after initial up-slope
enhancement. AT: 0.47min; TTP: 0.50min; W-in: 0.80; W-out: -0.03; PEI: 0.41; iAUC: 0.31. The
presented figure is cited from previously published work by Zhao et al. ([52], p. 5, CC BY 4.0).

3.4 Radiomics analysis

3.4.1 Patient cohort

In this sub-project, | compared lesion’s radiomics data from two examinations before
and after treatment of the same patient. As this sub-project is an ongoing project, in this
dissertation, | presented two cases as examples. Characteristics of patients are

presented as follow.

Case 1: a 65-year-old patient. Gleason score: 4+3. PSA at 1st examination: 3.75
ng/mL. PSA at 2nd examination: 3.49 ng/mL. Treatment: Lu-177-PSMA-617. Interval

between the two examinations: 91 days.
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Case 2: a 73-year-old patient. Gleason score: 4+5. PSA at 1st examination: 12.00
ng/mL. PSA at 2nd examination: 26.00 ng/mL. Treatment: Androgen deprivation therapy

(ADT). The interval between the two examinations: 399 days.

3.4.2 Imaging analysis

Figure 6 is case 1 with metastasis at the right ischium.

Figure 6: Metastasis at right ischium. The left column (A, B, and C) presents the results of the
first examination, and the right column (D, E, and F) presents the results of the second
examination. Location of metastasis: right ischium. From top to bottom: PET, T2WI HASTE,
PET/MRI fusion. Results of the first and second examinations are as follows: SUVmax: 24.1,
14.9; Volume(cm?®): 2.55, 2.79. PET radiomics features: entropy: 5.94, 5.54; variance: 26.89,
11.35; mean: 8.60, 6.38. The arrow indicates the target lesion, while the other area of high

uptake shows physiological rectal uptake.
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Figure 7 is a case 2 with metastasis at the right scapula (indicated by arrow).

Figure 7: Metastasis at right scapula. The left column (A, B, and C) presents the results of the
first examination and the right column (D, E, and F) presents the results of the second
examination. Location of metastasis: right scapula. From top to bottom: PET, T2WI HASTE,
PET/MRI fusion. Results of the first and second examinations are as follows: SUVmax: 7.8, 11.9;
Volume (cm?®): 0.64, 12.70. PET radiomics features: entropy: 4.06, 6.74; variance: 2.18, 3.98;
mean: 5.13, 5.45. The arrow indicates the target lesion, while other areas of high uptake indicate

new metastatic lesions.
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4. Discussion

4.1 Short summary of results

| investigated the SUVmax threshold value for the LBR, the comparison of PI-RADS
versions of old and new versions, DCE-MRI parameters in detail, and the changes in the
radiomics features reflecting the lesions’ change. The clinical applications of my results

aid in the diagnostic criteria improvement and lesion information refinement of prostate.

4.2 Interpretation of results
4.2.1 LBR of SUVmax

In sub-project 1, threshold value of LBR of SUVmax was investigated. According to
the observations, [8Ga]Ga-PSMA-11 PET has greater sensitivity for distinguishing foci.
Some foci which are negative on MRI have greater SUVmax than the adjacent SUVmax.
It has the potential to result in low specificity. A higher threshold value is required in lieu
of tissue background. | calculated LBR, a relative ratio, to enhance the clinical
applicability of analysis. In this research, in [®8Ga]Ga-PSMA-11 PET scan, a threshold
LBR of 2.5 was observed to be more clinically and research applicable for classifying
lesions into positive and negative. The accuracy of imaging diagnosis is important in
diagnosing prostate focal lesions.

PSMA may concentrate to varying degrees in both benign and malignant
lesions[64,65], and we cannot rule out the possibility that lesions exhibiting uptake are
malignant in every instance. Conversely, lesions that do not exhibit avid concentration
are not always benign. Using the prostate normal tissue's SUVmax as a cutoff point for
determining whether a focus on PET examination is positive or negative results in rather
poor specificity. It is essential to establish another cutoff point for distinguishing benign

from malignant lesions in order to optimize diagnostic effectiveness.

4.2.2 Comparison between PI-RADS 2.0 and 2.1
In sub-project 2, in order to make the interpretation criteria more clear, many
adjustments are built to PI-RADS version 2.1, which Turkbey et al.[28] epitomized. The

modifications are categorized into three sections: the acquisition of imaging data,
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clarification of interpretation criteria, and biparametric MRI. Certain revisions alter lesion
categories, whilst others give explicit descriptions of existing groups, in order to enhance
diagnostic consistency of interpretation across doctors and institutes.

First, T2WI is the main sequence that determines the TZ. In version 2.0, typical BPH
nodules were accredited a T2WI 2. These lesions are classified as 2 on the PI-RADS
evaluation scale. In version 2.1, a "typical nodule" is a focal nodule that appears normal
or a circular, fully encapsulated nodule. As age-related BPH is improbable to represent
PCa, in the new version, BPH alone is deemed physiological revision, and is accredited
T2WI 1. In addition to BPH, it is widely recognized that BPH can exhibit a significant
absorption of PSMA on PET[66-69]. Figure 2 is an example.

Second, the determination of the total evaluation group in TZ has been revised. In
comparison to PI-RADS V2.0, the modification in assessing the PI-RADS measurement
category as a whole places a greater emphasis on TZ lesions T2WI 2. In TZ, T2WI of a
lesion is equal to 2. When DWI is 1-3, the overall PI-RADS is maintained at 2. When DWI
is 4-5, the overall score is 3. Certain lesions that were formerly allocated as PI-RADS 2
are now classified as 3. Figure 3 is an example.

Third, the criteria of DWI ratings 2-3 is revised. According to version 2.0,
characterization of DWI finds scores 2-3 is ambiguous. Because of differences in
personal experience, ambiguity, and variable perceptions of physicians' judgment,
making a diagnosis can be difficult. Furthermore, observations needed to meet both the
ADC and the DWI criteria, not a single sequence set in version 2.1. The new version
affords a more comprehensive and consistent explanation of DWI results than the
previous version[50].

Fourth, the difference between positive and negative DCE is clarified. The features
in version 2.0 that correspond to DCE negative, as well as extensive multi-focal
enhancement evaluation were indeterminate. In version 2.1, the definition of negative
DCE is revised. This modification is anticipated to eliminate reader-to-reader
inconsistencies in DCE-MRI interpretation. DCE is the secondary sequence that
determines PZ lesions. This revision has the potential to improve diagnostic

reproducibility[50].

4.2.3 Dynamic contrast-enhanced MRI
In sub-project 3, DCE-MRI has been explored in several clinical researches. It is

used for non-invasive detection of different diseases. Contrast agent is injected into
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blood flow to track changes in MRI signal intensity within the target tissue. This
technique provides both anatomical detail information and functional change information
of the target tissue. DCE is used to describe the function of the tissue, mainly reflected in
perfusion-related research. As epitomized in Khalifa et al., “Kinetics (spatial and
temporal distributions) of the contrast agent transit depend heavily on tissue perfusion,
vessel permeability, and volume of the extracellular and extravascular space (EES)”
([70], p. 1). Perfusion information can be detected by MRI signal intensity variation. In
this project, | used perfusion parameters reflected by dynamic curves to analyze prostate
lesions.

Perfusion parameters were compared between benign and malignant foci in this
study. The time that it takes for contrast enhancement to reach its maximum, is referred
to TTP. TTP was shown to be statistically significantly different. Lower TTP indicates that
time required to arrive at the climax is shorter. The fact that blood vessels are more
numerous in the associated lesions may therefore be explained. Microvascular
dissemination is an important indicator of neovascularization, as it is responsible for local
development and tumor metastasis[71,72]. A wide variety of malignant neoplasms were
studied by Chang et al.[43] , and it was shown that PSMA was consistently found in the
blood vessels of these cancerous tumors. Microvascular structures are commonly more
abundant in more malignant lesions[73,74]. DCE-MRI is a well-established imaging
biomarker of tumor microvessels. Using a PET/MRI scanner, two modalities can be
performed at the same time, allowing for further in-depth comparison and combination of

two markers.

4.2.4 Radiomics analysis

Radiomics analysis is a promising study area of PCa. “The application of radiomics
approaches in prostate cancer has not only enabled automatic localization of the disease
but also provided a non-invasive solution to assess tumor biology,” encapsulated in Sun
et al.([75], p. 4). Quantitative information is extracted from medical imaging data, which
is the primary emphasis of radiomics. Radiomics techniques in PCa have permitted the
automated localization of the illness, as well as they have also offered a non-invasive

option for assessing tumor biology[76].
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In sub-project 4, | investigated patients with PCa who underwent repeat scanning
before and after treatment in our department. SUVmax was calculated. Radiomics
features - entropy, variance and mean were extracted from PET images and compared
between twice examinations. By comparing the features’ data from the two scans, | was
able to observe changes in the texture of lesions. In this part, | presented images and
data from two patients as examples. In Figure 6, | present a patient with metastasis at
the right ischium. After Lu-177-PSMA-617 treatment, there is a decrease in SUVmax of
the lesion. Figure 7 presents a patient with metastasis at the right scapula (indicated by
arrow). Although the patient underwent ADT treatment, there is a progression of bone
metastasis. Its volume significantly increased. SUVmax increased. At the same time, the

images reveal several new metastatic lesions.

4.3 Embedding the results into the current state of research

Multi-modality imaging refers to the combination of equipment that operates in two
imaging modalities into one unit. Anatomical imaging techniques, as well as functional
image techniques, have seen significant advancements. Combining sequences from
multiple modalities may offer substantial diagnostic benefits and requires the use of
sophisticated image fusion algorithms to collect structural and functional information.
Clinical and preclinical studies have demonstrated the potential for multi-modality
imaging to improve non-invasive tissue characterization[77]. With advances in medical
science and diagnosis technology, there have been tremendous breakthroughs in
diagnosing and assessing PCa[78]. Molecular imaging (Ml) is becoming the mainstream
of imaging development[79]. MI techniques have reached a fascinating new level of
specificity for diagnosing a wide range of diseases. With the advantage of precise
localization and quantification of tumors and metastases, PET radiopharmaceuticals
have made an essential contribution to this development. The methods | applied in this
dissertation combine the advantages of both multi-modality imaging and MI. PET and

MRI are two modalities, and [8Ga]Ga-PSMA-11 PET is molecular imaging.

My study accentuated that [*¥Ga]Ga-PSMA-11 PET may detect PCa, whereas MRI
can be used to provide accurate anatomic guidance. Researchers conducted a
meta-analysis of [(8Ga]Ga-PSMA-11 PET precision[80]. This study discovered that it has

0.74 sensitivity and specificity. When it comes to identifying lymph node and bone
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metastases, Hirmas et al.[81] demonstrated exceptional accuracy. It achieved a much
better rate of concordance of 90%, compared to 75% for bone scans, 73% for MRI, and
60% for CT. [8Ga]Ga-PSMA-11 PET scan has a wide scanning range and high
sensitivity, and it is widely utilized for effective staging as well as post-treatment
effectiveness assessment. Increasing the use of [(8Ga]Ga-PSMA-11 is advantageous. It
reduces the time required to diagnose metastatic lesions and benefits clinical

decision-making. There have been several efforts to use a multi-modality method[82].

Imaging diagnostic criteria are changeable in response to technological
advancements and the development of physicians’ expertise in order to achieve further
improvement. The evaluation of diagnostic criteria for the prostate diagnosis was
improved in 2019. PI-RADS V2.1 was introduced by Turkbey et al.[28]. The new version
proposes some changes. These modifications clarify diagnostic specifications and thus
improve diagnostic repeatability between doctors and institutes. Previous literature has
addressed the issue of variability. PI-RADS V2.0 was evaluated in a multi-center
research[83]. It concluded that positive predictive value of version 2.0 was insufficient
and diversified significantly between institutes. PI-RADS V2.1 makes improvements.
PI-RADS V2.1 is easier to understand while lowering diagnostic indeterminacy. In my
study, | investigated the differences and similarities between the two versions. The new
guidance seeks to increase reproducibility among readers by offering a more detailed

explanation of diagnostic criteria.

In my project, DCE-MRI is used to allow for the visualization of foci in prostate with
various levels of enhancement, as well as the collection of characterization of lesions.
DCE-MRI characteristics associated with prostate lesions were examined. By comparing
the tissue’s MRI signal intensity, DCE imaging may be used to determine perfusion
condition, vessels supply, and vascularity. DCE-MRI, by virtue of its ability to quantify
microvascular characteristics, provides critical detail to the characterization of
lesions[84]. DCE-MRI is a highly effective diagnostic technique for identifying localized
lesions of PCa, and it increases test accuracy for detecting and evaluating prostatic
tumor lesions[85]. Chen et al.[86] revealed that wash-out slope correlates significantly
with the Gleason score and provides accurate diagnostic findings for assessing the
aggressiveness of PCa. In males with PCa, microvessel density has been linked with
staging, recurrence, metastatic, and prognosis[87-89]. PCa can be identified utilizing

contrast-enhanced MRI methods due to its increased microvascularity[90]. The increase
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of the perfusion signal may be measured using semi-quantitative analysis[70,91]. The
curve analysis technique has the advantage of being simple to measure. Parameters
used in model-based calculations are complicated, giving more details on vascular

physiology[92].

