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  Would you like to know everything that there is to know about bone metasta-
ses from prostate cancer? Prostate cancer is the second most diagnosed 
malignancy and the sixth cause of cancer-related death worldwide and is one 
of the cancers that most frequently metastasizes to the bone. Would you like 
to be knowledgeable about all of the new imaging techniques and treatments 
available for bone metastases? This textbook is not only on bone metastases 
but is an up-to-date review on everything the clinician needs to know about 
prostate cancer. 

 This book was conceived with the intention to emphasize bone pathology 
and metastases, critical to prostate cancer. You will learn about the complex 
histology, high heterogeneity, and bone matrix-derived factors. Each chapter 
is thorough, well written, and up to date. There is a section devoted to mark-
ers of bone turnover in bone metastasis and new markers. Many chapters 
contain beautiful illustrations and images of bone metastases. You will learn 
about non-osteoclastic bone, bone resorption mediated by metalloproteases, 
periostin, bone sialoprotein, osteopontin, and other emerging markers. You 
will acquire the ability to compare new markers with “classic” bone 
markers. 

 You are invited to improve your knowledge of bone homing and metasta-
sis, the result of a multistep process that requires an interaction between 
tumor cells and the bone microenvironment that starts with tumor malignant 
progression and invasion through the extracellular matrix and leads to bone 
metastases. You will gain knowledge about the role of epithelial-mesenchy-
mal plasticity in bone homing, the role of chemokines and their receptors, 
and the role of microRNAs. You will also understand the many signaling 
pathways implicated in the development of prostate cancer bone metastases. 

 There is an increasing need for validated, reliable circulating tumor mark-
ers. PSA is discussed in great detail and the clinical settings, in which it is 
most useful, with an exhaustive summary of recommendations as to its pre-
dictive use in staging, and detection of recurrence. 

 You will learn about the different methodologies in detecting circulating 
tumor cells (CTCs). CTCs can provide valuable information about disease 
heterogeneity, clonal evolution, disease progression, and response and devel-
opment of resistance to therapies such as novel AR-directed treatments. 

   Foreword  
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 Conventional imaging methods are inadequate for the assessment of 
changes in bone metastases in response to various treatments. PET with vari-
ous targeted radiotracers is required. There are several chapters devoted to 
distinguishing among the different imaging methodologies:  99m Tc-biphos-
phonates planar scintigraphy or SPECT/CT,  18 F-FDG PET,  18 F- NaF PET/CT, 
 11 C/ 18 F choline PET/CT, and  68 Ga-PSMA PET/CT. You will learn about the 
different sensitivities and insensitivities of these modalities in identifying dis-
ease and capturing degrees of biological response and the challenges such as 
fl are phenomenon. PSMA-based PET imaging agents fall into three catego-
ries. Consider also the auspicious performance of  18 F-FACBC,  68 Ga-PSMA 
PET/CT for investigating prostate cancer patients with biochemical 
recurrence. 

 Radiation therapy techniques are continually evolving, not only for treat-
ing the prostate. Careful attention is paid to new techniques for the palliation 
of bone metastases. There is an excellent summary of randomized trials com-
paring single versus multiple fractions in the palliative setting, data on stereo-
taxic irradiation for oligometastatic disease, and much more. 

 This book discusses classic hormonal therapy, fi rst-generation antiandro-
gens, and novel second-generation antiandrogens. You will learn about AR 
splice variants, such as AR-V7 and AR567e, and their predictive and prog-
nostic value. The cross-resistance between abiraterone and enzalutamide are 
important topics. 

 Chemotherapy with docetaxel and cabazitaxel plays an important role in 
patients with prostate cancer. The trials that have further investigated these 
agents in CRPC are reviewed. You will learn about Radium-223 that can not 
only decrease symptomatic skeletal events but also increases survival. 

 A hot topic in CRPC is molecular profi ling. Studies have shown that 
around 90% of mCRPC patients harbor clinically actionable molecular alter-
ations and 23% harbor DNA repair pathway aberrations that may respond to 
PARP inhibitors or platinum. The clinical trials in hormone-sensitive prostate 
cancer are also reviewed in great detail, as is the treatment of oligometastatic 
disease with radiation or surgery. 

 Nociceptive and neuropathic pain, pain assessment, pain syndromes in 
prostate cancer bone pain, and treatment of cancer-induced bone pain are 
extensively reviewed as well as simultaneous palliative care. 

 The economic impact of prostate cancer bone metastases and skeletal-
related events is also explored. This book concludes with discussions on the 
importance of a multidisciplinary team approach to prostate cancer and the 
importance and benefi ts of well-organized prostate cancer units. 

 This textbook is a must for anyone who is interested in prostate cancer. It 
is well written, up to date, and highly relevant.  

    Cora     N.     Sternberg  , MD, FACP              

Foreword
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  Pref ace   

 Skeletal metastases affect more than 80% of men with metastatic prostate 
cancer, and they are the main cause for patients’ poor quality of life, morbid-
ity, and mortality. In the recent years, there was a tremendous improvement 
in the options of treatment for patients with metastatic prostate cancer. New 
hormonal, cytotoxic, immunotherapeutic drugs and new therapeutic radiation- 
based strategies have been developed. These approaches achieved very 
important results also in terms of overall survival and appear to be suitable for 
a large number of patients with metastatic prostate cancer, either those 
affected by hormone-naïve prostate cancer (HNPC) or those affected by 
castration- resistant prostate cancer (CRPC). One could say that while in the 
past the majority of patients, especially those affected by CRPC, were candi-
date only to best supportive care, at present most of them can afford upon 
different treatment choices able to impact favorably both with their life 
expectancy and their quality of life as well as upon novel therapeutic options 
and new combination strategies which promise to further improve patient 
outcomes. 

 In view of the increasing interest and number of scientifi c contributions in 
this area, we have conceived the idea to invite a number of distinguished col-
leagues to summarize the state of the art and to examine the new perspectives 
from their different points of view on the most important topics related to 
bone metastases in prostate cancer, starting from the physiopathological 
background of bone metastatization and the biological mechanisms involved 
in bone remodeling and in skeletal homing of cancer cells, which are the 
premises to a rational approach to the disease. Markers of these phenomena 
are described and analyzed in view of their clinical applications in everyday 
clinical practice. A special focus was given to the putative role of circulating 
cancer cells, circulating markers of bone metabolism, and markers of pros-
tatic cancer. The metabolic relevance of the mechanisms involved in bone 
metastatization is also described in the perspective of the technological 
advancements of metabolic imaging that visualizes bone metastases through 
new radiopharmaceuticals capable to target bone changes caused by metasta-
sis or directly prostate cancer cells. New modalities of metabolic imaging, 
such as  18 F-fl uoride,  18 F/ 11 C-choline, and  18 F-FDG positron emission tomog-
raphy (PET)/computed tomography (CT), are reported, including the most 
recent experimental tracers like  68 Ga-prostate specifi c membrane antigen 
( 68 Ga-PSMA). In the radiological area, the contribution of the multimodality 
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magnetic resonance imaging (MRI) in improving the accuracy of CT has 
been critically discussed, also in terms of availability of this technique and 
relative costs. As a logical consequence of an adequate diagnosis and staging, 
attention was moved to the available treatment options for patients with pros-
tate cancer bone metastases (hormonal therapy, chemotherapy, chemotherapy 
associated with hormonal manipulations, bone targeted drugs, surgery, exter-
nal beam therapy, and radio- metabolic therapy). The evaluation of treatment 
response in bone metastatic prostate cancer is one of the key points addressed 
in the textbook due to the limits of currently available tools, namely, radiol-
ogy and nuclear medicine imaging. The putative advantages of one or more 
techniques over the others have been specifi cally analyzed. The putative role 
in implementing the defi nition of tumor response at the bone level by the dos-
age of markers of bone turnover and of prostate-specifi c antigen (PSA) has 
been also considered. The performances and limitations of the criteria 
adopted in the most important clinical trials and which are currently recom-
mended by the Guidelines of the Scientifi c Societies have also been criti-
cally reviewed. A look at other issues that are strictly correlated with the 
management of the patients affected by bone metastases has been provided. 
The abovementioned issues include bone pain palliation and prevention of 
major adverse skeletal events as well as the social and economic impact of 
bone metastases, which intuitively is not limited to the costs more directly 
related to patient care. The necessity of addressing this increasingly impor-
tant health problem through a multidisciplinary team of clinicians able to 
intercept all the patient needs and to provide an appropriate answer to all of 
them has also been addressed, with the hope that this model could become 
standard for the majority of the centers involved in the management of pros-
tate cancer. Our ambition, as editors of this volume, was to provide the read-
ers with a complete but clear-cut information about the most relevant results 
achieved in the different areas concerning the topic as well as a look at the 
researches that are still going on and that promise to further change the 
course of the disease and of its management. Let’s hope we have reached the 
scope, thanks to the efforts of the authors who have accepted to actively 
provide their contributions and to the editor staff who trusted in this task and 
whose help and assistance was essential to complete it.  

   Francesco     Bertoldo            
   Francesco     Boccardo           
   Emilio     Bombardieri            

   Laura     Evangelista            
   Riccardo     Valdagni               

Preface
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of Bone Metastasis in Prostate 
Cancer                     
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1.1          Distribution and Preferential 
Site of Bone Metastasis 
in Prostate Cancer Patients 

 Several studies have attempted to correlate the 
extent of skeletal metastatic involvement, the 
number of bone metastases (BMTs) identifi ed by 
bone scintigraphy or the distribution of BMTs 
(axial vs appendicular) with survival in patients 
with advanced prostate cancer (PC) [ 1 ,  2 ]. The 
number of BMTs has recently been evaluated as 
a prognostic predictor [ 3 ]. Patients with meta-
static castration-resistant PC with a higher num-
ber of BMTs had a shorter progression-free 
survival (PFS) and overall survival (OS; hazard 
ratio 2.0; 95 % confi dence interval 1.7–2.4). 
Patients with 1–4 BMTs have much better PFS 
and OS than those with 5–20 BMTs [ 4 ]. It should, 
however, be taken into account that among the 
predictors of prognosis, coexisting non-osseous 
metastatic disease is an important determinant of 
prognosis in patients with BMTs [ 5 ,  6 ]. 

 It is well known that a BMT most commonly 
affects the axial skeleton and that patients with 
BMT confi ned to the vertebrae have a better 
prognosis. Several studies have shown that the 

distribution and sites of predilection were similar 
in PC and breast cancer, with the ribs, spine and 
ilium reported to be those for BMT. However, 
recent data have shown that in early stages of 
breast cancer and PC the distribution in the tho-
racic skeleton is higher for the former than for the 
latter. In PC the distribution is 80 % in the spine 
and pelvis. In the advanced stages and in cases of 
extensive BMT, it seems that there are no differ-
ences in skeletal distribution between breast and 
PC, with a high frequency of BMT to the ribs and 
sternum in patients with PC as well [ 7 ,  8 ]. 
Interestingly, BMT is rarely observed in the mid- 
distal bones of the extremities, unlike that 
reported in a few other studies [ 9 ].  

1.2     Pathology of Bone 
Metastasis from Prostate 
Cancer 

 Prostate cancer BMT is usually defi ned as “osteo-
blastic” by conventional radiographs. However, 
recent studies have shown a high heterogeneity of 
lesions, with synchronous osteolysis in BMT of 
PC, even when the overall character seems to be 
blastic [ 10 ]. Histomorphometric studies have 
shown that blastic lesions are mixed in nature, 
with increased activity of both osteoblasts and 
osteoclasts [ 11 ]. In bone biopsies of prostate 
BMT, an increase in the osteoid surface and oste-
oid volume and an elevation in the mineral 

        F.   Bertoldo ,  MD       
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 apposition rate, demonstrating an accelerated 
state of bone formation, have been demonstrated. 
It was interesting to note that the new bone was 
formed in the marrow spaces and not adjacent to 
the bone surface; that is, the bone may form de 
novo in the marrow without the requirement of 
pre-existing bone resorption. Spindle-shaped 
cells or fl at cells were seen lining woven osteoid 
and entrapped as osteocytes in the woven bone 
[ 12 ]. Surprisingly, well-differentiated osteoblasts, 
defi ned as cuboidal cells with basophilic cyto-
plasm lining the osteoid, were rarely observed on 
the woven bone, but they were observed in areas 
of bone repair secondary to bone necrosis. The 
osteoid is not fully mineralised and woven bone is 
formed, which has a low level of mineral density 
and a poorly organised lamellar bone. Furthermore, 
trabecular bone in metastatic lesions showed an 
increase in connectivity and surface irregularity, 
suggesting that strong effects of bone resorption 
and bone formation might occur in osteoblastic 
BMT [ 13 ]. In “osteoblastic” metastases osteo-
clasts were observed in the usual focal pattern on 
the surface of woven or lamellar bone or osteoid, 
and on the eroded surface area the number of 
osteoclasts was found to have greater than normal 
values [ 12 ]. Despite the osteoblastic nature of 
BMT, approximately half of 101 biopsies of BMT 
in bisphosphonate-naive PC patients were osteo-
paenic and half were osteodense, and this pattern 
was also reproduced in individual patients [ 12 ]. 
The undermineralised woven bone and the osteo-
paenic/osteolytic component of BMT may con-
tribute to the histological frailty observed in the 
skeleton in PC patients, even in dense metastatic 
lesions (Fig.  1.1 ).

   Bone metastases in castration-resistant PC 
patients were characterised according to expres-
sion levels of steroidogenic enzyme and andro-
gen receptor splice variants. It was found that 
increased tumour expression of steroidogenic 
enzymes in individual patients is associated with 
advanced tumour stage. Interestingly, there are 
distinct subgroups of CRPC patients with BMTs 
expressing high levels of AKR1C3 (that convert 
circulating dehydroepiandrosterone and andro-
stenedione (synthesised in the adrenals) into 
5-androstenediol and testosterone) or expressing 

high levels of ligand binding domain (LBD)-
truncated, constitutively active androgen receptor 
splice variants (AR-Vs). The possible clinical 
relevance of this is that patients with high 
AKR1C3 expression and low AR-V expression 
may show a good response to treatment with abi-
raterone acetate (Cyp17 inhibition) and/or would 
benefi t from drugs targeting AKR1C3, whereas 
patients with a high expression of constitutively 
active AR-Vs will probably not respond to abi-
raterone acetate or to any therapy targeting 
androgen synthesis or the LBD of the AR [ 14 ].  

1.3     Pathophysiology of Bone 
Metastasis 

1.3.1     Pathophysiological 
Heterogeneity 

 The osteoblastic lesion is a very complex multi-
step process that is not fully understood in detail. 
It is the result of releasing osteoblast-promoting 
factors such as bone morphogenetic protein 
(BMP), Wnt family ligand, endothelin-1 and 
PDGF from PC cells and of a closed interaction 
with bone matrix, stroma cells and bone cells. 
Another characteristic of BMT from PC is the 
biological and pathophysiological heterogeneity. 
The high level of heterogeneity of the BMTs in 
PC from the pathological point of view refl ects 
the great complexity of the biology and molecu-
lar regulation that underlie their pathophysiology. 
Lytic and blastic metastases share many molecu-
lar mechanisms that give an account of similar 
therapeutic outcome treating them with bone- 
modifying agents such as zoledronic acid and 
denosumab. The complexity of the bone response 
in PC invasion is underscored by the variety of 
soluble factors, signalling pathways and tran-
scriptional regulators involved. The abnormal 
bone response is further promoted by the poten-
tial for osteomimicry of the tumour cells signal-
ling in a paracrine fashion within the bone 
environment and an autocrine signalling cascade 
of the bone cells themselves. These interactions 
between the PC cells and bone cells often yield a 
predominantly osteoblastic response. However, 

F. Bertoldo
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the formation of osteoblastic bone is also often 
associated with a signifi cant osteolytic compo-
nent, leading to a mixed, woven bone response in 
the same patient at different metastatic sites. 

 Bone remodelling proteins and transcripts in 
human specimens of PC BMTs were analysed in 
detail [ 15 ]. The main bone remodelling proteins 
that were recognised were assessed in lytic and 
blastic BMTs: BMP-2, BMP-7, dickkopf-related 
protein 1 (DKK-1), receptor tyrosine-protein 
kinase erbB-3 (ErbB3), endothelin-1 (ET-1), 
NEL-like protein 1 (NELL-1), tumour necrosis 
factor receptor superfamily 11B (OPG), phos-
phoglycerate kinase 1 (PGK1), sclerostin, sub-
stance P, a putative osteoblastic factor EMI 
domain-containing protein 1 (Emu1) and two 
putative osteolytic factors, matrix metallopro-
teinase- 12 (MMP-12) and secreted frizzled- 

related protein 1 (SFRP1). Interestingly, many of 
these proteins and transcripts were equally 
expressed in lytic and blastic BMTs, such as 
BMP-2, BMP-7, DKK-1 and sclerostin. Instead, 
expression of some of these, such as OPG, Emu1, 
PGK1 and substance P, was higher in prevalent 
blastic lesions than in lytic lesions, but not the 
transcripts. OPG, PGK1 and substance P have 
been proven to inhibit osteoclastogenesis and 
induce osteoblastic differentiation. Emu1 has 
been shown to be prevalent in the epithelium dur-
ing embryonic development and it has been 
hypothesised that Emu1 in PC aids adhesion The 
single proteins are probably not the unique driv-
ers for conditioning the evolution towards a blas-
tic phenotype of the metastasis, and a possible 
explanation for the characteristic “predominantly 
osteoblastic phenotype” is that PC expresses a 

% bone
volume 

1. Blastic pattern

2. Lytic pattern

3. Mixed pattern

  Fig. 1.1    Histopathology of bone metastasis (BMT) from 
prostate cancer (PC). In the same patient, BMTs are het-
erogeneous, with predominantly blastic ( 1 ) and predomi-
nantly lytic metastases ( 2 ). Furthermore, as shown in the 
histopathological sections in the same specimen of a sin-

gle metastasis, there is an alternation of predominantly 
lytic and blastic area (mixed pattern) (3): 2–20 % Bone 
volume: predominantly lytic area; 50–70 % bone volume: 
predominantly blastic area (Modifi ed from Roudier et al. 
[ 12 ]).  Green  bone,  red  osteoid,  grey / pink  tumour stroma       
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disproportionate number of pro-osteoblastic and 
pro-osteolytic factors and the relative prevalence 
of the former will determine the pathological 
aspect of the lesion [ 15 ,  16 ].  

1.3.2     The Role of Osteoclasts 
in Blastic and Mixed Bone 
Metastases 

 Independently from the phenotype of the lesion, 
osteoclasts, mainly in the fi rst phases of BMT 
development, are principally responsible for the 
initiation, development and clinical consequences 
such as pain, fracture and hypercalcemia of the 
evident bone lesion (Fig.  1.2 ).

   Osteoclasts have two pivotal functions in the 
development of bone lesions: they reabsorb the 
bone, creating the necessary space for the pene-
tration and development of metastasis into the 
bone, and they enrich, as a direct consequence of 
the bone matrix breakdown, the bone micro- 
environment of a plethora of growth factors and 
tumour-seeking factors that sustain the prolifera-
tion of the cancer cells, which is essential during 
the fi rst phases of metastasis. These mechanisms 
are the basis of the “seed and soil” concept, 
where the bone micro-environment factors repre-
sent the fertile ground (the soil) and the “seed” 
represents cancer cell growth. 

 Physiologically, bone resorption and bone for-
mation in skeletal remodelling are almost always 
tightly coupled. The bone resorption by osteo-
clasts is regulated by the RANK/RANKL/OPG 
axis, where osteoblasts expressing RANKL 
induce recruitment, differentiation and activation 
of osteoclasts, binding and activating of RANK, 
and conversely expressing OPG, the RANKL 
decoy receptor, and osteoblasts inhibit the excess 
osteoclastogenesis. The ratio RANKL/OPG in 
bone micro-environment drives the equilibrium 
between bone formation and resorption. 

 Expression of RANKL by stromal cells/osteo-
blasts and osteocytes is regulated by cytokines and 
paracrine hormones that stimulate bone resorption 
[ 17 ] such as interleukin-1 (IL-1), IL-6, IL-11, 
IL-17, prostaglandin E2 (PGE2), parathyroid hor-

mone (PTH) and parathyroid hormone- related 
peptide (PTHrP), which stimulate osteoblasts or 
their progenitors to express RANKL and/or to 
downregulate the expression of OPG [ 18 ]. 
Recently, the role of osteocytes through the Wnt/
DKK-1 and sclerostin pathway has been elucidated 
(Fig.  1.2 ) [ 19 ]. 

 The tumour cells co-opting the normal pro-
cess that regulates bone resorption interfere with 
the balance of the RANKL/RANK/OPG axis. 
The tumour/bone interface is replete with factors 
that stimulate bone resorption directly produced 
by tumour cells themselves, by macrophages and 
T cells associated with metastasis or by stromal 
cells infl uenced by metastasising cells. PTHrP, 
IL-8 and PGE2 have been shown to increase 
expression of RANKL and downregulate OPG 
expression either in vitro in the osteoblast/tumour 
cell coculture or in vivo using the BMT model 
[ 17 – 20 ]. 

 Parathyroid hormone-related peptide is not 
physiologically present in the circulation, but it 
has been found to be widely distributed in most 
fetal and adult tissues [ 21 ], suggesting that it 
might act in an autocrine/paracrine manner. This 
peptide plays an important role in regulating 
many tissues including cancer tissue [ 22 ]. PTHrP 
is expressed by many types of cancer cells, such 
as breast cancer and PC, and has been proposed 
as an antigen for cancer immunotherapy [ 23 – 26 ]. 
PTHrP, as PTH in physiology, stimulates osteo-
blasts expressing PTHR1 receptor to express 
RANKL, which activates osteoclasts [ 27 ]. 
Interestingly, it has been found that T cells also 
express PTHR1 and are activated by PTH and 
PTHrP [ 28 ,  29 ], contributing to osteoclast activa-
tion via RANKL. It has been demonstrated that 
in mice bone resorption may be prevented by the 
immunosuppressor abatacept, a CTLA4-Ig pre-
venting T-cell activation [ 30 ]. 

 In addition to PTHrP, IL-8 plays an important 
role in the activation of osteoclasts. IL-8 is the 
human homologue to murine MIP-2 belonging to 
the family of chemokine CXC and is constitutively 
produced by osteoblasts [ 31 ]. IL-8 is overexpressed 
in the breast cancer cell line [ 32 ], and it is believed 
that it acts before PTHrP in the early stages of 
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breast cancer metastasis stimulating osteoclasts via 
RANKL [ 32 ,  33 ] and then initiating the vicious 
cycle that maintains osteolysis in cancer metasta-
sis. It has been suggested that IL-8 might also 
directly stimulate osteoclasts [ 33 ], increase angio-
genesis and suppress osteoblast activity [ 34 ,  35 ]. 

 Cancer cells in BMT produce many factors 
that activate T cells, as discussed above. T cells of 
patients with breast, prostate and lung cancer sup-
port osteoclastogenesis by secreting TNF alpha 
and expressing RANKL. In addition, T cells sup-
press the osteoprotegerin action secreting TRAIL 
(TNF-related apoptosis-inducing ligand), there-
fore inhibiting the anti- osteoclastogenic effect of 
osteoprotegerin [ 36 ]. In turn, cancer cells produce 

many factors such as PTHrP, IL-7 and IL-,8 which 
could recruit or activate T cells with the conse-
quence of further stimulating osteoclastic bone 
resorption. These mechanisms contribute to the 
imbalance towards the osteolytic phenotype of the 
bone lesion. 

 Studies using RANKL inhibitors have 
shown the almost complete dependence 
of tumour- mediated osteoclastogenesis on 
RANKL. Treatment of mice with OPG-Fc pre-
vented the progression of osteolysis induced by 
the breast cancer cell line MDA-MB-231 [ 37 ]. 
RANKL inhibition has been shown to prevent the 
implantation and development of osteolytic 
lesions in the PC3 cell line in animals [ 38 ,  39 ]. 

PTHrP
IL-6

RANKL

IGF1
IGF1

TGFb-1

ET1
uPA

Osteocalcina

ALP

TGF-b 1

VEGF

Wnt/DDK-1

Prostate cancer cellOsteoclast

Osteoblast

Woven bone

TGFb-1

  Fig. 1.2    Physiopathology of blastic bone metastasis 
(BMT). Osteoclasts ( yellow cells ) reabsorbing bone facil-
itate the expansion of PC metastasis and make available 
in the bone microenvironment factors promoting penetra-
tion and growth of metastasis (TGF beta, osteopontin, 
FGF, PDGF, VEGF, IGF-1 and IGF-1 are described in 
detail in the text). In turn, PC cells express cytokines 

(RANKL, DKK-1 and hormone such as PTHrP) that 
maintain osteoclast activity and cytokine and factors such 
as uPA and ET-1, inducing osteoblast bone formation. In 
the micro- environment of a BMT site, the high bone turn-
over is characterised by the alternation of osteoclast 
(lytic) areas and osteoblastic (woven bone) areas, result-
ing in a disorganised and frail bone structure       
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The effi cacy of RANKL inhibition was also dem-
onstrated in mixed BMTs in animals, where 
OPG-Fc blocked the establishment and progres-
sion of bone lesions [ 40 ,  41 ]. Recent data indicate 
that cathepsin G activity at the tumour–bone 
interface plays an important role in tumour- 
induced osteolysis and suggest that cathepsin G 
might be a potentially novel therapeutic target in 
the treatment of BMT. In a mouse model that 
mimics osteolytic changes associated with breast 
cancer-induced BMTs, it has recently been dem-
onstrated that cathepsin G, cooperating with 
MMP9 and MMP13, is able to cut the extracel-
lular domain of RANKL, generating active solu-
ble RANKL, which is critical for widespread 
differentiation and activation of osteoclast pre-
cursors [ 42 ]. 

 Furthermore, some RANKL-independent 
ways for osteoclast activation in BMT have been 
found. Some cancer cells, such as PC and breast 
cancer, may express RANKL and directly activate 
osteoclasts [ 43 ,  44 ]. Breast cancer cells, myeloma 
cells and other cancer cells could directly activate 
osteoclasts in the early stages of BMT via IL-8 
production and via MIP-1, a member of the CXC 
chemokine family that is naturally secreted by 
osteoblasts and is primarily associated with cell 
adhesion and migration. It is chemotactic for 
monocytes and monocyte-like cells, including 
osteoclast precursors. It directly stimulates osteo-
clast formation and differentiation in a dose-
dependent manner, through the receptors CCR1 
and CCR5 expressed by osteoclasts. Moreover, 
neutralising antibody against MIP-1 blocks MIP-
1-induced osteoclast activation [ 45 ,  46 ].  

1.3.3     The Role of Osteoblasts 
in Blastic and Mixed Bone 
Metastases 

 In blastic metastases the number and activity of 
osteoblasts are amplifi ed. Osteoblast differenti-
ates from bone marrow mesenchymal stem cells. 
A variety of factors contribute to osteoblast for-
mation, including insulin-like growth factor, 
endothelin-1, BMPs and sclerostin and Wnt pro-
teins (Fig.  1.2 ) [ 47 ,  48 ].  

1.3.4     Endothelin-1 

 Production of endothelin-1 (ET-1) from PC cells 
has proven to induce a blastic metastasis promot-
ing osteoblast differentiation and activity. ET-1 is 
a small vasoconstrictive peptide that plays a key 
role in vascular homeostasis. ET-1 promotes 
osteoblast function by binding to ET receptor 
subtype A (ET A ). The activation of receptor ET A  
stimulates phosphate transport and is important 
for the initiation of bone matrix calcifi cation. 
ET-1 also increases osteoblast proliferation and 
inhibits osteoclast formation and motility, and 
recently it has been suggested that these actions 
might be indirect and mediated through the Wnt/
DKK-1 pathway, inhibiting DKK-1 [ 49 – 51 ]. 
ET-1 can also enhance the mitogenic effect of 
other growth factors, such as insulin-like growth 
factor 1 (IGF-1), platelet-derived growth factor 
(PDGF) and epidermal growth factor (EGF) [ 52 ]. 
Furthermore, ET-1 has been found to be elevated 
in androgen-resistant advanced PC. However, 
there are some doubts with regard to the pivotal 
role of ET-1 in osteoblastic lesions from PC, 
because a clinical trial with atrasentan, a selective 
ET receptor antagonist, produced a modest effect 
on metastatic PC [ 53 ].  

1.3.5     Bone Morphogenetic Proteins 

 The expression of several BMPs has been 
detected in BMTs from PC. BMPs seem to have 
a crucial role in contributing to osteoblastic phe-
notype of BMT in PC. BMPs are members of 
TGF-beta family and are known to be involved in 
cancer cell migration. In PC tissues, the expres-
sion of BMP-7 was higher in metastatic bone 
than in normal tissue. 

 The BMPs are not only expressed by osteo-
blasts and stored in the bone matrix, but are also 
actively expressed from PC cells. The osteoblastic 
effects of BMPs are confi rmed by the  expression 
of noggin (an antagonist of BMPs) in PC cell 
lines. A recent study suggests that BMP-4 signal-
ling inducing apoptosis and Smad- mediated gene 
expression can be repressed by IGF-1 by activat-
ing mTOR signalling in prostate epithelial cells 
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(NRP-152), suggesting a crosstalk between BMP 
and IGF signalling. It has been recently demon-
strated that BMP-7 secreted from bone stromal 
cells induces reversible senescence in prostate 
cancer stem-like cells (CSCs) by activating p38 
mitogen-activated protein kinase and increasing 
expression of the cell cycle inhibitor, p21, and the 
metastasis suppressor gene, NDRG1 (N-myc 
downstream-regulated gene 1). This effect of 
BMP-7 depended on BMPR2 (BMP receptor 2), 
and BMPR2 expression correlated inversely with 
recurrence and BMT in PC patients. Importantly, 
this effect was reversible upon withdrawal of 
BMP-7 [ 54 ]. Recently, it has been shown that 
using CaP/bone stromal cell line coculture mod-
els, one possible mechanism underlying the cas-
tration resistance induced by BMTs involves 
BMP-6 induction by bone stroma-derived 
WNT5A. BMP-6, in turn, permits CaP cells to 
proliferate in the absence of androgens [ 55 ].  

1.3.6     Wnt/DKK-1 Pathway 

 Canonical Wnt proteins bind at the cell surface at 
a co-receptor consisting of frizzled (FZD) and 
low-density lipoprotein receptor-related protein 
5/6 (LRP5/LRP6). The activation of the canoni-
cal pathway signal results in the stabilisation and 
accumulation of beta-catenin, which upon trans-
location into the nucleus serves as co-factor for 
the T-cell factor family of transcription factors 
[ 56 ]. Canonical Wnt signalling directly controls 
multiple steps of osteoblast development, regu-
lating the fate of mesenchymal precursors by 
determining the commitment to a chondroblastic 
or osteoblastic lineage [ 48 ,  57 ]. Furthermore, the 
Wnt, indirectly dependent on the activation of 
beta-catenin, suppresses osteoclast recruitment 
and activity via osteoprotegerin (OPG). In fact, 
OPG is a Wnt-responsive target gene and was 
found to be reduced in beta-catenin knock-out 
osteoblasts and upregulated in cells with hyper-
active Wnt signalling [ 48 ,  57 ]. Interestingly, a 
reciprocal regulation of RANKL by Wnt was 
observed in osteoblasts where enhanced Wnt sig-
nalling led to increased RANKL expression and 
vice versa [ 58 ]. 

 The canonical Wnt pathway is regulated by a 
large number of antagonists, including the DKK 
family and secreted frizzled-related proteins 
(SFRPs). DKK-1 is present in mature osteoblast/
osteocytes, suggesting that the Wnt/DKK-1 bal-
ance might regulate bone homeostasis [ 59 ]. 
DDK-1 binds the Wnt co-receptors LRP5 and 
LRP6 and blocks canonical Wnt signalling [ 60 ]. 
In the presence of DKK-1, osteoblast differentia-
tion is impaired and Wnt-mediated suppression of 
osteoclast differentiation via osteoprotegerin is 
blocked, resulting in a dysregulation of RANKL/
osteoprotegerin expression with increased osteo-
clast activity [ 61 ]. 

