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Prostate cancer is still the second most commonly diagnosed cancer among men in 
the United States, and it is the third leading cause of cancer-related deaths with 
about 16.5% of deaths resulting from metastatic prostate cancer. Similar statistics 
have been reported for various countries worldwide.

In recent years, significant progress has been made in developing new imaging 
modalities for optimal diagnosis and treatment strategies, which have become more 
personalized and tailored to individual patients. Basic research, improved imaging 
modalities as well as new clinical trials have opened up new avenues to treat this 
heterogeneous disease with new possibilities for patient-specific approaches. While 
significant progress has been made in the early detection of the disease due to 
improved diagnostic imaging, treatment of advanced stages of prostate cancer is 
still in the early stages of research but progress is being made due to intense efforts 
to understand cell migration, epithelial-mesenchymal transition points, and metas-
tasis on genetic, cell, and molecular levels, which has become possible with newly 
developed research methods, allowing new insights into the disease. Progress has 
also been made in designing suitable nanoparticles that may be utilized for imaging 
and targeted prostate cancer treatment. The joint initiatives and efforts of advocate 
patients, prostate cancer survivors, basic researchers, statisticians, epidemiologists, 
and clinicians with various and specific expertise have allowed close communica-
tion for more specific and targeted treatment. Major forces supporting these efforts 
are the Department of Defense, the American Cancer Society, and several other 
foundations that recognized the need for intensified advocacy to find treatments for 
the disease that represents the most common noncutaneous malignancy for men 
with new cases resulting in deaths each year.

The present book on Molecular and Diagnostic Imaging in Prostate Cancer: 
Clinical Applications and Treatment Strategies is one of two companion books; the 
companion book is focused on cell and molecular aspects titled Cell and Molecular 
Biology of Prostate Cancer: Updates, Insights and New Frontiers. The present book 
includes topics spanning androgen deprivation therapy for prostate cancer; advances 
in radiotherapy for prostate cancer treatment; role of prostate MRI in the setting of 
active surveillance for prostate cancer; evaluation of prostate needle biopsies; 
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 multiparametric MRI and MRI/TRUS fusion guided biopsy for the diagnosis of 
prostate cancer; applications of nanoparticle probes for prostate cancer imaging and 
therapy; castration-resistant prostate cancer: mechanisms, targets, and treatment; 
peptide- based radiopharmaceuticals for molecular imaging of prostate cancer; tar-
geted prostate biopsy and MR-guided therapy for prostate cancer; and therapeutic 
potential of immunotherapy for prostate cancer treatment.

All articles have been selected as invited chapters written by experts in their 
specific fields who have made significant contributions to prostate cancer research, 
diagnosis, and treatment, and present the most recent advances in the field. Cutting- 
edge new information is balanced with background information that is readily 
understandable to newcomers and experienced scientists and clinicians alike. All 
articles highlight the new aspects of specific molecular and diagnostic imaging and 
treatment strategies and on designing new strategies or identifying new targets for 
therapeutic intervention. The topics addressed are expected to be of interest to sci-
entists, clinicians, students, teachers, and to all who are interested in expanding their 
knowledge related to prostate cancer for diagnostic, therapeutic, or basic research 
purposes. The books are intended for a large audience as reference books on the 
subject.

It has been a privilege and great pleasure to edit this volume titled Molecular and 
Diagnostic Imaging in Prostate Cancer: Clinical Applications and Treatment 
Strategies and the companion book on cell and molecular aspects, and I would like 
to sincerely thank all authors and coauthors for their outstanding contributions and 
for sharing their unique expertise with the prostate cancer community. I hope the 
chapters will stimulate further interest in finding new diagnostic and treatment pos-
sibilities for this disease to increase the health and survival rates of patients particu-
larly of those suffering from metastatic prostate cancer.

Columbia, MO, USA Heide Schatten 
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Chapter 1
Androgen Deprivation Therapy 
for Prostate Cancer

Vincenzo Pagliarulo

Abstract In the contemporary scene, less than 5% of men with newly diagnosed 
prostate cancer (PC) have metastases at first presentation, compared to 20–25%, 
more than 20  years ago. Nonetheless, the use of androgen deprivation therapy 
(ADT) has increased over the years, suggesting that patients in Europe and United 
States may receive ADT in cases of lower disease burden, and not always according 
to evidence based indications. Nonetheless, PC remains the second most common 
cause of cancer death after lung cancer in American men. Thus, there is a need for 
more effective, specific and well tolerated agents which can provide a longer and 
good quality of life while avoiding the side effects related to disease and treatment 
morbidity.

After mentioning the current knowledge on the endocrinology of androgens and 
androgen receptor, relevant to PC development, as well as the possible events occur-
ring during PC initiation, we will compare different hormonal compounds available 
for the treatment of PC, both from a pharmacological standpoint, and in terms of 
contemporary clinical indications.

1.1  Historical Perspective

Starting 1941, patients with metastatic prostate carcinoma have been receiving 
hormonal manipulation to suppress the endogenous production of androgens [1]. 
Androgen deprivation therapy became widely accepted as the treatment of choice 
for the palliation of advanced prostate cancer (PC), as it provided dramatic relief of 
pain and symptoms, reduction of associated risks (bone fracture, urinary retention), 
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and delay of disease progression to a symptomatic stage. For several decades, ADT 
was achieved by surgical castration or suppression of gonadotropin releasing hor-
mone (GnRH) production at the level of the hypothalamus with diethylstilbestrol 
(DES) [2]. Only in 1959 the Veterans Administration Cooperative Urological 
Research Group [3] began their investigations into the effects of DES, revealing that 
a daily administration of 5 mg DES was associated with prohibitive cardiovascular 
toxicity; importantly, 1 mg DES was equally effective to 5 mg without the cardio-
vascular effects, however, castrate levels of testosterone were not reached reliably 
[4]. As the primary objectives of ADT were to avoid surgical castration, achieve 
castrate levels of testosterone, and minimize cardiovascular toxicity, a daily dose of 
3 mg DES was thought to best achieve these objectives and ultimately became the 
accepted regimen for pharmacologic castration [5].

During the 1970s, Schally purified the GnRH decapeptide, started the synthesis 
of its agonists, and was finally awarded with the Nobel Prize for discovering the 
basis of medical castration [6]. The first randomized clinical trial comparing leup-
rolide to 3 mg of DES in patients with metastatic PCa, would show equivalence in 
reducing serum testosterone to castrate levels [7]. However, leuprolide caused fewer 
thromboembolic and other side effects than DES; ultimately, synthetic GnRH ago-
nists have replaced DES and orchiectomy as the preferred approach to androgen 
deprivation. In the effort to decrease the side effects of ADT other treatment modali-
ties have been developed over the years. Nonsteroidal antiandrogens (bicalutamide, 
flutamide, nilutamide) competitively inhibit the binding of androgens to the andro-
gen receptor (AR), without affecting serum testosterone levels, and finally showing 
a more favorable toxicity profile compared to castration. In 2003, abarelix was the 
first GnRH antagonists to receive approval for advanced, symptomatic PC. However, 
abarelix was promptly removed from the market because associated to the risk of 
developing life-threatening, systemic allergic reactions. After extensive clinical 
testing in patients with advanced PC, degarelix was shown to be safe and to retain 
the same therapeutic properties observed with previous LGNRH antagonists, thus 
receiving FDA approval in 2008 [8]. Importantly, compared to LGNRH agonists, 
degarelix was able to avoid testosterone surge and achieve castrate serum testoster-
one levels within few days [9]. In patients with advanced and metastatic PC, ADT 
is more commonly referred to as a palliative therapy, being unable to warrant cure 
from cancer. Several mechanisms are triggered by PC in order to activate cell pro-
liferation, disease progression, and metastatic spread, regardless of androgen sup-
pression obtained with the above-mentioned drugs. Initially, this condition was 
called “androgen insensitivity”, as it was thought tumor cells would escape the need 
of androgens for their growth. In more recent years, this term has been replaces with 
“castration resistance”, as a new wave of research has demonstrated that PC contin-
ues to be hormone-dependent even when evolving to castration resistance. In fact, 
continued androgen synthesis following ADT occurs in the testes, adrenals and the 
tumor itself, thru activation of alternative pathways. These findings have led to the 
discovery of newer targets for androgen suppression, and finally, the development 
of second line androgen deprivation therapies that have successfully prolonged the 
life of patients with advanced PC.
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1.2  Sex Steroids in Prostate Cancer

1.2.1  Sources of Androgens

Testosterone synthesis is controlled by the pulsatile release of a hypothalamic deca-
peptide called gonadotropin-releasing hormone (GnRH), which, in turn, acts at the 
pituitary gland stimulating the release of luteinizing hormone (LH) and follicle- 
stimulating hormone (FSH) into the peripheral circulation. In the testes, FSH binds 
to Sertoli cells and is required for induction and maintenance of spermatogenesis, 
while LH binds to Leydig cells and stimulates the secretion of gonadal sex steroids. 
Leydig cell secretion creates a high local concentration of testosterone in the testis, 
however, testosterone is also secreted into the circulation, being the major feedback 
signal that controls the physiological operation of the hypothalamic-pituitary axis. 
Specifically, when testosterone levels are sufficient, the pituitary gland decreases 
the production and release of LH, which also inhibits hypothalamic GnRH 
secretion.

The testes are not the only source for androgens; although they contributes to 
the production of more than 95% of total circulating testosterone in the adult male, 
the adrenal glands are responsible for the release of other circulating sex steroids. 
Dehydroepiandrosterone (DHEA) and androstenedione are produced in the zona 
reticulata and zona fasciculata of the adrenal cortex and secreted in large amounts 
in the bloodstream, as circulating levels of DHEA are more than 100 times higher 
than testosterone [10]. They are released as inactive precursor steroids and distrib-
uted indiscriminately to many peripheral tissues; the transformation of DHEA into 
androgens, however, is tissue-specific, reaching high levels in the prostate, where 
DHEA is converted in testosterone and dihydrotestosterone (DHT). Androgens of 
adrenal origin are critical and may drive castration resistant PC as it was shown 
that in castrated men an important proportion of androgens is still present in the 
human prostate which is made from the DHEA present in the prostate itself [11]. 
Importantly, testosterone and DHT produced after DHEA conversion exert a 
strictly local action without significant release of active sex steroids in the circula-
tion, thus without affecting serum levels of testosterone. The contribution of adre-
nal DHEA to total androgen levels is best illustrated by the concentration of 
intraprostatic DHT and androstenedione remaining in the prostate after castration 
[12]. These data show that of the total concentration of DHT measured in the pros-
tate of non- castrated men, up to 50% is still present after castration. Further, no 
decrease in prostatic levels of androstenedione was found after castration [13], 
which is of particular significance as this androgen has been shown to bind wild 
type AR without being inhibited by flutamide or bicalutamide [14]. These findings 
clearly demonstrate that achieving castrate levels of circulating T does not elimi-
nate androgens from the prostate tumor microenvironment. Residual tissue andro-
gens are implicated in driving the majority of mechanisms whereby persistent 
AR-mediated signaling drives castration resistant disease. These data are relevant 

1 Androgen Deprivation Therapy for Prostate Cancer



4

to explain the exciting development of new generation hormonal compounds, 
and most  importantly, the significant results obtained in the last decade after their 
introduction into clinical practice.

1.2.2  Androgens and the Androgen Receptor

Once released in the bloodstream, testosterone and other less active sex steroids 
reach their peripheral sites of action, where they undergo reversible and irreversible 
metabolism to other steroids with different activities. Specifically, testosterone is 
converted to DHT by the action of 5α reductase in target tissues; although it is about 
one tenth as abundant as testosterone, it accounts for most of testosterone’s biologi-
cal action. Male sex hormones have a wide range of functions, including promoting 
the development of male primary and secondary sexual characteristics, stimulating 
erythropoiesis, increasing metabolic rate, increasing bone density and stimulating 
libido [15].

The normal physiologic function of androgens is a result of stimulating the 
AR. The AR is a member of the nuclear hormone receptor family of transcription 
factors, which also includes the estrogen, glucocorticoid, progesterone and others 
receptors comprising of four distinct functional domains [15]. In the absence of a 
ligand, AR resides primarily in the cytoplasm in association with heat shock 
proteins (HSPs), cytoskeletal proteins and other chaperones. Binding of a ligand to 
the AR induces conformational changes in the ligand binding domain and a 
well- described series of events finally resulting in traslocation to the nucleus and 
binding to specific recognition sequences known as “androgen response elements” 
(AREs) within the promoter region of AR target genes thereby modulating gene 
expression.

The AR is expressed in many tissues including the prostate and testes [17]. In the 
testes, androgens play a critical role during puberty. During this phase gonadotro-
pins are responsible primarily for the formation of the adult cohort of Sertoli, Leydig 
and stem germ cells and their functions that will eventually lead to normal sper-
matogenesis and sperm production. Thus, hormone deprivation during puberty 
will affect the normal scrotal descent and development of the adult testis. In con-
trast, in the adult, the effects of hormone deprivation are essentially on the germ 
cells composition via functional impairments in the somatic cells, particularly the 
Sertoli cells.

Within the normal prostate, AR plays a key role in stromal and epithelial cells. 
The stroma surrounds the glands within the prostate and is responsible for produc-
ing many of the factors that regulate the growth and development of prostatic epi-
thelial cells [18, 19]. Prostatic epithelial cells shape glands within the prostate, 
which contain luminal/secretory, basal, and neuroendocrine cells [20]. Luminal 
cells express high levels of AR and respond directly to androgens by stimulating 
production and secretion of prostatic differentiation markers. Basal cells are usually 
considered to lack AR expression. Several lines of evidence suggest that in the normal 

V. Pagliarulo



5

adult prostate stromal AR signaling promotes epithelial cell growth and  prostate 
regeneration. Once activated, AR signaling functions to modulate the secretion of 
different growth factors, including vascular endothelial growth factor (VEGF), 
fibroblast growth factors (FGFs) [21, 22], and survival factors, which diffuse 
through the stroma and act on epithelial cells to facilitate prostate growth and cell 
death [23]. On the other side, epithelial AR signaling functions to maintain homeo-
stasis through suppression of basal cell proliferation and stimulation of differenti-
ated luminal cell survival [23, 24]. These studies establish the homeostatic regulation 
of the adult prostate gland, and provide the basis against which to measure changes 
that occur in the androgen/AR signaling axis during the development of PC.

Finally, androgens and AR activation play a critical role in prostate cancer, 
although most of the evidence derives from clinical contributions, while direct evi-
dence for the necessity of AR in prostate tumorigenesis is scarce. One possible key 
event in PC initiation is a gain of function of luminal prostatic cells in which the AR 
is able to engage the molecular signaling pathways driving proliferation and sur-
vival of these cells. In fact, PC tissue is primarily composed of luminal epithelial 
cells in which AR plays a suppressive role during adult prostate homeostasis, how-
ever this role changes after malignant transformation. The events involved in this 
‘malignancy switch’ are poorly understood, however several changes that occur in 
AR signaling have been reported and reviewed [25]. Androgens play a crucial role 
in PC development as well. Both preclinical and clinical studies have demonstrated 
a correlation between serum testosterone levels and the risk of developing PC, being 
higher levels protective in reducing this risk [26, 27]. One hypothesis is that low 
systemic levels of testosterone may cause AR within prostate luminal cells to regu-
late expression of genes that turn cells to be less dependent on growth and survival. 
Further, low testosterone levels may induce mutagenesis within prostatic stem cells, 
thus favoring tumorigenesis.

The important role of androgens is also evident from PC preventive trials in 
which the prolonged use of a 5a-reductase inhibitor (finasteride and dutasteride) 
caused a 23–24% risk reduction of developing cancer [28, 29]. Importantly, these 
drugs reduce the tissue but not the systemic levels of testosterone. These findings 
clearly demonstrate that androgens within the prostate microenvironment may play 
a central role. Residual tissue androgens may be implicated in driving the majority 
of mechanisms leading to PC initiation and justify the persistent AR-mediated sig-
naling that leads to castration resistant disease. From a molecular standpoint, few 
studies have focused on the biological effects of androgens withdrawal on PC cells. 
Within the normal prostate, basal cells are androgen responsive but are not depen-
dent on androgen for survival, whereas secretory cells require androgen to avoid 
apoptotic cell death. Similar to normal prostate, PC cells require androgens for con-
tinued growth. Although the mechanisms for the clinical response to ADT are not 
clearly defined, androgen deprivation leads to apoptosis of the secretory epithelium 
and growth arrest of the basal epithelium in the normal prostate [30]. These events 
are coupled to marked changes in several of the following parameters: tumor cell 
nuclear area, cell proliferation rate, apoptosis rates, and vacuolization of the tumor 
cell cytoplasm [31, 32].

1 Androgen Deprivation Therapy for Prostate Cancer
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1.3  Pharmacology of Hormonal Therapy for Prostate 
Cancer

In patients with PC requiring first line medical intervention, the primary biochemical 
goal is to effectively suppress the transcriptional potential of AR, thru a range of 
treatment options collectively referred to as hormonal therapy or as androgen depri-
vation therapy (ADT). Depletion of androgens can be achieved either by suppress-
ing the secretion of gonadal androgens, by means of bilateral orchiectomy or 
pharmacological castration, or by administering “antiandrogens” that inhibit the 
action of circulating androgens at the level of their receptor. However, achieving 
castrate levels of circulating T does not eliminate androgens from the prostate tumor 
microenvironment. As previously discussed, residual tissue androgens are impli-
cated in the majority of mechanisms driving PC progression. This has been the 
rationale for using 5α reductase inhibitors to block testosterone conversion to DHT 
within prostatic tissue, and more importantly, to explain the exciting development 
of the new hormonal compounds, such as abiraterone end enzalutamide. The opti-
mum serum castration levels to be achieved with ADT are still debated. Although 
there are recognized limitations in measuring serum testosterone concentrations 
[33], a total testosterone concentration >300 ng/dl (10.4 nmol/l) is generally consid-
ered normal [34]. The upper limit of castration concentrations of serum testosterone 
is considered to be 50 ng/dl (1.7 nmol/l), although lower concentrations (20 ng/dl; 
0.7 nmol/l) may be more desirable for optimal therapy [35].

1.3.1  Gonadal Androgen Ablation

Bilateral orchiectomy. Bilateral orchiectomy is a relatively simple procedure that 
causes the ablation of testicular androgens and has been a reference for comparison 
of medical ADTs, both in terms of the circulating testosterone to be reached (≤20 ng/dl) 
[36] and the castration pattern, which is rapid and sustained after orchiectomy. 
Although free of compliance issues and apparently associated with good quality of 
life (QoL) [37], bilateral orchiectomy has fallen out of favor and is now largely 
replaced by medical castration. Furthermore, a systematic review and meta-analysis 
has shown that survival after therapy with a GnRH agonist is equivalent to that after 
orchiectomy [38].

GnRH agonists. A GnRH agonist is a synthetic peptide modeled after the hypo-
thalamic neuro-hormone GnRH that interacts with the GnRH receptor to elicit its 
biologic response. Compared to the wild type GnRH, agonists are modeled with 
specific aminoacid substitutions typically in positions 6 and 10. Several GnRH ago-
nists are currently available, as well as different extended-release formulations of 
these drugs. GnRH agonists with two substitutions include leuprolide, buserelin, 
and goserelin. Triptorelin is an agonist with only a single substitution at position 6. 
Medical castration with GnRH agonists was an important discovery in medicine, 
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as an inhibitory effect on testicular production of testosterone was observed 
unexpectedly using a stimulatory molecule. In fact, the mechanism of action of 
these compounds is based on the overproduction of LH following their binding to 
the GnRH receptors in the pituitary cells. This results in a surge of circulating tes-
tosterone for a short period of time (days or weeks), known as the “flare reaction” 
[39]. In patients with advanced disease, this transient testosterone surge may trans-
late into an increase of symptoms, known as disease flare, such as bone pain at the 
site of metastasis, urinary tract obstruction, or severe neurologic complications of 
spinal metastasis. This phenomenon may be ameliorated by prescribing nonsteroi-
dal antiandrogens, such as flutamide or bicalutamide, for the first 2–3 weeks, prior 
or during the first administration of GnRH agonists [40]. After transient elevation in 
circulating testosterone, chronic exposure to GnRH agonists will result in a down-
regulation of GnRH receptors and a downward suppression of testosterone produc-
tion will follow. Administration of a GnRH agonist will cause testosterone to reach 
castration levels generally within 2 weeks; however, the duration of testosterone 
suppression after a single injection is variable among patients, depending mainly on 
the formulation used and on individual variability. In many studies, authors have 
selected arbitrarily injection intervals of 3–4 months using goserelin, buserelin or 
leuprolide, however castration levels are maintained for a considerably longer time 
than the nominal interval for treatment repeated dose. Time for testosterone recov-
ery after medical castration will be discussed later on. Ideally, the goal of androgen 
ablation is to consistently achieve and maintain the lowest testosterone levels pos-
sible without the unpredictable rises in testosterone. There have been several reports 
as well as systematic reviews on testosterone levels reached during medical castra-
tion with GnRH agonists in patients with PC [41]. According to these data, when a 
cutoff point of 50 ng/dl is defined as a castration level of testosterone, GnRH ago-
nists allow castration in most of the patients, whereas, with regards to the 20 ng/dl 
breakpoint, great differences achieving castration appear among the reports. In an 
observational study, serum testosterone was monitored every 6 months in 73 patients 
starting therapy with three monthly depot formulations of GnRH agonists between 
2001 and 2003 [42]. At the first determination, 39.7% failed to achieve serum 
testosterone <20 ng/dl, and 12.3% failed to reach <50 ng/dl. These percentages 
rose at the second determination (50.7% and 19.2%, respectively) and tended to 
stabilize thereafter. Importantly, the first three determinations could be used to 
predict subsequent testosterone elevation. Finally, GnRH agonist formulations may 
differ in testosterone suppression levels and duration of suppression; however, the 
clinical efficacy of these compounds is hard to compare, as no data relate these 
differences to differences in disease progression and survival. In fact, no study has 
prospectively evaluated the clinical implications of an incomplete castration; 
nonetheless, some assumptions could be made starting from intermittent androgen 
therapy trials.

GnRH antagonists. Testosterone suppression can also be achieved with the use 
of a GnRH receptor blockers and the clinical efficacy of these agents is now well 
established. These drugs, commonly called GnRH antagonists, represent a new 
class of hormonal therapy that induce a faster suppression of serum testosterone 
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than GnRH receptor agonists, but without a testosterone surge. The principal 
mechanism of action of GnRH antagonists is competitive receptor occupancy of 
GnRH-r. After 30 years of trial and error, degarelix was approved by the USA FDA, 
and by the EMEA for the treatment of advanced PC. Degarelix is administered at an 
initial dose of 240 mg followed by a monthly maintenance dose of 80 mg, as these 
were shown to be the best to achieve a rapid, profound, sustained suppression of 
testosterone in more than 90% of patients within 3 days and in more than 95% of 
patients 1 month after injection [43]. In a recent phase III trial (CS21), both tested 
dose regimens of degarelix (240/80 and 240/160 mg) and leuprolide 7.5 mg sup-
pressed testosterone to ≤0.5  ng/ml in >95% of patients over a 1-year treatment 
period [9]. Both degarelix regimens achieved a more rapid reduction of testosterone 
and PSA than leuprolide, and neither degarelix dose induced testosterone surge or 
microsurges. The most commonly observed side effects related to degarelix are 
injection-site reactions (pain, erythema, swelling). Otherwise, degarelix is generally 
well tolerated, without systemic allergic reactions, frequently observed with previ-
ous GnRH antagonists, and with most adverse events consistent with the underlying 
condition.

1.3.2  Androgen Receptor Antagonists

Shortly after the initial discovery of the AR in the late 1960s, these drugs have 
historically been included in the backbone of PC therapy. For a long time, first 
generation AR antagonists have represented the best available hormonal therapy 
for advanced prostate tumors. Subsequently, their role has been downsized by the 
introduction of GnRH agonists. Steroidal (cyproterone acetate, megestrol acetate) 
and non steroidal (flutamide, bicalutamide and nilutamide) AR antagonists or 
antiandrogens (AAs) serve as oral competitive inhibitors to sex steroids, the endog-
enous ligands to the AR.

Cyproterone acetate is a synthetic derivative of 17-hydroxyprogesterone, which 
functions as an AA, however it may also reduce serum testosterone, as it inhibits 
androgen production in the adrenals due to its progestational activity. Thus, the use 
of cyproterone aceteate, in contrast to non-steroidal antiandrogens, may result in the 
suppression of libido and erectile function. For the treatment of advanced PC, 
cyproterone acetate may be administered prior or in combination to GnRH agonists 
at a maximal oral dosage of 300 mg/day. In patients under ADT experiencing hot 
flushes, it is often administered to reduce this side effect, again thanks to its proges-
teronic properties, at a maximal dosage of 150 mg/day.

Non steroidal AA do not reduce circulating levels of testosterone, on the contrary 
these may increase as LH and FSH release may be excited to compensate for andro-
gen blockade. There is a lack of robust data regarding the use of flutamide and 
nilutamide in patients with advanced and metastatic PC, as most studies have 
included a limited number of patients. Nowadays, bicalutamide is the most commonly 
used antiandrogen, in combination with GnRH agonists and, to a lesser extent, 

V. Pagliarulo



9

in monotherapy, because of its long half-life (about 6 days), higher potency and 
better tolerability when compared to flutamide and nilutamide [44]. It is usually 
administrated at the dose of 50 mg/day when used as part of the CAB, and at the 
dose of 150 mg/day when used as single agent.

1.3.3  Abiraterone

As previously mentioned within this chapter, the testes are not the only surce of 
androgens. Dehydroepiandrosterone (DHEA) and androstenedione are produced in 
the zona reticulata and zona fasciculata of the adrenal cortex and secreted in the 
bloodstream. Once target organs are reached, such as PC tissue, DHEA is converted 
in T and DHT.

Abiraterone acetate is the oral prodrug of abiraterone, a specific inhibitor of 
steroidogenesis. Specifically, abiraterone inhibits cytochrome P450 c17, a rate- 
limiting enzyme in androgen biosynthesis, which has two distinct activities: lyase 
and alpha hydroxylase. This enzymatic action is used in the conversion of pregneno-
lone and progesterone to 17-OH pregnenolone and 17-OH progesterone, and from 
there to dehydroepiandrosterone and androstenedione, which is the penultimate step 
in testosterone production. Thus, this drug interrupts androgen production at three 
sources: the testis, the adrenal glands and the tumor itself [45]. Use of abiraterone 
to inhibit androgen synthesis, however, is associated with several undesired physi-
ologic changes, including a decrease in cortisol levels and a compensatory increase 
in adrenocorticotropic hormone (ACTH) [46]. This rise in ACTH leads to accumu-
lation of steroids with mineralocorticoid properties upstream of cytochrome P450 
c17  in the cortisol biosynthetic pathway and, ultimately, to mineralocorticoid- 
related adverse events, including hypertension, hypokalemia, and fluid retention. 
When coadministered with abiraterone acetate, low-dose prednisone or predniso-
lone substitutes for cortisol, compensating for the abiraterone-induced reduction in 
serum cortisol. Currently, abiraterone acetate is approved only for use in combina-
tion with the prednisone or prednisolone dose given orally. Given the long-term 
administration of prednisone in combination with abiraterone acetate, there is the 
potential for high levels of total corticosteroid exposure, placing patients at risk of 
corticosteroid-related adverse events (most frequently: edema, hypertension, weight 
gain, hyperglycemia and steroid-induced diabetes).

1.3.4  Enzalutamide

The new generation antiandrogen Enzalutamide, previously known as MDV3100, 
was selected from a library of compounds under clinical development, because of 
its favorable drug-like properties, its effect on castration-resistant PC (CRPC) xeno-
graft models, and, most importantly, because of its ability to inhibit AR signaling as 
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a result of high binding affinity to the AR and lack of agonist activity. In fact, 
enzalutamide binds the AR with an eightfold greater affinity compared to bicalu-
tamide, when evaluated using an 18-fluoro-deoxyglucose-dihydrotestosterone scan 
to measure relative AR binding affinity in a competition assay [47]. In addition to 
an increased binding affinity, enzalutamide inhibits the AR translocation into the 
nucleus and AR-mediated transcription and cell growth in vitro, while bicalutamide 
does not. Further, Enzalutamide induces regression of established LNCaP/AR 
xenograft tumor cells growing in castrated male mice, while bicalutamide treatment 
only slows tumor growth. Regression seen with enzalutamide is associated with 
continued evidence of apoptosis up to 25 days after initiation of treatment [47]. 
Finally, gene expression profiling in LNCaP cells indicated that enzalutamide 
opposes agonist-induced changes in genes involved in processes such as cell adhe-
sion, angiogenesis, and apoptosis [48]. These data indicate that MDV3100 may be 
a true AR antagonist without partial agonist properties. Administered at a daily dose 
of 160 mg, enzalutamide seems to be very well tolerated with a favorable side effect 
profile. Expected toxicities, as resulted from the AFFIRM study [49], include 
fatigue, diarrhea, musculoskeletal pain, headache, hypertension, and hot flashes.

1.3.5  Five Alfa Reductases Inhibitors

Dihydrotestosterone (DHT) is an endogenous androgen sex steroid and hormone. 
The enzyme 5α-reductase catalyzes the reduction of testosterone into DHT in sev-
eral tissues, including the prostate gland. Importantly, DHT is the most potent 
known endogenous ligand of the AR, as it’s affinity for the human AR is about two- 
to threefold higher than that of testosterone [50] and 15–30 times higher than that of 
adrenal androgens. In addition, the dissociation rate of DHT from the AR is fivefold 
slower than that of testosterone [51]. Five α-reductase inhibitors (5ARI) like finas-
teride and dutasteride inhibit 5α-reductase type II and/or other isoforms causing a 
decrease in circulating DHT levels. However, DHT plays only a minor role as a 
circulating hormone as it acts mainly in an intracrine and paracrine manner in the 
prostate in which it is produced. Interestingly, one study showed that treatment with 
dutasteride resulted in almost complete suppression of intraprostatic DHT, increased 
apoptosis, and decreased microvessel density [28]. Although 5α-Reductase inhibi-
tors were developed and are used primarily for the treatment of BPH, as these drugs 
are able to significantly reduce the size of the prostate gland and alleviate BPH 
symptoms, these findings suggest that 5ARI can cause regression in PCa. Another 
study reported that after short-term dutasteride treatment, benign epithelium showed 
involution and epithelial shrinkage, and PC tissue demonstrated a decrease in 
epithelium relative to stroma [52]. These findings indicate that dutasteride induces 
significant phenotypic alterations in both benign and neoplastic prostate, supportive 
of a preventive or therapeutic role.
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1.3.6  ADT and FSH Escape

Several studies have demonstrated that when GnRH agonists are administered, FSH 
production is suppressed to a lesser extent as compared to LH. Further, after few 
weeks, FSH levels start rising until reaching baseline circulating concentrations. 
This event is called “FSH escape” and is also observed after bilateral orchiectomy 
and treatment with AR antagonists. In contrast, the drop in serum FSH in patients 
receiving GnRH antagonists was found to be persistent after 1 year of treatment [9]. 
The clinical relevance of this phenomenon is unclear, however FSH receptor 
(FSH- R) may be involved in the response to LGNRH agonist and antagonist activ-
ity. Several expression studies have found that FSH-R is more abundant in prostate 
adenocarcinoma clinical samples compared to normal prostate tissue and BPH 
glands; within PC cell lines, androgen-insensitive cells express FSH-R, while sensi-
tive cells do not [53]. These reports may suggest that FSH and its receptor could 
play an important role in the progression of PC as an autocrine or paracrine factor 
and that FSH-R stimulation could have a proliferative function in the castrate- 
refractory tumour state [54]. Whether GnRH antagonists are more effective com-
pared to GnRH agonists in reaching this goal, as a result of a better FSH activity 
suppression, needs further investigation in the clinical setting.

1.3.7  Testosterone Recovery After Castration

While medical castration is generally believed to be reversible, there are only a few 
published trials that specifically study the kinetics of the increase of testosterone. 
The kinetics of the normalization of androgens after ADT has significant implica-
tions for designing and interpreting treatment schemas that include discontinuing 
GnRH agonists such as neoadjuvant, adjuvant and intermittent therapy. Androgen 
recovery is dependent to age and duration of castration. Younger age is associated 
with a faster recovery of testosterone to supracastrate, and baseline or normal levels 
[55, 56]. One plausible explanation for an inverse relationship between age and 
testosterone recovery is a diminishing function of the hypothalamic-pituitary axis 
and/or Leydig cells with age. Testosterone levels decrease as men age and an aver-
age rate of decrement of 3.7  nmol/l per decade was estimated [57]. Thus, the 
decreased ability of older men to produce and secrete testosterone is a possible 
contributing factor for the decreased testosterone recovery in older patients. Further, 
the time course of testosterone recovery is generally related to the duration of andro-
gen withdrawal [56, 58, 59]. The longer the duration the longer it takes for testoster-
one levels to recover. In a large study of patients undergoing only 6  months of 
GnRH agonist therapy for biochemical recurrence DHT and T levels did not return 
to normal for another 14.9 and 16.6 weeks, respectively [60]. In a prospective study 
on buserelin 9.45 mg, 3 months implant, drug release was maintained for 230 days 
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and time to return to 50% of baseline testosterone levels was about 10 months [61]. 
In a large study evaluating 267 men undergoing ADT via various methods for a 
median of 9 months, at 3 years 79% of patients had testosterone levels recovered to 
normal [62]. Although older age and a low pretreatment testosterone level were 
associated on multivariate analysis with a delayed recovery to normal testosterone 
levels, duration of castration was not. Regardless of what are the causes or predis-
posing factors, the prolonged testosterone recovery after androgen withdrawal has 
several clinical implications. In clinical studies involving ADT, knowledge of tes-
tosterone recovery must be taken into consideration for the interpretation of PSA 
relapse-free rates as PSA is an androgen dependent marker. A premature analysis 
before an adequate testosterone recovery will lead to an overestimation of PSA 
relapse-free rates. Likewise, when short courses of ADT are used, as in patients 
undergoing radiation therapy, the use of immediate post-treatment PSA values 
for prognosis may not be appropriate since testosterone and PSA levels may be 
suppressed for a while after treatment.

1.4  Hormonal Therapy in Non-metastatic Prostate Cancer

In the setting of patients diagnosed with locally or locally advanced PC, without any 
clinical or radiographic evidence of metastases, the use of hormonal therapy is more 
controversial as compared to patients with more advanced and metastatic PC. Aside 
from the proven role in combination to radiation therapy in intermediate and high 
risk patients, in other clinical scenarios, the evidence in favor of adopting androgen 
deprivation is less robust. Nonetheless, an increasing number of clinicians and 
patients have turned to androgen deprivation therapy as an alternative to surgery, 
radiation, or conservative management, especially among older men.

1.4.1  Hormonal Therapy Alone

The use of ADT as sole PC therapy is also called primary ADT (PADT). Despite 
uncertainty about its impact and potential toxicity, PADT has been applied to a 
significant proportion of patients with organ confined and locally advanced PC 
[63, 64]. Population based studies and randomized trials have been carried out to 
understand which patients may benefit from primary ADT. Interestingly, studies 
comparing primary ADT to observation, both among patients with clinically local-
ized [65–67] and clinically advanced disease [68], have shown no survival advan-
tage in patients receiving ADT.  The Early PC (EPC) programme evaluated the 
addition of daily bicalutamide 150  mg to standard of care in the M0 disease. 
Among patients with both localized and locally advanced PC, primary bicalu-
tamide did not improve overall survival (OS) compared to observation [69]. 
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Similarly, three trials have suggest that adding radiation therapy of the primary 
tumor to ADT improves survival compared to ADT alone in patients with high 
risk PC [70–72]. Finally, in patients with clinical evidence of N+ disease, radical 
prostatectomy seems to be superior to ADT alone [73–75]. In conclusion, in 
patients with M0 disease, hormonal therapy alone is not favorable, as it is com-
parable to observation, and inferior to other primary treatments. In this setting, 
PADT may be recommended only for men unfit for any other standard treatment, 
if they have symptoms related to locally advanced disease.

1.4.2  Hormonal Therapy in Combination to Radiotherapy

The use of ADT in combination to external beam radiation therapy adds overall 
survival benefits compared with RT alone. A first hypothesis is that this may derive 
from a better local control of PC. From an experimental standpoint, preclinical stud-
ies give a strong support to the neoadjuvant combination of AD and RT [76]. It was 
shown in murine models that orchiectomy performed prior to RT, rather than after-
words, produces a significantly greater decline in the total dose required for 50% 
tumor control. Possible biological explanations may be related to the role of hypoxia 
in decreasing the susceptibility of tumor cells to the damage induced by radiation. 
Milosevic et  al. investigated the impact of ADT on hypoxia in human prostate 
tumors and were the first to demonstrate that androgen deprivation increases the 
oxygen levels in prostatic tumoral tissue [77]. Afterwords, it was shown that while 
androgens increase the basal levels of superoxide, androgen depletion inhibits the 
NADPH oxidase system and acts as a radiosensitizer, enhancing the vulnerability of 
PC cells to toxic oxidative stress induced by radiations [78].

Not all patients undergoing radiotherapy will benefit from the addition of 
ADT. Findings from observational data and subgroup analyses within several ran-
domized trials confirm that this approach does not turn in any benefit for lower-risk 
patients (cT1–2a, Gleason score 2–6, PSA <10  ng/ml) [79–83]. Among patients 
with intermediate risk disease (cT2b, Gleason score 7, PSA 10.1–20  ng/ml) the 
combination of conventional dose RT (<72 Gy) with short-term ADT (4–6 months) 
has been reported to improve local control and survival [84–87]. Data from RTOG 
08–15 are awaited and will provide insights to the role of combining ADT with dose 
escalated RT.  Patients undergoing RT at high risk or with nodal disease (cT2c, 
Gleason score 8–10, PSA >20 ng/ml) are those who benefit the most from an imme-
diate and long term ADT. Overall, several randomized controlled trials have proven 
a significant survival advantage among patients receiving long term (2–3  years) 
ADT plus RT, either compared to those patients receiving RT alone, and to those 
receiving shorter exposure to ADT [88, 89]. The majority of studies mentioned so 
far have used GnRH agonists, with or without an antiandrogen, for the combination 
of hormonal treatment to RT; there is minor clinical evidence regarding the use of 
degarelix or of an AR antagonist.
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1.4.3  Hormonal Therapy Adjuvant to Radical Prostatectomy

The role of immediate androgen deprivation for patients at high risk for recurrence 
after local treatment as opposed to a delayed treatment is an old controversy that 
remains unresolved at the present time. Over the last decades, we have learned that 
many men who are not cured by radical prostatectomy have no symptoms and may 
have long life expectation, even when PSA starts to increase [90, 91]. One study that 
has largely influenced clinical practice is the Eastern Cooperative Oncology Group 
(ECOG) 3886 trial [92]. Patients who underwent RP and had pathological evidence 
of nodal involvement were randomized to either immediate post-operative or 
deferred (at the time of bone metastases) ADT. Although a significant improvement 
in OS (p = 0.04) and CSS (p < 0.0001) in favor of the patients receiving ADT imme-
diately after surgery was found, the study raised several concerns [93], such as small 
sample size (98 men from 36 centers), the lack of a central pathologic review to 
assess stage and Gleason scores, and the lack of baseline PSA testing. More recently, 
adjuvant endocrine therapy after surgery was evaluated in the EPC trial. Interestingly, 
in a retrospective cohort study based on the USA-Medicare data, patients who 
underwent radical prostatectomy and had positive regional lymph nodes were ana-
lyzed. When men receiving immediate adjuvant ADT were compared to those not 
receiving adjuvant ADT no statistically significant survival difference were seen, 
using propensity scores to balance potential confounders. As the authors speculate, 
routine post-RP monitoring of PSA and biochemical recurrence (BCR) as the trig-
ger for ADT initiation in the delayed arm, may partly justify the different results 
compared to ECOG 3886 [66, 67].

1.4.4  Hormonal Therapy at Biochemical Relapse After 
a Primary Treatment

Among patients undergoing surgery with a curative intent, nearly one third will fail 
and face a situation of PSA only recurrence [90]. Among these patients survival 
can be long [91], nonetheless, detection of BCR is a contemporary trigger to start 
ADT, despite the fact that there are no RCTs demonstrating a benefit in survival or 
quality of life. Two studies have retrospectively compared clinical outcomes in 
patients receiving or not ADT at the time of biochemical recurrence after radical 
prostatectomy [94, 95]. In both cases, an advantage towards the cohort receiving 
ADT was seen only in higher risk patients, and only relative to cancer specific 
survival. The fact that an advantage in cancer specific survival does not bring to an 
OS benefit, might introduce the issue of toxicity related to lifelong ADT. Therefore, 
ADT in patients experiencing BCR after surgery should not be administered 
outside clinical trials.

A treatment option with limited side effects in men with biochemical pro-
gression after radical therapy could be the use of 5α-reductase inhibitors (5-ARI). 
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Three randomized clinical trials have investigated the role of both finasteride and 
dutasteride in this setting [96–98], showing that 5-ARI are able to delay further PSA 
progression and clinical-related outcomes, nonetheless, survival endpoints were not 
taken into account. Finally, additional data would be helpful in deciding if 5-ARI 
could be considered a treatment option in this setting.

1.5  Hormonal Therapy in Metastatic Prostate Cancer

Depending on their risk profile, a proportion of patients with localized or locally 
advanced PC will eventually experience distant recurrence, while approximately 
5% of patients are metastatic at the time of PC diagnosis. Nonetheless, probably as 
a result of improved ability to diagnose metastases at an earlier stage, the incidence 
of metastatic PC is increasing, mainly among younger men [99]. There is little 
debate regarding the immediate need for hormonal therapy in these patients. In this 
setting, the risk of developing symptoms (bone pain, renal failure, anemia, patho-
logic fractures, spinal cord compression) can be reduced with early implementation 
of ADT. Over the years, many debates have surrounded ADT: early versus deferred 
initiation, the addition of an antiandrogen for combined androgen blockade (CAB) 
versus monotherapy, GnRH agonists versus antagonists, and intermittent therapy 
versus continuous therapy. Regardless, it is known that 80–90% of patients will 
initially respond both clinically and biochemically to ADT, and this translates into 
disease control for several years and improvements in cancer-related symptoms. 
Nonetheless, hormonal therapy is rarely curative, and in the metastatic setting, can-
cer typically progresses within 2–3 years despite castrate levels of serum testoster-
one [100]. This stage is known as castration-resistant PC (CRPC) and, despite many 
more treatment options, commonly leads to death in 2–4 years [101].

Recent breakthroughs in the understanding of the mechanisms of PCa adaptation 
to ADT, focusing on the AR pathway, have demonstrated that PCa continues to be 
hormone-dependent even when evolving to castration resistance. In CRPC, contin-
ued androgen synthesis following ADT occurs in the testes, adrenals and the tumor 
itself, with consequent ongoing activation of AR signaling [102, 103]. The develop-
ment of novel agents targeting the androgen axis with different mechanisms of 
action offered a new therapeutic option to further suppress androgen levels and 
prolong life in patients with CRPC. Among others that still are under clinical inves-
tigation, two drugs are now available that have demonstrated survival advantage in 
patients with CRPC, both in the post and pre chemotherapy setting [49, 104–106]. 
These agents are enzalutamide and abiraterone acetate plus prednisone, and their 
use is now strongly supported by all society guidelines in the setting of 
CRPC. Importantly, these agents are being now tested in randomized phase III clini-
cal trials in the setting of hormone sensitive metastatic and non metastatic 
PC. Ground-breaking results have already been published showing survival advan-
tages for the use of abiraterone acetate plus prednisone over ADT alone in this 
category of patients and are changing current practice guidelines. These recent data, 
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as well as the evidence in favor of using a combination of docetaxel with ADT over 
ADT alone in the setting of hormone sensitive metastatic PC, are placing ADT 
alone in a very different therapeutic role as compared to the past. For the purpose of 
this chapter, therapeutic options in metastatic hormone naïve patients only will be 
discussed.