In the current work, | assessed the potential value of PET radiomics analysis to
detect bone metastasis of follow-up after treatment. About radiomics analysis on
prostate cancer, Lu et al.[93] assessed patients who underwent two mpMRI scans within
two weeks and studied the reproducibility of quantitative imaging features among
sequential scans. They found that quantitative imaging features are reproducible across
sequential prostate mpMRI acquisition at a preset level of filters. Some other
researchers have already reported significant results on prostate cancer. Woznicki et
al.[94] combined radiomics analysis with PI-RADS and clinical parameters, concluding
quantitative image data represent potential biomarkers. PET texture analysis can be
used to assess radiomics features of lesions. A comparison of radiomics features
extracted from [(8Ga]Ga-PSMA-11 PET/MRI scans obtained pre- and post-treatment
allows assessing the change of individual lesions. Radiomics features can provide more

information and data to evaluate the lesion changes comprehensively.

4.4 Strengths and weaknesses of the study

The strengths of this dissertation include: first, it followed the main lines of research
in imaging studies and developed a clear experimental plan; second, it used qualitative
and quantitative research methods and produced clear results; third, it included
sub-experiments to comprehensively and comprehensively analyze the imaging
characteristics of prostate cancer lesions from multiple perspectives; fourth, the results
of this dissertation were published in three original publications on top journals and were

recognized by peer review.

| aware that my research may have two weaknesses. First, the results are
somewhat constrained due to the study’s retrospective nature and single-center design.
In order to enhance the usefulness and breadth of the outcomes, more validation should
be undertaken in prospective multi-center research to gather additional patient data and
deeper experimental results. Second, this is a descriptive visual study of imaging data.

Because of the features of the patient cohort, all patients have their PCa verified through
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routine biopsy prior to [(Ga]Ga-PSMA-11 PET/MRI scanning. The majority PCa patients
are elderly males who have an underlying illness or geriatric condition, which precludes
histological testing. Gross histopathology examinations are frequently impractical owing

to patient ethics and reality.

4.5 Implications for practice and future research

My experiments used the most prevalent analytical method for imaging studies. The
combination of findings provides ideas and methods for future improvements. Further
research should be undertaken to explore novel molecular probes and new advanced
imaging technology. Creation of novel specific receptor ligands, targeting probes, and
antibodies are expected to improve the performance of Ml and diagnosis of PCa. And
new imaging techniques can lead to the feasibility of more imaging modalities or
sequences. We can target new molecular probes or imaging techniques for image
characterization in the future. And a cross-sectional or longitudinal comparison with the

results of the present study will give a more comprehensive analysis of the disease.

5. Conclusion

In my synopsis, LBR of SUVmax, comparison between PI-RADS 2.0 and 2.1,
DCE-MRI parameters and radiomics analysis have been presented, in the context of

diagnosing and evaluating prostate lesions.

PET/MRI combines MRI with PET. It supplies molecular information and high
soft-tissue contrast, which allows for further multi-modality examination, and by including
functional MRI, it is also feasible to go beyond anatomical correlation. From the
standpoint of enhancing the accuracy of imaging diagnosis, physicians need better
diagnostic criteria and more data information in order to more precisely identify the
characteristic of disease for increasing the effectiveness of diagnostic procedures.
Diagnostic criteria improvement and lesion information refinement are beneficial in
clarifying the nature of lesions, optimizing diagnostic methods, and reasonably
evaluating treatment alternatives, consequently enhancing the accuracy and diagnostic

efficiency of image-guided therapies.
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Lesion-to-background ratio threshold value o
of SUVmax of simultaneous [®®Ga]Ga-PSMA-11
PET/MRI imaging in patients with prostate
cancer

Jing Zhao!"®, Bernd Hamm', Winfried Brenner’ and Marcus R. Makowski'-

Abstract

Purpose: This study aimed to calculate an applicable relative ratio threshold value instead of the absolute threshold
value for simultaneous %®Ga prostate-specific membrane antigen/pasitron emission tomography ((**Ga)Ga-PSMA-11
PET) in patients with prostate cancer (PCa).

Materials and methods: Our study evaluated thirty-two patients and 170 focal prostate lesions. Lesions are clas-
sified into groups according to Prostate Imaging Reporting and Data System (PI-RADS). Standardized uptake values
maximum (SUVmayx), corresponding lesion-to-background ratios (LBRs) of SUVmax, and LBR distributions of each
group were measured based on regions of interest (ROI). We examined LBR with receiver operating characteristic
analysis to determine threshold values for differentiation between multiparametric magnetic resonance imaging
(mpMRI)-positive and mpMRI-negative lesions.

Results: We analyzed a total of 170 focal prostate lesions. Lesions number of PI-RADS 2 to 5 was 70, 16, 46, and 38.
LBR of SUVmax of each PI-RADS scores was 1.5 (0.9, 24), 2.5 (1.6, 34), 3.7 (2.6, 4.8), and 6.7 (3.5, 12.7). Based on an opti-
mal threshold ratio of 2.5 to be exceeded, lesions could be dlassified into MRI-positive lesion on [*3GalGa-PSMA PET
with a sensitivity of 85.2%, a specificity of 72.0%, with the corresponding area under the receiver cperating character-
istic curve (AUC) of 0.83, p< 0.001. This value matches the imaging findings better.

Conclusion: The ratio threshold value of SUVmax, LBR, has improved clinical and research applicability compared
with the absolute value of SUVmax. A higher threshold value than the background’s uptake can dovetail the imaging
findings on MRI better. It reduces the bias from using absolute background uptake value as the threshold value.

Keywords: Prostate cancer, Multiparametric MRI, PSMA, [**Ga]Ga-PSMA PET/MRI, SUVmax
~

Key points

« The ratio threshold value of SUVmax, LBR, has
improved clinical and research applicability com-
pared with the absolute value of SUVmax/
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+ A higher threshold value than the background’s
uptake can dovetail the imaging findings on MRI bet-
ter.

+ The specificity of [**Ga]Ga-PSMA PET needs to be
further improved.

Background

Prostate cancer (PCa) is a common malignant disease
in the elderly male population. Approximately 17%
of patients with early prostate cancer have metastatic

©The Author(s) 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit ine
to the material. If material is not induded in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http//creativecommons.org/licenses/by/4.0/.
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disease. PCa is the second leading cause of cancer death
in men in the western world [1].

Multiparametric magnetic resonance imaging
(mpMRI) has been a clinical imaging tool for detecting
primary PCa and guiding subsequent biopsy. MpMRI
includes T2-weighted imaging (T2WI), diffusion-
weighted imaging (DWI), apparent diffusion coefficient
(ADC), and dynamic contrast-enhanced MRI (DCE-
MRI). Prostate Imaging Reporting and Data System
(PI-RADS) interprets results [2, 3].

PSMA is a transmembrane glycoprotein related to
tumor progression and disease recurrence. PSMA over-
expresses in prostate cancer cells. It is associated with
PCa with higher serum prostate-specific antigen (PSA)
levels and a higher Gleason score (GS) [4, 5].

Positron emission tomography (PET) images are co-
registered with computed tomography (CT) scans. CT
is easily acquired and widely available to provide ana-
tomical information about the localization of PSMA-
avid lesions. Previous studies suggest that [**Ga]
Ga-PSMA-11 PET/CT has a high detection rate for
prostate tumors, with a sensitivity of 67-97% [6, 7].
Koerber et al. [8] and Woythal et al. [7]reported that
SUVmax of PCa is higher than that of non-cancerous
lesions and healthy prostate tissue. Combining [*Ga]
Ga-PSMA-11 PET and mpMRI has the potential to
improve localization accuracy and diagnostic efficiency,
as Zamboglou et al. proved [9]. In both studies, experts
elaborated on the advantages of PET/MRI in the diag-
nosis of PCa.

Nevertheless, two aspects can be further optimized.
First, MRI-positive lesions may show unapparent or low
uptake in PET images. MRI-negative lesions may show
apparent uptake in PET images. It may misdiagnose part
of MRI-negative lesions as positive if we consider all
apparent uptake lesions as positive in PET images. There-
fore, it is necessary to increase the threshold value, which
is higher than the background SUVmax.

Second, in most publications, individual research cent-
ers adopt its threshold standard to proceed with stud-
ies. The threshold standard varies from different medical
centers. Hence, each study is conducted under differ-
ent execution standards. Eiber et al. [10] took SUVmax
higher than the background as a threshold value to prove
diagnostic accuracy improvement. Woythal et al. [7]
reported the best threshold value of 3.15 with sensitivity
97%, specificity 90%, and area under curve (AUC) 0.987.
Donato et al. [11] described lesions as mildly avid (SUV-
max <5), moderately avid (SUVmax >5), or intensely avid
(SUVmax > 10). Hicks et al. [12]calculated a threshold of
6.7, with sensitivity 88%; specificity 96%.

However, SUVmax is affected by a specific combi-
nation of radiotracer manufacturer, systems vendor,
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reconstruction techniques, uptake time, post-processing
software, the time between radiotracer injection and
scanning, and even the human race. Taking absolute
value for research results in bias from different imaging
conditions. Therefore, in our study, we used ratio value
LBR to perform research.

‘We aimed to classify prostate lesions according to
MRI morphological imaging analysis to achieve a better
threshold LBR value. This LBR threshold value matches
the imaging findings on MRI better. It reduces the pos-
sibility of MRI-negative lesions being misdiagnosed as
positive in PET images. It reduces the bias from using
absolute background uptake value as the threshold value.
We also re-examined clinical follow-up information and
subsequent pelvic MRI to verify whether the lesion is
radiological positive or negative.

Materials and methods

Study population

This retrospective study was approved by the institu-
tional ethics review board (EA1/060/16), and the institu-
tional review board waived the requirement for informed
consent for this retrospective analysis.

Inclusion criteria are as follows: (1) patients with
biopsy-proven PCa who underwent simultaneous [*Ga]
Ga-PSMA-11 PET/MRI between January 2017 and
March 2020 in our department; (2) all necessary addi-
tional information could be obtained from clinical
records; (3) patients underwent pelvic MRI examination
at our institution for follow-up analysis. Exclusion cri-
teria are as follows: (1) patients who underwent prosta-
tectomy before scanning; (2) patients whose follow-up
information is not adequate.

[*8Ga]lGa-PSMA-11 PET/MRI imaging protocol
[**Ga]Ga-PSMA-11 was synthesized using a clinical-
grade ®Ge/*® Ga radionuclide generator (Eckert &
Ziegler Radiopharma GmbH, Berlin, Germany) and
PSMA-HBED-CC (ABX GmbH, Radeberg, Germany) as
described previously [13—15]. Patients were imaged after
83+ 12 min after intravenous injection of a mean activity
of 161.0+21.4 MBq (4.44+0.6 mCi) [**Ga]Ga-PSMA-11,
activity: 1.8-2.2 MBq (0.049-0.060 mCi) per kilogram
bodyweight. No adverse effects were observed after the
injection of [**Ga]Ga-PSMA-11. Furosemide is injected
to minimize halo artifact caused by scatter overcorrec-
tion associated with high renal and urinary tracer activity
0.5 h before the scan. Patients void urine right before the
start of the examination.

Imaging was performed with a 3.0 T PET/MRI system
(SIEMENS MAGNETOM Biograph mMR, Erlangen,
Germany). Every patient uses the same protocol of PET
and MRI scanning. The acquisition contains two parts.
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First, body PET/MRI from the vertex to mid-thigh was
performed with 3 min of PET acquisition in each bed
position, each 24 cm. Two six-element body matrix coils
placed anteriorly were used in conjunction with two pos-
terior spine clusters to optimize the signal-to-noise ratio
(SNR) in the MRI scanner. A Dixon 3D volumetric inter-
polated breath-hold examination (VIBE) T1-weighted
MRI sequence was performed at each bed position and
used for the generation of attenuation maps and ana-
tomic allocation of the PET results. Siemens StarVIBE
overcomes motion artifacts.

The second part was a dedicated MRI scan of the pelvis,
followed by the reconstruction of PET data. Reconstruc-
tion was conducted with an ordered subset expectation
maximization algorithm (OSEM), with 3 iterations/21
subsets, based on an x-matrix acquisition with a 4-mm
Gaussian filter and relative scatter scaling. Attenuation
correction was performed using the non-enhanced MRI
data. Table 1 summarizes MRI imaging parameters.

Image analysis

Image analysis was performed on a Visage 7.1 Work-
station (Visage Imaging GmbH, Berlin, Germany). All
mpMRI images were interpreted by a board-certified
radiologist with more than fifteen years without access
to the PET images, following the PI-RADS criteria, ver-
sion 2 [16]. The readers classified prostate focal lesions
with PI-RADS scores of 2 and 3 as MRI negative, while
4 and 5 as MRI positive. The present analysis excluded
PI-RADS 1 because we do not report PI-RADS 1 lesions.
T2WI was used for anatomic correlation for [**Ga]Ga-
PSMA-11 PET.[*®*Ga]Ga-PSMA-11 PET scans were read
by a nuclear medicine specialist with more than ten years
of experience, who was not aware of the MRI results.
ROI was defined as a region with an abnormal signal in
MRI images or avid PSMA uptake in PET images. SUV-
max is measured based on ROIL Any avid focal lesion
in the prostate with uptake above prostate background
not attributable to physiologic radiotracer biodistribu-
tion was considered positive in [*®Ga]Ga-PSMA-11 PET.