 Direct evidence that canonical Wnt signalling 
participates with Wnt antagonists in adult bone 
biology modulating bone remodelling is also of 
great interest in understanding bone metastasis 
development and the phenotype of the single 
metastasis The Wnt signal has recently been 
found to be expressed in PC and in multiple 
myeloma [ 62 ,  63 ]. Interestingly, in early stage of 
PC BMT, it has been supposed that an “osteolytic 
phase” driven by an overexpression of DKK-1 
favours tumour establishment within the bone 
[ 47 ] and a molecular switch with suppression of 
DKK-1 signal mediates the transition to an osteo-
blastic phase of BMT [ 47 ]. Overexpression of 
DKK-1 in prostate C4-2B cells changes a mixed 
osteolytic–osteoblastic phenotype to an osteo-
lytic phenotype. The equilibrium between Wnt 
and DKK-1 expression could dictate the pheno-
type of BMTs and may speculatively explain the 
heterogeneity of histological aspects of BMTs 
found in individual patients or the shift from 
osteoblastic to osteolytic aspects in the single 
metastasis. Other studies suggest that non- 
canonical Wnt signalling also stimulates osteo-
blast differentiation, through BMP-dependent 
and BMP-independent signalling pathways [ 64 ].  

1.3.7     VEGF 

 Vascular endothelial growth factor, as in breast 
cancer BMT, has been shown to be upregulated in 
PC and is associated with clinical stage, Gleason 
score, progression and survival [ 65 ,  66 ]. It has 

1 Biology and Pathophysiology of Bone Metastasis in Prostate Cancer



8

been recently demonstrated that osteocytes are 
also critical mediators in the bone metastatic niche, 
not only through soluble factors and cell contact 
but also via tumour-generated pressure [ 67 ].  

1.3.8     Role of Mineralised Bone 
Matrix Resorption 
in the Vicious Cycle of Lytic 
Metastasis 

 The mineralised bone tissue contributes actively 
to the development and overgrowth of the metas-
tases themselves. Bone breakdown by osteoclasts 
releases a variety of growth factors previously 
stored in proactive form by osteoblasts during the 
bone formation phase and physiologically des-
tined for bone remodelling modulation and bone 
response to bone infl ammation or trauma healing 
[ 68 ]. It is well known that the bone matrix repre-
sents a mine of growth factors (such as pro- 
cytokines); chemotactic and adhesive factors for 
bone cells and cancer cells, such as TGFβ, PDGF, 
BMPs, FGFs, IGF-1 and IGF-2; and bone matrix 
proteins such as osteopontin, osteocalcin, osteo-
nectin and bone sialoprotein [ 69 ]. Interestingly, 
many of these factors may also be expressed 
actively in breast cancer and PC. 

 The concentration of these molecules in the 
micro-environment of the bone remodelling site is 
a critical regulator of cellular proliferation, differ-
entiation, extracellular matrix deposition and min-
eralisation, is responsible for the coupling between 
bone resorption and bone formation and serves as 
survival and growth factors for cancer cells. 
Furthermore, physical factor such as tumour-gen-
erated pressure acting on osteocytes and factors 
generated during osteoclast activity, such as low 
oxygen content, acid pH and high extracellular cal-
cium concentration, are combined to sustain the 
favourable vicious cycle of tumour growth [ 67 ,  70 ].  

1.3.9     TGFβ 

 Of the growth factors stored in the bone matrix, 
TGFβ is not the most abundant, but has been well-
studied, particularly in cancer bone disease. TGFβ 

binds to a heterodimeric receptor and can activate 
either the canonical Smad signalling pathway or 
Smad-independent pathways [ 71 ]. TGFβ, of all 
the factors delivered from bone matrix, is the 
major stimulator of cancer cells to express PTHrP, 
which is expressed in many osteolytic cancer cell 
lines, and its expression is higher in BMTs than in 
non-skeletal metastases. As a consequence of the 
increased PTHrP expression via TGFβ, more 
osteoclasts reabsorb more of the bone matrix, 
expanding the lytic bone lesion and increasing 
locally the concentration of TGFβ and other 
growth factors. TGFβ, as discussed above, stimu-
lates COX-2 expression in osteoblasts, in bone 
marrow cells and in breast cancer cells. COX-2 
expression in breast cancer cells correlates with 
the secretion of IL-8 and IL-11, which may induce 
osteoclastogenesis either via RANKL or indepen-
dently of RANKL respectively. TGFβ is also 
reported to act on the tumour cells to induce the 
production of VEGF and connective tissue growth 
factors (CTGF) [ 72 ]. Runx2 gene expression, 
regulating the expression of osteopontin and 
metalloproteases MMP-9 and MMP-13, which 
are involved in bone resorption and osteoclast 
recruitment, may be modulated by TGFβ both in 
cancer cells and in osteoblasts.  

1.3.10     IGF-1 

 The insulin-like growth factors 1 and 2 are among 
the most abundant non-collagen proteins in min-
eralised bone. Both IGFs act in cancer and in 
metastases promoting angiogenesis and inducing 
cell proliferation and cancer invasion. IGF-1 
released from bone by osteoclast bone resorption 
binds to the type I IGF receptor (IGF-IR) on can-
cer cell membrane and induces the transcription 
factor NF-kB, which in turn stimulates target 
gene transcription, stimulating cancer cell prolif-
eration and chemotaxis and inhibiting apoptosis, 
leading to BMTs. IGFs promote osteoblasts to 
increase bone matrix apposition and decrease 
collagen degradation [ 73 ]. IGF-1 is upregulated 
in PC metastases to the bone and contributes to 
cancer cell proliferation and chemotaxis. In clin-
ical studies, levels of IGF also correlate with 
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cancer progression, as high levels of IGF-1 are 
associated with a Gleason score 7. The protein 
level of IGFs and IGF- binding proteins (IGFBPs), 
which serve as carrier proteins for IGFs, could be 
mediated by proteolysis of IGFBPs. Indeed, 
hydrolysing IGFBPs by urokinase-type plasmino-
gen activator (uPA) increases IGF levels and stim-
ulates osteoblast proliferation. The cleavage of 
IGFBP-3 by PSA also increases IGF-1 expression, 
rendering IGF-1 available to bind to its receptor 
and stimulate osteoblast proliferation [ 74 ]. 

 Over expression of uPA has been shown in 
PC cells, and uPA seems to increase metastasis 
to the bone. uPA is associated with an aggressive 
disease phenotype, progression and metastasis to 
the bone and can be used as a factor in the prog-
nosis and progression of PC [ 75 ]. The cleavage 
of IGFBP-3 by PSA also increases IGF-1 expres-
sion, rendering IGF-1 available to bind to its 
receptor and stimulate osteoblast proliferation. 
In PC biopsies of BMTs, IGF-IR is increased. 
Neutralising antibodies against human IGF-1 or 
mouse or human IGF-2 decreases the develop-
ment of bone lesions in a prostate xenograft 
model. Currently, taking all data together, the 
complex role of IGFs in BMTs phatophysiology 
has not yet fully elucidated [ 76 ]. 

 Finally, it is relevant that many bone matrix-
derived factors, including TGFβ, PDGF and 
BMPs, have the ability to induce the epithelial–
mesenchymal transition of cancer cells, which 
greatly enhances their malignant phenotype, and 
therefore implicates them in the activation of dor-
mant tumour cells [ 77 ].      
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     Francesco     Bertoldo     

      Bone homeostasis is achieved through a continu-
ous remodelling process on the bone surface of 
the balanced resorption of old bone by osteo-
clasts and the formation of new bone by osteo-
blasts. Local and systemic growth factors regulate 
the differentiation and activity of the osteoclasts 
and osteoblasts (and osteocytes). Maintenance 
and repair of normal bone result in the release of 
enzymes, peptides and mineral components that 
have been characterised as serum and urinary 
biochemical markers of bone remodelling [ 1 ]. 
High bone turnover in cancer patients is crucial 
for all the steps of bone metastatic disease, from 
the homing of circulating cancer cells into the 
bone (premetastatic niche) to the complication of 
bone metastasis (BMT) (skeletally related events 
[SREs]). Therefore, elevated bone turnover 
marker could predict bone metastasis, risk of 
bone progression and risk of SREs, potentially 
becoming a potent prognostic predictor (Fig.  2.1 ). 
For this reason, biochemical markers of bone 
remodelling are potentially an ideal tool for eval-
uating changes in bone turnover, such as those 
associated with malignant bone lesions and 
response to treatment. Osteoclast and osteoblast 
activity (and probably that of cancer cells) is 

associated with the release of distinct biochemi-
cal markers that are amenable to non-invasive 
measurements of the blood or urine.

   Breakdown products of type I collagen by oste-
olysis as cross-linked collagen peptides (the amino 
(N)- and carboxy (C)-terminal cross- linked telo-
peptide of type I collagen, NTX and CTX, respec-
tively), and the terminal peptides that are cleaved 
from procollagen before its integration into new 
bone matrix (e.g. procollagen type I N-terminal 
and C-terminal peptides, or P1NP and P1CP), can 
provide meaningful insights into the ongoing 
effects of tumour growth on bone turnover 
(Fig.  2.2 ). Bone-specifi c alkaline phosphatase 
(bone ALP) concentrations in serum refl ect the 
ongoing rate of osteogenesis [ 2 ]. The International 
Osteoporosis Foundation and the International 
Federation of Clinical Chemistry and Laboratory 
Medicine recommend that a marker of bone for-
mation (serum procollagen type I N propeptide) 
and a marker of bone resorption (serum C-terminal 
telopeptide of type I collagen) be used as reference 
analytes for bone turnover markers in clinical 
studies [ 2 ] (Fig.  2.3 ). Nowadays, a number of bone 
markers can be determined using enzyme immu-
nological procedures (enzyme-linked immunosor-
bant assay) by means of a commercial kit that can 
be easily adapted to laboratory automated 
machines to achieve greater analytical reliability 
during determination compared with manual 
methods [ 3 ]. Although a great deal of the data in 
the literature are obtained on markers analysed 
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from urine samples (i.e. NTX), analysis of  makers 
of bone turnover on serum and plasma are recom-
mended because of lower inter- and intraindivid-
ual variability [ 2 ]. Standardised assays are 
available for many bone turnover markers and nor-
mal or reference ranges for several markers have 
been established. As the normal range changes 
with age and sex, selection of appropriate refer-
ence values is critical for data interpretation [ 2 ,  4 ]. 
In systemic metabolic bone diseases, such as 
osteoporosis, primary hyperparathyroidism and 
osteomalacia, biochemical markers refl ect ongo-
ing rates of bone resorption and formation in the 
body as a whole. Therefore, bone marker assess-
ments in “focal” diseases, such as Paget disease or 
BMT, do not provide information specifi c to indi-
vidual lesion sites. Moreover, changes in bone 

marker levels are tissue specifi c (bone) and not 
disease specifi c and are associated with an imbal-
ance in skeletal metabolism independently of the 
underlying cause [ 1 ,  5 ]. In cancer patients, bone 
turnover markers may be very high for many con-
comitant causes, such as age, vitamin D defi ciency, 
adjuvant hormone therapy and BMT, but it is 
impossible to distinguish the contributions of the 
different components that elevate the marker lev-
els in the serum and urine (Figs.  2.1  and  2.3 ). For 
example, NTX levels were similar in PC patients 
on androgen deprivation therapy with and without 
BMT. Furthermore differences between bone 
resorption markers and bone formation markers 
were not found in patients with BMT from differ-
ent cancers [ 6 ,  7 ]. In an attempt to differentiate the 
source of the marker (BMT vs non-metastatic 
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(aging, low vitamin D, ADT, cancer, bone metastasis) 

Bone loss Homing of circulating
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  Fig. 2.1    Bone turnover is usually very high in prostate 
cancer (PC) patients for many reasons (aging, vitamin D 
defi ciency, androgen deprivation therapy, or abiraterone 
or enzalutamide, cytokines released from primary cancer 
and for metastatic cancer cells activating the bone micro-
environment). High bone turnover increases the rate of 
bone loss and impairs bone quality, increasing the risk of 
fragility fractures. Consensually, high bone turnover pro-
motes the homing of circulating cancer cells and the pro-
motion of the so-called osteoblastic premetastatic niche. 
A clinically evident bone metastasis (BMT) develops 

and grows due to the effect of growth factors released 
from bone matrix breakdown. The increase in size of the 
BMT into a frail bone fi nally increases the risk of an 
SRE. In a patient with PC bone disease, all these steps 
are present at the same time as a continuum in the skel-
eton.  ADT  androgen deprivation therapy,  CTIBL  cancer 
treatment- induced bone loss,  SRE  skeletal related event 
(fracture, pain, cord compression, orthopaedic surgery, 
radiotherapy),  yellow cell  osteoclast,  red cell  osteoblast, 
 blue cell  PC cell       
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skeletal), the non-isomerised form of CTX and 
type I collagen breakdown products generated by 
matrix metalloprotease (ICTP), apparently more 
specifi c for BMT breakdown, have been evaluated 
(Fig.  2.2 ) [ 8 ].

    The clinical utility of bone markers as diag-
nostic indicators of bone metastatic disease and 
as prognostic indicators has been extensively 
examined. Several studies have revealed an 
association between bone turnover marker and 
the presence or progression of skeletal metasta-
ses from prostate cancer (PC) [ 9 ,  11 ,  12 ]. In 
these studies the formation marker and resorp-
tion markers are elevated in the case of typical 
osteoblastic osseous metastasis expressing a 
disrupted balance between bone formation and 
resorption. P1NP, bone sialoprotein (BSP), and 
osteoprotegerin (OPG) showed more signifi -

cant differences between PC patients with and 
without BMT. BSP is not a typical bone marker 
and works as a general tumour marker [ 13 ]. In 
addition to being elevated in PC patients with 
BMT, OPG correlates with the extent of osse-
ous metastasis. Furthermore, in association 
with RANKL, it may predict recurrence after 
radical prostatectomy [ 14 – 16 ]. P1NP as bone 
ALP correlates with the extent of osseous 
changes (bone scan index). Bone ALP had the 
highest diagnosis accuracy (72 % sensitivity, 
88 % specifi city) and P1NP the greatest diag-
nostic specifi city (92 %) [ 11 ]. Recently, the 
elevated alkaline velocity was found to be an 
independent predictor of OS and BMT-free sur-
vival in patients with CRPC [ 17 ]. On the other 
hand, recent data do not confi rm the diagnostic 
performance of P1NP. Current consensus is that 

P1NP

Procollagen

Collagen

NTX

CTX

ICTP

MMPs

Cathepsin K

Cathepsin K

  Fig. 2.2    Schematic representation of the amino-terminal 
propeptide procollagen type 1 ( P1NP ), N-terminal cross- 
linking telopeptide collagen type 1 ( NTX ), and C-terminal 
cross-linking telopeptide collagen type 1 ( CTX ). P1NP 
epitope is used as a marker of bone formation. NTX, CTX 
and ICTP epitopes are used as markers of bone resorption 
on type I collagen. CTX epitope is constituted by an eight- 
amino acid sequence on the C-telopeptide of a1. The 

cross-linked carboxy-terminal telopeptide collagen type 1 
( ICTP ) epitope is a larger conformational epitope includ-
ing at least two telopeptides and the fi rst phenylalanine of 
the phenylalanine-rich region. It is a product of metallo-
protease breakdown of collagen type 1. As shown in the 
fi gure, cathepsin K degrades the ICTP epitope whereas it 
generates CTX       
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the diagnostic sensitivity and/or specifi city of 
bone markers for the presence of BMT or the 
prognostic role of bone lesion progression are 
not suffi cient to utilise the results to diagnose 
BMT [ 18 ]. The mean values of the areas under 
the ROC curve from several studies were 0.81, 
0.80 and 0.77 for P1NP, bone ALP and ICTP 
suggesting that these markers might have diag-
nostic values in interaction with safely defi ned 
reference thresholds or during their course [ 5 , 
 10 ,  19 ]. Data on the use of bone markers as pre-
dictors for SRE and survival are quite encour-
aging [ 18 ,  20 ]. Retrospective analyses of data 
from phase III trials of zoledronic acid in 
patients with CRPC and BMT showed that both 
baseline and on-study elevation in bone marker 
levels, specifi cally NTX, were associated with 
increased risks of SRE, disease progression and 
death [ 18 ,  21 – 23 ]. A high baseline level of uri-

nary NTX (above 180 nmol/mmol creatinine) 
was associated with a more than 2.5- fold 
increase in the risk of death (RR 2.58, 95 % CI 
1.92–3.47) compared with low baseline levels 
of NTX (<55 nmol/mmol creatinine) [ 18 ,  22 ]. 
Also, baseline bone ALP was associated with a 
4 % increase in the risk of death and SRE per 
200 IU/L increase. Elevated bone ALP levels at 
baseline were associated with a shorter time to 
the fi rst on-study SRE and a shorter time to the 
fi rst pathological fracture. The cumulative inci-
dence of SRE over a 1-year period was nearly 
doubled (50.7 % vs 26.5 %) among patients 
with elevated versus normal baseline bone ALP 
[ 23 ]. Adequate suppression of NTX and bone 
ALP levels during treatment (zoledronic acid 
plus docetaxel vs docetaxel alone) was associ-
ated with longer survival time, and similar 
results have been confi rmed by others [ 23 ,  24 ]. 
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  Fig. 2.3    Schematic representation of the origin of pep-
tides used as markers of bone formation and reabsorption 
of bone by osteoblasts, osteoclasts, osteocytes and cancer 
cells. NTX and CTX derived from bone breakdown by 
osteoclasts through cathepsin K, ICTP mainly by cancer 
cell bone breakdown through metalloproteases. Cathepsin 
K and TRAP5 are expressed from osteoclasts during their 
osteolytic activity. Periostin ( PN ) is stored by osteoblasts 
during bone formation, but released during osteoclast 
activity. It is also expressed directly from cancer cells. 

P1NP and alkaline phosphatase ( ALP ) expressed from 
osteoblasts are used as markers of bone formation. 
Osteoblasts also express vascular endothelial growth fac-
tor ( VEGF ) and chemokine ( SDF-1 ), RANKL and osteo-
protegerin ( OPG ). DKK-1 and sclerostin are expressed by 
osteocytes, osteoblasts and PC cells. Bone sialoprotein 
( BSP ), osteopontin ( OPN ), transforming growth factor-1 
( TGF-β ) and insulin-like growth factor-1 ( IGF-1 ) are 
released from bone matrix during osteoclastic (and can-
cer) bone reabsorption (see text for details)       
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Recently, bone ALP velocity (>6.3 IU/L/year) 
was found to be an independent predictor of over-
all survival in CRPC. A fi vefold increase in death 
was observed among CRPC patients with rapid 
bone ALP velocity (OR 5.11, 95 % CI 2.24–
11.67) [ 17 ]. Other more recent bone markers 
have been found to be associated with prognosis 
in PC patients. P1NP and ICTP were associated 
with survival after 15 months of zoledronic acid 
therapy [ 25 ]. Baseline and 3 months after, zole-
dronic acid P1NP and CTX predict survival and 
(only P1NP) risk of SRE [ 26 ]. The association of 
CTX or NTX with P1NP confi rmed the prognos-
tic role of these bone markers [ 27 ]. 

 The data summarised above suggest that bone 
turnover markers might be useful to optimise the 
use of bone-targeted therapy for metastatic bone 
disease. Promoting lifelong therapy contradictory 
with the paucity of data regarding the usefulness 
and the safety (osteonecrosis of jaw and atypical 
hip fractures) of treatment durations with bone-
modifying agents beyond 2—3 years. The serial 
measurement of BTMs could be a strategy in tai-
loring the therapy regimen and could help the 
decision on the optimal duration of antiresorptive 
therapy, which could allow treatment frequency to 
be reduced and even theoretically removed for 
periods in the context of optimal bone metabolism 
control [ 28 ]. In summary, at present, the potential 
for the clinical use of markers of bone turnover for 
diagnosis, prognosis and monitoring therapy in 
cancer patients with BMT remains unfulfi lled and 
the routine use of these markers cannot yet be rec-
ommended. As stated in consensus publications, 
there is a need for harmonisation, standardisation 
and common reference ranges [ 18 ,  29 ,  30 ] 
although a recent position paper solicited their 
introduction into a clinical setting [ 28 ]. 

2.1     New Bone Markers 

2.1.1     ICTP 

 ICTP, which refl ects non-osteoclastic bone 
resorption mediated by metalloproteases 
(MMPs), is liberated to the bloodstream during 
pathological conditions. Serum ICTP is relatively 

insensitive to changes in bone remodelling medi-
ated by normal osteoclastic activity. 

 In a retrospective analysis of four bone mark-
ers (NTX-l, ICTP, total ALP, and TRAP5b) in 
breast cancer patients with and without BMTs, 
only ICTP and TRAP5b were signifi cantly higher 
in those patients with BMTs compared with those 
without (visceral metastases or no metastases). 
The ICTP and TRAP5b levels were also related 
to the number of BMTs on the other hand [ 31 ]. 
Furthermore in another study in breast cancer 
patients comparing a cohort with and without 
BMTs, ICTP was the marker with higher sensi-
tivity (65 %), and it had similar specifi city to 
bone ALP (91 vs 92 % for bone ALP) [ 32 ]. 

 In a prospective cohort study, three bone mark-
ers (NTX-l, ICTP, and bone ALP) were tested in 
123 patients with various metastatic cancers, 26 
of which were extraosseous only (45 bone-only 
and 52 bone plus visceral). NTX-l and ICTP, but 
not bone ALP, were associated with bone disease 
progression. Moreover, NTX-l had the highest 
sensitivity (70 %), specifi city (80 %), positive 
(72 %), and negative (79 %) predictive values for 
bone disease progression in the set of markers 
analysed (for an increase X30% from baseline). 
Curiously, when assessing ICTP, not only did it 
increase in the context of bone and extraskeletal 
progression, but it also did not decrease with 
bisphosphonate (BP) therapy [ 9 ]. This led the 
authors to speculate that ICTP could represent a 
bone collagen product derived from an osteoclast-
independent mechanism of bone degradation 
(MMP-1 action on bone collagen) and therefore 
not infl uenced by BP therapy (Fig.  2.3 ).   

2.2     Periostin 

 Periostin is a highly conserved matricellular pro-
tein that shares close homology with the insect 
cell adhesion molecule fasciclin 1. Periostin is 
expressed in a broad range of tissues, including 
the skeleton, where it serves both as a structural 
molecule of the bone matrix and as a signalling 
molecule through integrin receptors and Wnt- 
beta- catenin pathways, stimulating osteoblast 
function and bone formation. The development 
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of periostin-null mice has allowed the crucial role 
of periostin in dentinogenesis and osteogenesis to 
be elucidated, in addition to the skeletal response 
to mechanical loading and parathyroid hormone. 
Periostin binding to the integrins activates the 
Akt/PKB- and FAK-mediated signalling path-
ways, leading to increased cell survival, angio-
genesis, invasion, metastasis, and, importantly, 
epithelial–mesenchymal transition of carcinoma 
cells [ 33 ]. In situ RNA hybridisation in biopsies 
of breast cancer metastases showed that the peri-
ostin gene was highly expressed in the stromal 
cells immediately surrounding the tumour but not 
within the breast cancer cells themselves [ 34 ]. 
Although periostin is highly expressed in various 
types of human cancers, its function is still 
unclear. In mice the administration of PN1-Ab, a 
neutralising antibody of periostin, signifi cantly 
inhibited the growth of primary tumours and met-
astatic tumours, associated with the prevention of 
bone destruction, resulting in increased survival 
of mice. In addition, in vitro, PN1-Ab signifi -
cantly inhibited the proliferation, migration, and 
invasion of 4T1 mouse breast cancer cells, which 
produced periostin [ 35 ]. Nude mice were inocu-
lated with human MDA-B02 breast cancer cells. 
Mouse-derived periostin was markedly overex-
pressed (eightfold) in metastatic legs compared 
with non-inoculated mice. Serum periostin levels 
were also markedly increased in metastatic mice 
and correlated with in situ expression levels. 
Immunostaining showed that periostin is derived 
from the surrounding stromal cells of BMT. It 
was suggested that periostin might be a biochem-
ical marker of the early stromal response associ-
ated with breast cancer BMT formation [ 36 ]. The 
use of circulating periostin as a potential clinical 
biomarker has been explored in different non- 
skeletal conditions. These include cancers and, 
more specifi cally in the metastasis process, respi-
ratory diseases such as asthma, kidney failure, 
renal injury, and cardiac infarction. A study 
including breast cancer and small cell lung can-
cer patients showed that serum periostin levels 
were elevated in breast cancer patients presenting 
with BMTs compared with similar breast cancer 
patients with no evidence of BMT. No correlation 
was found between the serum periostin level 
and any other prognostic factors, such as clinical 

stage and lymph node metastasis in breast cancer 
[ 37 ]. In postmenopausal osteoporosis, serum lev-
els have been shown to predict the risk of frac-
ture—more specifi cally non-vertebral—indepen-
dently of bone mineral density. Because of its 
preferential localisation in cortical bone and peri-
osteal tissue, it may be speculated that serum 
periostin might be a marker of cortical bone 
metabolism, although additional studies are 
clearly needed (Fig.  2.3 ) [ 36 ].  

2.3     Bone Sialoprotein 
and Osteopontin 

 Small integrin-binding ligand N-linked glycopro-
teins (SIBLINGs), a family of fi ve integrin- 
binding glycophosphoproteins, including 
osteopontin (OPN) and bone sialoprotein (BSP), 
are an emerging group of proteins used by cancer 
cells to facilitate expansion [ 38 ]. 

 High levels of OPN and BSP expression could 
enhance the affi nity of metastasis of cancer cells 
to the bone. However, the value of OPN and BSP 
in predicting BM and survival in NPC has not 
been elucidated. It has been suggested that OPN 
is overexpressed and associated with tumour pro-
gression in various cancers, including breast can-
cer and PC [ 39 ,  40 ]. 

 SIBLING expression in different osteotropic 
cancers may be useful for establishing the risk of 
BMT in cancer patients. For example, increased 
expression of BSP in many osteotropic cancers, 
including PC, may predict BMT in this cancer [ 41 ]. 

 Studies examining BSP levels in primary 
breast cancer tissue suggest that elevated levels 
of this SIBLING might be prognostic for shorter 
survival and correlate with the development of 
BMT [ 42 ]. Similarly, elevated levels of BSP in 
the blood correlate with, and may be predictive 
of, BMT in several osteotropic malignancies, 
including the breast, lung, prostate, and multiple 
myeloma [ 43 ]. 

 Serum BSP levels in PC increase only in the 
later stages of the disease, calling into question 
the prognostic value of BSP in PC [ 13 ,  44 ]. Some 
authors consider BSP and OPN to be general 
tumour markers rather than exclusive bone mark-
ers, as serum levels also increase in localised PC, 
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and currently BSP and OPN are seen as bone 
markers with ambivalence (Fig.  2.3 ) [ 5 ,  44 ].  

2.4     Sclerostin and DKK-1 

 Among the potential markers, dickoppf-1 
(DKK- 1) and sclerostin have shown interesting 
evidence, as they have been found to be elevated 
in different cancer types, including 
PC. Sclerostin and dickkopf-1 (DKK-1) are spe-
cifi c inhibitors of Wnt signalling and are also 
considered as bone remodelling markers. 
Sclerostin is produced by osteocytes, whereas 
DKK-1 is produced by osteoblasts and by a 
variety of different cells in several tissues, 
including cancer cells. Both sclerostin and 
DKK-1 are secreted into the circulation, and 
serum levels refl ect the inhibition of bone for-
mation. Wnt proteins physiologically induce the 
differentiation and maturation of osteoblasts, 
and the secretion of Wnt proteins was shown to 
increase bone formation in osteoblastic metasta-
ses [ 45 ]. DKK-1 is a negative regulator of bone 
formation by antagonising the Wnt pathway, 
and it is also involved in the proliferation of 
stem cells and tumorigenic processes. The 
expression of DKK-1 in PC samples is confl ict-
ing, because literature data report either an 
increase or a non-signifi cant change in PCa 
samples. Sclerostin is a related cysteine-rich 
glycoprotein that is predominantly secreted by 
osteocytes. Sclerostin interaction with LRP5/
LRP6 leads to complex formation with Kremen 
and subsequent degradation, therefore leading 
to inhibition of Wnt signalling. Given the cen-
tral role played by Wnt proteins within bone 
biology, the involvement of Wnts and Wnt 
inhibitors in PC-induced osteoblastic metasta-
ses has been extensively investigated. 
Interestingly, gene and protein expression in 
BMT specimens from PC patients showed that 
sclerostin and DKK-1 were not signifi cantly dif-
ferent in osteoblastic and osteolytic metastases 
[ 46 ]. There are confl icting results on the levels 
of DKK-1 in PC patients with or without BMTs 
[ 47 ,  48 ]. Cumulative data suggest that the bal-
ance between Wnt and Wnt inhibitors might 
determine the osteogenic nature of PCa skeletal 

metastases and that DKK-1 may serve as a 
molecular switch between osteolytic and osteo-
blastic aspects of PCa BMTs. The use of DKK-1 
and sclerostin as markers of bone turnover in a 
clinical setting seems rather premature 
(Fig.  2.3 ).  

2.5     Other Emerging Markers 
of Bone Metastatic Disease 
from Prostate Cancer 

 New biomarkers, in combination with traditional 
markers of bone turnover, could help to improve 
the strategy for managing bone metastatic dis-
ease. Recently, xMAP multiplex technology has 
been developed, enabling the simultaneous mea-
surement of large numbers of circulating bio-
markers in a small sample volume. 

 In a recent study, nine new bone markers were 
tested by a commercially available multiplex 
Human Cancer/Metastasis Biomarker Panel [ 49 ]. 
Dickkopf-related protein 1 (DKK-1), growth dif-
ferentiation factor 15 (GDF15), neuron-specifi c 
enolase (NSE), osteoprotegerin (OPG), osteonec-
tin, periostin, tartrate-resistant acid phosphatase 
(TRAP5), tumour necrosis factor-related weak 
inducer of apoptosis (TWEAK), and chitinase- 3- 
like protein 1 (YKL40) were tested in patients with 
BMTs from prostate, breast, lung and pancreatic 
cancer and compared with carboxy- terminal telo-
peptide (CTX) and procollagen type 1  N -terminal 
propeptide (PINP). Among the nine new markers 
of BMT, only GFD15, TRAP5, TWEAK, and 
YKLO40 showed a promising profi le. 

 Growth differentiation factor 15 (GDF15) is a 
divergent member of the transforming growth 
factor-β (TGF-β) superfamily, also known as mac-
rophage inhibitory cytokine-1 (MIC-1), prostate-
derived factor (PDF), placental TGF-β (PTGF-β), 
placental bone morphogenetic protein, and nonste-
roidal anti-infl ammatory drug- activated gene-1 
(NAG-1). GDF15 expression level is usually low 
in resting cells, but may be substantially increased 
following a response to diverse cellular stress sig-
nals, such as hypoxia, infl ammation, short-wave-
length light exposure, acute tissue injury and 
during cancer progression. The deregulation of 
GDF15 expression has been associated with 
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diverse human disease development and cancer 
progression. The GDF15 level was increased in 
the serum of patients with various cancers, includ-
ing melanoma, oral squamous cell carcinoma, and 
gastrointestinal, colorectal, pancreatic, prostate, 
breast, and cervical epithelial cancers. GFD15 
resulted in higher levels in patients with BMT than 
in controls. DF15 may play an anti-tumoral role 
during the early stages of cancer, but, conversely, it 
can promote invasiveness and metastatic behav-
iour at advanced stages, and is involved in the 
epithelial- mesenchymal transition in tumours 
[ 50 ]. The roles of GDF15 in modulating osteoclast 
differentiation and in therapy for BMTs from PC 
have recently been identifi ed [ 51 ]. 

 Westhrin et al. described the role of GDF15 in 
osteoclast differentiation and showed an associa-
tion between high serum GDF15 level and bone 
disease in multiple myeloma [ 52 ]. 

 A further promising marker for BMT in the 
multiplex panel is TRAP5. This is one of the 
most abundant enzymes in osteoclasts and is a 
well-known marker of osteoclast activity and 
bone resorption. Elevated TRAP levels are found 
in many benign metabolic bone diseases such as 
Paget disease, haemodialysis, primary hyper-
parathyroidism, and metastatic malignancies 
involving bone resorption, multiple myeloma and 
bilateral ovariectomy [ 53 ]. TRAP has been found 
to be elevated in patients with BMTs compared 
with patients with no BMTs, in patients without 
treatment (denosumab) compared with the con-
trol group, and in patients with extensive BMTs 
[ 54 ,  55 ]. Recently, TRACP-5b, pyridinoline 
cross-linked carboxy-terminal telopeptide of 
type I collagen (1CTP), N-terminal cross-linking 
telopeptides of type I collagen (NTX), and bone- 
specifi c alkaline phosphatase (BAP) were mea-
sured in breast cancer patients with BMTs treated 
with zoledronic acid or denosumab. Although 
bone-modifying agents reduced the baseline lev-
els of TRACP-5b, NTX, and BAP signifi cantly, 
the reduction patterns differed. TRACP-5b 
appears to affect levels most quickly and sensi-
tively, possibly because of its direct link to the 
number and activity of osteoclasts [ 56 ]. 