1.5.1  Hormonal Therapy Alone

Bilateral orchiectomy, antiandrogens and GnRH agonists have been adopted widely 
over the last decades, however, the clinical efficacy of the commercially available 
compounds is hard to compare. Surgical castration in terms of bilateral orchiectomy 
is considered the gold standard for the ablation of testicular androgens as very low 
levels of circulating testosterone are reached (≤20 ng/dl) [36]. Although medical 
therapies hardly reach these goals, bilateral orchidectomy has been largely replaced 
by medical castration. Thus, the present section focuses on historical debates regard-
ing the choice of GnRH alone over combined androgen blockade, as well as the role 
of bicalutamide monotherapy and GnRH antagonists. Finally, several authors have 
proposed variation over standard treatment regimens, such as hormonal manipula-
tions and intermittent androgen deprivation, based on the goal to delay castration 
resistant PC or to reduce side effects related to chronic androgen withdrawal. In 
most cases these treatments have been adopted outside of practice guidelines.

GnRH alone versus combined androgen blockade. Combined androgen 
blockade (CAB), consisting of the combination of an AR antagonist plus either a 
GnRH agonist or bilateral orchiectomy was first introduced in the early 1980s [107]. 
Since then, a large number of randomized controlled trials have been conducted to 
evaluate the efficacy of CAB as compared with castration alone. The trials, as well 
as several meta-analyses, produced contradictory results and failed to provide con-
vincing evidence for CAB [108]. Low statistical power, study immaturity, compli-
ance to treatment, and imbalances in prognostic indicators between study arms of 
individual trials were implicated as potential sources of discrepancy. Further, cost 
effectiveness was another point against the combination strategy. More recently, 
better results in terms of the efficacy and safety of CAB were found when the anti-
androgen bicalutamide was used [109]. Finally, choosing between CAB or castra-
tion monotherapy remains discretional in this clinical setting, however, bicalutamide 
50 mg per day should be considered the antiandrogen of choice in case a combina-
tion strategy is preferred.

Bicalutamide monotherapy. Three prospective randomised trials have com-
pared Bicalutamide 150 to ADT in locally advanced and metastatic patients [110, 
111]. Bicalutamide monotherapy was as effective as castration in nonmetastatic 
patients, but there was a small survival advantage for castration in the M1 subgroup 
[112]. This difference was perhaps partially outweighed by a better tolerability pro-
file and a higher quality of life in patients treated with bicalutamide monotherapy. 
Higher dose bicalutamide monotherapy (300, 450, and 600 mg) was also tested with 
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regards to tolerability, pharmacokinetics, and clinical efficacy in comparison to 
castration in M0 and M1 patients [113]. Survival in bicalutamide treated M1 patients 
was similar to castration-treated M1 patients (differently from previous trials with 
bicalutamide 150 mg); however, the median PSA level at baseline in patients with 
M1 disease was <400 ng/ml. Therefore, bicalutamide monotherapy is an option for 
younger and sexually active patients with locally advanced disease while, for men 
with a high disease burden (PSA values >400 ng/ml), castration should be consid-
ered a better option [114].

Degarelix. As a result of early dose finding phase II and III trials, an initial dose 
of 240 mg followed by a monthly maintenance dose of 80 mg, were shown to be the 
best to achieve a rapid, profound, sustained suppression of testosterone and are now 
used in the clinical setting [43]. In 2008, Klotz reported on CS21, the first phase III 
randomized controlled trial designed to demonstrate the non-inferiority of degarelix 
versus leuprolide [9]. The study randomized 610 patients with histologically con-
firmed PC (all stages), however, the primary end point was testosterone monitoring 
for 1  year. The survival analysis performed on trial CS21 tended to support an 
advantage of degarelix on GnRH agonist either in terms of PSA progression free 
survival or overall survival. However, there were major limitations, including a 
short follow-up period (1 year) with a limited number of events, mixed inclusion 
criteria (non-metastatic and metastatic cases) aspect is the follow-up of the trial 
(only 365 days). In fact, as designed, CS21 could not give answers regarding clini-
cal endpoints, thus, to date we don’t have survival data. A meta-analysis was per-
formed focusing on the biochemical and safety profile among the available five 
trials comparing degarelix to GnRH agonists [115]. According to this work, degare-
lix produced castration levels in a higher percentage of cases during the first 28 days; 
however, both treatments were able to maintain testosterone to castration levels to 
day 364. No significant differences were found regarding PSA level variation. In 
both groups, adverse events were mild or moderate and dropout rate was compara-
ble and low. The main side effect related to degarelix was site injection reactions. 
Finally, a subgroup analysis of CS21 generated the hypothesis that degarelix could 
provide better serum alkaline phosphatase control, compared to leuprolide, mostly 
in patients with metastatic disease and/or PSA >50 ng/ml [116, 117]; these hypoth-
eses need clinical confirmation.

Intermittent Androgen Deprivation. The concept of intermittent androgen 
deprivation (IAD) consists of interrupting castration in patients responding to ther-
apy and to restart it later on according to specific PSA driven stop and start rules. 
This concept was supported by preclinical models showing longer time to hormone 
resistance with IAD [118]. Further support came from the hypothesis that IAD 
could reduce treatment costs and improve quality of life (QoL) by reducing side 
effects seen during continuous ADT, such as compromised sexual functioning, 
increased risk from cardiovascular diseases and diabetes, osteoporosis, loss of mus-
cle mass, hot flushes, etc. Finally, IAD has found its way to clinics despite weak 
evidence of its clear superiority or non-inferiority over continuous ADT. Several 
reviews and meta-analyses have included eight RCTs to look at the clinical efficacy 
of IAD [119–122]. Among these trials, only three were conducted in patients with 
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exclusively M1 disease, while the remaining included different patient groups, with 
mixed populations rather than pure cohorts (non-metastatic, metastatic, and locally 
advanced), and with variable study designs. According to the available data, there is 
no difference in OS or CSS between IAD and continuous androgen deprivation, 
however, these trials had limitations, and among those addressing M1 patients only, 
a trend favoring continuous treatment for OS and PFS was found. In terms of QoL, 
certain treatment related side effects, such as hot flushes and impairment of sexual 
activity, were less pronounced with IAD. While the protective effect of IAD over 
other side effects seen during continuous ADT has been questioned. Finally, patients 
with large tumors, multiple metastases, and prostate-specific antigen (PSA) levels 
>100 ng/ml do not have a good prognosis with IAD, mainly due to a shorter life 
expectancy and a shorter off-treatment period [123].

Hormonal manipulations. Kelly and Scher described for the first time the 
possibility of secondary hormonal manipulations as a short-term but safe and effec-
tive option in patients with failure after primary hormonal therapy. They observed 
that when an antiandrogen is part of a treatment regimen, discontinuation during 
biochemical progression resulted in a PSA response in 15–20%, and lasted for 
5 months on average [124]. This phenonmenon is called “antiandrogen withdrawal 
syndrome” (AAWS) and it is likely generated by mutations in the AR gene that 
enable the antiandrogens to gain function and act as receptor agonists [125]. As a 
clinical consequence, patients who develop these mutations can benefit from a sus-
pension of antiandrogen treatment. The AAWS has been associated with a longer 
progression- free survival and greater improvement in quality of life [126]. Further 
manipulations have been explored, such as switching from one hormonal treatment 
modality to another. After initial antiandrogen monotherapy, orchiectomy at the 
time of failure of initial treatment may lead to a PSA response and to symptomatic 
improvement, as well as second-line treatment with bicalutamide has been shown 
to improve symptoms and decrease pain in patients without prior antiandrogen 
therapy. A 50% PSA decrease has been described after second line treatment with 
non-steroidal antiandrogens in 14–50% of cases [124]. Responders to second-line 
hormonal treatment may be expected to survive significantly longer than non-
responders. However, current guidelines do not mention hormonal manipulations as 
a potential treatment options. Although hormonal manipulations could be used to 
postpone the beginning of chemotherapy in metastatic PC patients under CAB, 
more effective treatment options are now available in this setting.

1.5.2  Hormonal Therapy Combination Regimens

Docetaxel chemotherapy has historically been utilized in the CRPC setting 
following two randomized clinical trials (RCTs) demonstrating improved overall 
survival (OS) when compared with mitoxantrone plus prednisone [127, 128]. 

V. Pagliarulo



19

Similarly, abiraterone acetate demonstrated improved OS in the CRPC setting, 
both predocetaxel [106, 129] and postdocetaxel treatment [105, 130]. Given the 
previous positive results, a number of RCTs have more recently demonstrated that 
the addition of either docetaxel [131–133] or abiraterone [134, 135] to ADT 
improves OS in men with hormone-naïve metastatic PCa, compared with ADT 
alone. Similarly, Enzalutamide has improved survival in CRPC patients and is 
now being tested in hormone sensitive subjects; however, results have not been 
published up to the present time.

ADT in combination to docetaxel. There has been a long debate regarding the 
hypothesis of administering early chemotherapy in hormone naive patients, with 
arguments for and against this approach. In favor is the idea that attacking de novo 
testosterone independent clones early should allow ADT to keep PC in remission 
longer. Alternatively, ADT may take cells out of cycle and make them less respon-
sive to cytotoxic treatments. The fact that some patients respond for long periods to 
ADT and never need chemotherapy is another argument against early chemother-
apy. In the past, there have been several clinical reports against early chemotherapy, 
however it has been noted that none of these trials included cytotoxic therapy shown 
to prolong overall survival in the setting of metastatic CRPC. The availability of 
active chemotherapy for CRPC has led to renewed interest and investigation in 
hormone sensitive disease. In 2013, the results from a French trial, the GETUG-15 
trial, were reported in which 385 men with mHSPC were randomized to receive 
ADT plus docetaxel (75 mg/m2 every 3 weeks, up to nine cycles) or ADT alone 
[131]. Although the addition of docetaxel was associated with an improvement in 
biochemical PFS (p  =  0.0021), there was no benefit in OS with the addition of 
docetaxel, even with long-term follow up (62.1 vs 48.6 months; HR 0.88, 95% CI 
0.68–1.14, p = 0.3) [131]. In contrast, the CHAARTED trial randomized 790 men 
with mHSPC either to ADT or ADT plus docetaxel (75 mg/m2 every 3 weeks, six 
cycles) and showed dramatic improvement of OS in the ADT plus docetaxel group 
than the ADT alone (57.6 vs 44.0 months; HR 0.61, 95% CI 0.47–0.80, p < 0.001) 
[133]. In parallel, results from the STAMPEDE trial were published, which assigned 
almost 3000 men with either high-risk localized (24%), node-positive (15%) or 
mHSPC (61%) to multiple treatment arms. Among patients randomized to receive 
either ADT alone or ADT plus docetaxel, the addition of docetaxel elicited signifi-
cant improvement in OS (81.0 vs 71.0 months in ADT plus docetaxel versus ADT 
alone, respectively; HR 0.78, 95% CI 0.66–0.93, p = 0.006) [132]. The composition 
of enrolled patients largely differed in the GETUG-15 trial compared with the other 
two larger studies, which may justify the difference in the clinical results. Although 
CHAARTED was initially designed as a trial for high-volume metastatic disease, 
defined as the presence of visceral metastasis and/or four or more osseous metasta-
ses, 34.2% of patients with low volume disease were also enrolled. In comparison, 
the GETUG-15 trial was not initially powered to evaluate this effect of volume of 
disease. Importantly, among patients with high volume mHSPC, the CHARTEED 
trial documented an unprecedented 17-month OS improvement with the addition of 
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docetaxel (49.2 vs 32.2 months; HR 0.60, 95% CI 0.45–0.81, p < 0.001), whereas 
docetaxel originally conferred a relatively modest 2.9-month OS benefit in 
mCRPC. Further, subgroup analysis of metastatic patients (n = 1087) in STAMPEDE 
trials also showed substantial improvement of OS for 22 months (65 vs 43 months; 
HR 0.73, 95% CI 0.59–0.89, p = 0.002). These results have determined a paradigm 
shift in the first line treatment of patients with metastatic PC, so that most scientific 
practice guidelines consider ADT plus docetaxel the new standard of care in this 
setting. Nonetheless, there is no unique definition for the volume of metastatic dis-
ease and concerns remains whether or not to consider ADT plus docetaxel the best 
option for patients with low volume disease. On this issue, a long-term efficacy in 
the CHAARTED trial was later reported showing that this benefit on OS was not 
seen in patients with low volume disease [136].

ADT in combination to abiraterone. Two trials have investigated the role of 
abiraterone compared to ADT alone in the setting of mHSPC (LATITUDE and 
STAMPEDE arm G) [134, 135]. Another trial, PEACE-1, is still actively recruit-
ing. The data from LATITUDE and STAMPEDE reported that combination use of 
abiraterone with ADT also offers improvement of OS compared with ADT alone 
in mHSPC. These data showed the robust effect of abiraterone, but also raise the 
controversial discussion for the optimal sequence or combination use with regards 
to docetaxel and to other effective compounds. The STAMPEDE arm G cohort 
involved patients with non-metastatic high-risk disease (characterized by T3 or 
T4, tumor-positive lymph nodes; Gleason’s score of 8–10 and/or serum PSA level 
of ≥40 ng/ml): 915 and 1002 patients in non-metastatic and metastatic groups, 
respectively. The advantage on OS of combination use of abiraterone was only 
observed in M1 patients, not in M0 patients. The LATITUDE trial enrolled only 
M1 patients, and showed a significant improvement on OS by combination use of 
abiraterone with ADT. Interestingly, daily abiraterone 1000 mg was associated to 
a lower dose of prednisone compared to the CRPC regimen (5 mg by mouth daily 
versus 5 mg twice daily). A limitation of this trial is that only 27% of men in the 
ADT only arm received abiraterone or enzalutamide at progression to mCRPC, 
and only 52% of these men received any life-prolonging therapy. A systematic 
review of the M1 cohort in STAMPEDE arm G (1002 patients) and LATITUDE 
(1199 patients) reported that survival benefit might be greater in younger patients 
(aged <75 years) despite the small sample size of older patients (137/1002 and 
202/1199  in STAMPEDE arm G and LATITUDE, respectively) [137]. 
Unfortunately, these two studies did not define low and high tumor volume in their 
analyses, therefore, whether this survival benefit with the combination of abi-
raterone is delivered in lower tumor burden patients remains unknown. 
Nevertheless, abiraterone should be considered an option in addition to ADT for 
men with mHSPC.

Conclusion. Based on the available data, docetaxel plus ADT, and abiraterone 
plus prednisone plus ADT, are both standard of care treatment options for the man-
agement of high volume mHSPC, however abiraterone has lower toxicity. Among 
patients with lower treatment burden, abiraterone plus prednisone plus ADT could 
be considered a preferred standard of care due to a lack of a clear benefit with 
docetaxel in this subgroup.
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1.6  Side Effects of Hormonal Therapy

In many respects, the role of hormonal therapy in PC has overshadowed its impact 
on toxicity and QoL. When ADT was introduced as a treatment for metastatic PC, 
bothersome side effects were an acceptable trade-off for managing symptoms and 
improving life expectancy. However, ever since indications for ADT have expanded 
improvements in life expectancy have been uncertain, particularly for lower-grade 
cancer [138]. Recently, the body of literature highlighting toxicities from hormonal 
therapy has mounted, and includes increased risk of cardiovascular disease (CVD), 
harmful metabolic changes such as obesity, insulin resistance and diabetes, dyslip-
idemia, and changes in bone health leading to a higher risk of bone fracture.

1.6.1  Cardiovascular Disease

Several observational/retrospective studies and secondary analyses from random-
ized trials have found an association between long term ADT and the risk of devel-
oping either nonfatal or fatal CVD [139–142]. Short term ADT (4 months) may be 
fatal only in patients with a history of congestive heart failure or myocardial infarc-
tion [143]. In these patients, revascularization prior to the start of shortterm ADT 
may reduce, but not eliminate, the 5-year overall mortality risk [144]. Among all 
endocrine treatment modalities analyzed, surgical castration and the use of antian-
drogen monotherapy seemed to have a lower impact on CVD [139, 140, 142]. 
Although several analyses in the literature suggest a better cardiovascular safety 
profile for degarelix [145, 146], a meta-analysis found that severe cardiovascular 
side effects were lower in the degarelix group, but not significantly [115]. Conversely, 
a large study from a Canadian database found that neither the use nor the duration 
of ADT was associated with an increased risk of acute myocardial infarction or sud-
den cardiac death [147].

Although data on ADT related risk for cardiovascular events and mortality are 
inconsistent, the use of the American Heart Association guidelines could be 
applied. Primary prevention should feature tobacco cessation and management of 
hypertension. Low-dose aspirin is recommended for men with a 10% or greater 
10  year risk for coronary heart disease. Lifestyle modification should feature 
weight control and low intake of saturated fat and cholesterol. If such modifica-
tions fail to achieve target LDL, statins should be used as first-line drug treatment 
of hyperlipidemia [148].

1.6.2  Metabolic Changes

The term sarcopenic obesity describes the increase of abdominal obesity accompanied 
by reduced muscle mass in men undergoing ADT [149], and is found to be associ-
ated with an increase in all-cause mortality [150]. Several studies have shown that 
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in men on ADT, body weight and body composition changes occur mainly during 
the first year of treatment and subsequently continue for 1–2 years [151]. In response 
to ADT, patients with PC may experience an increase in fasting insulin and a 
decrease in insulin receptor sensitivity [152, 153]. Although randomized trials are 
lacking, observational studies have also documented an increased risk of incident 
diabetes secondary to ADT, possibly related to time of exposure [139–141, 147]. 
As the risk for diabetes development during ADT is high, the need for diabetes 
screening among men with PC under long-term treatment is mandatory.

1.6.3  Changes in Bone Health

Androgen deprivation may progressively cause a decrease in bone mineral density 
and an increase in the incidence of osteoporosis or fracture. This prevalence of 
osteoporosis is variable, 9–53%, and largely depending on treatment duration, dis-
ease stage, ethnicity and site of osteoporosis measurement [154]. Fracture risk was 
shown to be highest in long-term users of GnRH agonist and in men undergoing 
bilateral orchiectomy [155], while bicalutamide, when compared with leuprolide, 
had a lower impact on bone metabolism disorders [156]. Fractures associated with 
ADT may result in hospitalization and finally cause an increase in mortality [157]. 
In patients at higher risk, preventive measures should be taken into account. 
Denosumab has shown to increase the lumbar bone mineral density by 5.6% and 
reduce vertebral fracture using a 60-mg regimen every 6 months [158]. Zoledronic 
acid has also shown to increase bone mineral density, although an optimal regimen 
for the prevention of skeletal-related events in a hormone-sensitive PC has not been 
determined [159].
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Chapter 2
Advances in Radiotherapy for Prostate  
Cancer Treatment

Tarun K. Podder, Elisha T. Fredman, and Rodney J. Ellis

Abstract Major categories of radiotherapy (RT) for prostate cancer (CaP) 
treatment are: (1) external beam RT (EBRT), and (2) brachytherapy (BT). EBRT 
are performed using different techniques like three-dimensional conformal RT (3D-
CRT), intensity modulated RT (IMRT), volumetric modulated arc therapy (VMAT), 
and stereotactic body radiation therapy (SBRT), stereotactic radiosurgery (SRS) 
and intensity modulated proton therapy (IMPT), etc., using a variety of radiation 
delivery machines, such as a linear accelerator (Linac), Cyberknife robotic system, 
Gamma knife, Tomotherapy and proton beam machine. The primary advantage of 
proton beam therapy is sparing of normal tissues and organ at risks (OARs) with 
comparable coverage of the tumor volume. MR-Linac is the latest addition in the 
image-guided RT. Robot-assisted brachytherapy is one of the latest technological 
innovations in the field. With the advancement of technology, radiation therapy for 
prostate cancer can be improved using high quality multimodal imaging, robot-
assistance for brachytherapy as well as EBRT. This chapter presents the advances in 
radiation therapy for the treatment of prostate cancer.

2.1  Introduction to Radiotherapy for Prostate Cancer

Two broader categories of radiotherapy (RT) for prostate cancer treatment are: (1) 
external beam RT (EBRT), and (2) brachytherapy (BT). Brachytherapy is normally 
performed for low-intermediate stage of prostate cancer (CaP), while EBRT can be 
used for any stage of CaP. However, post EBRT brachytherapy boost treatment is 
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also practiced for intermediate-high risk CaP cases. In EBRT, the radiation beams 
are focused on the tumor volume to deliver a prescribed dose to destroy the cancer-
ous cells. The beams are arranged around the patient in such a way that the 
tumor, i.e. the target volume, receives the maximum prescribed dose sparing the 
normal tissue and organ at risks (OARs), as much as possible. EBRT can be per-
formed using different techniques like three-dimensional conformal RT (3D-CRT), 
intensity modulated RT (IMRT), volumetric modulated arc therapy (VMAT), and 
stereotactic body radiation therapy (SBRT), stereotactic radiosurgery (SRS) and 
intensity modulated proton therapy (IMPT), etc., using a variety of radiation deliv-
ery machines, such as a linear accelerator (Linac), Cyberknife robotic system, and 
Tomotherapy. These machines use photon beams; whereas, proton beams are used 
in proton (particle) therapy machine. Better dose conformality to target volume and 
sparing of OARs are normally achievable using IMRT/VMAT as compared to 
3D-CRT. Higher dose per fraction of treatment is delivered in SBRT (1–5 fraction) 
and SRS (single fraction). SRS and SBRT provide the opportunity in delivering 
higher biologically effective dose (BED) intending for improved clinical outcomes. 
The major advantage of proton beam therapy is sparing of normal tissues and OARs 
with comparable coverage of the tumor volume. Multimodal images, such as CT, 
MRI, US, PET, and SPECT, are used for tumor localization and target delineation, 
dosimetric planning and radiation treatment delivery. Dose computation for all 
EBRT plans are routinely perform on CT images. However, researchers are working 
on developing pseudo-CT from MRI for dose computation. MRI, PET and SPECT 
are important imaging modalities for delineating tumor volume. Whereas, CT (CT 
on the rail or cone bean CT) and MRI (MR-Linac) can be very useful in delivery of 
image-guided radiation therapy (IGRT). MR-Linac is the latest addition in the 
image-guided RT.  So far, maximum magnetic strength is being tested for using 
MRI during delivery of RT is 1.5 T. The MR image quality is expected to be 
good enough for localizing tumor and OARs confidently and accurately. In 
brachytherapy procedure, radioactive isotopes are either permanently or temporar-
ily placed in or at a very close proximity of the tumor volume, i.e. it works like in-
side-out. For prostate cancer treatment with brachytherapy, the radioactive seeds or 
radiation source are placed throughout the gland using long hollow needles (about 
200  mm long and 1.27–1.47  mm in diameter) to deliver prescription dose uni-
formly sparing OARs, i.e. rectum, bladder neurovascular bundle, and urethra. In 
low-dose-rate (LDR) brachytherapy, about 50–100 radioactive seeds are perma-
nently delivered in the prostate gland. These seeds remain in the patient for the 
rest of the patient’s life. On the other hand, radioactive sources are temporarily 
(for about 5–10 min) placed in the prostate gland for high-dose-rate (HDR) brachy-
therapy treatment. Sometimes the brachytherapy may be used as boost following 
the EBRT.  In brachytherapy, the needle insertion and seed deposition are per-
formed under the guidance of imaging such as transrectal ultrasonography (TRUS), 
fluoroscopy, CT or MRI. So far, TRUS is the most common modalities of image-
guidance for LDR or HRD brachytherapy.
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2.2  Advances in External Beam Radiation Therapy (EBRT) 
for CaP

2.2.1  EBRT with Photon Beam

For EBRT, the National Comprehensive Cancer Network (NCCN) Guidelines in 
Oncology recommends doses between 75.6 and 79 Gy for individuals with low-risk 
prostate cancer. Whereas for patients with intermediate- or high-risk disease doses 
up to 81 Gy are appropriate [1]. High energy (6–18MV) photon beams generated by 
a linear accelerator are normally used for treating CaP. 3D-CRT and IMRT/VMAT 
are common techniques for EBRT. Cone-beam CT (CBCT) is used for daily verifi-
cation for accurate positioning of the patient. Latest developments in the EBRT are 
mainly improvement in target/tumor identification and delineation, accuracy in 
patient positioning, and accuracy of dose delivery.

Data from various studies suggest a low fractionation sensitivity of prostate 
cancer [2, 3] indicating an advantage might be expected from hypo-fractionated 
 treatment regimens, either with regard to increased local control, reduced late side 
effects or both. In this regard, stereotactic Body Radiation Therapy (SBRT) for CaP 
is gaining popularity due to shortened course of treatment with similar clinical out-
come as compared to IMRT/VMAT.

Early foundational experiences of moderately hypo-fractionated EBRT for low- 
and intermediate-risk patients. Began to emerge in the early-1990’s, using doses 
ranging between 4.5–6 Gy per fraction, with the goal of shortening treatment time, 
decreasing acute toxicity and achieving equivalent tumor control [4]. Subsequent 
and more robust trials at the start of twenty-first century favored a more modest 
hypo-fractionation approach for fear of worsening severe acute toxicity, and gener-
ally demonstrated similar or slightly worse acute toxicity and comparable biochem-
ical control [5–7]. Importantly, these trials were still performed in an earlier era in 
which treatments were delivered to more generous pelvic fields with a 2- or 
3- dimensional conformal technique, and overall lower total doses were prescribed. 
Once it was demonstrated in numerous trials that dose-escalated prostate radiation 
resulted in improved biochemical free survival [8–11], a series of modern moderate 
hypo-fractionated EBRT trials have been reported with strong outcomes. Three of 
these four large prospective trials directly showed that hypo-fractionation was non- 
inferior to standard 2 Gy dosing, while the fourth failed to show a superiority (and 
though inferences have been suggested for non-inferiority, this does not reflect the 
intended trial design) [12–14]. Based on these trials, a paradigm shift of considering 
these regimens the new standard of care has begun. Of note, this has all been within 
the context of low and intermediate-risk patients. At this time, there is less data 
regarding the role of hypo-fractionated radiation for high risk patients, though a 
number of randomized control trials have begun to demonstrate similar benefits as 
were seen in the lower risk cohorts [15, 16].
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SBRT can be thought of as a form of “extreme” hypo-fractionation, which 
requires a high degree of technical and clinical proficiency in order to deliver high 
tumoricidal doses in a conformal, stereotactic manner. Typically delivered in five 
fractions given every-other day, SBRT utilizes continuously modulated circular arcs 
of radiation to both deliver ablative doses to the desired treatment volume, as well 
as carve around the surrounding normal structures, such as the rectum, bladder, 
femoral heads and penile bulb. Single arm phase I and II studies established the 
feasibility and safety of delivering approximately 7 Gy per fraction for five frac-
tions, yielding excellent biochemical control at relatively brief follow up time points 
(5 years) and low rates of toxicity [17]. Some have investigated treating to even 
higher fractional doses to achieve a higher total equivalent dose with similar safety 
and clinical outcomes [18, 19]. Perhaps the largest series was presented from 
Stanford, a phase II pooled consortium from eight centers, comprising over 1100 
patients. They demonstrated that five fractions of 7–7.25 Gy per fraction delivered 
either every-other day or daily was highly effective for low-, intermediate and even 
potentially high-risk patients, with only a modest increase in acute toxicity that 
generally resolved within a six month follow up period. All of these individual stud-
ies laid the foundation for an ongoing national clinical trial, RTOG 0938, which was 
recently presented in abstract form, showing very promising safety and tolerability 
outcomes [20].

While both moderate hypo-fractionation and SBRT appear to be safe and effec-
tive modes of radiotherapy delivery for patients with low- and intermediate-risk 
prostate adenocarcinoma, no direct head-to-head clinical trial of radiation schedules 
has been performed. To this end, the NRG recently activated the phase III clinical 
trial GU-005 to address this question. Patients will be randomized to receive either 
hypo-fractionated IMRT with 70 Gy in 28 fractions (2.5 Gy per fraction) vs. SBRT 
with 36.25 Gy in five fractions (7.25 Gy per fraction) [21]. The primary endpoints 
of this trial include demonstrating superiority of SBRT over hypo-fractionated 
IMRT in both disease-free survival and acute toxicity/quality of life measures. This 
trial is currently open to accrual.

Some institutions have begun to lay the groundwork for the possibility of deliver-
ing ablative SBRT limited to a partial volume of the prostate. By sparing the entirety 
of the prostate gland from receiving high doses of radiation, as well as by poten-
tially better sparing surrounding structures, in particular bladder and rectum, partial 
prostate SBRT is predicted to substantially decrease the risk of toxicity. A number 
of challenges however remain, and are the topics are current investigation. These 
include optimal image-based identification of tumor within the gland, concordance 
(or discordance) of image findings and histopathology and the definition of the 
proper partial gland target volume. It remains unknown whether any visualized sus-
picious regions within the prostate require definitive treatment, or whether, in the 
setting of a “dominant nodule” seen on MRI, any remaining small volume tumor 
deposits can be followed over time. Currently, a pilot phase I study is underway at 
University Hospitals Cleveland Medical Center in which low risk patients with a 
dominant nodule identified on multiparametric-MRI undergo navigational targeted 
and whole-gland biopsies to confirm the true presence of localized disease, and if 
eligible, go on to partial gland focal SBRT (Fig. 2.1).
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There are some initiatives regarding moving forward 3D RT to 4D-RT for CaP 
treatment, i.e. target tracking and dynamic delivery of radiation therapy. In this regard 
various methods of tumor tracking, such as robotic linac (Cyberknife), robotic couch, 
etc. are useful [22–24]. More details about some of these techniques are provided in 
the later section entitled Robotic-assistance in EBRT for CaP treatment.

2.2.2  EBRT with Proton Beam

The relative biological effectiveness (RBE) is the ratio of the photon dose to the 
particle dose required to produce the same biological effect. For proton beams, 
the relative biological effectiveness is 1.1. To measure the total radiation dose 
with proton beams, Gray equivalents (GyE) or cobalt Gray equivalents (CGE) are 
often used with protons. The CGE is the Gray multiplied by the RBE factor spe-
cific for the beam used. Commonly, in the range of 78–82 CGE is prescribed for 
CaP treatment with proton beams, though hypofractionation may also be applied 
in this setting. Major advantages of proton beam therapy are expected to be higher 
dose deposition in tumor located in Bragg Peak region of the beam while very sharp 
dose falloff beyond the tumor, i.e. very low or no exit dose. This physics property of 
the proton beam translates to clinical advantages of better sparing of critical ana-
tomical structures and normal tissues while dose to the tumor is not compromised. 

Fig. 2.1 SBRT of partial prostate using VMAT plan
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Therefore, reduced toxicity and improved quality of life are expected when the CaP 
patients are treated with proton beam.

The goal of proton beam therapy is to prolong overall and disease specific 
survival, to delay progression of disease and to improve quality of life. Because 
proton beams can theoretically be more concentrated on the tumor and less concen-
trated on the surrounding normal tissues, theoretically it could be a treatment option 
for patients with localized prostate cancer that maximizes the effect on the tissue 
while limiting effects on adjacent tissue. The drive to further diminish toxicity and 
improve patient’s quality of life is precisely the result of the already excellent out-
comes in biochemical progression free survival and overall survival in patients with 
early and intermediate risk prostate adenocarcinoma.

The very first trials investigating the benefits of proton beam radiation for pros-
tate cancer took advantage of the normal tissue-sparing properties of protons as a 
way to safely deliver a boost of dose to, what was at that time, a higher overall 
prescription than had previously been utilized [25, 26]. These trials, however, were 
not intended to primarily assess the role of proton radiation, rather they were studies 
of dose escalation, utilizing protons to facilitate the safe delivery of high doses. 
More recently, numerous data have emerged regarding proton beam prostate radia-
tion, led largely by the efforts of Loma Linda University Medical Center, University 
of Florida, and Mass General Hospital. The majority of data shows agreement in the 
ability of proton radiation to effectively deliver equally high doses of radiation to 
the prostate compared to IMRT, produce equivalent or even moderately improved 
acute patient-reported toxicity, though spare substantial portions of the bladder, rec-
tum, and surrounding pelvic tissue from the low- and intermediate integral dose 
bath created by multi-beam or VMAT [27–30]. The primary concern, at this time, of 
advocating for the application of proton beam radiation for prostate cancer is the 
substantially higher cost that protons carry compared to 3D-conformal radiation or 
IMRT. Many remain skeptical that the yet unproven and potentially limited clinical 
benefits outweigh this increase. Two ongoing large clinical trials, PROTECT and 
PARTIQoL, will hopefully shed additional light on the extent of the quality of life 
benefit to patients treated with protons for prostate cancer, and allow better quanti-
fication for this cost-benefit analysis [31, 32].

The design of proton beam radiation fields has evolved since the first applica-
tions in prostate cancer. At first, a single perineal field was delivered which was felt 
to minimize the amount of normal tissue in the beam trajectory as it travelled to the 
target [25]. This single field proved to be more toxic to the bladder and rectum, 
however, and with improvements in technology of proton delivery as well as imag-
ing and patient setup, other permutations were evaluated. The most common angle 
design at this time is two opposed equally weighted lateral beams, each of which 
cover the entire target and range out on the respective distal side of the prostate 
volume (Fig. 2.2). Some attempts were made to decrease dose to the femoral heads 
by rotating the two beams anteriorly to create a pair of oblique entry points, and 
while the goal of decreasing dose to the femoral heads was accomplished, the result 
was an increased dose to the bladder [28]. As such, opposed laterals continue to be 
the orientation of choice.
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2.2.3  Robotic-Assistance in EBRT for Prostate Cancer 
Treatment

It is commonly accepted that translation of 5 mm or more during a single treatment 
session is likely. Real-time tracking of the prostate has the potential to markedly 
improve dose delivery to tumor tissue and minimize the exposure of surrounding 
non-involved structures. Application of robotic systems in EBRT can be divided 
into three categories: (1) patient positioning, (2) radiation beam deliver, and (3) 
tumor tracking.

Patient Positioning: Generally, a 6 degree-of-freedom (DOF) robot with a flat 
table-top installed at the end-effector is used for the patient to lay down for accurate 
positioning under the treatment beam. A majority of cases the patient is held hori-
zontally and depending on the tumor location and relative motion, the table-top or 
couch can be tilted and/rolled to a certain angle (<5°). A 6 DOF orthomorphic arm 
type robotic couch is commonly used with Cyberknife and proton therapy machines. 
Whereas, a 6 DOF HexaPOD robotic couch is mainly used with conventional 
Linacs. The HexaPOD system is basically a Stewart Platform mounted on regular/
standard treatment table for providing finer adjustment of patient positioning during 
treatment.

Radiation Beam Delivery: In this type of applications, a compact radiation source 
is mounted at the end-effector of the robot (Fig. 2.3). The radiation source can be a 
linear accelerator (Linac) that can generate photon beam for treatment. Then the 
compact Linac is moved around the patient to deliver treatment dose as per plan. 
One of such machines is the Cyberknife, which has a 6 MV X-band Linac installed 
at the end-effector of a 6 DOF KUKA robot [33, 34]. Cyberknife uses a pair of 
orthogonal X-ray imaging system for tracking a moving tumor and delivering radiation 
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Fig. 2.2 Sparing of OARs for IMRT vs. Proton Beam plan for prostate cancer treatment [28]
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dose to target tumor volume. Generally, SBRT and SRS type of treatments are done 
with a Cyberknife.

Tumor Tracking: One of the major challenges faced during EBRT is treating 
moving tumor in thoracic, abdominal, and pelvic areas. Tumors in these regions 
continuously move due to respiratory motion, cardiac cycle, and peristalsis of colon 
or rectum. There can be three types of solutions for irradiating a moving tumor: 
(1) use a large margin around the tumor volume for safety, so that no part of the 
tumor is missed during radiation dose delivery, (2) actively track the tumor by mov-
ing the radiation beam/source, (3) move the patient in opposite direction of the 
tumor motion, so that the tumor appears stationary with respect to the radiation 
beam/source. Each of these techniques has relative advantages and disadvantages 
over the other.

Motion of the tumors and normal tissues in thoracic, abdominal and pelvic 
regions due to physiological movements during radiation therapy is ubiquitous. In 
radiation dosimetric planning, large margins to tumors are commonly used to ensure 
adequate dosimetric coverage of the tumor excursion, at the expense of irradiating 
very large volumes of normal tissues and adjacent critical structures. Nowadays, 
margins to tumor are more critical because of improved survival and development 
of long-term side effects as well as preserving functionality or minimizing dose to 
critical organs for keeping the option open for re-treatment (if required) in the 
future. Deployment of 4D real-time tumor tracking during radiation therapy may 
allow smaller (or no) margin to the tumor which, in turn, can potentially reduce 
toxicities and improve treatment outcome as well as may permit for dose escalation 
in an attempt for curative treatment.

The only commercially available tracking system for radiation treatment is 
the Cyberknife robotic system which can be used to treat only selective patients 

Fig. 2.3 Cyberknife robotic system for radiation therapy
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(i.e. patients with small tumors) due to limited field sizes. Additionally, this system 
is not commonly available or used (less than 500 worldwide as compared to more 
than 25,000 linear accelerators (Linacs)), as well as patient throughput is very low, 
at only about 4–5 per day as compared to 25–30 par day for a Linac. Moreover, 
longer treatment time on Cyberknife leads to patient discomfort and more gross 
body movement resulting in reposition of the patient. The HexaPOD robotic couch 
with its 6 DOF movement can track the tumor in 3D/4D. However, it has several 
critical limitations: (1) small range of motion, (2) low speed, (3) mechanical struc-
ture is too tall for clinical use (it sits upon a regular couch), and (4) expensive. 
For these reasons, HexaPOD has not been deployed in the RT clinic for tracking. 
Therefore, researchers are developing robotic couch very similar to regular table 
used for patient positioning [23, 35]. Although robotic tracking is an attractive 
technique for dealing with the moving tumors, its application in prostate cancer 
treatment is limited. The reasons are small translational and rotational motions of the 
prostate gland due to patient’s physiodynamics. Inter-fractional positional variations 
of the prostate gland with respect to other anatomical structures are more critical 
than intra- fractional motions. Therefore, a baseline shift is more desirable than a 
continuous tracking of the tumor during EBRT. However, use of electromagnetic 
(EM) beacons (e.g., Calypso Medical’s EM sensor) along with a robotic couch or 
Cyberknife type robotic Linac can be useful for more accurate delivery of radiation 
dose with minimal margin to the tumor volume [36]. This can enable additional 
sparing of OARs and normal tissues which can result in improve clinical outcome 
including reduced toxicities, enhanced quality of life and longer survival.

2.2.4  Challenges and Potential Future Directions in EBRT

Prostate or tissue deformation and needle deflection are two major issues in accurate 
targeting and collection of core in prostate biopsy. Therefore, precise collection of 
biopsy cores from the suspected lesion and correct labeling of cores for accurate 
pathological reporting may be difficult. This may result in misleading diagnosis and 
ineffective focal therapies. This deficiency can jeopardize the implementation of 
focal SBRT in which the whole gland in not treated with EBRT.

With the improvement of multimodal imaging and use of multi-parametric 
MRI and other molecular imaging along with histopathological confirmation, the 
robot- assisted biopsy can potentially have high sensitivity and specificity. This 
can minimize the false positive or false negative results of biopsy. Finding exact 
location of tumor foci is very critical for focal therapy, i.e. focal SBRT or brachy-
therapy. However, with the advancement in imaging science, various modality of 
imaging such as multi-parametric MRI with high magnetic strength (above 3 T), 
molecular imaging, etc. may be able to replace the necessity of biopsy in the 
future. However due to current limitations, it may be advantageous to use a com-
bined dataset of both anatomic and functional imaging, along with correlated his-
topathologic tracking from tumor biopsies to develop planning target volume 
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(PTV’s) as is being currently validated by clinical trial for focal prostate SBRT 
noted previously from our institution.

There are several challenges in regards to real-time tumor tracking which can be 
improved by having faster imaging or sensory feedback of the spatial location of 
the tumor and better correlation model for the internal tumor location and external 
fiducial markers. Most challenging aspect in tumor tracking is the determination 
of tumor trajectory accurately and well in advance so that the radiation beam can 
be focused accurately on the target. Correlation between the external surrogates 
(or fiducial markers) and the internal tumor motion is always difficult. So far, the 
Cyberknife type robotic systems are concerned, installing a Linac with higher 
photon energy (>6 MV) will be challenging due to the larger size and weight associ-
ated with higher energies. Higher energies are desirable for having optimal dose 
 distribution for prostate cancer cases, especially for bulky patients. Efficacies of 
1.5  T MRI guided EBRT system in clinical environment is yet to be evaluated. 
Proton beam therapy for CaP is promising. However, a well-designed randomized 
clinical study for evaluating its clinical effectiveness in comparison to other tech-
niques of radiotherapy such as IMRT/VAMT and brachytherapy is overdue.

2.3  Advances in Brachytherapy for CaP

Brachytherapy is delivered for CaP when the cancer is confined to the prostate. 
If the CaP extends beyond the prostatic capsule, into the seminal vesicles or the 
adjacent nodes, radical prostatectomy is sometimes combined with adjuvant radia-
tion therapy. The main advantage of brachytherapy is the radiation dose confine-
ment, i.e. higher sparing of normal tissues due to placement of radiation sources 
inside the prostate or tumor.

2.3.1  Low-Dose-Rate (LDR) Brachytherapy

In LDR brachytherapy radioactive seeds are implanted in prostate and they remain 
in prostate permanently. The isotope used for LDR brachytherapy are I-125, Pd-103 
and Cs-131. Depending on the physical properties of the isotope the prescribed dose 
varies for the same biologically effective dose (BED). For example, 145, 125, 
120 Gy for monotherapy and 110, 100 and 95 Gy for brachytherapy boost following 
EBRT for I-125 (half-life = 60 days, energy = 28 keV), Pd-103 (half-life = 17 days, 
energy = 21 keV) and Cs-131 (half-life = 10 days, energy = 30 keV), respectively. 
The dose prescription may slightly vary in different clinical practices. From clinical 
experience it is revealed that application of Pd-103 can reduce the treatment related 
toxicities as compared to I-125 isotope. Shorter half-life of the isotope speeds up the 
dose delivery, for example, Cs-131 can deliver 90% dose in 33 days and compared 
to 204 days for I-125. Therefore, shorter half-life may be advantageous for more 
aggressive CaP cases.
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The efficacy of CaP treatment with LDR brachytherapy using radioactive seeds 
depends on several procedural factors such as image (TRUS, MRI or CT) quality, 
surgical skill of the clinicians, placement of needle at desired position, deposition of 
the seed/source at planned location, prevention seed movement or migration.

A new technique of seed implantation has been depicted in Fig. 2.4. Here, with 
the new concept of curvilinear approach (Fig. 2.4b), a significant reduction of radia-
tion dose can be achieved as compared to conventional rectilinear approach 
(Fig.  2.4a). With the same/similar coverage of the tumor target, an average D30 
(dose to 30% volume) was reduced by 10% and D10 (dose to 10% volume) was 
reduced by 9.4% for urethra. In case of rectum, average reduction in V100 (volume 
covered by 100% of the prescription dose) was 71.6% and reduction in D5 was 
17.7%. Average reductions in required number of needles and seeds (or activity) 
were 30.1% and 10.6%, respectively in curvilinear approach [37]. Large reduction 
in rectal dose would potentially reduce rectal toxicity and complications. Reduction 
in number of needles would minimize edema (swellings) and thereby would improve 
accuracy of seed delivery and total dose distribution [37] as well as reduce toxici-
ties. Overall, this study indicated that clinical implementation of the proposed smart 
needle could potentially improve radiation dose distribution and reducing dose to 
critical organs and thereby would potentially improve quality of life and survival of 
the prostate cancer patients.