Table 1 Imaging parameters used for MRI
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Lesions with the same or lower uptake than background
were considered negative in [*®*Ga]Ga-PSMA-11 PET.
Besides, background SUVmax was measured in the near-
est visually defined normal tissue adjacent to a lesion
as background uptake 1.0cm? a perfect circle. LBR is
defined as a ratio of lesion SUVmax to background SUV-
max. Readers resolved discrepancies based on a separate
consensus reading. Both interpreters reviewed all imag-
ing studies in a single session.

Statistical analysis

We classified prostate lesions into four groups accord-
ing to PI-RADS from 2 to 5 and calculated the LBR of
each group. Additionally, we classified LBR into four lev-
els, including LBR<1, 1<LBR<2, 2<LBR <3, LBR>3,
and analyzed how does LBR of each PI-RADS group
distribute.

To estimate the optimal LBR threshold, we performed
ROC analysis and calculation of the AUC. Youden’s index
defined the optimal cutoff value. Youden’s index= sensi-
tivity 4 specificity — 1. In order to present the threshold’s
effect on sensitivity and specificity, we also calculated the
sensitivity and specificity corresponding to the other six
thresholds, besides the optimal threshold.

Two-sided p values<0.05 were considered statisti-
cally significant. All statistical analyses were performed
using SPSS 25 for Windows (IBM Corp, Armonk, NY).
The significance level was set to a<0.05. Patient demo-
graphics and clinical characteristics are summarized
using descriptive statistics. Normally distributed data are
reported as mean=SD, and non-normally distributed
data are reported as medians (interquartile range, IQR

Q1, Q3).

Result
Characteristics of patients
Thirty-two patients who underwent [**Ga]Ga-

PSMA-11 PET/MRI without RP were retrospectively
selected from the database and included for analysis.

Sequence TR/TE(msec) FOV(mm) Flip angle (°) Section thickness Voxel size (mm)
(mm)
T2WI HASTE Axial 1400.0/95.0 400 160 50 13x13x50
TIWI FSVIBE 1600.0/96.0 350 160 40 11x1.1x40
T2WI Axial 5500.0/103.0 180 150 30 05x05x30
T2WI Sagittal 1600.0/96.0 350 160 40 11x1.1x40
T2W!| Coronal 4500.0/102.0 200 173 30 04x04x30
DWI 11,600.0/70.0 280 30 25x25%x30
TIWI FSTWIST dynamic 741/330 260 12 35 14x14%35
T1WI STARVIBE 3NTT 360 9 12 1.0x1.1x1.2
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Patients who underwent [68Ga]Ga-PSMA-11
PET/MRI between January 2017 and March 2020
n=155

Excluded
Patients who performed radical
prostatectomy before scanning
n=113

Excluded
= Patients without biopsy-proven
n=10

A

Study cohort
n=

Fig. 1 [*GalGa-PSMA PET = gallium 68-labeled prostate-specific
membrane antigen PET, mpMRI = multiparametric MRI

Table 2 Summary of patient characteristics

Parameter Value
No. of patients 32
Age (yr) 70+7

PSA level (ng/mL)
Clinical T stage

1145 (5.67, 24.36)

T2a 2
T2b 2
T2c 3
T3a 8
T3b 8
T4 9
Biopsy GS

6 4
7

344 7
443 5
8 9
9

445 2
5+4 3
10 2

The PSA level of these patients was 11.45 (5.67-24.36)
ng/mL. Figure 1 shows patients’ inclusion and exclu-
sion in the flowchart. Demographics are given in
Table 2.

Corresponding LBR analysis

A total of 170 focal prostate lesions were detected. PI-
RADS score was 2 in 70 lesions (70/170) with LBR of
1.5 (0.9, 2.4); 3 in 16 lesions (16/170) with LBR of 2.5
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Table 3 LBRdistribution of each PI-RADS score group

PI-RADS LBR<1 1<LBR=<2 2<LBR=<3 LBR>3
2 31 30 22 17
3 12 19 31 38
4 4 10 23 63
5 5 5 3 87

Data are described in percentage (%)
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Fig. 2 Receiver operating characteristic curves generated with a
generalized linear model of LBR for (**Ga)Ga-PSMA PET. With the
generalized linear model estimate, AUC for [®Ga]Ga-PSMA PET was
0.83, 95% Cl (0.77,0.89), 85.2% sensitivity, 72.0% specificity, p <0.001

i

(1.6, 3.4); 4 in 46 lesions (46/170) with LBR of 3.7 (2.6,
4.8); and 5 in 38 lesions (38/170) with LBR of 6.7 (3.5,
12.7). LBR was classified into four levels, including
LBR<1, 1<LBR=<2, 2<LBR <3, and LBR>3. Table 3
gives the distribution of each PI-RADS score group.

The ROC for [**Ga]Ga-PSMA-11 PET and lesion vali-
dation results are shown in Fig. 2. The corresponding
AUC for [**Ga]Ga-PSMA-11 PET was 0.83, 95% con-
fidence interval (CI) (0.77, 0.89), with an optimal LBR
threshold of 2.5 (85.2% sensitivity, 72.0% specificity),
p<0.001. Figure 3 provides an example of MRI-neg-
ative lesions and normal prostate tissue present vary-
ing levels of PSMA uptake in [**Ga]Ga-PSMA-11 PET.
Figure 4 provides an example illustrating that MRI-pos-
itive lesions present apparent or unapparent radiotracer
uptake in [*Ga]Ga-PSMA-11 PET. Figure 5 provides
an example of MRI-negative lesions, a typical encap-
sulated nodule with unapparent radiotracer uptake in
[*Ga]Ga-PSMA-11 PET. Figure 6 provides an exam-
ple of MRI-positive lesions, PI-RADS 4, with apparent
PSMA uptake in [**Ga]Ga-PSMA-11 PET.

‘We also calculated the sensitivity and specificity corre-
sponding to the other six thresholds, besides the optimal
threshold, to present the threshold’s effect on sensitivity,
specificity, and Youden’s index, summarized in Table 4.
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Fig. 3 [®GalGa-PSMA PET/MRI images obtained in a 63-year-old man, PSA 0.50 ng/mL. a [*%Ga)Ga-PSMA PET/MRI; b T2WI; ¢ DWI, b value 1000 s/
mm?; d ADC. This example showed that normal prostate tissue and MRI-negative lesions show varying levels of PSMA uptake. The highest uptake in
this figure is SUYmax 10.9, right anterior TZ, background SUVmax 1.1, LBR 9.9

Discussion

Our study shows that [**Ga]Ga-PSMA-11 PET presents
high sensitivity of detecting prostate lesions. However,
part of MRI-negative lesions show higher SUVmax than
background SUVmax. It could lead to an over-diagnose
of MRI-negative lesions and low specificity. A higher
threshold value of [**Ga]Ga-PSMA-11 PET is needed
instead of background uptake. To improve the clinical
applicability of our study, we calculated lesion-to-back-
ground ratios, a relative ratio. In our study, the threshold
LBR of 2.5 achieves a better clinical and research appli-
cability to classify positive and negative lesions of [**Ga]
Ga-PSMA-11 PET study.

We analyzed 32 patients with prostate cancer under-
going [®Ga]Ga-PSMA-11 PET/MRIL The accuracy of
imaging examinations plays a crucial role in diagnos-
ing prostate focal lesions. In our study, LBR revealed the
comparison of lesion uptake and background uptake in
PET images. LBR <1 means that lesion uptake is lower or

equal to background uptake, as well as negative in [*Ga]
Ga-PSMA-11 PET. LBR >1 represents that lesion uptake
is higher than background uptake, as well as positive on
[**Ga]Ga-PSMA-11 PET. The higher the ratio, the greater
the tendency of a lesion to be PET positive. In the pros-
tate, increased expression of PSMA receptors is not char-
acteristic only of prostate cancer cells, but may also occur
in normal prostate cells or non-cancerous lesions such as
benign prostatic hyperplasia (BPH), as shown in Fig. 3.
Our [*¥Ga]Ga-PSMA-11 PET findings showed that MRI-
negative focal lesions might also show a certain degree
of PSMA uptake. While some of MRI-positive lesions
showed unapparent or mild in PSMA PET, the majority
MRI-positive lesions exhibited moderate to strong PSMA
avidity, as shown in Fig. 4.

Our lesion-based LBR analysis shows that higher LBR
of SUVmax tends to indicate a higher likelihood of malig-
nancy. The higher the PI-RADS score lesions group, the
more significant the proportion of LBR > 3. Hence, taking
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lesions could be unapparent PSMA uptake (green arrows)

Fig. 4 [%Ga]Ga-PSMA PET/MRI images obtained in a 79-year-old man, PSA 2.20 ng/mL. a [*®Ga]Ga-PSMA PET/MRI; b T2WI; € DWI, b value 1000 s/
mm? d ADC. Background SUVmax 1.7. MRI-positive lesions are yellow arrows and white arrow. Yellow arrow: SUVmax 5.9, LBR 3.5 (middle of PZ) and
4.2, LBR 2.5 (right T2). White arrow: SUVmax 1.6, LBR 0.9 (right PZ). MRI-negative lesion is green arrow, SUVmax 1.4, LBR 0.8 (left TZ). This example
showed that MRI-positive lesions could be either PSMA avid uptake (yellow arrows) or unapparent PSMA uptake (white arrows). And MRI-negative

prostate background SUVmax as a threshold value to
identify PET positive or negative is relatively low. Our
results suggest that the use of prostate background’s
SUVmax as a threshold value for differentiating MRI
negative from MRI-positive prostate lesions can cause in
a relevant number of false-positive cases. LBR is defined
as a ratio of lesion SUVmax to background SUVmax.
For metastasis, background SUVmax is the uptake value
of nearby normal tissue, including normal bone tissue
and normal soft tissue. These normal tissues usually do
not show PSMA avid uptake. The background SUVmax
of metastasis is relatively low. The difference between
lesions and background is more pronounced. Therefore,
the optimal LBR threshold of 2.5 can also be used for
metastasis.

Both mpMRI and [**Ga]Ga-PSMA-11 PET/CT have
been widely used imaging techniques in detecting

prostate cancer. Earlier studies have revealed the use-
fulness of [*®Ga]Ga-PSMA-11 PET to detect prostate
lesions patients. Hope et al. performed a meta-analysis
of [* Ga]Ga-PSMA-11 PET accuracy for the detection of
PCa and demonstrated a sensitivity and specificity of 0.74
[17]. Hirmas et al. reported high performance for the
detection of lymph node metastasis and bone metasta-
sis. It revealed a significantly higher concordance rate of
90%, compared to the bone scan of 75%, MRI of 73%, and
CT of 60% [18]. The benefit of it is a comprehensive scan-
ning range and high sensitivity, and [*Ga]Ga-PSMA-11
PET is widely used to achieve accurate staging and post-
treatment efficacy evaluation. Therefore, more exten-
sive use of [®*Ga]Ga-PSMA-11 PET shortens the time of
prostate metastatic lesion detection and improves clinical
decision-making.
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Ga-PSMA-11 PET. SUVmax 1.9, right TZ, background SUVmax 1.2, LBR 1.6

Fig. 5 [*GalGa-PSMA PET/MRI images obtained in a 72-year-old man, PSA 24.81 ng/mL. a [*GalGa-PSMA PET/MRI; b T2W; ¢ DWI, b value
1000 s/mm?; d ADC.This example showed an MRI-negative lesions, a typical encapsulated nodule with unapparent radiotracer uptake in [*Gal

MRI brings valuable superiority over [*Ga]Ga-
PSMA-11 PET/CT because of the high soft-tissue con-
trast and provides the advantages of functional MRI
techniques, as Hoeks et al. [19] demonstrated. Some
attempts have been made to provide a multimodality
approach. Park et al. [20] found that [®Ga]Ga-PSMA-11
PET can be used to identify prostate cancer, while MR
imaging provides detailed anatomic guidance. Therefore,
[®Ga]Ga-PSMA-11 PET/MRI imaging provides valu-
able diagnostic information and may inform the need for
and extent of pelvic node dissection. Domachevsky et al.
[21] proved that pelvic [*®Ga]Ga-PSMA-11 PET/MRI is
superior to whole-body [®*Ga]Ga-PSMA-11 PET/CT in
detecting extensions of localized disease. It is mainly due
to the high soft-tissue resolution of MRI, by comparing
between pelvic [*®Ga]Ga-PSMA-11 PET/MRI and whole-
body [*®Ga]Ga-PSMA-11 PET/CT for the initial evalu-
ation of prostate cancer. Abd-Alazeez et al. [22] studied
the added value of apparent diffusion coefficient maps

and dynamic contrast-enhanced images for the detec-
tion of radio recurrent prostate cancer and proved that
MRI could evaluate recurrent or residual disease.[**Ga]
Ga-PSMA-11 PET/MRI has also been used to detected
metastasis. Kranzbiihler et al. [23] reported the usage of
[®8Ga]Ga-PSMA-11 PET/MRI-positive peritoneal metas-
tasis in the falciform ligament in recurrent prostate can-
cer. In conclusion, the development of MRI technology
has dramatically improved the diagnostic accuracy of
prostate cancer.