 Tumour necrosis factor-related weak inducer 
of apoptosis is a member of the TNF ligand 
superfamily and is also a multifunctional soluble 

cytokine. TWEAK mRNA and protein have 
mainly been detected in endothelial cells, acti-
vated monocytes and T cells, macrophages, and 
dendritic cells. The multiple biological effects of 
TWEAK are mediated by binding to its cognate 
receptor Fn14 and include cell death, apoptosis, 
infl ammation, angiogenesis, and cell prolifera-
tion. For these characteristics, TWEAK is an 
established key player in the pathogenesis of 
infl ammatory diseases. Serum levels of TWEAK 
were found to be higher in patients with solid 
tumour and bone metastatic disease compared 
with patients without metastases in the bones. 
TWEAK plays a role in the progression of mul-
tiple myeloma and may facilitate bone destruc-
tion and solid tumour spread into bones [ 57 ]. 

 Finally, higher serum levels of YKL4O 
(chitinase- 3-like protein 1) were found in the 
bone metastasis groups compared with the con-
trols. YKL4O is secreted by chondrocytes, 
synovial cells and macrophages and is suspected 
to play a role in remodelling or degradation of 
the extracellular matrix [ 58 ]. YKL4O has been 
found to be related to testosterone tissue levels 
in nipple aspiration fl uid of patients with breast 
cancer and in breast cancer cell lines [ 59 ]. It 
plays a role in infl ammation and tissue remodel-
ling in several human diseases. YKL4O is 
described as being associated with a poor out-
come of metastatic PC and non-small cell lung 
cancer (NSCLC) and a marker for early death in 
PC. Thus, it could serve as a new prognostic 
biomarker in patients [ 60 ]. 

 Interestingly, when these new markers were 
compared with “classic” bone markers, such as 
CTX and PINP, the best marker of BMTs was 
PINP, whereas the fi ve novel markers surpris-
ingly performed better than CTX [ 49 ].     
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3.1          Introduction 

 Bone metastasization is a frequent event for a vari-
ety of cancer cells, including breast, prostate, lung, 
and thyroid tumors. In these diseases, the rate of 
bone involvement can overcome 70 %, for a total 
of more than 350,000 patients/year died in the 
United States with bone metastasis (BMs) [ 1 ,  2 ]. 

 Bone homing is the result of a multistep pro-
cess that requires a straight interaction between 
tumor cells and bone microenvironment that starts 
with tumor malignant progression and invasion 
through the extracellular matrix (ECM) and leads 

to bone metastasization [ 3 ]. This event presents 
several similarities with the homing of hematopoi-
etic stem cells (HSCs) [ 4 ] and requires the acquisi-
tion of migratory properties by tumor cells through 
a physiological process named epithelial- 
mesenchymal transition (EMT) in which polarized 
epithelial cells gain mesenchymal, fi broblast-like 
properties and show altered cell–cell and cell–
matrix interactions and increased motility [ 5 ]. 

 Homing of tumor cells to the bone may pres-
ent as both an early and late event. Indeed, sev-
eral tumors including renal cell carcinoma can 
develop bone metastases even more than 10 years 
after the resection of the primary tumor [ 6 ,  7 ]. 
This may be partially explained by the presence 
of disseminated tumor cells (DTCs) homing to 
the bone marrow and entering a dormant phase to 
evade apoptosis and successively switch to a pro-
liferative and aggressive phenotype [ 8 ]. 

 Prostate cancer (PCa) is one of the cancers 
that more frequently metastasize to the bone 
(Figs.  3.1  and  3.2 ). Approximately 70 % of 
patients undergoing radical prostatectomy (RP) 
show DTCs in their bone marrow at time of sur-
gery, which are independent predictors of tumor 
recurrence [ 9 ]. The prognostic signifi cance of 
this metastatic site has been recently investigated 
in a meta-analysis led by Halabi and colleagues 
analyzing individual patient data from 8,820 men 
with metastatic castration-resistant prostate can-
cer (mCRPCa) treated with docetaxel from nine 
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phase III trials [ 10 ]. In this analysis, the authors 
showed that over 70 % of enrolled patients pre-
sented the bone with or without lymph node 
metastases. In addition, the presence of bone 
metastases, as well as of nonvisceral involve-
ment, was associated with decreased lethality as 
compared to lung and liver metastases [ 10 ].

    Understanding the mechanisms by which PCa 
cells migrate into the bone will represent a major 
step forward for the early detection of bone 
involvement in patients with PCa and for the 
design of agents specifi cally targeting bone hom-
ing and preventing this phenomenon. 

 In this chapter, we describe the main mech-
anisms involved in PCa bone homing and 
metastasis.  

3.2     Homing of PCa Cells 
to the Bone: The Role 
of Cellular Plasticity 

 The biological scenario underlying bone homing 
has not been completely clarifi ed and includes a 
huge variety of mechanisms. Among them, the 
selective pressure exerted by bone microenviron-
ment seems to majorly contribute to tumor cell 
homing [ 11 ,  12 ]. Indeed, it has been shown that 
the frequency of mitochondrial DNA mutations 
is signifi cantly higher in BMs compared to both 
soft tissue metastases and the primary tumor 
[ 11 ]. Otherwise, the contribution of osteoclasts 
does not seem to be relevant in the initiation 
phase of PCa bone metastasization [ 12 ]. 

  Fig. 3.1    Bone metastasis 
of high-grade prostate 
cancer       

  Fig. 3.2    Bone 
metastasis of prostate 
cancer. The neoplastic 
cells are immunostained 
with antibody against 
prostein       
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 Cellular plasticity is the ability of differenti-
ated cells of deviating to other cell types when 
exposed to different conditions. Through this 
phenomenon, differentiated cells can acquire 
cancer stem cell (CSC) properties under specifi c 
oncogenic insults, leading to aberrant cell repro-
gramming and, as a consequence, to a series of 
diseases including cancer [ 13 ]. Indeed, CSC sta-
tus and EMT and mesenchymal-epithelial transi-
tion (MET) are interconnected reversible 
dynamic processes that facilitate cells to adapt to 
stimuli from altered microenvironments [ 14 ]. In 
breast cancer, CSCs have been shown to revers-
ibly switch from mesenchymal-like to epithelial- 
like states. Bone colonization from breast CSCs 
can induce the co-expression of mesenchymal 
and epithelial markers and the transition from a 
CD44 + /CD24 −  to a CD44 − /CD24 +  phenotype [ 15 , 
 16 ], thus underlining the complexity of tumor 
cell bone homing and stem cell traffi cking. 

 At present, data on the role of cellular plastic-
ity in bone homing and development of BMs 
from PCa are still inconclusive [ 17 ]. Thus, while 
several studies have observed that the interaction 
between androgen refractory PCa cell lines and 
bone stromal cells led to the acquisition of a mes-
enchymal phenotype via EMT characterized by a 
switch from E- to N-cadherin expression [ 14 , 
 18 ], the study published by Josson et al. has 
reported increased E-cadherin expression as a 
result of a similar interaction [ 19 ]. 

 Cellular plasticity may be the result of physi-
ological stimuli and induced by therapeutic 
agents. Hypoxia seems to majorly contribute to 
the promotion of cellular plasticity [ 20 ], and 
E-cadherin is implicated in the regulation of the 
response of cancer cells to hypoxia by inducing 
the expression of hypoxia-inducible factor-1 α  
(HIF-1 α ) [ 21 ]. On the other hand, the selective 
pressure exerted by androgen-deprivation ther-
apy (ADT) may give rise to CSCs as well as EMT 
and neuroendocrine (NE) differentiation, which 
are associated with PCa growth, metastasis, and 
resistance to therapies [ 22 ,  23 ]. 

 Based on these data, several strategies are 
emerging to modulate the contribution of bone 
microenvironment in patients with PCa. Among 
them, abiraterone acetate seems to represent an 

effective strategy in this context. Food and Drug 
Administration (FDA) approved this drug in 
combination with prednisone on April 2011 for 
metastatic castration-resistant PCa following 
docetaxel and on December 2012 for metastatic 
castration-resistant PCa before chemotherapy. In 
2015, Santini and his group have fi rst revealed 
that abiraterone acetate can affect the differentia-
tion and activity of osteoclasts by inhibiting 
marker genes including TRAP, cathepsin K, and 
metalloproteinase-9 (MMP-9) [ 24 ]. Moreover, 
abiraterone acetate can promote osteoblast differ-
entiation and the deposition of bone matrix 
through the upregulation of specifi c genes such 
as ALP and osteocalcin [ 24 ]. However, the role of 
abiraterone acetate in modulating bone homing 
has not been clarifi ed so far and seems to merit 
further investigations.  

3.3     Epithelial-Mesenchymal 
Plasticity in Bone Homing 

 During embryonic morphogenesis, epithelial 
cells exhibit enormous plasticity and transit into a 
mesenchymal state by activating the EMT pro-
cess. Through this program, epithelial cells lose 
their junctions and produce vimentin fi laments, 
thus enhancing their ability to migrate and invade 
during developmental morphogenesis [ 25 ,  26 ] 
(Fig.  3.3 ). During EMT, E-cadherin gene tran-
scriptional repression, promoter methylation, and 
protein phosphorylation and degradation have 
been observed [ 27 ,  28 ]. On the other hand, 
N-cadherin, fi bronectin, and cell surface proteins 
CD44 [ 29 ] and integrin β6 [ 30 ].

   The expression of EMT and its reversal MET 
are fundamental processes for the development 
and progression of genitourinary tumors [ 31 – 34 ]. 
In PCa, the functional cross talk between EMT 
and castration resistance, which is crucial during 
prostate carcinogenesis, is mediated by the Twist1/
AR  signaling axis and promoted by the activity of 
transforming growth factor-β (TGF-β) [ 35 ]. 

 TGF-β upregulates a variety of genes, such as 
prostate transmembrane protein, androgen 
induced 1 (PMEPA1), that is a regulator of TGF-β 
and correlates with tumor aggressiveness and 

3 Bone Homing and Metastasis



28

BMs [ 36 ]. Interestingly, the knockdown of 
PMEPA1 has been associated with increased pro-
metastatic gene expression and bone homing in 
PCa mouse models [ 36 ]. 

 Furthermore, TGF-β expression resulted 
increased in BMs compared to visceral PCa 
metastases in a series of 149 visceral and BMs 
from 62 patients with castration-resistant PCa 
[ 37 ]. In this study, nuclear Twist, Slug, and Zeb1 
localization and an EMT-like phenotype were 
present only in a small subset of castration- 
resistant PCa BMs [ 37 ]. 

 E-cadherin is involved in maintaining the plu-
ripotent and self-renewal ability of prostate CSCs 
[ 28 ,  38 ,  39 ]. Interestingly, E-cadherin loss, which 
is crucial for the acquisition of PCa migratory 
properties and bone homing, is associated with 
activated androgen receptor (AR) [ 40 ] and corre-
lates with PCa progression and Gleason score 
[ 41 ], while increased N-cadherin has been reported 
to predict clinical recurrence in PCa patients fol-
lowing RP [ 42 ], thus representing a potential ther-
apeutic target in castration-resistant PCa [ 43 ].  

3.4     The Role of Chemokines 
and Their Receptors 

 Chemokines are a superfamily of low-molecular- 
weight proteins including inducers and inhibitors 
of angiogenesis. The altered balance between 

these stimuli can lead to chronic infl ammatory 
diseases, as well as to tumor initiation and spread-
ing [ 44 ]. 

 The chemokine family includes CXC ligand 1 
(CXCL1) to CXCL16. These ligands interact 
with the CXC chemokine receptors (CXCR1–
CXCR5), members of the rhodopsin-like seven- 
transmembrane G protein-coupled receptor 
family, to exert their activity [ 45 ,  46 ]. 

 Several studies demonstrated that chemokines 
and their receptors are implicated in chemotaxis 
of cancer cells toward bone and the lymph nodes. 
Among CXCRs, CXCR4 has been shown to play 
an essential role for both normal prostate tissue 
and PCa development and progression. CXCR4 
binds to CXCL12/SDF-1, which is implicated in 
the maintenance of leukocyte traffi cking during 
homeostasis. In PCa, SDF-1 supports the inva-
sion of PCa cell lines through basement mem-
branes, which is conversely inhibited by 
anti-CXCR4 antibodies [ 47 ]. 

 It is interesting to note that PCa cell androgen- 
mediated motility seems to be dependent on 
functional CXCR4/CXCR7 heterodimers [ 48 ]. 
Moreover, prostate CSCs expressing CXCR4 
compete with HSCs for bone marrow niches. 
Blocking CXCR4-dependent bone homing, the 
formation of BMs is suppressed [ 49 ]. It should be 
noted that the expression of CXCR4 is low in 
BMs, suggesting that this receptor may be essen-
tial for bone homing but not for distant tumor 

Bone
metastasis

Epithelial mesenchymal transition

Epithelial cells Mesenchymal cells

Basement membrane

Decreased epithelial markers (e.g. E-cadherine)
Increased mesenchymal markers (e.g. vimetin)

  Fig. 3.3    Epithelial-mesenchymal transition (EMT) in prostate bone metastases (BMs)       
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growth [ 50 ]. The potential role of CXCR4 as a 
potential therapeutic target is also sustained by 
the evidence that Plerixafor, a CXCR4 inhibitor, 
seems to be effective in PCa xenograft mouse 
models [ 51 ]. Furthermore, homing may be also 
prevented by agents such as pertussis toxin, 
which inhibits G proteins, and chelerythrine 
chloride, which inhibits protein kinase C.  

3.5     The Role of MicroRNAs 

 Regarding the role played by microRNAs (miR-
NAs) in the control of PCa metastases, they are 
involved in regulating the complex metastatic 
cascade at multiple levels. Fu and his group have 
compared the expressions of four miRNAs (miR- 
335, miR-543, miR-196, and miR-19a) between 
primary PCa and BMs [ 52 ]. By using reverse 
transcription-quantitative polymerase chain reac-
tion, they showed that the four miRNAs were sig-
nifi cantly downregulated in BMs compared to 
PCa. Additionally, miR-335 and miR-543 down-
regulation was confi rmed in 20 paired primary 
tumors and BMs [ 52 ]. Exogenous miR-335 and 
miR-543 signifi cantly reduced the expression 
level of endothelial nitric oxide synthase (eNOS) 
and markedly affected the migratory and invasive 
properties of PCa cells in vitro [ 52 ] .  

 It has been shown that loss of miR-15 and miR-
16, together with increased miR-21 expression, pro-
motes PCa metastasization and bone homing [ 53 ]. 
In the same view, dysregulation of the epidermal 
growth factor receptor (EGFR) signaling pathway 
seems to sustain PCa bone homing by constraining 
the tumor-suppressive role of miR-1 and promoting 
the oncogenic activation of Twist1 [ 54 ]. 

 Furthermore, Wang et al. revealed that miR- 573 
expression is signifi cantly higher in primary PCa 
compared to metastases [ 55 ]. They showed that 
miR-573 inhibited PCa cell migration and invasion 
as well as TGF-β1-induced EMT in vitro and lung 
metastases in vivo. In addition, miR- 573 modulates 
the activation of  fi broblast growth factor receptor 1  
( FGFR1 ) gene in response to fi broblast growth fac-
tor 2 (FGF2) and, together with GATA3 (which 
directly increases miR-573  expression), regulates 
EMT contribution to bone homing and metastasis 

[ 55 ]. Interestingly, the downregulation of miR-573 
is associated with higher Gleason score and cancer-
related mortality [ 55 ].  

3.6     The Role of Other Molecules 
and Signaling Pathways 

 Several other signaling pathways are impli-
cated in the development of PCa BMs. Among 
them, receptor activator of nuclear factor 
kappa-B (RANK)/RANK-ligand(L) axis [ 56 ] 
and wingless- type (WNT) signaling pathway/
Dickkopf WNT signaling pathway inhibitor 1 
(Dkk1) [ 57 ] constitutes two of the most promis-
ing targets for interfering with bone homing in 
PCa patients. RANKL is a transmembrane sig-
naling receptor expressed on the surface of osteo-
clast precursors and binds to RANK to mediate 
osteoclast-induced bone remodeling that is funda-
mental to create a favorable bone environment for 
PCa cells [ 58 ]. Similarly, runt-related transcrip-
tion factor 2 (RUNX2), which is a crucial factor 
for osteoblast differentiation [ 59 ], contributes to 
bone formation and homing of cancer cells. 

 As for cyclin A1 (CCNA1), Miftakhova et al. 
showed that the expression of this protein results 
in increased in the lymph node, lung, and BMs 
and was associated with aromatase (CYP19A1), 
a key enzyme in the regulation of the balance 
between androgens and estrogens [ 60 ]. In an 
in vitro model of high ALDH activity in PCa, 
both CCNA1 and CYP19A1 promoted local bone 
marrow-releasing factors, including AR, estro-
gen, and MMP9 and provided a suitable microen-
vironment that sustained metastatic growth of 
PCa cells in the bone marrow [ 60 ]. 

 Concerning insulin-like growth factor (IGF)-1 
and IGF-2, which are two of the most abundant non-
structural proteins in the bone matrix [ 61 ], they seem 
to contribute to cancer cell migration to the bone, as 
well as to the adhesion with the bone marrow stro-
mal cells [ 62 ]. Among other proteins, CD26/dipepti-
dyl peptidase IV (DPPIV) is a membrane-bound 
extracellular peptidase cleaving the chemokine 
SDF-1α at its position two proline. CD26/DPPIV 
triggers PCa  metastasis to the bone marrow and is 
involved in stem cell homing and mobilization [ 63 ]. 
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 Finally, also low pH in bone microenviron-
ment [ 64 ] and altered calcium levels [ 65 ] can 
promote skeletal metastasis formation 

   Conclusions 

 The management of PCa patients with BMs 
represents a major challenge for medical 
oncologists due to the considerable morbidity 
associated with skeletal-related events (SREs), 
such as bone pain, hypercalcemia, pathologic 
fractures, and the compression of the spinal 
cord. The cooperative reciprocal interactions 
among heterogeneous compartments includ-
ing PCa cells, osteoblasts, and osteoclasts in 
the bone microenvironment promote tumor 
cell homing and metastasis, thus representing 
a promising future therapeutic and diagnostic 
target for these patients. 

 Recent technical advances have provided 
the opportunity to investigate the complexity 
of biological systems at the single-cell level. 
On this scenario, modulating tumour environ-
mental conditions and characterizing genes 
associated with bone spreading will be key 
issues for cancer research in future years. This 
will be crucial for the identifi cation of prog-
nostic or predictive biomarkers for the early 
detection of metastatic disease, for the assess-
ment of tumor response to therapy and to 
guide treatment decisions, and potentially for 
the prevention BM formation in patients with 
PCa [ 66 ]. 

 In conclusion, signifi cant progresses have 
been made in our knowledge of the complex 
mechanisms underlying bone homing in PCa. 
However, the route to a complete comprehen-
sion of this process and toward the design of 
effective and personalized strategies for PCa 
patients with BMs seems still so far away.      
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      The present chapter concerns the role of circulat-
ing tumor markers in the management of bone 
metastases in patients with prostate cancer. We 
fi rst discuss the contemporary notion of tumor 
markers from a general point of view. We focus 
on some specifi c characteristics of prostate- 
specifi c antigen (PSA), showing why it is the sole 
circulating tumor marker presently recommended 
in the follow-up of patients – with or without 
metastases – treated with curative intents for a 
primary prostate cancer. The role of PSA in the 
different clinical settings in which the marker 
may be used is then discussed. The position of 
the most recent clinical practice guidelines is 
examined, and recommendations concerning 
PSA are presented and discussed with reference 
to key clinical scenarios. We considered the ini-
tial assessment of the risk of developing bone 
metastases, the early detection of relapse during 
the follow-up, and the management of the relapse; 
this latter issue is discussed considering sepa-
rately patients with biochemical relapse and 
those with manifest clinical metastases. 

4.1     Contemporary Notion 
of “Tumor Marker” 

 According to a recent defi nition, a cancer bio-
marker is “A characteristic that is objectively 
measured and evaluated as an indicator of normal 
biological processes, pathogenic processes, or 
pharmacologic responses to a therapeutic inter-
vention” [ 1 ]. This defi nition has been tailored in 
order to adapt biomarkers to both the traditional 
areas of utilization and the emerging needs 
related to the development and the early valida-
tion of new anticancer agents. As such, this is a 
broad defi nition which encompasses a wide vari-
ety of different indicators, such as soluble circu-
lating biomarkers, prognostic and predictive 
tissue biomarkers, imaging-related biomarkers, 
as well as clinical signs or symptoms, which are 
per se “biomarker” of the response to some of the 
available molecular targeted antigens [ 1 ]. 

 The present chapter focuses on a subset of 
biomarkers, represented by soluble, protein-
aceous molecules measurable in body fl uids, tra-
ditionally referred to as “tumor markers”. 

 In order to facilitate the appropriate use of 
tumor markers in clinical practice, it is crucial to 
be aware of some limitations that after over four 
decades of research and clinical applications 
have appeared to be inherent to tumor markers 
[ 2 ]. First, the conventional term “tumor marker” 
is currently considered misleading, because the 
so-called tumor markers are not “tumor specifi c.” 
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In fact a variety of conditions may affect the 
actual level of the markers in the bloodstream, 
encompassing the production and the release 
from the tumor (when present), the production 
and release of the marker by normal tissues, the 
presence of cross-reacting substances, the dilu-
tion in bloodstream, metabolism, and excretion. 
Therefore, circulating levels of so-called tumor 
markers are the sum of several variables, includ-
ing (when present) malignancy. Physiological 
conditions and lifestyle patterns, diseases other 
than cancer, and iatrogenic artifacts may interfere 
with the production and release of markers from 
healthy tissues, thus causing false-positive 
results. Therefore, it is presently well established 
that tumor markers have a poor diagnostic speci-
fi city for the tumor and – with the exception of 
few circumstances – they are not useful in the dif-
ferential diagnosis of a malignancy. Second, 
tumor marker circulating levels are directly 
related to tumor bulk: the larger the tumor, the 
higher the detectable concentration of the marker 
in the bloodstream. A consequence of this is that 
the level of the marker is expected to be low in a 
patient with a minimal tumor mass; therefore, 
tumor markers present poor diagnostic sensitivity 
in the early detection of malignancies. 

 Third, a point of weakness of tumor markers 
as diagnostic tools is their poor tumor-type speci-
fi city. For instance, many different tissues may 
produce and release carcinoembryonic antigen, 
alpha-fetoprotein, as well as the carbohydrate 
antigens CA125, CA19.9, and CA15.3. Thus, 
low positive levels of these markers are poorly 
informative in the clinical practice. 

 Remarkably, the above-mentioned limita-
tions – poor diagnostic sensitivity and specifi city 
and poor tumor-type specifi city – have different 
implications in different clinical scenarios, 
depending on the prevalence of the malignancy. A 
marker may be ineffective if used for the diagno-
sis of a malignancy in asymptomatic subjects or 
in patients with indeterminate symptoms, since 
false-positive results are expected to be much 
more numerous than true-positive ones, thus lead-
ing to a very low-positive predictive value. 
Conversely, the same tumor marker could be 
effective if used in the follow-up of an operated 

patient with intermediate-high risk of relapse. In 
fact, in this latter scenario, the true- positive results 
are expected to be prevalent on false-positive 
ones, thus leading to a higher  positive predictive 
value [ 3 ]. The same marker would be very effec-
tive to monitor the response to therapy in patients 
with metastatic disease, since changes in the 
marker levels during the treatment are almost cer-
tainly related to the response – or no response – of 
the malignancy to the therapy. 

4.2       Prostate-Specifi c Antigen: 
A Singular Tumor Marker 

 Prostate-specifi c antigen (PSA), also referred to 
as kallikrein-3, is a glycoprotein member of the 
kallikrein peptidase family, produced and 
released by prostate glandular epithelium. PSA 
has been extensively studied, and is currently 
used as a tumor marker in patients with suspi-
cious or diagnosed prostate cancer. PSA pres-
ents two valuable features that may be 
considered almost exclusive in the landscape of 
the available circulating tumor markers. First, 
PSA has an absolute specifi city for a single type 
of tissue, that is, prostate glandular epithelium; 
second, PSA is expressed and released by the 
majority of prostate cancers; only a limited 
number of prostate cancers express low PSA 
levels or do not express PSA at all, but this 
occurs almost exclusively in undifferentiated 
tumors [ 4 ]. 

In summary, diagnostic performance of cir-
culating tumor markers depends on the 
clinical setting in which they are applied. 
Hence, the clinical usefulness of tumor 
markers is strictly related to the appropri-
ateness of their use. A marker inappropri-
ately requested may be useless at best, 
whereas a marker requested in the right 
patient, for the right clinical question and 
in the right scenario, may have a pivotal 
role in clinical decision making.
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 While these features are of no special value 
when PSA is used for the diagnosis of a suspi-
cious prostate cancer, they are indeed crucial in a 
patient followed up after a diagnosis of prostate 
cancer. In fact, the absolute tissue specifi city of 
PSA is of no help in the diagnostic phase of pros-
tate cancer. In a subject with an intact prostate 
gland, any increase of circulating PSA may be 
due to a plethora of causes other than cancer, 
because of the lack of tumor specifi city of the 
marker. From the point of view of laboratory 
medicine, PSA is the ideal organ-specifi c marker, 
such as aspartate transferase for liver disease, but 
it is much more specifi c. In view of this, PSA is 
considered a very effective marker to monitor 
benign prostatic hyperplasia and to predict its 
major complications [ 5 ]. On the other hand, this 
is the major shortcoming of PSA as a diagnostic 
tool for prostate cancer. Not surprisingly, over the 
past two decades, the awareness of the ineffec-
tiveness of PSA to detect prostate cancer 
prompted extensive research on PSA derivatives 
(i.e., PSA density, PSA velocity), PSA isoforms 
(i.e., free PSA, conjugated PSA, proPSA) [ 7 ], 
and novel biomarkers belonging to different 
molecular families (i.e., PCA-3, TMPRSS2-ERG 
gene fusions) [ 8 ]. Conversely, when patients 
diagnosed with prostate cancer have been treated, 
PSA  becomes  cancer specifi c. If the patient is 
radically treated with curative intent, prostate 
gland is either completely removed by surgery or 
biologically shut down by radiotherapy. 
Therefore, PSA must become undetectable after 
prostatectomy or reach stable, very low, nadir 
values after radiotherapy. Under these clinical 
circumstances, any increase of PSA values is 
cancer specifi c, since no other healthy or benign 
tissue exists in the body that is capable of produc-
ing and releasing detectable PSA amounts. 

 The second valuable feature of PSA concerns 
the homogeneity of its production by prostate 
cancer. Many other malignancies present a low 
rate of positivity of tumor marker in the early 
phase of metastatic outspread. For instance, in 
early phases of relapse, the positivity rate of 
CA15.3 in patients with breast cancer is approxi-
mately 50–60 % and that of CEA in colorectal 
cancer 60–80 %; moreover, both makers show 

specifi city values lower that 70–80. On the con-
trary, almost all patients with relapsing prostate 
cancer exhibit a PSA increase. Distant metastases 
have been shown to occur very rarely also in 
patients with undetectable PSA, but this occurs 
almost exclusively in undifferentiated tumors [ 4 ]. 
The almost unique behavior of PSA is due to both 
the high rate of prostate malignancies producing 
PSA and the entire absence of “noise” that might 
mislead the PSA assay result. For instance, 
CA15.3 and CEA have a baseline level due to the 
production of the marker by diverse tissues, and 
small increases due to tumor progression may 
remain masked within the baseline “noise” level. 
On the contrary, any value of detectable PSA is a 
signal of the tumor. Therefore, PSA is extremely 
useful in monitoring patients radically treated for 
prostate cancer since no false-positive results 
may occur and even a very small amount of 
marker may indicate the relapse. Not surpris-
ingly, the research in this scenario has mainly 
pursued the refi nement of PSA-based decision 
criteria and the integration of PSA with other 
clinical and pathological information. 

4.3       Clinical Settings in Which 
PSA May Be Used 
in the Decision Process 

 PSA has been extensively studied, in association 
with other clinical and pathological variables, as a 
predictive marker of disease outcome in patients 
diagnosed with prostate cancer. The scenarios in 
which PSA has been evaluated are: (i) the 
 prediction of outcomes in newly diagnosed 
patients before any therapeutic intervention, (ii) 

In summary, in patients radically cured for 
prostate cancer, PSA presents the charac-
teristics of the ideal tumor markers that are, 
absolute diagnostic specifi city, very high 
diagnostic sensitivity, minimal invasive-
ness, widespread availability, high repro-
ducibility, and low cost.
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the prediction of clinical relapse after the radical 
treatment of primary prostate cancer, and (iii) the 
prediction of survival in patients with bone metasta-
ses. These scenarios are complex and outcomes of 
interest differ within the same scenario [ 9 ,  10 ]. In 
fact, the prediction of outcome in newly diagnosed 
patients encompasses the prediction of pathological 
stage, the assessment of risk of bone metastases, 
and assessment of life expectancy. Likewise, the 
prediction of clinical relapse concerns patients with 
biochemical recurrence after either radical prosta-
tectomy or curative radiotherapy as well as patients 
without evidence of metastases receiving androgen-
deprivation therapy (ADT) or those become castra-
tion-resistant while on ADT. 

 Accurate estimates of the probability of 
diverse risks are crucial in the decision process. 
Given the complexity of the disease, when 
choices have to be taken on the individual-patient 
basis, both subjective and objective variables 
may bias clinicians’ estimates of risks. For that 
reason, many predictive models have been devel-
oped with the scope of improving accuracy and 
reproducibility of estimates. A variety of predic-
tive tools have been proposed, including risk 

groupings, probability tables, nomograms, artifi -
cial neural networks (ANNs), and classifi cation 
and regression tree (CART) analyses. Their com-
plexity ranges from group classifi cation based on 
a limited number of parameters, such as the 
D’Amico risk criterion [ 11 ] or the University of 
California, San Francisco Cancer of the Prostate 
Risk Assessment (CAPRA) [ 12 ], to more com-
plex “Kattan-type” nomograms [ 13 ] or Partin 
probability tables [ 14 ]. A published catalog of 
prostate cancer predictive tools identifi ed 109 
prediction tools, 68 of which have been validated, 
to be applied in a variety of clinical scenarios, as 
summarized in Table  4.1  [ 15 ].

   While approximately half of the tools have 
been developed to predict either the result of 
biopsy or pathological stage, 54 tools were 
focused on the prediction of outcomes after the 
treatment of primary tumor in newly diagnosed 
patients. The majority of them (49/54) included 
PSA and 68.5 % underwent either internal or 
external validation, while only a limited number 
of tools (6/109) considered novel variables [ 15 ]. 
Notably, these tools have been tested and vali-
dated in thousands of patients. 

   Table 4.1    Catalog of prostate cancer predictive tools   

 Clinical question 

 No. of tools 
concerning the 
clinical question 

 No. of tool that 
considered PSA 

 No. of tools 
subjected to 
validation 

 Prediction of the presence of prostate cancer in the 
initial biopsy setting 

 12  12  5 

 Prediction of the presence of prostate cancer in other 
than an initial biopsy setting (repeat biopsy) 

 14  14  6 

 Prediction of pathologic stage in men who underwent 
radical prostatectomy for clinically localized prostate 
cancer 

 29  29  22 

 Preoperative prediction of biochemical recurrence in 
men who underwent radical prostatectomy 

 9  9  6 

 Postoperative prediction of biochemical recurrence in 
men who underwent radical prostatectomy 

 8  6  5 

 Pretreatment prediction of biochemical recurrence in 
men treated with radiotherapy 

 10  10  5 

 Prediction of metastasis and survival  17  16  13 
 Prediction of life expectancy  4  2  2 
 Prediction of specifi c pathological features or 
biochemical recurrence after radical prostatectomy for 
clinically localized prostate cancer based on novel 
variables 

 6  6  6 

  Modifi ed from Ref. [ 15 ]  
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4.4       The Position of Clinical 
Practice Guidelines 

 From the above fi ndings, it could be argued that 
evidence should be adequate to provide clinicians 
with established recommendations for the clini-
cal practice. 