2.3.2  High-Dose-Rate (HDR) Brachytherapy

HDR brachytherapy may have clinical advantages over LDR brachytherapy, and it 
may be equally offered to patients of all risk groups. The use of HDR brachytherapy 
as a boost to EBRT can potentially have a lower acute toxicity than the LDR boost. 
This is due to the brief single fraction exposure that may be used clinically similar 

Fig. 2.4 Accessing various part of the prostate: (a) conventional rectilinear approach of prostate 
brachytherapy needle insertion pattern with straight needles requiring seven needles (note that the 
patient must be set up in the OR in the lithotomy position), and (b) proposed curvilinear conformal 
smart needle insertion requiring four needles [37]
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to that described for clinical trials or intermediate risk and high intermediate risk 
group patients on RTOG 0815 and RTOG 0924, respectively at 21 Gy in two frac-
tions of 10.5 or 15 Gy in a single fraction following 45 Gy of EBRT. Data for HDR 
monotherapy in low- and intermediate-risk patients is also available though without 
supporting Phase III randomized clinical trials. A Canadian trial in this setting has 
been successful in accruing data on 19 Gy in a single fraction versus 27 Gy in two 
fractions of 13.5 Gy each though the two fraction arm was initially reported to have 
higher acute toxicity it remains to be determined if it has an improved bDFS rate 
[38]. Data comparing HDR versus LDR has shown favorable toxicity profiles for 
HDR over LDR monotherapy in low or intermediate risk patients [39].

HDR prostate brachytherapy is generally preformed under spinal or general 
anesthesia using transrectal ultrasound (TRUS) guidance. Tranperineally placement 
of 14–18 needles are commonly positioned with a peripheral modified distribution 
to avoid excess uretheral dose. Urethral visualization for placement and planning is 
critical to limit high urethral dose that may increase toxicity including dysuria or 
obstruction acutely of late stricture formation especially in the distal urethra or 
below the prostatic apex. In general, it is best utilized for glands less than 60 cc and 
low urinary retention risk (i.e. AUA/IPPS score ≤15). Once catheters are positions 
CT scan is typically used for reconstruction of the implant and treatment planning. 
Alternatively, HDR ultrasound guided placement and treatment planning may be 
used as developed by Elekta as the Spot system. This may provide an ability to 
decrease total procedure time, and theoretically could be combined with MRI/US 
fusion in planning to facilitate dose escalation to high grade PIRADS 4 or 5 lesions. 
Flouroscopic imaging of the Foley with dilute contrast (2 and 5 cc saline) can facili-
tate adequate placement of brachytherapy catheters to the base in addition to the 
sagittal ultrasound view, and or retroverted cystoscopid bladder examination to 
visualize tenting of the bladder mucosa against the needle tips without bladder pen-
etration into the mucosa.

Robot-assisted Brachytherapy (LDR, HDR): In brachytherapy, imaging and 
dosimetric planning are vital for the delivery of high dose ionizing radiation to the 
prostate while minimizing the radiation exposure to adjacent organs and structures. 
Different imaging techniques such as TRUS, X-ray, CT, and MRI are used at differ-
ent phases of the treatment. In commonly used TRUS guided brachytherapy, the 
dose planning can be accomplished by preplanned or intraoperative planned tech-
niques. The preplanned technique, which is generally created a few days or weeks 
before the implant procedure for LDR, has limitations that may be overcome by 
intraoperative planning. Intraoperative planning is important to compute the correct 
dose to the target, mainly because preplanning is severely affected due to change in 
patient’s position during actual brachytherapy. US, CT or MR images are used for 
preplanning; whereas, US images are commonly used for intraoperative planning. 
CT or MRI is used for post implant dosimetric evaluations. During the brachyther-
apy procedure, the dynamic changes also affect the accuracy of seed delivery, 
thereby the radiation exposure. Deformation and movement of organs or tissues are 
also responsible for inaccurate dose delivery. Hence dynamic intraoperative plan-
ning is important for the treatment improvement. Therefore, future advances are 
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expected in the development of better source delivery systems, methods of enhancing 
seed identification, imaging techniques, and seed immobilization techniques.

In brachytherapy, positional accuracy of the radioactive seeds (or dwell position 
of radiation source in HDR) is very important for optimizing the dose delivery to the 
targeted tissues sparing the critical organs and normal tissues. But accurate steering 
and placement of surgical needles in soft tissues are challenging because of several 
reasons. Some of them are: tissue heterogeneity and elastic stiffness, unfavorable 
anatomy, needle bending, inadequate sensing, tissue/organ deformation and move-
ment, poor maneuverability, and change in dynamics of various organs. In currently 
practiced procedures, the fixed grid holes in the template allow the surgeon to insert 
the needle at specified fixed positions. Very little can be done to steer the needle to 
a place other than straight passing through the hole in the template. Change in nee-
dle insertion position may be required based on intraoperative dynamic planning. 
Sometimes, especially for larger prostates, the needle needs to be angulated to avoid 
pubic arch interference and get access to the desired target position in the prostate 
for seed delivery. In current brachytherapy procedure with fixed template the needle 
angulation is very difficult. However, the surgeon can use a hook to bend the needle 
and get to the desired position after several trials. Whereas a robotic system 
(Fig. 2.5), with sufficient DOFs, can provide flexibility in positioning and orientat-
ing (angulating) along with improved accuracy of needle insertion and seed deposi-
tion [41]. Robot assisted therapeutic delivery system is attractive for several reasons. 
The main advantages are increased accuracy, reduced human variability, and 
possible reduction of operation time. Additionally, with the assistance of robotics 
system, less skillful surgeons will be able to treat patients with higher quality. The 
robotic systems designed and developed for prostate brachytherapy are expected to 
satisfy numerous objectives and functional requirements, such as (1) improve accu-
racy of needle placement and seed delivery, (2) improve consistency of seed implant, 
(3) reduce the learning curve, (4) clinician fatigue, and radiation exposure, (5) 
improve safety for the patient, clinicians, and the operating room (OR) staff and 
equipment, etc.

Fig. 2.5 Robot assisted rectilinear approach for LDR brachytherapy [40]
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The available workspace for the robotic systems for brachytherapy is limited 
while the patient is in the lithotomy position for transperineal prostate brachyther-
apy [41]. Therefore, the robotic system should be compact, so that the clinicians’ 
working environment is not affected. Successful clinical implementation of a robotic 
systems critically depends upon shape and size of the robot. Some of the brachy-
therapy robotic system are shown in Fig. 2.6 below.

2.3.3  Challenges and Potential Future Directions 
in Brachytherapy

Various sequences of MRI techniques, such as T2W, DWI, DCE and MRSI have 
the potential in detecting suspicious regions with higher specificity. However, these 
techniques need further improvement so that they can be used for definitive deter-
mination of the type and nature of the lesion. Although mpMRI is capable of iden-
tify low suspicion lesions, the accuracy of these image-based identifications are 
still in developmental stage. In the future, it may be possible to use image-based 
verification for cancerous tissues bypassing biopsy and histopathology. Therefore, 
using mpMRI findings to target the regions that have the highest probability of 
being cancer have great potential for focal therapies and radiation dose escalation. 
In this respect, robot-assisted MR/TRUS-guided targeted mapping biopsy can be 
very useful.

Application of robotic systems for prostate brachytherapy is lacking interests 
and supports for a variety of reasons. Accurate needle placement at a desired 

Fig. 2.6 Some of the robotic systems developed for biopsy and brachytherapy [41]
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target in prostate is challenging due to a combining effect of tissue heterogeneity, 
deformation, displacement as well as needle deflection and lack of real-time accurate 
and faster sensory feedback as well as having better design of needles. There are 
significant scopes in these areas for further improvements.

2.4  Discussion/Conclusion

Both EBRT and brachytherapy are effective modalities in treating prostate cancer. 
In some cases, sparing of OARs seems better with proton beam therapy. With the 
advancement of imaging the identification of prostate lesion is becoming easier and 
reliable. Therefore, some studies are looking into the possibility of treating suspi-
cious portion of the prostate rather treating the whole glad. This will potentially 
reduce the irradiation of normal tissue and critical structures which, in turn, is 
expected to reduce toxicities and improve quality of life. Both LDR and HDR 
brachytherapy are efficacious in treating CaP when the cancer is confined within the 
prostate capsule. Hypofractionated RT or SBRT is becoming popular due to short-
ened treatment duration without compromising clinical outcomes. The advanced 
technologies such as MR-Linac, robotic system, 7 T-MRI, molecular imaging, etc. 
have the potentially to improve the quality of radiotherapy for prostate cancer and 
clinical outcomes.
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Chapter 3
Role of Prostate MRI in the Setting  
of Active Surveillance for Prostate Cancer

Samuel J. Galgano, Zachary A. Glaser, Kristin K. Porter, 
and Soroush Rais-Bahrami

3.1  Introduction

Over the past several decades, the incidence of prostate cancer has significantly 
increased [1, 2]. In 2017 alone there were an estimated 161,000 newly diagnosed 
cases in the United States [2, 3]. This is largely attributed to the increased detection 
of localized, low-risk cancer afforded by widespread prostate specific antigen 
(PSA)-based screening [1]. However, prostate cancer is a heterogeneous malig-
nancy process with a wide spectrum of aggressiveness across patients afflicted with 
this disease. For men with favorable disease attributes, immediate intervention may 
not be necessary [4]. In fact, cancer-specific survival in patients with indolent pros-
tate cancer is very high, even with conservative management [5]. Moreover, aggres-
sive medical, surgical or radiation-based intervention does not come without 
considerable risk of harm to quality of life measures [6, 7]. Therefore, a less inva-
sive management approach such as active surveillance may be more appropriate for 
certain individuals with more indolent forms of prostate cancer. It is because of this 
considerable variation that a number of methods have been developed for the risk- 
stratification of prostate cancer cases.
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The initial concept behind risk-stratification in prostate cancer stems from the 
pathologic grading of the Gleason score, initially developed in the 1960s. The 
Gleason score (since revised in 2005 and 2014 by the International Society of 
Urologic Pathology to the modified Gleason score) describes the pathologic find-
ings of prostate cancer on microscopy, with scores given to the two most common 
patterns observed ranging from 1 to 5 each [8–10]. The most recent revision in the 
Gleason scoring system does not allow for Gleason sums of 2–5 to be assigned to 
biopsy specimens, resulting in prostate cancers diagnosed at biopsy assigned 
Gleason scores ranging from 6 to 10 [10]. The Gleason score was the first effort 
made to link the histopathologic findings of prostate cancer with disease prognosis, 
with a higher Gleason score indicating a poorer prognosis [11, 12]. Although the 
Gleason score was an important first step in the risk-stratification of patients with 
prostate cancer, diagnosis and treatment of prostate cancer has evolved over time 
and the Gleason score (and modified Gleason score) are somewhat problematic in 
current practice. As a result, there has been development of a new pathologic grad-
ing system for the prognostication of patients with prostate cancer referred to as 
“Grade Groups” [13]. The new classification system reduces the number of Grade 
Groups to five, which are determined by their Gleason patterns and sums as found 
on microscopy, and demonstrates five distinct rates of 5-year biochemical 
recurrence- free survival following radical prostatectomy [13].

As an adjunct to prognostication by the Gleason score and Grade Group alone, a 
variety of risk-stratification models have been developed, clinically validated, and 
subsequently revised, including Partin tables, Briganti nomograms, and the 
Memorial Sloan Kettering Cancer Center nomogram all largely incorporating the 
Gleason score with other patient-specific parameters proven as prognosticators in 
prostate cancer risk determination [14–18]. These risk-prediction models incorpo-
rate the clinical stage of the tumor and the serum PSA level in addition to the biopsy 
Gleason score, which is consistently the most significant prognosticating factor, to 
provide population-based estimates of probability of organ-confined disease, extra-
prostatic extension, seminal vesicle invasion, and lymph node involvement. A recent 
head to head meta-analysis demonstrated no significant difference between the 
three models above in the prediction of lymph node involvement [19]. These risk 
calculators are used to help guide clinical decision-making and to assist in the deter-
mination of the likelihood of a satisfactory surgical outcome. The integration of the 
serum PSA into the risk-stratification is important, as prostate cancer is often mul-
tifocal within the gland and some uncertainty remains if the most aggressive lesion 
was sampled on a random systematic 12-core extended-sextant biopsy.

Based on the data from the risk-prediction models for patients with low-grade 
prostate cancer (e.g. Grade Group 1), there is a high likelihood of organ-confined 
disease. The concept of active surveillance was first proposed in 1992 where a 
cohort of men with organ-confined prostate cancer were offered conservative man-
agement instead of radical prostatectomy or external beam radiation therapy and 
demonstrated no difference in overall age-adjusted survival between the cohorts 
[20]. For patients managed with active surveillance in this early report, a serum PSA 
and digital rectal exam (DRE) were performed every 6 months to evaluate for dis-
ease stability. However, this initial study only followed patients for 3 years, and 

S. J. Galgano et al.



51

subsequent studies with longer follow-up demonstrated more patients with advanced 
disease at 10-year follow-up [21]. More recent research demonstrates uncertainty 
about potential mortality reduction between surgical intervention and active surveil-
lance for select patients [22–24]. Five-year outcomes following both radical prosta-
tectomy and external beam radiation therapy show significant morbidity due to 
urinary incontinence and erectile dysfunction [25]. Therefore, patients are at risk for 
significant morbidity if treated too aggressively, but at risk for developing advanced, 
potentially incurable disease if inappropriately risk-stratified and choosing to pur-
sue active surveillance. Results of a long-term multicenter international study have 
validated the use of active surveillance in patients with low-risk prostate cancer to 
reduce overtreatment [26]. Additionally, while there is increased risk of progression 
to clinically-significant disease, there is an increasing body of evidence to support 
the use of active surveillance in some highly selected, intermediate-risk prostate 
cancer patients with favorable features [27–30].

3.2  Patient Selection for Active Surveillance

The underlying principle of active surveillance is to safely monitor a patient who 
carries the diagnosis of prostate cancer with the intention to treat the disease when 
necessary, while at the same time not allowing disease progression beyond the win-
dow of potential cure with definitive treatment approaches. The decision to place a 
patient on active surveillance versus undergoing primary definitive treatment is 
based on patient comorbidities, tumor characteristics, and patient/provider prefer-
ences. Life expectancy of the patient is critical in the setting of newly diagnosed 
prostate cancer. Those who are asymptomatic (i.e. no voiding symptoms or signs of 
metastatic disease) with an estimated life expectancy of less than 5 years most likely 
do not require intervention [31]. For men with a life expectancy of ≥10  years, 
assessment of tumor burden and proper risk-stratification is crucial to guiding safe 
patient selection for active surveillance (Table 3.1).

In 1994, Epstein and colleagues first described criteria to characterize low-risk 
prostate cancer in a cohort of 660 men who underwent radical prostatectomy [32]. 
They described ‘insignificant’ tumors as having a Gleason score ≤6, clinical stage 
T1c or less, and either a PSA density (PSAD) of <0.1 ng/mL/g without a positive 

Table 3.1 Prostate cancer Grade Groups, corresponding Gleason scores, and rates of 5-year 
biochemical recurrence-free survival following radical prostatectomy [13]

Grade 
Group

Gleason 
score(s)

Rate of 5-year biochemical recurrence-free survival following 
radical prostatectomy (%)

1 3 + 3 = 6 96
2 3 + 4 = 7 88
3 4 + 3 = 7 63
4 8 48
5 9–10 26

3 Role of Prostate MRI in the Setting of Active Surveillance for Prostate Cancer
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trans-rectal ultrasound (TRUS) biopsy core or PSAD < 0.15 ng/mL/g with low 
volume cancer and limited number core involvement [32]. In a similar time period, 
an additional study demonstrated that patients with low-grade tumor volumes of 
less than 0.5 mL were unlikely to develop clinically-significant prostate cancer in 
their lifetime [33]. In a similar study 4 years later, D’Amico et al. defined low-risk 
prostate cancer as having a PSA ≤ 10, Gleason score ≤ 6, and clinical stage ≤T2a 
[34]. The American Urological Association, Society of Urologic Oncology, 
American Society of Radiation Oncology, and National Comprehensive Cancer 
Network (NCCN) currently suggest active surveillance is a safe option for men who 
meet the criteria of very low-risk or low-risk prostate cancer designations [31, 35]. 
Tumor characteristics meeting very low-risk and low-risk according to the most 
recent NCCN guideline can be seen in Table 3.2.

Multiple institutions have introduced their own modified patient selection crite-
ria for active surveillance (Table 3.3). For example, the Johns Hopkins University 
criteria only permits ≤2 positive cores with ≤50% positivity in each core, assuming 
all other criteria met [36]. Conversely, the University of California at San Francisco 
(UCSF) selection criteria includes patients who have positive prostate cancer find-
ings on up to one third of biopsy cores sampled [37]. At the Royal Mardsen Hospital, 
Selvadurai et al. expanded their active surveillance criteria to include men 65 years 
or older with Gleason score 3 + 4 from their initial prostate biopsy [38]. Over a 
mean follow-up time of 5.7 years, their cohort of 471 men (only 33 of whom had 

Table 3.2 Very low-risk and low-risk prostate cancer as defined by the 2016 NCCN Guidelines, 
Prostate Cancer [31]

PSA  
(ng/mL)

PSA density  
(ng/mL/g)

TNM 
stage

Gleason 
score

Biopsy cores (max no. pos.; % 
cancer/core)

Very 
low

≤10 ≤0.15 ≤T1c 3 + 3 3; 50

Low ≤10 ≤0.15 ≤T2a 3 + 3 3; 50

Table 3.3 Various institutional criteria for active surveillance patient selection [26, 36–38, 
59, 100]

Johns 
Hopkins 
University PRIAS UCSF

University 
of Toronto

Royal 
Marsden

Memorial 
Sloan 
Kettering

PSA (ng/mL) ≤10 ≤10 ≤10 ≤10 ≤10 ≤10
PSA density 
(ng/mL/g)

≤0.15 ≤0.20

TNM stage ≤T2a ≤T2a ≤T2a ≤T2a ≤T2a
Gleason 
score

3 + 3 3 + 3 3 + 3 3 + 3 ≤3 + 4 3 + 3

Biopsy cores 
(max no. 
pos.; % 
cancer/core)

2; 50 2; % not 
considered

1/3 
total 
cores; 
50

1/2 total 
cores; % not 
considered

3; 50

S. J. Galgano et al.



53

Gleason 3  +  4 disease) exhibited satisfactory progression free survival [38]. 
However, among those with initial Gleason 3 + 4 disease, nine (27%) were found to 
have worsened histology on subsequent biopsy thus bringing into question the 
appropriateness of broadening active surveillance criteria to include intermediate 
risk disease [38].

Perhaps the greatest degree of variability between clinical guidelines and prac-
tice patterns arises from patient and provider preferences following the initial 
diagnosis of prostate cancer. Younger men with favorable tumor characteristics 
may still opt for aggressive surgical or nonsurgical intervention due to factors such 
as a fear of living with cancer, a poor prior experience with or perception of can-
cer, or a failure of the provider to appropriately counsel the risks and benefits of 
active surveillance [6, 39]. Furthermore, men with anxiety at the time of baseline 
diagnosis tend to tolerate active surveillance less favorably than the general popu-
lation. However, in a large prospective multi-institutional cohort of greater than 
500 European men in the Prostate Cancer Research International: Active 
Surveillance (PRIAS) study, psychological factors did not contribute to the deci-
sion to depart from active surveillance [40]. Nonetheless, in-depth counseling at 
the time of offering active surveillance should be underscored as a critical element 
in allowing patients to make an informed decision regarding the management 
option they elect to pursue. Furthermore, support through available prostate cancer 
support groups may serve to minimize patient anxiety about their diagnosis and 
treatment selection [6].

3.3  Monitoring Strategies for Men on Active Surveillance

As with patient selection criteria, surveillance strategies for men on active surveil-
lance vary across institutions. Following the initial PSA, DRE, and prostate biopsy 
that generated the diagnosis of prostate cancer, providers must decide when to 
obtain a repeat PSA, perform a subsequent biopsy and also whether or not to obtain 
additional diagnostic information by way of biomarkers and advanced imaging. 
Since tumor grade is considered the best predictor of underlying prostate cancer 
biology, repeated biopsies have been the hallmark of active surveillance. 
Retrospective analyses estimate cancer under-grading occurs an upwards of 20–30% 
of the time [41, 42]. For this reason, many urologists advocate for a repeat confirma-
tory biopsy within 3–6 months of initial diagnosis to avoid this possible oversight. 
This strategy has more recently been extended to an initial confirmatory biopsy 
being recommended by some groups within 12–24  months of initial diagnosis 
[43–45]. Following the initial diagnostic period, most urologists will monitor serum 
PSA, DRE, and repeat prostate biopsies at an interval of 1–2 years [46]. This is 
continued until cancer progression is detected or active surveillance is no longer 
necessary due to patient age dictating shortened life expectancy or other competing 
risks based on comorbidities affecting life expectancy. To reduce the possibility of 
Gleason score misclassification, extended template biopsies (i.e. transrectal or 
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transperineal saturation) are sometimes considered prior to active surveillance 
enrollment, but data in support of this practice have been variable [47–50].

Recently, a plethora of genetic assays have become available to risk stratify 
patients with newly diagnosed low-risk prostate cancer who are considering active 
surveillance. For example, the 4Kscore test comprises plasma total PSA, free PSA, 
intact PSA and kallikrein-2 along with several clinical factors, and has been shown 
to reliably predict Gleason score upgrading on the first surveillance biopsy [51]. 
The Oncotype Dx panel is a 17-gene diagnostic assay that has been shown to reli-
ably predict adverse pathology on radical prostatectomy specimens of men with 
clinically low-risk prostate cancer [52]. The Prolaris test evaluates the RNA expres-
sion of numerous genes related to cell cycle progression and other factors promot-
ing tumor growth, and may help providers determine which patients may safely 
lengthen interval for repeated biopsies [53]. Evidence in support of panels such as 
these is limited; although, it is accumulating. Additionally, factors such as patient/
provider awareness, accessibility to these advanced biomarkers, and potential out- 
of- pocket costs must be taken into consideration on a case-by-case basis.

Defining disease progression while on active surveillance varies across institu-
tions. The determination has traditionally been based on discovery of higher-grade 
disease on biopsy, meeting or exceeding a certain PSA threshold, worrisome PSA 
kinetics (rate of PSA increase over a given time), and/or a change in DRE. However, 
finding a change in Gleason score on repeat biopsies or DRE is unusual in someone 
with truly very low-risk or low-risk disease [36, 46]. Instead, an upward stage 
migration on repeat biopsy may be due to ‘missclassification’ of disease severity 
during the initial workup and templated biopsy [54]. To make matters more chal-
lenging, using a definitive PSA threshold or cutoff in PSA kinetics has not been 
shown to reliably predict disease progression in several large retrospective cohorts 
of men on active surveillance [55, 56].

In practice, the decision to depart from active surveillance and undergo delayed 
intervention is either due to violation of the chosen eligibility criteria or unwilling-
ness of the patient to continue on surveillance (an estimated 13% of cases) [57]. 
Currently, a plethora of evidence suggests using any of the widely accepted active 
surveillance enrollment criteria offers equivocal survival to immediate intervention. 
Using a hypothetical cohort of men eligible for active surveillance based on Johns 
Hopkins University criteria, Xia et  al. calculated a mean survival benefit of just 
1.8 months for those undergoing immediate intervention, while opting for active 
surveillance would confer a mean 6.4 years without invasive treatment [58]. In a 
cohort of 450 men on active surveillance under the University of Toronto criteria 
with a median follow-up of 6.8 years, Klotz et al. observed only five prostate cancer- 
specific deaths. Notably, this cohort included a select subset of men with 
intermediate- risk disease [59]. After a decade of follow-up of men on active surveil-
lance in the PRIAS study, 52% and 73% of men had discontinued active surveil-
lance at 5 and 10 years, respectively [60]. However, nearly one third of those men 
who underwent radical prostatectomy had favorable pathology (Gleason 6 disease 
and pT2), highlighting the need for better risk-stratification modalities [60].
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3.4  Role of Magnetic Resonance Imaging for Active 
Surveillance

Recently, multiparametric magnetic resonance imaging (mpMRI) of the prostate 
has become a relied upon diagnostic and monitoring adjunct for men on active sur-
veillance [61–63]. The Prostate Imaging Reporting and Data System (PI-RADS), 
and more recently PI-RADS v.2.0 and updated iterations, have become useful tools 
to evaluate a suspicious prostatic neoplasms [64, 65]. While data obtained from 
mpMRI has not yet been incorporated into existing active surveillance protocols, 
early evidence suggests using various PI-RADS cutoffs may increase the detection 
of clinically significant prostate cancer [66–69]. There is even some evidence to 
suggest PI-RADS v.2.0 may reliably predict active surveillance failure in certain 
men [70]. However, multiple studies have revealed limitations in the PI-RADS 
algorithm to detect all forms of significant prostate cancer, especially for men with 
intermediate risk (i.e. PI-RADS 3) or central zone lesions [71, 72].

Using MRI-US fusion technology to perform prostate biopsies utilizes the 
improved anatomical visualization afforded by this advanced imaging modality to 
perform targeted sampling of suspicious prostatic lesions. Several investigations 
have demonstrated a superior ability of MRI-US fusion compared to standard tem-
plate TRUS biopsies to detect new clinically-significant prostate cancer foci in men 
on active surveillance [73–77]. However, it has been argued that combining stan-
dard template TRUS-guided sampling in men with MRI-targeting is still necessary, 
as the template cores can identify significant cancers missed by MRI-targeting alone 
[73–75, 78].

Determining the optimal interval for repeated imaging and possible biopsy is an 
ongoing process, and generally varies based on specific patient characteristics as 
well as institutional protocols. There is emerging evidence to suggest serial mpM-
RIs alone may sufficiently monitor low-risk men on active surveillance for certain 
periods of time and that the interval for confirmatory biopsies may, as a result, be 
extended [79–84]. Based on the natural history of small index lesions of the pros-
tate, the group at the National Cancer Institute of the National Institutes of Health 
suggest that forgoing any form of surveillance for up to 2 years is safe for men meet-
ing certain mpMRI parameters [82]. However, it is important to note that these 
studies are largely retrospective in nature, and evaluation in the prospective setting 
with significant follow-up periods are necessary.

3.5  Technical Aspects of Prostate MRI for Active 
Surveillance

Performance of a high-quality mpMRI is becoming a cornerstone of patient man-
agement and accurate risk-stratification for active surveillance. To provide guidance 
and promote standardization of technique, the American College of Radiology 
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(ACR) published PI-RADS v.2.0, which includes a dedicated section detailing the 
technical parameters of mpMRI [85]. PI-RADS v.2.0 recommends that all mpMRI 
be performed on either a 1.5 Tesla (T) or 3 T MRI, with the 3 T MRI offering supe-
rior spatial and temporal resolution compared to the 1.5 T. However, use of a 1.5 T 
MRI for mpMRI may be helpful in cases of implanted devices that are MRI condi-
tional at 1.5 T and not 3 T or in the case where artifact from adjacent implanted 
devices (e.g. bilateral metallic hip prostheses) may interfere with interpretation of a 
3 T mpMRI.

Patient preparation for mpMRI is relatively straightforward. Patients are asked to 
evacuate their rectum prior to the exam to minimize artifact from air within the 
rectal vault. Some institutions advocate the use of an endorectal coil (ERC) to 
increase image signal-to-noise, but there is considerable variation in the practice 
patterns between institutions. The use of an ERC may potentially be most useful in 
the performance of mpMRI on 1.5 T machines, but comparable images can be pro-
duced on a 3 T MRI and diagnostic 1.5 T images can be obtained without the use of 
an ERC. Additionally, the placement of an ERC and inflation of the ERC balloon 
may also result in artifacts if not carefully performed. There is no strict guideline in 
PI-RADS v.2.0 regarding the use of an ERC; obtaining optimal images from the 
available MRI equipment is paramount. To reduce motion artifact from bowel peri-
stalsis, some institutions use an antispamodic agent (scopolamine, glucagon, or 
hyoscyamine). However, these agents are not necessary in many patients and cost, 
potential benefit, and potential for adverse drug reaction should be evaluated.

Postbiopsy hemorrhage is a common finding on mpMRI, particularly if the exam 
is being performed to evaluate and confirm safe candidacy for active surveillance. 
Hemorrhage manifests as increased T1 signal at locations that have been previously 
sampled by systematic TRUS-guided needle biopsy and may interfere with the 
interpretation of mpMRI. If the mpMRI is being performed to evaluate for addi-
tional lesions within the prostate that may be a higher grade than the prostate cancer 
diagnosed on conventional 12-core random biopsy, the mpMRI should be performed 
immediately, as the hemorrhage from the biopsy should not obscure the detection of 
lesions potentially missed on random biopsy. However, if a biopsy-proven lesion 
needs staging to evaluate candidacy for active surveillance, consideration should be 
given to delaying the mpMRI for at least 6 weeks post biopsy to assess for resolu-
tion of the hemorrhage [86].

3.6  Interpretation of Prostate MRI in the Setting of Active 
Surveillance

Unlike the American College of Radiology Breast Imaging Reporting and Data 
System (BI-RADS), PI-RADS does not delineate a separate category or interpre-
tation in the setting of known malignancy. Therefore, it is important for the reader 
to carefully examine each MRI in the setting of active surveillance for the 
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development of new suspicious lesions. While many prostate MRIs are performed 
for the detection of lesions in the setting of an elevated PSA, patients on active sur-
veillance undergo repeat MRIs and particular attention must be given to changes 
that develop in the time interval between scans. Similar to the initial interpretation, 
knowledge of PSA values and their stability is particularly helpful to the reader.

The vast majority of patients being considered for active surveillance in cur-
rent clinical practice harbor Gleason 6 disease. It is well-established that prostate 
MRI is not sensitive for the detection of Gleason 6 cancer, but has a high negative 
predictive value for ruling out clinically-significant prostate cancer (Gleason ≥7) 
[87, 88]. As such, prostate MRI has been shown to be helpful in the detection and 
characterization of higher-grade, clinically-significant prostate cancer [89]. 
Prostate MRI, therefore, has a pivotal role in determining the eligibility of a 
patient for active surveillance by noninvasively excluding under-sampling of 
potentially clinically- significant prostate cancer [68]. Studies have also demon-
strated that prostate MRI outperforms serum PSA values in the detection of prostate 
cancer [90].

Various studies have explored the utility and value of prostate MRI for predicting 
disease course, particularly for those patients with Gleason 6 prostate cancer on 
active surveillance [81]. Risk-prediction models and nomograms have been pro-
posed, which integrate MRI findings with PSA values and PSA densities [69]. A 
major advantage to monitoring patients on active surveillance with prostate MRI is 
the potential decreased number of repeat biopsies needed to ensure stability, with 
some studies estimating the potential reduction to be up to 68% [80]. A stable pros-
tate MRI is associated with a stable Gleason score and provides a noninvasive con-
firmation of disease stability to allow a patient to continue on active surveillance 
[84, 91].

Because many patients considered for active surveillance most commonly harbor 
Gleason 6 prostate cancer, their prostate MRI often does not demonstrate a highly 
suspicious (PI-RADS 4 or 5) lesion. Frequently, the known cancer is classified as 
PI-RADS 3 or intermediate suspicion for clinically significant prostate cancer. For 
example, in the peripheral zone of the prostate gland, these lesions may have an 
obvious T2-weighted signal abnormality but only mild or questionable restricted 
diffusion, rendering them intermediate suspicion (Fig. 3.1). Again, the major utility 
of prostate MRI in the initial assessment of a patient for active surveillance is the 
exclusion of under-sampled clinically-significant lesions which would prompt 
definitive treatment (Fig. 3.2). In the follow-up setting, a stable MRI appearance of 
the prostate would allow patients to continue on active surveillance, whereas the 
presence of a new suspicious lesion or suspicious change in the known prostate 
cancer may prompt a biopsy (Fig. 3.3). It is also important for the prostate MRI 
interpreter to understand the treatment that the patient is on (if any), as research 
shows that dutasteride results in increases in tumor ADC and decreased lesion con-
spicuity [92]. In addition to careful inspection of the prostate gland on MRI, close 
attention must be given to the pelvic lymph nodes and seminal vesicles, as they 
frequently are the first site of metastases in patients whose prostate cancer has 
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progressed (Fig. 3.4). Again, knowledge of serum PSA is extremely helpful and a 
 significant increase in serum PSA in patients on active surveillance should prompt 
high suspicion for progression of disease.

3.7  Potential Role of Prostate MRI for MRI-US Fusion 
Biopsies

As stated previously, prostate MRI plays an essential role in the initial determi-
nation of active surveillance eligibility by ensuring that the most suspicious lesion 
has been adequately sampled. However, in the setting of suspicious lesion 

Fig. 3.1 Sixty-nine-year-old male with history of elevated PSA and prior negative systematic 
biopsy. The patient’s most recent PSA was 9.0. mpMRI demonstrates a left posterior lateral mid 
gland moderately hypointense lesion on T2-weighted images (a, red arrow) with corresponding 
moderate hypointensity on ADC (c, red arrow) and mild hyperintensity on high b-value DWI 
(d, red arrow). This lesion did not demonstrate corresponding abnormal perfusion (b, red arrow) 
and is consistent with PI-RADS 3, intermediate suspicion for clinically significant prostate cancer. 
The patient underwent MRI-US fusion biopsy with this target yielding prostatic adenocarcinoma, 
Gleason score 3 + 3 = 6 (grade group 1), involving 2 cores (20%, 10%)
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under-sampling, MRI-US fusion-guided biopsies can be performed. Regardless of 
the eligibility of the patient for active surveillance, MRI-US fusion-guided biopsies 
have been shown to increase the detection of clinically-significant prostate cancer 
and decrease the detection of clinically-insignificant prostate cancer [93]. A study 
examining the addition of MRI-US fusion-guided biopsy to a standard 12-core 
biopsy demonstrated a significant increase (approximately 30%) in the number of 
men who were ineligible for active surveillance [94]. Additionally, MRI-US fusion- 
guided biopsies allow for potential electronic tracking of tumor sites and for 
repeated sampling of the same clonal tumor focus [95, 96]. If a patient is being 

Fig. 3.2 Sixty-six-year-old male with history of elevated PSA (9.85) and systematic biopsy with 
Gleason 3 + 3 = 6 (grade group 1) in the left apex and left lateral apex (involving less than 5% of 
one core and discontinuously involving 60% of one core, respectively). mpMRI obtained to further 
assess suitability for active surveillance demonstrates a left base anterior transition zone lesion that 
is non-circumscribed, homogeneous, and moderately hypointense on T2-weighted images (a, red 
arrow). This lesion measures 1.2 cm in greatest dimension and has focal moderate hypointensity 
on ADC (c, red arrow) and mild hyperintensity on high b-value DWI (d, red arrow). This lesion 
also demonstrates asymmetric abnormal perfusion (b, red arrow) and is PI-RADS 4, high suspi-
cion for clinically significant prostate cancer. The patient underwent MRI-US fusion biopsy with 
this target yielding prostatic adenocarcinoma, Gleason score 3 + 4 = 7 (grade group 2), involving 
two cores (90%, 90%)

3 Role of Prostate MRI in the Setting of Active Surveillance for Prostate Cancer



60

considered for focal treatment of their prostate cancer, MRI-US fusion-guided biop-
sies can help characterize the desired lesion and assist in treatment planning [86].

MRI-US fusion-guided biopsies play a significant role in the active surveillance 
treatment algorithm. MRI-US fusion-guided biopsies have been shown to outper-
form standard 12-core systematic biopsies and demonstrate a correlation between 
tumor volume and highest percentage of cores involved and core tumor length [97]. 
For patients on active surveillance, MRI-US fusion-guided biopsies almost doubled 
the detection of progression compared to standard 12-core systematic biopsies. 
Further, progression on mpMRI was the sole predictor of pathological progression 
in patients on active surveillance [79]. Prostate MRI demonstrates the potential to 

Fig. 3.3 Seventy-year-old male on active surveillance with small volume Gleason 6 disease in the 
right base and right mid-gland diagnosed on systematic biopsy. The patients most recent PSA was 
7.3, which is up from prior 4.8, prompting mpMRI. mpMRI demonstrates a left mid gland poste-
rior lateral peripheral zone lesion with focal, marked hypointensity on ADC (c, red arrow) and 
marked hyperintensity on high b-value DWI (d, red arrow). This lesion measures greater than 
1.5  cm, is hypointense on T2-weighted images (a, red arrow) and demonstrates corresponding 
abnormal perfusion (b, red arrow). This lesion is very high suspicion for clinically significant 
prostate cancer (PI-RADS 5) and has extracapsular extension. The patient underwent MRI-US 
fusion biopsy with this target yielding prostatic adenocarcinoma, Gleason score 4 + 3 = 7 (grade 
group 3), involving 30% of one core and Gleason score 3 + 4 = 7 (grade group 2), involving two 
cores (20%, 50%). Perineural invasion was present
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Fig. 3.4 Sixty-nine-year-old male presents for evaluation of elevated PSA of 7.3, previously 4.0. 
The patient is biopsy naïve. Left mid to base posterior medial peripheral zone lesion with focal 
marked hypointensity on ADC (c, red arrow) and marked hyperintensity on high b-value DWI 
(d, red arrow). This lesion measures greater than 1.5 cm and is homogeneously hypointense on 
T2-weighted images (a, red arrow) with abnormal perfusion (b, red arrow). This lesion is very high 
suspicion for clinically significant prostate cancer (PI-RADS 5) and has extracapsular extension 
(e, red arrow) with involvement of the seminal vesicles (f, red arrow). The patient underwent 
12-core extended sextant TRUS-guided prostate biopsy and MRI/US fusion biopsy of MRI areas 
of suspicion. The target lesion in the left posterior medial peripheral zone base, including the semi-
nal vesicle, yielded prostatic adenocarcinoma, Gleason score 4  +  3  =  7, involving three cores 
(100%, 80%, 80%). Subsequent radical prostatectomy surgical pathology showed that the bilateral 
seminal vesicles were positive for carcinoma
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decrease the number of unnecessary biopsies for men on active surveillance and 
allows for more targeted sampling of the prostate gland to ensure diagnostic accu-
racy [84]. MRI-US fusion-guided biopsies have been shown to provide actionable 
information in approximately 25% of men [98]. Electronic tracking of prostate 
cancers during active surveillance with MRI-US fusion-guided biopsies has been 
shown to lead to pathologic upgrading more frequently than with non-targeted 
biopsies [99].

3.8  Summary

Active surveillance is a cornerstone of patient management for patients with low- 
risk and some intermediate-risk prostate cancers. An essential aspect of improving 
outcomes, morbidity, and mortality for patients on active surveillance involves care-
ful patient selection. Multiparametric prostate MRI is a valuable tool that can be 
used both for initial evaluation of patients with low-risk and intermediate-risk pros-
tate cancer, targeted biopsies, and serial imaging surveillance. Knowledge of the 
findings that would prompt a change in management and potential withdrawal from 
active surveillance is important for both urologists and radiologists.
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Chapter 4
Evaluation of Prostate Needle Biopsies

Giovanna A. Giannico and Omar Hameed

Abstract The introduction of Prostate Specific Antigen (PSA) screening has 
caused a stage shift in diagnosis of prostate cancer and an increasing number of 
patients receiving early diagnosis. This has led to early detection of limited foci of 
cancer on prostate biopsy, and  clinically insignificant prostate cancer at radical 
prostatectomy. Therefore, current methods for sampling, diagnosing and managing 
prostate cancer have significantly evolved in recent years. In light of recent man-
agement changes and conservative surveillance protocols prompting new handling, 
grading and staging guidelines, the evaluation of prostate biopsy in contemporary 
practice has become pivotal. It is therefore critical to recognize minor foci of can-
cer or atypical glands, and distinguish these from benign mimics that could lead to 
a false positive diagnosis.

In this chapter, current biopsy modalities and imaging techniques, tissue handling 
and recent updates in the interpretation of prostate biopsy will be discussed.
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4.1  Indications for Prostate Biopsy and Sampling Techniques

Prostate cancer is the most common cancer in the US and the second highest cause 
of death expected to occur in men in 2018 [1], and its incidence is increasing due 
to the use of screening methods. Diagnosis of prostate cancer is established by pros-
tate needle biopsies. Serum prostate-specific antigen (PSA) and digital rectal exam-
ination (DRE) are current methods utilized to identify patients at risk of prostate 
cancer who are candidates for biopsy.

Biopsy modalities have evolved with time. The National Comprehensive Cancer 
Network (NCCN) guidelines recommend transrectal ultrasound (TRUS)-guided 
biopsy as sampling modality. Initially introduced as sextant biopsy in 1989 with sam-
pling of apex, mid and base of bilateral prostate lobes in the mid parasagittal plane [2], 
this protocol has subsequently evolved due to false-negative rates exceeding 30%. 
Current standard of care in sampling modality is a 12-core extended sextant biopsy [3, 
4]. This protocol, which targets the peripheral zone of the prostate, an area that har-
bors approximately 70–80% of all prostate cancers, significantly enhances diagnosis 
of cancer by lateral sampling in addition to the standard parasagittal sampling of the 
original sextant protocol. Sampling of transition and anterior zone in cases with per-
sistently elevated PSA may also be considered in addition to the standard protocol. Of 
note, however, studies on the utility of additional anterior sampling have demonstrates 
only marginal improvement in cancer detection rates [5], and performance in detect-
ing prostate cancer is not significantly increased by sampling >12 cores [3, 6–8].

In an attempt to decrease the rate of false negative biopsies, more extensive 
biopsy schemes have been proposed. Saturation [9, 10], transrectal or transperineal 
biopsies aim to improve cancer detection rates in patients at increased risk of pros-
tate cancer with previously negative biopsies [11] and accurately predict tumor 
volume and grade in patients with known prostate cancer  compared with tradi-
tional biopsy schemes. This is carried out by sampling >20 cores with a threshold 
of 22–24 cores arbitrarily set [12]. Transperineal template-guided mapping biopsy 
uses a standard brachytherapy grid with holes 5-mm apart as a template [13–15].

In recent years, multiparametric magnetic resonance imaging (MRI) targeted pros-
tate biopsy has changed the standard practice of prostate cancer sampling. However, to 
date the rationale for its use still awaits validation with clinical trials. In men with an 
elevated serum PSA and a prior negative TRUS biopsy, MRI targeted biopsy has been 
shown to decrease the number of repeat biopsies, improve detection of significant can-
cers, and decrease the number of biopsy cores [16–22]. Current NCCN guidelines sup-
port the use of MRI targeted biopsy in patients with at least one prior negative biopsy.

4.2  Pathologic Evaluation of Prostate Biopsies

The prostate consists of acini composed by glandular structures in a lobular pattern 
embedded within fibromuscular stroma. The acini connect to secretory ducts, lined by 
a low cuboidal epithelium, which becomes transitional when these ducts open into the 
urethra. The glands are lined by secretory cells and are surrounded by basal cells.
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4.2.1  Major Prostatic Morphologic Lesions

Prostatic Adenocarcinoma. The differential diagnosis of prostatic adenocarcinoma 
from benign conditions, particularly in the setting of limited carcinoma may be 
challenging. Major criteria for diagnosis of prostate cancer include: (1) Small glands 
with infiltrative pattern and cribriform glands that are too large and/or irregular to 
represent high grade prostatic intraepithelial neoplasia (HGPIN), a precursor lesion 
of prostatic adenocarcinoma; (2) Nuclear enlargement and nucleolar prominence; 
(3) Single cell layer (loss of basal cells). Minor criteria include: (1) Blue-tinged 
mucinous secretions; (2) Pink amorphous secretions; (3) Mitotic figures; (4) 
Crystalloids; (5) Adjacent high grade PIN; (6) Amphophilic cytoplasm; (7) Nuclear 
hyperchromasia [23] (Fig.  4.1). Perineural invasion, mucinous fibroplasia and 

Fig. 4.1 Criteria for diagnosis of prostatic adenocarcinoma: (a) Infiltrative pattern of prostatic 
adenocarcinoma among benign glands. Note the presence of amphophilic cytoplasm compared to 
the adjacent benign glands, nuclear enlargement and nucleolar prominence; (b) Blue mucin within 
lumina of neoplastic glands; (c) Pink amorphous secretions and crystalloids; (d) Perineural inva-
sion (Original magnification, 10×)
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glomerulations are diagnostic features that are specific for prostate cancer [24]. 
A comprehensive list of benign entities that enter in the diagnosis of prostatic 
adenocarcinoma are listed in Table 4.1 [25, 26].