Nevertheless, PI-RADS is not perfect yet. Westphalen
et al. critically evaluated the PI-RADS interpretation in
26 centers and reported that the positive predictive value
of PI-RADS varied widely across centers [24]. The rea-
son is that the efficacy of PI-RADS is generally related to
the personal experience of physicians in practical appli-
cation. Urologists and radiologists are still working on
further optimizing the scoring system. Therefore, it is
necessary to use a multimodality quantitative analysis to
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Fig. 6 [®°Ga)Ga-PSMA PET/MRI images obtained in a 76-year-old man, PSA 9.50 ng/mL. a [**Ga]Ga-PSMA PET/MRI; b T2WI; ¢ DWI, b value 1000 s/
mm?; d ADC. This example showed MRI-positive lesions, PI-RADS 4, with apparent PSMA uptake in [8Ga]Ga-PSMA-11 PET.a MRI-negative lesions, a
typical encapsulated nodule with unapparent radiotracer uptake in [**Ga]Ga-PSMA-11 PET. SUVmax 136, right PZ, background SUVmax 1.5, LBR 9.1

Table4 Summary of sensitivity and specificity
of thresholds

Threshold Sensitivity Specificity Youden's index
1.0 95.5% 31.2% 0.267
155 92.0% 43.0% 0350
20 88.6% 54.8% 0434
25 85.2% 720% 0.572
3.0 739% 79.6% 0535
35 61.4% 82.8% 0442
40 50.0% 88.2% 0382

Bold value indicates the |largest Youden's index value

provide more information on diagnosis. For the interpre-
tation of PET images, a five-point ordinal scale, Likert-
scale can be utilized with a score of 1, meaning PCa was
highly unlikely and a score of 5, meaning PCa was highly
likely. For interpretation of PET and PET/MRI images in

PCa lesions, we may consider LBR lower than 1 as highly
unlikely, LBR between 1 and 2 as unlikely, respectively,
LBR between 2 and 3 as equivocal, LBR higher than 3 as
likely, respectively, and LBR higher than 4 as highly likely.

Afshar-Oromieh et al. and Guberina et al. have proved
[°3Ga]Ga-PSMA-11 PET/MRI could be the ideal imag-
ing modality for staging PCa and clarify unclear findings
on PET/CT [25, 26]. Uslu-Besli et al. demonstrated that
SUV and ADC values are inversely correlated in primary
prostate lesions. They combined both values’ usage to
increase the diagnostic accuracy of hybrid PET/MRI in
the detection of primary prostate lesions and lymph node
metastasis [27]. Park et al. studied patients with interme-
diate- or high-risk cancer. They proved that [**Ga]Ga-
PSMA-11 can be used to identify prostate cancer, while
MR imaging provides detailed anatomic guidance [20].
In terms of tumor severity and evaluation of extracapsu-
lar and seminal vesicular invasion, the results of [**Ga]
Ga-PSMA-11 PET were encouraging. These parameters
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are significant considerations in treatment planning. If
none of these findings exist, surgery can be performed.
von Klot et al. studied that men who retain extracapsular
extension may not undergo nerve-sparing surgical tech-
niques. It leads to an increased risk of urinary inconti-
nence and erectile dysfunction after prostatectomy [28].
These factors also have a profound impact on prognosis
because both extracapsular extension and seminal vesicle
invasion are associated with an increased risk of recur-
rence and lymph node and bone metastasis.

Because of the high sensitivity of PSMA, it is easier to
detect hidden residual and recurrent focals [5, 22, 23, 25,
26, 29-32]. [**Ga]Ga-PSMA PET was superior to MRI
in determining distant metastasis in patients with mod-
erate- to high-risk PCa. As Roach et al. and Calais et al.
demonstrated, this method becomes more widely used in
clinical settings. Many patients with NO or MO0 staging, as
assessed by current imaging, will more accurately stage
NI or M1 [33, 34]. The success of conventional imag-
ing staging depends on whether the scanning range can
fully cover the relevant parts. Preconditioning staging of
[*®*Ga]Ga-PSMA-11 PSMA PET may be established as it
scans the whole body.

However, [%Ga]Ga-PSMA-11 PET/MRI still has
some drawbacks to overcome. First, hybrid PET/MRI
is high-cost equipment. Many medical centers are not
able to perform PET/MRI scanning before patients had
RP. [*%Ga]Ga-PSMA-11 PET/CT is relatively affordable
equipment for medical centers and an affordable exami-
nation for patients, compared to PET/MRI. Doctors take
[*®*Ga]Ga-PSMA-11 PET/CT as a regular examination
for primary staging before performing radical prostatec-
tomy. In this condition, there are more studies on [**Ga]
Ga-PSMA-11 PET/CT. These researches can take radical
prostatectomy specimens as the reference standard to
perform lesion by lesion study. Chen et al. retrospectively
enrolled patients who underwent both MRI and PET/CT
before radical prostatectomy and analyzed the molecu-
lar imaging PSMA expression score and the pathologic
results [35].

Second, [**Ga]Ga-PSMA PET/MRI needs a more
extended scanning protocol than [**Ga]Ga-PSMA-11
PET/CT. During the scanning process, the MRI device
emits a harsh noise. Although technicians adopt sound
insulation solutions to patients, they still cannot elimi-
nate the interference from noise to patients. The patient
needs to keep the body stable and immobile during the
entire scan.

Third, although [**Ga]Ga-PSMA-11 has been one of
the milestone discovery in the development of nuclear
medicine in recent decades, which significantly improves
the accuracy of prostate cancer diagnosis and assessment.
Its specificity still could be further enhanced. Optimizing
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the targeting specificity of molecular probes is one of the
most important methods. We hope that this problem will
be solved in the future.

In the end, [**Ga]Ga-PSMA-11 PET/MRI is widely
used for staging reevaluation with recurrent prostate
cancer after radical prostatectomy or to evaluate the
conditions of patients who have already been treated by
non-surgical therapies. Radical prostatectomy and pros-
tate biopsies are invasive procedures with a high risk of
focal hemorrhages and infection. PCa patients are mostly
elderly men, with some underlying disease or age-related
diseases that are not recommended to perform a patho-
logical examination under this situation. To some extent,
histopathological examination is not often feasible due to
ethical and practical reasons.

Limitations

The limitation of our retrospective analysis is that [**Ga]
Ga-PSMA-11 PET/MRI is not compared with full histo-
pathology examination because our cohort patients are
elderly male and were not feasible to perform RP. There-
fore, this analysis is a descriptive radiological imaging
features study.

Conclusion

The ratio threshold value of SUVmax, LBR, has improved
clinical and research applicability compared with the
absolute value of SUVmax. A higher threshold value than
the background’s uptake is capable of dovetailing the
imaging findings on MRI better. The specificity of [**Ga]
Ga-PSMA PET needs to be further improved by optimiz-
ing the targeting specificity of molecular probes.
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Simple Summary: The newest Prostate Imaging Reporting and Data System (PI-RADS) version 2.1,
was published in 2019. There are a few variations of the new standard, which will change prostate
lesions” classification rules. Our study aims to analyze the pattern change of lesion positron emission
tomography (PET) standardized uptake values maximum (SUVmax) distribution under PI-RADS
V2.1, compared with PI-RADS V2.0. Moreover, we studied the correlation between prostate-specific
membrane antigen (PSMA) SUVmax and magnetic resonance imaging (MRI) PI-RADS. So far, there is
no article reporting the effect of the newest PI-RADS on [*Ga]Ga-PSMA-11 PET/MRI. We did a
thorough analysis, including two subgroups, peripheral zone, transitional zone, and 215 lesions.
We analyzed the impact of each variation of PI-RADS one by one.

Abstract: Purpose: We aimed to evaluate the correlation between PSMA uptake and magnetic
resonance imaging (MRI) PI-RADS of simultaneous [f’SGa]Ga-PSMA-ll PET/MRI regarding PI-RADS
version 2.0 and 2.1 respectively and compared the difference between these two versions. Materials and
Methods: We retrospectively analyzed a total of forty-six patients with biopsy-proven prostate cancer
who underwent simultaneous [*®*Ga]Ga-PSMA-11 PET/MRIL We classified the lesions regarding
PI-RADS version 2.0 and 2.1, peripheral zone (PZ), and transitional zone (TZ), respectively. Based on
regions of interest (ROI), standardized uptake values maximum (SUVmax), and corresponding
lesion-to-background ratios (LBR) of SUVmax of each category, PI-RADS score 1 to 5, were measured.
A comparison between PI-RADS version 2.0 and PI-RADS version 2.1 was performed. Results: A total
of 215 focal prostate lesions were analyzed, including two subgroups, 125 TZ and 90 PZ. Data are
reported as median and interquartile range (IQR). Regarding PI-RADS version 2.1, TZ SUVmax of
each category were 1.5 (0.5,1.9), 1.9(0.8,2.3),3.3(2.1,4.6),4.2 (3.1, 5.7), 7.3 (5.2,9.7). PZ SUVmax of
each category were 1.0 (0.8, 1.6), 2.5 (1.5, 3.2), 3.3 (1.9, 4.5), 4.3 (3.0, 5.4), 7.4 (5.0, 9.3). Regarding the
inter-reader agreement of the overall PI-RADS assessment category, the kappa value was 0.723 for

Caneers 2020, 12, 3523; doi:10.3390/cancers12123523 www.mdpi.com/journal/cancers
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version 2.0 and 0.853 for version 2.1. Conclusion: Revisions of PI-RADS version 2.1 results in variations
in lesions classification. Lesions with the PI-RADS category of 3, 4, and 5 present relatively higher
intraprostatic PSMA uptake, while lesions with the PI-RADS category of 1 and 2 present relatively
lower and similar uptake. Version 2.1 has higher inter-reader reproducibility than version 2.0.

Keywords: prostate cancer; multiparametric MRI; PSMA; [*®Ga]Ga-PSMA-11 PET/MRI; SUVmax;
PSA; molecular imaging; PI-RADS 2.1

1. Introduction

Prostate cancer (PCa) is a common malignant disease in the elderly male population [1], and a
percentage of patients with early prostate cancer have metastatic disease. PCa is currently the second
leading cause of cancer death in men in the western world, and men have a lifetime probability for
PCa of 14%. It is important to be able to determine tumor behavior as well as the diagnosis.

Multiparametric magnetic resonance imaging (mpMRI) is a clinical imaging tool for detecting
primary PCa and guiding the subsequent biopsy. MpMRI includes T2-weighted imaging (T2WI),
diffusion-weighted imaging (DWI), and dynamic contrast-enhanced MRI (DCE-MRI). Prostate cancer is
a type of cancer that can be extremely heterogeneous. Therefore, itis particularly important to accurately
evaluate and describe theimaging features of prostate cancer lesions. The American College of Radiology,
European Radiology of Uroradiology, and AdMeTech Foundation jointly released the Prostate Imaging
Reporting and Data System (PI-RADS) version 2.0 in 2015. PI-RADS 2.0 was a standardized assessment
of the probability of clinically significant PCa using prostate mpMRI [2,3]. PI-RADS V2.0 is widely
recognized internationally among radiologists and urologists, and is widely used in daily practice and
research. Many studies have confirmed the value of PI-RADS V2.0, but as expected, they also have
some inconsistencies and limitations, including sub-optimal inter-reader reproducibility, relatively high
false-negative rate, and decision-making rules, including the amphibolous evaluation criteria of TZ
on T2WI. The detection rate of transitional zone (TZ) tumors is lower than that of peripheral zone
(PZ) tumors [2,4-8]. To solve the above problems, the PI-RADS Steering Committee, applying a
consensus-based process, is suggested that several modifications have been made to PI-RADS V2.0,
remaining the framework for assigning scores to each sequence, and using these scores to achieve
at an overall assessment category. Given the limited scope of these updates, the updated version
described below is called PI-RADS V2.1. There are a few revisions in this version compared to version
2.0. Experts expect that the clinical use of PI-RADS version 2.1 will improve the variability between
readers and further simplify the evaluation of PI-RADS for MRL

Prostate-specific membrane antigen (PSMA) is a transmembrane glycoprotein related to tumor
progression and disease recurrence reported as being overexpressed in prostate cancer cells.
Furthermore, it is associated with PCa with higher serum prostate-specific antigen (PSA) levels and a
higher Gleason score (GS) [9,10]. Positron emission tomography (PET) images are co-registered with
computed tomography (CT) scans that are easily acquired and widely available to provide anatomical
information for localization of PSMA-avid lesions. Previous studies suggest that [*8Ga]Ga-PSMA-11
PET/CT has a high detection rate for prostate tumors, with a sensitivity of 67% to 97%. Koerberetal. [11]
and Woythal et al. [12] reported that the standardized uptake values maximum (SUVmax) of PCa is
higher than that of noncancerous prostate and healthy prostate tissue. Combining [*®Ga]Ga-PSMA
PET and mpMRI can improve localization accuracy and diagnostic efficiency, as Zamboglou et al.
proved [13]. Eiber et al. [14] demonstrated that advances diagnostic accuracy for PCa localization both
compared with mpMRI and with PET imaging alone. In the above studies, the advantages of PET/MRI
in the diagnosis of PCa have been elaborated.
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Our study aimed to (1) evaluate the correlation between PSMA uptake and MRI PI-RADS of the
same cohort of prostate focal lesions regarding both PI-RADS version 2.0 and version 2.1, respectively,
on MRI, and (2) compare the difference between these two versions.

2. Results

2.1. Characteristics of Patients

In this study, we analyzed forty-six patients in a total of 215 lesions. Few patients underwent
radical prostatectomy (RP) after the scan. The staging is clinical staging based on the physical exam
results, prostate biopsy, and imaging tests. Patient characteristics are compiled in Table 1.