 We therefore examined available guidelines in 
order to search for established recommendations 
concerning the use of PSA for either the predic-
tion or management of metastatic prostate cancer. 
In the context of a broader project aimed at updat-
ing the synopsis of existing recommendations 
on tumor markers in solid tumors [ 16 ], we set 
up a search strategy and explored the following 
databases: Pubmed-Medline, National Guideline 
Clearinghouse (NGC) and GIN library; we also 
interrogated 11 websites of scientifi c societies 
producing guidelines and 61 websites of medi-
cal scientifi c societies [ 16 ]. The search was con-
ducted in the last 5 years and sorted 96 documents 
identifi ed as guidelines concerning prostate can-
cer, which were further examined and selected on 
the basis of the methodological quality and rate of 
utilization by clinicians in Italy. The methodolog-
ical quality was evaluated according to inclusion 
criteria set by National Guideline Clearinghouse, 
and documents were selected if the clinical prac-
tice guideline was based on a systematic review 
and a description of the search strategy was 
reported. Widely used guidelines were considered 
also when methodology was not fully compli-
ant with above mentioned criteria. A total of 35 
guidelines concerning prostate cancer were even-
tually selected. The  recommendations concerning 

the use of PSA in the different clinical settings 
were extracted and synoptically presented.  

4.5     PSA as Risk Predictor 
in Newly Diagnosed Patients 
Before Any Therapeutic 
Intervention 

 In this clinical setting, PSA may provide infor-
mation on both long-term outcomes – such as 
biochemical recurrence, clinical recurrence, and 
survival – and the risk that occult bone metasta-
ses may be already present at the time of fi rst 
diagnosis. Table  4.2  summarizes the recommen-
dations of the examined guidelines.

   Six clinical practice guidelines recommend the 
use of PSA to categorize patients into risk groups 
[ 17 – 22 ]; all of them recommend to use the 
D’Amico risk criterion [ 11 ], in which PSA is used 
in association with Gleason score and clinical 
stage. More complex algorithms are  mentioned 
by some guidelines [ 21 ,  24 – 26 ], but no specifi c 
approaches are suggested in the recommendations 
other than the D’Amico risk criterion. 

 Five clinical practice guidelines consider the risk 
of metastatic spread in newly diagnosed patients 
with apparently locoregional disease and conclude 
that bone scan positivity is expected to be extremely 
low (<1 %) in low-risk patients with PSA values 
≤10 ng/mL [ 18 ,  21 – 24 ]. As a result, all the fi ve 
examined guidelines state that imaging staging (CT 
and bone scan) should be considered in patients 
with a PSA level >20 ng/mL prior to treatment. 

In summary, PSA has been extensively 
studied in all the clinical conditions that 
may occur from the treatment with curative 
intent of the primary prostate cancer to the 
development and the treatment of the bone. 
Many diagnostic tools integrating PSA 
with other clinical and pathological infor-
mation have been developed to facilitate 
unbiased clinical decisions

In summary, PSA determination is recom-
mended in newly diagnosed patients before 
any therapeutic intervention and the result 
considered in association with clinical 
stage and biopsy Gleason score to predict 
the risk of recurrence.
A value of PSA >10 or >20 ng/mL is per se 
a predictor of intermediate or high risk, 
respectively.
Bone scan should be performed with a 
PSA > 20 ng/mL.
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4.6       PSA for the Detection 
of Recurrence and 
Assessment of Adverse 
Outcomes After the 
Treatment of the Primary 
Tumor 

 The natural history of prostate cancer is charac-
teristically long, and recurrence may occur years 
after the treatment of the primary tumor with 
curative intent. In the long term, a signifi cant per-
centage of patients – from 11 to 40 % according 
to different studies – will eventually develop 

recurrent disease [ 27 – 29 ]. Bone metastases rep-
resent the predominant site of distant recurrence 
in patients with prostate cancer, occurring in a 
high percentage of patients as unique site of met-
astatic spread [ 30 ]. 

 Given its excellent characteristics of sensitiv-
ity and specifi city, PSA is the tool of choice for 
the routine monitoring of patients with prostate 
cancer treated with curative intent, in order to 
detect early disease recurrence. However, just 
thanks to its elevated sensitivity, PSA may 
become detectable years before the occurrence 
of clinical signs of disease  progression. The 
occurrence of  detectable PSA values in many 

    Table 4.2    Summary of recommendation(s) on PSA as risk predictor in the pretreatment staging of prostate cancer   

 Organization  Summary of recommendation(s)  PSA risk criteria 

 Cancer Care Ontario (2010) [ 17 ]  PSA is used as risk stratifi cation to plan treatment 
type 

 Low risk: PSA ≤10 ng/mL 
 and  a biopsy Gleason score 
of 6 or less  and  clinical stage 
T1c or T2a 

 Intermediate risk: PSA >10 
to 20 ng/mL  or  a biopsy 
Gleason score of 7  or  clinical 
stage T2b 

 High risk: PSA >20 ng/mL 
 or  a biopsy Gleason score of 
8 to 10  or  clinical stage T2c 

 American Urological 
Association (2011) [ 18 ] 

 PSA in association with Gleason score and clinical 
stage is used as risk stratifi cation to discuss with 
the patient the choice of therapy options 
 Radiographic staging (CT and bone scan) is 
recommended for patients with or a PSA level 
>20 ng/mL prior to treatment 

 European Society of Medical 
Oncology (2013) [ 19 ] 

 Localized disease should be classifi ed as low, 
intermediate, or high risk as a guide to staging and 
therapy 

 National Institute for Health 
and Care Excellence (2014) [ 20 ] 

 PSA, Gleason score, and clinical stage are 
predictive factors for risk groups 

 European Association of 
Urology (2015) [ 21 ] 

 PSA in association with Gleason score and clinical 
stage is used to determine risk groups for 
biochemical recurrence of localized and locally 
advanced prostate cancer 
 Bone scan positivity rate is extremely low (<1 %) 
in low-risk patients (≤10 ng/mL) 

 National Comprehensive 
Cancer Network (2015) [ 22 ] 

 PSA, Gleason score, and clinical stage are 
predictive factors for risk groups 
 Bone scan if any of these: T1 and PSA >20, 
T2 and PSA >10 mL 

 Groupe Européen de 
Curiethérapie- European SocieTy 
for Radiotherapy and Oncology 
(2013) [ 23 ] 

 Isotope bone scan should be considered for all 
patients with a PSA > 20 ng/mL 

 PSA > 20 ng/mL 

 American Urological 
Association (2013) [ 24 ] 

 Routine use of a bone scan is not required for 
staging asymptomatic men with clinically 
localized prostate cancer when their PSA level is 
equal to or less than 20.0 ng/mL 
 Computed tomography or magnetic resonance 
imaging scans may be considered for the staging 
of men with high-risk, clinically localized prostate 
cancer when the PSA is greater than 20.0 ng/mL 
or when locally advanced or when the Gleason 
score is greater than or equal to 8 

 PSA > 20 ng/mL 
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patients, without overt signs of regional or dis-
tant progressive disease after initial therapy 
with curative intent, leads to identify a new clin-
ical scenario, labeled as  biochemical recurrence  
or  PSA recurrence . It has been estimated that 
approximately 35–50 % of patients will experi-
ence a PSA recurrence within 10 years after 
radical prostatectomy or radiation therapy [ 31 ]. 
The time between PSA recurrence and the 
occurrence metastatic disease is variable and in 
general extended, with a reported median time 
of 8 years [ 32 ]. Frequently androgen depriva-
tion therapy (ADT) is prescribed before metas-
tases appear, and many patients with PSA 
recurrence after primary therapy receive ADT 
[ 33 – 35 ]. Men developing PSA progression 
while receiving ADT are considered castration-
resistant prostate cancer (CRPC), and those 
cases in which metastases are undetectable by 
imaging are labeled as nonmetastatic CRPC 
(M0-CRPC). It has been reported that approxi-
mately 10–20 % of patients, without evidence 
of metastases and treated with ADT, will even-
tually develop CRPC within approximately 
5 years [ 33 ]. CRPC is a further step in the pro-
gression of prostate cancer toward clinically 
evident disseminated disease; 33 % of CRPC 
patients have been shown to develop bone 
metastases within 2 years [ 33 ], and different 
studies report a median survival from CRPC 
diagnosis ranging from 9 to 30 months [ 36 ]. 

 The follow-up after the treatment of the pri-
mary tumor with curative intent is a manifold 
scenario in which variations of clinical condi-
tions over time induce different clinical ques-
tions. The key point is to offer appropriate 
treatment options to each individual patients, 
weighing the benefi t of supplying potential life 
prolonging therapies to patients with aggressive 
prostate cancer and the risk of over-treating men 
with indolent disease. 

 During this long-lasting time period after radi-
cal treatment of primary prostate cancer, the ques-
tions facing both the clinician and patient are as 
follows: When PSA reliably indicates the 
 biochemical recurrence? Which is the risk of clini-
cal progression after the biochemical recurrence in 
patients either on ADT or in the CRPC phase? 

4.6.1     PSA as Indicator 
of Biochemical Recurrence 

 All examined guidelines recommend to offer to 
patients periodical PSA determinations to detect 
disease recurrence. The detection of biochemical 
relapse after prostatectomy is a relatively simple 
issue, and clinical practice guidelines agree that 
any rise in PSA to detectable levels after radical 
prostatectomy indicates a biochemical relapse. 
Also, the value of 0.2 ng/mL is unanimously con-
sidered the cutoff value to indicate a PSA relapse. 
Notably, a confi rmatory PSA determination is 
recommended by most guidelines (Table  4.3 ).

   The defi nition of biochemical recurrence fol-
lowing radiation therapy is more diffi cult because 
radiotherapy, differently from radical prostatec-
tomy, does not remove all PSA-producing cells at 
once. The average half-life of serum PSA after 
radiation therapy has been reported to be 
1.9 months [ 39 ], and the achievement of PSA 
nadir value may require up to 3 years [ 21 ,  40 ]. 
Consensus was initially reached by the American 
Society of Therapeutic Radiology and Oncology 
on the defi nition of treatment failure after external 
beam radiation therapy with or without hormonal 
therapy as a rise by 2 ng/mL or more above the 
nadir PSA [ 41 ], and this criterion is presently 
adopted by clinical practice guidelines (Table  4.3 ). 

 An emerging issue is the risk of anxiety and 
depression that may arise in patients with bio-
chemical recurrence or even in men undergoing 
long-term PSA monitoring. Two guidelines [ 38 , 
 42 ] explicitly recommend to periodically assess 
for anxiety or depression the patients in follow-
 up after treatment of primary tumor with curative 
intent using specifi c tools. 

 Additional criteria have been developed to 
defi ne relapsing CRPC while on ADT therapy 
and are reported by some clinical practice guide-
lines (Table  4.4 ).

   All guidelines agree on the clinical meaning 
of a rise of PSA, as well as on the value of 2 ng/
mL to consider a possible occurrence of 
CRPC. Three out of four guidelines recommend 
that castrate levels of circulating testosterone are 
a requisite to interpret rising PSA in ADT patients 
[ 21 ,  24 ,  44 ]. Conversely, the recommendations 
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differ in part as concerns the rate of increase of 
PSA (50 % or 25 %) to be considered to establish 
the progression. However, the differences of sug-
gested PSA increases do not infl uence the actual 
value of the marker in the detection of CRPC. 

4.6.2       PSA as Risk Predictor 
of Clinical Progression 
and Adverse Outcome 
After the Treatment 
of the Primary Tumor 

 The risk of biochemical recurrence may be 
assessed both before and soon after the radical 
prostatectomy. The position of the scientifi c com-
munity – expressed in clinical practice guide-
lines – on the role of PSA as a risk predictor in 
the pretreatment staging of prostate cancer has 
been mentioned above (see Table  4.2 ). Various 
authors have also proposed post-intervention risk 
assessment based on pathological fi ndings, in 

    Table 4.3    Summary of recommendation(s) on PSA criteria to defi ne biochemical relapse   

 Organization  PSA criteria to defi ne biochemical relapse 

 Alberta Health Services 
(2013) [ 37 ] 

 After radical prostatectomy: any rise in PSA 
 After radiation therapy (with or without hormonal therapy): rise by 2 ng/mL (mcg/L) 
or more above the nadir PSA (defi ned as the lowest PSA achieved). 

 American Society of Clinical 
Oncology (2014) [ 38 ] 

 Detectable or increasing PSA value after surgery that is 0.2 ng/ mL, with a second 
confi rmatory level 0.2 ng/mL 

 European Association of 
Urology (2015) [ 21 ] 

 After radical prostatectomy, recurrent cancer may be defi ned by two consecutive PSA 
values of > 0.2 ng/mL 
 After radiation therapy, a rising PSA level over 2 ng/mL above the nadir PSA is the 
most reliable sign of recurrent disease 

 American Urological 
Association-American 
Society for Radiation 
Oncology (2013) [ 39 ] 

 PSA value after surgery that is ≥ 0.2 ng/mL with a second confi rmatory level ≥ 0.2 ng/mL 
 Some modalities (e.g., bone scan) are extremely low in patients with PSA values 
below 10 ng/mL 

 National Comprehensive 
Cancer Network (2015) [ 22 ] 

 Detectable PSA that increases on 2 or more determinations (PSA recurrence) 

   Table 4.4    PSA and defi nition of relapsing prostate cancer after castration   

 Organization  Criteria to identify CRPC 

 European Association of Urology 
(2015) [ 21 ] 

 PSA level greater than 2 ng/mL 
 Three consecutive rises of PSA, 1 week apart, resulting in two 50 % increases 
over the nadir 
 Castrate level of testosterone (less than 50 ng/ mL or 1.7 nmol/L) 

 American Urological Association 
(2013) [ 24 ] 

 PSA level greater than 2 ng/mL 
 Rise has to be at least 25 % over nadir and the rise has to be confi rmed by a 
second PSA at least 3 weeks later 
 Castrate levels of testosterone (less than 50 ng/ mL or 1.7 nmol/L) 

 Spanish Oncology Genitourinary 
Group (2012) [ 43 ] 

 PSA level greater than 2 ng/mL above the nadir 
 Three consecutive PSA rises (1 week apart) resulting in two increases of 25 % 
above the nadir 

 Advanced Prostate Cancer 
Consensus Conference (2015) [ 44 ] 

 A rising PSA confi rmed by a second value 3 or more weeks later 
 Castrate levels of testosterone (less than 50 ng/ mL or 1.7 nmol/L) 

In summary, PSA is a very effective tool 
for the early detection of relapse during 
both the follow-up after radical prostatec-
tomy or radiation therapy and ADT 
administration.
PSA-based decision criteria are well estab-
lished and easy to use.
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addition to clinical information and pre- 
intervention PSA level. Several variables have 
been considered by different studies, including 
surgical Gleason score, surgical margin status, 
extracapsular extension, lymph node invasion, 
and seminal vesicle invasion. In spite of increased 
available information, the reported predictive 
accuracies of risk assessment for biochemical 
recurrence do not differ signifi cantly between 
postoperative (from 76 to 90 %) and preoperative 
(form 77 to 94 %) [ 15 ]. 

 When the biochemical recurrence occurs dur-
ing the follow-up, the evaluation of the risk of 
clinical recurrence is pivotal to take proper clini-
cal choices. The scenario of rising PSA without 
evidence of metastases concerns both ADT naive 
patients in follow-up after the treatment of the 
primary tumor and patients which have devel-
oped a M0-CRPC while on ADT. 

 Beside clinical and therapeutic issues, several 
PSA-related variables potentially associated to out-
comes of interest have been evaluated, including 
time of PSA failure, trigger PSA, PSA doubling 
time (PSADT), and PSA velocity. Identifi ed guide-
lines concerning this issue (Table  4.5 ) recommend 
to consider PSADT and time to PSA relapse from 
surgery. Two guidelines recommending PSADT 
suggest, however, different cutoff points [ 21 ,  22 ].

   Both PSA and PSAD have been shown to be 
the only signifi cant parameters to predict the risk 
of a positive bone scan also in M0-CRPC [ 33 ,  45 , 
 46 ]. PSA and PSADT have also been reported to 
be strong predictors for the length of life and 
prostate cancer-specifi c mortality [ 45 ]. 

 However, cutoff points of PSADT reported in 
the literature are variable, presumably depending 

at least in part on both the mixed patient series 
examined (i.e., followed-up after prostatectomy 
after radiation therapy or both) and the consid-
ered scenario (i.e., ADT naive patients, 
M0-CRPC). Accordingly, Freeland et al. have 
recently commented that “the exact risk thresh-
old that should prompt imaging should be left to 
the discretion of the patient and treating physi-
cian” [ 45 ]. In fact, the association between 
PSADT and disease progression or prostate 
cancer- specifi c mortality is almost certainly rep-
resented by a continuous relationship, with 
shorter PSADT values being associated to a high 
risk for prostate cancer-specifi c mortality and 
longer ones being associated to a lower risk. The 
Prostate-Specifi c Antigen Working Group 
Guidelines on PSADT have established that men 
with a PSADT of less than 3 months are at 
extremely high risk for adverse clinical outcomes 
and men with a slow PSADT (more than 15 
months) have an extremely low risk of death 
from prostate cancer [ 47 ]. However, the panel 
recognized that no best threshold is known for 
patients with an intermediate PSADT of 3–15 
months, which unfortunately represent the major-
ity of patients with biochemical relapse [ 47 ]. 

 A major shortcoming affecting PSADT reli-
ability is the complexity of standardization of its 
calculation. In general, PSADT is calculated by 
the natural log of 2 divided by the slope of the lin-
ear regression line of log of the PSA over time 
[ 46 ]. However, it has been shown that the compa-
rability of results obtained in different studies may 
be affected by several variables, including meth-
ods of calculating (log-slope method or two- point 
method), calculation interval (two consecutive 

   Table 4.5    Summary of recommendation(s) on PSA as risk predictor   

 Organization  Criteria to predict the risk of clinical relapse 

 Alberta Health Services 
(2013) [ 37 ] 

 PSA relapse within 12 months of surgery is a strong predictor of adverse long-term 
outcome 
 PSADT appears to have prognostic power 

 European Association of 
Urology (2015) [ 21 ] 

 After radical prostatectomy, high risk: PSADT < 3 months or time to PSA-
recurrence < 3 years. Low risk: PSADT > 12 months and PSA recurrence > 3 years 
following surgery 
 After radiation therapy, high risk: PSADT < 3 months and PSA recurrence < 3 
years. Low risk: PSADT > 15 months and PSA recurrence > 3 years 

 National Comprehensive 
Cancer Network (2015) [ 22 ] 

 PSADT > = 10 vs < 10 months as decision criteria 
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increases of PSA level, each greater than 25 % of 
the nadir value or nadir value), data acquisition 
(PSA assay type, minimum PSA increase, sam-
pling frequency), and data analysis (either nadir 
subtraction or not) [ 48 ] .  In addition, it has been 
reported that 33 % of cancers may not follow fi rst-
order kinetics in their growth [ 49 ]. Therefore, even 
if PSADT calculation was perfectly standardized, 
PSADT should not be evaluable by the reported 
equation, and the values of PSADT could be mis-
leading in a third of the patients [ 49 ]. 

4.7        PSA as a Test to Monitor 
Response to Treatment 
of Bone Metastases 

 Almost all identifi ed guidelines recommend to 
include PSA and testosterone in the periodical 
evaluation of metastatic patients during hormonal 
treatment and suggest a timing ranging from 3 to 
6 months after the initiation of treatment [ 21 ,  22 , 
 24 ,  26 ,  42 ,  49 ,  50 ]. 

 In general, as long as PSA remains at the nadir 
value achieved with the treatment, the probability 
of progression is low, and the use of routine bone 
scans of other imaging techniques is not justifi ed 
[ 24 ,  36 ]. 

 During the administration of several types of 
systemic therapies, a confi rmed PSA decline of 
>50 % is reported as PSA benefi t [ 24 ,  26 ]. 
However, this criterion is not presented as a rec-
ommendation, but it is reported in the guidelines 

within the discussion regarding the comparison 
of different therapeutic regimens. Therefore, it 
can be assumed that further investigation is 
needed to establish PSA-based surrogate criteria 
of response or failure to systemic therapies of 
metastatic prostate cancer. 

4.8       Concluding Remarks 

 PSA is a very effective tumor marker when it is 
used in the follow-up of patients previously 
treated with curative intent for primary prostate 
cancer. Due to the absence of tissues producing 
PSA other than prostate gland, the diagnostic 
specifi city of an increasing PSA value is almost 
absolute after radical prostatectomy and radiation 
therapy. Sensitivity is also very high, because of 
the absence of biochemical noise in the blood-
stream due to PSA from other sources. For these 
reasons PSA is the sole tumor marker presently 
recommended in the management of patients after 
radical treatment of primary prostate cancer. 

 The early detection of biochemical relapse 
represents a clinical quandary, due to both the 
long natural history of prostate cancer and the 
relative prevalence of patients’ indolent disease 
from one side and the occurrence of aggressive 
disease in some patients form the other side. 
After biochemical relapse, PSA-based criteria 
are used to identify aggressive tumors from indo-
lent ones and to tailor clinical decisions on the 
individual patient. PSADT is the most effective 
PSA-based criteria to predict the risk of bone 
metastases and survival. Very high and very low 
PSADTs are in fact very predictive. However, the 
best threshold for patients with intermediate val-
ues has not yet defi ned. Likewise PSA-based 

In summary, PSADT is an effective predic-
tor of risk of recurrence, bone metastases, 
and prostate cancer-specifi c mortality. 
However, caution is requested to properly 
use PSADT in clinical practice, and the cli-
nician must be aware of the following 
shortcomings: (i) PSADT is very informa-
tive in its extreme values (very fast and 
very slow), while its association with clini-
cal outcomes is less stringent in its interme-
diate values range, and (ii) calculation is 
not easy, nor standardized.

In summary, regular determinations of PSA 
are recommended in the monitoring of sys-
temic treatment of prostate cancer patients 
with bone metastases. In general, if PSA 
remains at the lowest value achieved with 
the treatment, the probability of progres-
sion is low.

M. Gion et al.
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decision criteria of response or failure to sys-
temic treatment of bone metastases are still prag-
matic. Therefore further research is needed to 
optimize and standardize some of the most prom-
ising and clinically crucial PSA-based decision 
criteria.     

   References 

     1.    Khleif SN, Doroshow JH, Hait WN (2010) AACR- 
FDA- NCI Cancer Biomarkers Collaborative AACR- 
FDA- NCI Cancer Biomarkers Collaborative 
consensus report: advancing the use of biomarkers in 
cancer drug development. Clin Cancer Res 16(13):
3299–3318  

    2.    Diamandis EP (2014) Present and future of cancer 
biomarkers. Clin Chem Lab Med 52(6):791–794  

    3.    Akobeng AK (2007) Understanding diagnostic tests 
2: likelihood ratios, pre- and post-test probabilities 
and their use in clinical practice. Acta Paediatr 
96(4):487–491  

     4.    Sandblom G, Ladjevardi S, Garmo H, Varenhorst E 
(2008) The impact of prostate-specifi c antigen level at 
diagnosis on the relative survival of 28,531 men with 
localized carcinoma of the prostate. Cancer 112(4):
813–819  

    5.   Roehrborn CG, McConnell J, Bonilla J, Rosenblatt S, 
Hudson PB, Malek GH, Schellhammer PF, Bruskewitz 
R, Matsumoto AM, Harrison LH, Fuselier HA, Walsh 
P, Roy J, Andriole G, Resnick M, Waldstreicher 
J (2000) Serum prostate specifi c antigen is a strong 
predictor of future prostate growth in men with benign 
prostatic hyperplasia. PROSCAR long-term effi cacy 
and safety study. J Urol 163(1):13–20.   

   6.   Lepor A, Catalona WJ, Loeb S (2016) The prostate 
health index: its utility in prostate cancer detection. v 
Urol Clin North Am 43(1):1–6  

    7.    Yang Z, Yu L, Wang Z (2016) PCA3 and TMPRSS2- 
ERG gene fusions as diagnostic biomarkers for pros-
tate cancer. Chin J Cancer Res 28(1):65–71  

    8.    Freedland SJ, Moul JW (2007) Prostate specifi c anti-
gen recurrence after defi nitive therapy. J Urol 177:
1985–1991  

    9.    Briganti A, Suardi N, Gallina A, Abdollah F, Novara 
G, Ficarra V, Montorsi F (2014) Predicting the risk of 
bone metastasis in prostate cancer. Cancer Treat Rev 
40:3–11  

    10.    D’Amico AV, Whittington R, Malkowicz SB, Schultz 
D, Blank K, Broderick GA, Tomaszewski JE, 
Renshaw AA, Kaplan I, Beard CJ, Wein A (1998) 
Biochemical outcome after radical prostatectomy, 
external beam radiation therapy, or interstitial radia-
tion therapy for clinically localized prostate cancer. 
JAMA 280:969–974  

     11.    Cooperberg MR, Pasta DJ, Elkin EP, Litwin MS, 
Latini DM, Du Chane J, Carroll PR (2005) The 

University of California, San Francisco Cancer of the 
Prostate Risk Assessment score: a straightforward and 
reliable preoperative predictor of disease recurrence 
after radical prostatectomy. J Urol 173:1938–1942  

    12.    Kattan MW, Eastham JA, Stapleton AM, Wheeler 
TM, Scardino PT (1998) A preoperative nomogram 
for disease recurrence following radical prostatec-
tomy for prostate cancer. J Natl Cancer Inst 90(10):
766–771  

    13.    Partin AW, Kattan MW, Subong EN, Walsh PC, 
Wojno KJ, Oesterling JE, Scardino PT, Pearson JD 
(1997) Combination of prostate-specifi c antigen, clin-
ical stage, and Gleason score to predict pathological 
stage of localized prostate cancer. A multi- institutional 
update. JAMA 277:1445–1451  

    14.    Shariat SF, Karakiewicz PI, Roehrborn CG, Kattan 
MW (2008) An updated catalog of prostate cancer 
predictive tools. Cancer 113:3075–3099  

       15.    Gion M, Trevisiol C, Pregno S, Fabricio ASC (2010) 
Guida all’uso clinico dei biomarcatori in oncologia. 
Biomedia, Milano  

     16.    Chin JL, Srigley J, Mayhew LA, Rumble RB, Crossley 
C, Hunter A, Fleshner N, Bora B, McLeod R, McNair 
S, Langer B, Evans A (2010) Guideline for optimiza-
tion of surgical and pathological quality performance 
for radical prostatectomy in prostate cancer manage-
ment: evidentiary base. Can Urol Assoc J 4(1):13–25  

     17.   Thompson I, Thrasher JB, Aus G, Burnett AL, Canby- 
Hagino ED, Cookson MS, D’Amico AV, Dmochowski 
RR, Eton DT, Forman JD, Goldenberg SL, Hernandez J, 
Higano CS, Kraus SR, Moul JW, Tangen CM; AUA 
Prostate Cancer Clinical Guideline Update Panel (2007) 
Guideline for the management of clinically localized 
prostate cancer: 2007 update. J Urol 177(6):2106–2131  

     18.   Horwich A, Parker C, de Reijke T, Kataja V; ESMO 
Guidelines Working Group (2013) Prostate cancer: 
ESMO Clinical Practice Guidelines for diagnosis, treat-
ment and follow-up. Ann Oncol 24(Suppl6):vi106–114  

    19.    National Collaborating Centre for Cancer (2014) 
Prostate cancer: diagnosis and treatment. National 
Institute for Health and Care Excellence, London  

    20.    Mottet N, Bellmunt J, Briers E, van den Bergh RCN, 
Bolla M, van Casteren NJ, Cornford P, Culine S, 
Joniau S, Lam T, Mason MD, Matveev V, van der Poel 
H, van der Kwast TH, Rouvière O, Wiegel T (2015) 
Guidelines on prostate cancer. European Association 
of Urology, Arnhem  

             21.   National Comprehensive Cancer Network (NCCN) 
(2015) Clinical practice guidelines in oncology. 
Prostate cancer. Washington, PA: National 
Comprehensive Cancer Network  

         22.    Hoskin PJ, Colombo A, Henry A, Niehoff P, Paulsen 
Hellebust T, Siebert FA, Kovacs G (2013) GEC/
ESTRO recommendations on high dose rate after-
loading brachytherapy for localised prostate cancer: 
an update. Radiother Oncol 107(3):325–332  

    23.   Greene KL, Albertsen PC, Babaian RJ, Carter HB, 
Gann PH, Han M, Kuban DA, Sartor AO, Stanford JL, 
Zietman A, Carroll P; American Urological 
Association (2013) Prostate specifi c antigen best 

4 Markers of Prostate Cancer: The Role of Circulating Tumor Markers in the Management



44

practice statement: 2009 update. J Urol 189(1 
Suppl):S2–S11  

           24.    Alberta Provincial Genitourinary Tumour Team 
(2013) Prostate cancer. Cancer Control Alberta, 
Edmonton  

   25.    Associazione Italiana di Oncologia Medica (2014) 
Linee guida carcinoma della prostata. AIOM, Milano  

      26.    Banefelt J, Liede A, Mesterton J, Stålhammar J, 
Hernandez RK, Sobocki P, Persson BE (2014) 
Survival and clinical metastases among prostate can-
cer patients treated with androgen deprivation therapy 
in Sweden. Cancer Epidemiol 38:442–447  

    27.    Norgaard M, Jensen AO, Jacobsen JB, Cetin K, 
Fryzek JP, Sorensen HT (2010) Skeletal related 
events, bone metastasis and survival of prostate can-
cer: a population based cohort study in Denmark 
(1999–2007). J Urol 184:162–167  

   28.    Nguyen-Nielsen M, Liede A, Maegbaek ML, Borre 
M, Harving N, Hernandez RK, Toft Sørensen H, 
Ehrenstein V (2015) Survival and PSA-markers for 
mortality and metastasis in nonmetastatic prostate 
cancer treated with androgen deprivation therapy. 
Cancer Epidemiol 39:623–632  

    29.    Hess KR, Varadhachary GR, Taylor SH et al (2006) 
Metastatic patterns in adenocarcinoma. Cancer 
106:1624–1633  

    30.    Freedland SJ, Humphreys EB, Mangold LA, 
Eisenberger M, Dorey FJ, Walsh PC, Partin AW 
(2005) Risk of prostate cancer-specifi c mortality 
 following biochemical recurrence after radical prosta-
tectomy. JAMA 294:433–439  

    31.    Pound CR, Partin AW, Eisenberger MA et al (1999) 
Natural history of progression after PSA elevation fol-
lowing radical prostatectomy. JAMA 281:1591–1597  

    32.   Crawford ED, Stone NN, Yu EY, Koo PJ, Freedland 
SJ, Slovin SF, Gomella LG, Berger ER, Keane TE, 
Sieber P, Shore ND, Petrylak DP; Prostate Cancer 
Radiographic Assessments for Detection of Advanced 
Recurrence (RADAR) Group (2014) Challenges and 
recommendations for early identifi cation of meta-
static disease in prostate cancer. Urology 83:664–669  

       33.    Kawakami J, Cowan JE, Elkin EP, Latini DM, 
DuChane J, Carroll PR et al (2006) Androgen- 
deprivation therapy as primary treatment for localized 
prostate cancer: data from Cancer of the Prostate 
Strategic Urologic Research Endeavor (CaPSURE). 
Cancer 106(8):1708–1714  

   34.    Sharifi  N, Gulley JL, Dahut WL (2005) Androgen 
deprivation therapy for prostate cancer. JAMA 
294(2):238–244  

    35.    Kirby M, Hirst C, Crawford ED (2011) Characterising 
the castration resistant prostate cancer population: a 
systematic review. Int J Clin Pract 65:1180–1192  

     36.    Zagars GK, Pollack A (1993) The fall and rise of 
prostate- specifi c antigen. Kinetics of serum prostate- 
specifi c antigen levels after radiation therapy for pros-
tate cancer. Cancer 72:832–834  

     37.    Freedland SJ, Rumble RB, Finelli A, Chen RC, Slovin 
S, Stein MN, Mendelson DS, Wackett C, Sandler HM 
(2014) Adjuvant and salvage radiotherapy after 

 prostatectomy: American Society of Clinical 
Oncology clinical practice guideline endorsement. 
J Clin Oncol 32(34):3892–3898  

     38.    Thompson IM, Valicenti RK, Albertsen P, Davis BJ, 
Goldenberg SL, Hahn C, Klein E, Michalski J, Roach 
M, Sartor O, Wolf JS Jr, Faraday MM (2013) Adjuvant 
and salvage radiotherapy after prostatectomy: AUA/
ASTRO Guideline. J Urol 190(2):441–449  