High Grade Prostatic Intraepthelial Neoplasia (HGPIN). HGPIN is diagnosed 
when cytologic changes similar those seen in adenocarcinoma and visible at 20× 
magnification [27] are identified in architecturally benign glands. HGPIN is a mor-
phologic precursor of prostate cancer, and is found concurrently with prostatic ade-
nocarcinoma in up to 85% of cases [28]. Isolated HGPIN can be identified in 5–8% 
of cases in prostate biopsies without concurrent adenocarcinoma [29]. In this setting, 
the risk of prostatic adenocarcinoma in repeat biopsy is similar to that of the general 
population, i.e. 24.1% [29]. However, several studies have shown that multifocal 
HGPIN, i.e. detected in two or more biopsy cores nearly doubles the risk of cancer 
in a subsequent biopsy [30–33]. In view of radical prostatectomy data showing low 
grade/stage cancer in patients with HGPIN [34], multimodality follow-up with mul-
tiparametric MRI, molecular markers and repeat biopsy at 1 year in selected cases, 
similarly to patients in active surveillance, has been recommended [35].

Table 4.1 Histologic mimics 
of prostate cancer

Anatomic structures
Benign crowded glands
Seminal vesicle/ejaculatory duct
Cowper’s gland
Paraganglion
Verumontanum mucosal glands
Mesonephric gland remnants
Clear cell cribriform hyperplasia
Atrophy
Partial atrophy
Post-atrophic hyperplasia
Reactive atypia
Inflammation
Radiation
Benign prostatic glands with 
radiation effect
Metaplasia
Mucinous metaplasia
Urothelial metaplasia
Benign glandular proliferations
Nephrogenic (adenoma)
Basal cell hyperplasia
Adenosis
Sclerosing adenosis

Adapted from: Srigley JR.  Benign 
mimickers of prostate cancer
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Intraductal Carcinoma (IDC). IDC of the prostate, first described in 1973 [36], 
is the defined by the presence of malignant cells involving pre-existing prostatic 
ducts and acini and surrounded by basal cells. Criteria for morphologic diagnosis of 
IDC include an intraductal proliferation of malignant cells with solid or densely 
cribriform pattern and involving >70% of the ductal/acinar space; in absence of 
these features, a loose cribriform and/or micropapillary proliferation requires 
marked nuclear atypia (6× normal) or necrosis [37]. IDC is associated with high 
grade prostate cancer [38], and is an independent prognostic factor for recurrence 
and mortality [39, 40]. When associated with pattern 4 cribriform adenocarcinoma, 
which often coexists with IDC, it is an independent predictor of biochemical recur-
rence after prostatectomy, while the percent of pattern 4 adenocarcinoma is not [41]. 
Furthermore, in a recent study, the incidence of IDC was strongly associated with 
increasing National Comprehensive Cancer Network (NCCN) risk classes: 2.1% for 
low risk, 23.1% for intermediate risk, 36.7% for high risk, and 56.0% for metastatic 
disease [42]. Intraductal spread of cancer within ducts and acini in a retrograde 
manner should be distinguished from “precursor IDC”, which represents a de novo 
intraductal lesion, unassociated with invasive cancer [43].

4.3  Immunohistochemistry

Although the diagnosis of prostatic adenocarcinoma is based on evaluation of a 
combination of cytologic and architectural features, as discussed above, morphol-
ogy alone may be insufficient, especially in the setting of limited cancer, and immu-
nohistochemistry is commonly used to distinguish adenocarcinoma from benign 
mimickers when evaluating prostate biopsies. The International Society of Urologic 
Pathology (ISUP), the international professional organization for uropathology, rec-
ommends the use of high molecular weight cytokeratin (HMWCK) such as CK5/6 
or 34[beta]E12 and p63 as specific markers for basal cells, and alpha-methylacyl- 
CoA racemase (AMACR) singly or in various cocktail combination [44] (Fig. 4.2). 
Although typically adenocarcinoma lacks expression of basal cell markers, benign 
lesions such as adenosis, atrophy, or benign glands may also demonstrate similar 
basal cell loss [45–48]. Conversely, HMWCK staining in a non-basal distribution 
and aberrant diffuse expression of p63 may occasionally be observed in prostate 
cancer [49–51]. Additionally, AMACR may be positive in 5–21% of benign pros-
tatic glands, [45, 47, 52, 53] and up to 18% of cases of adenosis, [54] which limits 
its specificity for the diagnosis of adenocarcinoma. ETS-related gene (ERG), a 
member of the erythroblast transformation-specific (ETS) family of transcriptions 
factors, located on chromosome 21q22.2 is suggested as an optional marker by the 
ISUP, due to low sensitivity and intratumoral heterogeneity [44] in view of the rela-
tively frequent expression in foci of HGPIN adjacent to adenocarcinoma.

Another clinical setting in which immunohistochemistry may be very useful is in 
the differential diagnosis between primary adenocarcinoma of the prostate and 
secondary malignancy involving the prostate by adjacent spread or metastasis. 

4 Evaluation of Prostate Needle Biopsies



74

PSA and PSAP have been widely used in the past. However, poorly high grade/poorly 
differentiated prostatic adenocarcinomas may not express PSA, and androgen 
deprivation treatment may decrease PSA secretion as well. P501S, PSMA and 
NKX3.1 are recommended markers that may be performed when staining for PSA 
is equivocal [44].

4.4  Grading of Prostatic Adenocarcinoma

The current histologic grading system was developed by Donald Gleason in 1966 
[55]. This system assigned a grade on a scale from 1 to 5 based on the two most 
dominant histologic architectural patterns observed at low power (4× or 10×). The 
introduction of PSA screening since the late 1980s has changed the current prac-
tices of diagnosing and treating prostate cancer with a striking decline in the rate of 
metastatic cancer by 50% [56] and with a 20% decline in prostate cancer deaths 
[57]. This has prompted the need for a revision of the grading system as originally 
developed by Gleason. Specifically, current practices in the era of “insignificant 
“tumors require the use of extended biopsy protocols compared to a few biopsy 
cores in the Gleason’s era of palpable tumors. Gleason’s work was based on 
morphology alone prior to the introduction of immunohistochemistry for detection 

Fig. 4.2 Immunohistochem-
istry with an antibody 
cocktail of two basal cell 
markers (p63, nuclear and 
HMWCK, cytoplasmic, 
brown) and a cytoplasmic 
marker preferentially 
expressed in prostatic 
adenocarcinoma (AMACR, 
red). Basal cells are present in 
benign glands and are lost in 
foci of adenocarcinoma 
(Original magnification, 10×)
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of basal cells, with some of the originally described grading patterns 1 and 2 likely 
representing adenosis or partial atrophy [58]. Additionally, recent studies have high-
lighted the adverse outcome of cribriform pattern, originally classified as pattern 3, 
requiring a grade shift of cancers with such morphology toward pattern 4 or intra-
ductal carcinoma [40, 59]. Furthermore, the role of tertiary grades was not addressed 
by Gleason in his seminal work. Revisions of the original Gleason grading system 
occurred in 2005 and, more recently in 2014 based on the work of the ISUP 
(Figs. 4.3 and 4.4). In the most recent 2014 consensus conference, which included 
pathologists, urologists, and urologic medical and radiation oncologists, a multidis-
ciplinary update on the Gleason Grading system was proposed. This was  subse-
quently endorsed by the World Health Organization (WHO) Classification of 
Tumors of the Urinary and Male Reproductive System and the American Joint 
Committee on Cancer (AJCC) TNM staging manual. Important changes in the 
Gleason grading system and grading of variant morphologies are illustrated in 
Table 4.2 and Figs. 4.3 and 4.4. An important change discussed in the 2014 ISUP 
Consensus Conference was the introduction of a new grading system. The original 
and 2005 modified Gleason grading systems were assigned based on morphologic 
criteria. The new Grade Group grading system, developed utilizing grade stratifica-
tion based on prognostic significance rather than morphology, introduces categories 

Fig. 4.3 Diagrams of morphologic patterns of prostatic adenocarcinoma. Original Gleason’s 
description (left panel), and 2014 modified International Society of Urologic Pathology grading 
(right panel). Reprinted from Epstein et al. [68] with permission from Wolters Kluwer Health, Inc. 
Copyright 2017 Copyright Clearance Center Inc. All permission requests for this image should be 
made to the copyright holder
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Fig. 4.4 Morphologic features of prostate cancer grading. (a) Circumscribed nodule of Gleason 
pattern 1 with back-to back neoplastic glands with uniform size and shape; (b) Circumscribed 
nodule of Gleason pattern 2. Note mild variation in shape and size of the glands; (c) Gleason pat-
tern 3 adenocarcinoma with regularly spaced although dense small well-formed glands; (d) Poorly 
formed glands of Gleason pattern 4; (e) Glomeruloid pattern 4. Note intraluminal projections of 
tumor nodules mimicking a renal glomerulus; (f) Cribriform pattern 4; (g) Single cell pattern of 
Gleason 5; (h) Solid sheets of Gleason pattern 5; (i) Comedonecrosis in Gleason pattern 5 (Original 
magnification, 10×)
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Table 4.2 Modified ISUP Gleason grading systems

2005 ISUP modified Gleason grading 
system

2014 ISUP modified Gleason grading system

Gleason pattern 1
  Should not be diagnosed: most cases likely 

represent adenosis
Gleason pattern 2
  Should rarely, if ever diagnosed on biopsy
Gleason pattern 3
  Excludes individual cells
  Excludes cribriform glands with the 

exception of well-circumscribed cribriform 
glands of the same size of normal glands 
with regular contour and round evenly 
spaced lumina

Excludes all cribriform glands

Gleason pattern 4
  Ill-defined glands with poorly formed 

glandular lumina where a tangential section 
of Gleason pattern 3 glands cannot account 
for the histology

  Cribriform glands All cribriform glands, regardless of morphology 
should be assigned a Gleason pattern 4

  Fused glands
  No consensus on grading of glomeruloid 

glands
Glomeruloid glands regardless of morphology 
should be assigned a Gleason pattern 4

Gleason pattern 5
  Solid sheets, cord or single cells
  Comedonecrosis
Grading variants
  Tumors with vacuoles are distinct from true 

signet ring cells and should be graded based 
on underlying architectural patterns

  Foamy gland carcinoma should be graded 
based on underlying architectural patterns

  Ductal adenocarcinoma should be graded 
as Gleason score 4 + 4 = 8. In cases with 
mixed ductal and acinar patterns, the ductal 
patterns should be assigned Gleason 
pattern 4

  Colloid (mucinous) carcinoma with 
cribriform glands should be graded as 
4 + 4 = 8. Grading of cases with discrete 
individual glands was controversial and 
may be graded as 4 + 4 = 8 or 3 + 3 = 6

Grading of mucinous carcinoma should be 
based on its underlying growth pattern rather 
without defaulting to pattern 4

  Small cell carcinoma should not be 
assigned a Gleason grade

(continued)
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Table 4.2 (continued)

2005 ISUP modified Gleason grading 
system

2014 ISUP modified Gleason grading system

  Focal mucinous extravasation should be 
ignored and the tumor should be graded 
based on the underlying glandular 
architecture

  Mucinous fibroplasia should subtract away 
tumor should be graded based on the 
underlying glandular architecture

  The grading of glomeruloid structures was 
controversial and may be graded as 
4 + 4 = 8 or 3 + 3 = 6

  Pseudohyperplastic adenocarcinoma should 
be graded as Gleason score 3 + 3 = 6

Grading of needle core biopsies
In the setting of high-grade cancer, lower- 
grade patterns should be ignored if <5% of the 
tumor
Any amount of high grade tumor should be 
included in the Gleason grade. Consequently, 
tertiary grades are dropped and primary 
pattern and the highest grade should be 
recorded
Assign individual Gleason scores to separate 
cores submitted in separate containers or in 
the same container with individual site 
designation (ie, by different color inks)
No consensus on grading different cores with 
different grades from same specimen 
container without site designation
Give an overall score for multiple fragmented 
cores in the same container
Reporting percent pattern 4/5 is optional Reporting percent pattern 4 is recommended
Grading of radical prostatectomy
In the setting of high-grade cancer, lower- 
grade patterns should be ignored if <5% of the 
tumor
Gleason score based on the primary and 
secondary patterns
Assign a separate Gleason score to each 
dominant tumor nodule(s) with a comment on 
the tertiary pattern
Reporting percent pattern 4/5 is optional Reporting percent pattern 4 is recommended

(continued)
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from 1 to 5 based on Gleason grading and outcome data of biochemical recurrence 
free survival (Fig. 4.5). Therefore, Grade Groups 1–5 refer to Gleason scores ≤6, 
3 + 4 = 7, 4 + 3 = 7, 4 + 4 = 8 and grades 9–10 with a corresponding BCR-free sur-
vival after RP of 97%, 88%, 70%, 64%, and 34%, respectively. This grading system 
was developed based on data from 7869 patients [60], and recently validated on a 
larger multicenter study [61]. The updated grading system has been incorporated 
into the recently updated College of American Pathologists (CAP) Cancer Protocols 
and the 8th edition of the AJCC staging manual.

Table 4.2 (continued)

2005 ISUP modified Gleason grading 
system

2014 ISUP modified Gleason grading system

Tertiary pattern
Not applicable to biopsies
Report in radical prostatectomies The preferred term for tertiary pattern is “minor 

high grade pattern”. It should only be used in 
the logical scenario when there are 3 grade 
patterns, such as with 3 + 4 = 7 or 4 + 3 = 7 
with <5% Gleason pattern 5 at radical 
prostatectomy. No cut off addressed

Intraductal carcinoma
Not discussed Intraductal carcinoma should not be assigned a 

Gleason grade

ISUP International Society of Urologic Pathology

Fig. 4.5 New prognostic prostatic adenocarcinoma grade groups and biochemical recurrence-free 
survival. Reprinted from Epstein et  al. [68] with permission from Wolters Kluwer Health, Inc. 
Copyright 2017 Copyright Clearance Center Inc. All permission requests for this image should be 
made to the copyright holder

4 Evaluation of Prostate Needle Biopsies



80

4.5  The Concept of “Limited Carcinoma”

Despite the persistent controversy about PSA screening effect on mortality, as 
emerged with the contrasting results of the Prostate, Lung, Colorectal, and Ovarian 
Cancer Screening Trial [62] and the European Randomized Study of Screening for 
Prostate Cancer [57] trials, the former showing no difference in mortality with PSA 
screening, the latter suggesting reduced prostate cancer mortality by 20%, the most 
significant effect of PSA screening has been that of a stage migration. However, this 
has led to overdiagnosis and overtreatment of potentially indolent (“insignificant”) 
cancer at low risk for progression [63]. In recent years, active surveillance (AS) of 
prostate cancer with PSA monitoring and periodic repeat biopsies has emerged as a 
potential management strategy for indolent cancer with the intent of avoiding 
unnecessary radical surgical treatment. Risk stratification for inclusion in AS proto-
cols is based both on clinical and pathologic characteristics such as PSA, clinical 
stage, pathologic grading, number of biopsy cores with cancer, and extent of cancer 
in any core. Therefore, histologic evaluation of prostate biopsy has a central role in 
management of patients with prostate cancer. However, histologic evaluation 
becomes challenging in the setting of minute foci of cancer (“minimal” or “limited” 
adenocarcinoma), where differentiation from benign mimickers becomes crucial. 
“Minimal” or “limited” adenocarcinoma has been defined as the presence of few 
malignant glands on biopsy, measuring less than 1 mm in length and occupying less 
than 5% of needle core tissue [64, 65]. A minimal number of 2–20 glands has also 
been suggested [23, 26, 64–66] for this definition. Limited carcinoma on biopsy 
does not necessarily equate with insignificant cancer on radical prostatectomy.

4.6  Specimen Handling

4.6.1  Number of Cores per Specimen Container

The number of biopsy cores submitted in each individual specimen container greatly 
affects the quality of tissue processing and subsequent pathologic interpretation. 
Tissue may be received as single cores in 12 or more site-specific individually labeled 
containers, or in six containers, each containing two cores representing sextant sites, 
or in two containers each containing six cores representing the right and left sides. 
Several issues are associated with single or multiple core placement in individual 
jars. Current active surveillance protocols require core-specific quantification of 
tumor grading and extent of individual core involvement, which may be best and 
more accurately evaluated when individual cores are separately submitted in site-
specific labeled containers. When multiple cores are submitted in the same container 
without site-specific designation, individual grading of each core or global grading 
of the entire specimen could be applied. However, issues with both grading 
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approaches were discussed at the 2005 consensus meeting, and in a recent update to 
the 2014 ISUP meeting [58, 67, 68]. Specifically, applying a separate grading in 
multiple biopsy cores has significant repercussions in the event, e.g. of one core 
showing 3 + 3 = 6 and another core showing 4 + 4 = 8. Assigning a specific grade to 
individual cores would diagnose 4 + 4 = 8, while assigning an overall grade would 
diagnose 3 + 4 = 7 or 4 + 3 = 7 with significant undergrading the final specimen as a 
result. Polling at the 2014 ISUP conference showed that 45.2% of participants 
reported each positive core, 17.7% reported each positive specimen jar, and 3.2% 
reported the average grade for the entire case. In view of previous studies showing 
different prognostic significance with grading individual cores versus assigning an 
overall grade, the recommendation from the 2014 update to the meeting was to 
“assign individual Gleason scores to separate cores as long as the cores are submitted 
in separate containers or the cores are in the same container yet specified by the 
urologist as to their location, i.e. by different color inks. In cases where there are 
different undesignated cores with different grades in the same specimen container, 
it is optional whether to assign individual grades to different cores or a global grade 
for the specimen container” [58, 67, 68].

Another issue related to the modality of tissue submission is that of fragmenta-
tion. Fragmentation may be the result of numerous factors. Operator expertise 
(inclusion of periprostatic adipose tissue when biopsy is aimed at outer peripheral 
zone), tissue characteristics (cystically dilated glands), transportation (entrapment 
of tissue in biopsy sponges), gross handling or embedding in the pathology labora-
tory are among the most common issues that may affect fragmentation. Fragmentation 
has also been directly associated with the number of cores per container [69, 70], 
and equivocal diagnoses have been less frequently rendered with specimens 
submitted in 6–12 containers compared with those submitted in 1–2 containers [71]. 
Of note, an average length of 1.15 cm of tissue, corresponding to an average-length 
prostate biopsy may be lost during processing when including three biopsy cores in 
the same cassette [72]. Multiple biopsies in the same container may also result in 
loss of 40% of the tissue surface area with only a 5-degree shift in the angle of the 
needle biopsy within the tissue block [73].

Complementary to the issue of fragmentation is that of site-specific individual 
core submission. Previous studies have shown that the rate of detecting carcinoma 
in the same sextant site is between 48% and 57% and up to 85% if adjacent sextant 
sites are included when targeting the same area(s) with prior diagnosis of atypia 
suspicious for carcinoma [12]. Furthermore, in recent years and with the availability 
of focal therapy (a recently emerging ablation treatment of the dominant or index 
lesion for localized prostate cancer) location of cancer site becomes more critical 
[74]. As a result, site-specific submission of prostate tissue may allow for risk strati-
fication and management during follow-up of men on active surveillance or under-
going conservative treatment strategies [75] (see below for details). Although 
recognizing that single-core site-specific labeled submission is ideal, the CAP 
reports that “2 core submission is acceptable” (Version 4.0.0.0), an approach that is 
also endorsed by the American Urological Association.
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4.6.2  Length of Biopsy Core

The length of biopsy core is an important factor for cancer detection and assessment 
of percent of core involvement. Several studies have addressed the impact of longer 
cores on cancer detection [76–79], and an average length of prostatic needle biop-
sies measured on glass slide >10 mm has been proposed among quality indicators 
[80]. Core lengths of at least 11.9 and 13 mm have been shown to represent the best 
cutoff for quality assurance [81].

4.7  Prostate Biopsy Pathologic Reporting

The CAP has recently updated the specimen reporting guidelines (Version 4.0.0.0) 
to incorporate recent changes from the 2014 ISUP consensus conference and 2016 
WHO classification. Reporting of individual cores when more than one core is 
submitted in the same jar is recommended if the cores are individually labeled, as 
mentioned above. When multiple unlabeled cores are submitted in the same jar, 
individual or aggregate reporting of cores is optional.

Gleason score should be provided for all carcinomas with the exception of cases 
with treatment effect. The Gleason score represents the sum of the most predomi-
nant pattern and the second most predominant pattern. Tertiary patterns are not 
provided when grading needle core biopsies. Rather, a tertiary pattern with a higher 
grade is reported as secondary pattern independently of the tumor amount. 
Conversely, if a minor secondary pattern of lower grade tumor should be dismissed. 
When only one pattern is present, the final score should double the grade present. 
The new grade grouping should accompany the Gleason grade system.

Reporting percent of pattern 4 for cases with Gleason grades 3  +  4  =  7 and 
4 + 3 = 7 is also required. Recording the percent of pattern 4 in grade groups higher 
that 3 or the percent pattern 5 is optional. The CAP also recommends reporting the 
number of positive cores. This does not apply with core fragmentation, where an 
accurate count cannot be provided. Furthermore, the linear length and percent of 
core involvement by tumor, including intervening stroma for discontinuous foci of 
tumor should be recorded. Finally, the biopsy should indicate presence of extrapros-
tatic extension, perineural invasion and HGPIN.

4.8  Conclusions

The introduction of PSA screening has significantly modified the approach to diagnosis 
and management of prostate cancer but overdiagnosis and overtreatment of “insignifi-
cant” prostate cancer remain a problem. This is particularly important in view of the 
uncertain benefit of PSA screening on mortality. Future studies focusing on understand-
ing the genomic signature of aggressiveness of prostate cancer are warranted.

G. A. Giannico and O. Hameed
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Chapter 5
Multiparametric MRI and MRI/TRUS  
Fusion Guided Biopsy for the Diagnosis 
of Prostate Cancer

Viktoria Schütz, Claudia Kesch, Svenja Dieffenbacher, David Bonekamp, 
Boris Alexander Hadaschik, Markus Hohenfellner, and Jan Philipp Radtke

Abstract
Purpose of this chapter To demonstrate the timing, benefits, limitations and current 
controversies of multiparametric magnet resonance imaging (mpMRI) combined with 
fusion guided biopsy and consider how additional incorporation of multivariable risk 
stratification might further improve prostate cancer (PC) diagnosis.

Recent findings MpMRI has been shown to add important information to the diag-
nostic pathway for prostate cancer. Fusion biopsy has also shown advantages in 
comparison to standard practice for biopsy-naïve men and men with previous biopsy 
in large prospective studies providing level 1b evidence. Adding upfront multivari-
able risk stratification followed by or combined with mpMRI diagnostic accuracy 
can further be improved. Regarding active surveillance (AS), mpMRI in combina-
tion with fusion biopsy can support initial candidate selection and may help to mon-
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itor disease progression. However, mpMRI and fusion biopsy are not without failure 
and conflicting data exists to what extend (systematic) biopsies can be omitted.

Summary The integration of mpMRI into the diagnostic pathway for PC can add 
important information for further decision making, yet more prospective and ran-
domized data is needed to establish reliable procedure standards after mpMRI 
acquisition.

Keywords mpMRI fusion guided biopsy · Multiparametric MRI · Prostate biopsy · 
Prostate cancer · Prostate MRI · Risk calculations

Abbreviations

ADC Apparent diffusion coefficient
AS Active surveillance
AUC Area under the curve
DRE Digital rectal examination
ERSPC European randomized study of screening for prostate cancer
GS Gleason score
mpMRI Multiparametric magnet resonance imaging
NPV Negative predictive value
PCa Prostate cancer
PPV Positive predictive value
PSA Prostate specific antigen
ROC Receiver operating characteristics
SB Systematic biopsy
sPCa Significant prostate cancer
TB targeted mpMRI fusion biopsy
TRUS Transrectal ultrasound

Key Points: MpMRI is increasingly used in the diagnostic pathway for prostate 
cancer. However, further discussion on how to best integrate mpMRI and fusion 
guided biopsy into the diagnostic pathway is required.

• MpMRI significantly outperforms standard 12 core TRUS biopsy for detection of 
significant prostate cancer. It can therefore be used as an upfront screening test.

• Combining mpMRI and clinical parameters in a multivariable risk model further 
improves diagnostic accuracy.

• There is not yet enough evidence to recommend for or against a standard biopsy 
(SB) or repeat biopsy in the case of unsuspicious mpMRI or negative pre-biopsy. 
Until a standard procedure is established decisions need to be made individually.

• Men under active surveillance benefit from mpMRI for both, initial risk stratifi-
cation and follow-up.
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5.1  Introduction

The goal of an accurate diagnostic pathway for prostate cancer (PCa) is the detec-
tion of significant disease and on the other hand avoiding the detection of indolent 
PCa, which can lead to overtreatment and increased patient morbidity. Standard 
screening parameters such as prostate specific antigen (PSA) and digital rectal 
examination (DRE) as well as the standard diagnostic 12-core transrectal ultrasound 
(TRUS) biopsy do not provide sufficient sensitivity and specificity to meet these 
goals [1–3].

The implementation of multiparametric magnet resonance imaging (mpMRI) 
combined with fusion biopsy helps to solve this dilemma and increases diagnostic 
accuracy. However, while increasingly being used in the clinical routine and already 
being recommended by several urologic societies there is still room for discussion 
on how to best integrate mpMRI and fusion biopsy into the diagnostic pathway for 
PCa [4–6]. According to current literature, this chapter aims to discuss the timing, 
benefits, limitations and current controversies of mpMRI and fusion biopsy and 
consider how additional incorporation of multivariable risk stratification might 
further improve PCa diagnosis.

5.2  Using mpMRI as an Upfront Screening Tool

Recently several studies were conducted to evaluate the use of mpMRI as an upfront 
screening tool. Especially the prospective, multicentric PROMIS study represents a 
landmark for the use of mpMRI and fusion biopsy in biopsy naïve men [3]. As a 
reference test template mapping biopsies were used. With a sensitivity of 93% for 
the detection of significant prostate cancer (sPCa) and a negative predictive value 
(NPV) of 89% versus 48% and 74% using 12-core TRUS biopsy, mpMRI is consid-
ered a useful tool to select men under suspicion for PCa due to elevated PSA or 
abnormal DRE [3]. Taking mpMRI into consideration could spare 27% of men from 
primary biopsy while missing only 7% of sPCa presuming the applied biopsy strat-
egy would yield the same detection rate as a template mapping strategy. Similar 
results showing the limitations of a standard TRUS biopsy were found by Porpiglia 
et  al., who conducted a trial randomly assigning patients to standard TRUS or 
mpMRI fusion biopsy and found that the mpMRI based diagnostic pathway had a 
significantly better performance than the standard way [7]. One study that should 
especially be mentioned is the PRECISION study which was recently published in 
the New England Journal of Medicine. A total of 500 men were randomized of 
which 252 underwent MRI-targeted biopsy while the other 248 men received a 
standard TRUS biopsy. Not only was there a higher percentage of significant PCa 
detected in the fusion biopsy group (38% vs. 26%) but at the same time the percent-
age of men with clinically insignificant cancer was also lower than in the standard-
biopsy group [8]. This study highlights the superiority of MRI fusion-biopsy 
compared to a standard TRUS biopsy.

5 Multiparametric MRI and MRI/TRUS Fusion Guided Biopsy for the Diagnosis…
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On the other hand one can argue – as did Matthew Cooperberg – that the overall 
detection rate of prostate cancer is similar in MRI-biopsy as in TRUS-biopsy. There 
also remains the question on how to define “clinically significant” prostate cancer 
which is not consistent among different papers [9]. One further aspect is that one 
cannot foresee the development of a low-risk carcinoma. By non-diagnosis of so 
called non “clinically significant” prostate cancer one might miss low-risk carci-
noma which can develop into more aggressive disease.

There have been attempts to combine mpMRI with clinical parameters for mul-
tivariable risk stratification to further improve diagnostic accuracy. Especially PSA 
is of importance. Adding PSA density helps to increase the NPV of mpMRI. Data 
from Distler et  al. and Washino et  al. support abstaining from biopsy in case of 
unsuspicious mpMRI and low PSA density (<0.15 ng/mL/mL) [10, 11]. For biopsy 
naïve men only, Thompson et al. reported an increase in the area under the curve 
(AUC) in receiver operating characteristics (ROC) analysis from 0.78 to 0.88 by 
combining PSA, prostate volume and age with PIRADS [12]. Radtke et al. devel-
oped a risk model based on PSA, prostate volume, DRE, age and PIRADS with an 
area under the curve (AUC) of 0.83 for biopsy-naïve men to optimize the prediction 
of non-invasive sPCa-risk. This model helps to advise for or against a prostate 
biopsy [13]. In a similar approach van Leeuwen et al. used PSA, prostate volume, 
DRE, age, previous biopsy and PIRADS for their risk model and found and AUC of 
0.88 versus 0.80 without taking mpMRI into account [14]. While the different AUCs 
of these studies can be explained by including (s)PCa prevalence, mpMRI- 
parameters and slightly different variables, they all show a significant net benefit of 
including mpMRI.  This demonstrates the importance of mpMRI as a primary 
screening tool. But it should be kept in mind that all these models are still based on 
biopsy indications which were based on PSA or DRE deviation compared from 
standard screening threshold values. In a pilot study evaluating three different 
screening strategies—subjects with PSA ≥ 3 ng/ml + systematic biopsy (SB), sub-
jects with PSA ≥ 3 ng/ml + mpMRI + TB and subjects with PSA ≥ 1.8 ng/ml—
Grenabo Bergdahl et al. found a screening strategy using a lowered PSA cut-off 
≥1.8 ng/ml in combination with mpMRI and TB to be most accurate in detecting 
significant cancer while avoiding unnecessary biopsies [15].

The high costs of mpMRI and the financial impact this might have on health care 
systems are still a major concern regarding mpMRI as a standard screening tool. 
Faria et al. looked into this question by analyzing data on cost effectiveness derived 
from the PROMIS study [3, 16]. They showed that a diagnostic pathway using 
mpMRI first and then up to two MRI-targeted biopsies detects more sPCa per pound 
spent than a strategy using 12-core TRUS biopsy first (sensitivity = 0.95 vs 0.91) 
and is cost effective (8350 €/QALY gained]) [16]. Contrary Alberts et al. evaluated 
a pathway which first calculates the risk of having sPCa by the use of the ERSPC 
risk calculator 4, based on the fifth European Randomized study of Screening for 
Prostate Cancer (ERSPC) screening round [17]. They then only perform mpMRI 
and biopsy in subjects with a risk ≥20% [17]. This approach would avoid 65% of 
mpMRIs or standard TRUS biopsies and therefore save money, but on the other 
hand 17% of sPC are missed [17]. One other aspect to keep in mind regarding cost 
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efficiency is the money saved by avoiding further treatment. Even though mpMRI 
and fusion biopsy come with higher costs compared to a standard TRUS biopsy a 
more accurate diagnosis can also result in an overall more cost-effective strategy as 
expenses for further treatment such as surgery or radiotherapy can be avoided. Also, 
if MRI and fusion biopsy are performed at centers with high patient volume costs 
can be further decreased as a more standardized and routine treatment can reduce 
costs in the future.

5.3  Incorporation of MPMRI Fusion Guided Biopsy 
into Risk Modeling for Prostate Cancer

A very interesting aspect which shows the accuracy of the mpMRI is that compared 
to RP-specimen, mpMRI detects 85–95% of index-lesions and significant PCa 
(sPCa) [18, 19]. Targeted biopsy (TB), mostly used in a fusion biopsy setting, of 
suspicious mpMRI-lesions improves the detection of sPCa by 30% [20].

To identify men with sPCa and at the same time avoiding unnecessary biopsies, 
multivariable risk-based approaches have been introduced [21–23]. A risk calcula-
tor based on European Randomized Study of Screening for PC (ERSPC) data was 
developed to put a number on the risk for sPCa. Roobol et al. demonstrated that 
33% of standard biopsies can be omitted in men who are at risk of PCa below 
12.5% [23]. However, recent RC do not include MRI data. TB of mpMRI-suspi-
cious lesions alone is a promising strategy to reduce overdetection of insignificant 
disease, but at the same time MRI-invisible sPCa can be missed [20, 24–26]. In 
contrast to the approach proclaimed by Alberts et  al., Radtke et  al. and van 
Leeuwen et  al. therefore added pre-biopsy mpMRI to clinical parameters and 
developed risk calculators to determine an individual sPCa-risk using a validated 
biopsy approach combining fusion guided TB and transperineal systematic satura-
tion biopsies (SB) as reference on the one hand and transperineal mapping and TB 
plus 12-core TRUS on the other hand [13, 14]. Van Leeuwen et al. demonstrated 
that a model combining age, PSA, DRE, prostate volume, a previous biopsy result 
and mpMRI PI-RADS Likert score outperforms the model of clinical parameters 
alone with a discrimination of 0.90 in the Area under the curve of Receiver operat-
ing characteristics (ROC) curve analysis [14]. The internal validation was per-
formed using bootstrapping with 1000 iterations on the cohort of 398 men from St. 
Vincent’s clinic, Sydney, Australia [14]. On external validation in 198 men from 
Royal North Shore Private Hospital, Sydney, Australia, the discrimination of the 
full model slightly decreased to an AUC of 0.86 [14]. Beside the model for biopsy-
naïve men, Radtke et al. internally validated a risk model combining PSA, prostate 
volume, DRE, age and mpMRI PI-RADS Likert scoring for men after previous 
negative biopsy [13]. The model was compared to a validated clinical parameter 
risk calculator (ERSPC RC 4) and PI-RADS and significantly outperformed both 
tools alone [13]. Comparing risk models including mpMRI and clinical parameters 
with risk models that are only based on clinical parameter or PIRADS alone, the 
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accuracy of the decision to perform a biopsy in a patient with the suspicion for 
sPCa can be improved. In conclusion, risk models that include mpMRI are supe-
rior to those risk models not only for men prior to initial biopsy but also for patient 
after previous negative biopsy [13, 14].

One point that must be stressed is that while the detection of significant prostate 
cancer can be made more accurate one should also keep in mind that an unsuspi-
cious mpMRI or a low PIRADS-Score cannot be used as an argument against pro-
ceeding with the biopsy in case of suspicion for prostate cancer. It is argued that 
MRI fusion biopsy can reduce the detection of indolent prostate cancer. On the 
other hand, detecting low-risk prostate cancer can improve patient safety as unnec-
essary treatment can be avoided and disease monitoring can be made more accurate 
and reliable when selecting patients for active surveillance.

5.4  Avoiding mpMRI Fusion Biopsy Failure

Even though mpMRI is shown to add important information to the diagnostic path-
way for sPCa, mpMRI fusion biopsy can also fail. So far four mechanism for the 
potential failure of mpMRI fusion biopsy have been identified:, mpMRI invisible 
cancer, inaccurate sampling, mpMRI reader oversight as well as intralesion Gleason 
Score (GS) heterogeneity [27]. Muthigi and colleagues showed that in 71% of cases 
where SB detected sPCa and TB did not, the cancerous finding was within the sextant 
of the target lesion, confirming the result of Cash et al. who identified inaccurate 
sampling as one of the main reasons for fusion biopsy failure [28]. Similar, Bryk 
and colleagues identified a combination of TB and ipsilateral SB as the best strategy 
to detect sPCa and avoid detection of low risk PCa, comparing TB only, TB and 
ipsilateral SB and TB and contralateral SB in patients with unilateral mpMRI lesion 
using TB and both sided SB as reference [29]. The finding from those two studies 
suggest that inaccurate sampling and intralesion Gleason Score (GS) heterogeneity 
can be avoided by increasing the number of samples taken from the target area. 
On the other hand Porpiglia et al. found that two targeted cores placed in the center 
of the lesion are sufficient to accurately depict the index lesion [30]. More studies 
on this question are needed. Characterized by a repeatedly found negative predictive 
value for mpMRI of 63–98% the mpMRI fusion biopsy failure caused by mpMRI 
invisible cancer can only be solved through additional SB [31, 32]. However, most 
groups combining TB with 12 core SB did not find a significant benefit for the 
detection of sPCa by the combination of both methods over TB alone [20, 33, 34]. 
Contrary to that, Filson et al. found the combined biopsy method to detect signifi-
cant more sPCa than TB or SB alone [35]. This study support our own results, 
which demonstrate a significant increase in the detection of sPCa by combining TB 
and SB, but using a median of 24 SB cores [18]. These controversial results lead to 
the conclusion that the superiority of sPCa detection in a combined biopsy approach 
compared to a TB only approach increases with the amount of SB, but with the risk 
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of also finding significantly more low risk diseases. The question of whether to omit 
SB or not might never get entirely solved and decisions should be made individually 
to biopsy indications and patient’s needs.

One further point regarding the quality and possible reasons for failure of 
mpMRI fusion biopsy is the technique used to carry out the biopsy. A mpMRI 
fusion biopsy can be done by “cognitive fusion” – i.e. the urologist focuses during 
the biopsy on areas suspicious in the MRI. Another more expensive version is to 
use software – offered by different providers – to directly project the lesion onto 
the ultrasound image. A third technique and the most expensive one is to perform 
an in-bore biopsy in an open MRI. On the other hand, using this approach system-
atic biopsies are more difficult to perform. Also, there have not been many studies 
comparing these different approaches to mpMRI fusion biopsy [9]. So far, a clear 
recommendation on the most accurate method to be used for mpMRI fusion biopsy 
cannot be made.

5.5  MpMRI Fusion Guided Biopsy in Men Requiring 
a Repeat Biopsy

Men with prior negative biopsy and ongoing suspicion for PCa represent a patient 
group which needs to be monitored closely. Due to prior sampling overall disease 
prevalence is reduced compared to a biopsy-naïve population, but those patients 
presenting with ongoing suspicion for PCa suffer due to limited NPV of 12 core 
TRUS biopsy. MpMRI has been shown beneficial in various studies to monitor tis 
patient group and should therefore be recommended in a repeat biopsy setting [4–6]. 
Most recent studies analyze these patients as a subgroup of a larger cohort, but some 
works pay special attention to this patient group: equivalent to the PROMIS study 
Simmons et  al. evaluated the diagnostic accuracy of mpMRI in men requiring a 
repeat prostate biopsy (PICTURE study), though only 31% of men had a previous 
negative biopsy [36]. When using a mpMRI score of ≥3 as a positive test result 
mpMRI has a sensitivity of 97%, a specificity of 22%, a NPV of 91% and a positive 
predictive value of 47% [36]. The authors conclude that in 14% of men a repeat 
biopsy can potentially be avoided at the cost of missing 9% sPCa [36]. Hansen et al. 
demonstrated a significantly improved area under the curve when combining 
PI-RADS with PSA density (0.82 vs. 0.85) suggesting to only abstain from repeat 
biopsy in case of unsuspicious mpMRI and low PSA density [37]. Again, no clear 
evidence exists upon the question when to safely omit SB. However, Arsov et al. 
analyzed in a prospective randomized trial setting in-bore TB compared to fusion 
guided TB plus 12-core TRUS-SB. They showed that additional SB had no signifi-
cant additional benefit on the detection of sPCa [38]. Contrary to that, recent publi-
cations comparing TB alone approaches with 24 or 12 core SB demonstrate that a 
considerably amount of sPCa is missed by TB only [35, 37].
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5.6  MpMRI Fusion Guided Biopsy for Men Under Active 
Surveillance

Men with PCa eligible for active surveillance (AS) represent another important 
patient group as an accurate risk classification of potentially insignificant disease 
is absolutely necessary. To reach this goal mpMRI in combination with fusion 
biopsy can support initial candidate selection and may help to monitor disease 
progression. Radtke et al. showed in a cohort of 149 men that initial mpMRI and 
fusion biopsy before AS result in significant lower rates of subsequent AS qualifi-
cations (20% vs. 48%) during a two year follow up compared to men who were 
selected for AS based on 12-core TRUS biopsy [39]. Supporting these results 
Henderson et  al. demonstrated in a prospective trial that the apparent diffusion 
coefficient (ADC) is a useful marker when selecting patients for AS as a low ADC 
value is associated with a shorter time to adverse histology [40]. Several recent 
studies evaluated mpMRI and fusion biopsy in the context of detecting disease 
progression. Most of them consistently show that mpMRI predicts the risk of path-
ological progression very well and that patients with stable mpMRI findings only 
have a low rate of disease progression [41–44]. Adding clinical parameters to the 
decision making process also appears to be beneficial when selecting patients for 
AS. Alberts et al. found in a cohort of 210 men no upgrading at baseline, confirma-
tory or surveillance biopsy in case of unsuspicious mpMRI and PSA density below 
0.15 ng/mL suggesting to reduce follow-up biopsy in these cases [17]. However, 
there is room for discussion regarding whether or not follow up with fusion biopsy 
limited to mpMRI-visible targets is sufficient. Meng et  al. and Frey et  al. both 
report that on combined SB and TB follow-up mpMRI fusion biopsy TB detects a 
significant higher amount of upgrading than SB, supporting the idea of omitting 
SB [42, 45]. On the other hand Tran et al., Ma et al. and Recabal et al. found a 
relevant proportion of higher grade cancer to be detected by SB only, supporting 
the need for additional SB [43, 44, 46]. These contradicting results can partly be 
explained by different study parameters including differences in median TB and 
SB cores but at the same time they also stress the need for further studies regarding 
the questions of long-term results, serial mpMRI for replacing repeat biopsies and 
sufficiency of follow-up biopsies limited to mpMRI targets.

5.7  Conclusion

There are many large studies which show the benefits mpMRI adds to the diagnostic 
pathway for sPCa not only for biopsy-naïve men but also in a repeat biopsy setting 
[3, 36]. MpMRI in combination with mpMRI fusion guided biopsy makes the detec-
tion of sPCa more accurate. Upfront multivariable risk stratification followed by or 
combined with mpMRI further improves PCa diagnosis. Risk models can be used to 
decide whether or not to proceed with the biopsy [12–15, 17]. However, mpMRI and 
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fusion biopsy do not spare failure. The risk of inaccurate sampling and intralesion 
GS heterogeneity responsible for mpMRI fusion guided biopsy failure can be limited 
by increasing the number of target cores or sector sampling, the mpMRI negative 
predictive value of 63–98% however causes a persistent limitation [31, 32].

The choice for or against concurrent SB considerably influences both, the rate of 
under-detection of sPCa and the rate of over-detection of indolent disease. Study 
results are still inconsistent, so decisions need to be made based on individual risk 
adapted patient counselling until a standard procedure has been established.
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Chapter 6
Applications of Nanoparticles Probes 
for Prostate Cancer Imaging and Therapy

Tang Gao, Anyao Bi, Shuiqi Yang, Yi Liu, Xiangqi Kong, and Wenbin Zeng

Abstract Prostate cancer (PCa) is the most common type of cancer in men with 
high morbidity and mortality. However, the current treatment with drugs often leads 
to chemotherapy resistance. It is known that the multi-disciplines research on 
molecular imaging is very helpful for early diagnosing, staging, restaging and pre-
cise treatment of PCa. In the past decades, the tumor-specific targeted drugs were 
developed for the clinic to treat prostate cancer. Among them, the emerging nano-
technology has brought about many exciting novel diagnosis and treatments sys-
tems for PCa. Nanotechnology can greatly enhance the treatment activity of PCa 
and provide novel theranostics platform by utilizing the unique physical/chemical 
properties, targeting strategy, or by loading with imaging/therapeutic agents. Herein, 
this chapter focuses on state-of-art advances in imaging and diagnosing PCa with 
nanomaterials and highlights the approaches used for functionalization of the tar-
geted biomolecules, and in the treatment for various aspects of PCa with multifunc-
tional nanoparticles, nanoplatforms and nanodelivery system.