Table 1. Summary of patient characteristics.

Characteristics N =46
Age at scan (years) ox7
PSA (ng/mL) at scan time 12.48 (4.33, 26.48)
Primary tumor stage (1)
S el B 16 (35%)
>cT3a 30 (65%)
Primary lymph node stage (1)
cNO 25 (54%)
cN1 21 (46%)
Biopsy Gleason score (11)
3+3 10 (22%)
3+4 9 (19”0)
4+3 7 (15%)
4+4 10 (22%)
4+5 3 (7%)
5+4 5(11%)
5+5 2 (4%)
Treatment
ADT prior to scan (i1) 2 (4%
ADT ongoing at the time of scan (1) 9 (19%)
Radiotherapy prior to scan (1) 8 (17%)

2.2. Inter-Reader Agreement

Based on the first readout, regarding the inter-reader agreement of the PI-RADS assessment
category between the two readers, the kappa value was 0.723, substantial for version 2.0; and 0.853,
almost perfect for version 2.1.

2.3. Lesion Analysis

Based on the second readout, two readers performed consensus reading to decide the ultimate
PI-RADS score of each lesion according to PI-RADS version 2.0 and 2.1, respectively, and PET
interpretation. A total of 215 focal prostate lesions were detected by mpMRI and PET, including 125 TZ
and 90 PZ. TZ SUVmax and corresponding LBR of SUVmax of each category for version 2.0 and 2.1
are presented in Table 2. PZ SUVmax and corresponding LBR of SUVmax of each category for version
2.0 and 2.1 are shown in Table 3.



62

Cancers 2020, 12, 3523 40f13

Table 2. TZ lesions SUVmax and corresponding LBR of SUVmax for Version 2.0 and 2.1.

PI-RADS Version 2.0 (n) SUVmax SI;JB\]}“?:X Version 2.1 (1) SUVmax Sli}l';\rl}nf:x i,U‘:;lex l{,‘:ﬁlﬁ
1 12 1.1(04,1.7) 1.2(05,19) 21 1.5(0.5,1.9) 1.4(0.7,2.1) p=0.02 p=0.02
2 34 24(13,3.2) 21(1.5,29) 21 1.9 (0.8,2.3) 1.6(0.9,2.4) p=0.02 p=002
3 25 31(21,449 25(15,35) 29 33(2.1,4.6) 2.6(1.5, 3.6) p=073 p=084
4 26 42(31,5.7) 3.4(2548) 26 42(3.1,5.7)  3.4(2.5,48) p=1 p=1
5 28 732,97 6.8(3.3,12.8) 28 73(52,9.7) 6.8(3.3,12.8) r=1 p=1

Data is presented as median, interquartile range (Q1, Q3). LBR: lesion-to-background ratio.

Table 3. PZ lesions SUVmax and corresponding LBR of SUVmax for Version 2.0 and 2.1.

PI-RADS Version2.0(1)  SUVmax SI;JB"};:X Version 2.1 (1)  SUVmax Slijlil’{r::x S;GUV‘,; ‘l‘r: ';,]:{t s
1 14 10(08,1.6) 1.1(04,18) 14 1.0(0.8,1.6) 1.1(04,1.8) p=1 p=1
2 15 25(13,33) 2.1(15,29) 18 25(15,32) 22(1629) p=081 p=086
3 18 31(20,45  25(15,35) 13 33(19,45 26(1536) p=085 p=087
4 18 43(29,54) 3.8(27 44) 20 43(3.0,54) 38(2.8,48) p=092 p=095
5 25 74(50,93) 69(3.1,11.9) 25 74(50,93) 69(3.1,11.9) p=1 p=1

Data is presented as median, Interquartile range (Q1, Q3). LBR: Lesion-to-background ratio.
3. Discussion

PI-RADS version 2.1 has a few revisions about clarifications in interpretation criteria.
Turkbey et al. expounded on this revision in detail in the review publication [15]. Revisionsinclude three
parts, image data acquisition, clarifications in interpretation criteria, and biparametric MRI. In PI-RADS
V2.1 interpretation criteria, some revisions change lesion categories, while other revisions offer a more
precise definition of categories to improve diagnostic consistency. In this article, we discussed the
revised items in PI-RADS version 2.1 point by point. The correlation between PI-RADS and SUVmax
was studied. Moreover, we analyzed these revised items’ impact on [8Ga]Ga-PSMA-11 PET/MRI
diagnosis. We hope that urologists, radiologists, and nuclear medicine physicians can comprehend the
diagnostic criteria changes so that clinical diagnosis can be further developed.

First, for the TZ, T2WI is the primary determining sequence. There is a revision in the criteria
for T2WI scores of 1 and 2 in TZ. In PI-RADS V2.0, typical benign prostatic hyperplasia (BPH)
nodules, including round, circumscribed, and completely or almost completely encapsulated on T2WI,
were assigned a T2ZWI score of 2. These lesions are assigned a PI-RADS assessment category of 2.
In PI-RADS V2.1, a normal-appearing TZ or a round, completely encapsulated nodules are called
“typical nodules.” Due to the MRI manifestations of age-related BPH, typical BPH nodules are unlikely
to be PCa. In PI-RADS V2.1, findings of BPH alone are considered a normal physiological revision and
are assigned a T2WI score of 1. Hence, part of T2ZWI of 2 lesions revise to T2ZWI of 1 under the new
standard. It is well known that BPH can also show high uptake of PSMA on PET [14,16-18]. After a
percentage of PSMA-positive BPH nodules are classified as T2ZWI of 1, then assigned to PI-RADS
of 1, the SUVmax of PI-RADS 1 group increases, as shown in Table 2. Figure 1 shows an example of
“typical nodules.” Therefore, this remedy will degrade some BPH focal lesions. Doctors may not be
obligatory to report such lesions.

Second, there is a revision in the determination of the overall assessment category in TZ. In PI-RADS
V2.1, a mostly encapsulated nodule or a homogeneous circumscribed nodule without encapsulation is
called “atypical nodules”. The revision in deriving the overall PI-RADS assessment category concerns
TZ lesions with a T2WI score of 2, compared to PI-RADS V2.0. In TZ, DWI score of >4 now elevates
the overall PI-RADS assessment category from 2 to 3 for lesions receiving a T2WI score of 2. DWI score
of <3 is assigned to PI-RADS of 2 for lesions receiving a T2ZWI score of 2. Some lesions that initially
belonged to PI-RADS 2 are upgraded to PI-RADS 3 under the new standard. Figure 2 shows an example
of an atypical nodule with DWI score of >4, elevating the overall PI-RADS assessment category from 2
to 3. This revision requires physicians to pay more attention to the information provided by DWL
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Figure 1. Transition zone with typical benign prostatic hyperplasia (BPH) changes. (A) Axial T2WI
shows completely encapsulated “typical” nodules. (B) ADC map image presents no focal lesion
with hypointense signal below the background. (C) DWI (b = 1000 s/mm?) shows no lesion with a
markedly hyperintense signal above the background. (D) Early dynamic contrast-enhanced image
presents no positive enhancement within the typical BPH nodules. T2WI = 1, DWI = 1, DCE = negative,
PI-RADS assessment category = 1. (E) PET image shows inhomogeneous [*®Ga]Ga-PSMA-11 uptake.
(F) [*®Ga]Ga-PSMA-11 PET/MRI fusion.

Figure 2. Transition zone with an atypical nodule. (A) Axial T2WI shows a homogeneous T2 hypointense,
mostly encapsulated nodule. (B) ADC map image presents a focal lesion with a markedly hypointense
signal below the background corresponding to the lesion seen in (A). (C) DWI (b = 1000 s/mm?) shows
a focal lesion with a markedly hyperintense signal above the background corresponding to the lesion
seen in (A,B). (D) Early dynamic contrast-enhanced image presents avid enhancement within the
nodule. T2WI = 2, DWI =5, DCE = positive, PI-RADS assessment category = 3. (E) PET image shows
no [*8Ga]Ga-PSMA-11 avid uptake. (F) [*®*Ga]Ga-PSMA-11 PET/MRI fusion.

Furthermore, mildly or moderately restricted diffusion is commonly encountered in mostly
encapsulated and unencapsulated TZ lesions. These lesions may represent stromal hyperplasia areas
and should not be upgraded based on mildly/moderately restricted diffusion [15]. Lesions with a
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T2WI score of 1 or 2 should not be upgraded to a PI-RADS assessment category of 2 or 3, respectively,
based on a DWI score of 3. Figure 3 shows an example of an atypical nodule with T2WI score of
2, DWI score of 3, and the overall PI-RADS assessment category remains at 2. In PI-RADS V2.1,
criteria variations do not affect PI-RADS of 4 and 5 groups. In Table 2, there is no revision in PI-RADS of
4 and 5 groups. Comparing SUVmax and LBR of SUVmax under PI-RADS V2.0 and V2.1, PI-RADS of
1, 2, and 3 groups show a significant difference (p < 0.05) between the two versions, while PI-RADS of
4 and 5 show no significant difference (p > 0.05) between the two versions.

Figure 3. Transition zone with an atypicalnodule. (A) Axial T2ZWIshows a T2 hypointense homogeneous

circumscribed nodule. (B) ADC map image presents a focal lesion with a mildly hypointense signal
below the background corresponding to the lesion seen in (A). (C) DWI (b = 1000 s/mlnz) shows a focal
lesion with a mildly hyperintense signal above the background corresponding to the lesion seen in
(A,B). (D) Early dynamic contrast-enhanced image presents no early enhancement within the nodule.
T2WI = 2, DWI = 3, DCE = negative, PI-RADS assessment category = 2. (E) PET image shows no
[*®*Ga]Ga-PSMA-11 avid uptake. (F) [*®*Ga]Ga-PSMA-11 PET/MRI fusion.

Third, revision in criteria for DWI scores of 2 and 3. In PI-RADS V2.0, the description of DWI
findings score of 2 and 3 is not clear. Due to differentiation in personal understanding, uncertainty and
variable interpretation in physicians’ judgment could cause uncertainty when making the diagnosis.
Moreover, findings must conform to both apparent diffusion coefficient (ADC) and DWI criteria,
but not on just one of the image sets. PI-RADS V2.1 provides a more detailed and clearer definition of
DWI findings scores of 2 and 3.

Furthermore, under this new standard, findings could be positive on one of the image sets,
ADC, or DWI. This criterion applies to lesions of both TZ and PZ. This revision significantly reduces
the diagnosis of uncertainty. For the PZ, DWI is the primary determining sequence and dominant
technique. This revision will improve the diagnostic stability of PZ lesions.

Fourth, clarification of the distinction between positive and negative enhancement on DCE.
In PI-RADS V2.0, the features that represent a negative DCE score and widespread multifocal
enhancement assessment are indefinite. In PI-RADS V2.1, the description for a negative score on DCE
has been modified. It can be expected that this revision will reduce the differences among readers
in the interpretation of DCE MRI. For the PZ lesions, DCE is the secondary determining sequence.
This revision can improve diagnostic reproducibility. Table 3 listed the number of lesions under the
two versions PI-RADS. It can be found that there are not so many revisions of PZ. Because for PZ,
the revised standard will not make a huge revision in the classification of lesions, but it can improve
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the inter-reader agreement. From the inter-reader agreement evaluation result, PI-RADS V2.1 shows
better consistency between readers than PI-RADS V2.0.

Compared to PI-RADS V2.0, PI-RADS V2.1 is clearer and reduces the diagnosis uncertainty:.
To sum up the above points, we evaluated the correlation between PSMA uptake and MRI PI-RADS
of simultaneous [*®*Ga]Ga-PSMA-11 PET/MRI regarding PI-RADS version 2.0 and 2.1, respectively,
and compared the difference between these two versions. We compared the inter-reader reproducibility
between PI-RADS version 2.0 and version 2.1. We understand the impact of the reader experience.
Generally, the experienced reader achieves a higher detection rate than the inexperienced reader,
even though they follow the same PI-RADS criteria. This difference is caused by the different
understanding of diagnostic criteria by each doctor. Therefore, a more accurate description of diagnostic
criteria is helpful to improve the reproducibility among readers, and this is the aim of the new guideline.

Part of TZ lesions with T2WI score of 2 was upgraded to 3 because the corresponding DW1 is >4.
Part of BPH decreased from PI-RADS assessment category of 2 to 1. Some PI-RADS 2 TZ lesions with
avid PSMA uptake were reassigned into other groups. In PI-RADS V2.1, the number of TZ lesions in
an overall score of 2 reduced. SUVmax and corresponding LBR also decreased. Although DWI and
DCE criteria have revisions, the diagnosis of TZ lesions in PI-RADS 4 and 5 groups is usually very
clear and has a high level of reader certainty. PI-RADS V2.1 does not have a significant effect on TZ
PI-RADS 4 and 5 groups. There is no revision of SUVmax and corresponding LBR of these two groups.
Considering PZ lesions, DWI and DCE are determining sequence. In PI-RADS V2.1, the revisions of
DWI and DCE enhance inter-reader agreement.

The variability has been discussed in previous research. Westphalen et al. [19] performed a
multi-center study across 26 centers to evaluated variability of the positive predictive value (PPV) of
PI-RADS V2.0 for prostate MRI. Across all centers, the estimated PPV was 35% for a PI-RADS score
greater than or equal to 3 and 49% for a PI-RADS score greater than or equal to 4. They concluded that
the PPV of the PI-RADS V2.0 was low and varied widely across centers.