    39.    Izawa JI, Klotz L, Siemens DR, Kassouf W, So A, 
Jordan J, Chetner M, Iansavichene AE (2011) Prostate 
cancer screening: Canadian guidelines 2011. Can 
Urol Assoc J 5(4):235–240  

     40.    Roach M 3rd, Hanks G, Thames H Jr, Schellhammer 
P, Shipley WU, Sokol GH, Sandler H (2006) Defi ning 
biochemical failure following radiotherapy with or 
without hormonal therapy in men with clinically 
localized prostate cancer: recommendations of the 
RTOG-ASTRO Phoenix Consensus Conference. Int 
J Radiat Oncol Biol Phys 65(4):965–974  

    41.    Skolarus TA, Wolf AM, Erb NL, Brooks DD, Rivers 
BM, Underwood W 3rd, Salner AL, Zelefsky MJ, 
Aragon-Ching JB, Slovin SF, Wittmann DA, Hoyt 
MA, Sinibaldi VJ, Chodak G, Pratt-Chapman ML, 
Cowens-Alvarado RL (2014) American Cancer 
Society prostate cancer survivorship care guidelines. 
CA Cancer J Clin 64(4):225–249  

     42.   Climent MA, Piulats JM, Sánchez-Hernández A, Arranz 
JÁ, Cassinello J, García-Donas J, González del Alba A, 
León-Mateos L, Mellado B, Méndez- Vidal MJ, Pérez-
Valderrama B; Spanish Oncology Genitourinary Group 
(2012) Recommendations from the Spanish Oncology 
Genitourinary Group for the treatment of patients with 
metastatic castration- resistant prostate cancer. Crit Rev 
Oncol Hematol 83(3):341–352  

    43.    Gillessen S, Omlin A, Attard G, de Bono JS, Efstathiou 
E, Fizazi K, Halabi S, Nelson PS, Sartor O, Smith 
MR, Soule HR, Akaza H, Beer TM, Beltran H, 
Chinnaiyan AM, Daugaard G, Davis ID, De Santis M, 
Drake CG, Eeles RA, Fanti S, Gleave ME, Heidenreich 
A, Hussain M, James ND, Lecouvet FE, Logothetis 
CJ, Mastris K, Nilsson S, Oh WK, Olmos D, Padhani 
AR, Parker C, Rubin MA, Schalken JA, Scher HI, 
Sella A, Shore ND, Small EJ, Sternberg CN, Suzuki 
H, Sweeney CJ, Tannock IF, Tombal B (2015) 
Management of patients with advanced prostate can-
cer: recommendations of the St Gallen Advanced 
Prostate Cancer Consensus Conference (APCCC) 
2015. Ann Oncol 26(8):1589–1604  

     44.   Freedland SJ, Howard LE, Hanyok BT, Kadiyala VK, 
Kuang JY, Whitney CA, Wilks FR, Kane CJ, Terris 
MK, Amling CL, Cooperberg MR, Aronson WJ, 
Moreira DM (2016) Validation of a bone scan positiv-
ity risk table in non-metastatic castration-resistant 
prostate cancer. BJU Int  

      45.    Moreira DM, Howard LE, Sourbeer KN et al (2015) 
Predicting bone scan positivity in non-metastatic 
castration- resistant prostate cancer. Prostate Cancer 
Prostatic Dis 18:333–337  

     46.    Arlen PM, Bianco F, Dahut WL, D’Amico A, Figg 
WD, Freedland SJ, Gulley JL, Kantoff PW, Kattan 

M. Gion et al.



45

MW, Lee A, Regan MM, Sartor O (2008) Prostate 
specifi c antigen working group guidelines on prostate 
specifi c antigen doubling time. J Urol 179:
2181–2186  

     47.    Daskivich TJ, Regan MM, Oh WK (2006) Prostate 
specifi c antigen doubling time calculation: not as easy 
as 1, 2, 4. J Urol 176:1927–1937  

    48.    Scher HI, Eisenberger M, D’Amico AV, Halabi S, 
Small EJ, Morris M, Kattan MW, Roach M, Kantoff P, 
Pienta KJ, Carducci MA, Agus D, Slovin SF, Heller 
G, Kelly WK, Lange PH, Petrylak D, Berg W, Higano 
C, Wilding G, Moul JW, Partin AN, Logothetis C, 
Soule HR (2004) Eligibility and outcomes reporting 
guidelines for clinical trials for patients in the state of 
a rising prostate-specifi c antigen: recommendations 

from the Prostate-Specifi c Antigen Working Group. 
J Clin Oncol 22(3):537–556  

      49.    Basch E, Loblaw DA, Oliver TK, Carducci M, Chen 
RC, Frame JN, Garrels K, Hotte S, Kattan MW, 
Raghavan D, Saad F, Taplin ME, Walker-Dilks C, 
Williams J, Winquist E, Bennett CL, Wootton T, 
Rumble RB, Dusetzina SB, Virgo KS (2014) Systemic 
therapy in men with metastatic castration-resistant 
prostate cancer: American Society of Clinical 
Oncology and Cancer Care Ontario clinical practice 
guideline. J Clin Oncol 32(30):3436–3448  

    50.   Cookson MS, Lowrance WT, Murad MH, Kibel AS; 
American Urological Association (2015) Castration- 
resistant prostate cancer: AUA guideline amendment. 
J Urol 193(2):491–499      

4 Markers of Prostate Cancer: The Role of Circulating Tumor Markers in the Management



47© Springer International Publishing Switzerland 2017 
F. Bertoldo et al. (eds.), Bone Metastases from Prostate Cancer, 
DOI 10.1007/978-3-319-42327-2_5

      Circulating Tumor Cells (CTCs) 
and Metastatic Prostate Cancer 
(mPCa)                     

     Elisabetta     Rossi      and     Rita     Zamarchi    

5.1          CTCs as Prognostic 
and Predictive Biomarker 

 The process by which we are fi nally able to 
license any clinical-pathological parameter as a 
biomarker passes through some mandatory steps, 
namely, analytical validity, clinical validity and, 
hopefully, clinical utility [ 1 ]. 

 In particular, the clinical validity defi nes a test 
that is clinically usable [ 1 ], on the basis of reli-
ability, accuracy, and needed sensitivity and on 
specifi c and predictive value for impacting patient 
care. On the other hand, with clinical utility, we 
refer to the ability of a test to be used into the 
medical practice, because of an improved benefi t 
or reduction in cost beyond the best available test. 

 CTCs could affect the clinical utility in PCa in 
different manner:

    1.    From changing treatment decision (stopping a 
therapy that does not work or on the contrary, 
continuing a therapy benefi cial for patients)   

   2.    Improving tolerability of a systemic regimen   

   3.    Improving survival (improving treatment 
selection and reduction in toxicity)   

   4.    Improving cost-effectiveness (with reduction 
of ineffective drug explosion time) [ 2 ]     

 In European countries, during the last decade, 
the 5-year relative survival percentages for PCa 
steadily increased from 73.4 % in 1999–2001 to 
83.4 % in 2005–2007 [ 3 ]. This encouraging result 
is undoubtable due to the extensive use of PSA 
screening and the radical prostatectomy, despite 
the other side of the coin being that the number 
needed to treat to prevent one death at 18 years of 
follow-up was eight men [ 4 ], a relevant rate of 
overdiagnosis and overtreatment. 

 However, due to the nonnegligible risk of the 
incidence of distant metastases over the next 18 
years after the fi rst diagnosis (a cumulative inci-
dence of 26.1 % in the radical prostatectomy 
group and of 38.3 % in the watchful waiting 
group, respectively) [ 4 ], the need to improve our 
capacity to stratify PCa patients according their 
risk of disease recurrence remains high. 

 This is particularly relevant for a public, uni-
versalistic health system like the European one. 
Indeed, because of the expected increase of life 
expectancy and incidence of PCa, we can expect 
that the disease’s economic burden in Europe will 
also increase substantially. It is estimated that the 
total economic costs of PCa in Europe exceed € 
8.43 billion [ 5 ], with a high proportion of the 
costs of PCa care occurring in the fi rst year after 
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diagnosis. In European countries with available 
data (UK, Germany, France, Italy, Spain, the 
Netherlands), this amounted to € 106.7–179.0 
million for all PCa patients diagnosed in 2006. 

 The fi rst analytically and clinically validated 
CTC detection platform was the CellSearch® sys-
tem. In a fi rst published clinical study, the plat-
form was tested in patients ( n  = 964) from 
different cancers and in 324 healthy donors or 
benign disease samples. In 123 patients (188 
samples) affected by metastatic prostate cancer, 
77 samples showed more than 5 CTCs/7.5 ml of 
peripheral blood. Based on the absence of CTCs 
in healthy controls, a high specifi city (>99 %) 
using a cutoff of a single CTC was observed [ 6 ]. 
In mPCa the number of CTCs detected per 
7.5 mL of whole blood can range widely depend-
ing on the context. 

 Speaking about PCa, Moreno et al. fi rstly 
reported in 2001 that CTC levels can be quanti-
fi ed in the circulation of these patients and that 
the change of the numbers of CTCs correlates 
with disease progression with no diurnal varia-
tions [ 7 ]. In 2007, Danila and colleagues reported 
that the number of CTCs before therapy provides 
unique information relative to prognosis and that 
the shedding of cells into the circulation repre-
sents an intrinsic property of the tumor, based on 
the extent of the disease [ 8 ]. 

 In 2008, the results of the fi rst important trial 
that studied the association of CTC count with 
overall survival (OS) in castration-resistant pros-
tate cancer (CRPC) (IMMC-38, NCT00133900) 
were published. In this trial, 276 patients affected 
by CRPC were prospectively evaluated; the CTC 
counting was performed at diagnosis and after 
initiation of treatment with cytotoxic chemother-
apy. This study demonstrated that an unfavorable 
CTC level, defi ned as a value equal or higher than 
5 cells/7.5 mL, was associated with a shorter 
median overall survival at all predefi ned time 
points (6.7–9.5 months vs. 19.6–20.7 months; 
HR, 3.6–6.5;  P  < 0.0001) [ 9 ]. 

 At baseline, 57 % of patients had an unfavor-
able CTC count with a decreased median survival 
of 11.5 months; this fi nding was signifi cantly 
lower when compared with 21.7 months for 
patients with a favorable CTC count (defi ned as 

CTC level lower than 5 cells/7.5 mL). Patients 
converting from unfavorable CTC level at base-
line to favorable CTC count after treatment had a 
corresponding improvement in median OS (from 
6.8 month to 21.3 month, respectively). The CTC 
count prior to and following initiation of treat-
ment was the strongest prognostic factor, supe-
rior to prostate-specifi c antigen (PSA) and many 
established prognostic variables. 

 In the next paragraphs, we will address the 
main open question about the clinical manage-
ment of mPCa, with the intent to underscore how 
the extended use of CTC detection and character-
ization can offer further benefi t to these patients.  

5.2     Can We Use the Enumeration 
of CTCs for Planning PCa 
Prevention Strategies? 

 Increasing age, ethnic origin, and heredity have 
been associated with higher risk of developing 
clinical PCa. However, if the frequency of inci-
dentally- and autopsy-detected cancers is roughly 
the same in different parts of the world [ 10 ], the 
incidence of clinical PCa differs widely between 
different geographical areas. Notably, if Japanese 
men move from Japan to Hawaii, their risk of 
PCa increases; if they move to California, their 
risk increases even more, approaching that of 
American men [ 11 ]. 

 These fi ndings indicate that exogenous factors 
affect the risk of progression from latent to clini-
cal PCa, including alimentary and sexual behav-
ior, alcohol consumption, exposure to ultraviolet 
radiation, chronic infl ammation [ 12 ,  13 ], and 
occupational exposure [ 13 ]. On this basis, PCa 
may be an ideal candidate for exogenous preven-
tive measures that might include dietary and 
pharmacological prevention, particularly if we 
considered the high prevalence and long latency 
of this endocrine-dependent malignancy. 

 However, the availability of serum markers 
and the identifi cation of prostatic intraepithelial 
lesions are mandatory to plan effi cacious preven-
tion. Indeed, if hereditary factors are important in 
determining the risk of developing clinical PCa, 
exogenous factors play a role in the risk of 
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 progression. Unfortunately, due to the lack of a 
reliable marker for identifying these patients, 
there is, as yet, insuffi cient evidence to recom-
mend lifestyle changes (such as a reduced intake 
of animal fat and an increased intake of fruit, 
cereals and vegetables) in order to decrease this 
last risk [ 14 ]. 

 Unlike early breast cancer, in which prognos-
tic and predictive impact of tumor cells in periph-
eral blood or bone marrow was largely provided 
[ 15 – 17 ], the role of CTCs in localized PCa is far 
from clear. Whereas some authors were unable to 
fi nd a signifi cantly higher number of CTCs in the 
setting of localized PCa [ 18 ], more recently close 
to 50 % of CTC-positive patients have been 
reported in men candidates to undergo radical 
prostatectomy because of positive biopsy for 
 cancer [ 19 ]. If we can use CTC count to plan any 
prevention strategy at least in these patients 
remains an open question that deserves ad hoc 
designed studies.  

5.3     Can We Use the Enumeration 
of CTCs for Choosing 
the Treatment of mPCa? 

 Discriminating among widely advanced disease 
versus locally advanced disease (clinical stage 
T3) drives the treatment choice of PCa. Generally, 
after a radical prostatectomy, the PSA level 
should be less than 0.2 ng/mL, and after radiation 
therapy the level should be less than 0.5 ng/mL 
[ 20 ]. The most common presentation of advanced 
PCa is a patient with a rising PSA level in whom 
initial local therapy has failed; this condition is 
defi ned as “biochemical failure,” and it deter-
mines a change of treatment. 

 Historically, systemic therapy for metastatic 
and advanced prostate cancer has included 
androgen suppression. In metastatic disease, this 
palliative therapy has yielded a median progres-
sion-free survival (PFS) of 18–20 months and an 
overall survival (OS) of 24–36 months. However, 
virtually all patients develop hormone- refractory 
disease. 

 Despite the steady decline in the incidence of 
newly diagnosed mPCa and microscopic lymph 

node metastasis, from 20 % in the 1970s to 3.4 % 
in the 1990s, the risk of extra-prostatic disease in 
patients with clinically localized disease remains 
high, at 30–60 %, despite initial treatment with 
intent to cure. In some cases of hormone- 
refractory prostate cancer, the prostate cancer 
may continue to exhibit hormone dependence; 
however, so far we cannot predict whether these 
patients may benefi t from androgen withdrawal 
versus continued hormone therapy. 

 Indeed, despite the great effort employed, 
often rewarded by a net improving of clinical 
results, we still live in an imperfect world, so the 
main clinical and research unanswered question 
in CRPC has been to defi ne and standardize  pro-
gression as an objective end point , in order to 
optimize duration of any systemic therapy [ 21 ] 

 The defi nition of a rising PSA level is not con-
sistent in the literature, but many agree that the 
occurrence of two consecutive PSA level eleva-
tions can be considered biochemical failure. 
Other important prognostic indicators include the 
PSA velocity, time to PSA nadir, time to PSA 
recurrence, and pattern of PSA recurrence. 
Denham et al. reported that the PSA doubling 
time and the time to biochemical failure could 
provide useful surrogate endpoints for prostate 
cancer-specifi c mortality, potentially meaning 
that the follow-up period in clinical trials can be 
signifi cantly reduced. However, further studies 
are still needed [ 22 ]. 

 Speaking about other clinical-pathological 
criteria (and putative surrogate endpoints), pre-
treatment Gleason score, clinical stage, PSA 
level, and percentage of positive core biopsy 
results have been found to be reliable predictors 
of failure following local therapy. Unfortunately, 
no means of identifying recurrences limited to 
the pelvis is reliable. Although a Gleason grade 
of 7 or less is associated with a better prognosis 
than a grade of 8 or more, if the PSA level rise 
occurs after 2 years following local treatment, the 
 associated survival likelihood is greater than if 
the rise occurs before 2 years. 

 In a study, based on an evaluation of data 
from the Radiation Therapy and Oncology 
Group 92–02 randomized trial, Ray et al. deter-
mined that distant metastasis and general failure 
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of  clinical treatment at 3 years might be candi-
dates as surrogate endpoints for prostate cancer-
specifi c survival at 10 years, potentially 
shortening the duration of clinical trials for pros-
tate cancer. According to investigators’ conclu-
sions, these endpoints still need to be validated 
in other datasets [ 23 ]. 

 On this basis, we should not be surprised if the 
decision algorithm for initiation of treatment for 
biochemical failure is controversial. Certain fac-
tors to consider include the type of local therapy 
previously instituted (if any), the patient’s life 
expectancy, the intention and likelihood of cure, 
the risk for increased morbidity, and the patient’s 
quality of life. So far, no guidelines have been set 
for treating patients with advanced PCa in whom 
local therapy has failed. 

 The enumeration of CTCs in the peripheral 
blood of mPCa patients might contribute to 
address this issue, and several clinical studies 
reported results concerning the potential of this 
parameter as surrogate marker of overall survival 
(OS) in mPCa (reviewed by de Bono et al. [ 24 ]). 

 For example, Goldkorn and colleagues [ 25 ] 
published the result of SWOG S0421 that 
addressed the prognostic and predictive value of 
CTC enumeration prospectively, in a large phase 
III cohort treated homogenously with docetaxel—
the standard fi rst-line chemotherapy for 
mCRPC. The authors could validate baseline 
CTC counts as prognosticator and demonstrated 
that rising CTCs at 3 weeks heralded signifi -
cantly worse OS, potentially serving as an early 
metric to help redirect and optimize therapy in 
this clinical setting. The prognostic value of 
CTCs was also reported in metastatic hormone- 
sensitive PCa by SWOG S0925 [ 26 ], despite that 
the little number of evaluable patients ( n  = 39) 
included in the study requires to be confi rmed in 
larger studies. 

 A comparison of individual prognostic value 
of CTCs and objective response criteria has been 
also prospectively conducted in mCRPC treated 
by fi rst-line docetaxel [ 27 ]. The authors included 
morphological RECIST and clinical criteria, as 
well as PSA decline, for evaluating patients’ sur-
vival. This small pilot study ( n  = 33) offers the 
rationale to larger validation studies, and the 

authors concluded that CTC counts appear to be 
an earlier and more sensitive predictor for sur-
vival and treatment response than current objec-
tive response approaches. In other words, CTCs 
might provide complementary information for 
individualized treatment strategies. 

 Notably, the use of CTCs as an earlier surro-
gate marker of OS might contribute to reduce the 
time and the cost of clinical studies focused to 
identify men likely to respond to new available 
therapies. Indeed, CTC enumeration was included 
as an outcome measure into the abiraterone ace-
tate phase III registration trial (COU-AA-301) in 
patients with mCRPC previously treated with 
docetaxel [ 28 ]. 

 Similarly, CTC count was embedded as a bio-
marker endpoint into the AFFIRM trial that con-
ducted to the approval of enzalutamide for 
post-chemotherapy CRPC, based on the OS bene-
fi t. In this trial, the higher rate of conversion from 
unfavorable to favorable CTC count and the lower 
conversion from favorable to unfavorable CTC 
count for enzalutamide relative to placebo were 
consistent with the observed OS benefi t [ 29 ].  

5.4     CTC Detection Methods: 
Looking to Consensus 
Criteria 

 The main reason of the CTC success as potential 
surrogate endpoint comes from afar and depends 
on a strong biological evidence, sustained by the 
robustness of detection methods. 

 In 1869, for the fi rst time, CTCs were observed 
in the blood of a man with metastatic cancer by 
Thomas Ashworth, who postulated that “cells 
identical with those of the cancer itself being 
seen in the blood may tend to throw some light 
upon the mode of origin of multiple tumors exist-
ing in the same person.” A thorough comparison 
of the morphology of the circulating cells to 
tumor cells from different lesions led Ashworth 
to conclude that “One thing is certain, that if they 
[CTC] came from an existing cancer structure, 
they must have passed through the greater part of 
the circulatory system to have arrived at the inter-
nal saphena vein of the sound leg” [ 30 ]. 
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 In 1874 De Morgan postulated that cells 
derived from a primary tumor could escape and 
travel through environ tissue and invade new 
areas, using lymphatic or blood vessels [ 31 ]. 

 Twenty years after Ashworth, Stephan Paget, 
a surgeon in the UK, proposed the “seed and soil” 
theory, the theory that suggests that a tumor cell – 
the seed – either sleeps or thrives within the 
unique environment of each organ [ 32 ]. 

 The fi rst systematic study using smears blood 
from cancer patients, in 1934, demonstrated the 
presence of CTC in 43 % of cases [ 33 ]. 

 Only in 2003 the soil theory was verifi ed, an 
analysis of CTCs that is a “seed” in the blood has 
been considered to be a very important fi eld in 
clinical prediction. In 2004, a clinical study was 
reported showing the importance of CTC as a 
prognostic factor. Strong evidence for CTCs as 
prognostic markers has been documented for 
breast cancer [ 34 ], but CTC detection is also con-
nected to metastatic relapse and progression in 
other tumor entities, including prostate, lung, and 
colorectal cancer. 

 The process of metastatic spread from the pri-
mary tumor site into distal organs is still not well 
understood. Recent studies suggest an early spread 
of tumor cells to lymph nodes or bone marrow 
(BM) referred as “disseminated tumor cells” 
(DTCs) or as “circulating tumor cells” (CTCs) 
when present in the peripheral blood (PB) [ 17 ,  35 ]. 

 The rate of tumor cells that are released by 
cancer is not known, but different studies esti-
mate that millions of cells are dispersed into the 
body. The evidence demonstrated that only few 
tumor cells are able to overcome the lack of cell 
matrix interaction and escape the immunosur-
veillance, thus, to survive in the bloodstream and 
reach a distant organ and eventually grow into a 
metastasis. 

 Only in 2007, for the fi rst time, the American 
Society of Clinical Oncology (ASCO) cited CTC 
and DTC in recommendations on tumor markers. 
Recently, the American Joint Committee on 
Cancer has proposed a new category, M0(i+), for 
TNM staging in breast cancer (BC). This category 
is defi ned as “no clinical or radiographic evidence 
of distant metastases, but deposits of molecularly 
or microscopically detected tumor cells (no larger 

than 0.2 mm) in blood, bone marrow, or other 
non-regional nodal tissue in a patient without 
symptoms or signs of metastases.” 

 More recently, Bidard and colleagues demon-
strated the clinical validity of the CTC assay, as 
performed by the CellSearch platform, reaching 
the level I of evidence by the pooled analysis of 
individual data obtained from close to two thou-
sand European metastatic BC [ 36 ]. 

 CTCs are very rare cells as only one CTC is 
contained in about 1 × 10 8  or 1 × 10 9  of blood cells 
in cancer patients’ blood, thus their detection and 
characterization requires highly sensitive and spe-
cifi c methods. To date, the only method FDA 
approved is the CellSearch system. This platform 
takes advantage of the fact that carcinomas derive 
from epithelial cells that are not normally found in 
the bloodstream. From 7.5 ml of blood, CTCs are 
immune-magnetically enriched with a specifi c 
antibody for epithelial cell adhesion molecule 
(EpCAM) coupled with ferrofl uid. In a second 
step, the enriched cells were stained with a nucleic 
acid dye, DAPI, and a monoclonal antibody 
directed against cytokeratins (CK) 8, 18, and 19; 
in order to exclude contaminating leukocytes, an 
antibody that identifi es CD45 is included. An auto-
mated microscope collects the images of any fl uo-
rescent event and proposes a photo gallery to a 
trained operator for the manual scoring of CTCs 
(see Fig.  5.1 ). 

 Currently there are many methods in order to 
isolate and detect CTCs, follow you fi nd an over-
view of strategies used to capture CTCs and spe-
cifi c examples from every kind (see Table  5.1 ).

    Methods that use immunoaffi nity purifi cation 
strategy  have proven to be an effi cient way to cap-
ture CTCs and for this is the most widely used. 
They typically use anti-EpCAM antibodies but 
also other antibodies that recognized tumor- 
associated antigen, acting as capturing elements 
for CTCs from human whole blood. The main 
example is the CellSearch platform, but there are 
also CTC-chip, an array of 78,000 microspots 
coated with anti-EpCAM antibodies, Adna Test 
and Mag-Sweeper Isofl ux that use a cocktail of 
antibodies specifi c to kind of cancer, and the 
GILUPI CellCollector® that is the fi rst in vivo 
CTC isolation product worldwide which is CE 
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   Table 5.1    Methods for CTC detection   

 Assay  Enrichment  Detection  Key features 

 CellSearch®  EpCAM mAb coupled 
ferrofl uid 

 Immunofl uorescence: CTC is positive 
for CKs 8, 18, and 19 and nucleus 
positive for DAPI negative for CD45 

 Semiautomated system 
with FDA approval for 
metastatic breast, 
colon, and prostate 
cancer. CTC can be 
enumerated and 
visualized 

 Adna Test  Antibody cocktail 
(MUC1, EpCAM) 
coupled microbeads 

 Molecular biology: RT-PCR positive 
for at least one of the following 
markers: MUC1, Her2,  EpCAM 

 This system does not 
quantify the tumor cell 
load; false-positive 
results are due to 
unspecifi c amplifi cation 

 MACS  EpCAM mAb coupled 
beads 

 Microscope visualization: morphology, 
high surface area to volume 

 Possibility to positive/
negative enrichment 

 MagSweeper  EpCAM mAb coupled 
ferrofl uid 

 Microscope visualization: morphology  High purity can process 
WB, 9 ml/h throughput 

 Ariol system  CK antibodies and 
EpCAM antibodies 
coupled to microbeads 

 Positive markers: CKs  Possibility to detect of 
EpCAM + and EpCAM- 

  Fig. 5.1    In this picture, it is possible to see CTCs with 
different morphology detected with CellSearch platform. 
CTCs are immune-magnetically enriched with a specifi c 
antibody for epithelial cell adhesion molecule (EpCAM) 

coupled with ferrofl uid. In a second step, the enriched 
cells were stained with a nucleic acid dye, DAPI (in  pur-
ple ), and a monoclonal antibody directed against cyto-
keratins (CK) 8, 18, and 19 (in  green )       
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Table 5.1 (continued)

 Assay  Enrichment  Detection  Key features 

 CTC-Chip  Microsoft array: 
EpCAM coupled 
microspots 

 Immunofl uorescence: CTC is positive 
for CKs 8, 18, and 19 and nucleus 
positive for DAPI negative for CD45 

 Microspots are 
optimized for 
cell-antibody contact, 
1–2 ml/h, high 
detection rate even in 
M0 patients 

 Ephesia  Self-assembly of 
magnetic beads in 
columns 

 Immunofl uorescence or 
immunocytochemistry: CTC is 
positive for CKs 8, 18, and 19 and 
nucleus positive for DAPI negative for 
CD45 

 Flexibility with capture 
antibody 

 Isofl ux  EpCAM-coated 
magnetic beads 
combined with 
microfl uidic processing 

 Immunocytochemistry for cytokeratin, 
CD45, and Hoechst 

 Automated, continuous 
fl ow 

 CTC iChip®  Magnetic bead capture 
combined with 
microfl uidic inertial 
focusing 

 Immunocytochemistry or RT-PCR  Positive/negative 
enrichment, remove 
nucleated cells from 
whole blood by 
size-based defl ection 
by using a specially 
designed array of posts 
performed in CTC- 
iChip1, inertial 
focusing to line up 
cells to prepare for 
precise magnetic 
separation and 
magnetophoresis for 
sensitive separation of 
bead-labeled WBCs 
and unlabeled CTCs 

 GILUPI cell collector  Functionalized 
EpCAM-coated medical 
wire 

 Immunocytochemistry for EpCAM, 
cytokeratin, and DAPI 

 In vivo collection 

 Ficoll-Paque®  Density  Immunocytochemistry  Inexpensive, easy to 
use 

 OncoQuick  Density/size  Immunocytochemistry/RT-PCR  Density gradient 
centrifugation with 
OncoQuick results in 
higher relative tumor 
cell enrichment than 
Ficoll density gradient 
centrifugation 

 ISET®  Filtration based on cell 
size 

 Immunocytochemistry/FISH  Epithelial and 
mesenchymal tumor 
cells can be isolated 

 ScreenCell®  Filtration based on cell 
size 

 Immunocytochemistry/FISH  Epithelial and 
mesenchymal tumor 
cells can be isolated 

 VyCAP  Filtration based on cell 
size 

 Filtration based on cell size  Epithelial and 
mesenchymal tumor 
cells can be isolated 

(continued)
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approved. This device resembles a venous blood 
withdrawal. The GILUPI CellCollector® is placed 
directly into the bloodstream of a patient via an 
indwelling catheter (size 20 G, pink), remains in 
the arm vein for 30 min, and thus enables the cap-
ture of a large number of CTCs in vivo [ 37 ]. 

 It is also known that tumor cells are a hetero-
geneous population, and EpCAM is not con-
stantly expressed on them. Furthermore, it has 
been noted that circulating tumor microemboli 
(CTM) or CTCs with epithelial mesenchymal 
transition (EMT) which are attracting attention 
these years show no or weak expression of 
EpCAM, and therefore they are not detectable by 
the method above. For this reason, methods to 
isolate CTCs based on their  physical properties , 
 including density ,  size ,  deformability ,  and elec-
trical properties have been developed .

   Some groups use  density gradient centrifu-
gation methods  for separating CTCs in mono-
nuclear fraction based on cell density as 
centrifugation with Ficoll-Paque solution or 
OncoQuick (combine a porous fi lter for size-
based separation in conjunction with gradient 

centrifugation). The isolation is in general fol-
lowed by an RT-PCR specifi c for CK. The most 
promising method is leukapheresis in which 
white blood cells are separated from a sample of 
blood. In this way, a large volume of patient’s 
blood could be analyzed for CTCs; the result is 
an improvement in the number of CTCs isolated 
and in sensitivity for downstream analysis and 
characterization. 

  Microfi ltration and microfl uidics  are also 
employed: with microfi ltration CTCs are retained 
on the basis of size, assuming that CTCs are 
larger than leukocytes. The two main techniques 
are ISET [ 38 ] that uses a polycarbonate fi lter 
with 8 μm diameter circular pores for CTC 
enrichment and ScreenCell that uses circular 
track-etched fi lters; the pores’ range is 7.5–
6.5 μm. This methods’ advantage is that CTCs 
can be isolated as living cells without fi xation. 
Nowadays, inexpensive and convenient devices 
are available, but they are disadvantageous in that 
the blood samples have to be isolated in a short 
time after drawing. Recently De Wit and col-
leagues [ 39 ] were able to isolate CTCs onto a 

 Assay  Enrichment  Detection  Key features 

 Dean fl ow fractionation  Size-based selection 
using centrifugal force 

 Immunocytochemistry for cytokeratin, 
EpCAM, CD45, and Hoechst 

 Non-epithelial cells can 
be isolated 

 Dielectrophoretic 
fi eld-fl ow fractionation 

 Membrane capacitance  Immunocytochemistry  CTCs selected are 
viable 

 DEPArray™  Enables movement of 
cells within chip by 
electric fi eld changes 

 Fluorescence imaging  Requires pre- 
enrichment step/
isolation of purifi ed 
single cells for 
downstream analysis 

 ApoStream®  Dielectrophoretic 
technology in a 
microfl uidic fl ow 
chamber 

 Fluorescence imaging  Isolation of purifi ed 
single cells for 
downstream analysis 

 EPISPOT assay  CD45 depletion and 
short-term culture in 
plates coated in 
antibody against 
MUC-1, PSA, or 
cytokeratin-19 

 Immunofl uorescence secondary 
antibodies to MUC-1, PSA, or 
cytokeratin-19 

 Detection of only 
viable CTCs 

 Vita-Assay TM  or 
Collagen Adhesion 
Matrix (CAM) 
technology 

 Density gradient 
centrifugation and cells 
applied to CAM for 
short-term culture 

 Immunocytochemistry for cell-surface 
markers 

 Detection of only 
viable CTCs with the 
invasive phenotype 

Table 5.1 (continued)
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silicon membrane with 5 μm diameter circular 
pores. Using microfl uidic tool to retain CTCs, the 
size and deformability of these cells can be 
explored. 

  The dielectrophoresis (DEP)  exploits the 
electrical properties of CTCs, to discriminate 
them from leukocytes by applying a nonuniform 
electric fi eld. Gupta and colleagues developed 
ApoStream instrument for fi le fl ow fractionation 
[ 40 ], and Manaresi and colleague [ 41 ] developed 
DEPArray, based on a microfl uidic cartridge that 
contains an array of individually controllable 
electrodes, each with embedded sensors. This 
circuitry enables the creation of dielectrophoretic 
(DEP) cages around cells. After imaging, indi-
vidual cells of interest are gently moved to spe-
cifi c locations on the cartridge, e.g. for cell-cell 
interaction studies or into the holding chamber 
for isolation and recovery. 