Keywords Prostate cancer · Molecular imaging · Molecular probe · Biomarker · 
Nanoparticles · Cancer treatment

6.1  Introduction

In 1851, Adams first described prostate cancer (PCa) through histological examina-
tion [1]. At that time, peopled defined the case of prostate cancer as a rare disease. 
But to date, prostate cancer becomes the most common type of cancer for males, 
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particularly in the developed countries [2]. Additionally, the incidence of prostate 
cancer has kept increasing. In 2012, more than 1.1 million cases were diagnosed 
with prostate cancer and 307,000 died [3]. To reduce the public health impact of 
PCa, research has been focused on developing detection and treatment strategies for 
PCa [4, 5]. CT and MRI technologies are very useful to diagnosis of prostate cancer 
in clinic. However, to date these technologies haven’t been applied for the intraop-
erative imaging [6]. Fluorescence imaging would be an ideal approach to detect 
PCa and the image-guided surgery due to its high sensitivity, real-time, noninvasive 
and high compatibility [7, 8]. On the other hand, the main clinical treatments for 
PCa include surgery, radiotherapy and chemotherapy [9–11]. Chemotherapy with 
drugs is the primary clinical treatment to prolong patient survival [12]. Unfortunately, 
the serious toxicity of chemotherapeutics to normal tissues, poor penetration into 
deeper tumor tissues and the chemotherapy resistance limited their efficacy [13, 
14]. Recently, the emerging nanotechnology has brought about many exciting novel 
diagnosis and treatment systems for PCa. Utilizing the unique physical/chemical 
properties and targeting strategies, or loading with imaging/therapeutic agents, 
nanotechnology can greatly enhance the treatment activity of PCa and provide a 
diagnosis/theranostics platform for cancer. Nanotechnology can greatly enhance 
the treatment activity of PCa and provide novel theranostics platform by utilizing 
the unique physical/chemical properties, targeting strategy, or by loading with 
imaging/therapeutic agents. Nanotechnology is promising to diagnosis and treat-
ment of cancer by using the unique properties of engineered nanoparticles [15]. We 
can benefit a lot from nanotechnology, such as delivery of poorly water-soluble 
drugs, improving the targeting of drugs, increasing of cell permeability, construc-
tion of innovative therapeutic and diagnostic probes [16]. In this review, we focus 
on the bench-to-bed advances of nanotechnologies for fluorescence diagnosis and 
treatment of PCa.

6.2  Nanotechnologies for Fluorescence Diagnosis of PCa 
in vivo

Diagnostic can offer phenotype, and stage of cancer and aid in guiding treatment. 
The multi-disciplines research on molecular imaging is helpful for the early diag-
nosing, staging, restaging and precise treatment of PCa. Nanotechnology used in 
diagnostic provides imaging with high sensitivity, resolution, specificity, and reli-
ability. With the developing of nanotechnology and imaging technology, we can 
detect cancer biomarkers at the molecular and evaluate therapeutic outcomes 
in vivo. Although CT and MRI are commonly used to diagnosis of prostate cancer 
in clinic, this section we will focus on fluorescence imaging, due to the high sensi-
tivity, real-time, noninvasive and high compatibility. To realize early detection and 
imaging in current therapies PCa, various biomarkers of PCa have been discovered, 
such as prostate specific antigen (PSA), [17, 18] prostate specific membrane antigen 
(PSMA), [19] hepsin [20] and matriptase [21].
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6.2.1  Targeted PSA Nanoprobe for Imaging PCa

PSA is produced by the prostate gland that is a 33 kDa androgen-regulated serine 
protease. Nowadays, diagnosis of PCa is often relied on the usage of biomarkers, 
especially PSA. It has been applied as an organ-specific biomarker for a long time 
and has been one of the most commonly diagnosis index for PCa, leading to the 
obvious enhanced detection at earlier stage and helping to decrease the number of 
metastatic patients.

In 2001 Lövgren reported a detection technology based on a europium (III) 
nanoparticles and successfully demonstrated the concentration detection and visu-
alization of PSA molecules by a time-resolved microscope [22]. They first washed 
and activated the commercially available europium chelate (β-diketone)-
incorporated polystyrene nanoparticles by phosphate buffer and Fluka. Then, 
15 mmol/L streptavidin was added into the activated nanoparticles buffer for 2 h 
incubation. Finally, the particles were loaded with streptavidin. Biotinylated PSA 
was incubated with streptavidin-coated 107-nm nanoparticles, with a small volume 
of 30 μL in order to make PSA direct react on the bottom of the plate for detection. 
The detection limit was 0.38 ng/L, or 10 fmol/L of PSA molecules correspondence. 
The nanoparticle loaded with streptavidin was more than ten-fold sensitive than the 
previously reported molecule probe in a microtiter plate-based PSA assay [23]. In 
addition, the nanoparticles could achieve an obvious visible in a 45-s exposure time 
to PSA, indicating a good future in clinical application.

In 2006, Lee designed a hybrid probe with artificial tag molecules by combining 
particle and peptides, which have high specificity to PSA [24]. After the digestion 
reaction by with PSA, the peptide was cleaved, leading an individual surface 
enhanced Raman scattering (SERS) of nanoparticles signal change. The probe 
could achieve PSA proteolytic reactions imaging. The probe was prepared starting 
from evaporating nanoscale Au layer on polystyrene nanoparticles. Meanwhile, 
peptides were preparation by the PSA specific substrate sequence (HSSKLQ) and 
were ended by a Raman tag molecule. The peptides were linked through a Au-S 
bond of the nanocrescents to the Au surface at last. During the peptide digestion 
experiments, the peptide-conjugated nanoparticles were incubated with PSA mole-
cules for 2 h on a 37 °C thermal plate. Monitored by the SERS spectra on the pep-
tide digestion experiments, the peaks of the Raman tag molecules, such as 525 cm−1 
from biotin almost disappeared completely after the digestion reaction had finished. 
The results indicated that such peptide-conjugated nanoparticles could be applied as 
a specific probe on the concentration of the cancer biomarker PSA image.

Fluorescent probes with multiplexing capability and improved brightness are in 
great need for low abundance targets analysis in bioassays and clinical cases. QDs 
are found to be 20–50 times brighter than single dye molecules, and were of vital 
importance to various applications owing to their desirable optical properties. Gao 
developed a new strategy of nanoparticles probe design, successfully demon-
strated a sensitive detection of human prostate specific antigen (PSA) probe in 
2009 [25]. They developed a new method for preparation of QD based on 
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 nanoparticle- amphiphilic polymer complexes self-assembly in homogeneous 
solution. QDs coupled with polymaleic anhydride-octadecene via multivalent 
hydrophobic interactions are highly soluble in tetrahydrofuran but form aggregates 
in polar solvents. As a new approach of the formation mechanism, a great deal of 
QDs can be loaded into a nanocore and the embedded nanoparticles space distribu-
tion could be manipulated. In 2016, Chen reported the application of novel sub-5 nm 
Lu6O5F8:Eu3+ nanoprobe for the successful detection of PSA in clinical cases [26]. 
They have developed inorganic lanthanide fluoride nanoparticles based on dissolu-
tion-enhanced luminescent bioassay technique, leading to amplified signal and 
improving the detection sensitivity. They synthesized monodisperse and ultra-small 
Ln3+ doped lutetium oxyfluoride nanoparticles via a modified thermalde composi-
tion route. Ln3+-NPs were activated with EDC and NHS. Then, the activated NPs 
were purified by centrifuging at 13,600 rpm and incubated with avidin in phosphate 
buffered saline. Biotinylated anti-PSA monoclonal antibody was added to each 
well and the plate was incubated. Thereafter, avidin-conjugated Lu6O5F8:Eu3+ NPs 
was added to each well and the plate was incubated. The buffer was measured at 
room temperature under the kinetic and time-resolved detection mode on a multi-
modal microplate reader. The limit of detection for PSA was as low as 0.52 pg/mL, 
almost a 200-fold sensitivity to that of a commercial DELFIA kit, which indicated 
a highly promising for the early diagnosis of PCa.

6.2.2  Targeted Prostate-Specific Membrane Antigen (PSMA) 
Nanoprobes for Imaging PCa

The PSMA is expressed in both the benign, and the neoplastic prostatic epithelial 
cells, and in other tissues, such as kidney, liver and brain. It is up-regulation in 
metastatic disease and in hormone-resistant states. It is a transmembrane with 750 
amino acid and type II glycoprotein which is primarily expressed in normal human 
prostate epithelium while overexpressed in PCa cells. PSMA is a very significantly 
target for PCa imaging and therapy because it is expressed by virtually all PCa cells 
and its expression is further increased in poorly differentiated, metastatic and 
hormone- refractory carcinomas [27].

Research work indicated that biotinylated anti-PSMA antibody conjugated to 
streptavidin-labeled iron oxide nanoparticles would be used as the unique probe for 
detection and diagnosis of PCa cells. In 2013 Berkman exhibited the first AuNPs 
system for targeting PSMA expressing level in PCa cells with conjugation of a 
small molecule peptidomimetic inhibitor [28]. The construction of the PSMA- 
targeted AuNPs was generated by commercially available 5 nm AuNPs coated with 
streptavidin and incubating the biotinylated PSMA inhibitor. The PSMA-targeted 
AuNPs was generated by commercially available 5 nm, and the AuNPs was coated 
with streptavidin and incubated by the biotinylated PSMA inhibitor. After centrifu-
gal filtration to remove redundant biotinylated PSMA inhibitor, the PSMA-targeted 
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nanoparticles has been composed in suspension and characterized by transmission 
electron microscopy. The PSMA inhibitor-mediated binding test indicated that the 
PSMA-targeted nanoparticles have a superior significant binding ability to LNCaP 
cells, compared to non-targeted AuNPs nanoparticles. The results suggested that 
the unique targeting of PSMA-targeted AuNPs is better than over non-targeted 
non- specificity AuNPs, and for the first time it demonstrated that AuNPs can be 
used to target PSMA by the employment of small molecule inhibitors.

6.3  Nanotechnologies for Prostate Cancer Treatment

6.3.1  Treatment of Prostate Cancer via Chemotherapy 
with Nanomaterials

In clinical practices, current treatments of prostate cancer are predominantly sys-
temically administered chemotherapy, surgery and radiotherapy [29]. Chemotherapy 
with drugs, such as paclitaxel (PTX), doxorubicin and docetaxel (DTX) is effective 
to prolong survival and improve quality of life for patients. However, chemothera-
peutics can cause many side-effects, such as body weight, hair loss, nausea, cardiac, 
liver and kidney toxicity and a destructive “bystander” effect to neighboring cells 
[30, 31]. In addition, due to the poor penetration of drugs into tumor tissues, the 
therapeutic efficacy is limited [32]. In order to overcome the systemic toxicity and 
low therapeutic efficacy, many technologies, such as drug analogs, prodrugs and 
nanomaterials, have been developed for clinical applications [33, 34]. In recent 
year, nanomaterial has been one of the most promising tools to significantly enhance 
antitumor efficacy because of their unique intrinsic physical and chemical properties, 
[35] and more and more studies were devoted to the treatment of prostate cancer via 
chemotherapy with nanomaterials to increase drug efficacy, decrease drug toxicity, 
and maintain a relatively high concentration of drug at the site of interest.

As known, poly(d,l-lactic-co-glycolic acid) (PLGA) is an excellent con-
trolled release polymer because of their safety in clinic. In 2008, Farokhzad’s 
group reported a unique nanotechnology to deliver cisplatin to prostate cancer 
cells [36]. In their strategy, platinum (IV) compound c,t,c-
[Pt(NH3)2(O2CCH2CH2CH2CH2CH3)2Cl2], as a cisplatin-prodrug, was encapsulated 
in nanoparticles to deliver cisplatin, and the prostate-specific membrane antigen 
targeting aptamers (Apt) was introduced to decorate the surface of the nanoparticles 
and target to the prostate cancer cell. The nanoparticles were derived from PEG- 
functionalized PLGA and used as a controlled release polymer system to deliver 
and release drugs to target cells with high safety and low clearance. Through the 
intrastrand cross-links, the cisplatin could be reductive released from the nanopar-
ticles forms. Cell experiments demonstrated that the curative effect of aptamer- 
derivatized Pt(IV)-encapsulated nanoparticles was better than cisplatin or 
nontargeted nanoparticles significantly. The in vivo result demonstrated that system 
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was efficacious in reducing prostate tumors at a significantly low dose of platinum 
[37]. Further, they codelivered cisplatin and docetaxel to prostate cancer cells 
through a self-assembled polymeric nanoparticle platform in 2010 [38]. The self- 
assembled polymeric NPs could target to PSMA through the A10 aptamer on the 
surface with an outstanding efficacy on PCa. In addition, since NPs size could affect 
the penetration and distribution of tumor cells through the enhanced permeability 
and retention effect, more and more studies focused on the size to enhance the drugs 
to tumor sites and improve the efficacy. For example, C. Furman group designed 
and synthesized a paclitaxel-loaded small PLGA NPs [39]. The size of NPs was 
between in 45 and 95  nm. Their results showed that the small paclitaxel-loaded 
PLGA NPs have better efficacy than the free drug and larger NPs. Besides the 
PLGA and related materials mentioned above, there are many other materials, such 
as carboxymethylcellulose (Cellax) NPs, [40] polyethylene glycol hyperbranched 
polymers [41] and so on, could be applied as the vehicle to deliver chemical drugs 
to prostate cancer cell. Recently, magnetic nanoparticles (MNPs) have been attracted 
more attention due to its advantages such as chemical stability, low toxicity, good 
biocompatibility. Usually, MNPs refer to the nanomaterials containing cobalt (Co) 
or iron (Fe) as well as their oxides and alloys. They become superparamagnetic at 
room temperature when its size is below a critical value. Additionally, MNPs have 
been treated as promising drug delivery vehicles for therapeutic applications. For 
instance, Masatoshi’ group designed and synthesized a MgNPs-Fe3O4 nanoprobe to 
carry drugs to prostate cancer cell, and founded that the nanoprobe could signifi-
cantly increase ROS production in prostate cancer cell lines and induce oxidative 
DNA damage [42]. Compared with the chemical drugs alone, the combination of 
MgNPs-Fe3O4 and a low dose of drug have a superior efficacy on prostate cancer 
cell in vitro. In 2015, Wang and co-workers reported a magnetic nanoparticle clus-
ters (MNCs) loading chemotherapeutic agent of DOX and developed the combina-
tion of photothermal therapy (PTT) and chemotherapy for destruction of PC3 cells 
[43]. Due to the near-infrared property of MNCs, DOX@MNCs could be used as 
both photothermal mediators and drug vehicles, and could be applied in the combi-
nation of PTT and drug delivery for therapy of prostate cancer. The in vitro results 
showed that a higher therapeutic efficacy could be obtained by the chemophotother-
mal therapy of DOX@MNCs. Recently, gold nanoparticles were also considered as 
ideal drug delivery platforms due to their nonimmunogenicity and nontoxicity. 
Moreover, they were synthesized easily, and the high surface area could increase 
drug density. For example, Liang and co-workers developed a targeted drug delivery 
strategy based on GSH-stabilized gold NPs (Au@GSH NPs) consisting of a plati-
num (IV) drug and a receptor targeting peptide CRGDK [44]. Their results indi-
cated that the cytotoxicity and uptake efficiency of this NPs is superior to that of 
Au@GSH and Au@Pt(IV) systems, and further demonstrated potent cytotoxicity 
against prostate cancer cells that overexpress Nrp-1 receptors.

In the recent years, some anti-cancer compounds have been confirmed to have 
the potential to improve effectiveness of current cancer chemotherapies. For exam-
ple, some natural products such as curcumin [45, 46] epigallocathechin-3-gallate 
(EGCG), [47] resveratrol taxanes [48] have been encapsulated or loaded in 
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 nanoparticles and exhibited significant efficacy against prostate cancer. Moreover, 
the vascular disruptive agents (VDAs) have been known to synergistically enhance 
radiation and chemotherapy. Bischof’s group designed and synthesized a gold 
nanoparticle conjugated VDA to significantly improve VDA tumor specific action 
in combination with locally applied thermal therapy in prostate cancer [49].

6.3.2  Treatment of Prostate Cancer via Gene Delivery 
with Nanomaterials

As one of the most effective approach in cancer cure, gene delivery has caused wide 
concern over the recent years. To realize cancer gene therapy, toxic genes need to be 
diverted to cancer cells and toward cells death steadily and accurately [50]. As a 
significant regulator for various conditions including developmental, physiological, 
and pathological, microRNA (miRNA), an endogenously expressed non-coding 
RNA molecule, have been regarded as potential therapeutic targets in many disease 
[51, 52]. While, because of the existence of cell membranes and other obstacles, 
naked genes cannot realize cancer gene therapy alone. Therefore, an adequate vec-
tor that can divert the genes efficiently and preserve it from degradation in the blood 
stream should be designed at once [53]. Recently, non-viral gene delivery systems, 
including lipids, polymers and nanomaterials, have been developed for siRNA 
delivery [54, 55]. Frank’s group reported the delivery of small interfering RNA 
(siRNA) through LbL-assembled microcapsules [56]. In his report, based on the 
LbL(layer-by-layer) assembly of a crosslinked poly(methacrylic acid) film, two dif-
ferent types of microcapsules were used to deliver an siRNA targeting survivin and 
the expression of the anti-apoptotic protein was observed. The function of this film 
is to maintain capsule integrity in the oxidizing bloodstream and in the extracellular 
environment, thereby, protecting the siRNA from denaturation and make sure the 
siRNA was released in the reducing intracellular environment. Similarly, Joseph’s 
group reported the fabrication of poly(lactic acid-co-glycolic acid)/siRNA nanopar-
ticles coated with lipids by a unique soft lithography particle molding process 
named particle replication in nonwetting templates (PRINT) [57]. Combining poly-
mers and lipids, hybrid NPs with high drug encapsulation yields, tunable and sus-
tained drug release profiles, and excellent serum stabilities could makes it applicable 
drug delivery platform [58].

Polycationic monodispersed poly(l-lysine) (PLL) is a promising carrier among 
the variety of polymers designed for gene delivery as the result of controllable size, 
shape, and the feasible for flexible chemical modification [59, 60]. Nevertheless, the 
relatively low transfection efficiency limited the application of PLL-based poly-
plexes in clinical treatment [61]. Through PEGylation of poly-l-lysine-cholic acid 
(PLL-CA), a kind of amphiphilic polycations have been synthesized [62]. With 
‘stealth’ capacity, the benzoic imine linker between PEG and PLL-CA is stable at 
physiological pH.  It is cleavable at lower pH especially in the extracellular 
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 environment of tumours and the interior of endosomes/lysosomes. It was reported 
that the solid lipid PEI hybrid nanocarrier has various advantages including the high 
silencing efficiency in vitro and in vivo, and the low poisonousness and immunoge-
nicity. As one of the most popular polycationic polymers, polyethylenimine (PEI) 
was widely used as nonviral gene carriers [63]. Because of the high charge density, 
PEI molecules can form well-condensed complexes with nucleic acids and can 
strengthen the interaction with cell surfaces [64]. Furthermore, nucleic acids can be 
released efficiently from the endosomes through proton sponge effect [65]. Those 
outstanding properties make contribution to the high transfection efficiency of PEI 
among nonviral gene carriers. Wang’s group reported a lipid PEI hybrid nanocarrier 
(LPN) which combining linear PEI with hydrophobic, hexadecyl groups (hydro-
phobic hexadecylated polyethylenimine (H-PEI)) [66]. The LPN would solved or 
improved several key issues of siRNA/PEI systems. It includes physical encapsula-
tion of the siRNA rather than coating them on carrier surface, reduction of the loss 
of siRNA and easiness of controlled, continuing intracellular siRNA release, pre-
vented cells from quick exposure to a high level of unencapsulated PEI molecules, 
provided more sites for grafting cell-targeting [67–70]. While, the severe cytotoxic-
ity of PEI caused by the high density of positive charge was discovered and limited 
the application of PEI [71]. Contrapose this phenomenon, a kind of non-viral cat-
ionic polymer vector mPEG-PEI nanoparticles was used as a carrier and the shRNA 
plasmid was rebuilt [72]. With the engrafted of moieties polyethylene glycol, PEI 
polymers showed a lower cytotoxicity and better stability. To further increase cell 
biocompatibility, disulfide linkage was introduced in the branched PEI (SSPEI) 
containing multiple amine backbone [73]. SSPEI polymer labeled with poly-argi-
nine (R11) which has the highest uptake by different prostate cancer cell lines com-
pared with other four cell permeable peptide was used to deliver miR-145 to the 
prostate cancer. Moreover, SSPEI polymer introduced a polyethylene glycol chain 
linker which could enhance biocompatibility and extend circulation time in the 
bloodstream [74, 75]. The result showed that the R11-SSPEI/FAM-miR-145 com-
plex could dramatically inhibit tumor growth and prolong survival time. To build a 
better gene delivery system, the ability of target is significant.

With the development of gene therapy technology, therapeutic effects of single 
gene-targeted therapy was regard as limited, and multiple gene silencing was pro-
posed. Recently, the combinatorial RNAi technology and simultaneous multiple 
gene silencing have been attempted to cancer therapy and received a big success 
[76–79]. Therefore, a new class of dual-genes targeted two different sequences of 
siRNA (vascular endothelial growth factor (VEGF) and B-cell lymphoma 2 (Bcl-2)) 
and its their delivery systems for efficient cancer treatment was were developed 
[80]. Carrying glycol chitosan nanoparticles, the dual-poly-siRNA encapsulated 
thiolated glycol chitosan (tGC) nanoparticles (dual-NPs) can provided efficient and 
controlled dual-poly-siRNA delivery and achieved multi-gene silencing with syner-
gistic effects of cancer therapy. Recently, researches showed that the suppression of 
crucial gene products such as REV1, REV3L can resistant the sensibility of tumors 
to chemotherapy reduce the drug resistance of relapsed tumors during the error-
prone translation DNA synthesis pathway. Based on those researches, a promising 
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strategy which combining siRNA based therapeutics with traditional DNA- 
damaging chemotherapy was proposed for treating patients with malignancies [81, 
82]. A versatile nanoparticle platform was developed to deliver REV1/REV3L- 
specific siRNAs and a cisplatin prodrug to the same tumor cells simultaneously. 
Obviously, the result showed a better therapeutic efficacy both in vitro and in vivo 
than signal single cisplatin prodrug or REV1/REV3L-specific siRNAs [83]. To 
overcome the accumulation of chemotherapeutic agent in tumor tissue, a synergistic 
and selective inhibition of cancer cell proliferation platform was reported [84]. With 
high positive charges on the surface, the DTX-encapsulated bovine serum albumin- 
polyethylenimine layer-by-layer (LBL) nanoparticles (DTX/BSA-PEILBL NPs) 
can could adsorb the negative charged p44/p42 MAPK siRNA efficiently. And then, 
branched polyethylenimine (bPEI) was adsorbed on the surface to form DTX/BSA- 
PEILBL/siRNA NPs. The result reported a less values of IC50 and a higher median 
survival, provided a promising synergistic delivery system for clinical treatment of 
PCa. To realize the application of RNAi therapeutic regimen in clinical treatment of 
prostate cancer, an approach to evaluate the siRNA delivery at the intended site of 
action is significant. Therefore, theranostics nanoparticles that associated imaging 
with therapeutic features was proposed and developed [85]. A nice platform for 
theranostic imaging of prostate cancer was designed and developed [86]. This ther-
anostic nanoparticle was combined by three core components including the prodrug- 
activating enzyme bacterial cytosine deaminase (βCD), the imaging carrier 
poly-l-lysine which traced with a near-infrared fluorescent probe Cy5.5 and the 
carrier which is not only for siRNA delivery but also for labeling with [111In]DOTA 
for SPECT imaging. Their results verified the feasibility of the platform for associ-
ate detection and treatment. Later, a multimodal theranostic lipid-nanoparticle was 
reported. The probe was constitutive by a near-infrared (NIR) fluorescent core, cov-
ered by phospholipid monolayer, instituted with siRNA payloads with ultra-small 
particle size (<30 nm) [87]. The siRNA delivery with the orthotopic tumor model 
was evaluated by image co-registration of computed tomography and fluorescence 
molecular tomography, achieving efficacious RNAi therapy.

6.3.3  Treatment of Prostate Cancer via Cancer 
Immunotherapy with Nanomaterials

Cancer immunotherapy is an approach of triggering lymphocyte reaction of cancer 
related antigen [88]. With the development of tumor-specific therapies, treatments 
such as peptide-TAAs, protein-TAAs, or cell-based vaccination approaches, was 
reported and they were potentially capable of stimulating pre-existing antitumor 
immunity or of inducing de novo antigenic responses. However, after decades of 
intensive pursuit, this remains a challenging goal. Classical vaccination approaches 
have been extensively tested and found to be largely inefficient [89, 90]. Whereas, 
current vaccine design paradigms can effectively generate prophylactic and 
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therapeutic immunities against foreign pathogens, they maybe ill-suited as plat-
forms with which to build cancer fighting vaccines. Compared to conventional 
approaches, nanoparticles can protect the payload (antigen/adjuvant) from the sur-
rounding biological milieu, increase its half-life, minimize its systemic toxicity, 
promote its delivery to APCs, or even directly trigger the activation of TAA-specific 
T-cells. The application of nanomedicine in cancer immunotherapy is currently one 
of the most challenging areas in cancer therapeutic intervention. Development of 
nanovaccine formulations was mainly from two directions, nanoparticles as vehi-
cles for drug delivery and nanoparticle-based approaches to elicit antitumor immu-
nity. During the last two decades, several nanoparticle-based compounds delivering 
encapsulated or conjugated cytotoxic drugs had reached the clinical trial stage [91, 
92]. On the other hand, nanoparticle-based delivery TAAs to professional APCs 
were reported as a potential nanovaccine formulation. It has been shown that certain 
nanoparticle designs possess immunostimulatory properties, and that antigens 
delivered by these nanoparticle types can induce T- and B-cell responses in the 
absence of exogenously added adjuvants [93, 94]. Efficient and targeted delivery of 
immunomodulatory and immunostimulatory molecules to appropriate cells is vital 
to the successful development of nanovaccine formulations [95].

Recently, nanoparticles were used as vehicles for drug delivery. For example, 
Lee had established an interesting platform for effective chemoimmunotherapy. He 
described a delivery system based on a dendrimer and a single-strand DNA-A9 
PSMA RNA aptamer hybrid, and was designed to overcome the drawbacks of con-
ventional cancer therapies. Employing these vehicles, they researchers had demon-
strated the promising possibility of this chemoimmunotherapeutic system against 
prostate cancer both in in vitro and in vivo models. The system has many advantages 
including cancer-targeting ability, immune-stimulating function, and drug delivery 
for chemotherapy. The drug-loaded conjugate showed excellent antitumor efficacy 
and target specificity in an in vivo prostate tumor model due to the high drug- loading 
capacity and enhanced stability of oligonucleotides in vivo. This proof-of-concept 
demonstrates the potential value of this nanostructure system (the high drug-loading 
capacity and enhanced in vivo stability) as a new combination approach for improv-
ing cancer treatments [96]. Sun designed a redox-responsive immunostimulatory 
polymeric prodrug carrier, PSSN10, for programmable co-delivery of an immune 
checkpoint inhibitor NLG919 (NLG) and a chemotherapeutic doxorubicin. In his 
work, the prodrug carrier could achieve synergistic therapeutic efficacy, prevent 
cancer relapse, and combined chemotherapy with immunotherapy as a new modal-
ity for tumor treatment. NLG-containing PSSN10 prodrug polymers were self- 
assembled into nano-sized micelles that served as a carrier to load DOX (DOX/
PSSN10 micelles). The PSSN10 carrier dose-dependently enhanced T-cell immune 
responses in the lymphocyte-Panc02 co-culture experiments, and significantly 
inhibited tumor growth in vivo. DOX/PSSN10 micelles showed potent cytotoxicity 
in vitro against 4T1.2 mouse breast cancer cells and PC-3 human prostate cancer 
cells comparable to that of DOX [97]. Successful treatment requires delivery of 
critical amounts of drug into the cancerous tissue [98–100]. As a model, Jankun and 
coworkers used LnCAP human prostate cancer cells targeted by antibody (against 
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prostate-specific membrane antigen) to conjugate with hematoporphyrin (HP) 
through protein-based nanotechnology. Their results suggested that mAb/HP conju-
gates could deliver HP to the tumor cells and then result in considerably less HP in 
the circulation and, therefore, lower the delivery of HP to normal tissue, and fewer 
side effects [101]. Nanoparticle-based approaches can elicit antitumor immunity. 
Regulating molecular interactions in the T-cell synapse to prevent autoimmunity or, 
conversely, to boost anti-tumor immunity has long been a goal in immunotherapy. 
However, delivering therapeutically meaningful doses of immune-modulating com-
pounds into the synapse is still a major challenge [102]. For this purpose, Stephan 
and coworkers reported a male imide-functionlized nanoparticles by covalent cou-
pling to free thiol groups on T-cell membrane proteins. It could efficient delivery of 
compounds into the T-cell synapse. They had demonstrated that surface-linked NPs 
are rapidly polarized toward the nascent immunological synapse (IS) at the T-cell/
APC contact zone during antigen recognition. Combination of NSC-87877-the 
loaded NPs on the surface of tumor specific T cells can cause the tumor site to pro-
duce a large number of T cell proliferations before cancer cells to adoptive transfer 
in mice. Relative to the other of the same drug intake system, nanoparticle-based 
can improve survival rate of the treated animals [103].

6.4  Conclusion and Future Trends

Molecular imaging probes represent an important, growing class of chemical com-
pound for biology, pharmaceutical sciences, preclinical and clinic studies and fur-
ther application. In conjunction with the nanoparticle, the identification of molecular 
imaging targets and the development of new labeled molecular probes for those 
targets are crucial for expanding the capability of in vivo molecular imaging for 
biological research, molecular diagnostics and drug discovery.

Various nanomaterials, such as PLGA NPs, cellax NPs, MNPs, AuNPs and etc., 
have been developed owing to their unique properties. Compared with traditional 
chemotherapy, the nanomaterial drug/anti-cancer compound delivery system has a 
better targeting and a lower toxicity, and thus they could exhibit a high therapeutic 
efficacy for prostate cancer. There is still a long way to realize the application of 
RNAi therapeutic regimen in clinical treatment of prostate cancer. Too much work 
need to be done, such as novel miRNA and siRNA with higher efficiency to kill 
cancer cells, better siRNA delivery system with no cytotoxicity, low accumulation 
in in tumor tissue, better targeting and other properties that can improve therapeutic 
efficiency and make patients feel more comfortable, better evaluating and monitor-
ing system toward all aspects of RNAi therapeutic regimen. Combination therapy 
may be another practicable strategy to get a better therapeutic efficiency. 
Nanoparticle-based tumor immunotherapy is still in its infancy, but apparently this 
is a method with great prospects for development. Some researchers have reported 
various nanoparticles as vehicles for drug delivery to tumor antigens and immune 
stimulating molecules to DCs and other professional APC type. Compared to 
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 conventional approaches, nanoparticles can protect the payload (antigen/adjuvant) 
from the surrounding biological milieu, increase its half-life, and minimize its sys-
temic toxicity. Similarly, nanoparticle-based approaches aimed at regulating molec-
ular interactions in the T-cell synapse to prevent autoimmunity or, conversely, to 
boost anti-tumor immunity have also provided preliminary evidence of efficacy.

The design, synthesis and application of dual- and multi-modality probes will be 
a hot research area, which may be the next generation of probes. The combination 
of different functional modality undoubtedly will improve the accuracy of diagnosis 
and analysis to prostate cancer. On the other hand, a targeted gene-therapy approach 
is also being developed to activate the immune system to recognize prostate cancer 
cells. To discovery nanoprobes based on labeled gene and related macromolecule 
and these types of approaches might provide a new direction of prostate cancer 
therapies. We believe that such imaging probes will play a vital role in further 
understanding of prostate cancer, for PCa’s early detection and more effective 
treatment.
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Chapter 7
Castration-Resistant Prostate Cancer: 
Mechanisms, Targets and Treatment

André Mansinho, Daniela Macedo, Isabel Fernandes, and Luís Costa

Prostate cancer is the most common malignancy in men, and remains the second 
leading cause of cancer-related death in this gender [1]. Data suggests that 10–20% 
of patients with prostate cancer metastasis develop castration-resistant prostate can-
cer (CRPC) within 5 years of follow-up, and that the median survival since develop-
ment of castration resistance is approximately 14  months (range 9–30) [2]. 
Additionally, patients with non-metastatic CRPC are at higher risk of disease pro-
gression. Approximately 15–33% of patients develop metastasis within 2 years, 
increasing the mortality burden in this population [3, 4].

Treatment of metastatic CRPC (mCRPC) is palliative, and disease evolution is 
often associated with significant morbidity. Before 2010, docetaxel chemotherapy 
was the only treatment showing a survival advantage, which translated in its approval 
by the US Food and Drug Administration (FDA), and in its widespread use as first-
line therapy globally [5, 6]. More recently, however, several large randomized clinical 
trials have led to the approval of new agents for the treatment mCRPC. New therapies 
have all demonstrated an overall survival (OS) benefit in patients with mCRPC who 
progressed after docetaxel therapy [7]. Also the new generation hormonal manipula-
tions—abiraterone and enzalutamide—have shown an OS benefit in asymptomatic or 
minimally symptomatic patients who had not received prior chemotherapy [8].
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Therapeutic strategies with a symptomatic purpose, such as external radiother-
apy, chemotherapy with mitoxantrone or radioisotopes such as samario-153, may 
also be used. Additionally, the use of bone metabolism-modifying agents, such as 
denosumab or zoledronate, has shown efficacy in the prevention of skeletal compli-
cations in this setting.

7.1  Castration-Resistance

The mainstay of treatment for metastatic hormone-sensitive prostate cancer is 
androgen deprivation therapy (ADT), aiming at the suppression of circulating tes-
tosterone. The goal of ADT is to decrease circulating testosterone to “castrate lev-
els,” corresponding to a serum measurement lower than 50 ng/dL. The decline of 
testosterone to castrate levels results in a decrease in cancer cell proliferation, with 
subsequent induction of apoptosis. Despite the anti-proliferative response to ADT, 
cancer cells eventually become resistant to therapy, and signs and/or symptoms of 
progression are observed in most patients [9, 10]. “Castration resistant” designation 
is applied to prostate cancer when a measurable progression of disease is observed 
at the castrate level, detected either by a sequential rise in prostate specific antigen 
(PSA), or by imaging findings (computed tomography, magnetic resonance imag-
ing, or radionuclide bone scintigraphy). The “castration resistant” designation is 
privileged over the previously used designations of “androgen independent” and 
“hormone refractory” disease because, despite absence of circulating testosterone, 
the tumor remains functionally dependent on androgens and on the androgen recep-
tor [10, 11].

7.2  Treatment of mCRPC

7.2.1  Next Generation Hormonal Therapies

Initial treatment of metastatic prostate cancer consists of androgenic depletion by 
orchidectomy or luteinizing hormone releasing hormone (LHRH) agonists/antago-
nists, which may be associated with antiandrogens. Due to the tumor hormonal 
dependency, LHRH axis blockade should be maintained ad eternum in mCRPC, as 
observed in the SWOG 9346 study.

Testosterone and dihydrotestosterone are the major agonists of the androgen 
receptor. Leydig cells produce approximately 97% of circulating testosterone, which 
is converted into dihydrotestosterone in prostate by the 5-alpha-reductase enzyme, 
the remaining being synthesized in the adrenal gland. When pharmacological or 
surgical castration is performed, dihydrotestosterone may still be detected in tumor 
tissues at sufficiently high levels to activate the androgen receptor. Regardless of 
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where it is generated, conversion of dihydrotestosterone precursor through CYP17A1 
expression-dependent enzymatic reactions will always be necessary. This was the 
rational underlying the development of potent CYP17A1 inhibitors [12].

Between 2011 and 2012, new hormonal therapies (abiraterone and enzalutamide) 
emerged as approved treatments for mCRPC.

Abiraterone is a derivative of pregnenolone, which prevents androgen biosynthe-
sis by inhibiting CYP17A1 at the gonad and extra-gonadal levels and in tumor tis-
sues, leading to an effective androgen depletion [12]. In 2011, the COU-AA-301 
Phase 3 study, including 1195 symptomatic mCRPC patients previously treated 
with docetaxel, compared abiraterone 1000 mg (once daily [qd]) plus prednisone 
5 mg (twice daily [bid]) with placebo plus prednisone 5 mg (bid). The study showed 
an increase in progression-free survival (PFS) (5.6 months vs 3.6 months, p < 0.001) 
and OS (15.8 months vs. 11.2 months, HR = 0.65, p < 0.001) with abiraterone [1]. 
A sub-analysis of the COU-AA-301 study investigated pain control in symptomatic 
patients post-docetaxel chemotherapy. Results showed that patients in the abi-
raterone acetate plus prednisone arm experienced more palliation (45% vs 28.8%; 
p  <  0.001) and faster median time to palliation of pain (5.6 vs 13.7  months; p 
= 0.002) than those in the placebo arm [13, 14].

Enzalutamide is an androgen receptor inhibitor that blocks several steps of the 
androgen receptor signaling pathway. It has a high affinity for the ligand domain of 
the androgen receptor (approximately 5–8 times higher than bicalutamide). The 
AFFIRM study, in 2012, included 1199 symptomatic mCRPC patients previously 
treated with taxanes, and compared enzalutamide 160 mg (qd) with placebo. This 
study found a PFS and OS benefit (8.3 months vs 2.9 months, HR 0.40, p < 0.001; 
18.4 months vs. 13.6 months, HR 0.63, p < 0.001, respectively) associated with 
enzalutamide (Table 7.1) [15].

More recently, Phase 3 studies evaluated these agents as first-line treatment of 
asymptomatic or minimally symptomatic mCRPC patients prior to chemotherapy. 
In 2013, the COU-AA-302 study randomized 1088 patients with no visceral disease 
to treatment with abiraterone 1000 mg (qd) plus prednisone 5 mg (bid) or placebo 
plus prednisone 5 mg (bid). Treatment with abiraterone translated in an advantage 
of PFS (16.5 months vs 8.3 months, HR 0.53, p < 0.001) and OS (34.7 months vs 
30 days, HR 0.80, p = 0.0027) [16]. In 2014, the PREVAIL study recruited 1717 

Table 7.1 Efficacy of abiraterone and enzalutamide in the second-line treatment of mCRPC

COU-AA-301

Overall survival
Median 
(months)

Hazard ratio (IC 
95%) p

Abiraterone 1000 mg/dia + prednisolone 5 mg 
per os bid

15.8 0.74 (0.64–0.86) <0.0001

Placebo + prednisolone 5 mg per os bid 11.2
AFFIRM
Enzalutamide 160 mg/dia 18.4 0.63 (0.53–0.75) <0.0001
Placebo 13.6
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patients, including those with visceral metastasis, to receive enzalutamide 160 mg 
or placebo once daily. An OS benefit (35.3  months vs 31.3  months, HR 0.71, 
p < 0.001) was observed in the enzalutamide arm (Table 7.2) [17].

Both abiraterone and enzalutamide are currently approved for the first-line treat-
ment of asymptomatic or minimally symptomatic mCPRC patients, and for the 
second-line treatment of symptomatic mCPRC patients who failed docetaxel.

These agents are better tolerated than cytostatic therapy. Due to inhibition of 
CYP17A, abiraterone suppresses the production of androgens and cortisol, with an 
increase of ACTH. This results in the production of mineralocorticoids, with associ-
ated side effects. Hypertension, fluid retention and hypokalaemia are the most com-
mon adverse events, although a slight increase in transaminases and a very small 
percentage of grade 3–4 side effects can also be observed. Supplementation with 
5 mg of prednisone (bid) is, therefore, recommended.

Enzalutamide is also a well-tolerated drug. In the AFFIRM and PREVAIL trials, 
adverse events observed in both study arms consisted of fatigue, diarrhea and facial 
flushing. As a risk of seizures was reported for some patients in both trials (five out 
of 800 patients in the AFFIRM trial, and one out of 1717 patients in the PREVAIL 
trial), a risk/benefit evaluation should be made before starting therapy in patients 
with a prior history of epilepsy. Although hepatotoxicity has been described as an 
adverse effect of other antiandrogens, it was not observed in the AFFIRM or 
PREVAIL trials. The glucocorticoid receptor has been postulated as responsible for 
enzalutamide resistance in the presence of androgen receptor inhibition, due to 
overlap with the androgen receptor at various DNA binding sites and to rescue of 
gene transcription expression previously inhibited by enzalutamide [18]. Therefore, 
it is recommended that glucocorticoids are discontinued when starting enzalu-
tamide, since there is no need for replacement therapy.

In either indication, therapy should be maintained until disease progression, with 
the first recommended imaging evaluation performed at 12 weeks, and a total PSA 
determination performed every month. Progression is assumed:

 1. In presence of bone scan with ≥2 lesions, 12 or more weeks after initiation of 
therapy, confirmed according to PCWG2;

 2. in second-line, post-docetaxel therapy of symptomatic patients, when in pres-
ence of at least three:

Table 7.2 Efficacy of abiraterone and enzalutamide in the first-line treatment of mCRPC

COU-AA-302

Overall Survival
Median 
(months)

Hazard Ratio(IC 
95%) P

Abiraterone 1000 mg/dia + prednisolone 5 mg 
per os bid

34.7 0.81 (0.70–0.93) 0.0033

Placebo + prednisolone 5 mg per os bid 30.3
PREVAIL
Enzalutamide 160 mg/dia 35.3 0.77 (0.67–0.88) 0.0002
Placebo 31.3
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 (a) Progression of total PSA 25% above baseline, with a minimum increase of 
5.0 ng/mL;

 (b) Radiographic progression defined by one of the following:

Bone scan with ≥2 lesions not due to flare effect, confirmed according to 
PCWG2;

Radiographic evidence of progression of lesions assessed by modified 
RECIST criteria;

 3. clinical or symptomatic progression defined by one of the following:

 (a) pain worsening in two consecutive evaluations (>30% increase in bone or 
visual pain scales or >30% increase with opioid use);

 (b) bone events (pathological fracture, spinal cord compression, surgery or radi-
ation to the bone);

 (c) need to increase prednisone dose or to switch to a more potent glucocorti-
coid to treat cancer-related symptoms.

7.2.2  Chemotherapy

The use of cytostatic agents in mCPRC began in the 1990s with the use of mitoxan-
trone. A randomized Phase 3 study compared mitoxantrone plus corticosteroids to 
corticosteroids alone, showing a benefit of treatment with mitoxantrone in the con-
trol of pain and improvement in quality of life, but not in OS. This paradigm was 
maintained until 2004, when accumulating evidences supported the use of docetaxel. 
At this time, two Phase 3 clinical trials were published, establishing the OS benefit 
associated with the use of docetaxel: the SWOG 99-16 and TAX-327 trials [19, 20].

SWOG 99-16 compared docetaxel 60  mg/m2 (D2) plus estramustine 280  mg 
(three times a day [tid];D1–D5) with mitoxantrone 12 mg/m2 (D1) plus prednisone 
5 mg (bid) given every 3 weeks (q3w) in 770 patients with mCPRC. The study evi-
denced a statistically significant increase in OS in the docetaxel plus estramustine 
arm (17.5 months vs 15.6 months, HR 0.8 p = 0.01) [19]. TAX-327 compared two 
dosages of docetaxel (30 mg/m2 EV weekly for 5 weeks in 6 week cycles and 75 mg/
m2 given q3w plus prednisone 5 mg bid with mitoxantrone 12 mg/m2 q3w plus pred-
nisone 5 mg bid in 1006 patients with mCRPC. Median OS was 18.9 months in the 
docetaxel q3w arm, 17.4 months in the docetaxel weekly arm and 16.5 months in the 
mitoxantrone arm, with only the first group showing a statistically significant advan-
tage (HR 0.79 p = 0.004) [20]. This study led to the approval of docetaxel 75 mg/m2 
q3w plus prednisone 5 mg bid as first-line treatment of mCPRC, due to toxic effects 
and lack of additional efficacy of the estramustine combination (Table 7.3).