Some published articles also compared the detection performance of two versions and proved
that PI-RADS V2.1 could be preferable for evaluating lesions and achieved a higher inter-reader
agreement [20-22]. Barrett et al. [23] specifically stated in the review article that the revision of PI-RADS
V2.1 is an important step in diagnosing prostate cancer. These studies have reached a common
conclusion that PI-RADS V2.1 had better inter-reader reproducibility than did PI-RADS V2.0.

Imaging analysis has been an important tool for the diagnosis and staging of prostate cancer.
The present study’s clinical implications help radiologists, nuclear medicine physicians, and urologists
understand the essential points in diagnosing and reporting prostate cancer, as well as the revisions in
the new standards. Making clinical decisions about patient care is a complex process, which involves
processing information and evaluating evidence, while applying critical thinking and problem-solving
skills. Optimizing the scoring criteria helps doctors develop personalized treatment plans for patients.
PI-RADS has already undergone several revisions. With radiologists and urologists” joint efforts,
the lesion scoring details have become clearer and more precise. Ambiguous descriptions have
been revised to make it easier to reach an agreement between radiologists. Multi-modality imaging,
[®3Ga]Ga-PSMA-11 PET/CT, and PET/MRI examination trend toward precision medicine in recent years.
It shows encouraging results and is expected to effectively improve the treatment of prostate cancer
patients [24-27]. PET/MRI works based on developing a fusion of PET sequences with MRI sequences
for diagnostic purposes in oncological applications. MRI evaluates soft tissue and lymph nodes
involvement and bone lesions, while PET provides biological information about cancer. MRI shows
superior resolution to CT and PET/CT in the T staging of primary prostate malignancies. An increasing
number of researchers have reported that benign lesions and normal tissue show varying degrees of
avid PSMA uptake. Therefore, revisions in the PI-RADS will also lead to changes in the correlation
between SUVmax and PI-RADS.

In a word, we proved that PI-RADS version 2.1 has comparable performance in detecting
prostate focal lesions compared with version 2.0. The results of this study showed that PI-RADS
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V2.1 can improve the repeatability between readers and may help to improve diagnostic performance
and accuracy. Therefore, it is of far-reaching significance for urologists and oncologists to make
clinical decisions.

4. Materials and Methods

4.1. Patients

This retrospective study was approved by the institutional ethics review board (EA1/060/16),
and the institutional review board waived the requirement for informed consent for this
retrospective analysis.

Inclusion criteria: (1) patients with biopsy-proven prostate cancer who underwent
[8GalGa-PSMA-11 PET/MRI between January 2017 and May 2020 in our institute; (2) all necessary
additional information could be obtained from our database. Exclusion criteria: (1) patients,
who underwent radical prostatectomy before scanning and no prostate left in the pelvic, were excluded;
(2) additional information was not adequate. Patient inclusion and exclusion are summarized in the
flowchart in Figure 4.

Patients underwent [68Ga]Ga-PSMA-11
PET/MRI from 01/2017 to 05/2020
(n=166)

Excluded
Patients treated prostatectomy before
| (65GalGa-PSMA-11 PET/MRI scanning
(n=107)

Patients did not undergo prostatectomy
before [68Ga]Ga-PSMA-11 PET/MRI scanning
(n=59)

Excluded:
Patients who are not proven PCa by biopsy
(n=13)

Eligible patients
n=46)

L

Analyzed focal lesions
(n=215)

Figure 4. [**Ga]Ga-PSMA-11 PET: gallium 68-labeled prostate-specific membrane antigen PET,
mpMRI: multiparametric MRI.

4.2. [*8Ga]Ga-PSMA-11 PET/MRI Imaging Protocol

[*®Ga]Ga-PSMA-11 was synthesized using a clinical-grade **Ge/*®*Ga radionuclide generator
(Eckert & Ziegler Radiopharma GmbH, Berlin, Germany) and PSMA-HBED-CC (ABX GmbH, Radeberg,
Germany) as described previously [28-30]. Patients were imaged after 85 + 6 min after intravenous
injection of a mean activity of 158.0 + 18.4 MBq (4.3 + 0.5 mCi) [**Ga]Ga-PSMA-11, corresponding to
activity: 1.8-2.2 MBq (0.049-0.060 mCi) per kilogram bodyweight. Furosemide is injected to minimize
halo artifact caused by scatter overcorrection associated with high renal and urinary tracer activity
30 min before the start of PET acquisition. Patients were asked to void urine immediately before the
start of the examination. No adverse effects were observed after [**Ga]Ga-PSMA-11 injection.

Imaging was performed on a 3.0T PET/MRI system (SIEMENS MAGNETOM Biograph mMR,
Erlangen, Germany). The acquisition was split into two parts. First, body PET/MRI cover from the
vertex to mid-thigh was performed with 3 min of PET acquisition in each bed position, with coverage of
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24 cm. Pre-contrast MRI sequences were acquired simultaneously using a combination of a dedicated
mMR head-and-neck coil and phased-array mMR body surface coils. Siemens StarVIBE eliminates
motion artifacts.

The second part was a dedicated MRI scan of the pelvis, followed by the reconstruction of PET
data. MRI sequence parameters are summarized in Table 4. Reconstruction was conducted with an
ordered subset expectation maximization algorithm (OSEM), with 3 iterations/21 subsets, based on an
x-matrix acquisition with a 4 mm Gaussian filter and relative scatter scaling. Pre-contrast imaging
data serve for attenuation correction. PET and MRI were performed using the same protocol for
every patient.

Table 4. Imaging parameters used for MRL

Flip Angle  Section Thickness

Sequence TR/TE (ms) FOV (mm) (degrees) (o) Voxel Size (mm)
T2WI HASTE Axial 1400.0/95.0 400 160 5.0 1.3x13 x50
T1IWI FS VIBE 1600.0/96.0 350 160 4.0 1.1x11x40
T2WI Axial 5500.0/103.0 180 150 3.0 05x05x%x30
T2WI Sagittal 1600.0/96.0 350 160 4.0 1.1x 11 x40
T2WI Coronal 4500.0/102.0 200 173 3.0 0.4x04x30
DWI 11,600.0/70.0 280 3.0 25x25x%x30
TIWI FS TWIST dynamic 7.41/3.30 260 12 35 1.4x14x35
T1WI STARVIBE 3.71/1.77 360 2 12 11x1lx12

4.3. Image Analysis

Image analysis was achieved using dedicated post-processing software Syngo.via (Siemens Healthcare,
Erlangen, Germany). T2WI was used for anatomic correlation for [®3Ga]Ga-PSMA-11 PET.
Image analysis is comprised of twice readout. The first readout, incorporating both the MRI and
PET images as well as all clinical information, were interpreted independently by two double-trained
radiologists with 5 and 10 years of experience. Both readers interpreted MRI images using two versions
PI-RADS, version 2.0 and 2.1. Then we compared the result of two readers of each version to evaluate
inter-reader reproducibility. In the second readout, two readers performed consensus reading to
determine the final PI-RADS score of each lesion according to PI-RADS version 2.0 and 2.1, respectively.

ROI were defined as regions with an abnormal signal focal lesion on MRI images or an area
with PSMA avid uptake focal lesion on [**Ga]Ga-PSMA-11 PET. Readers interpreted mpMRI images
according to PI-RADS version 2.0 and version 2.1, respectively. [®*Ga]Ga-PSMA-11 PET images were
interpreted by SUVmax and corresponding LBR, measured based on ROI. LBR is defined as a ratio of
lesion SUVmax to background SUVmax. Using ratio value, LBR is to reduce the bias from a specific
combination of radiotracer manufacturer, systems vendor, reconstruction techniques, uptake time,
post-processing software, the time between radiotracer injection to scanning. Any avid focal lesion
in the prostate with uptake above prostate background not attributable to physiologic radiotracer
biodistribution was considered positive on [8Ga]Ga-PSMA-11 PET. Lesions with the same or lower
uptake than the background were deemed negative on [°®Ga]Ga-PSMA-11 PET. Prostate background
SUVmax was measured in the nearest visually defined normal tissue adjacent to a lesion as 1.0 cm?,
a perfect circle.

4.4. Statistical Analysis

We classified the same cohort prostate focal lesions according to PI-RADS version 2.0 and
2.1. SUVmax and corresponding LBR were measured and compared. We divided all lesions into
two subgroups, TZ and PZ. All statistical analyses were performed using SPSS 25 for Windows
(IBM Corp, Armonk, NY, USA). We evaluated the inter-reader agreement of the PI-RADS assessment
category for PI-RADS version 2.0 and 2.1 using the kappa(k) value. Kappa values indicate: poor 0.0,
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slight 0.0-0.20, fair 0.21-0.40, moderate 0.41-0.60, substantial 0.61-0.80 and, almost-perfect 0.81-1.00 [31].
The Mann-Whitney U-test was used for data comparison between PI-RADS version 2.0 and 2.1.

The significance level was set to two-tailed p < 0.05. Patient demographics and clinical
characteristics are summarized using descriptive statistics. Normal distributed data are reported
as mean + standard deviation (5D), and non-normal distributed data are reported as median

(interquartile range) (IQR Q1, Q3).

5. Limitations

There are some limitations to this study. First, this was a retrospective, single-center study.
Therefore, the present results may need further validation in prospective multi-center studies with a
larger number of patients. Second, this is a descriptive imaging analysis. Due to the characteristics of
the patients’ population in our institute, all patients were confirmed PCa by standard biopsy before
[**Ga]Ga-PSMA-11 PET PET/MRI scanning. MRI-ultrasound fusion-guided prostate biopsy might
not be performed, or the information may not be acquirable; therefore, we were not able to study the
relationship between PI-RADS scores and targeted biopsy results.

6. Conclusions

In conclusion, revisions of PI-RADS version 2.1 results in variations in lesions classification.
Lesions with the PI-RADS category of 3, 4, and 5 present relatively higher intraprostatic PSMA uptake,
while lesions with the PI-RADS category of 1 and 2 present relatively lower and similar uptake.
PI-RADS version 2.1 has higher inter-reader reproducibility than PI-RADS version 2.0. Our result
indicated that by using the updated version, radiologists and nuclear medicine doctors are more
unlikely to perform an equivocal diagnosis, which could provide more useful information to urologists
and oncologists for the management of lesions and clinical decisions making.
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Abbreviations

ADC apparent diffusion coefficient
ADT Androgen deprivation therapy
BPH Benign prostatic hyperplasia

Cl Confidence interval

CT Computed tomography
DCE-MRI Dynamic contrast-enhanced MRI
DWI Diffusion-weighted imaging
IQR Interquartile range

FOV Field-of-view

Ga Gallium

GS Gleason score

LBR Lesion-to-background ratio
MRI Magnetic resonance imaging
mpMRI Multiparametric magnetic resonance imaging

OSEM Ordered subset expectation maximization algorithm
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PCa Prostate cancer

PET/CT Positron emission tomography/computed tomography

PET/MR Positron emission tomography /magnetic resonance

PI-RADS Prostate Imaging Reporting and Data System

PSA Prostate-specific antigen

PSMA Prostate-specific membrane antigen

PROMISE Prostate Cancer Molecular Imaging Standardized Evaluation

ROI Region of interest

RP Radical prostatectomy

SUV Standardized uptake value

TE Echo time

TR Repetition time

T2WI T2-weighted imaging
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Simple Summary: Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is an im-
portant method to analyze the perfusion model of tumors, allowing noninvasive quantification of mi-
crovascular structure and function. Furthermore, simultaneous [*® Ga]Ga-prostate-specific membrane
antigen (PSMA)-11 positron emission tomography (PET)/MRI is currently the most advantageous
way for assessing prostate cancer staging. Therefore, combining these two examinations helps to
diagnose the lesions more comprehensively. Our study analyzes perfusion parameters between
intraprostatic lesions and the correlation between perfusion parameters and [**Ga]Ga-PSMA-11 PET.
This study highlights the significant effect of PSMA uptake on perfusion parameters.

Abstract: We aimed to retrospectively compare the perfusion parameters measured from dynamic
contrast-enhanced (DCE) magnetic resonance imaging (MRI) of prostate benign lesions and malignant
lesions to determine the relationship between perfusion parameters. DCE-MRI was performed in
patients with PCa who underwent simultaneous [**Ga]Ga-prostate-specific membrane antigen
(PSMA)-11 positron emission tomography (PET)/MRI. Six perfusion parameters (arrival time (AT),
time to peak (TTP), wash-in slope (W-in), wash-out slope (W-out), peak enhancement intensity
(PEI), and initial area under the 60-s curve (iAUC)), and a semi-quantitative parameter, standardized
uptake values maximum (SUVmax) were calculated by placing regions of interest in the largest
area of the lesions. The DCE-MRI parameters between prostate benign and malignant lesions were
compared. The DCE-MRI parameters in both the benign and malignant lesions subgroup with
SUVmax < 3.0 and SUVmax > 3.0 were compared. The correlation of DCE-MRI parameters was
investigated. Malignant lesions demonstrated significantly shorter TTP and higher SUVmax than
did benign lesions. In the benign and malignant lesions subgroup, perfusion parameters of lesions
with SUVmax < 3.0 show no significant difference to those with SUVmax > 3.0. DCE-MRI perfusion
parameters show a close correlation with each other. DCE-MRI parameters reflect the perfusion
characteristics of intraprostatic lesions with malignant lesions, demonstrating significantly shorter
TTP. There is a moderate to strong correlation between DCE-MRI parameters. Semi-quantitative
analysis reflects that malignant lesions show a significantly higher SUVmax than benign lesions.
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Keywords: prostate cancer; PSMA; PET/MRI; dynamic contrast-enhanced; arrival time; time to peak;
wash-in slope; wash-out slope; peak enhancement intensity; initial area under curve

1. Introduction

Prostate cancer (PCa) is one of the most common diseases in men. In the US, it accounts
for 21% of new cases, and it is the second leading cause of death in men, accounting for
10% of all deaths [1].