  Functional assay     CTCs could also be enriched 
by an approach that utilizes the functional aspect 
of CTCs as invasiveness and secretion of specif-
ics protein. So far, only two technologies use this 
strategy, namely, EPISPOT and VitaAssay TM . By 
the fi rst, membrane immune-captures specifi c 
proteins secreted near of the cells. The second 
method takes advantage of the propensity of cells 
to invade into collagenous matrices.  

 Notably, the numbers of CTCs reported vary 
widely between different platforms; for this rea-
son, there is a need of a uniform, clear, and con-
cordant defi nition of criteria for defi ning an event 
as a CTCs. About CellSearch platform, many 
studies have been performed, and all this show a 
high level of concordance also if the classifi ca-
tion is operator dependent [ 42 – 44 ]. 

 However, the same level of evidence has not 
been yet obtained for other different platforms; 
the studies are few, and the great majority of 
them are lacking of automation in the classifi ca-
tion of CTCs. 

 Hopefully, this step will be overcome in a few 
years through the results of the CANCER-ID 
(IMI-JU-11-2013, EoL no. 115749-1, “Cancer 
treatment and monitoring through identifi cation 
of circulating tumor cells and tumour related 
nucleic acids in blood”), an EU-founded project 

that, among other, is working to an open source 
computer program to identify CTCs from image 
obtained by different platforms. Indeed, the main 
purpose of the consortium, which so far collected 
37 partners among academic and industry world, 
is to construct a consensus about the minimum 
criteria necessary and suffi cient to defi ne an event 
as a CTC (  http://www.cancer-id.eu/    ).  

5.5     Molecular Characterization 
of CTCs in mPCa 

 CTCs represent a source of tumor specimen use-
ful for molecular studies without the invasiveness 
of a tumor biopsy; at the same time, by collecting 
sequential blood samples, CTC study allows lon-
gitudinal analyses in order to assess the effect or 
lack of effect of treatments. 

 Especially in prostate cancer (PCa), and into 
the age of target therapy, molecular characteriza-
tion of CTCs should bring advances in the cur-
rent lack of biomarkers specifi c for individualized 
treatment. Characterization of CRPC disease in 
clinical studies is challenging, for its heterogene-
ity and because often metastases are exclusive to 
the bone, a site which is diffi cult to reach. 

 A wide assortment of protein- and genome- 
based assay can be performed on CTCs. The 
most common ones are immunohistochemistry, 
immunofl uorescence, gene-copy-number analy-
sis using comparative genomic hybridization 
(aCGH), genomic sequencing analysis, epigene-
tic studies, and fi nally next-generation sequenc-
ing (NGS). 

 The common approach of immunophenotyp-
ing of CTCs is the complemented assay of enu-
meration; the only drawback is that the number 
of antibodies necessary to identify CTCs limits 
the number of characterizations. By using 
CellSearch system, it is possible to introduce an 
additional antibody conjugated to a fl uorochrome 
in order to evaluate the CTC expression of spe-
cifi c antigens. Many studies in CRPC focus on 
the expression of androgen receptor (AR) by 
using an antibody directed against AR, and the 
presence of genomic AR amplifi cation is then 
confi rmed by FISH analysis [ 45 ]. 
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 This approach is aimed at monitoring the 
response to the AR targeting agents, like enzalu-
tamide and abiraterone. In fact, prostate cancer 
could develop resistance to androgen receptor 
therapy by way of amplifi cation, mutation, or 
spliced variant of AR or autocrine androgen syn-
thesis [ 46 – 49 ]. 

 M. Crespo [ 45 ] analyzed 94 samples from 48 
patients affected by metastatic CRCP using 
CellSearch platform with an additional antibody 
specifi c for AR. In this study, the authors com-
pared patients grouped by the absence of prior 
exposure vs. resistance to abiraterone or enzalu-
tamide. A large intra- and inter-patient hetero-
geneity of AR expression in CTCs was observed. 
Crespo and colleagues did not observe a differ-
ence in nuclear AR expression in CTCs in 
CRCP, suggesting that there are no changes in 
nuclear AR expression following development 
of resistance to novel endocrine agents in 
CRCP. However, we observed that the antibody 
chosen by the authors did not distinguish AR 
full length from AR-V7 or other spliced iso-
forms of this protein. 

 Speaking about the expression of AR and 
AR-V7 variant, Miyamoto uses the CTC-iChip, 
a microfl iudic device, in order to sequence 
RNA of 77 single CTCs from 13 PCa patients, 
of whom 11 were CRCP [ 50 ]. This study pro-
vided several important observations, fi rstly 
that about one-sixth of CTCs co- expressed 
more than one AR splice variant (AR-V7). This 
fi nding does not agree with the common opin-
ion that several variants are co- expressed in 
tumor tissue and/or CTCs and that they may be 
competing with full-length AR (AR- FL) for 
dimerization, which is required for transcrip-
tional activity. They also observed the presence 
of other AR variants, like AR-V1, AR-V3, and 
AR-V4 in 5 out of 11 patients and AR-V7 and 
AR-V12 in 8 out of 11 patients. These results 
revealed a more complex and heterogeneous 
pattern regarding AR spliced-variant expres-
sion in the CTC compartment that was not 
revealed in primary tumors. Interestingly, the 
researchers also observed an inverse relation-
ship between glucocorticoid receptor (GR) and 
non- canonical Wnt signaling in enzalutamide- 

progressing patients; both these pathways can 
be activated in drug resistance in PCa, and the 
fi nding suggests the presence in a part of CTC 
population of an AR-independent drug resis-
tance pathway. In the small group observed by 
Miyamoto, he did not fi nd a substantial enrich-
ment in AR-V7 expression in patients treated 
with enzalutamide compared with the cohort 
enzalutamide naïve. 

 This is in contrast with the Antonarakis and 
colleagues study that demonstrated that the resis-
tance to treatment with enzalutamide and abi-
raterone was associated with expression of 
AR-V7 in CTCs. Notably, Antonorakis and col-
leagues studied the outcomes of 31 CRCP 
patients according to the presence of AR-V7 
RNA, as detected by AlereTM CTC Adna Test. 
These authors concluded by proposing the pres-
ence of AR-V7 as a predictive biomarker for lack 
of clinical benefi t of this target drug [ 51 ]. 

 Genomic changes showed by CGH array and 
limited sequencing have been reported on CTCs 
isolated by using CellSearch platform. Analysis 
in pared tumors, metastasis, and CTCs suggests 
that most mutations detected in CTCs were pres-
ent at a low level in the primary tumors [ 52 ]. 

 By using different methods to count and iso-
late CTC (HD-CTC), Dago and colleagues char-
acterized 41 CTCs collected at four clinical time 
points. They were able to demonstrate the emer-
gence of distinct CTC subpopulations with spe-
cifi c molecular alterations that were associated to 
the clinical course of disease and the treatment 
with targeted ADT [ 53 ]. 

 A study carried out with Epic CTC platform, 
a system without enrichment that spots nucle-
ated cells onto glass microscope slides, revealed 
that CTCs and WBC are characterized by dis-
tinct PTEN and CEP10 genotypes, and CTCs 
showed an increased ploidy and a heterogeneous 
status of PTEN. By using FISH analysis, the 
authors [ 54 ] demonstrated a good correlation 
between PTEN in CTCs and in fresh tumor tis-
sue. Notably, PTEN loss in CTCs (as well as in 
tumor biopsy) was associated with a worse 
prognosis. 

 Recently, a study also revealed that in meta-
static neuroendocrine prostate cancer, the CTCs 
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were heterogenic for CK and AR expressions; the 
expression of AR was much lower, and the pres-
ence of AR was localized into the cytoplasm, 
contrary to CRPC that show AR in the nucleus. 
This characteristic in addition to morphology has 
a diagnostic potential in distinguishing NEPC 
from CRPC [ 55 ]. 

 Finally yet importantly, if we will be able to 
address the full molecular characterization of 
CTCs, we will probably realize the right concept 
of “liquid biopsy,” i.e., a minimally invasive pro-
cedure to investigate the malignancies through-
out the disease course. 

   Conclusions 

 The great majority of the studies that we have 
briefl y discussed here underscore the limits 
deriving from the need to enlarge the cohorts 
of patients studied and to receive an external 
validation as further independent confi rma-
tion. However, all of them indicate that CTC 
evaluation could provide information about 
disease heterogeneity, its clonal evolution, 
metastatic dissemination, and development of 
resistance to therapeutics in individual patient, 
throughout the continuum of the care. The 
study of this particular compartment of malig-
nancy offers fi rstly the opportunity to design 
the patient treatment onto the biology of his/
her disease.      
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6.1	 �Introduction

Prostate cancer is the second most diagnosed 
malignancy and the sixth cause of cancer-related 
death across the globe [1, 2]. There are some 
known risk factors for this cancer, including 
advanced age, lifestyle, race, using tobacco prod-
ucts, geographic area of living, positive history in 
immediate relatives, and distinct genetic muta-
tions [1–10].

More early-stage prostate cancers with resul-
tant less metastatic disease were diagnosed in 
the recent decades by using prostatic-specific 
antigen (PSA) as a screening examination 
worldwide. This also expectedly caused less 
cancer death. Nowadays, the clinicians use 
pathologic Gleason score, the PSA level, and 
patients’ clinical stage for risk stratification 
before treatment. They widely use PSA in 
patients’ follow-up after therapy [1, 11–14].

The imaging-guided tissue biopsy is routinely 
used for diagnosis confirmation. Locally 
advanced malignancy is seen in about 20 % of 
prostate cancer patients, and up to 35 % of cases 
present with metastatic disease [15].

Prostate cancer can potentially invade the sur-
rounding pelvic structures or distantly metasta-
size to the bone and lymph nodes, using either 
lymphatics or the bloodstream [16, 17]. Axial 
skeleton with high content of active bone marrow 
is the main destination for cancerous cells [18].

Prostate cancer could be fatal particularly in 
aggressive type if the malignancy extensively 
spread to the bone and distant soft tissue. 
However, most of the time, it is a slow-growing 
cancer, and given increased prevalence in 
advanced age, these patients often die from 
causes not related to prostate cancer. From those 
who die of prostate cancer, 80–90 % has already 
developed osseous metastases [1, 17, 19].

In order to choose the best treatment earlier 
and reduce morbidity in future, it is crucial to 
diagnose the skeletal metastases as soon as pos-
sible [20]. The first-line treatment for such 
patients is composed of androgen depravation 
with routine evaluation of serum testosterone and 
PSA levels [14]. If it fails, the next step will be 
the application of chemotherapy or radionuclide 
treatment [21].
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6.2	 �Conventional Radionuclide 
Imaging

6.2.1	 �99mTc-Bisphosphonate Planar 
Scintigraphy

Different radiotracers have been tried to evalu-
ate bone metastases from prostate cancer; 
however, Tc-99  m-bisphosphonates such as 
Tc-99  m-methylene diphosphonate (99mTc-
MDP) and Tc-99  m 3,3-diphosphono-1,2-
propanedicarboxylic acid (99mTc-DPD) are the 
most common tracers which are widely used for 
this purpose [22–26].

Although it is not clearly recognized how 
99mTc-MDP is accumulated in pathologic bone 
lesions, however, it is assumed that 99mTc-MDP 
will be chemically adsorbed onto, and into, the 
crystalline structure of hydroxyapatite on osse-
ous surface. The uptake is in close relation with 
osteoblastic function and blood flow. Considering 
blastic nature of bone metastases from prostate 
cancer, those lesions will be clearly detectable on 
whole-body bone scintigraphy [27].

The reason that conventional 99mTc-MDP 
whole-body bone scintigraphy is wildly used to 
image bone metastases is because it is not only 
greatly sensitive and affordable but also easily 
reachable even in small nuclear medicine centers 
[28]. The planar whole-body scintigraphy is rec-
ommended for detection of skeletal lesions by 
major guidelines for prostate cancer [29]. However, 
large retrospective analysis demonstrated that bone 
metastases occurs in <1 % of patients with a serum 
PSA level of less than 20 ng/ml (negative predic-
tive value of approximately 100 %) [30]. In order to 
limit futile diagnostic imaging and procedures, the 
guidelines such as American Urological Association 
(AUA) and European Association of Urology 
(EAU) recommend whole-body bone scintigraphy 
for cancers with Gleason score of >7 or patients 
with serum PSA level >20 ng/ml [29, 31]. It is also 
suggested by the National Institute for Clinical 
Excellence (NICE) of the United Kingdom for the 
assessment of bone metastases in intermediate and 
high-risk prostate cancer patients with a PSA level 
of greater than 10  ng/ml and Gleason score of 
greater than 6 [32].

Nevertheless, urologists prefer to evaluate 
their metastatic prostate cancer patients who 
complain of skeletal pain with bone scintigraphy. 
But they believe it is not needed if the patient is 
asymptomatic or the level of serum PSA is below 
10 ng/ml [33]. Also, 70 % of them who partici-
pated in a survey considered the whole-body 
bone scintigraphy as their follow-up method for 
the patients with rising PSA levels after surgery 
or radiation therapy [34]. Hence, 99mTc-MDP 
bone scan is applied to evaluate treatment 
response in patients with bone metastases from 
prostate cancer [35, 36]. However, the nuclear 
physicians need to differentiate between disease 
progression and “flare phenomenon,” the former 
with development of new metastatic lesions but 
the latter with increased intensity of previously 
seen metastases from prostate or breast cancer 
within the first week after hormonal therapy 
which may even persist by 6 months [37, 38].

Although the lesions which cannot trigger a 
reactive process or grow extremely slowly may 
cause a false-negative result on whole-body bone 
scintigraphy, this modality is still more sensitive 
when compared with plain x-ray imaging and 
may be able to demonstrate functional findings 
related to bone metastases several months earlier 
than anatomical changes detected by plain radi-
ography do [17, 39–42].

Despite a desirable sensitivity, the major limi-
tation of 99mTc-MDP bone scintigraphy is its rela-
tively low-specificity and false-positive results 
due to radiotracer accumulation in traumatic, 
degenerative, and infectious as well as postsurgi-
cal changes [43].

6.2.2	 �Bone Scan Index

Similar to many other nuclear medicine images, 
the whole-body bone scintigraphy is usually 
qualitatively and visually interpreted. In order to 
evaluate the metastatic disease from prostate can-
cer quantitatively on 99mTc-MDP scintigraphy, 
Imbriaco and colleagues invented a method in the 
late 1990s, renowned as bone scan index (BSI) 
[44], in which the percentage of total skeletal 
mass involved with metastases is reported [44, 45]. 
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It is strongly correlated with changes of serum 
PSA level, thus, used as a parameter for metasta-
ses progression and evaluation of response to 
treatment as well as a prognostic factor [18, 44, 
46, 47]. Reza and colleagues demonstrated sig-
nificantly different survival among patients with 
BSI of 0, ≤1 and >1  in baseline and follow-up 
whole-body bone scans [48]. Of the cons of this 
manual method is its time-consuming nature and 
dependency on interpreter for an appropriate 
report. To solve the problem and use the method 
in daily clinical practice, an automated method 
was developed which is faster and much more 
reproducible [49–51].

Another prognostic aspect of 99mTc-MDP 
whole-body bone scan is revealed by Rigaud and 
colleagues in a retrospective study. The prostate 
cancer patient with axial skeletal metastases dem-
onstrated more favorable survival, compared with 
patients who had metastases within appendicular 
skeleton (p = 0.048). By reviewing the total of 86 
patients, the median survival was determined as 
53 % versus 29 % in patients with axial and appen-
dicular metastases, respectively [14].

6.2.3	 �99mTc-Bisphosphonate SPECT 
and SPECT/CT

For complex skeleton such as the spine, hip, pel-
vis, and knee as well as small carpal and tarsal 
bones, it may be difficult to precisely detect or 
localize the bony lesions, using planar bone scin-
tigraphy. The calculated range of sensitivity and 
specificity for detection of bone metastases by 
conventional planar bone scintigraphy is 70–95 % 
and 60–75 %, respectively [17, 29].

To mitigate this shortcoming of reduced speci-
ficity, a supplemental modality such as single-
photon emission-computed tomography (SPECT) 
can be applied [52]. SPECT provides useful infor-
mation when analyzing the lesions in the spine as 
the prominent site for 99mTc-MDP-positive degen-
erative lesions. SPECT enhances the sensitivity, 
specificity, negative predictive value (NPV), posi-
tive predictive value (PPV), and accuracy of 99mTc-
MDP bone scan up to 92 %, 91 %, 94 %, 82 %, and 
90 %, respectively [53]. It is more specific and 

sensitive than planar bone scintigraphy particu-
larly for detection of lumbosacral lesions [54].

Although correlation of planar and SPECT 
bone scintigraphy with other imaging modalities 
such as magnetic resonance imaging (MRI), 
computed tomography (CT), or even plain radi-
ography will improve the accuracy, however, it 
will be in the expense of more imaging perfor-
mance and delayed in patient management [55]. 
Indeed, the hybrid SPECT/CT equipments miti-
gate this limitation by combining two techniques 
in a single performance and extracting both func-
tional and anatomic data. It is also capable of bet-
ter localization of abnormal 99mTc-MDP uptakes 
and determining the osseous metastatic lesions 
more accurately. This is particularly required for 
some skeletal regions such as the spine and tho-
rax, in which a combination of SPECT and CT or 
MRI is necessary for a correct diagnosis 
(Fig. 6.1).

Another application of hybrid SPECT/CT 
imaging is in the assessment of 99mTc-MDP-
positive benign bone abnormalities such as spon-
dylopathy, spondylarthrosis, and osteochondrosis. 
Interesting results revealed by Gnanasegaran and 
colleagues showed a better diagnostic confidence 
in differentiating benign from malignant skeletal 
lesions for interpreters when they used SPECT/CT 
images compared with SPECT images alone or 
side-by-side CT correlation [56]. A total of 57 
patients with bone metastases from prostate cancer 
which were interpreted as indeterminate on 
SPECT images had been enrolled in a study, per-
formed by Römer and colleagues. Among those 
equivocal lesions which approximately 64 % of 
them were localized in the spine, more than 90 % 
were clarified by additional hybrid SPECT/CT 
modality [57]. Helyar and colleagues retrospec-
tively evaluated 50 skeletal lesions from prostate 
cancer and found 61 % versus 8 % of equivocal 
lesions on planar/SPECT and SPECT/CT, respec-
tively. They concluded that in comparison with 
SPECT or planar bone scintigraphy, SPECT/CT is 
more accurate with better diagnostic confidence in 
assessment of osseous metastases from prostate 
cancer [58]. These data were confirmed in another 
study by Ndlovu and colleagues. They recruited 
42 patients who had a total of 189 bone metastatic 
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lesions. When compared with SPECT imaging 
alone, the SPECT/CT significantly reduced the 
number of indeterminate lesions (31 % vs 9 %, 
p < 0.0001). It also outperformed SPECT alone 
with an overall accuracy of 92 % versus 67 % 
(p < 0.0001) on a lesion-wise basis [59]. In another 
study, Sharma and colleagues realized that from 

49 indeterminate lesions on planar imaging, 48 
(96 %) were clarified with SPECT/CT method 
(p < 0.001) which shows a superiority for latter in 
correctly differentiate osseous metastases from 
prostate cancer. They also revealed that the man-
agement was changed in 61 % of patients based on 
SPECT/CT data compared with planar whole-

a b

Fig. 6.1  Prostate cancer patient with increased PSA level 
after radical prostatectomy. (a) 99mTc-MDP planar whole-
body bone scan in anterior (left) and posterior (right) 
views shows multiple increasing tracer uptakes (arrows) 

suggestive of bone metastases. (b) SPECT/CT from pelvis 
skeleton (CT upper, fusion lower) is able to better deter-
mine the suspicious lesions on whole-body scan (arrows)
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body bone scintigraphy [60]. In a most recent 
study, Palmedo and colleagues discovered signifi-
cantly better (p < 0.01) specificity (94 % vs 78 %) 
and positive predictive value (88 % vs 59 %) in the 
detection of osseous metastases for SPECT/CT 
scan compared with 99mTc-MDP bone scintigra-
phy and SPECT alone. The sensitivity calculated 
as 97 % versus 93 % and NPV as 97 % versus 
95 %. There was an approximately 30 % down-
staging for enrolled patients based on SPECT/CT 
data [61]. The abovementioned findings are sup-
ported in a review article by Ghosh who empha-
sized that SPECT/CT imaging provides higher 
accuracy and better diagnostic confidence in 
metastases localization and characterization of 
solitary or indeterminate skeletal lesions [62]. 
Indeed, the fact was confirmed by other investiga-
tors as well [17, 61, 63–67].

6.3	 �18F-NaF PET/CT

Conventional whole-body scintigraphy is rela-
tively inexpensive method of imaging and has 
some other advantages such as desirable sensitiv-
ity and widespread availability that makes it the 
first choice in diagnosing skeletal metastases 
from different cancers, including the lung, breast, 
and prostate. However, due to reduced spatial 
resolution, most notably within the spine, pelvic 
bones, and calvarium, the application of a high-
resolution imaging technique such as hybrid 
positron-emission tomography/computed tomog-
raphy (PET/CT) is warranted. More accurate 
than 99mTc-MDP planar bone scintigraphy or 
SPECT, the 18F-sodium fluoride (18F-NaF) PET/
CT had been used to assess skeletal metastatic 
disease (Figs. 6.2 and 6.3) [68].

As a positron-emitting radiopharmaceutical, 
the 18F-NaF had been firstly utilized to image osse-
ous structures more than four decades ago. 
However, the application was limited due to its 
high energy of 511 keV which was not optimal for 
gamma cameras and short half-life of only 
110  min. By the introduction of 99mTc-
bisphosphonates with desirable peak photon 
energy, the latter replaced completely for bone 
imaging. Then, the application of new modality 

had extended dramatically when its accuracy 
improved by development of SPECT and SPECT/
CT scans later [69]. Nonetheless, the use of PET 
scanners which are perfectly capable of detecting 
photons with 511  keV energy is markedly 
increased in the last decade, which, in turn, intro-
duced 18F agents again for research as well as in 
clinical studies.

The skeletal uptake of 18F-NaF and 99mTc-
MDP is in almost the same way. The agents che-
misorb to hydroxyapatite, with the production of 
fluoroapatite and a hydroxyl group [OH−]:

	
Ca PO OH F Ca PO F OH5 4 3 5 4 3

( ) + → ( ) +− −

	

This way, the radiotracers attach to the areas 
of new formation and mainly represent osteo-
blastic activity [27, 70].

18F-NaF has a first-pass clearance of approxi-
mately 100 %[71]. The bone structures take up to 
the half of the dose and another 30 % diffuse within 
the red blood cells. The remaining amount will be 
excreting by the kidneys within 6  h of injection 
[72]. Accordingly, the patients that undergo 18F-
NaF PET/CT should be perfectly hydrated by 
drinking more than half a liter of water before and 
after imaging and more frequently empty the blad-
der to hasten radiotracer excretion from the body 
and diminish radiation exposure to urinary bladder 
as the target organ [72, 73].

The recommended adult dose of 18F-NaF is 
40–100 μCi/kg (1.5–3.7 MBq/kg) or a maximum 
of 10  mCi (370  MBq) for oncologic PET/CT 
imaging [73]. It is usually 20–25  mCi (740–
925 MBq) for 99mTc-MDP [28]. The effective radi-
ation dose is 0.021 mrem and 0.089 mrem per mCi 
of 99mTc-MDP and 18F-NaF, respectively. However, 
due to less injected dose and shorter half-life of 
18F-NaF (110 min vs 6 h), the total actual radiation 
absorbed dose is quite similar [72–74].

The indications for 18F-NaF PET/CT are 
resembling to 99mTc-MDP whole-body bone scan 
and include the assessment of primary and sec-
ondary bone malignancies, evaluation of equivo-
cal findings of other imaging or lab modalities, as 
well as determination of response to therapy [17].

In a study by Langsteger and colleagues on 
22 patients with prostate cancer who underwent 
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a b
Fig. 6.2  Prostate 
cancer patient with 
known bone metastases 
and increasing PSA 
level after 
chemotherapy. (a) 
99mTc-MDP whole-body 
bone scan (posterior 
view) shows multiple 
bone metastases on the 
skeleton. (b) 18F-NaF 
PET (maximum 
intensity projection) is 
able to detect more 
metastatic lesions with 
significantly better 
resolution than 
convectional bone scan

a b c

Fig. 6.3  Staging from a high-risk cancer patient. (a) 99mTc-
MDP planar bone scan (posterior view) is unremarkable. 
(b) 18F-NaF PET (maximum intensity projection) shows 
suspicious increased tracer uptake on a thoracic spine. (c) 

18F-NaF PET/CT (transaxial images): intensive 18F-NaF 
uptake on a thoracic spine (upper, arrow) with correspond-
ing cortical destruction on CT (Mid), fusion image (lower) 
confirms the findings on PET and CT
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18F-NaF PET/CT, the modality was calculated to 
be 91 % sensitive, 83 % specific, and 88 % accu-
rate in evaluation of osseous metastases [75].

Considering high sensitivity of 18F-NaF PET to 
detect osseous lesions, however, interpreting all 
focal uptakes as metastasis causes an increased 
number of false-positive reports and reduced spec-
ificity of the modality. In fact, an integrated hybrid 
PET/CT system guides the interpreters to differen-
tiate benign from malignant lesions. This is spe-
cifically an important issue in the spinal lesions in 
most often old prostate cancer patients who are 
bearing extensive degenerative changes. Therefore, 
any abnormal focal uptake which is not correlated 
to joint surface or end plate should be considered 

as suspicious [76]. Similar to PET/CT scans with 
other radiopharmaceuticals, a shortcoming of 18F-
NaF PET/CT is the inability of tiny lesions to 
provoke a blastic reaction with resultant tracer 
uptake, particularly within the spine [77, 78].

Similar to conventional whole-body bone scintig-
raphy, the interpreters should be aware of “flare phe-
nomenon” when reviewing 18F-NaF PET/CT images 
for skeletal metastases from prostate cancer [79].

18F-NaF PET/CT scan has the potential for 
monitoring response to treatment in patients with 
osseous metastatic disease (Fig. 6.4). Hillner and 
colleagues released data based on the American 
National Oncologic PET Registry (NOPR) which 
demonstrated the impact of 18F-NaF PET/CT on 

a

b

c

d

Fig. 6.4  18F-NaF PET/CT (transaxial views); treatment 
monitoring of a prostate cancer patient with bone metasta-
ses before and after therapy. (a) PET image (left) shows a 
markedly increased 18  F-NaF uptake (left upper row, 
arrow) corresponding with a sclerotic lesion (mid upper 
row, arrow) on fourth lumbar spine on CT; fusion PET/

CT (right). (b–d) Follow-up 18F-NaF PET/CT shows 
decreasing pattern of 18F-NaF uptake on PET (left, 
arrows); however with increasing in Hounsfield unit (HU) 
of the sclerotic lesion (mid, arrows); clearly shows higher 
impact of functional (PET) over anatomical (CT) imaging 
for therapy monitoring
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management of these patients. The total of 2217 
patients with 2839 imaging studies (68 % pros-
tate, 17 % breast, 6 % lung, 8 % other cancers) 
was evaluated. 18F-NaF PET/CT caused altera-
tion in 40 % of the treatments, and the impact was 
particularly high in patients with evidence of pro-
gressive skeletal metastatic disease [80].

As a fact, the sooner recognition of bone metas-
tases in prostate cancer patients, the better plan-
ning for successful therapy as well as evaluation of 
prognosis (Fig.  6.5). Recently, Apolo and col-
leagues introduced 18F-NaF PET/CT as a tool with 
prognostic values. They reviewed 60 patients with 
bone metastases from prostate cancer and discov-
ered a significant correlation between overall sur-
vival and changes of SUV on 6-month follow-up 
images (p = 0.018) as well as the number of metas-
tases on primary examination (p = 0.017) [81]. 
However, regarding few investigations, more stud-
ies are still needed to establish the prognostic role 
for 18F-NaF PET/CT in patients with prostate can-
cer and skeletal metastases.

6.4	 �Conventional Bone 
Scintigraphy Versus 18F-NaF 
PET/CT

There are pros and cons for 18F-NaF PET/CT, 
compared with conventional 99mTc-MDP whole-
body bone scintigraphy. The former has less 

binding to plasma proteins which cause much 
more availability with quicker plasma clearance; 
higher uptake rate by osseous cells and target-to-
background ratio with resultant double concentra-
tion in metastatic lesions, as well as better imaging 
quality with better spatial resolution (4–5 versus 
10–15  mm); earlier imaging after radiotracer 
administration (0.5–1 versus 2–3 h); and greater 
sensitivity [74, 82–84]. Also, some studies reported 
that 18F-NaF PET/CT is able to image both blastic 
and lytic skeletal metastatic lesions (Fig. 6.6) [85].

Despite the aforementioned advantages, PET/
CT scanners are less available than gamma cam-
eras, and the study is more expensive. On the 
other hand, the insurance reimbursement is more 
organized for conventional nuclear medicine 
imaging compared with 18F-NaF PET/CT. While 
the 99mTc is produced readily by generator, the 
production of 18F needs a cyclotron which makes 
an extra cost. Overall, the PET/CT cost-
effectiveness needs to be further investigated in 
the future studies [17].

Generally, the sensitivity and specificity to 
detect bone metastases from prostate cancer are 
higher for 18F-NaF PET/CT than whole-body bone 
scintigraphy. Even-Sapir and colleagues reviewed 
23 patients and calculated a patient-based sensitiv-
ity of 100 % and 70 % and specificity of 100 % and 
57 % for 18F-NaF PET/CT and planar whole-body 
bone scintigraphy, respectively. This superiority 
approved on a lesion-based analysis as well. They 

a b c

Fig. 6.5  18F-NaF PET/CT in staging of a prostate cancer 
patient. (a) 18F-NaF PET image (transaxial) shows a focal 
increased 18 F-NaF uptake (arrow) in a thoracic spine. (b) 
CT (transaxial) is unremarkable regarding bone metastases. 

(c) Fusion PET/CT image (transaxial) confirms the find-
ings of PET and CT which are suggestive of early bone 
metastases without any morphological changes detected 
by 18F-NaF PET
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also realized that compared with SPECT imaging, 
PET/CT shows significantly better sensitivity and 
specificity (p < 0.05) [17]. Also, Evangelista and 
colleagues revealed in their review an article that 
the 18F-NaF PET/CT has the best median sensitiv-
ity (with a range of 81–100 %) among the nuclear 
medicine modalities in evaluation of bone metas-
tases from prostate cancer [83].

Bombardieri and colleagues revealed that 18F-
NaF PET/CT is more sensitive and superior to 

whole-body bone scan in evaluation of osseous 
metastases from prostate cancer, most likely due to 
fast uptake of radiotracer by bone lesions and quick 
excretion by urinary system, leading to higher target-
to-background ratio. Also, some other investigators 
had almost similar conclusion [17, 67, 75, 86–89].

Furthermore, the 18F-NaF PET/CT depicts 
more number of lesions and earlier in the course 
of disease when compared with conventional 
bone scintigraphy [81].

a b

Fig. 6.6  18F-NaF PET/CT in primary staging of a prostate 
cancer patient with highly increased PSA level. (a) 18F-
NaF PET (maximum intensity projection) shows multiple 
metastatic lesions in the skeleton. (b) 18F-NaF PET/CT 
(transaxial images): intensive 18F-NaF uptake on the right 

acetabulum (upper, arrow) with corresponding osteolytic 
lesion on CT (Mid, arrow). Fusion image (lower, arrow) 
shows that 18F-NaF PET/CT is also able to detect osteo-
lytic bone metastases
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The superiority of 18F-NaF PET/CT over con-
ventional bone scan in sensitivity, NPV, and 
accuracy was the conclusion of a study by 
Poulsen and colleagues, in which they evaluated 
50 patients with 526 metastatic bone lesions from 
prostate cancer. With a sensitivity of 93 %, how-
ever, the specificity was reported as low as 54 %, 
most likely due to false-positive lesions from 
inflammatory or degenerative process among the 
enrolled old-age patients. The sensitivity, speci-
ficity, accuracy, and positive and negative predic-
tive values were reported as 93 % vs 51 %, 54 % 
vs 82 %, 81 % vs 61 %, 82 % vs 86 %, and 78 % vs 
43 % for 18F-NaF PET/CT versus 99mTc-MDP 
whole-body scintigraphy, respectively [70].