Because TAX-327 and SWOG 99-16 trials allowed a maximum number of 10 
and 12 treatment cycles, respectively, the benefit of additional treatment cycles was 
investigated in a retrospective analysis by Pond G. et al. This analysis included the 
patient populations of the TAX-327 and the CS-205 trial treatment arms, which com-
pared the administration of docetaxel 75 mg/m2 q3w plus prednisone 5 mg bid plus 
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AT-101 with docetaxel 75 mg/m2 q3w plus prednisolone 5 mg bid plus placebo. 
Although patients completed 17 treatment cycles, there was no survival advantage 
in completing more than ten consecutive cycles of treatment [21].

According to a study by Kume H. et al., intermittent docetaxel therapy was shown to 
be feasible in selected patients, based on response assessment. According to the study 
protocol, therapy should be discontinued if total PSA levels drop below 4 ng/mL, with 
at least 50% reduction over the target level at treatment start, and should be restarted if 
total PSA levels rise above over 2 ng/ml, with at least 50% increase over the nadir. 
Among 51 patients included in the study, 27 (52.9%) were eligible for intermittent 
therapy. The median interval without therapy was 266 days for the first interruption, 
and 129.5 days for the second interruption. An OS benefit was observed in the intermit-
tent therapy group (HR 2.98, p = 0.023), probably reflecting a subgroup of patients with 
a more indolent-, better prognosis-disease, amenable to benefit from this strategy and 
from its reduced cumulative toxicity [22]. Similar results were observed in a retrospec-
tive analysis of the ASCENT trial where, with a similar protocol, PSA response rates 
higher than 50% were observed in 45.5% of patients after a median of 126 days without 
therapy [23]. In a recent retrospective analysis by Oudard S. et al., favorable responses 
to docetaxel therapy were observed (total PSA decrease>50%). Furthermore, retreat-
ment with docetaxel was possible, with no marked difference in OS (18.2 months vs. 
16.8 months, p = 0.35) compared to other non-taxane-based therapies, and a progres-
sion-free interval longer than 6 months was predictive of better response [24].

For patients with comorbidities, where docetaxel at a 75  mg/m2 q3w dose is 
expected to lead to therapy postponement or discontinuation due to toxicity, the 
50 mg/m2 every 2 weeks (q2w) regimen may be an option. A reduction in grade 3–4 
adverse events, including neutropenia and febrile neutropenia, was observed with 
the q2w regimen, without compromising efficacy: time to progression was 
5.6 months vs 4.9 months (p = 0.014), and OS was 19.5 months vs 17.0 months 
(p = 0.021) in favor of the q2w regimen [25].

Table 7.3 Docetaxel efficacy data in mCRPC

TAX 327

Overall survival
Median 
(months)

Hazard ratio 
(IC 95%) P

Docetaxel 75 mg/m2, D1 + prednisolone 5 mg per os bid 
(q3w)

18.9 0.79 
(0.67–0.93)

0.004

Docetaxel 75 mg/m2 D1 semanal, D1, 
w1–5 + prednisolone 5 mg per os bid (q6w)

17.3 0.86 
(0.74–1.02)

0.086

Mitoxantrone 12 mg/m2 + prednisolone 5 mg per os bid 
(q3w)

16.5

SWOG 99-16
Docetaxel 60 mg/m2, D2 + Estramustine 280 mg per os, 
D1-D5 (q3w)

17.5 0.8 (0.67–0.97) 0.02

Mitoxantrone 12 mg/m2 + prednisolone 5 mg per os bid 
(q3w)

15.6
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The most recent data on the role of chemotherapy in metastatic prostate cancer 
came from the CHAARTED and STAMPEDE studies. These two trials suggest an 
earlier use of docetaxel chemotherapy in castration-sensitive disease, along with 
hormone therapy, with an important OS advantage in patients with a high-volume 
disease (visceral disease and/or ≥4 bone lesions). It is, therefore, extremely impor-
tant to consider an early therapy start in this setting.

Recommendations for treatment with docetaxel are as follows:

• To complete a minimum of six cycles, up to a maximum of ten, if justified by 
evidence of clinical benefit; perform imaging evaluation until cycle 4 in case of 
sustained biochemical progression;

• in patients with a total PSA drop below 4 ng/mL and a reduction ≥50% of target 
level at treatment start, treatment interruption can be considered. In this case, 
treatment should be resumed if total PSA levels rise above 2  ng/ml, with an 
increase of at least 50% of the nadir;

• maintaining docetaxel treatment after an initial response with total PSA > 50%, 
and stable disease with a ≥ 6-month progression-free interval without chemo-
therapy, can be an option for selected patients not eligible for other, more effec-
tive, therapies;

• in patients with significant comorbidities, the 50 mg/m2 every 2-week docetaxel 
schedule can be an option, retaining efficacy with lower toxicity.

In 2010, the new taxane cabazitaxel was approved for the treatment of mCPRC 
in patients previously treated with docetaxel. This drug was found to retain antitu-
mor activity when used in P-glycoprotein-overexpressed cell lines and in those with 
tubulin mutations, partially responsible for resistance to docetaxel [26].

A phase 3 study (TROPIC) compared cabazitaxel 25 mg/m2 (EV administered 
q3w) plus prednisone 5 mg (bid) with mitoxantrone 12 mg/m2 (EV administered 
q3w) in 755 patients with mCRPC that had been previously treated with docetaxel 
chemotherapy. Results showed an OS advantage with cabazitaxel (15.1 months vs 
12.7 months, HR 0.70, p < 0.0001), evidencing its benefit in the second-line chemo-
therapy setting [27]. The use of cabazitaxel is currently reserved for symptomatic 
patients following docetaxel therapy, and neutropenia prophylaxis with granulocyte 
stimulation factors should be considered. Standard dosage and setting for cabazi-
taxel was further evaluated in the FIRSTANA and PROSELICA trials. There was no 
survival advantage in using cabazitaxel in first-line and the 20 mg/m2 dosage was 

Table 7.4 Cabazitaxel efficacy data in the treatment of mCRPC

TROPIC

Overall survival
Median 
(months)

Hazard ratio (IC 
95%) P

Cabazitaxel 25 mg/m2 D1 + prednisolone 5 mg per 
os bid (q3w)

15.1 0.70 (0.59–0.83) <0.0001

Mitoxantrone 12 mg/m2 + prednisolone 5 mg per 
os bid (q3w)

12.7
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equivalent to the 25 mg/m2 dosage, both in first and second line, with a better toxic-
ity profile (Tables 7.4 and 7.5) [28, 29].

7.2.3  Sipuleucel-T

Sipuleucel-T is an immunotherapeutic agent consisting of activated antigen- 
presenting cells derived from patient’s peripheral mononuclear cells (PBMCs), 
which are subsequently stimulated in vivo with a recombinant fusion protein (pros-
tatic antigen, prostatic acid phosphatase and granulocyte stimulating factors), and 
reinfused into the patient. This agent has been evaluated in several randomized 
clinical trials. Although none of these trials showed a PFS benefit, a statistically 
significant OS benefit was observed. The largest trial was the Phase 3 IMPACT 
study, published in 2010, which demonstrated an OS increase (25.8  months vs 
21.7  months, HR 0.78, p  =  0.03) compared to placebo in patients with bone or 
lymph node metastasis and a chemotherapy-free interval ≥3 months. This trial 
included a highly selected patient population: more than 80% of patients had no 
previous cytostatic therapy, 75% of patients had a Gleason score ≤7, 53% of patients 
had no pain complaints, and 43% had low-bone and bone-only disease [30].

Table 7.5 Taxane-related adverse effects in the treatment of mCRPC

TAX 327 TROPIC
Adverse event Frequency (%) Adverse event Frequency (%)

Alopecia 65 Neutropenia G3/G4 82
Fatigue 53 Diarrhea 47
Nausea/emesis 42 Fatigue 37
Neutropenia G3/G4 32 Nausea 34
Diarrhea 32 Emesis 23
Onycholysis 30 Asthenia 20
Peripheral neuropathy 30 Constipation 20
Stomatitis 20 Hematuria 17
Peripheral edema 19 Abdominal pain 12
Dysgeusia 18 Dyspnea 12
Anorexia 17 Fever 12
Dyspnea 15 Arthralgia 11
Myalgia 14 Anemia G3/G4 11
Tearing 10 Febrile neutropenia  8
Epistaxis  6 Thrombocytopenia G3/G4  4
Anemia G3/G4  5
Febrile neutropenia  3
Thrombocytopenia G3/G4  1
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Sipuleucel-T has been recently approved by the European Medicines Agency 
(EMA) for the treatment of mCRPC. However, the procedure requirements, absence 
of predictive biomarkers of response and associated costs may limit its use.

7.2.4  Radionuclide Therapy: Radium-223

Radium-223 is an α-emitting, bone-seeking calcium mimetic that selectively targets 
and binds to areas of increased bone turnover in bone metastasis. The drug is admin-
istered by intravenous injection at 4-week intervals, up to a total of six injections. 
The ALSYMPCA trial was a randomized, double blind, Phase 3 study comparing 
six injections of radium-223 with placebo in men with CRPC and bone-only metas-
tasis who received, were not eligible to receive, or declined docetaxel chemotherapy 
[31]. Median OS was longer with radium-223 than with placebo (14.9 vs 11.3 months; 
hazard ratio 0.70, 0.58–0.83; P < 0.001). Subsequent subgroup analysis showed a 
survival benefit with radium-223, irrespective of previous docetaxel use [32]. In 
addition, a significant improvement in median time to first symptomatic skeletal 
event was observed for radium-223 compared to placebo (15.6 vs 9.8 months; haz-
ard ratio 0.66, 0.52–0.83; P < 0.001). Radium-223 was well tolerated and associated 
with fewer adverse events than placebo. Although the difference was not statistically 
significant, a higher rate of diarrhea (25% vs 15%) was seen with radium therapy. 
Other known side effects include nausea, vomiting, peripheral edema, and hemato-
logic abnormalities (anemia, leukopenia, thrombocytopenia, neutropenia). Radium 
therapy was also associated with a meaningful improvement in quality of life [31].

7.3  How to Choose the First-Line Therapy

Approved molecules with survival benefit in mCRPC

Mechanism of action Molecule Trial
Survival advantage, 
months

Androgen receptor Enzalutamide AFFIRM (post-docetaxel) 18.4 vs 13.6
PREVAIL (pre-docetaxel) 35.3 vs 31.3

Androgen synthesis inhibition Abiraterone COU-AA-301 
(post-docetaxel)

15.8 vs 11.2

COU-AA-302 
(pre-docetaxel)

34.7 vs 31.3

Citotoxicity—Microtubule 
stabilization

Docetaxel TAX-327 (first-line) 19.2 vs 16.3
Cabazitaxel TROPIC (post-docetaxel) 15.1 vs 12.7

Radionuclide—Calcium 
mimetic

Radium-223 ALSYMPCA (pre/post 
docetaxel)

14.9 vs 11.3
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The choice of first-line therapy and the therapeutic sequencing are not straightfor-
ward, due to the number of available therapies and the absence of randomized 
clinical trials evaluating their sequence. In 2015, a consensus meeting was held 
for the first time. It was called the St Gallen Advanced Prostate Cancer Consensus 
Conference—APCCC 2015, and gathered investigators from leading clinical tri-
als and opinion leaders in an effort to answer key clinical questions. Based on the 
resulting document and in evidences available in the literature, a therapeutic algo-
rithm is proposed.

According to this algorithm, mCPRC patients are initially assigned to one of two 
groups: eligible or non-eligible for docetaxel cytostatic therapy.

7.4  Patients Non-eligible for Docetaxel Therapy

The following criteria apply for considering a patient ineligible for docetaxel 
therapy:

• ECOG Performance status (PS) of 3, and most patients with ECOG PS of 2;
• inadequate bone marrow reserve (absolute neutrophil count <1500 cells/mm3 or 

platelet count <100,000 cells/mm3);
• inadequate organ reserve (total bilirubin increase ≥1.5×; AST/ALT>3.5 times 

the upper limit of normal);
• patient refusal to receive chemotherapy.

Although docetaxel use is not contraindicated in elderly patients, caution should 
be taken when administering the drug in the geriatric population, due to non- prostate 
cancer-related comorbidities. This evaluation and decision should be made for each 
patient individually. These patients can be candidates for new-generation hormonal 
therapy, although trials demonstrating their benefit (COU-AA-302 and PREVAIL) 
have not been performed on the geriatric population, and no information exists 
regarding their risk/benefit ratio or quality of life in this setting.

7.5  Patients Eligible for Docetaxel Therapy

Patients eligible for chemotherapy require a previous evaluation for presence or 
absence of symptoms, disease site and preexisting adverse prognostic factors.
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7.5.1  Definition of Asymptomatic/Minimally Symptomatic 
Patients

The benefit of docetaxel therapy in this patient population may be questionable, 
considering the drug’s toxicity and the potentially absent symptomatic relief, since 
patients already are asymptomatic or minimally symptomatic. Nevertheless, there is 
not an unequivocal choice between chemotherapy and new hormonal manipula-
tions, as there are a fraction of patients who are primarily resistant to the latter. The 
splicing variant of the androgen receptor, AR-V7, was studied by Antonarakis et al., 
and it seemed to have conferred resistance to both abiraterone and enzalutamide 
patients [33, 34]. That effect was not seen in taxane treated patients, with the splic-
ing variant emerging as possible biomarker. This concept has been recently vali-
dated by Howard Scher et  al. and could have an important role in the first-line 
therapy selection for mCRPC patients [35, 36].

There is no evidence of superiority of abiraterone compared to enzalutamide or 
vice versa, and the use of these drugs should be evaluated in each patient individu-
ally, considering the most favorable toxicity profile. Sipuleucel-T can be used in this 
indication concomitantly with other therapies.

The definition of “minimally symptomatic patient” is not clear in the PCWG2 
criteria, but by analyzing inclusion and exclusion criteria in these trials a definition 
can be reached:

• the COU-AA-302 trial only included patients with an ECOG PS of 0 or 1, and 
measured symptomatology by the Brief Pain Inventory—Short Form (BPI-SF) 
score. Patients with a score of 0 or 1 were considered asymptomatic, while those 
with a score of 2 or 3, minimally symptomatic. Patients with visceral disease 
were excluded;

• the PREVAIL trial included patients with ECOG 0–2, BPI-SF score <4, no opi-
oid therapy, and visceral disease;

• the IMPACT trial excluded patients with ECOG>2, visceral disease, and bone 
events (bone fractures, spinal cord compression or radiation therapy/bone sur-
gery). This trial only included asymptomatic patients at the beginning, and sub-
sequently also the inclusion of symptomatic patients (the criteria for this 
population was not detailed);

Considering this, an asymptomatic or minimally symptomatic population can be 
characterized as having:

• an ECOG PS of 0–1;
• pain defined according to BPI-SF scale of 0–1 (asymptomatic) or 2–3 (mini-

mally symptomatic), with no need for opioid therapy;
• no previous bone events (long bone-fracture, spinal cord compression or bone 

radiation therapy/surgery).
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7.5.2  Disease Site

Presence of visceral disease in mCRPC is rare, and associated with worse progno-
sis. According to Phase 3 trials performed in the first-line setting of mCRPC treat-
ment, only TAX-327, SWOG 99-16 and PREVAIL (12% of patients) included 
patients with visceral disease. Therefore, recommendations on the use of docetaxel 
or enzalutamide in this subpopulation should be made based on available 
evidences.

Hepatic metastasis (versus other visceral metastatic sites) are associated with 
worse prognosis, as observed in the subanalysis of the AFFIRM study and in a sub-
analysis performed by Halabi et  al. in the TAX-327 study [37]. Consequently, 
although a benefit was observed in patients with visceral metastasis treated with 
enzalutamide in the PREVAIL study, hepatic metastasis should be considered a fac-
tor of poor prognosis, and first-line docetaxel therapy, recommended [38].

7.5.3  Adverse Prognostic Factors

Adverse prognostic factors represent a significant risk for rapidly progressive dis-
ease, and should be addressed in the asymptomatic or minimally symptomatic pop-
ulation before a treatment decision between docetaxel or new generation hormonal 
manipulations be made.

A Gleason score >8 in local disease (pre-radiotherapy or surgery) represents a 
poor prognosis factor for the development of metastasis and mortality. The same is 
true for a twofold increase in total PSA time in non-metastatic biochemical recur-
rence. The latter has also been validated as an adverse risk factor in the metastatic 
setting, but there was no definite cut-off value; in the TAX-327 study, a PSA dou-
bling time value higher than 55 days was established as prognostic for survival [39].

Time to castration resistance, defined as the time from nadir of total PSA under 
androgen deprivation until confirmed biochemical progression, is a poor prognostic 
factor and can also be predictive of response to future hormonal manipulations. It 
does not seem to have an impact on the PSA response to docetaxel or cabazitaxel 
[40, 41].

Tumor burden should be considered, evaluating the type of metastization (lymph 
nodes, bone, lymph nodes and bone, visceral). The prognostic implications of this 
parameter were highlighted in the CHAARTED and STAMPEDE studies, where 
docetaxel was associated with a survival improvement in patients with hormone- 
sensitive disease and high tumor burden (defined as four or more bone lesions and/
or visceral disease) [42, 43].

When considering a predominantly bone-metastizing disease, bone involvement 
is translated in bone turnover and lysis parameter alterations, including alkaline 
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phosphatase. In the TAX-327 study, an alkaline phosphatase elevation above the 
median value was a poor prognostic factor, as it was in the COU-AA-302 study 
[16]. LDH elevation is a tumor lysis marker, frequently associated with tumor bur-
den. In the COU-AA-302 study, elevation of this parameter was a poor prognostic 
factor for survival [44]. A low pre-treatment hemoglobin value may reflect spinal 
cord involvement due to neoplastic infiltration, related to more advanced disease. 
Also a ratio higher rate of lymphocytes/neutrophils in peripheral blood prior to 
therapy is, not only a poor prognostic marker, but also an indicator of worse response 
to either docetaxel or abiraterone.

The final analysis of the COU-AA-301 and COU-AA-302 trials showed that 
anemia, alkaline phosphatase elevation, ECOG, time from hormone therapy to other 
therapy and presence of visceral metastases were poor prognostic factors of sur-
vival, and presence of four to six of these parameters in the same patient translated 
into a global survival lower to 6 months [14, 16].

In presence of such adverse prognostic factors, earlier onset of chemotherapy 
should be considered instead of new generation hormone manipulations. The reason 
for this is the risk for rapid progression, which can cause the deterioration of 
patient’s overall status and the potential loss for docetaxel therapeutic window.

7.6  Subsequent Therapies

Data from small cohort retrospective studies suggests that clinical activity of 
docetaxel following abiraterone acetate and enzalutamide is reduced (with response 
rates lower than those reported in the TAX-327 trial), and that cabazitaxel activity is 
maintained (with response rates similar to those observed in the TROPIC study). 
Based on this data alone, there is currently no sufficiently robust information to 
determine the best sequence of available drugs for first-line treatment.

Sequencing of the two hormonal manipulations agents also seems to have a 
low efficacy. Several small retrospective series reported lower response rates and 
median PFS for the use of abiraterone post-enzalutamide and vice versa, com-
pared with trials in the second-line setting (COU-AA-301 and AFFIRM), 
although higher PSA response rates were observed with the use of enzalutamide 
in the second line [18].

In absence of robust evidences concerning the sequencing of different agents, all 
hypothesis are possible for the referred indications. For a patient treated with 
docetaxel in first line who is clinically asymptomatic/minimally symptomatic and 
has no poor prognostic factors, docetaxel re-challenge (using the criteria previously 
described: total PSA response >50% and range free of disease for more than 
6 months without therapy) or, preferably, switch to a secondary hormonal manipula-
tion can be considered. If patient is symptomatic or progressing under docetaxel, 
cabazitaxel therapy should be given. In case of bone-only metastasis patients, use of 
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radium 223 should be considered (currently only indicated in patients who have had 
at least two previous lines).

For patients who experienced secondary hormonal manipulations, subsequent 
treatment with docetaxel should be considered, followed by cabazitaxel or radium 
223 (for bone-only metastasis patients). Sequential therapy with another secondary 
hormone-manipulating agent should be left for salvage therapy in highly selected 
patients who had an excellent prior response to the first therapy.

7.7  Future Perspectives

Defects in homologous repair deficient (HRD) genes, such as BRCA 1/2, ATM, 
PALB2, RAD51, FANC and CHEK2 are present in about 1/5–1/4 of mCRPC 
patients [45]. Activity has been seen with poly adenosine disphosphate-ribose poly-
merase (PARP) inhibitors in the TOPARP trial [46] and to some extent platinum 
therapy [47].

PTEN loss is also common in mCRPC, activating AKT signalling [45]. Targeting 
this pathway has shown significant activity in a phase 2 trial and is now being tested 
in a phase 3 setting [48, 49].

Germline mutations in mismatch-repair genes (MLH1, MSH2, MSH6 and 
PMS2) are described in a small percentage (0.6%) of men with mCRPC, but recently 
an hypermutated phenotype was describe by Pritchard et al. in mCRPC, with mis-
match repair deficiency reaching 12% of mCRPC patients [50]. Pembrolizumab, a 
monoclonal antibody targeting programmed death 1 (PD-1), was approved by the 
Food and Drug Administraion (FDA) for cancers with defective mismatch repair 
[51]. In unselected patients resistant to enzalutamide this agent has considerable 
activity, warranting further investigation, specially in patients with defective mis-
match repair [52].

Prostate specific membrane antigen (PSMA) is highly expressed in 
mCRPC. PSMA-ligands can be coupled to radionuclides, such as actinium or lute-
cium (alfa and beta particles, respectively). These molecules were already tested in 
phase II trials in a heavily treated population, with promising results [53, 54]. A 
recombinant T-cell engaging bispecific monoclonal antibody (BiTE) directed 
against PSMA and the CD3 epsilon subunit of the T cell receptor complex, can have 
potential immunostimulating and antineoplastic activities and is currently being 
tested [55].
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Chapter 8
Peptide-Based Radiopharmaceuticals 
for Molecular Imaging of Prostate Cancer

Tamila J. Stott Reynolds, Charles J. Smith, and Michael R. Lewis

Abstract Given the high incidence of prostate cancer, there is a continuing need 
for advances in early detection and in effective treatments. Over the last several 
years, radiolabeled peptides have been developed, which can target receptors on 
prostate tumors with high affinity and specificity. These peptides are eliminated 
from normal tissues rapidly, producing high contrast for PET and SPECT imaging. 
Receptors of interest for tumor imaging include prostate specific membrane antigen 
(PSMA), gastrin-releasing peptide receptor (GRPR), and αvβ3 integrin. Because 
radiolabeled peptides afford high tumor-to-normal tissue uptake ratios, the potential 
of peptide-based targeted radiotherapy of prostate cancer is being explored. In addi-
tion, targeting either of two receptors with one peptide may allow more tumors to be 
detected and aid in the delineation of early versus advanced disease. Taken together, 
all these developments in peptide-based imaging and therapy of prostate cancer 
offer the promise of personalized, molecular medicine for individual patients.

Keywords Peptides · Radiopharmaceuticals · PET · SPECT · Gastrin-releasing 
peptide receptor · αvβ3 integrin

T. J. Stott Reynolds 
Laboratory Animal Resources Center, University of Texas at El Paso, El Paso, TX, USA
e-mail: tjstottreynolds@utep.edu 

C. J. Smith 
Department of Radiology, University of Missouri, Columbia, MO, USA
e-mail: smithcj@health.missouri.edu 

M. R. Lewis (*) 
Department of Veterinary Medicine and Surgery, University of Missouri,  
Columbia, MO, USA
e-mail: LewisMic@missouri.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99286-0_8&domain=pdf
mailto:tjstottreynolds@utep.edu
mailto:smithcj@health.missouri.edu
mailto:LewisMic@missouri.edu


136

8.1  Introduction

Prostate cancer is a significant problem among American men, with one out of 
seven diagnosed within his lifetime. However, the incidence of prostate cancer- 
related death (one in every 39 men) is relatively low. Regardless, the poor prognosis 
and comorbidities of metastatic disease, including excruciating pain, plus the cur-
rent state of palliative therapy provide motivation to develop innovative new meth-
ods for early detection and treatment. In addition, tactics to distinguish indolent 
from aggressive cancer are critical in improving patient outcome [1–3]. Current 
therapies, including surgery, external beam radiation, brachytherapy, and chemo-
therapy, are often unsuccessful in stopping the disease from progressing to a hor-
mone refractory, then inevitably metastatic state. These factors account for most of 
the complications of and incidence of prostate cancer-related deaths [4, 5]. Moreover, 
the side effects of the existing therapies are often the result of imprecise delivery. 
The current diagnostic techniques, such as serum prostate specific antigen (PSA) 
levels and needle biopsy, are controversial in their ability to achieve accurate, early 
detection. According to some experts, these methods may produce false positive 
diagnoses leading to unneeded treatment. However, other experts believe that these 
methods have demonstrated a beneficial effect on overall mortality [6–13].

Current methods of detection for prostate cancer include the digital rectal exam 
(DRE), measurement of PSA in the blood, and ultrasonic imaging. If these prelimi-
nary diagnostics indicate the possibility of prostate cancer, more advanced imaging 
and ultrasound-directed biopsy can confirm and help stage the cancer, as well as 
formulate a prognosis for the patient. The Gleason scoring system based on histo-
logical grades is also still key for staging and determining prognoses. For example, 
a Gleason score ≥7 and a PSA result >20 ng/mL are considered indicators of aggres-
sive behavior and metastasis. The Gleason scoring system has evolved over the 
decades but remains imperfect in many ways [14–16], and it is possible for two 
different patients to receive an identical numeric score despite variability in their 
individual criteria used for scoring. Thus, screening and initial biopsies are a topic 
of much debate as they are not without risks to the patient’s health and wellbeing. 
The outcome for most diagnoses will be a “watch and wait” or “active monitoring” 
approach. A great many new cases will not be considered an immediate health crisis 
for the patient, due to early stage and expected slow progression or the presence of 
other serious comorbidities that accompany advanced age [17, 18]. Magnetic reso-
nance imaging (MRI), computed tomography (CT), radiopharmaceutical bone 
scans, and dissection of the pelvic lymph nodes are modalities used to stage prostate 
cancer further.

Once initial staging is complete, a patient’s therapeutic options are determined. 
Options may only include “watchful waiting/active surveillance” as previously 
noted through at least Stage III and even to Stage V (depending on patient variables 
such as age and concurrent health status), as defined by the American Joint 
Committee on Cancer (AJCC) Tumor, Nodes, Metastasis (TNM) classification for 
prostate cancer [19]. If a patient elects active intervention, actions may include 
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 chemotherapy (e.g., bisphosphonates, docetaxel, cabazitaxel). Other first line treat-
ments include androgen suppression/deprivation methods that may be purely phar-
maceutical (e.g., hormonal manipulation with anti-androgens/LHRH agonists), 
surgical or mechanical ablative treatment (prostatectomy with orchiectomy, cryo-
surgery, or high-intensity focused ultrasound (HIFU)), and/or radiation treatment 
(e.g., external beam radiation therapy (EBRT), proton beam irradiation, brachy-
therapy, radioimmunotherapy, targeted radiation) [20–32].

Over the past 40 years, a number of radiopharmaceuticals have been introduced 
to detect and treat prostate cancer by diagnostic imaging and targeted radiotherapy, 
respectively. The general principle for the development of these drugs is that they 
target malignant tissues and accumulate in sites of disease, often in areas of osteo-
blastic activity in bony metastases. More recently, radiolabeled peptides have been 
developed, which can target receptors on prostate tumors with high affinity and 
specificity. Receptors of interest for specific tumor targeting include prostate spe-
cific membrane antigen (PSMA), gastrin-releasing peptide receptor (GRPR), and 
αvβ3 integrin. Well-designed receptor-avid peptides have the ability to produce high 
imaging contrast and sensitivity for single photon emission computed tomography 
(SPECT) and positron emission tomography (PET), as well as a high therapeutic 
index for peptide-receptor radionuclide therapy (PRRT), respectively.

8.2  Radiopharmaceutical Imaging and Therapy of Prostate 
Cancer

Radionuclides useful for peptide-based imaging and therapy of prostate cancer are 
listed in Table  8.1. Useful nuclear properties of radionuclides for imaging are 
gamma rays (γ) for scintigraphy and SPECT imaging and positrons (β+) that pro-
duce annihilation radiation with an energy of 511 keV for PET imaging. Useful 
emissions for therapy include beta minus particles (β−) and, less commonly, alpha 
particles (α++).

Technetium-99m is called the “workhorse of nuclear medicine,” as it is readily 
obtained onsite and on demand from a 99Mo/99mTc generator in a hospital radiophar-
macy, emits an optimal γ ray energy for nuclear imaging, and is used for approxi-
mately 85% of all imaging procedures. Much prostate cancer imaging is aimed at 
evaluating metastatic sites, particularly in bone. Planar γ scintigraphy using 99mTc- 
labeled methylenediphosphonate (99mTc-MDP) is currently the most commonly uti-
lized imaging modality for prostate cancer staging, as well as for monitoring bony 
metastases prone to pathologic fracture. In addition, 99mTc-MDP is used to evaluate 
therapeutic response of disseminated disease. This radiocomplex targets the surface 
of remodeling bone in hydroxyapatite crystals during mineralization, becoming a 
useful tool for imaging metastatic bone lesions. In the case of cancer of prostatic 
origin, the skeletal metastases tend to exhibit osteoblastic expansion, as opposed to 
being characterized by osteoclastic bone destruction. Unfortunately, there are 
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 multiple etiologies that can produce a false positive for bone metastasis, owing to 
the fact that accumulation may occur during normal bone remodeling or benign 
pathologies such as arthritis and general inflammation [33]. Nonetheless, bone scin-
tigraphy with 99mTc-MDP is uniformly available and reimbursable through Medicare/
Medicaid and is relatively inexpensive for whole-skeleton evaluation [34, 35]. Other 
modalities, such as PET using 18F-fluoride (18F-NaF−), operate by the same mecha-
nisms in bone and have the potential to be more sensitive. These drugs have shown 
superior imaging efficacy, accuracy, and spatial resolution due to the use of PET 
technology versus planar scintigraphy.

An early bone-targeting radiopharmaceutical developed and approved by the FDA to 
treat metastatic prostate cancer was 153Sm-ethylenediaminetetramethylenephosphonate 
(153Sm-EDTMP, QuadraMet®). Like 99mTc-MDP, this agent accumulates in tumor sites 
of high osteoblastic activity, delivering internally emitting, cytotoxic β− radiation. 
Recently, 223RaCl2 (Xofigo™), an α++-emitting bone agent, was approved by the 
FDA. This drug is a calcium mimetic selective for osteoblastic repair. Both QuadraMet® 
and Xofigo™ have been shown to improve overall survival of prostate cancer patients 
and provide pain relief by controlling metastatic bone lesions. In some cases, tumor 
uptake of 153Sm-EDTMP mimics that of 99mTc-MDP, enabling a routine bone scan to 
predict which patients are likely to benefit from QuadraMet® therapy. These drugs thus 
provide evidence that bone-seeking, therapeutic radiopharmaceuticals can also be very 
selective and useful.

Table 8.1 Properties of radionuclides used for peptide labeling

Radionuclide
Maximum particle 
emission (%) Gamma emission (%) Half-life Application

99mTc – (IT) 140 keV (89.3%) 6.01 h SPECT
111In – (EC) 245 keV (94%)

171 keV (91%)
2.80 days SPECT

64Cu 0.653 MeV β+ (17.5%)
0.579 MeV β− (38.5%)
EC (43.5%)

1346 keV (0.5%)
511 keV (35%) ann. 
Rad.

12.7 h PET

68Ga 1.899 MeV β+ (89.1%)
EC (10.5%)

1077 keV (2.99%)
511 keV (178%) ann. 
Rad.

67.7 min PET

86Y 3.15 MeV β+ (34.0%)
EC (66.0%)

1921 keV (20.8%)
1854 keV (17.2%)
1153 keV (30.5%)
1077 keV (82.5%)
777 keV (22.5%)
703 keV (15.4%)
511 keV (67.2%) 
ann. Rad.

14.7 h PET

90Y 2.28 MeV β− (100%) – 64.0 h Targeted 
radiotherapy

177Lu 0.498 MeV β− (78.6%)
0.385 MeV β− (9.1%)
0.177 MeV β− (12.2%)

208 keV (11.0%)
113 keV (6.4%)

6.73 days Targeted 
radiotherapy

IT isomeric transition, EC electron capture, ann. Rad. annihilation radiation
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8.3  Design of Radiolabeled Peptides for Imaging 
and Therapy

Radiolabeled peptides and small molecules continue to hold promise for early diag-
nosis and treatment of human disease [36]. The interest in radiolabeled peptides for 
molecular imaging and therapy stems from their rapid blood clearance, rapid uri-
nary excretion, ease of penetration into tumor vasculature, relatively low immuno-
genicity, and their ability to be chemically tuned to target cell-surface receptors that 
tend to be expressed in high numbers on human cancer cells, relative to normal tis-
sues [36]. The selective overexpression of peptide receptors in human cancers is 
often exploited in targeting strategies for radionuclide imaging and therapy 
(Fig. 8.1). The ability to use radiolabeled peptides to target cell surface receptors or 
biomarkers selectively has been a point of investigation for many years [37–41].

Design and development of radiolabeled, peptide-based, tumor-targeting agents 
for in vivo molecular imaging or therapy involves the preliminary consideration of 
many pieces of a complex puzzle. These pieces include a radiometal with appropri-
ate emission characteristics, a metal complexing agent, a pharmacokinetic modifier, 
and a receptor-specific targeting vector. Important considerations for desirable radio-
peptide pharmacology include blood clearance, receptor/biomarker binding kinetics, 
and excretion route. For molecular imaging using peptides, it is necessary for an 
agent to have its highest target uptake in a short period of time, as to achieve a useful 
diagnostic signal-to-noise ratio. Residence time of the tracer in blood should be min-
imal, yet long enough for the drug to reach the binding site of the biomarker. It is 
necessary for the agent to have rapid renal-urinary excretion, with minimal accumu-
lation of radioactivity in the gastrointestinal tract, allowing for negligible irradiation 
of non-target tissues and diagnostically useful images of the lower abdomen.

Fig. 8.1 Principle of peptide-based radiopharmaceutical targeting of cancer, based on Paul 
Ehrlich’s 1897 “lock and key” theory of receptor binding
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8.3.1  The Radionuclide

When choosing a radionuclide for use in a peptide-targeting construct, the main 
factors for consideration are the half-life, the emission profile, the method of pro-
duction, and the means and ease by which the radioactive atom may be chemically 
attached. The half-life must be long enough to allow for synthesis, purification, 
transport, administration to the patient, and localization to target cells. At the same 
time the half-life must be short enough so as to prevent an excessive radiation dose 
to the patient. These characteristics make the half-life a matter of a few hours for 
optimal imaging and therapy. The emission profile must be one that is conducive to 
the task(s) intended, whether that be the need for γ photons for scintigraphy or 
SPECT, or for positron annihilation photons for PET imaging. For optimal imaging 
resolution, usable γ energies fall between 100–200 keV, while usable positron par-
ticle emissions are typically on the order of a few hundred keV. For therapy, beta 
minus or alpha emissions are generally necessary for efficacy. A combination of 
photon and cytotoxic emissions, allowing for concomitant imaging and therapy 
with the same radionuclide, is optimal for staging disease and evaluating response 
to targeted radiotherapy. Finally, the ideal radionuclide is readily available and not 
cost-prohibitive.

Indium-111-, 68Ga-, 90Y-, and 177Lu-radiolabeled compounds have been of recent 
interest in peptide-based prostate cancer imaging and therapy, due to their availabil-
ity and optimal nuclear characteristics. Indium-111, 68Ga, and 177Lu have half-lives, 
decay modes and emission profiles suitable for imaging and radiation dosimetry, 
and the β− emission of 177Lu also renders it useful as a radiotherapeutic. Yttrium-90, 
on the other hand, cannot be used as a practical imaging agent, owing to the absence 
of γ ray emissions. However, it is suitable as a therapeutic radionuclide and can be 
used in a “matched pair” with another radionuclide with emissions useful for imag-
ing and dosimetry. Yttrium-86 is the other component of this “matched pair,” as it 
can be used for PET imaging and dosimetry.

Indium-111 is a cyclotron product that undergoes electron capture decay and 
emits two γ rays (171 and 245 keV), which fall into the range required for scinti-
graphic or SPECT imaging. Its 2.8-day half-life also makes 111In optimal for molec-
ular imaging. For example, since its production is straightforward, it can be readily 
obtained in time to allow for all necessary steps in the molecular imaging process, 
ranging from drug preparation to patient imaging procedures. Numerous monoclo-
nal antibodies, peptides, and small molecules have been labeled with 111In, making 
it one of the more commonly used imaging radionuclides.

Gallium-68, a promising radionuclide for PET imaging, is the product of a 
68Ge/68Ga generator, which can be used onsite and on demand. It has a half-life of 
68 min, which is attractive for reducing the radiation burden to an imaging patient. 
Because of its short half-life, 68Ga is most useful to label rapidly targeting agents, 
such as peptides and small molecules.

The lanthanide and pseudolanthanide radiometals, such as 90Y and 177Lu, are 
produced directly or indirectly in a nuclear reactor and decay most often by β− emis-
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sion, making them desirable for targeted radiotherapy. In addition, the radiolan-
thanides all possess very similar radiolabeling chemistries while offering a diverse 
spectrum of nuclear decay properties. Therefore, it is possible to match a desired set 
of nuclear properties, (e.g. half-life, maximum β− energy, range) to a particular clin-
ical application [42].

Yttrium-90 is produced most efficiently from a 90Sr/90Y generator, after produc-
tion of 90Sr in a nuclear reactor. Yttrium-90 has a half-life of 64 h, decays by β− 
emission, and has a maximum particle range of approximately 11 mm in tissue, 
making it an attractive radionuclide for treatment of larger tumors [42, 43]. The 
utility of 90Y lies in its pure β− emission profile and this, in conjunction with its other 
characteristics, makes it a good therapeutic isotope choice. Lutetium-177 is pro-
duced directly in a nuclear reactor. It has a half-life of 6.73 days, decays by β− emis-
sion, and emits two imageable γ photons (113 and 208  keV) that are useful for 
molecular imaging and tracking of administered doses in patients. In addition, the 
low-abundant γ photons allow the possibility of also determining the radiation dose 
to the patient. Lutetium-177 has a maximum particle range of approximately 2 mm 
in tissue, making it potentially useful for treating smaller tumors [42, 43]. Like 90Y, 
it can be produced in large quantities and is an emerging radionuclide for therapeu-
tic applications using peptide-based radiopharmaceuticals [44].

Targeted radiotherapy using 90Y or 177Lu is based on the use of tumor cell- seeking 
molecular vehicles that carry a therapeutic radionuclide to cancerous tissues, deliv-
ering a cytotoxic insult to tumor cells. This targeted approach has the potential for 
selective irradiation of diseased tissue while sparing adjacent normal tissues. An 
additional advantage of targeted radiotherapy is the ability to deliver a cytotoxic 
dose of radiation to collateral receptor-negative tumor cells, producing what is 
called a “cross-fire” effect.

8.3.2  The Metal Chelator

Without an appropriate metal chelator, the radionuclide may become disengaged 
from the peptide, resulting in an excessive imaging background signal, or worse, 
toxicity to non-target tissues. Other potential consequences of an inappropriate che-
lator choice or of a poor location for attachment include decreased binding affinity 
or selectivity. The choice of chelating agent depends mostly upon the properties of 
the radiometal it will contain and the ease of the conjugation chemistry. Kinetic and 
thermodynamic stability of the metal complex should also be considered. For exam-
ple, demetallation from the chelator or transmetallation to serum proteins could 
result in nonspecific accumulation in collateral tissues. Such properties result in less 
than optimal target:non-target ratios, low-contrast imaging, and/or lower therapeu-
tic indices with greater toxicity. Bifunctional chelating agents serve not only to 
contain and stabilize radionuclides, but also to tether them to other molecules via a 
chemically active functional group. These moieties must also be suitable for bind-
ing a given radiometal and be amenable to conjugation to a peptide, without causing 
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undesirable changes in biodistribution, target binding and retention, and overall 
pharmacokinetics.

One of the most versatile metal complexing agents is DOTA (1,4,7,10-tetraaza-
cyclododecane- 1,4,7,10-tetraacetic acid), used to stabilize a variety of radiometals 
for imaging and therapy, such as 111In for SPECT, 64Cu and 68Ga for PET, and 90Y 
and 177Lu for targeted radiotherapy. DOTA is one of several chelators with a macro-
cyclic structure. Cyclic moieties are generally superior to acyclic forms, as the 
large, ring-like moiety secures the radionuclide tightly at its center. DOTA can be 
conjugated to peptides through one of its carboxyl groups or at the carbon backbone 
of the ring.

8.3.3  The Linker

The final components of radiopharmaceutical peptides are the linking and spacers 
between the radiometal complex and the targeting vector; i.e., peptide. These com-
ponents also support the performance of the entire compound by influencing the 
final size, shape, solubility, stability, and molecular weight of the construct. 
Moreover, linking and spacing between the radiometal chelate and the peptide affect 
the pharmacodynamics, affinity, and mode of excretion of the bioconjugate. The 
pharmacological behavior of tracer peptide-based agents can also be affected by 
chemical modification of the metal-chelate complex and/or biomarker binding 
region or insertion of a linking moiety between the two as a pharmacokinetic modi-
fier [45]. Insertion of amino acid or aliphatic linkers between the binding region of 
peptides and the metal-chelate complex usually does not reduce receptor binding 
affinity significantly [46, 47]. Shorter, more-polarizable linkers tend to render a 
more hydrophilic radioligand with excretion primarily via the renal-urinary path-
way. Long-chained aliphatic linkers, on the other hand, tend to produce more hydro-
phobic radiopeptides with unfavorably slow clearance via the hepatobiliary pathway. 
Desirable peptide-based targeting radiopharmaceuticals will bind target receptors 
with high affinity, remain stable under normal physiological conditions, penetrate 
tumors and tumor vasculature, be quickly cleared from the blood and non-target 
tissues, and have minimal immunogenicity [36–38, 41, 48]. Because tumor pathol-
ogy is targeted by radiolabeled peptides, there is potential for using these com-
pounds to detect not only primary tumor locations, but also areas of metastasis as 
well. They may be used to evaluate and stage a patient with one test, providing 
information helpful in the process of therapy selection and approaches.

The characteristics of radiolabeled peptides provide strong motive for the contin-
ued development and refinement of this category of diagnostic and therapeutic 
agents. There is much opportunity for investigating the numerous, unexplored com-
binations of their structural components that favorably alter their pharmacokinetic 
profiles. While there are novel diagnostic and therapeutic peptides being developed, 
it is important to build upon the progress and investment made thus far.
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8.4  Targeting Prostate Specific Membrane Antigen

Some of the most promising imaging agents currently in evaluation target PSMA. In 
prostate cancer, it is quite overexpressed (100- to 1000-fold more than in normal 
tissues such as the brain, kidney and small intestine) [49]. Moreover, PSMA tends 
to increase with the degree of aggressiveness and metastatic potential of prostate 
cancer [49, 50].

Prostascint™ is an FDA-approved murine monoclonal antibody labeled with 
111In for scintigraphy, which was used extensively for many years to target prostate- 
specific membrane antigen (PSMA). Unfortunately Prostascint™ reacts with an 
intracellular epitope of PSMA that is only exposed in necrotic cells. Thus, this drug 
was reported to be less sensitive and specific than agents developed since, such as 
receptor-targeting peptides and small molecules.