Multiparameters magnetic resonance imaging (mpMRI) with the assessment of images
using the Prostate Imaging Reporting and Data System (PI-RADS) is widely used to
evaluate prostate lesions. Dynamic contrast-enhanced (DCE)-MRI is a technique used to
measure the perfusion, blood flow, and tissue vascularity by analyzing the tissue’s signal
enhancement curve. DCE-MRI, which can assess micro-vascular properties, provides
helpful additional information for characterizing lesions [2]. In many current clinical trials,
DCE-MRI for a new anti-angiogenic agent is used as an early imaging biomarker to evaluate
patients’ response to treatment [3]. Microvessel density has been reported to be associated
with tumor stage, recurrence, metastatic potential, and prognosis in patients with prostate
cancer [4-6]. This signal enhancement of perfusion can be quantified with semi-quantitative
analysis [7,8]. Semi-quantitative parameters can be extracted and calculated from the signal
intensity curve [9,10]. The signal intensity curve reveals several parameters, including
arrival time (AT), time to peak (TTP), wash-in slope (W-in), wash-out slope (W-out), peak
enhancement intensity (PEI), and initial area under the 60-sec curve (iIAUC). AT is arrival
time, which is the time point when contrast enhancement starts. TTP is time to peak, which
is the time from arrival time to the end of wash-in. A shorter TTP indicates the shorter time
needed to reach the peak. Wash-in slope is the slope of the fitted line between AT and the
end of wash-in. The higher W-in is, the faster the wash-in speed. W-out slope is the fitted
line slope between the start of wash-out and the end of the measurement. The higher the
Wh-out is, the faster the wash-out speed. PEI indicates the highest value of enhancement.
And iAUC calculates the initial area under the curve in 60 s, reflecting the total intensity of
enhancement during the first one minute.

Molecular imaging of prostate cancer is a beneficial tool for systematically evaluating
tumor biology [11]. Agents targeting cell metabolism, hormone receptors, or membrane
proteins have been developed to an advanced stage. Over the last few years, prostate-
specific membrane antigen (PSMA) have gained much interest as specific targets for PCa
imaging, which is a promising and specific target. It is a transmembrane glycoprotein
related to tumor progression and disease recurrence that has been found to be overex-
pressed in prostate cancer cells [12,13]. PSMA-ligands as prostate cancer-specific PET
tracers show and differentiate cancerous lesions within the prostate more accurately than
other tracers. A whole-body hybrid PET/MRI scanner with simultaneous acquisition
of PET imaging and mpMRI has enabled functional and molecular information to be
combined [14-16]. Initial results suggest that [**Ga]Ga-PSMA-11 PET/MRI is a beneficial
imaging method for detecting suspicious focal prostate cancer lesions [17,18] and monitor-
ing recurrence [19]. Combining MRI and positron emission tomography (PET) improves
diagnostic accuracy [20,21]. Compared with the current standard imaging like CT, MRI,
and bone scintigraphy, PSMA-PET imaging shows a higher specificity and sensitivity and
is suitable for patients with primary middle-risk or high-risk prostate cancer [22].

Therefore, this study’s purpose was to retrospectively compare the perfusion param-
eters of DCE-MRI of prostate benign lesions and malignant lesions, and determine the
correlation between these perfusion parameters.
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2. Results
2.1. Comparison of Parameters between Benign and Malignant Lesions

TTP and SUVmax were significantly different between benign lesions and malignant
lesions (p < 0.05) regarding the perfusion parameters and semi-quantitative parameters.
No significant differences were observed in other parameters (Table 1).

Table 1. Comparison of parameters between benign and malignant lesions.

Parameter Benign Lesions Malignant Lesions
Median Q1 Q3 Median Q1 Q3 p Value
SUVmax 2.3 15 3.7 7.0 42 115 p<005*
AT(min) 0.47 0.40 0.57 0.47 0.39 0.56 p>0.05
TTP(min) 1.09 0.84 1.32 0.95 0.75 1.22 p<0.05%
W-in 013 0.07 0.18 0.12 0.08 0.22 p >0.05
W-out 0.01 0.01 0.02 0.01 0.01 0.02 p >0.05
PEI 0.21 0.15 0.28 0.20 0.15 0.26 p>0.05
1AUC 0.08 0.05 0.11 0.08 0.05 0.12 p>0.05

AT: arrival time, TTP: time to peak, W-in: wash-in slope, W-out: wash-out slope, PEIL: peak enhancement intensity,
iAUC: initial area under the 60-sec curve, SUVmax: standardized uptake values maximum, *p < 0.05.

2.2. Effect of SUVmax on DCE-MRI Parameters

All lesions were assigned into two subgroups, including benign lesions group and
malignant lesions group. In both subgroups, DCE-MRI parameters between lesions with
SUVmax < 3.0 and SUVmax > 3.0 were compared. In the benign lesions subgroup, perfu-
sion parameters of lesions with SUVmax < 3.0 show no significant difference from those
with SUVmax > 3.0 (Table 2). In the malignant lesions subgroup, perfusion parameters of
lesions with SUVmax > 3.0 perfusion parameters of lesions with SUVmax < 3.0 show no
significant difference from those with SUVmax > 3.0 (Table 3).

Table 2. Comparison of parameters between benign lesions with SUVmax < 3.0 and SUVmax > 3.0.

Parameter SUVmax < 3.0 SUVmax > 3.0

Median Q1 Q3 Median Q1 Q3 p Value

SUVmax 1.6 1.2 23 47 3.6 6.2 p<0.05*
AT(min) 047 0.39 0.58 0.47 0.44 0.56 p>0.05
TTP(min) 1.13 0.92 1.35 0.92 0.78 1.24 p>0.05
W-in 0.13 0.07 0.18 0.13 0.08 0.21 p>0.05
W-out 0.01 0.01 0.02 0.01 0.01 0.02 p >0.05
PEI 0.21 0.16 0.28 0.21 0.12 0.27 p>0.05
iAUC 0.09 0.05 0.11 0.07 0.05 0.12 p >0.05

AT: arrival time, TTP: time to peak, W-in: wash-in slope, W-out: wash-out slope, PEIL: peak enhancement intensity,
iAUC: initial area under the 60-sec curve, SUVmax: standardized uptake values maximum, * p < 0.05.

Table 3. Comparison of parameters between malignant lesions with SUVmax < 3.0 and SUVmax > 3.0.

Parameter SUVmax < 3.0 SUVmax > 3.0

Median Q1 Q3 Median Q1 Q3 p Value

SUVmax 2.0 1.0 i 82 55 122 p<0.05%
AT(min) 0.49 0.47 0.98 0.47 0.39 0.55 p>0.05
TTP(min) 0.95 0.66 Li2 0.96 0.77 1.29. p>0.05
W-in 0.16 0.08 0.28 0.12 0.08 0.22 p>0.05
W-out 0.01 —0.003 0.02 0.01 0.01 0.02 p>0.05
PEI 0.20 0.14 0.32 0.21 0.15 0.25 p>0.05
iAUC 0.08 0.05 0.19 0.08 0.05 0.12 p>0.05

AT: arrival time, TTP: time to peak, W-in: wash-in slope, W-out: wash-out slope, PEI: peak enhancement intensity,
iAUC: initial area under the 60-sec curve, SUVmax: standardized uptake values maximum, * p < 0.05.
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2.3. Pearson Correlation between Perfusion Parameters of Intraprostatic Lesions

There is a moderate to strong correlation between the perfusion parameters of in-
traprostatic lesions (Table 4).

Table 4. Pearson correlation analysis between the perfusion parameters.

AT TTP W-in W-out PEI iAUC
AT 1 —017* 0.18* —0.05 —0.004 0.18*
TTP = 1 —0.45* 0.71 * 017 % —0.31 %
W-in = - 1 —0.30 0.57 ** 0.95 **
W-out = . - 1 0.41 —0.18*
PEI = - - = 1 0.70 **
AUC . - - . - 1

Data are Pearson correlation coefficient. AT: arrival time, TTP: time to peak, W-in: wash-in slope, W-out: wash-out
slope, PEL: peak enhancement intensity, iAUC: initial area under the 60-sec curve, *p < 0.05, ** p < 0.01.

3. Discussion

DCE-MRI is an important diagnostic method in detecting focal prostate cancer lesions,
which improves the accuracy of examination for detection and evaluation of intrapro-
static tumor lesions [23]. It visualizes focal lesions in the prostate with varying degrees
of enhancement and provides information for lesion characterization. Combining the
advantages of [**Ga]Ga-PSMA-11 PET/MRI and DCE-MRI contributes to a better differen-
tiation of intraprostatic lesions [24]. PSMA-PET imaging can add molecular information
to multiparameter MRI to describe suspicious lesions for target biopsy [25]. The clinical
value of this study is the quantitative analysis of the multimodality characteristics of the
lesions. DCE parameters reflect lesions” microvascular structure, while SUVmax reflects
lesions’ prostate-specific membrane antigen concentration. A combination of information
allows for a comprehensive evaluation of tumor condition and for choosing an appropriate
treatment plan.

Intraprostatic lesions perfusion parameters are investigated by several studies be-
fore [26]. Vos et al. [27] reported that quantitative parameters and semi-quantitative
parameters derived from DCE-MRI at 3.0 T MRI could assess the aggressiveness of PCa
in the peripheral zone. Chen et al. [28] proved that the wash-out gradient shows a sig-
nificant association with Gleason score and good diagnostic performance in assessing
prostate tumor aggressiveness. PCa has increased microvascularity and, therefore, can be
detected by contrast-enhanced MRI techniques, as van Niekerk et al. reported [29]. These
parameters provide detailed information about the aggressiveness of tumors in different
prostate gland regions as, for example, in Figures 1-3. Therefore, the perfusion differences
between prostate benign lesions and malignant lesions may be detected and quantified
with DCE-MRI. MpMRI of prostate scanning includes complementary and synergistic T2,
diffusion, and perfusion sequences. Ren et al. [30] proved that DCE-MRI curves could dif-
ferentiate benign tissue from malignant prostate tissue based on T2-weighted imaging. The
omission of DCE-MRI increases the risk that some aggressive lesions will not be detected,
thus discrediting prostate imaging by MRI. The sequence of contrast enhancement agents
is essential in the detection of recurrence and post-treatment follow-up.

The advantage of the curve analysis method is that it is easy to calculate. Model-
based measurement parameters are complex, but they provide more specific information
about vascular physiology [31]. In this study, we compared perfusion parameters between
benign lesions and malignant lesions. TTP was significantly different. TTP is the time that
contrast enhancement reaches the peak. A shorter TTP indicates the shorter time needed
to reach the peak. Then it can be explained that the blood vessels are more abundant
in the corresponding lesions. We further divided the lesions into two subgroups. The
lesions were divided into two groups in the benign lesion group according to SUVmax
< 3.0 and SUVmax > 3.0. All perfusion parameters did not show obvious differences
between SUVmax < 3.0 and SUVmax > 3.0. This indicates that SUVmax does not affect the
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perfusion parameters in benign lesions. In the malignant lesions group, the same results
were found.

Figure 1. Transition zone with a PI-RADS 1 change. (A) Axial T2ZWI shows typical benign prostatic
hyperplasia (BPH) change. (B) DWI (b = 1000 s/mm?2) shows no lesion with a marked hyperintense
signal above the background. (C) ADC map image presents no diffusion restriction. (D) Early
dynamic contrast-enhanced image presents no enhancement within the typical BPH nodule. (E)
[%Ga]Ga-PSMA-11 PET/MRI fusion image shows moderate [**Ga]Ga-PSMA-11 uptake, with SU-
Vmax of 6.3. (F) DCE-MRI time-intensity curve demonstrates persistent increase enhancement. AT:
0.39 min; TTP: 1.09 min; W-in: 0.16; W-out: 0.02; PEL: 0.25; iAUC: 0.10.

Figure 2. Transition zone with a PI-RADS 5 lesion. (A) Axial T2WI shows homogeneous hypointense.
(B) DWI (b = 1000 s /mm?) shows a marked hyperintense signal above the background. (C) ADC
map image presents a lesion with hypointense signal below the background. (D) Early dynamic
contrast-enhanced image presents positive enhancement within the lesion. (E) [%®Ga]Ga-PSMA-11
PET /MRI fusion image shows avid [8Ga]Ga-PSMA-11 uptake, with SUVmax of 29.2. (F) DCE-MRI
time-intensity curve demonstrates a decline after initial up-slope enhancement. AT: 0.47 min; TTP:
0.50 min; W-in: 0.80; W-out: —0.03; PEL: 0.41; iAUC: 0.31.
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Figure 3. Peripheral zone with a PI-RADS 3 lesion. (A) Axial T2WI shows hypointense. (B) DWI
(b = 1000 s/mm?) shows a mild hyperintense signal. (C) ADC map image presents a moderate
hypointense signal below the background. (D) Early dynamic contrast-enhanced image presents
no early enhancement within the lesion. (E) [®3Ga]Ga-PSMA-11 PET/MRI fusion image shows
no positive [*8Ga]Ga-PSMA-11 uptake. (F) DCE-MRI time-intensity curve demonstrates plateau
enhancement. AT: 0.98 min; TTP: 0.67 min; W-in: 0.26; W-out: 0.003; PEL 0.20; iAUC: 0.13.