18F-NaF PET/CT is more accurate for evalua-
tion of response to treatment among patients with 
prostate cancer osseous metastatic disease [90].

Jadvar and colleagues investigated 37 patients 
with history of localized prostate cancer, fol-
lowed by a definitive therapy such as radiation or 
radical prostatectomy, who presented with evi-
dence of PSA biochemical recurrence but nega-
tive conventional studies. They demonstrated that 
the 18F-NaF PET/CT is capable of detecting 
occult skeletal metastatic lesion in lower serum 
PSA levels than conventional imaging [91].

When compared with conventional whole-
body bone scan, semiquantitative evaluation of 
skeletal lesions with calculation of standardized 
uptake value (SUV) is a unique advantage of 18F-
NaF PET/CT.  This is actually important in the 
spine as the most frequent site of both 18F-NaF-
positive degenerative changes and metastases 
from prostate cancer [92]. Muzahir and colleagues 
performed a pilot investigation in which the 
results showed a significantly lower SUVmax for 
degenerative (<12) versus metastases from cas-
trate-resistant prostate cancer (>50) in the spine 
(p < 0.001). They enrolled 17 patients with history 
of castrate-resistant prostate cancer and 65 meta-
static as well as 56 degenerative 18F-NaF-positive 
lesions, differentiated according to low-dose CT 
scan. The range of SUVmax was calculated as 
11–188 (mean of 160) for metastatic versus 3–50 
(mean of 6.2) for degenerative lesions. The 
authors concluded that semiquantitative measure-
ments can play a complementary role for qualita-

tive analysis in order to better differentiate osseous 
metastatic from degenerative lesions [93].

A retrospective study by our group examined 
the value of semiquantitative analysis (SUV) in 
differentiation of benign versus malignant bone 
lesions on 18F-NaF PET/CT. We found that a dif-
ferentiation between benign and malignant lesions 
is not possible in SUV levels less than 45. However, 
all malignant lesions interestingly showed an SUV 
of over 45 [94]. Nevertheless, further research 
studies are strongly needed to define the real value 
of SUV in this differentiation.

In summary, this is our belief that based on 
increasing number of established PET/CT scan-
ners and decreasing price for PET radiotracers, as 
well as better accuracy in detecting metastatic 
lesions, 18F-NaF PET/CT will supplant conven-
tional 99mTc-MDP whole-body bone scintigraphy 
in the near future for evaluation of skeletal meta-
static disease from prostate cancer [78].

6.5	 �Single Combined 
18F-FDG/18F-NaF PET/CT

Although 18F-FDG PET/CT is not competent to 
routinely evaluate prostate cancer. Unremarkable 
glucose metabolism by prostate cancer tumor 
cells and excretion of radioactive urine into the 
bladder at proximity of prostate gland are two 
major reasons which make 18F-FDG PET/CT a 
noncompetent method for routine prostate cancer 
assessment [95, 96]. However, since high-grade 
prostate cancers (with Gleason score ≥ 8) could 
be FDG avid, the FDG avidity is assumed to be 
an independent prognostic factor in this group of 
patients [46], mostly due to largely reduced glu-
cose metabolism by tumor; however, it can play a 
supplemental role for 18F-NaF PET/CT to detect 
extra-skeletal metastatic involvement.

Nonetheless, it could be a supplement for 18F-
NaF PET/CT in the evaluation of bone metasta-
ses in patients with prostate cancer [97] as well as 
assessment of soft tissue and lymph node involve-
ment [98, 99]. Merging the two modalities in a 
single examination is more soothed for patients 
and also more affordable for insurance compa-
nies due to reduced cost. This way, involvements 
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beyond the osseous structures can be more accu-
rately evaluated [100, 101]. Moreover, 18F-FDG 
avidity of prostate tumor is considered as an 
independent prognostic factor and represents a 
high-grade malignancy.

Recently, the combination 18F-NaF with other 
specific PET tracers (e.g., 18F-choline) in a single 
PET/CT (i.e., dual tracer PET/CT) is introduced 
as a promising imaging technique in the evalua-
tion of prostate cancer patients which allows 
more accurate assessment of both skeletal and 
soft tissue malignancies [100, 101].
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7.1         Rationale for Choline PET 
in Prostate Cancer 

 Choline positron emission tomography/com-
puted tomography (PET/CT) has been largely 
investigated in prostate cancer patients, particu-
larly in restaging phase. Choline is a critical mol-
ecule in phospholipid metabolism, transmembrane 
signalling and lipid transport and metabolism [ 1 ]. 
Intracellular choline is phosphorylated to phos-
phoryl choline by the enzyme choline kinase. 
Phosphoryl choline is then trapped within the 
cell. Prior investigations have demonstrated 
increased phosphoryl choline as well as increased 
choline kinase activity in prostate cancer cells 
relative to normal prostatic tissue [ 2 ] Fig.  7.1 .

   Choline radiopharmaceuticals can be labelled 
by both 11C (11C-CHO) and 18F (18F-CHO). 
The most striking difference between the two trac-
ers is the urinary elimination that is high for 18F-
CHO, being an important disadvantage for 
imaging prostate region. Conversely, 18F-CHO 
imaging has the advantage of a longer half-life 
(approximately 110 min versus 20 min of 11C- 
CHO) allowing transportation from one single 
cyclotron centre to several PET centres [ 3 ,  4 ]. 18F-
CHO provides more fl exibility concerning imag-
ing protocols and availability and presents a very 
similar behaviour to 11C-CHO in prostate cancer 
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patients. Both 11C- and 18F-CHO PET/CT are 
actually an established imaging modality in the 
evaluation of patients with prostate cancer [ 5 ,  6 ].  

7.2     Diagnostic Accuracy 
of Radiolabelled Choline 
in Skeletal Metastases 

 Although most studies of choline in prostate can-
cer evaluated localised or lymph node disease [ 7 , 
 8 ], their results provided additional evidence to 
support the use of choline also for the detection of 
early osseous metastatic disease in newly diag-
nosed and recurrent prostate cancer patients [ 9 ]. In 
a retrospective analysis, 11C-CHO PET/CT was 
valuable in the assessment of metastatic bone dis-
ease in terms of detection, localisation and charac-
terisation [ 10 ]. It remains unclear whether 
11C-CHO PET/CT is more sensitive than conven-
tional BS, but it has higher specifi city, with fewer 
indeterminate lesions [ 6 ,  11 ,  12 ]. 11C-CHO PET/
CT may detect multiple bone metastases in patients 
showing a single metastases on bone scan and may 
be positive for bone metastases in up to 15 % of 
patients with biochemical failure after radical 
prostatectomy and negative bone scan [ 13 ]. The 
specifi city of 11C-CHO PET/CT is also higher 

than bone scan with less false-positive and indeter-
minate fi ndings [ 14 ,  15 ]. An important advantage 
of CHO PET/CT is the opportunity to discover the 
presence of medullary bone involvement, before 
that the cortical part is taken. Fig.  7.2  is reported in 
example of a patient with bone medullary involve-
ment at 18F-CHO PET/CT that was later con-
fi rmed by MRI.

   Beheshti et al. have investigated whether 18F- 
CHO PET/CT is of value for the detection of 
bone metastases and found that 18F-CHO PET/
CT showed a sensitivity, specifi city and accuracy 
of 79 %, 97 % and 84 % [ 16 ]. Onyeuku et al. 
observed similar radiographic results to Beheshti 
et al. when compared to conventional methods in 
two of the four patients with positive fi ndings on 
imaging [ 17 ]. In a recent study by Kjolhede et al., 
90 high-risk prostate cancer patients presenting a 
negative or inconclusive bone scan underwent 
18F-CHO PET/CT [ 18 ]. Authors concluded that 
choline PET/CT imaging could detect metastases 
in high-risk prostate cancer patients with nega-
tive or inconclusive bone scan, with a change in 
the planned treatment (from curative to pallia-
tive) in 20 % of them. Poulsen et al. [ 19 ] evalu-
ated the value of 18F-CHO PET/CT in the initial 
staging of 210 patients. Even if the goal of the 
study was to assess the value of PET/CT in lymph 

Normal cell Cancer cell

Cho

Cho

ACho

Choline
transporter

Cho

PCho
CTP

CDP-choline

CMP

1,2-DAG

PPi

PC

Acetyl
CoA

CoA

ChAT

PLD
PA

ChoK

Cho

Cho

ACho

Choline
transporter

Cho

PCho
CTP

CDP-choline

CMP

1,2-DAG

PPi

PC

Acetyl
CoA

CoA

ChAT

PLD
PA

ChoK
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node staging, authors underlined that a high focal 
bone uptake, consistent with bone metastases, 
was seen in 18 patients, 12 of which presented 
histologically proven benign lymph nodes. 
However, 18F-CHO presented limitations in 
detecting densely sclerotic malignant lesions 
[ 14 ]. In particular, in restaging prostate cancer, 
both 11C- and 18F-CHO PET/CT have been 
demonstrated to be superior to 18F-FDG PET/
CT in detecting recurrences, including bone met-
astatic lesions (Figs.  7.3 ,  7.4  and  7.5 ) [ 20 ].

     Picchio et al. showed that 11C-CHO PET/CT 
exhibits a lower sensitivity but a higher specifi c-
ity than those of bone scan in the detection of 
bone metastases in prostate cancer patients with 
biochemical progression. Equivocal fi ndings 
occurred in 1 of 78 (1 %) cases in 11C-CHO 
PET/CT and in 21 of 78 (27 %) cases in bone 
scan. Depending on their attribution as either 
positive or negative, the ranges of sensitivity, 
specifi city, positive predictive value, negative 
predictive value and accuracy for 11C-CHO 

  Fig. 7.2    A 78-year-old 
man underwent 18F-CHO 
PET/CT for a biochemical 
recurrence of prostate 
cancer. A signifi cant uptake 
of CHO was shown in the 
right ischium ( up ;  left  and 
 right ), without any 
morphological changes at 
co-registrated CT images 
( up ,  left ). An MRI scan 
confi rmed the presence of 
medullary involvement in 
the same site ( down ,  left  
and  right ) (Courtesy Dr. 
Laura Evangelista, Nuclear 
Medicine and Molecular 
Imaging Unit, Veneto 
Institute of Oncology 
IOV – IRCCS, Padua, Italy)       
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PET/CT were 89–89 %, 98–100 %, 96–100 %, 
94–96 % and 95–96 %, respectively. For bone 
scan they were 100–70 %, 75–100 %, 68–100 %, 
100–86 % and 83–90 %, respectively. Concordant 
fi ndings between 11C-CHO PET/CT and bone 
scan occurred in 55 of 78 (71 %) cases [ 6 ]. 
Fig.  7.6  is reported with discordant images 
between 18F-CHO PET/CT and bone scan.

   Another PET tracer, 18F-fl uoride, traditionally 
used in the evaluation of bone metastases, showed 
a better sensitivity compared with traditional bone 
scan. However, 18F-fl uoride PET/CT scans suffer 
from the same lack of specifi city of bone scan. 
Poulsen et al. [ 21 ] studied detection of spine 
metastases with 18F-fl uoride, 18F-CHO and bone 
scan and found that 18F-fl uoride is superior in 
sensitivity to 18F-CHO (93 vs 85 %). However, 
18F-CHO is superior to 18F-fl uoride in specifi city 
(81 vs 91 %). Both tracers were better than bone 
scan in hormone-naïve patients. Thus, 18F-fl uoride 
PET is most useful in high-risk patients to confi -
dently detect or eliminate bone disease and poten-
tially monitor the effects of therapy on bone 
metastases. In another review by Wondergem 
et al. [ 5 ], data on the performances of 11C- or 
18F-CHO and 18F-fl uoride PET/CT in bone 
metastases detection has been reported. On a 
lesion basis, authors reported sensitivity and spec-
ifi city rates of 84 % and 98 % for 11C-CHO and 
18F-CHO and 89 % and 91 % for 18 F-fl uoride, 
respectively. On a patient basis, the reported sensi-
tivity and specifi city rates were 85 % and 96 % for 
11C-CHO and 18F-CHO and 87 % and 80 % for 
18F-fl uoride, respectively. No signifi cant differ-
ences were found between the sensitivity and 
specifi city of 11C-CHO or 18F- CHO and 

18F-fl uoride reporting a general high sensitivity 
for PET/CT [ 14 ,  22 – 24 ]. In addition, Ceci et al. 
also evaluated the semi-quantitative data of 11C-
CHO in 304 bone lesions (184 osteoblastic, 99 
osteolytic and 21 bone marrow lesions) of 140 
patients during biochemical recurrence. They 
could demonstrate differences in PSA kinetics and 
SUVmax between osteolytic (higher values) and 
osteoblastic (lower values) lesions. 11C-CHO 
PET/CT may identify patients that could benefi t 
from early targeted therapies, depending on the 
type of bone lesions expressed [ 25 ]. The reported 
method could also help in delineating the exten-
sion and severity of skeletal involvement and clas-
sifying lesions as predominantly osteoblastic, 
lytic or mixed type, with crucial impact on treat-
ment plan. In the management of prostate cancer 
patients, radiotherapy (RT) and diagnostic imag-
ing have always enjoyed a close relationship: 
advances in diagnostic imaging and RT techniques 
have in fact resulted in a signifi cant improvement 
of planning delineation [ 26 ,  27 ]. In general, PET 
may improve the target defi nition with a decrease 
in inter-observer variations, also in bone lesions, 
being potentially considered as a valuable tool in 
guiding tailored treatment on bone metastatic 
lesions [ 28 – 32 ]. Beheshti et al. comparing 18F-
CHO and 18F-fl uoride in 38 patients with biopsy-
proven prostate cancer documented a sensitivity, 
specifi city and accuracy in the detection of bone 
metastases of 81 %, 93 % and 86 % for 18F-fl uoride 
and 74 % ( p  = 0.12), 99 % ( p  = 0.01) and 85 % for 
18F-CHO, respectively. In addition, 18F-CHO 
could lead to a change in the management in two 
out of 38 patients due to the early detection of 
bone marrow metastases [ 14 ].  

  Fig. 7.3    A 61-year-old man treated with radical prostatec-
tomy for prostate cancer (GS 7 (4 + 3), pT2cR1N0), who per-
formed 11C-CHO PET/CT for biochemical recurrence 
(PSA: 14.62 ng/mL). 11C-CHO PET/CT showed a patho-
logical uptake in the left ischial tuberosity as documented on 

CT ( a ), PET ( b ) and PET/CT-fused ( c ) transaxial images. 
After androgen deprivation therapy (PSA: 0.07 ng/mL), 
 helical tomotherapy (HTT) was performed on the positive 
11C-CHO PET/CT lesion. One year after HTT, patient 
showed a complete response with a PSA value of 0.03 ng/mL       
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7.3     Response to Treatment 
with Radiolabelled Choline 
Agents 

 Oligometastatic subjects are a group of prostate 
cancer patients with a limited number of metas-
tases (≤3 lesion). The number of metastases 
may refl ect the biological aggressiveness of the 
tumour and may determine the possibility of 
curative potential interventions such as surgery 

or high-dose targeted RT [ 33 ]. However, there 
are very few data on the irradiation of oligome-
tastases in recurrent disease, and they are mainly 
exclusively focused to lymph node lesions [ 34 –
 36 ]. Interestingly, the extent of osseous meta-
static disease is an independent prognostic 
factor in evaluating newly diagnosed advanced 
prostate cancer [ 37 ,  38 ]. A recent study showed 
that skeletal complications result in signifi cant 
decreases in quality-of-life scores [ 39 ]. 
Therefore, therapies preventing skeletal compli-
cations could translate into improvements in 
quality of life and prolong physical activity. 
Besides analgesics, different treatment options 
are available for further palliation in case of 
symptomatic local and systemic progression. 
They include drug treatment, surgery, chemo-
therapy, hormonal therapy, RT and radionuclide 
treatment. It has been reported that androgen 
deprivation therapy (ADT) is strongly associ-
ated with bone metabolism modifi cations in 
prostate cancer, signifi cantly decreasing bone 
mineral density [ 40 ]. In addition to conventional 
treatments, in patients with bone oligometa-
static disease, a tailored approach on bone 
lesions by using either high-dose targeted RT or 
surgery could be proposed when an accurate 
imaging is available. Choline PET/CT can be a 
valuable imaging technique to monitor the dis-
ease in prostate cancer patients, as reported in a 
study in 40 patients with 64 bone metastases 
referred to after image-guided single fraction 
robotic stereotactic radiosurgery. The advantage 
of PET/CT in the evaluation of bone metastases 
is that this method combines the detection and 
the morphologic assessment of bone lesions 
with information concerning the metabolic 
activity of the metastases and can help to triage 
patients with metastatic prostate cancer and also 
in the evaluation of therapy response [ 41 ]. The 
potential infl uence of anti-androgenic treatment 
in patients who undergone 11C-CHO PET/CT 
study is still controversial. A signifi cant reduc-
tion of 11C-CHO uptake following treatment 
with the nonsteroidal androgenic antagonist 
bicalutamide has been reported during the stag-
ing phase of prostate cancer patients [ 42 ]. In 
particular, in a series of 14 hormone-sensitive 
patients with recurrent prostate cancer, it was 

a

b

c

  Fig. 7.4    A 75-year-old man treated with radical prosta-
tectomy for prostate cancer (GS 7 (3 + 4), pT2cN0), who 
performed 11C-CHO PET/CT for biochemical recurrence 
(PSA: 4.00 ng/mL). 11C-CHO PET/CT showed a patho-
logical uptake in the left groyne as documented on CT ( a ), 
PET ( b ) and fused PET/CT ( c ) transaxial images. After 
androgen deprivation therapy (PSA: 0.60 ng/mL), helical 
tomotherapy (HTT) was performed on the positive 11C-
CHO PET/CT lesion. Nine months after HTT, patient 
showed a complete response with an undetectable PSA 
serum value       
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a b c

  Fig. 7.5    A 57-year-old man treated with radical prosta-
tectomy for prostate cancer (GS 7 (4 + 3), pT3aN0), who 
performed 11C-CHO PET/CT for biochemical recurrence 
(PSA: 15.14 ng/mL). 11C-CHO PET/CT showed a patho-
logical uptake in the right ischio-pubic branch as docu-
mented on CT ( a ), PET ( b ) and fused PET/CT ( c ) 

transaxial images. After androgen deprivation therapy 
(PSA: 0.63 ng/mL), helical tomotherapy (HTT) was per-
formed on the positive 11C-CHO PET/CT lesion. Two 
years after HTT, patient showed a complete response with 
a PSA value of 0.03 ng/mL       

  Fig. 7.6    A 65-year-old man with a suspicion for bone 
recurrence at bone scan was sent to 18F-CHO PET/
CT. PSA level at the time of bone scan was 2.3 ng/
mL. Bone scan resulted falsely negative, while PET/CT 

was truly negative (Courtesy Dr. Laura Evangelista, 
Nuclear Medicine and Molecular Imaging Unit, Veneto 
Institute of Oncology IOV – IRCCS, Padua, Italy)       
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stated that ADT infl uences the uptake of 11C- 
CHO PET/CT [ 43 ]. Berkovic et al. [ 44 ] investi-
gated whether repeated stereotactic body RT 
(SBRT) of oligometastatic disease is able to 
defer the initiation of ADT in patients with low-
volume metastases. They enrolled 24 recurrent 
prostate cancer patients with biochemical recur-
rence after radical therapy and 1–3 synchronous 
metastases (bone and/or lymph nodes) assessed 
by 18F-CHO PET/CT.

   Patients were treated with repeated SBRT, 
and the ADT-free survival defi ned as the time 
interval between the fi rst day of SBRT and the 
initiation of ADT was the primary end point. 
Authors concluded that repeated salvage SBRT 
is feasible, well tolerated and defers palliative 
ADT with a median of 38 months in patients 
with limited bone or lymph node prostate cancer 
metastases. SBRT is indicated in patients with 
oligometastatic or traditionally resistant dis-
ease, who often present with minimal or no 
associated symptoms [ 45 ,  46 ]. Assessing 
response to treatment is therefore diffi cult and 
must rely on evaluation by changes in the 
tumour itself and any related symptoms. The 
objective of the study by Costelloe et al. [ 47 ] 
was to compare the assessment of the RECIST 
1.1 [ 48 ] and the University of Texas MD 
Anderson Cancer Center criteria [ 49 ] in evaluat-
ing tumour response for bone metastases. 
Tumour response measures in clinical trials are 
in continued evolution as molecular imaging 
techniques gain increasing acceptance in clini-
cal oncology. However, the replacement of mor-
phometric measures with molecular markers as 
measures of disease progression should proceed 
cautiously through the validation of these tech-
niques by existing criteria and clinical outcome. 
Comparisons with RECIST appear feasible for 
evaluations of 18F-CHO PET/CT as a therapeu-
tic response marker [ 50 ]. The clinical relevance 
of prostatic and skeletal lesions detected by 
18F-CHO PET/CT is under investigation, not 
being taken into account by  conventional 
RECIST. Figures  7.7  and  7.8  illustrate examples 
of monitoring the response to therapy by using 
serial 18F-CHO PET/CT scans.

   Although the pain response is the most 
important end point for patients with metastatic 
bone disease receiving palliative care, the use of 
imaging response criteria may allow an objec-
tive evaluation of the therapeutic outcome, 
being also possible to be quantifi ed by monitor-
ing changes of several imaging parameters. 
Three sets (CT, MRI and PET) of criteria for 
assessing the therapeutic response of bone 
metastases are known. These techniques are 
able to detect the early infi ltration of the bone 
marrow by cancer and to quantify this infi ltra-
tion using morphologic images, quantitative 
parameters and functional approaches. Choline 
PET modality can potentially become an early 
response biomarker in prostate cancer metasta-
ses [ 51 ]. Long-term event/progression/survival 
follow-up in osteolytic cancers could justifi ably 
consider the use of bone scan. However, for 
early response assessment, particularly when 
evaluating new drugs in clinical trials, or if radi-
cal changes in therapy are considered, MRI and 
PET are recommended [ 52 ]. 

 Consequently, changes in imaging parameters 
have been advocated as important markers of 
disease response and progression. De Giorgi 
et al. used 18F-CHO PET/CT for outcome pre-
diction and tumour monitoring in castration-
resistant prostate cancer (CRPC) [ 53 ]. The 
correlation between the prognostic value of PSA 
and 18F- CHO PET/CT response to therapy sug-
gests that PSA levels are linked to a tumour met-
abolic activity. Furthermore, in multivariate 
analysis, 18F-CHO PET/CT (progression vs 
non- progression) was superior to PSA with 
respect to progression-free survival and overall 
survival prediction, supporting the hypothesis of 
an essential role of 18F-CHO PET/CT to 
improve therapy management. PSA decline 
≥50 % concurred with the 18F-CHO PET/CT 
response/non-response in 71 % of patients and 
with the 18F-CHO PET/CT progression/non-
progression in 22 out of 26 (81 %) of patients. 
PET/CT progression/non- progression proved 
capable of predicting outcome in patients with 
other tumours, including bone metastases [ 54 ]. 
Clinical studies have demonstrated that PET can 
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predict response to chemotherapy and targeted 
therapy in several tumours [ 55 ,  56 ]. The early 
identifi cation of therapeutic response supports 
the clinician in the decision-making. 

 Quantifi cation is necessary for characterising 
metabolic response. A newly proposed system 
for measuring functional response with 18F-FDG 
PET/CT, PET Response Criteria in Solid 
Tumours (PERCIST), might also be applied to 
radiolabelled choline PET as biomarker for 
response evaluation in prostate cancer [ 57 ,  58 ]. 
In a prospective study, Kwee et al. [ 59 ] found that 
18F-CHO PET/CT parameters based on meta-
bolically active tumour volume and total lesion 
activity of 18F-CHO are associated to overall 
survival. In another study of Oprea-Lager et al., 
different PET parameters were used, and 18F- 
CHO was reported as a potential biomarker for 
response evaluation in prostate cancer. In patients 

with metastatic prostate cancer, repeatability of 
SUV, normalised to the area under the curve, was 
comparable to that of standard SUV and indi-
cated that repeatability coeffi cient of 18F-CHO 
PET/CT uptake differences of 30 % or more are 
likely to represent treatment effects [ 60 ]. 

 Being well known, the limitations of BS for 
treatment monitoring, such as the misinterpreta-
tion of the “fl are” reaction due to the persistence 
of uptake at the sites of bone metastases respond-
ing to treatment, PET and MRI, could be of help 
in assisting clinical data interpretation as reported 
by the Prostate Cancer Working Group 2 
(PCWG2) who stated that bone scan is to be rec-
ommended to monitor the extent and the response 
of bone metastases, due to its wide availability 
and low cost, but they recognise that standards 
for using MRI and PET to assess bone metastases 
are to be investigated [ 61 ]. 

  Fig. 7.7    Serial 18F-CHO PET/CT in patients undergoing 
with Enantone for a biochemical recurrence of prostate can-
cer. A signifi cant uptake of 18F-CHO was found in the fi rst 
scan ( left ) in a right obturator lymph node. After the admin-
istration of Enantone, a signifi cant reduction in PSA was 
reported, although the uptake in the lymph node was stable 

( middle ). After one from the last 18F-CHO PET/CT scan, a 
signifi cant increase of PSA was compatible with an exten-
sive metabolic progression of disease, either in the obturator 
lymph node or in others (Courtesy Dr. Laura Evangelista, 
Nuclear Medicine and Molecular Imaging Unit, Veneto 
Institute of Oncology IOV – IRCCS, Padua, Italy)       
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 More recently, McCarthy et al. [ 62 ] assessed 
18F-CHO PET in comparison with standard 
imaging (BS and CT) for evaluating the exten-
sion of CRPC in 26 patients. Concordance rate 
between lesions shown on 18F-CHO and on 
either bone scan or CT was 81 %. In discordant 
results, analysis of follow-up data determined 
that 18F-CHO was correct in 79 % of these cases. 
A careful interpretation of 18F-CHO PET/CT 
made it possible to avoid the confusion between 
diffuse bone marrow infi ltration by cancer and 
bone marrow activation in response to colony 
growth factors, generally administered for cor-
recting bone marrow toxicity of chemotherapy 
implying cytotoxic agents. A pilot study con-
ducted by Balogova et al. [ 51 ] confi rm that 18F-
CHO PET/CT may detect prostate cancer lesions 
at the CRPC stage. In addition, 18F-CHO PET/
CT may represent an adding value with respect to 
MRI and PSA assay in monitoring various types 
of treatment regimen in CRPC. 

   Conclusions 

 Data from literature support the use of choline 
PET/CT in PCa patients with bone metastatic 
disease as a valuable tool to detect bone 
lesions, to guide tailored treatment and to 
monitor different therapeutical approaches.      
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8.1           Physiopathology and FDG 
PET in Prostate Cancer 

 18F-Fluorodeoxyglucose (FDG) is an analogue 
of glucose and is the most common PET radio-
tracer for oncological applications. Its wide use 
in clinical practice is primarily due to the Warburg 
effect, which leads to higher glucose consump-
tion in the malignant cells in comparison to 
 normal tissue. The malignancy-induced hyper-
metabolism is generally based upon overexpres-
sion of cellular membrane glucose transporters 
(mainly glucose transporter 1, GLUT-1) and 
enhanced hexokinase enzymatic activity in 
tumors [ 1 ,  2 ]. 

 Some studies have demonstrated that GLUT-1 
is overexpressed in poorly differentiated prostate 
cancer cell lines [ 3 ] and that the level of FDG 
uptake may be affected by the androgens [ 4 ,  5 ]. 
This latter characteristic may be due to the modu-

latory effects of androgens on GLUT-1 and hexo-
kinase expression [ 3 ]. Kukuk et al. [ 6 ] reported a 
statistically signifi cant decrease in FDG uptake 
by androgen-sensitive xenograft tumor model 
after surgical castration. The effects of androgen 
of prostate cancer cells can be demonstrated by a 
signifi cant reduction in proliferation index (Ki67) 
after the administration of androgen ablation. 
GLUT-1 gene expression is also signifi cantly 
higher in prostate cancer than in benign prostatic 
hyperplasia tissue, and it is correlated with 
Gleason score [ 7 ]. In Fig.  8.1 , the biological pro-
cesses related to the hyperexpression of GLUT-1 
are shown. It has been shown that the expressions 
of GLUT-1 and prostate-specifi c antigen (PSA) 
are induced by the activation of HIF-1 and andro-
gen receptor, respectively [ 8 – 10 ].

8.2        Comparative Diagnostic 
Accuracy among Imaging 
Modalities 

 Early studies in mid-1990s showed discrepancy 
between bone scintigraphy and FDG PET with 
bone scans showing more lesions than FDG PET 
[ 11 ,  12 ]. However, the clinical setting was mixed, 
and more studies in specifi c clinical settings were 
needed to decipher the unique utility of FDG 
PET. One prospective investigation compared 
FDG PET and conventional bone scan in 16 
patients with prostate cancer [ 13 ]. Overall bone 
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scan detected more suspicious metastatic bony 
lesions than FDG PET; however, PET also 
revealed some marrow-only disease sites and 
many metastatic soft tissue lesions. The apparent 
false-negative FDG PET fi ndings at some bony 
sites may have in fact been true negative with 
regard to favorable response to treatment with 
metabolically inactive disease, while bone scan 
may have displayed false-positive fl are or healing 
reaction at these sites. The authors concluded that 
bone scan and FDG PET could be complemen-
tary in the management of patients with meta-
static prostate cancer (Fig.  8.2 ).

   In a prospective study of patients with breast, 
lung, and prostate cancer, FDG PET-CT was 
compared with 18F-NaF PET-CT and standard 
99mTc-methylene diphosphonate (99mTc-MDP) 
bone scan at the time of initial staging or restag-
ing [ 14 ]. Sensitivity and negative predictive value 
of 18F-NaF PET-CT was 100 % for all 3 cancers. 

In prostate cancer, the sensitivity, specifi city, 
negative predictive value, and positive predictive 
value were 72 %, 65 %, 100 %, and 100 %, respec-
tively. Conventional bone scan displayed supe-
rior sensitivity and negative predictive value 
compared to FDG PET-CT but had lower speci-
fi city and positive predictive value. Langsteger 
et al. contended in a review article that 18F-NaF 
PET provides a more sensitive “conventional” 
bone scan and also that FDG PET in early disease 
(marrow only involvement) is more advanta-
geous than 18F-NaF PET [ 15 ]. It is interesting to 
note that FDG PET-CT may also display exten-
sive hypermetabolic osseous metastatic disease 
similar to “superscan” described previously for 
bone scintigraphy [ 16 ]. The use of combined 
18F-NaF and FDG has been advocated by some 
investigators who contend that such co-injected 
radiotracer PET study can provide synergistic 
diagnostic information with reduced overall cost 
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and patient radiation exposure from the CT com-
ponent and enhanced patient convenience [ 17 , 
 18 ]. Mianamimoto et al. from Stanford University, 
Stanford, CA, prospectively evaluated the use of 
combined 18F-NaF and FDG in 15 men with 
prostate cancer and 15 women with breast cancer 
[ 19 ]. For detection of skeletal lesions, combined 
PET scintigraphy showed signifi cantly higher 
sensitivity compared to whole-body magnetic 
resonance imaging (MRI) alone (96.2 % vs. 
81.4 %,  p  < 0.001) and 99mTc-MDP bone scan 
alone (96.2 % vs. 64.6 %,  p  < 0.001). For extra- 
skeletal lesions, there was no statistically differ-
ence between PET scintigraphy and whole-body 
MRI. In one retrospective study of 91 men with 
PSA relapse following prostatectomy and 
 validation of PET fi ndings by biopsy or clinical 
and imaging follow-up, mean serum PSA levels 
were higher in the FDG PET-positive patients 
than in the FDG PET-negative patients 
(9.5 ± 2.2 ng/mL vs. 2.1 ± 3.3 ng/mL) with an 
overall PET detection rate of 31 % [ 20 ]. However, 
the reported detection rate was likely overesti-
mated since some patients had disease already 
evident on conventional imaging; as such the 

unique diagnostic contribution of FDG PET in 
this clinical setting was unclear. Nevertheless, 
PET-CT with FDG in patients with prostate can-
cer has a prognostic meaning, being able to assess 
the aggressiveness of the lesions and therefore 
the long-term survival ([ 7 ]; Fig.  8.3 ).