Most imaging agents targeted to PSMA are small molecule enzyme inhibitors 
aimed at the catalytic domain of the receptor, reviewed by Pillai et al. [51]. These 
compounds have been labeled with 99mTc for scintigraphy and SPECT imaging, 18F 
and 68Ga for PET imaging, as well as 177Lu for targeted radiotherapy. The PSMA- 
targeting probe DUPA (2-[3-(1, 3-dicarboxy propyl)-ureido] pentanedioic acid) has 
often been investigated for prostate cancer targeting. Gallium-68-PSMA-11, a 
DUPA derivative developed by Afshar-Oromieh et al. [52, 53], is a PET imaging 
agent currently in clinical trials for detection of PSMA on resected prostate tissue 
performed in high-risk cases. Studies to evaluate, characterize, and compare it to 
bone scintigraphy with 99mTc suggest that 68Ga-PSMA-11 for PET imaging, com-
bined with CT or MRI, is at least comparable if not superior to scintigraphy. 
Scintigraphy will only detect bone lesions, whereas PSMA-11 can detect primary 
tumors and distant soft tissue metastases, in addition to bone lesions [52, 54–56]. 
This advantage was apparent particularly with regard to sensitivity for finding recur-
rent prostate cancer in a low serum PSA scenario.

8.5  Targeting Gastrin-Releasing Peptide Receptor

It is well-established that gastrin-releasing peptide (GRP) is a potent epithelial 
mitogen and that its receptor, gastrin-releasing peptide receptor (GRPR), also 
known as bombesin (BBN) receptor subtype 2 or BBN2, has been identified in tis-
sue biopsy samples and immortalized cell lines of many human cancers [57–59]. 
For example, GRPRs are present in high concentrations on prostate, breast, pancre-
atic, and small cell lung carcinomas [60].

The roles of the GRPR in vivo include the regulation of several physiologic pro-
cesses and effecting a wide range of body systems in an autocrine fashion [61]. 
Activation of the GRPR stimulates phospholipase C (PLC) and results in activation 
of tyrosine and mitogen-activated protein (MAP) kinase cascades. In castrate- 
resistant prostate cancer, activation of the GRPR stimulates growth by upregulating 
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cyclooxygenase-2 (COX-2) and releasing prostaglandin E2 (PGE2) via activation 
of the P13K/AKT pathway and MAP kinase p38, which prevents the degradation of 
COX-2 [62, 63]. Even in the absence of androgens, androgen receptors (AR) can be 
recruited and upregulated by tyrosine phosphorylation via the GRPR [62]. The vas-
culature of many different human tumors reflects high expression of the GRPR 
concurrently with vascular endothelial growth factor (VEGF), which indicates a 
role in angiogenesis to support growth and metastasis [64].

Mammalian GRPRs are G protein-coupled, 7-transmembrane receptors having 
the capacity to be endocytosed upon binding by an effective agonist ligand. There 
are four known BBN receptor subtypes [65]: BB1 (neuromedin B receptors, 
NMBR), BB2 (GRPR), BB3 (BRS-3), and BB4 (BRS-4). Early on, the ability of 
GRPR-targeting ligands containing a BBN receptor-binding motif to be rapidly 
internalized, coupled with a high incidence of receptor expression on various 
tumors, led to the design and development of new diagnostic and therapeutic agents 
targeting the GRPR as a clinical biomarker for early detection, staging, and poten-
tial treatment of cancer.

The literature reveals the extent to which overexpression of the GRPR occurs in 
prostate cancer. Markwalder and Reubi performed studies that revealed the follow-
ing: presence of GRPR expression in primary prostatic invasive carcinoma in all 
cancerous tissues assayed, with 83% of those determined to be high or very high 
density (1000 dpm/mg tissue); 25 out of 26 patients with prostatic intraepithelial 
neoplasia (PIN) demonstrated high to very high densities of GRP receptors; and, 
more than half of the castrate resistant prostate cancer bone metastases were GRPR- 
positive [57]. These findings are consistent with the findings of a study ten years 
later by Ananias et al. [66]. It is also important to note that these analyses in non- 
neoplastic prostatic tissues and in BPH cases showed GRPR to be either completely 
absent or of negligible incidence [57]. Near the same time, Schally and coworkers 
confirmed the preferential expression of GRPRs in prostatic carcinoma, with 91% 
of the samples expressing mRNA for the GRPR [59].

The model of success in the development of receptor-avid peptides has been the 
targeting of somatostatin receptors for the development of both diagnostic and 
 therapeutic radiopharmaceuticals [41]. For example, the successes of OctreoScan® 
(111In-DTPA-Octreotide) have paved the way for radiolabeled peptide exploration of 
other receptor systems. These peptide/receptor systems include bombesin receptor 
subtype 2 (BBN2), alpha-melanocyte stimulating hormone (α-MSH), arginine- 
glycine- aspartic acid (RGD), vasoactive intestinal peptide (VIP), cholecystokinin, 
and neurotensin (NT) [37, 38, 67].

Bombesin is a 14-amino acid amphibian peptide analogue (originally derived 
from the oriental fire-bellied toad, Bombina orientalis) [68] of the 27-amino acid 
mammalian regulatory peptide GRP. BBN and GRP share a homologous 7-amino 
acid amidated C-terminus, Trp-Ala-Val-Gly-His-Leu-Met-NH2, (BBN(7–14)NH2, 
Fig. 8.2), which is essential for high-affinity receptor binding to the GRPR [46, 47]. 
BBN-based molecules that target the GRPR in an agonistic fashion mimic the 
endogenous gastrin-releasing peptide and are among the most utilized ligands for 
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targeting human cancers. Upon binding to the GRPR, these peptides are rapidly 
internalized in tumor cells.

Numerous researchers have employed radiolabeled, bombesin-based ligands to 
target prostate cancer for imaging, because of their high binding affinity for the 
GRPR. These studies account for an abundance of literature pertaining to the sub-
ject. This literature has been reviewed by Baratto et al. [69]. Radiolabeled agonists, 
based on the C-terminal 7–14 amino acids, were the first peptides developed for 
imaging of the GRPR [70–74]. The first agents were labeled with 99mTc [75, 76], but 
while these peptides showed tumor localization with high specificity, clinical stud-
ies were only performed in small cohorts of patients. The performance of these 
peptides has not yet been studied in larger cohorts, in order to make a better deter-
mination of their potential utility.

Fluorine-18- and 64Cu-labeled agonists were next developed and studied in cell 
and animal models of prostate cancer. Dijkgraaf et al. [77] labeled an aluminum- 
chelated NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid) with 18F and found 
that its uptake in PC-3 tumors xenografted to mice was specific for GRPR. PC-3 is 
the most commonly used mouse prostate model, which is based on a skeletal metas-
tasis characteristic of advanced disease. More recently, Carlucci et al. [78]  developed 
two BBN analogues labeled with 18F that showed high specificity and stability in 
prostate tumor-bearing mice.

Copper-64-labeled agonists were being developed concurrently. Lane et  al. 
labeled a NOTA-based BBN(7–14)NH2 conjugate with 64Cu and evaluated a series 
of pharmacokinetic-modifying linkers between the chelate and the N-terminus of 
the peptide [79]. They found that an eight-carbon linker (Fig. 8.2, where M = 64Cu) 
produced the highest tumor uptake and fastest renal clearance in tumor-bearing 
mice. They also obtained micro-PET/CT images (Fig. 8.3) that clearly delineated 
PC-3 tumors. However, the images also showed high liver uptake characteristic of 
64Cu. Copper transchelates to superoxide dismutase in the liver [80], causing exces-
sive and persistent accumulation. To alleviate this problem, bombesin-based imag-
ing agents might be labeled with 68Ga in the future. Other groups have studied 

Radiometal-DOTA Chelate

Linker/
Pharmacokinetic Modifier

BBN(7-14)NH2

Fig. 8.2 Structure of radiometal-labeled BBN(7–14)NH2
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64Cu-labeled agonists, also finding high specificity and stability in vivo [81, 82]. As 
of yet, however, 18F- and 64Cu-labeled agents have not been studied in humans.

GRPR antagonists have received much attention in recent years. Antagonists 
bind to the receptor without internalizing or activating it, bind to a higher number 
of sites per receptor, successfully target the receptor, and are retained in GRPR-
positive tumors. The antagonist RM1, utilizing a statine residue, was labeled with 
111In and compared to the corresponding agonist, AMBA, by Mansi et al. [83]. In 
PC-3- bearing mice, they found that the antagonist displayed higher tumor uptake 
and higher tumor-to-normal tissue ratios than the agonist. In addition, the 
68Ga-labeled antagonist displayed similar pharmacokinetics to the 111In peptide, 
giving rise to the possibility of PET/CT imaging of GRPR in the clinic. The antag-
onist RM2, 4-amino-1-carboxymethyl-piperidine-D-Phe-Gln-Trp-Ala-Val-Gly-
His-Sta- Leu-NH2, was developed by the same group in 2011 [84]. Like RM1, 
when conjugated to an appropriate radiometal chelation moiety, it has been shown 
to have improved uptake and retention in tumors as compared to agonistic-type 
GRPR- targeting ligands. Indium-111- and 68Ga-RM2 also showed highly specific 
targeting of PC-3 tumors in mice; however, abdominal uptake was observed, 
 primarily in the pancreas, which also expresses high levels of GRPR. Radioactivity 
in the abdomen cleared quickly, while tumor retention remained high over the 
course of the study. Other BBN antagonists have been developed and evaluated, 
including MJ9 [85], NeoBOMB1 [86], and MATBBN [87–90]. These peptides 
have also shown favorable pharmacokinetics and tumor uptake when labeled with 
64Cu, 68Ga, 18F, and 111In.

Promising preclinical results, with GRPR antagonists in particular, have led to 
clinical trials for staging and restaging prostate cancer patients. Gallium-68-labeled 
RM2 was evaluated in 14 men [91] with scheduled radical prostatectomies (11) or 
with biochemical recurrence (3). Comparison of PET/CT with histology as a gold 
standard showed that 68Ga-RM2 had high sensitivity (89%), specificity (81%), and 
accuracy (83%) for detecting primary disease. The antagonist AR06 was labeled 

Fig. 8.3 Micro-PET image of a PC-3 prostate tumor-bearing mouse, using 64Cu-labeled BBN(7–
14)NH2
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with 64Cu and evaluated in 4 patients newly diagnosed with prostate cancer [92], 
affording clear, high-contrast detection of tumors. A recent restaging study com-
pared 68Ga-RM2 to 18F-fluoroethylcholine (18F-ECH) in 16 men with biochemical 
recurrence and negative or inconclusive ECH scans [93]. PET/CT of ten patients 
showed abnormal RM2 uptake. In two patients with inconclusive or negative ECH 
scans, RM2 detected additional pelvic lymph nodes and bone metastases. However, 
PSA levels in the patients receiving ECH scans were lower than those at the subse-
quent time of a RM2 imaging, necessitating larger prospective trials to determine if 
PSA is a factor in restaging with these agents. An interesting pilot study [94] com-
pared 68Ga-labeled RM2 to 68Ga-PSMA-11  in seven patients with castration- 
resistant prostate cancer and ambiguous results by conventional imaging (such as 
bone scintigraphy, CT, and/or MRI). Despite the fact that two different receptors 
were targeted, GRPR and PSMA respectively, similar uptake patterns were obtained 
for the two imaging agents. The same group [95] subsequently reported a prospec-
tive study in which 32 similar patients underwent PET/MRI imaging with 
68Ga-labeled RM2. In this trial, 68Ga-RM2 PET detected more cases of recurrent 
disease (23) than MRI (11).

8.6  Targeting αvβ3 Integrin

More recent targets of interest include members of the integrin receptor family sus-
pect in the development of metastasis due to roles in cell attachment, cell-to- 
extracellular matrix interactions and angiogenesis, and the fact that they are 
expressed in many tumors, including malignant melanoma, osteosarcoma, glioblas-
toma, and breast as well as prostate carcinomas [96–98]. Integrins are a class of 
heterodimeric, glycoprotein cell adhesion molecules (CAMs) that control the con-
nection of cellular cytoskeletons to attach to other cells or the extracellular matrix. 
In this way, they regulate cell adhesion, migration, proliferation and differentiation 
and, thus, angiogenesis and metastasis [98–104]. Mammals possess 18 different α 
subunits and eight different β subunits, which enables assembly of at least 24 func-
tional combinations [103].

Integrins are cell-surface transmembrane glycoproteins. The αvβ3 and αvβ5 integ-
rin subtypes are expressed on the endothelial cells of tumor neovasculature during 
angiogenesis and form the basis of investigations for molecular imaging of angio-
genesis and tumor formation in vivo. The αvβ3 integrin is known to be expressed in 
very high numbers in many tumor types including lung carcinomas, osteosarcomas, 
breast cancer, and glioblastomas [105]. It is also over-expressed in some prostate 
tumors at different stages [106, 107]. Radiolabeled peptides containing the amino 
acid sequence Arg-Gly-Asp (RGD) are non-regulatory peptides that have been used 
extensively to target αvβ3 receptors upregulated on tumor cells and neovasculature. 
These peptides therefore provide a molecular vehicle for early detection of rapidly 
growing tumors and metastatic disease.
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RGD peptides bind between the alpha and beta subunits of the integrin, as evi-
denced by crystallography [108]. Cyclization of the RGD sequence prolongs its 
biological half-life, increases selectivity and binding affinity, and provides a site for 
conjugation at the site of a lysine residue [109, 110]. RGD conjugated to chemo-
therapeutics is the subject of many studies with the goal of providing site-directed 
killing of cancer cells to reduce exposure and toxicity to normal, non-target tissues 
[111–114]. It has been documented that multimeric use of the cyclic RGD motif 
increases binding affinity, tumor uptake, and retention [109, 115]. Monomeric and 
multimeric RGD peptides have been used as prostate cancer molecular imaging 
agents and have shown the ability to target αVβ3 integrin specifically in vivo [98, 
109, 116, 117]. Several RGD-based peptides have been labeled with radionuclides 
such as 99mTc, 111In, 68Ga, 18F, and 64Cu and evaluated for imaging tumors that express 
αVβ3 [105, 109, 112, 115, 117–123]. Tumor targeting and uptake of these peptide 
conjugates are mediated by both αvβ3 expression levels and activation levels [124].

Israel et al. [125] compared the prostate cancer imaging efficacy of 68Ga-labeled 
RGD to those of 18F-fluorodeoxyglucose (FDG) and 18F-fluoroethylcholine in PC-3 
and DU-145 prostate tumor-bearing mice. While uptake of 68Ga-RGD was lower 
than those of the other two drugs, it afforded higher tumor-to-background ratios in 
muscle and bone. The clear detection of tumors shown in micro-PET images of the 
mice identified the peptide as a promising candidate for prostate cancer imaging.

Efforts to enhance tumor uptake of RGD conjugates have focused primarily on 
increasing avidity by synthesizing dimer and tetramer constructs of the peptide. Hu 
and coworkers [126] prepared an 18F-labled RGD dimer and evaluated it in prostate 
tumor-bearing mice. Blood clearance was rapid, and excretion of peptide occurred 
predominantly through the renal pathway. These characteristics led to high tumor 
imaging contrast and identified this peptide as a potential PET imaging agent.

Cheng et al. evaluated another 18F-labeled RGD dimer and compared its imaging 
capabilities to FDG, 18F-fluoro-3′-deoxy-3′-L-flourothymidine (FLT), and 
18F-fluoromisonidazole (FMISO) in nude mice bearing prostate cancer xenografts 
[127]. FDG had the highest tumor uptake and tumor-to-muscle ratio, albeit with 
high uptake in the brain, heart, and intestinal tract. FLT and FMISO showed modest 
accumulation in the tumor, but lower uptakes in physiologically collateral tissues. 
While the tumor uptake of the RGD peptide was the lowest, it still demonstrated 
high tumor specificity.

These preclinical studies identified RGD peptides as potential candidates for 
imaging prostate cancer patients. A proof-of-concept study by Schwarzenböck and 
coworkers [128] evaluated 18F-Galacto-RGD in 12 prostate cancer patients. In this 
study, PET imaging using this peptide produced tumor-to-blood/tumor-to-muscle 
ratios of 1.4/2.8 for bone metastases, 1.5/3.2 for malignant lymph nodes, and 2.0/3.9 
for primary tumors. Of the 74 bone lesions identified by conventional scintigraphy, 
58 were also detected by 18F-Galacto-RDG PET imaging. Because of its rapid clear-
ance from physiologic tissues, the peptide was able to detect bone metastases with 
low uptake of the imaging agent, affording high sensitivity. Excretion of the peptide 
was predominantly through the renal pathway, but there was also some hepatobili-
ary clearance, which could obscure lymph nodes in the abdomen. Of the five patients 
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with lymph node metastases, uptake could be confirmed in two, but both positive 
and negative nodes had accumulation of 18F-Galacto-RDG, indicating a lack of 
specificity. Primary tumors in six of seven patients were detected, although imaging 
was hindered by the high degree of urinary excretion. While 18F-Galacto-RDG PET 
imaging was inferior to bone scintigraphy, it is possible that patients could be 
screened as candidates for αvβ3-targeted therapy.

8.7  Recent Advancements

8.7.1  Peptide–Receptor Radionuclide Therapy of Prostate 
Cancer

One of the most important emerging applications of peptide-based tumor targeting 
is translation of molecular imaging agents to peptide-receptor radionuclide therapy 
(PRRT). In recent years, several cancer imaging antibodies and peptides containing 
γ-emitting radionuclides, such as 111In and 99mTc, have been labeled with other 
radiometals that emit cytotoxic charged particles, typically β− particles. In the 
United States, the leading agent used for clinical PRRT is 177Lu-DOTA-Tyr3- 
octreotate (Lutathera®), which was approved by the FDA in January 2018 for soma-
tostatin receptor-targeted radiotherapy of patients with neuroendocrine tumors. In 
this case, the 111In-DTPA chelate on OctreoScan® was replaced with DOTA chelat-
ing 177Lu.

For prostate cancer PRRT, bombesin peptides have been investigated in the labo-
ratory for targeting BB2. Lantry and co-workers first described the synthesis, char-
acterization, in vitro, and in vivo studies of 177Lu-AMBA in 2004 [129]. AMBA 
(DOTA-CH2CO-Gly-4-aminobenzoyl-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2) is 
an agonist peptide agent based upon the BBN(7–14)NH2 targeting motif and was 
described to have selective binding to the BB1 (NMBR) and BB2 (GRPR) receptors 
[129, 130]. Using World Health Organization criteria, the authors concluded that the 
usage of two dose administrations (55.5 MBq total) of 177Lu-AMBA improved the 
median survival of prostate tumor-bearing mice by 36%, and time to progression/
progression-free survival increased by 65%, as compared to administration of only 
a single dose (27.75  MBq). For example, overall survival at the 30, 60, 90, and 
120 day time points using a single-dose administration was 100%, 97%, 47%, and 
38%, respectively. For the two-dose strategy, overall survival was 100%, 100%, 
78%, and 47% at the same time-points [129]. The group at Bracco S.p.A. conducted 
Phase I clinical trials in human patients. Bodei and co-workers reported the first 
Phase I human clinical trial in 2007 [131]. In this study, seven patients presenting 
with metastatic hormone refractory prostate cancer (HRPC) were studied and evalu-
ated for safety, biodistribution, and dosimetry. Initially, all seven patients received a 
dose administration ranging from 1.14 to 1.94 GBq. Positive uptake of tracer was 
identified in five of the seven patients. Subsequently, three patients presenting with 
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very high tumor uptake of tracer received a second dose of 177Lu-AMBA in the 
range of 1.47–2.92 GBq to complete the study. The authors concluded that adminis-
tration of 177Lu-AMBA was safe. Side effects included abdominal cramps, diarrhea, 
and nausea. All of the patients presented with uptake in normal pancreatic tissue.

8.7.2  Dual-Receptor Targeting of Prostate Cancer

In recent years, investigators have been developing bivalent prostate cancer- targeting 
peptides that have the potential to target two receptors. Of particular interest are 
peptides with both gastrin-releasing peptide receptor and αvβ3 binding motifs; 
namely, chimeric BBN-RGD targeting vectors. It should be noted that it is highly 
unlikely that these peptides are capable of binding events that crosslink the two 
receptors; rather, they likely distribute between the two within tumors. Thus, the 
current thinking regarding the use of these peptides is twofold. First, it is possible 
that, if the peptide has targeting capabilities for both receptors, then more tumors 
can be detected, given that they express either GRPR or αvβ3, or both. Second, αvβ3 
is a marker for angiogenesis in early tumors, and GRPR is associated with meta-
static disease. Therefore, it may be possible to stage prostate cancer patients by 
molecular imaging using these bivalent peptides.

Chen and coworkers [132] were the first to report preparation of a bivalent BBN- 
RGD peptide, labeled with 18F. This peptide bound specifically to both receptors in 
vitro and showed higher tumor uptake in PC-3 tumor-bearing mice than either cor-
responding monovalent targeting vector. However, this compound suffered from 
high liver uptake, which compromised the contrast of micro-PET images of 
xenograft- bearing mice. This bivalent peptide has recently been labeled with 68Ga 
and translated to the clinic [133]. In 13 patients, 68Ga-BBN-RGD detected three 
primary tumors, 14 metastatic lymph nodes, and 20 skeletal metastases.

Jackson et al. prepared a 64BBN-RGD construct and evaluated it in the same cell 
and mouse models [105]. Tumor uptake in mice was high, as was retention of 
 radioactivity in the xenograft. In contrast to the 18F-labeled peptide, renal excretion 
was rapid, and uptakes in other organs were low with the exception of the BB2-rich 
pancreas. Around this time, a 177Lu-labeled BBN-RGD peptide with potential for 
PRRT was synthesized by Cheng and colleagues [127]. This compound also showed 
high PC-3 tumor accumulation and retention, as well as high tumor-to-blood and 
tumor-to-muscle ratios, demonstrating its potential for effective therapy.

However, a potential problem concerning the bispecific properties of these con-
jugates exists in the fact that they are constructed around a GRPR agonist. As the 
agonist moiety is rapidly internalized upon binding to BB2, the peptide may not be 
available for binding αvβ3, which is expressed on the vascular endothelium. 
Therefore, Durkan et al. [134] and Stott Reynolds et al. [135] developed a chimeric 
peptide based on RGD and RM2, the non-internalizing GRPR antagonist. The 
structure of this bivalent peptide is shown in Fig. 8.4. In the first study, the conjugate 
was labeled with 64Cu for PET imaging. Micro-PET images of PC-3 tumor-bearing 

T. J. Stott Reynolds et al.



151

mice produced high contrast images with minimal uptake in normal organs, with the 
exception of a small amount of radioactivity in the abdomen. In the latter report, 
111In for SPECT imaging was evaluated, and again tumors were detected with high 
contrast and very little accumulation in normal organs. The biodistribution of the 
177Lu-labeled peptide showed high tumor uptake, rapid urinary excretion, and low 
uptakes in normal organs. Furthermore, radioactivity in the pancreas washed out 
rapidly. These properties make this radiopeptide an attractive candidate for PRRT.

8.8  Closing Remarks

Radiopharmaceutical imaging and therapy of prostate cancer has progressed greatly 
in the last 40 years. The imaging agents initially used, such as 99mTc-MDP, were 
tissue-targeting drugs aimed at the osteoblastic activity of skeletal metastases. More 
recently, bone-seeking radiopharmaceuticals have been developed for PET imaging 
(18F-NaF−) and targeted radiotherapy (153Sm-EDTMP, 223RaCl2), but these drugs still 
operate on the same mechanisms of uptake in osteoblastic bone tissue. Now peptide- 
based radiopharmaceuticals have ushered in a new era of versatile molecular target-
ing of prostate cancer, with the promise that tumors and metastatic lesions may be 
detected with increasing sensitivity and specificity. The advancements made in 
peptide-receptor molecular imaging and therapy, for both early and advanced dis-
ease, create new possibilities of more effective, personalized medicine for prostate 
cancer patients.

GRPR
Targeting

αvβ3
Targeting

Fig. 8.4 Structure of a radiometal-labeled bivalent peptide targeting gastrin-releasing peptide 
receptor and αvβ3 integrin
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Chapter 9
Targeted Prostate Biopsy and MR-Guided 
Therapy for Prostate Cancer

David A. Woodrum, Akira Kawashima, Krzysztof R. Gorny, 
and Lance A. Mynderse

Abstract In 2018, the American Cancer Society (ACS) estimates that 164,690 
new cases of prostate cancer will be diagnosed and 29,430 will die due to the pros-
tate cancer in the United States (Siegel et al., CA Cancer J Clin 67:7–30, 2018). 
Many men with prostate cancer are often managed with aggressive therapy includ-
ing radiotherapy or surgery. No matter how expertly done, these therapies carry 
significant risk and morbidity to the patient’s health related quality of life with 
impact on sexual, urinary and bowel function (Potosky et al., J Natl Cancer Inst 
96:1358–1367, 2004). A recent meta-analysis of 19 studies reviewing the use of 
surgery and radiation for prostate cancer demonstrated patients who received radi-
ation were more likely to die from their disease as compared to surgery (Wallis 
et al., Eur Urol 70:21–30, 2016). Furthermore, screening programs using prostatic 
specific antigen (PSA) and transrectal ultrasound (TRUS) guided systematic 
biopsy have identified increasing numbers of low risk, low grade “localized” pros-
tate cancer. This indolent nature of many prostate cancers presents a difficult deci-
sion of when to intervene given the possible comorbidities of aggressive treatment. 
Active surveillance has been increasingly instituted in order to balance cancer con-
trol versus treatment side effects (Jemal et  al., CA Cancer J Clin 56:106–130, 
2006). Although active debate continues on the suitability of focal or regional 
therapy for these low or intermediate risk prostate cancer patients, many unre-

D. A. Woodrum (*) · K. R. Gorny 
Department of Radiology, Mayo Clinic, Rochester, MN, USA
e-mail: woodrum.david@mayo.edu; gorny.krzysztof@mayo.edu 

A. Kawashima 
Department of Radiology, Mayo Clinic, Scottsdale, AZ, USA
e-mail: kawashima.akira@mayo.edu 

L. A. Mynderse 
Department of Urology, Mayo Clinic, Rochester, MN, USA
e-mail: mynderse.lance@mayo.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99286-0_9&domain=pdf
mailto:woodrum.david@mayo.edu
mailto:gorny.krzysztof@mayo.edu
mailto:kawashima.akira@mayo.edu
mailto:mynderse.lance@mayo.edu


160

solved issues remain which complicate this approach of management. Some of the 
largest unresolved issues are: prostate cancer multifocality, limitations of current 
biopsy strategies, suboptimal staging by accepted imaging modalities, less than 
robust prediction models for indolent  prostate cancers and whether established 
curative therapies can be safely and effectively used following focal therapy for 
prostate cancer. In spite of these restrictions focal therapy continues to confront the 
current paradigm of therapy for low and even intermediate risk disease (Onik, Tech 
Vasc Interv Radiol 10:149–158, 2017). It has been proposed that early detection 
and proper characterization may play a role in preventing the development of met-
astatic disease (Vickers et al., BMJ 346:f2023, 2013). There is Level 1 evidence 
supporting detection and subsequent aggressive treatment of intermediate and 
high-risk prostate cancer (Bill-Axelson et al., N Engl J Med 370:932–942, 2014). 
Therefore accurate assessment of cancer risk (i.e. grade and stage) using imaging 
and targeted biopsy is critical. Advances in prostate imaging with MRI have been 
accompanied with advances in MR guided therapy propelling prostate treatment 
solutions forward faster than ever.

9.1  Primary Prostate Cancer

9.1.1  Cancer Work-Up

The historical workup for prostate cancer has been a combination of prostate spe-
cific antigen (PSA) screening and digital rectal exam (DRE) followed by DRE 
directed biopsy. More recently, the use of ultrasound (US) imaging has helped to 
direct the biopsies toward suspicious lesions and systematically sample the pros-
tate. US alone is not sensitive enough to find all the prostate cancer within the 
gland in spite of advanced US modalities (i.e. color/power doppler, elastography 
and bubble contrast agents). Furthermore, systematic (non-targeted) sampling the 
entire organ has provided some answers but also runs the risk of under sampling 
small volume high grade but clinically significant disease or over sampling indo-
lent low grade disease, potentially resulting in delayed diagnosis and over 
treatment.

Magnetic resonance imaging (MRI) is the superior imaging modality for prostate 
and associated structures due to exceptional soft tissue conspicuity, high spatial 
resolution, and cross-sectional imaging. Utilization of integrated endorectal and 
pelvic phased-array coils has led to continued improvement in prostatic fossa visu-
alization. High resolution T2-weighted imaging is sensitive in depicting prostate 
cancer especially within the transition zone of the prostate. However, decreased T2 
signal intensity is not specific for prostate cancer especially within the peripheral 
zone where benign conditions can lead to imaging changes. Functional parametric 
imaging including dynamic contrast-enhanced imaging (DCEI), diffusion-weighted 
imaging (DWI), and MR spectroscopic imaging (MRSI) complement morphologic 
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MRI by reflecting perfusion characteristics, Brownian motion of water molecules, 
and metabolic profiles, respectively. Significant inverse correlation was shown 
between ADC value and Gleason score/highest grade [4].

In 2013, a consensus panel endorsed utilization of mpMRI to identify patients 
for focal therapy [5]. Multiparametric MRI is capable of localizing small tumors for 
focal therapy. In 2015, a consensus panel agreed to Prostate Imaging Reporting and 
Data System (PI-RADS) version 2 which promoted standardized MR acquisition 
and interpretation to improve detection, localization, characterization, and risk 
stratification of clinically significant prostate cancer in treatment naïve prostate 
glands [6]. Targeted biopsy of suspected cancer lesions detected by MRI is associ-
ated with increased detection of high-risk prostate cancer and decreased detection 
of low-risk prostate cancer particularly with the aid of MRI/Ultrasound fusion plat-
forms [7]. The use of mpMRI has expanded beyond staging to detection, character-
ization, monitoring for active surveillance, and cases of suspected local recurrence 
after failed definitive therapy.

While mpMRI plays an established, critical role in primary and recurrent 
prostate cancer, functional and metabolic imaging, are playing an expanding 
role with a host of new agents being developed. Established positron emission 
tomography (PET) tracers for imaging of prostate cancer include 11C and 18F 
choline, 18F fluciclovine, 68Ga prostate specific membrane antigen (PSMA), and 
11C-acetate. 11C-choline PET/CT has an advantage to reveal both local recurrent 
and distant metastatic prostate cancers. 11C-choline PET/CT had a sensitivity of 
73%, a specificity of 88%, a positive predictive value (PPV) of 92%, a negative 
predictive value (NPV) of 61%, and an accuracy of 78% for the detection of 
clinically suspected recurrent prostate cancer in postsurgical patients [8]. In a 
study of post- prostatectomy patients with rising PSA, mpMRI is superior for the 
detection of local recurrence, 11C-choline PET/CT is superior for pelvic nodal 
metastasis, and both are equally excellent for pelvic bone metastasis. 11C-choline 
PET/CT and mp-MR imaging are complementary for restaging prostatectomy 
patients with suspected recurrent disease and exhibit diverse patterns of recur-
rence with implications for optimal salvage treatment strategies [9, 10]. 
68Ga-PSMA is a promising PET tracer and indicates favorable sensitivity and 
specificity profiles compared to choline- based PET imaging techniques [11]. A 
recent publication demonstrated that late 3 h imaging of 68Ga-PSMA helped to 
clarify activity within the prostate due to decreased activity within the bladder at 
this time point [12]. Early work with simultaneous MRI/PET imaging shows 
promise in capitalizing both the functional aspects of PET with the superb ana-
tomic capabilities of MRI [13].

Even with improvements in US and PET/CT imaging, MRI remains preeminent 
for detection and staging of prostate tumors within the pelvis. MRI/PET may ulti-
mately provide the optimal combination of diagnostic resolution in the pelvis cou-
pled with the whole-body screening functionality of PET imaging to provide the 
single platform for detection and localization.
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9.2  Biopsy Methods

9.2.1  Prostate Biopsy Techniques

9.2.1.1  Ultrasound Guided Biopsies

The TRUS prostate biopsy has remained the cornerstone for prostate cancer tissue 
diagnosis dating back to the systematic ‘sextant’ biopsy protocol with three cores 
per side [14]. A meta-analysis of 68 studies led to a recommendation of a more lat-
erally directed schema with 12 cores improving prostate cancer detection rates by a 
factor of 1.3 [15]. Using this systematic 12 core TRUS sampling for men undergo-
ing initial biopsy with elevated PSA yields cancer detection rates between 30% and 
55% [16]. The false negative rate for this 12 core schema is on the order of 20–24% 
[17] and repeated 12 core or saturation biopsies show detection rates of 11–47% 
[18]. This is particularly true for men with anteriorly located and apex tumors [19]. 
To improve the accuracy of the sampling, some experts advocate the use of tem-
plate, transperineal-mapping biopsies to systematically sample all quadrants of the 
prostate [20]. This has been criticized for oversampling of insignificant tumors with 
risk of additional morbidity and need for general anesthesia.

9.2.1.2  MR-Based Biopsy Techniques

Increasingly, evidence supports the use of pre-biopsy mpMRI for identification of 
clinically significant disease. The hope is to identify the significant lesions for tar-
geted biopsy while not oversampling otherwise normal regions [20–22]. There are 
three main MR-based biopsy technical approaches.

Cognitive/Visual-Directed MRI Targeted Biopsy

Overall, cognitive fusion techniques demonstrate the most variability between oper-
ators due to the reliance on spatial orientation of the lesion from the MR which is 
used to direct the US and biopsy needle by the operator. With appropriate experi-
ence, this can be readily implemented but can be very difficult with small lesions or 
targets well away from the US transducer such as with anterior tumors in large 
glands. Although MR-directed cognitive fusion biopsy of the prostatectomy bed is 
still useful for the evaluation of patients with biochemical failure after surgery, no 
dedicated MR-TRUS fusion software biopsy system is currently available for this 
application. The cognitive/fusion method is prone to error in reliably mapping the 
MRI suspicious lesion on real time TRUS and the confirmation of TRUS guided 
targeted biopsy needle location over the MRI suspicious lesion is not feasible except 
when needle tracks are visible. In a study of 555 patients by systematic biopsy as 
well as cognitive fusion guided targeted biopsy, overall 54% (302/555) of patients 
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were found to have cancer; 82% of them were clinically significant. Systematic 
biopsy and cognitive fusion guided targeted biopsy detected 88% and 98% of clini-
cally significant cancers, respectively [23]. Cognitive fusion targeted biopsy showed 
16% more high-grade cancers and higher mean cancer core lengths than standard 
systematic biopsy. Cognitive targeted biopsy would only avoid 13% of insignificant 
tumors. Valerio et al. compared cognitive fusion to a software-based targeted biopsy. 
The software-based, targeted transperineal approach found more clinically signifi-
cant disease than visually directed biopsy although this was not statistically signifi-
cant (51.9% vs. 44.3%, p = 0.24) [24]. The current diagnostic ability of visually/
cognitively targeted and software-based biopsies seem to be nearly comparable with 
experienced operators.

Software Based Ultrasound–MRI Fusion Targeted Biopsy

Software based MRI/TRUS fusion guided biopsy platforms seek to combine the 
advantage of lesion visualization from the MRI with the ease and availability of US 
based biopsy platforms for real-time imaging. There are three key tracking methods 
including (1) image organ-based tracking, (2) electromagnetic sensor-based track-
ing, and (3) mechanical arm, sensor-based tracking [25].

Image organ (prostate)-based tracking method fuses prior MRI with real time 3D 
US using a surface-based registration and elastic organ-based deformation algo-
rithm (Urostation, Koelis, Meylan, France). MRI-identified suspicious lesions are 
loaded into the system which then projects the target into the biopsy aiming mecha-
nism on the US probe. This is relatively inexpensive and allows systematic biopsy. 
However, confirmation of targeted needle biopsy tracts is retrospective [26].

Additional systems utilize electromagnetic sensor-based tracking using a non- 
rigid registration algorithm. The advantage with this approach is that it allows real- 
time spatial tracking of targets and needle location and is less operator-dependent 
allowing free hand scanning during procedures (UroNav, InVivo, Inc., Gainsville, 
FL, USA; Real-time Virtual Sonography [RVS], Hitachi-Aloka, Tokyo, Japan and 
BK Fusion, BK Medical ApS, Herlev, Denmark). In a recent prospective study of 
1003 men undergoing a MR/ultrasound fusion targeted biopsy and concurrent stan-
dard biopsy, targeted MR/ultrasound fusion biopsy was shown to diagnose 30% 
more high-risk prostate cancer (defined as Gleason score 4 + 3 or greater) while a 
combination of standard and targeted biopsies revealed 22% more prostate cancer, 
mostly (83%) low-risk prostate cancer (defined as Gleason score 3  +  3 and low 
volume 3 + 4) [27].

A similar but slightly different approach uses a mechanical arm, sensor-based 
tracking system where the tracking arm is attached to a conventional US probe. 
Again this allows real-time spatial tracking of targets and needle location (Artemis, 
Eigen Inc., Grass Valley, CA, USA). This system is also less operator-dependent but 
relatively expensive. In a recent retrospective review of 601 men who underwent 
both MRI-ultrasound fusion targeted biopsy and systematic biopsy, targeted MRI- 
ultrasound fusion biopsy detected fewer Gleason score 6 prostate cancers (75 vs. 
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121; p < 0.001) and more Gleason score ≥ 7 prostate cancers (158 vs. 117; p < 0.001) 
when compared with systemic biopsy [28]. In a review of 105 patients with prior 
negative biopsies and elevated PSA, MRI-ultrasound fusion targeted biopsy 
improved detection of clinically significant prostate cancer when compared with 
systemic biopsy [29].

Recent advances in MRI have demonstrated the value and importance of good 
prostate imaging. These advances are actively changing the way prostate cancer is 
diagnosed and treated. However, even with these advances it is critical to under-
stand that MRI still has its limitations and needs further development. A recent 
study of 125 surgical prostatectomy patients studied the accuracy of the pre-surgical 
biopsy where there had been a pre-biopsy mpMRI with subsequent MR-US fusion 
biopsy. They found that there was a 4% (5 of 123) MR miss rate on surgical patho-
logic analysis [30]. Another study of 1042 men examined mpMRI targeted biopsies 
versus systematic biopsies. They found that the addition of systematic biopsy to 
targeted biopsy found 7% (60/825) more clinically significant cancers [31]. These 
lesions would have been underdiagnosed if mpMR suspected lesions only were 
targeted. In a recent sturdy in 100 patients who underwent mpMRI, 162 clinically 
important malignant lesions were present after subsequent prostatectomy. On a per 
patient basis, mpMRI depicted clinically important prostate cancer in 99 (99%) of 
the 100 patients. However, at least one clinically important tumor was missed in 26 
(26%) patients [32].

In-Bore Direct MRI Targeted Biopsy

There are two main in-bore direct MRI targeted biopsy approaches including robot 
assisted, transrectal biopsy (DynaTRIM, InVivo) or a transperineal approach via 
template. In-bore MRI-guided biopsies have the advantage of realtime MR imaging 
to confirm biopsy acquisition position. Using the direct in-bore biopsy technique 
one eliminates the issues of mis-registration, organ deformation and organ move-
ment which continue to plague software based US fusion imaging. Additionally, 
transperineal biopsies using a template reduce or nearly eliminate the bacterial 
infection risk seen in trans-rectal biopsies. A study of 265 patients with rising PSA 
and negative TRUS biopsy found that performance of MR guided robot assisted 
transrectal biopsy (DynaTRIM, InVivo) in this population produced a detection rate 
of 41% (108/265) for prostate cancer and 87% (94/108) for clinically significant 
cancer [29]. Penszkofer et al. showed in a prospective clinical study, that in-bore 
prostate biopsies with at least one MRI detected lesion in men on active surveillance 
monitoring and in men with suspected recurrent cancer following treatment, 
detected cancer in 72% under active surveillance and detected recurrent cancer in 
72% with possible recurrence [33, 34]. The accuracy of the transperineal in-bore 
biopsy appears acceptable as demonstrated by analysis of biopsy and post prostatec-
tomy histopathology [35]. MRI detected targets located in the anterior gland had the 
highest cancer yield (62.5%). Although these advantages are attractive, this 
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technique is underutilized due to specialized MRI compatible tools, relative cost 
disadvantage, difficulty obtaining access to MRI, and need for coordination between 
Urology and Radiology.

9.2.1.3  Treatments for Primary Prostate Cancer

Once prostate cancer is identified from imaging and/or biopsy a treatment plan must 
be formulated for the patient. The traditional therapy options for clinically localized 
prostate cancer with intent for cure have been either surgical resection or radio-
therapy [36]. A recent meta-analysis of 19 studies suggests that surgery offers a 
benefit in overall and prostate cancer-specific survival compared with radiotherapy 
[2]. For patients with localized high-risk prostate cancer, recent reviews suggest a 
benefit in radical prostatectomy over radiotherapy for overall and prostate cancer 
specific mortality [37, 38]. Roughly about half of patients choose surgery and half 
choose radiotherapy [39].

However, these therapies have significant risk and morbidity to the patient’s 
health related quality of life with potential impact on sexual, urinary and bowel 
function [1]. Active screening programs for prostate cancer have enabled earlier 
identification of low risk prostate cancer, but due to related morbidity from standard 
therapies, many choose active surveillance to delay treatment until cancer progres-
sion [3].

9.2.1.4  Evolving Focal and Partial Gland Therapy Treatment Options

For men with newly diagnosed prostate cancer and with a life expectancy >10 years, 
radical prostatectomy and radiation therapy remain preferred definitive therapy of 
choice [40–42]. However, patients are increasingly interested in less radical, more 
focal, methodologies for treatment especially in the active surveillance population. 
For this population of low- and intermediate-risk prostate cancer patients, they also 
may be uncomfortable remaining on active surveillance but don’t want surgery or 
radiation. This patient-driven interest for a more minimally invasive approach is 
driving focal therapies for prostate carcinoma in low-risk patients [43]. As a result, 
several minimally invasive thermal ablation methods under direct MR guidance, 
most prominently cryotherapy [44], laser ablation [45], and high-intensity focused 
ultrasound (HIFU) [46], have been developed and are currently being evaluated. 
Despite this, focal therapy is still controversial due to the potential for multifocality 
of prostate cancer, limitations of current biopsy strategies, variation in quality MR 
imaging and less than robust prediction models for indolent prostate cancers. 
Furthermore, prostate cancer recurrence rates after established forms of therapy 
range from 20% to 60% [47].
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Patient Selection for Focal and Partial Gland Therapy

Selecting the appropriate patient for focal/partial gland therapy as a primary treat-
ment for prostate cancer is the most important element of a successful outcome. 
Accurately staging the prostate cancer is critical not only for the highest grade of 
prostate cancer but also understanding the extent of low-grade (i.e. Gleason 6) dis-
ease as well. With low-risk disease, there is level 1 evidence that implies a lack of 
benefit from radical/nonconservative therapy [48–50]. Patients are many times ini-
tially targeted for cancer workup due to rising PSA or nodule on digital rectal exam. 
These patients may undergo further workup with mapping biopsy and/or mpMRI 
with targeted biopsy. Patients are then classified to have low, intermediate, or high 
risk disease. For consideration of focal therapy, the patient needs to have low or 
intermediate risk disease with a focal positive index lesion on mpMRI, 
Gleason ≤ 4 + 3, and PSA < 20 ng/mL. The target lesion should be confined to one 
lobe of the prostate [49]. Furthermore, the target should be visible with the imaging 
modality which will be used to guide the focal ablation treatment. With MRI having 
exceptional soft tissue conspicuity, high spatial resolution, and multi-planar imag-
ing capacity, this approach has clear advantage over transrectal ultrasound as an 
imaging guidance platform.