Moreover, we determined the correlations between perfusion parameters to under-
stand further the physiological significance of semi-quantitative parameters in intrapro-
static lesions. They may reflect gross angiogenesis within a focal lesion. AT is arrival time,
the point in time when contrast enhancement starts. A shorter AT indicates that the contrast
agent flows into the lesion in a shorter time. It further shows that the lesion is rich in blood
vessels. W-in is the fitted line’s slope between AT and the end of wash-in, reflecting the
speed at which the contrast agent flows into the lesion. The slope is significantly correlated
with blood flow so that it can be used to evaluate perfusion within a lesion. Another
parameter, iAUC, is the initial area under the curve in 60 s. It suggests that iIAUC denotes a
combination of blood flow and permeability. These correlations may help select the most
suitable semi-quantitative parameter to represent tumor perfusion, flow, and angiogenesis
in daily practice.

Angiogenesis is an essential process in tumor growth, and a multitude of pharma-
cologic therapies primarily target angiogenesis by affecting vascular endothelial growth
factor (VEGF) ligand binding [32]. Microvascular distribution is considered a vital sign
of neovascularization, responsible for local growth and tumor metastasis [33,34]. In these
applications, the potential of PSMA as an imaging biomarker is related to the exact function
of PSMA in tumor-related endothelium. Conway et al. [35] demonstrated that PSMA
is required for angiogenesis in vivo and is essential for endothelial cell invasion in vitro.
Their results of linking PSMA with p21-activated kinase regulation suggest that PSMA
is an important regulator of endothelial cell invasion and angiogenesis and may be a
therapeutic target for angiogenesis-related diseases. Chang et al. [36] proved that PSMA
was consistently expressed in the neovasculature of a wide variety of malignant neoplasms.
More malignant lesions usually have more abundant microvascular structures [37-40].
DCE-MRI is one of the most mature imaging biomarkers of tumor microvessels. DCE-MRI
and PSMA-PET can be performed simultaneously in a PET /MRI scanner so that these
markers can be directly correlated.

Early research indicated that ADT causes a reduction of blood flow in the prostate
gland that precedes apoptosis of the epithelium [4142]. Another study held a different
opinion. Roe et al. [43] reported that their key findings were the increased tumor vas-
cularization following ADT. However, the above experimental conclusions are based on
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animal experiments. Human studies characterizing vascular effects following ADT are
limited. The long-term impact of ADT on tumor vascularization needs to be further in-
vestigated. The effects following radiotherapy of prostate measured with quantitative
MRI were reported by Kershaw et al. [44] They proved that tumor blood flow decreased
after treatment. Nevertheless, because of this study’s relatively small sample size, a larger
number of sample systematic quantitative studies are needed. Therefore, the effect of ra-
diotherapy on the microvascular structure of the human prostate has not been conclusively
established. Based on what has been discussed above, ADT and radiotherapy’s effects on
microvasculature were not considered in this study. There are some limitations to our study.
The patient cohort is relatively small. There are only eleven patients who performed radical
prostatectomy (RP) after scanning. Therefore, we were not able to take histopathology
results as a gold standard.

4. Materials and Methods
4.1. Patients

This retrospective study was approved by the institutional ethics review board
(EA1/060/16), and informed consent was waived for retrospective analysis.

We enrolled and excluded patients by the following criteria. Inclusion criteria: (1)
patients with biopsy-proven prostate cancer who underwent [*®Ga]Ga-PSMA-11 PET/MRI
between January 2017 and July 2020 in our clinic; (2) necessary information could be
obtained. Exclusion criteria: (1) patients, who underwent radical prostatectomy before
scanning, were excluded; (2) patients did not undergo DCE-MRI during the scan. Patients’
inclusion and exclusion are summarized in the flowchart in Figure 4.

Patiens underwent [**Ga]Ga-PSMA-11
PET/MRI from 01/2017 to 07/2020
n=173

Exclude:
Patients underwent prostatectomy before
[**Ga]Ga-PSMA-11 PET/MRI scan
A n=110
Patients did not undergo prostatectomy
before [*Ga)Ga-PSMA-11 PET/MRI scan
n=63

v

Exclude:
Patients did not undergo DCE-MRI during the scan
n=7

Exclude:
Incomplete required information
n=17

b
Study cohort
n=39

Figure 4. [#%Ga]Ga-PSMA-11 PET: gallium 68-labeled prostate-specific membrane antigen PET,
DCE-MRI: Dynamic contrast-enhanced magnetic resonance imaging.

Patients who did not undergo radical prostatectomy before [**Ga]Ga-PSMA-11
PET/MRI and performed DCE-MRI in [(%GalGa-PSMA-11 PET/MRI examination were
retrospectively selected from our institute’s database and included in this analysis. All pa-
tients were confirmed PCa by systematic biopsy before [**Ga]Ga-PSMA-11 PET PET/MRI
scanning. Biopsy techniques included 12-core prostate biopsy and 14-core prostate biopsy.
The needle biopsy technique introduced by Hodge et al. [45] has become the gold standard
method for diagnosing prostate cancers. Both 12-core and 14-core prostate biopsy signifi-
cantly increase the detection rate of prostate cancer and the accuracy of the biopsy Gleason
score [46,47]. Clinical characteristics are compiled in Table 5.
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Table 5. Summary of clinical characteristics.

Characteristics N=39

Age at scan (years) 69 +9
PSA (ng/ml) at scan time 8.70(5.18, 18.83)
Biopsy Gleason score (n)
3+3
3+4
4+3
4+4
4+5
5+4
5+5
Treatment
ADT prior to scan (n)
ADT ongoing at the time of scan (n)
Radiotherapy prior to scan (n) 3
ADT: Androgen deprivation therapy.

W W N N 00 0 o

[SSIN (N ]

4.2, [**Ga]Ga-PSMA-11 PET/MRI Imaging Protocol

[*¥Ga]Ga-PSMA-11 was synthesized using a clinical-grade **Ge /**Ga radionuclide
generator (Eckert & Ziegler Radiopharma GmbH, Berlin, Germany) and PSMA-HBED-CC
(ABX GmbH, Radeberg, Germany). Patients were imaged after 79 (72, 109) min after intra-
venous injection of a mean activity of 162.2 + 22.1 MBq (4.4 + 0.6 mCi) [**Ga]Ga-PSMA-11,
corresponding to activity: 1.8-2.2 MBq (0.049-0.060mCi) per kilogram bodyweight. To
minimize the halo artifact caused by scattering overcorrection associated with high renal
and urinary tracer activity, furosemide is injected 30 min before the start of PET acquisition.
Patients were asked to void urine immediately before the start of the examination. No
adverse effects were observed after [**Ga]Ga-PSMA-11 injection.

PET and MRI were performed using the same protocol for every patient. Imaging
was obtained with a 3.0 T PET/MRI system (SIEMENS MAGNETOM Biograph mMR,
Erlangen, Germany). The acquisition was split into two parts. First, body PET/MRI
cover from the vertex to mid-thigh was performed with 3 min of PET acquisition in
each bed position, with coverage of 24 cm. Pre-contrast MRI sequences were acquired
simultaneously using a combination of a dedicated mMR head-and-neck coil and phased-
array mMR body surface coils. Siemens StarVIBE eliminates motion artifacts. The second
part was a dedicated MRI scan of the pelvis, followed by PET data reconstruction. MRI
sequence parameters are summarized in Table 6. Reconstruction was conducted with an
ordered subset expectation maximization algorithm (OSEM), with 3 iterations/21 subsets,
based on an x-matrix acquisition with a 4 mm Gaussian filter and relative scatter scaling.
Contrast-enhanced agent gadobutrol (Gadovist®, Bayer Pharma AG, Berlin, Germany)
is intravenously administered at a clinical dose of 0.1 mmol/kg bodyweight. Following
the acquisition of precontrast data, a total of 60 contrast-enhanced data were obtained,
with the start of the first postcontrast acquisition corresponding with the start of the
contrast injection.

4.3. Image Analysis

Post-processing of all imaging data was performed with a dedicated post-processing
software, Syngo.via (Siemens Healthcare, Erlangen, Germany). Regions of interest (ROls)
were defined as regions with an abnormal signal on MRI images and manually drawn. The
MRI datasets were interpreted using PI-RADS version 2.1 [45]. Lesions with PI-RADS 1 to
3 were considered benign, while those with PI-RADS 4 and 5 were considered malignant.
SUVmax is measured based on ROI, which is defined as corresponding to the finding on
T2-weighted imaging (T2ZWI). All images were read by the same double-trained doctor. All
perfusion parameters extracted from time-intensity curves were generated using Syngo.via
MR Tissue 4D (Siemens Healthcare; Erlangen, Germany). Perfusion parameters, including
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arrival time (AT), time to peak (TTP), wash-in slope (W-in), wash-out slope (W-out), peak
enhancement intensity (PEI), and initial area under the 60-sec curve (iAUC), were calculated.
For the time-intensity curve, X-axis refers to time, and Y-axis refers to the ratio between
baseline and post-contrast intensity. Previous publications suggested values between
SUVmax 2.0 to 3.0 as appropriate cutoff values to minimize false-positive interpretation of
faintly PSMA positive uptake [49,50]. A cutoff of SUVmax 3.0 was selected in this study.
The definition of the above parameters is presented in Table 7.

Table 6. Imaging parameters used for MRI.

Sequence TRI/TE (msec) FOV (mm) Flip Angle  Section Thickness Voxel Size

(Degrees) (mm) (mm)
T2WI
HASTEAxial 1400.0/95.0 400 160 5.0 1313350
TIWIFS VIBE 1600.0/96.0 350 160 4.0 11 x 11 x40
T2WI Axial 5500.0/103.0 180 150 3.0 05 x 05 x%x 3.0
T2WI Sagittal 1600.0/96.0 350 160 4.0 11x11x40
T2WI Coronal 4500.0/102.0 200 173 3.0 04 x04 %30
DWI 11,600.0/70.0 280 3.0 25x25x30
TIWIFS = =
TWIST dynamic 7.41/3.30 260 12 35 14 x14 %35
T1WI STARVIBE 3.7 /1.77 360 ) 1.2 1.lx11x 12
Table 7. Definition of DCE-MRI Parameters.
Parameter Definition
AT arrival time: point in time when contrast enhancement starts
TTP time to peak: time from arrival time to end of wash-in
W-in wash-in: slope of the fitted line between AT and end of wash-in
W-out wash-out: slope of the fitted line between start of wash-out and end of measurement
PEIL peak enhancement intensity: value of concentration when the contrast enhancement
reaches the highest concentration
iAUC initial area under curve in 60 s

4.4. Statistical Analysis

The DCE-MRI parameters between benign and malignant lesion groups were com-
pared by Mann-Whitney U test. Comparison of parameters between benign lesions with
SUVmax < 3.0 and SUVmax > 3.0 was accessed by Mann-Whitney U test, as were malig-
nant lesions. Pearson correlation was used to determine the correlations among various
DCE-MRI parameters. All statistical analyses were performed with statistical software
SPSS 25 for Windows (IBM Corp, Armonk, NY, USA). The significance level was set to
two-tailed p < 0.05. Patient demographics and clinical characteristics are summarized using
descriptive statistics. Normal distributed data are reported as mean =+ standard deviation
(SD), and non-normal distributed data are reported as median (interquartile range) (IQR

Q1, Q3).

5. Conclusions

In conclusion, various DCE-MRI parameters can be used to quantify perfusion in
intraprostatic lesions. DCE-MRI parameters reflect the perfusion characteristics of intrapro-
static lesions with malignant lesions demonstrating significantly shorter TTP. There is a
moderate to strong correlation between DCE-MRI parameters. Semi-quantitative analysis
reflects how malignant lesions show significantly higher SUVmax than benign lesions.
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AT Arrival time;

BPH Benign prostatic hyperplasia;

CT Computed tomography;

DCE-MRI  Dynamic contrast-enhanced magnetic resonance imaging;
DWI Diffusion-weighted imaging;

FOV Field of view;

Ga Gallium;

GS Gleason score;

iAUC initial area under curve;

MRI Magnetic resonance imaging;

mpMRI Multiparametric magnetic resonance imaging;
PCa Prostate cancer;

PEI Peak enhancement intensity;

PET/CT  Positron emission tomography / computed tomography;
PET/MR  Positron emission tomography /magnetic resonance;
PI-RADS  Prostate Imaging Reporting and Data System;

PSA Prostate-specific antigen;

PSMA Prostate-specific membrane antigen;
ROI Region of interest;

sUv Standardized uptake value;

TE Echo time;

TR Repetition time;

TP Time to peak;

T2WI T2-weighted imaging;

W-in Wash-in slope;

W-out Wash-out slope.
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