Modalities Used to Ablate Primary Prostate Cancer: MR-Guided Cryoablation

MR guided percutaneous cryoablation combines excellent soft tissue resolution and 
ice ball monitoring without the use of MRI thermometry. Early experience combin-
ing cryoablation with MRI has shown a high degree of accuracy in defining normal 
and frozen tissue on all MR imaging sequences [51, 52]. There is limited data using 
MR guided cryoablation for primary treatment of prostate cancer. Two published 
canine studies demonstrated feasibility and overall safety [53, 54]. These studies did 
expose one limitation of cryoablation which is that the visualized edge of the ice 
(0 °C) does not represent the ablation margin. The actual ablation margin is best 
demonstrated with contrast enhancement post-procedure and is actually at the 
−20 °C isotherm. There are two published reports of MR guided cryoablation in 
native prostate glands, each with relatively small numbers (Fig. 9.1) [55, 56]. Gangi 
et al. performed MRI guided prostate cryoablation in eleven patients on 1.5 T MRI 
with minor complications of hematuria, dysuria, and urine retention and one major 
complication of rectal fistula with spontaneous closure after 3 months [56]. These 
studies confirm that MR guided cryoablation is technically feasible with relative 
safety, however, more intermediate and long term outcome data is needed to assess 
overall efficacy.
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MR Thermometry for Thermal Ablation

One major advantage of MR guidance for heating thermal ablations is ablation 
monitoring using MRI thermometry where subsequent dose estimations can be 
applied. The MR thermometry typically performed is a near real-time proton reso-
nance frequency (PRF) sequence which demonstrates signaling change as a func-
tion of temperature [57]. During delivery of ablative energy (generated by ultrasound 
transducer or laser applicator a series of 2D phase sensitive T1-weighted fast spoiled 
gradient-recalled echo MR images are acquired on MRI scanner [58–60]. Based on 
temperature changes, a thermal dose can be calculated to predict a real-time tissue 
lethal dose [61]. However, the two major limitations with this sequence are the inac-
curacy in fat tissue and susceptibility to motion artifact.

Fig. 9.1 Seventy-year-old male presents with Gleason 3 + 3 adenocarcinoma of the left anterior 
prostate with a PSA of 6.2 ng/mL. Multiparametric MRI at 3 T demonstrated an area of decreased 
signal intensity in the left anterolateral peripheral zone at the prostatic midgland (Panel a, arrow) 
with corresponding hypointensity on ADC map (Panel b, arrow), and early hyperenhancement 
(Panel c, arrow). Using a 1.5 T MRI, three IceRod cryoneedles were placed via the transperineal 
approach into the left anterior prostate and freezing was performed under imaging guidance with 
three freeze-thaw cycles. An iceball is clearly visible on axial T2-weighted image during the freez-
ing phase (Panel d, tumor arrow, iceball arrowheads, urethra dashed arrow).Subsequent post- 
ablation dynamic gadolinium enhanced series demonstrates the corresponding ablation zone to 
encompass the previously demonstrated cancerous lesion (Panel e, arrow)
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MR-Guided Laser Ablation

Laser-induced interstitial thermal therapy (LITT) uses a locally placed laser fiber 
probe to deliver targeted thermal ablation under MR guidance (Fig. 9.2). LITT is 
inherently magnetic resonance (MR) compatible. MR guidance for laser applicator 
placement and ablative monitoring provide the imaging to prevent encroachment 
onto adjacent critical structures. Two early publications demonstrated technical fea-
sibility of laser ablation monitoring in canine prostate and demonstrated correlation 
of the MR temperature map with contrast enhanced T1-weighted images [62, 63]. A 
subsequent study in cadavers demonstrated technical feasibility in the human pros-
tate within a 3 T MRI scanner [64]. Lee et al. examined 23 patients treated with 
focal laser ablation demonstrating promising results [45]. Raz et al. described using 
laser ablation for treatment of two prostate cancer patients at 1.5 T with discharge 
3 h after the procedure [65]. These studies demonstrate the potential utility of laser 

Fig. 9.2 Sixty-five-year-old male presents with Gleason 3 + 4 prostatic adenocarcinoma of the left 
peripheral prostate. Multiparametric MRI at 3 T demonstrated an area of decreased signal intensity 
in the left lateral peripheral zone at the prostatic midgland (Panel a, arrow) with corresponding 
hypointensity on ADC map (Panel b, arrow), and early subtle hyperenhancement (Panel c, arrow). 
InSightec ultrasound transducer was placed in the rectum and treatment plan created (Panel d). 
Post-ablation dynamic gadolinium enhanced series demonstrates the corresponding ablation zone 
to encompass the previously demonstrated cancerous lesion (axial Panel e, arrow and sagittal, 
Panel f)
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ablation in the prostate. However, more clinical data is needed to determine short 
and long term efficacy.

US- and MR-Guided High-Intensity Focused Ultrasound (HIFU) Ablation

Treatment of the prostate with focused ultrasound ablation is not new although MRI 
guided version of procedure has not, as of yet, been approved by FDA in the United 
States. HIFU achieves cellular death by rising the cellular temperature >60 °C caus-
ing cellular necrosis. HIFU ablation technique does not require placement of a nee-
dle probe in a targeted prostate tumor via the rectum or skin (perineum) to deliver 
thermal energy and destroy cancerous tissue. This treatment modality has been per-
formed with transrectal ultrasound (US) imaging guidance with success in Europe 
for many years [66, 67]. The major limitation of US imaging guidance for prostate 
ablation is that ultrasound cannot precisely visualize the focus of cancer and there-
fore the target of therapy. Therefore, the initial treatment strategy used with 
US-guided high intensity focused ultrasound (HIFU) was to ablate the entire pros-
tate, or a relatively large region where the site of biopsy-proven cancer was found 
using a mapping biopsy and/or mpMRI. This often resulted in inadequate tumor 
control or over-ablation of unnecessary normal/neural tissue with potential subse-
quent morbidity. An early study, using HIFU ablation in prostate by Gelet et al., 
treated 82 patients who were subsequently followed up for 24-month duration. 
These patients also received subsequent radiation treatment [68]. Among these 
patients, 68% were cancer free at the time of follow-up. Due to relatively high com-
plication rates, the treatment device underwent multiple iterations and improve-
ments. A subsequent study, by Gelet et al., demonstrated incontinence and impotency 
rates around 14% and 61% respectively at 19 months post-treatment. In both stud-
ies, major limitations were identified as total procedure time due to a need to cover 
the entire prostate and inability to monitor temperature elevations or ablation zone 
expansion [69]. Current generation US guided HIFU has evolved into more robust 
treatment platforms with motion detection, improved planning modules and capac-
ity to perform focal and partial gland therapy using US/MRI fusion [70]. The largest 
prospective single arm study with 1002 patients demonstrated that whole gland 
ablation could be performed with severe incontinence rates from 3% to 6% and 
urethral stricture rates of 6–35% [71]. The 8 year biochemical free survival rates 
were 76% for low risk, 63% for intermediate risk, and 57% for high risk [71]. A 
subsequent single arm prospective clinical trial of HIFU hemiablation in 50 patients 
with unilateral, low-intermediate risk disease and 39.5  month followup demon-
strated biochemical recurrence rate of 28–36% with 6% incontinence rate and 20% 
impotence rate [72]. As the ultrasound guided technology has improved so have the 
results [70]. A 2 year followup of 928 patients treated with three sequential versions 
of Sonablate devices demonstrated a corresponding 5 year biochemical disease free 
rate of 48.3%, 62.3%, and 82% respectively [70]. At the current time, ultrasound 
guidance is challenged with the inability to see the tissue heating produced by the 
focused ultrasound such that there is no real-time feedback. This is one of the 
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advantages of real-time MR imaging which does in fact see and measure the tissue 
heating in a real-time quantitative manner.

To address the issue of visualization and temperature monitoring, two different 
MR guided focused ultrasound systems have been made but neither currently has 
FDA approval. With MR thermal monitoring and localization of lesions/zones 
within prostate, focused ultrasound could be performed with smaller treatment 
zones presumably resulting in improved treatment margins with decreased morbid-
ity. Currently, there are two MRI-integrated systems using transrectal (Exablate, 
InSightec, Haifa, Israel) (Figs. 9.2 and 9.3) or transurethral (Profound Medical Inc., 
Toronto, Canada) transmission routes for treatment of prostate lesions with focused 
ultrasound technology. The system is fully integrated with the MRI console with 
temperature feedback control to adjust power, frequency, and rotation rate. Both 
systems are currently being used in patient trials assessing safety and efficacy for 
evidence to get FDA approval.

9.3  Recurrent Prostate Cancer

Recurrent prostate cancer after surgery can range from 25% to 40% manifesting as 
a rise in PSA [73–75]. Close to 30,000 men will develop biochemical recurrence 
(BCR) with rising PSA after radical prostatectomy each year in the USA [74]. 
Approximately 81% of prostate cancer recurrences occur locally in the prostate bed 
and can be visualized with multiparametric MRI [76]. With radiation treatment, 
biochemical recurrence can range widely between 33% and 63% over 10 years, and 
this contributes another 45,000 men/year with post-radiotherapy recurrent cancer in 
the USA alone [77, 78]. Salvage treatments currently available for recurrent pros-
tate cancer include salvage radical prostatectomy, salvage radiotherapy, salvage 

Fig. 9.3 Sixty-seven-year-old male presents with Gleason 3 + 4 prostate adenocarcinoma in left 
lateral peripheral zone at the apex. During MR guided laser ablation, axial T1-weighted images 
demonstrate a small hypointensity in left lateral peripheral zone within the lesion (Panel a, arrow) 
which corresponds to the change in temperature seen on phase imaging (Panel b, arrow) and cal-
culated ablation zone on the damage map (Panel c, arrow)
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ultrasound (U/S)-guided high-intensity focused ultrasound, salvage U/S-guided 
cryoablation, and newly described salvage MRI-guided laser and cryoablation.

9.3.1  MRI for Recurrent Prostate Cancer

After a definitive radical prostatectomy or radiation therapy, patients are followed at 
periodic intervals with measurement of PSA levels and DRE.  However, DRE is 
frequently unreliable in evaluating local recurrent disease after radical prostatec-
tomy. Following a radical prostatectomy, PSA levels are expected to be undetect-
able within several weeks of surgery. If there is a rise in a previously undetectable 
or stable postoperative PSA level (biochemical failure), a prompt search for persis-
tent, recurrent, or metastatic disease should be pursued. However, PSA alone does 
not differentiate local from distant disease recurrence. There are three main catego-
ries of recurrence after radical prostatectomy for prostate cancer, including (1) local 
recurrence in the prostatic bed, (2) distant metastasis (e.g., bone, lymph node) and 
(3) a combination of local recurrence and distant metastasis. Therefore, the major 
objective of the diagnostic imaging studies is to assess patients for the presence of 
distant metastatic disease or local recurrent disease, each requiring different forms 
of systemic or local therapy. Local recurrence may be amenable to salvage therapy. 
Systemic recurrence may be an indication for systemic treatment including andro-
gen deprivation therapy and/or chemotherapy.

Transrectal ultrasound (TRUS) has been used for the evaluation of local recur-
rence. However, the altered anatomy of the region, the development of fibrotic tis-
sue, the fact that 30% of recurrent tumors may be isoechoic and that some lesions 
are in an anterior position or extend along the bladder wall influence the accuracy of 
this modality. Furthermore, CT imaging can depict only local recurrences of greater 
than or equal to 2 cc [79].

The use of biopsy has been questioned in the face of a rising PSA level, since the 
negative results are unreliable and elevated PSA levels usually precede clinical evi-
dence of local recurrence by 1 or more years. Repeat TRUS with vesicourethral 
anastomosis (VUA) needle biopsy may be necessary to document local recurrence 
in one-third of cases [80]. About 25% of men with post-prostatectomy PSA levels 
of less than 1 ng/ml have histologic confirmation of local recurrence after biopsy of 
the prostatic fossa [81]. In a more contemporary study, MRI directed biopsies in 132 
post-prostatectomy patients using cognitive/visual registration and TRUS guided 
biopsies, with a median PSA of 0.59 ng/ml and a median lesion size on MRI of 1 cm 
yielding a positive predictive value of 85% with positive biopsy rates of 74% with 
lesion sizes between 1 and 2 cm [82].

11C-choline PET/CT has an advantage to reveal both locally recurrent and distant 
metastatic malignant lesions. 11C-choline PET/CT had a sensitivity of 73%, a speci-
ficity of 88%, a positive predictive value (PPV) of 92%, a negative predictive value 
(NPV) of 61%, and an accuracy of 78% for the detection of clinically suspected 
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recurrent prostate cancer in postsurgical patients [8]. However, 11C-choline PET/CT 
is not widely available.

With the limitations of US and CT imaging, MRI has been shown to be quite 
useful in detection and staging of recurrent prostate tumors [83–85]. MRI provides 
superior soft tissue contrast resolution, high spatial resolution, multiplanar imaging 
capabilities, and a large field of view. The use of integrated endorectal and pelvic 
phased-array coils has led to improved visualization of the prostatic fossa. The use 
of mpMRI for recurrent prostate cancer continues to evolve and has potential to 
evaluate both local recurrence and distant bony and nodal metastases [9]. Functional 
information from MR spectroscopic imaging and diffusion-weighted imaging may 
complement morphologic MRI by reflecting tissue biochemistry and Brownian 
motion of water molecules, respectively. These functional imaging techniques may 
be used to supplement conventional MR imaging in diagnostic clinical studies.

9.3.2  Salvage Therapies for Prostate Cancer

9.3.2.1  Surgery

Salvage radical prostatectomy (sRP) after radiotherapy is more difficult because of 
local fibrosis and tissue plane changes secondary to the radiation. From this stand-
point only a few centers take on these cases. However, sRP has the longest follow-
 up period for any of the salvage therapies with follow-up greater than 10 years. The 
biochemical disease free survival (bDFS) at 10 years was 30–43% based on aggre-
gated data from four institutions. The 10 year cancer-specific survival rates were 
70–77% [86, 87]. More recently, salvage robotic radical prostatectomy has been 
reported with some small patient studies demonstrating more promising results, but 
it is premature to report on long term follow up [88]. Due to the difficulties posed 
after primary radiation treatment failure, the complication rates for sRP have been 
higher than primary surgery with incontinence rates of 58% and major complication 
rates of 33% [89]. The largest series to date is a multi-institutional collaboration 
study which reviewed 404 patients with a median follow up of 4.4 years and free-
dom from clinical metastasis of >75% at 10 years from surgery. This study also 
identified the most favorable groups to undergo sRP were in men with a PSA < 4 ng/
ml and post radiation prostate biopsy Gleason score of ≤7 [90].

9.3.2.2  Radiation

Salvage radiotherapy can be used for BCR following surgery or primary radiother-
apy failures. Many times salvage brachytherapy (BT) is performed for primary 
radiotherapy failures. In a large study out of Mayo Clinic, 49 patients with primary 
external beam radiotherapy (EBRT) failure were treated with salvage low dose rate 
BT. They demonstrated a 3 year biochemical disease free survival (bDFS) of 48% 
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and a 5 year bDFS of 34% [91]. Multiple other studies demonstrate a slightly better 
bDFS, but neoadjuvant androgen treatment was also used in conjunction with the 
radiation confounding the results. Overall, the 5 year bDFS for salvage BT after 
primary radiotherapy is approximately 20–70%. Complications for salvage BT 
were either genitourinary (GU) or gastrointestinal (GI). Grade 3–4 GU toxicity was 
17% as a late complication and grade 3–4 GI toxicity was around 5.6% [89, 91, 92]. 
In a more contemporary series of 98 patients, the 3 year bDFS was 60.1% and there 
was no difference between low dose rate BT and high dose rate BT. On multivariate 
analysis, only the prostate specific antigen doubling time (PSADT) <12 months was 
significantly associated with PSA relapse [93].

9.3.2.3  High Intensity Focused Ultrasound (HIFU)

Salvage high intensity focused ultrasound (HIFU) which targets focused ultrasound 
energy to a specific area has been used for primary prostate cancer treatment and for 
salvage therapy. Salvage HIFU is relatively recent treatment modality with limited 
studies on its efficacy. Three different studies have been published with relatively 
short follow up period of 7.4–18.1 months. These studies demonstrated a highly 
variable bDFS of 25–71% which was confounded by variable definitions of PSA 
failure and variable use of hormonal therapy before treatment. The most commonly 
reported complications are incontinence (10–49.5%), urethral stricture with reten-
tion (17–17.6%), erectile dysfunction (66.2–100%), and recto-urethral fistula 
(3–16%) [89, 94–96]. In the largest multi-institutional pooled series of 418 patients 
treated with whole gland HIFU after failed radiotherapy, the 7 year cancer specific 
survival and metastasis free survival of >80% were attained at the price of signifi-
cant morbidity. According to this study, salvage HIFU should be initiated early fol-
lowing radiation failure and by centers with significant experience [97].

9.3.2.4  Ultrasound-Guided Cryoablation

Ultrasound guided cryotherapy is currently being used for primary prostate cancer 
treatment as well as salvage treatment after primary radiotherapy failure. Due to the 
relative recent development as a treatment modality, there are limited studies on its 
efficacy. Chin et al. reported on 118 patients treated with salvage US cryotherapy 
after radiotherapy failure [98]. This study showed a negative biopsy rate of 87% 
with a median follow up of 18.6 months. Siddiqui et al. presented 15 patients with 
salvage ultrasound guided cryotherapy after radical retropubic prostatectomy [99]. 
Their findings demonstrated a 40% bDFS at a mean follow up of 20 months. As 
cryotherapy devices have evolved with mixed gas technology, smaller cryoprobe 
size, improved urethral preservation with warmers, better imaging, and increased 
operator experience, the success rates have improved and complication rates 
decreased. A recent large study from the COLD cryo on-line data registry reported 
a 5 year bDFS to be 58.9% by the ASTRO definition of BCR and 54.5% by the 
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Phoenix definition of BCR [100]. For patients treated with salvage US guided cryo-
therapy after primary radiotherapy failure, the most recent reported complication 
rates are perineal pain (4–14%), mild-moderate incontinence (6–13%), severe 
incontinence (2–4%), and urethrorectal fistula (1–2%). With the use of urethral 
warming catheter, the rate of sloughing and urethral stricture has been reduced to 
near zero. Erectile dysfunction (ED) is still high with rates of 69–86% [89]. In a 
pooled study of 396 patients who underwent salvage cryosurgery for radiation fail-
ure with a medial follow up of 47.8 months, had respective 5 and 10 year DFS of 
63% and 35% with disease specific survivals of 91% and 79% respectively [101].

9.3.3  Selection of Patients for Focal Therapy

One of the most important aspects of assessing recurrent prostate cancer is determi-
nation of whether the recurrence is localized or metastatic [75]. The second issue in 
managing patients with BCR of prostate cancer is assessing the risk of cancer treat-
ment versus the risk of further intervention. Overall, rapid PSA rise, short-disease 
free interval, and high-grade disease are all poor prognostic indicators with a higher 
likelihood of systemic recurrence, while slow PSA rise, long disease free interval, 
and low-grade disease are better prognostic indicators with a higher likelihood of 
local recurrence [41, 102].

Potential criteria for MR guided focal ablative treatment of recurrent prostate 
cancer are as follows: (1) biopsy proven local recurrent tumor that can be visualized 
by MRI, (2) absence of distant metastasis confirmed with chest, abdomen, pelvis 
CT and/or MRI plus bone scintigraphy and/or 11C choline PET/CT scan [9, 42]. 
Although not perfect, these criteria seek to rule out patients where they have both 
local and systemic metastases unless local treatment is coupled with systemic treat-
ment strategy for cancer control.

9.4  MRI Guided Recurrent Prostate Cancer Focal Therapy 
Options

9.4.1  MR-Guided Cryoablation

MR guided cryoablation for recurrent prostate cancer is technically feasible and 
been successful in short-term follow-up. Woodrum et al. published on 18 patients 
treated with MR guided cryoablation for locally recurrent prostate cancer where 
treatment optimization parameters were assessed for two groups of nine patients 
[55]. Ultimately, the study demonstrated that a more aggressive tight (5 mm) spac-
ing of cryoneedles, three freeze-thaw cycles, and prudent adjustment of the urethral 
warmer temperature produced better short-term recurrence free intervals. Gangi 
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et  al. also demonstrated successful MR-guided cryoablation treatment of several 
patients with recurrent prostate cancer [56]. This technique offers the advantage that 
it is not appreciably limited by the prior surgical or radiation treatment to the tar-
geted area [55, 56]. Using MR guidance, cryoablation treatment can be tailored to 
the desired area (Figs. 9.2 and 9.4). In another series, MR-guided cryoablation has 
been reported to successfully treat select patients with locally recurrent tumors after 
failed radiation therapy [103].

Fig. 9.4 Seventy-five-year-old male with history of refractory prostate cancer status post external 
beam radiation therapy with subsequent salvage prostatectomy and lymphadenectomy. PSA was 
undetectable but started rising. Pelvic MRI demonstrated a hyperenhancing recurrence posterior to 
the vesicourethral (VU) anastomosis. TRUS-guided biopsy revealed Gleason 4  +  4. Axial 
T2-weighted images demonstrate a soft tissue nodule with hypointensity posterior to VU anasto-
mosis (Panel a, arrows). Corresponding ADC map demonstrates restricted diffusion (Panel b, 
arrows). Corresponding DCE image demonstrates hyperenhancement (Panel c, arrows). CT/PET 
choline imaging demonstrates corresponding increased activity in the hyperenhancing nodule 
(Panel d, dashed arrow). Using a 1.5 T MRI, six IceRod cryoneedles were placed via the transperi-
neal approach posterior to the vesicourethral anastomosis. An iceball is clearly visible on axial 
T2-weighted image during the freezing phase (Panel e, iceball arrowheads).Subsequent post- 
ablation dynamic gadolinium enhanced series demonstrates the corresponding ablation zone to 
encompass the previously demonstrated cancerous lesion (Panel f, arrowheads)
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9.4.2  MR-Guided Laser Interstitial Therapy (LITT)

Using Laser interstitial thermal therapy (LITT) for recurrent prostate cancer has 
been shown to be feasible with a case report using a 3 T MRI with Visualase 980 nm 
diode laser system (Medtronic, Minneapolis, MN, USA) [104]. A small case series 
was also presented by the same group which demonstrated feasibility of treating 
recurrent prostate cancer with laser ablation [104]. Difficulties encountered with 
this ablation technique in these patients were the temperature mapping distortion 
secondary to the surgical clips from prior surgery. This could also be encountered 
with brachytherapy seed implantation as well. Therefore, recurrences within the 
surgical clips or brachytherapy seeds would represent a relative contraindication for 
this method of treatment.

9.5  Follow-Up Imaging

After MR-guided salvage focal ablation, the best way to monitor the patient is by 
measuring serial serum PSA and MR imaging. PSA levels should decrease soon 
after ablation and ideally drop to undetectable within several weeks of salvage pro-
cedure if there is no remaining prostate tissue. In the setting of prior radiation, the 
PSA is expected to return to prior baseline PSA levels seen after radiation treatment. 
In either situation the PSA should decrease to a new plateau level and remain there 
over time. A rise in a previously undetectable or stable postoperative PSA levels 
during post-treatment follow up indicate recurrent or possibly metastatic disease 
warranting a further workup to localize viable disease.

One possible schematic for follow up is PSA every 3 months and MR imaging at 
6, 12, 18, 24 months post procedure and then lengthen to yearly after the first 2 
years post-ablation if all is negative. Cryoablation has been shown to have some 
residual ablation zone contrast enhancement when imaging less than 6 months post 
ablation which resolves at 6 month imaging [105]. Multiparametric MRI can assess 
prostatic fossa, iliac lymph nodes and pelvic bones. Mild inflammatory enhance-
ment about the ablation zone without a discrete mass is a common finding after 
procedure and usually resolves within 3 months after procedure. Persistent or new 
discrete enhancing nodules on MRI are suspicious for residual or recurrent cancer-
ous lesions. These enhancing nodules, if still confined in the prostatic bed, may be 
amenable for repeated MR-guided salvage ablation. Post ablative biopsies should 
also be entertained at 1 and 2 years post treatment with particular attention to the 
margin of the ablation zone.
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9.6  Challenges of Focal Therapy

9.6.1  Limitations to MRI Visualization of Iceball Temperature 
Isotherms

A limitation for MR-guided cryoablation is that the leading edge of the iceball is 
well visualized due to very rapid T2 relaxation of ice protons, but this corresponds 
to 0 °C and may not be completely lethal. Therefore, it is necessary to carry the edge 
of the ice beyond the tumor margin by at least 5 mm assuming that iceball lethal 
isotherms of −40 °C are less than 5 mm from the leading edge of the iceball [106]. 
Complicating factors to this assumption include heat transfer from adjacent major 
vessels or urethral warmers [107]. Studies have shown that ultra-short echo times 
(UTE) can be used to visualize temperature changes within the iceball, however this 
technique is yet to be widely applied clinically [108–110] Confounding the need for 
good margin coverage is the problem of very restrictive space in and around the 
prostate bed with close proximity to the rectum, bladder, and external striated ure-
thral sphincter. This small margin for error presents an ongoing challenge of balanc-
ing treatment efficacy with morbidity.

9.6.2  Limitations of MRI Thermometry

Proton resonance temperature mapping (PRF) capitalizes on the phenomenon of 
linear change of resonance frequency of water protons with temperature. PRF tem-
perature mapping is a powerful tool, but it has some major limitations such as sen-
sitivity to motion and tissue edge artifacts. PRF relies on a baseline comparison 
image which all subsequent images are compared. As a consequence, motion is a 
large problem where the baseline image alignment is disrupted causing phase regis-
tration artifacts. A method that has been proposed to alleviate this is the reference- 
less temperature mapping. Another potential issue is the presence of the surgical 
clips, which can cause metallic artifact resulting in image distortion and signal 
drop-out, degrading the MR images. In the native prostate, this is less of an issue, 
but in the post-surgical prostate bed surgical clip artifact becomes a real problem for 
phase change-based temperature imaging. The final major limitation with PRF- 
based temperature mapping is problem with tissue/fat interface. The resonance fre-
quency is only dependent on temperature for water protons. The resonance frequency 
of protons in fat is different producing artifact and inaccuracy for tissue fat inter-
faces. Some approaches attempt to resolve this issue by the use of the so-called 
Dixon technique to separate MRI signals from fat and water, use PRF method on the 
fat-only images and use phase changes of the fat signal to correct for non- 
temperature- dependent phase changes [111]. This technique, however, has not, as of 
yet, been applied clinically.
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9.7  Conclusions

Prostate cancer is the most common solid malignancy in men. As such the clinical 
burden is significant, prostate cancer diagnosis and treatment for new or recurrent 
disease will demand considerable resources and effort for years to come. mpMRI is 
playing a pivotal role in the diagnosis and management of this disease. MRI and 
ultrasound fusion for prostate biopsy guidance appear to represent the next step in 
timely diagnosis and navigation to clinically significant cancers. mpMRI is an effec-
tive modality in the depiction of a locally recurrent tumor after failed definitive 
treatment. While minimally invasive MR-guided focal ablation of native or locally 
recurrent prostate cancer is feasible and rapidly becoming a viable treatment alter-
native, there is still continued work needed to determine long term efficacy. To date, 
all focal therapy treatment series suffer from relatively small patient numbers with 
short follow-up and need for comparison to established therapies. Additionally, it is 
critically important that good prospective clinical trials for each treatment modality 
be performed to assess the advantage of each and to determine long-term efficacy.
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Chapter 10
Immunodiagnostics and Immunotherapy 
Possibilities for Prostate Cancer

Heide Schatten

Abstract Despite significant progress in early detection and improved treatment 
modalities prostate cancer remains the second leading cause of cancer death in 
American men which results in about 30,000 deaths per year in the USA. An aggres-
sive phenotype leading to 2.58% risk of dying from prostate cancer still exists and 
immunotherapy has offered new possibilities to treat metastatic prostate cancer that 
cannot be treated by other modalities. Cancer immunotherapy is a rapidly growing 
field of research aimed at identifying biomarkers in immunodiagnosis and to 
develop new therapies by enabling the immune system to detect and destroy cancer 
cells. Immunotherapy falls into three different broad categories which are check-
point inhibitors, cytokines, and vaccine immunotherapy. While immunotherapy to 
treat prostate cancer is still limited progress has been made; for treatment of 
advanced prostate cancer sipuleucel-T has been administered to patients in person-
alized doses to destroy prostate cancer cells which is promising and invites further 
research to determine immunotherapies for advanced prostate cancer. Antibody- 
based targeted immunotherapy and dendritic-cell-based vaccination are among the 
therapies that are currently being evaluated as promising approaches to treat pros-
tate cancer. Combination immunotherapies include prostate cancer vaccines and 
radiotherapy for castration resistant prostate cancer. Microbial vectors for prostate 
cancer immunotherapy have been developed and bacterial strains have been engi-
neered to express cancer-specific antigens, cytokines, and prodrug-converting cyto-
kines. These approaches are addressed in the present review.
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10.1  Introduction to Immunodiagnostics 
and Immunotherapy

Cancer immunotherapy is a rapidly growing field of research aimed at identifying 
biomarkers in immunodiagnosis and to develop new therapies by enabling the 
immune system to detect and destroy cancer cells. So far, several successful clinical 
applications have been reported for a subset of patients treated for various cancer 
types and others are currently being developed, as will be discussed below.

Immunotherapy uses various approaches to manipulate a patient’s immune sys-
tem to effectively detect and destroy cancer cells that are normally not recognized 
by the immune system. Three main approaches have been pursued in recent years 
which fall in three different broad categories:

 1. Checkpoint inhibitors are used to disrupt signals that allow cancer cells to be 
protected from immune attacks, taking advantage of well-known information 
that certain protein receptors on the surface of T-cells are able to distinguish 
healthy cells from cancer cells. Of these, PD-1 and CTLA-4 receptors have been 
best studied and current checkpoint inhibitor drugs target the PD-1 and CTLA-4 
receptors. Checkpoint inhibitor therapy will be discussed in more detail below.

 2. Cytokines are used to help regulate and direct the immune system. Cytokines 
can be utilized for immunotherapy by injecting synthesized cytokines into a 
patient’s body using either (a) IL-2 (Interleukin 2) designed to target the adaptive 
immune system (T cells, B cells) to produce more antibodies, or (b) IFN-alpha 
(Interferon-alpha) to help the patient’s body generate innate immune cells such 
as dendritic cells and macrophages to attack cancer cells. Potential side effects 
can be encountered with cytokine therapy including depression, flu-like symp-
toms, and fatigue. Cytokine immunotherapy has been approved to treat circula-
tory cancers such as leukemia and lymphoma, as well as melanoma, bladder, and 
kidney cancers.

 3. Vaccine immunotherapy is applied to build up antibodies to protect against 
specific cancers including cervical, prostate and bladder cancer. This approach 
has been especially successful to protect against cervical cancer, which resulted 
in HPV vaccines that have been approved by the FDA. Gardasil and Cevarix 
prevent infection with two high-risk HPV strains that cause 70% of cervical 
cancer. The mechanisms underlying development of cervical cancer have been 
well investigated ([1, 2]; reviewed in [3, 4]); these studies showed that in cervical 
cancer, infection with ‘high-risk’ human papillomavirus (HPV) types, such as 
HPV16 and HPV18, is associated with more than 90% of cervical cancer cases. 
The E6 and E7 oncoproteins of HPV16 induce mitotic defects by uncoupling 
centrosome duplication from the cell cycle while the E6 and E7 proteins of low- 
risk HPV6 do not induce chromosomal abnormalities and are not typically asso-
ciated with malignancy ([1, 2]; reviewed in [3, 4]). Similar detailed studies so far 
are not available for prostate cancer and it is not yet known whether or not a virus 
component may play a role in prostate cancer.
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As mentioned above, much research has been devoted to checkpoint immuno-
therapies that are the most rapidly advancing areas of cancer immunology. The goal 
of immunotherapy is to increase the strength of the immune responses against 
tumors which can either be achieved by stimulating the activities of specific compo-
nents of the immune system or counteract signals produced by cancer cells that 
suppress immune responses.

Tumor-infiltrating immune cells have been identified in a variety of cancers 
including lung [5], colorectal [6], breast [7] and head-and-neck squamous cell car-
cinoma (SCCHN) [8, 9]. Markers have been determined for all major immune cells 
which are B cells, T cells, cytotoxic T cells, NK cells, macrophages, dendritic cells.

For immunotherapy, two immunosuppressive pathways have been identified as 
effective targets, the pathway of cytotoxic T lymphocyte antigen 4 (CTLA4), a mol-
ecule expressed by T cells inhibiting T cell function, and the programmed cell death 
1 ligand 1 (PD-L1 or B7H1) pathway used by tumor cells to inhibit the anti-tumoral 
immune response.

Checkpoint blockade immunotherapy has offered significant new potential for 
treatment of many cancer types and has been applied to several cancers including 
treatment of cutaneous melanoma [10], ovarian cancer [11], breast cancer [12] 
Merkel cell carcinoma [13], and others.

A significant body of research has been devoted to immunotherapies against 
melanoma but new immunotherapy treatment options for other cancers are being 
explored in various laboratories. Challenges remain and include that treatment is 
patient specific and only a limited subset of patients can benefit from new immuno-
therapies. Certain biomarkers predict the benefit for individual patients and include 
the presence of CD8+ T cells within the tumor microenvironment or tumor margins 
and up-regulation of PD-1. Biomarkers are used to help determine which patients 
are more likely to respond to checkpoint inhibitor therapy PD-L1 and a genetic 
feature called microsatellite instability to which each person can respond 
differently.

PD-1 receptor seeks out PD-L1 protein on cells to determine if they are healthy. 
Cancer cells disguise themselves by sending a signal to PD-1 receptor to disrupt the 
signal to PD-1 using the protein PD1. Several drugs have been developed such as 
pembrolizumab and nivolumab, a tezolizumab targeting PD-1 receptor, disrupting 
the signal from PD-L1, exposing the cancer cells for attack. CTLA-4 receptor helps 
the immune system target cancer cells; CTLA-4 receptor gets rewired by the drug 
ipilimumab to stimulate immune attacks.

To date, FDA approved drugs used as checkpoint inhibitors include ipilimumab, 
an anti-CTLA-4 antibody and nivolumab and pembrolizumab, antibodies against 
PD-1 (programmed death-1) that can be used either alone or in combination [14–
16]. Immunotherapy treatments are durable and can increase long-survival times. 
About 30% of patients can benefit from PD-1 treatment spanning cancers such as 
melanoma, lung, head and neck, and renal cancers. Combibation immunotherapy 
using CTLA-4 therapy with PD-1 checkpoint blockage resulted in increased treat-
ment success of malignant melanoma to 57%. The variation in treatment results in 
different patients is under active investigation and much research is focused on the 
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absence or presence of tumor-specific T cells. The presence of CD8+ cells within 
the tumor or tumor margins have been correlated with response to PD-1 inhibition 
[17] as proposed in earlier assessments of immunotherapy [18–20]. The presence of 
CD8+ T cells has also been linked to a type I interferon (IFN-α/β) presence [21, 22]. 
These observations resulted in classification of patients into T-cell-inflamed (posi-
tive for CD8+ T-cell and type I interferon presence) and non-T-cell inflamed (lack-
ing CD8+ T-cell and type I interferon presence) (reviewed in [23]).

Escape mechanisms either in the T-cell inflamed or the non-T-cell-inflamed TME 
have been discussed in detail by Spranger [23] and include immune suppression and 
escape against an endogenous anti-tumor immune response. Side effects resulting 
from checkpoint inhibitors have been discussed by Wang et  al. [24] and include 
diarrhea and colitis in patients with advanced malignancies. Other side effects can 
occur with immunotherapy which includes cytokine release syndrome (CRS) and 
neurological problems but these can be managed. Other side effects include fatigue, 
nausea, mouth sores, diarrhea, high blood pressure, fluid buildup but these side 
effects become less severe after the first treatment.

Other challenges include resistance resulting from immunotherapy; immuno-
therapeutic interventions are being studied in order to develop strategies to avoid or 
reverse resistance resulting from immunotherapy treatment.

Among the highly successful immunotherapy approaches is CART-cell (chime-
ric antigen receptor (CAR) T-cell) therapy which is an adaptive therapy that allows 
genetic reprogramming of a patient’s own immune cells to detect and destroy cancer 
cells throughout the body. CART-cell therapy has been utilized successfully for 
childhood acute lymphoblastic leukemia (ALL) and for the large B-cell lymphoma 
(DLBCL), a subtype of non-Hodgkin lymphoma, as well as multiple myeloma.

10.2  Immunotherapy Possibilities for Prostate Cancer

Immunotherapy to treat prostate cancer is still limited but progress has been made 
in immunodiagnosis and immunotherapy. For treatment of advanced prostate cancer 
sipuleucel-T has been administered to patients in personalized doses using the 
patient’s own immune cells that have been modified to destroy prostate cancer cells. 
These approaches are promising and invite further research to determine immuno-
therapies for advanced prostate cancer.

Despite significant progress in early detection and improved treatment modali-
ties (reviewed in [25]) prostate cancer remains the second leading cause of cancer 
death in American men [26] which results in about 30,000 deaths per year in the 
USA [27]. An aggressive phenotype leading to 2.58% risk of dying from prostate 
cancer still exists [26, 28] and immunotherapy has offered new possibilities to treat 
metastatic prostate cancer that cannot be treated by other modalities.

While several treatment options are available for prostate cancer (reviewed in 
[25]) it remains a significant health problem for men in the Western world and new 
treatment approaches are still urgently needed. Immunotherapy presents a valuable 
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alternative to other treatments by activating immune response to detect and destroy 
prostate cancer cells which so far has been possible with FDA-approved sipuleucel-
 T, an immunotherapeutic agent for treatment of patients with asymptomatic or mini-
mally symptomatic castration-resistant prostate cancer (CRPC) (reviewed by [29]). 
This treatment and others that are currently being developed have opened new strat-
egies with long-lasting effects to combat prostate cancer. As discussed in Chap. 3 of 
the companion book on prostate cancer (Cell and Molecular Biology of Prostate 
Cancer: Updates, Insights and New Frontiers) chronic inflammation has been linked 
to development of prostate cancer; inflammation of the prostate is primarily regu-
lated by T cells, B cells, and macrophages [30–32] which functions as infiltrating 
immune cells during inflammation and could potentially be utilized for immuno-
therapy. However, it is not clear why precancerous cells can escape from the immune 
surveillance; several hypotheses have been proposed as discussed by Karan et al. 
[29] including weak immunogenicity, lack of proper communication between 
immune cells and precancerous cells, reduced expression of major histocompatibil-
ity complex molecules, immunologic tolerance, increased levels of regulatory T 
cells and activities by neoplastic cells that suppress immune activities [29]. The 
evasion of immune surveillance may be among the factors leading to the develop-
ment of cancer.

Several immunotherapy approaches have been pursued to stimulate the immune 
response in the tumor microenvironment [33–37] and several antigens have been 
identified for immune-based therapies (reviewed in [29]). Clinical trials are in prog-
ress to pursue these new possibilities for treatment of prostate cancer [38–41]. Such 
new approaches include antibody-based targeted immunotherapy and dendritic- 
cell- based vaccination.

10.2.1  Antibody-Based Targeted Immunotherapy

For prostate cancer, CTL-associated antigen 4 (CTLA4) immunotherapy is possible 
[42–45]. The CTLA4 molecule is localized to the surface of T cells with functions 
in suppressing T cell activation. As circulating T cells display increased expression 
of CTLA4 in cancer patients inhibition of CTLA4 is the goal for effective immuno-
therapy. Two antibodies to CTLA4, ipilimumab and tremelimumab, have been 
applied for treatment of advanced melanoma with ipilimumab showing overall 
improved survival compared to standard therapy which had encouraged use of ipili-
mumab to treat patients with castration resistant prostate cancer (CRPC) (reviewed 
in [29]). Combination therapies with either PROSTVAC or GVAX prostate cancer 
vaccines or radiotherapy are under evaluation and proposed as promising therapies 
for CRPC.
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10.2.2  Dendritic-Cell-Based Vaccination

Dendritic cells play a central role in the development of T effector cells which 
encouraged development of active immunization methods to include TAA-specific 
CTLs using ex  vivo dendritic cells loaded with antigens or viral vaccines. The 
results are promising and demonstrated an induction of antigen-specific immune 
responses [46]. One study used autologous dendritic cells from patients with CRPC 
that were loaded with antigen peptides from different PSAs which resulted in 
increased CTL responses against PSAs.

Other studies have been performed using sipuleucel-T, an immunotherapy 
approved by the FDA for treatment of asymptomatic or minimally symptomatic 
CRPC, designed to stimulate a patient’s own immune response against prostate can-
cer. It is a dendritic-cell-based vaccine immunotherapy which had advanced to 
phase II studies to give a median survival advantage of 4.1 months, with a 3-year 
survival rate of 31.7%, compared to 23.0% for placebo-receiving patients [47]. 
However, it is not clear how the treatment may benefit some patients while not oth-
ers, given the observation that many of the immunotherapy treatments are patient- 
specific, as discussed above.

Taken together, while promising approaches are being proposed, more research 
and clinical tests are needed for clear answers on specific benefits for specific 
patients with metastatic prostate cancer.

Microbial vectors for prostate cancer immunotherapy have been developed and 
bacterial strains have been engineered to express cancer-specific antigens, cyto-
kines, and prodrug-converting cytokines (reviewed in [48–59]). Bacterial strains 
that have been and are being developed include Listeria monocytogenes, Salmonella, 
Escherichia coli, and Shigella that have been genetically modified to be non-toxic to 
patients. These attenuated bacteria have been used successfully in preclinical ani-
mal models (reviewed in [48–60]). Vaccine approaches utilizing microbial vectors 
include PROSTVAC®-VF and adenovirus-based cancer vaccines to induce active 
immunization in murine models.

Multigene-targeted immunotherapy has been used to expand the range of anti- 
tumor responses by, for example, loading dendritic cells with multiple peptides. 
Another approach has been to load dendritic cells with a virus-expressed cDNA 
library specific to prostate cancer using a preclinical mouse model to gain therapeu-
tic benefits for prostate cancer. These are a few of the many different approaches 
using microbial vectors for immunotherapy of prostate cancer (reviewed in [29]).

As mentioned above, combining immunotherapy with other treatment modalities 
are actively being pursued for optimal benefits. It includes combining immuno-
therapy with an adjuvant chemotherapeutic drug, radiation therapy, and 
immuno-suppressants.

Taken together, multiple approaches for immunotherapy have emerged and are 
being pursued actively. Successful applications have raised realistic expectations 
for continued efforts to trick the immune system into detecting and destroying 
tumor cells including prostate tumor cells and tissue.
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10.3  Conclusion

Despite significant progress in early detection and improved treatment modalities 
prostate cancer remains the second leading cause of cancer death in American men 
which results in about 30,000 deaths per year in the USA. An aggressive phenotype 
leading to 2.58% risk of dying from prostate cancer still exists and immunotherapy 
has offered new possibilities to treat metastatic prostate cancer that cannot be treated 
by other modalities (reviewed in [61]).

Cancer immunotherapy is a rapidly growing field of research aimed at identify-
ing biomarkers in immunodiagnosis and to develop new therapies by enabling the 
immune system to detect and destroy cancer cells. Immunotherapy falls into three 
different broad categories which are checkpoint inhibitors, cytokines, and vaccine 
immunotherapy. While immunotherapy to treat prostate cancer is still limited prog-
ress has been made; for treatment of advanced prostate cancer sipuleucel-T has been 
administered to patients in personalized doses to destroy prostate cancer cells which 
is promising and invites further research to determine immunotherapies for advanced 
prostate cancer. Antibody-based targeted immunotherapy and dendritic-cell-based 
vaccination are among the therapies that are currently being evaluated as promising 
approaches to treat prostate cancer. Combination immunotherapies include prostate 
cancer vaccines and radiotherapy for castration resistant prostate cancer. Microbial 
vectors for prostate cancer immunotherapy have been developed and bacterial 
strains have been engineered to express cancer-specific antigens, cytokines, and 
prodrug-converting cytokines. These approaches are promising to further develop 
into effective therapies to treat advanced stages of prostate cancer that currently 
cannot be cured by available treatment modalities.
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