   Jadvar et al. reported on a prospective investi-
gation of FDG PET-CT and 18F-NaF PET-CT in 
detection of occult metastases in 37 men with 
biochemical recurrence (range, 0.5–40.2 ng/mL) 
and negative standard imaging studies [ 21 ]. The 
occult metastasis detection rate for FDG PET-CT 
was only 8.1 %, which was much lower than that 
reported previously and likely represented the 
unique diagnostic information provided by FDG 
PET-CT in this clinical setting (Fig.  8.4 ).

8.3        Treatment Response 
Evaluation and Outcome 
Prediction 

 It has become evident that conventional imaging 
methods are inadequate for the assessment of 
changes in bone metastases in response to 

a b c

  Fig. 8.2    Metastatic castrate-resistant prostate cancer 
(PSA 168.6 ng/mL). 99mTc-MDP bone scan ( a ) shows 
multiple randomly distributed osseous lesions while sagit-
tal CT scan at bone window level ( b ) shows many more 

sclerotic lesions and FDG PET maximal intensity projec-
tion image ( c ) demonstrating fewer metabolically active 
lesions than bone scan       

 

8 Imaging of Glycolysis with 18F-FDG PET



90

various treatments. Challenges include fl are phe-
nomenon, insensitivity to capture degrees of bio-
logical response, and the need to interpret 
imaging changes in the context of other clinical 
and nonimaging data. The situation is even more 
problematic since bone lesions are considered 
nonmeasurable targets in the commonly used 
structure-based response criteria (e.g., RECIST 
1.0 and RECIST 1.1). New international consen-
sus response criteria specifi c for bone metastases 
using the newer imaging modalities (PET, multi-
parametric MR imaging) will need to be devel-
oped and then adopted to improve treatment 
response assessment of bony lesions [ 22 ]. 
Preclinical studies have shown the feasibility of 
assessing response to therapy quantitatively. 
Zhang et al. performed FDG microPET scans 
before, during, and after treatment with bortezo-
mib (a proteasome inhibitor) in immunodefi cient 
mice harboring prostate tumor cell line CWR22 
xenografts [ 23 ]. Decline in tumor FDG uptake 
was advantageous over tumor volume reduction 
in measuring response to therapy. In the clinical 
arena, Zukotynski and colleagues performed 
FDG PET-CT, 18F-NaF PET-CT, and standard 
99mTc-MDP bone scan in 9 men with castrate- 
resistant prostate cancer before and after 8 weeks 

of therapy with abiraterone and cabozantinib 
[ 24 ]. The authors found that 18F-NaF-avid dis-
ease was not predictive of treatment response. 
However, FDG PET-CT was noted to have the 
potential to stratify men into three groups (wide-
spread vs. oligometastatic FDG-avid vs. non- 
FDG avid metastases) that could tailor appropriate 
therapy. Simoncic and colleagues compared 
dynamic 18F-NaF and FDG PET-CT for assess-
ment of response to zibotentan in men with bone 
metastases from prostate cancer [ 25 ]. All patients 
initially received a diagnostic CT and bone scan, 
followed by 18F-NaF and FDG PET-CT and MR 
imaging at baseline (before therapy), and then 
again after 4 weeks of therapy (peak therapy 
effect). Zibotentan was then held for 2 weeks 
(therapy break with maximum drug washout) fol-
lowed by the fi nal 18F-NaF and FDG PET-CT 
and MR imaging scans. It was assumed that a 
change in imaging metrics from baseline scan to 
week 4 scan would be most suggestive of a true 
therapy effect if the scan at week 6 (i.e., after 2 
weeks of drug break) showed a change back 
toward baseline scan. Conversely, a change from 
baseline scan to week 4 scan that still persisted at 
week 6 (after drug break), might have represented 
a change that was probably not due to treatment 

  Fig. 8.3    Prognostic utility 
of FDG PET-CT in 
metastatic prostate cancer. 
Maximum intensity 
projection PET images 
show clinical states of 
castrate-sensitive 
predominantly lymph node 
disease at baseline ( left ) 
developing into castrate- 
resistant predominantly 
bone metastatic disease 
after 12 months ( right ). 
The patient died at 
28.5 months after the 
baseline scan (This 
research was originally 
published in Jadvar [ 7 ]. 
Figure 3)       
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effect (or possibly refl ected drug resistant colo-
nies). The 2-week drug washout was based on the 
half-life of zibotentan, with complete drug wash-
out at the time of week 6 scan. Late (week 6) 
18F-NaF and FDG uptake responses were corre-
lated, but earlier uptake responses (4 week scan) 
were unrelated suggesting that 18F-NaF and 
FDG uptakes in the setting of response  assessment 
may be spatially dislocated and that both radio-
tracers may provide complementary information. 
A recent investigation showed that FDG PET 
could be useful in assessing treatment with the 
mTOR inhibitor, everolimus, in combination 
with docetaxel [ 26 ]. Yu et al. compared 

11C-acetate and FDG in assessing treatment 
response to androgen deprivation therapy in 8 
patients with >3 prostate cancer metastases on 
bone scintigraphy [ 27 ]. The authors’ overall con-
clusion was that acetate PET is complementary to 
FDG PET in bone metastases detection, probably 
refl ecting the underlying complex tumor biology. 
Morris et al. from Memorial Sloan Kettering 
Cancer Center in New York, NY, performed a 
lesion-by-lesion analysis of FDG PET in pro-
gressive metastatic prostate cancer in 17 patients 
with 134 osseous lesions [ 28 ]. Ninety-fi ve lesions 
(71 %) were evident on both FDG PET and bone 
scans, 31 lesions (23 %) were only seen on bone 

  Fig. 8.4    Serial 18F-FDG PET-CT and bone scans of 
63-year-old man with castrate-resistant metastatic pros-
tate cancer with original primary cancer Gleason score of 
9. Rows from top to bottom are scans at baseline (before 
chemotherapy) and at 4, 8, and 12 months after initiation 
of chemotherapy. Columns from the left to right are axial 
CT scans (bone window level), 18F-FDG PET scan, fused 
PET-CT scans, mid sagittal CT scan (bone window level), 

PET maximum intensity projection images, and 99mTc- 
methylene diphosphonate bone scans. Concordant decline 
in overall metabolic activity of metastatic lesions and PSA 
level is seen with treatment. Sclerosis of osseous lesions 
increases as corresponding metabolic activity declines 
with treatment (This research was originally published in 
 JNM . Jadvar [ 34 ]. Fig.  8.2  © by the Society of Nuclear 
Medicine and Molecular Imaging, Inc.)       
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scan, and 8 lesions (6 %) were seen only on FDG 
PET. All metabolically active lesions on FDG 
PET were noted to be active on the follow-up 
bone scans (suggesting true positive fi ndings on 
PET). The authors concluded that FDG PET 
could discriminate metabolically active bony 
lesions from scintigraphically quiescent lesions 
in men with progressive metastatic prostate can-
cer. Along the same line of rationale, the same 

group of investigators showed that FDG PET 
could be used as an outcome measure in patients 
with metastatic castrate-resistant prostate cancer 
undergoing treatment with antimicrotubule che-
motherapy [ 29 ] (Fig.  8.5 ).

   The authors found that a >33 % increase in 
the average of the maximum standardized 
uptake value (SUVmax) of metastatic lesions 
or appearance of new lesions could optimally 

a

d

b

c

  Fig. 8.5    Treatment response to docetaxel in a patient 
with metastatic castrate-resistant prostate cancer. 
Pretreatment (PSA 0.09 ng/mL) chest CT at lung window 
level ( a ), and FDG PET maximal intensity projection 
image ( b ) show multiple bilateral hypermetabolic pulmo-

nary nodules. Post-treatment (PSA 0.04 ng/mL) chest CT 
( c ) and FDG PET maximal intensity projection image ( d ) 
show decline in number, size, and metabolic activity of 
the metastatic pulmonary nodules compatible with favor-
able response to docetaxel chemotherapy       
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dichotomize patients as progressors or nonpro-
gressors. Meirelles and colleagues compared 
the prognostic value of bone scan and FDG 
PET in a prospective imaging trial of 43 men 
with metastatic castrate-resistant prostate can-
cer [ 30 ]. Overall survival correlated inversely 
with SUVmax of the osseous lesions with a 
median survival of 14.4 months for SUVmax 
>6.10 vs. 32.8 months with SUVmax ≤ 6.10 
( p  = 0.002). Although a defi ned calculated bone 
scan index was also prognostic (overall sur-
vival 14.7 months vs. 28.2 months if BSI >1.27 
vs. <1.27;  p  = 0.004), in the multivariate analy-
sis, only SUVmax was an independent factor in 
predicting survival. Vargas et al. reported on a 
retrospective study of 38 patients with meta-
static castration-resistant prostate  cancer who 
underwent CT, FDG PET, and 16β-fl uoro- 5-
dihydrotestosterone (18F-FDHT) [ 31 ]. The 
number of lesions on CT, FDG, and FDHT 
PET were signifi cantly associated with overall 
survival. Interestingly while higher FDHT 
uptake was associated with signifi cantly 
shorter overall survival, such association was 
not seen with FDG uptake intensity. In another 
prospective clinical imaging trial of 87 men 
with metastatic castrate- resistant prostate can-
cer, Jadvar et al. showed in a multivariate anal-
ysis, controlling for confounding factors (age, 
serum PSA level, serum alkaline phosphatase 
level, the use of pain medication, prior chemo-
therapy, and Gleason score at initial diagnosis) 
that the sum of the SUVmax of up to 25 meta-
bolically active lesions (lymph nodes, bone, 
and soft tissue metastases) was statistically 
signifi cant with a hazard ratio of 1.01 (95 % 
confi dence interval [CI]: 1.001–1.020; 
 p  = 0.053) in predicting overall survival [ 32 ]. 
The moving hazards of death (interpreted as 
chance of death per person per month) showed 
a marked increase in chance of death for sum 
of SUVmax greater than 20. These latter two 
studies together suggest that the number of 
lesions and the intensity of FDG uptake in 
lesions might be independent prognostic vari-
ables for overall survival in patients with 
 metastatic castrate resistant prostate cancer 
[ 33 ]. This prognostic information can be 

 helpful for management decisions and com-
parative evaluation of current and emerging 
new therapies in this clinical space. 

   Conclusions 

 Accurate detection, localization, and determi-
nation of pre-therapy extent and therapy-
induced changes of bone metastases in 
patients with prostate cancer are of pivotal 
importance in clinical management decisions 
and in outcome prediction. Conventional 
imaging is inadequate in achieving these 
goals. PET with various targeted radiotracers 
may be helpful to fi ll this void. In this chapter, 
we focused on the potential role of FDG, 
which is the most commonly available PET 
radiotracer in the world. Evidence suggests 
that FDG PET (whether combined with CT or 
MRI) can be useful in determination of the 
extent of metabolically active disease and 
potentially in treatment response evaluation 
and in prognostication.      
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9.1          Introduction 

 Recently new radiopharmaceuticals have been 
proposed for investigating prostate cancer 
patients, including metabolic radiotracer such as 
anti1-amino-3-18F-fl uorocyclobutane-1-carbox-
ylic acid ( 18 F-FACBC) or probe targeting the 
prostate-specifi c membrane antigen (PSMA). 
These radiotracers showed in literature better 
performance in the detection of prostate cancer 
recurrence as compared to choline PET/CT 
imaging [ 1 ,  2 ]. 

 18F-FACBC is a synthetic L-leucine analogue 
that has excellent in vitro uptake in the DU145 
prostate cancer cell line [ 3 ]. Its uptake is likely 
mediated via the sodium-independent L large- 
neutral amino acid transport system which is 
composed of some transporters overexpressed in 
several types of cancer and linked to angiogene-
sis, proliferation and metastatic potential [ 4 ]. 

 PSMA-based PET imaging agents fall into 
three categories: (1) antibodies, (2) aptamers and 
(3) PSMA inhibitors of low molecular weight. 
J591 is a deimmunised monoclonal antibody that 
is specifi c for the extracellular domain of PSMA 
and has been radiolabelled with 89Zr and 64Cu 
for preclinical PET imaging in mice. Compared 
with these latter radiolabelled agents, the Glu- 
NH- CO-NH-Lys-(Ahx)-(68Ga[HBED-CC]) 
(68Ga-PSMA) derivative showed reduced unspe-
cifi c binding and considerable higher specifi c 
internalisation in PCa cells, resulting in improved 
in vivo properties. 

 In the management of metastatic prostate can-
cer, the incidence of bone metastasis is a frequent 
event, occurring in 65–75 % of men with 
advanced disease [ 5 ], with a median survival of 
approximately 2–3 years after the bone metasta-
ses diagnosis, depending on hormone responsive-
ness of the disease [ 6 ,  7 ]. Choline PET/CT 
provided good performance for detecting bone 
metastases in prostate cancer, both in case of 
osteoblastic and osteolytic lesions [ 8 ]. 
Considering the promising performance of 
 18 F-FACBC and  68 Ga-PSMA for investigating 
prostate cancer patients with BCR, it should be of 
interest to understand the accuracy of these new 
imaging procedures in the assessment of bone 
metastases. Therefore, the aim of this chapter is 
to investigate the role of new PET/CT radiophar-
maceuticals for the evaluation of the bone 
involvement in prostate cancer patients.  

        F.   Ceci ,  MD      •    J.  J.   Morigi ,  MD      •    L.   Zanoni ,  MD      
  Service of Nuclear Medicine ,  S.Orsola-Malpighi 
University Hospital, University of Bologna , 
  Bologna ,  Italy   
 e-mail: francesco.ceci83@gmail.com; 
joshuamorigi@me.com; lucia.zanoni84@gmail.com   

    S.   Fanti ,  MD, PhD      (*) 
  Service of Nuclear Medicine, PAD.30 ,  S.Orsola- 
Malpighi University Hospital, University of Bologna , 
  Via Massarenti, 9 ,  Bologna   40138 ,  Italy   
 e-mail: stefano.fanti@aosp.bo.it  

  9

mailto:francesco.ceci83@gmail.com
mailto:joshuamorigi@me.com
mailto:lucia.zanoni84@gmail.com
mailto:stefano.fanti@aosp.bo.it


96

9.2     Role of  18 F-FACBC PET/CT 
for Detecting Bone 
Metastases in Prostate 
Cancer 

 In recent years, an investigational amino acidic 
PET compound, anti1-amino-3-18F-fl uoro-
cyclobutane-  1-carboxylic acid ( 18 F-FACBC), a 
synthetic L-leucine analogue, was developed and 
tested in prostate cancer patients with biochemi-
cal recurrence after radical treatment. Its uptake is 
mainly mediated via the sodium-independent “L” 
large-neutral amino acid transport system (par-
ticularly, LAT1/4F2hc); secondly, the sodium-
dependent alanine-serine- cysteine (ASC) system 
(particularly, ASCT1), the sodium-independent 
ASC system (asc- 1/4F2hc) and the sodium-inde-
pendent T system (TAT1) are involved [ 9 ]. In 
literature, few promising studies confi rming the 
good performance of these new radiopharmaceu-
ticals, when compared to  11 C-choline PET/CT, are 
already present. However, there are no studies up 
to now that aimed to specifi cally explore skeletal 
involvement. 

 Few studies evaluated  18 F-FACBC biodistribu-
tion and radiation dosimetry in healthy volun-
teers. The four organs with the highest initial 
uptake were the liver, red bone marrow (11.1 %; 
range 4.8–20.4 %), lung and pancreas. Bone mar-
row demonstrated moderate and frequently het-
erogeneous or patchy  18 F-FACBC uptake, which 
decreased over time and was related with loca-
tions of red marrow, thus representing a complex 
background for the evaluation of metastases. 
Skeletal muscle also had mild uptake initially, 
which increased with time and over that of mar-
row at approximately 30–60 min after radiotracer 
injection [ 10 – 13 ]. 

 Considering bone marrow, in a study by 
Emory et al., despite signifi cant difference in 
average SUVmean at 4 min ( p  = 0.04) was 
observed, the average absolute mean difference 
was minimal (0.3), mean percent difference was 
10.7 % (±6.5), and there was a very high inter-
class correlation coeffi cient ICC (0.8) [ 14 ]. 
Results of a prospective clinical trial comparing 
 18 F-FACBC PET/CT and ProstaScint for recur-
rent prostate carcinoma were presented by the 

group from Emory University headed by Schuster 
et al. [ 15 ]. Abnormal moderate focal  18 F-FACBC 
uptake greater than marrow that deviated from 
the expected biodistribution and persisted from 
early to delayed images was interpreted as posi-
tive. For bone involvement, histological proof or 
a characteristic appearance on no fewer than two 
other imaging studies (MR, CT and/or bone scan) 
was accepted. Of 93  18 F-FACBC scans, 77 
(82.8 %) were positive, including 49 (63.6 %) in 
the prostate/bed only, 24 (31.2 %) in the prostate/
bed and extraprostatically and 4 (5.2 %) extra-
prostatically only. In the 70 of 93 patients with a 
defi nitive consensus on extraprostatic disease, 
 18 F-FACBC demonstrated 55 % sensitivity, 
96.7 % specifi city, 72.9 % accuracy, 95.7 % PPV 
and 61.7 % NPV, signifi cantly superior than the 
conventional competitor. In Fig.  9.1 , an example 
of a patient with a bone metastasis at FACBC 
PET/CT is illustrated.

   Recently, Nanni et al. compared the accuracy of 
 18 F-FACBC and  11 C-choline PET/CT in 89 pts, 
consecutively and prospectively enrolled, with 
BCR after RP,  11 C-choline and  18 F-FACBC PET/
CT performed within 1 week and off ADT at the 
time of the scans. PET positivity criterion was the 
presence of abnormal focal areas of uptake, more 
intense than background, and a semiquantitative 
SUV ratio (SUVmax in the lesion/SUVmean in 
surrounding background) ≥1.5 was used to aid the 
visual analysis. Different from the Emory group, 
they considered as background not the marrow but 
the healthy tissues surrounding the focal patho-
logical uptake, wherever it was. Considering only 
the bone region analysis, overall seven patients 
resulted positive with at least one of the two trac-
ers. Four patients were equally positive (TP) at the 
two tracers (lesion appearances in corresponding 
low-dose CT images were no evidence of bone 
remodelling in 2 pts, degenerative-like in one 
patient, multiple small osteosclerotic in one 
patient). Two patients were positive at choline 
(1FP, 1TP) but negative at FACBC (1TN, 1FN) in 
osteosclerotic lesions (Fig.  9.2 ).

   One patient was negative at choline (FN) but 
positive at FACBC (TP) in a lesion that could be 
misinterpreted for its degenerative-like aspect. 
Standard of reference was clinical evaluation and 
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imaging in all cases (i.e. bone scan, MRI, follow-
 up 11C-choline PET/CT). Among the 82 patients 
who presented a concordant negative test with 
both compounds, at least four turned out FN at 
clinical evaluation and imaging (two CT images, 
one follow-up 11C-choline PET/CT, one bone 
scan + MRI both depicting a lesion in the tibia out-
side the PET fi eld of view). At least 32 pts turned 

out disease-free for bone involvement (TN); 
 reference standard was PSA drop after target treat-
ment on prostate bed or lymph nodes (i.e. RT pros-
tate bed and/or ln; lymphadenectomy) or imaging 
(negative for bone metastases but positive for local 
relapse or nodal involvement or other site dissemi-
nation) in most cases and a clinical evaluation in 
two cases. The remaining 46 were actually inde-

  Fig. 9.1    18F-FACBC positive bone metastases in high-risk 
prostate cancer at staging evaluation. A 71-year-old patient 
diagnosed with high-risk prostate cancer (PSA 6.8 ng/ml; 
cT2; GS 4 + 4) underwent the standard staging fl ow chart 
and was scheduled for radical surgery. He was enrolled in a 
prospective study for staging lymph nodes with 18F-FACBC 
PET/CT. The experimental compound showed increased 

focal uptake in a single osteosclerotic lesion in the right iliac 
bone in keeping with bone metastasis. The detection of dis-
tant secondary lesions leads to an exclusion from surgery 
procedure and a change in treatment management . Project 
granted by “Programma di ricerca Regione-Università 
2013, Regione Emilia Romagna, Area 1- Bando Giovani 
ricercatori Alessandro Liberati”       
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terminate TN or FN because of insuffi cient evi-
dences at follow-up data [ 1 ,  16 ,  17 ]. 

 Kairemo et al. in a cohort of 26 patients con-
cluded that  18 F-FACBC may play a role for restag-
ing prostate cancer, especially in patients with a 
fast PSAdt. In particular, 26 (44.8 %) metabolically 
active lesions were reported in the skeleton [ 18 ]. 
Data about staging primary prostate cancer come 
from a Japanese multicenter phase IIb clinical trial 
with NMK36, trans-1- amino-318F-FACBC, by 
Suzuki et al. In their population (radical prostatec-
tomy cohort, 42 patients; hormone therapy cohort, 
24 patients), the concordance rate and k coeffi cient 
for diagnosis of bone metastasis by NMK36-PET/
CT and combined conventional exams (bone scan 
and whole-body contrast-enhanced CT) were 
83.3 % and 0.557, respectively. These results 
showed moderate concordance, and seven subjects 

were positive only with NMK36-PET/CT suggest-
ing that the  experimental compound might visual-
ise early stage of bone metastases [ 19 ]. 

 Few limitations should be considered when 
approaching  18 F-FACBC in this limited topic: the 
low intrinsic spatial resolution makes PET not 
suitable for the detection of bone micrometastases; 
the majority of population investigated so far are 
often small, clinically heterogeneous and with a 
limited number of positive fi ndings; the reference 
standard is mainly based on a longitudinal follow-
up because bone biopsy is rarely feasible; treat-
ment decisions are often undertaken without a 
matching imaging or reliable biopsy, which makes 
it diffi cult to determine if and where exactly the 
metastases were present; and of the absence of 
validation for most of negative PET scans (TN or 
FN actually remains indeterminate) [ 17 ].  

ba c
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  Fig. 9.2    False-positive 11C-choline and true-negative 
18F-FACBC benign bone island, confi rmed by MRI. A 
74-year-old-patient radically treated for prostate cancer pre-
senting with biochemical recurrence (PSA 1.57 ng/ml, PSA 
doubling time (dt) 16.4 months, PSA velocity 0.7 ng/ml/
year). 11C-choline PET/CT showed focal increased uptake 
in the right femur ( a  axial fused choline PET/CT; 
 b  axial choline PET; see  black arrow ), corresponding with a 

subcentimetric osteosclerotic lesion in low-dose CT images 
( c ). The bone fi nding resulted non-avid with 18F-FACBC, 
performed within 1 week ( d  axial fused FACBC PET/CT;  e  
axial FACBC PET). A dedicated MRI ( f  axial T2 fatsat) and 
the subsequent clinical follow-up excluded bone relapse 
defi ning the lesion as benign bone island . Project granted by 
“Programma di ricerca Regione-Università 2010–2012, 
Regione Emilia Romagna, Bando Giovani Ricercatori”       
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9.3     Role of  68 GA-PSMA PET/CT 
for Detecting of Bone 
Metastases in Prostate 
Cancer 

 A new molecular probe targeting PSMA has been 
recently developed [ 20 ]. PSMA is a membrane- 
bound enzyme with signifi cantly elevated expres-
sion in prostate cancer cells in comparison to 
benign prostatic tissue [ 21 ]. The localisation of 
the catalytic site of PSMA in the extracellular 
domain allowed for the development of small 
specifi c inhibitors that are internalised after 
ligand binding [ 21 ]. Preliminary studies demon-
strated that  68 Ga-PSMA (Glu-NH-CO-NH-Lys-
(Ahx)-[68Ga(HBED-CC)]), an extracellular 
PSMA inhibitor for PET/CT imaging, is charac-
terised by a signifi cantly higher accuracy in the 
detection of early recurrence as compared to 
 18 F-choline PET/CT [ 2 ,  22 ]. These investigations 
also reported a higher tumour-to-background 
ratio for  68 Ga-PSMA PET/CT for the detection of 
suspected prostate cancer metastases when com-
pared to  18 F-choline PET/CT [ 22 ] and very prom-
ising performances also at very low PSA levels 
[ 2 ,  23 ]. In Fig.  9.3 , an example of a patient with 
bone metastasis at 68Ga-PSMA and 11C-choline 
PET/CT is reported.

   Despite these promising results, the results 
obtained by  68 Ga-PSMA PET/CT in recurrent 
prostate cancer have not been extensively vali-
dated with either histology (namely, biopsy of the 
suspicious metastatic site) or with lesion-directed 
imaging provided with high specifi city [ 24 ]. More 
specifi cally literature lacks studies specifi cally 
aimed to evaluate the accuracy of PSMA PET/CT 
for investigating bone metastatic disease. In the 
largest patient series published so far, however 
[ 25 ], Afshar-Oromieh and colleagues evaluated 
the role of  68 Ga-PSMA PET/CT in a cohort of 319 
recurrent prostate cancer patients. Despite inho-
mogeneous characteristics in the population 
(mean PSA 161 ng/mL; median PSA 4.59 ng/mL; 
28 patients not treated with radical therapies), 
authors assessed an overall positivity rate of 
82.8 %. A total of 901 lesions were assessed by 
 68 Ga-PSMA PET/CT and considered suspicious 
for malignancy, with a mean per- lesion SUVmax 

of 13.4 (±14.6). According to the published data, 
on a per-lesion analysis, bone lesions were 
observed in the 39.8 % of cases (359 out of 901 
lesions observed) with a mean per- lesion SUVmax 
value of 14.3 (±14.0). This data suggests the good 
value of this new imaging procedure for evaluat-
ing a possible skeletal involvement in recurrent 
prostate cancer patients. In particular, in this large 
cohort of patients, a high tumour-to-background 
ratio (TBR) for  68 Ga-PSMA PET/CT allowing a 
proper visualisation of the suspected lesions was 
confi rmed. Eiber et al. [ 26 ] later confi rmed these 
results. In a cohort of 248 recurrent patients, the 
authors observed an overall positivity rate of 
89.5 % for  68 Ga-PSMA PET/CT. On a per-patient 
analysis, bone lesions were documented in the 
35.9 % of patients (89 out of 248 patients). In par-
ticular, in the data reported by authors, in the 
10.1 % of these 89 patients, the bone metastases 
were exclusively identifi ed with PSMA focal 
uptake in the bone marrow, without any morpho-
logical alterations in CT. Thus, according to these 
results, in this patient series, with median PSA of 
1.99 ng/mL, in the 3.7 % of the overall population, 
bone marrow metastases were suspected. 
Recently, Ceci et al. [ 23 ] investigated the role of 
 68 Ga-PSMA PET/CT for restaging prostate can-
cer patients and evaluated which clinical and 
pathological features were associated with  PET/
CT positivity rate. In their patient series (mean/
median PSA 3.5/1.7 ng/mL), positive bone 
lesions were observed in the 17.1 % of the overall 
population (12 out of 70). On a per-lesion analy-
sis, bone lesions were observed in the 14.5 % of 
the 152 positive lesions analysed with a mean/
median SUVmax of 16.1/10.9 (range 4.2–33.7). 
It is interesting to report that according to data 
not published in this article (reported as courtesy 
of the authors), in the 12 patients with positive 
bone lesions, the mean/median PSA values 
observed were relatively low (mean/median PSA 
4.3/1.3 ng/mL). Furthermore, these patients 
showed fast PSA kinetics (mean PSA doubling 
time 3.5 months). This data is in accordance with 
the statistical analysis presented by the authors, 
in which PSAdt was a signifi cant predictor of the 
detection of distant lesions, including bone 
metastases ( p  = 0.011). 
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 A prospective comparative study between 
 18 F-fl uoromethylcholine (CHO) and  68 Ga-PSMA 
PET/CT (PSMA) was performed on 38 patients 

in early 2015. The study specifi cally addressed 
patients in the low and very low PSA area, 
also remarking possible changes in clinical 

ba c
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  Fig. 9.3    F.P. is a 68-year-old patient treated with RP for 
PCa, GS 4 + 3, T2cN0(0/22)MxR0 in 20/7/2012. No adju-
vant therapies have been performed after RP. In February 
2015, the patient was addressed to salvage radiotherapy 
on the prostatic bed for biochemical relapse. PSA nadir 
after salvage therapy was 0.01 ng/mL. On June 2015, 
patient experienced a biochemical failure with PSA = 0.24 

ng/mL and was referred in March 2016 to choline PET/
CT which resulted negative ( a – c ) (PSA = 0.73 ng/mL). As 
a consequence, the patient was investigated with 
68Ga-PSMA PET/CT that showed the presence of two 
bone osteoblastic lesions. According to 68Ga-PSMA 
PET/CT results, the patient was addressed to androgen 
deprivation therapy       
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 management of these patients. The study con-
fi rmed a major detection rate for PSMA over 
CHO regardless of the PSA level. Within this 
patient cohort, a total of 16 bone lesions were 
identifi ed by PSMA (Fig.  9.4 ) (CHO identifi ed 9 
lesions;  this data was not published in this article 
and is reported as courtesy of the authors ).

   The mean value of PSA for these patients was 
1.91 ng/ml. Regardless of the limited number of 
patients presenting with bone metastases (7/38, 
18 %), in patients with rising PSA being evaluated 
for curative intent therapy with low PSA levels, 
 68 Ga-PSMA-HBED-CC PET/CT demonstrated a 
signifi cantly higher detection rate (DR) for recur-
rent disease than CHO and impacted on manage-
ment in a high proportion of subjects imaged. 
Management impact is a topic of main interest 
when addressing the issue of bone involvement in 
prostate cancer as it will change the therapeutic 
approach, for example, shifting from salvage RT 
to systemic treatment [ 2 ]. 

 A recently published paper by Mottaghy and 
colleagues on 151 patients specifi cally inquired 
the extent of disease in recurrent prostate cancer 
determined by  68 Ga-PSMA PET/CT in relation to 
PSA levels, PSA doubling time (PSAdt) and 
Gleason score (GS). In this study, the presence of 
bone lesions was demonstrated in 4/27 patients 
(15 %) with PSA < 1ng/ml, 3/19 patients (16 %) 
with PSA between 1 and 2 and 43/109 patients 
(39 %) with PSA > 2. When focusing on PSA 
kinetics, even more interesting data emerges, as 

fast PSA-kinetics (PSAdt shorter than 6 months) 
bone lesions are identifi ed in 32/60 patients 
(53 %), with a PSAdt between 6 and 12 months: 
9/27 patients (33 %) and 0/21 patients with a 
PSAdt >12 months. With regard to GS, values of 
less than 8 were associated with a 30 % DR of 
bone disease, while values from 8 to 10 were 
associated with a 32 % DR [ 27 ]. This fi nding 
confi rms other data suggesting that PSMA over-
expression is not directly related to Gleason score 
and that fast PSA kinetics are more likely to 
relate to a positive PSMA scan (Fig.  9.5 ).

   There is however a lack of strong prospective 
studies involving large patient populations, and 
none of them specifi cally address bone metasta-
ses detection or response to therapy. Also, it is 
important to be aware of other potential causes of 
increased PSMA uptake within the bone district: 
there are two case reports indicating how Paget’s 
disease might show intense PSMA uptake 17. 
The author theorises a mechanism of stimulation 
by secreted angiogenic as the probable cause of 
this false-positive uptake. 

 There are also a number of alternatives to gal-
lium PSMA that are being proposed, most of them 
being PSMA-based fl uorinated compounds. 
Advantages of  18 F over  68 Ga are mostly due to a 
higher feasibility of these compounds and possibly 
to higher quality standards of fl uorinated isotopes 
N [ 28 ]. Among them,  18 F-DCFBC (N-[N-{(S)-1,3-
dicarboxpropyl]carbamoyl} 4-18F-fl uorobenzyl-
L-cysteine] or DCFBC) and  18 F-DCFPyLis 

  Fig. 9.4    A 72-year-old patient with prostate cancer GS 
4 + 3, pT2cN0(0/15)Mx, initial PSA = 7.9 ng/ml treated 
with RP without adjuvant RT. PSA nadir < 0.01 ng/
mL. BCR occurred 22 months after RP. The patient, with 
PSA of 0.83 ng/mL, PSAdt of 5.5 months and PSAvel of 
0.88 ng/mL/year, was referred to 68Ga-PSMA PET/CT 
that showed a single bone lesion involving the VIII dorsal 

vertebra (SUVmax = 6.1). Patient was referred to 
metastases- directed EBRT on the bone lesion with a PSA 
response (PSA = 0.4 ng/mL) after the treatment (Courtesy 
from Dr. Llanos Geraldo and Prof. Irene Virgolini 
(Department of Nuclear Medicine, Medizinische 
Universität Innsbruck, Austria))       
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(2-[3-{1-carboxy-5-[(6-[18F]fluoro- pyridine-3-
carbonyl)-amino]-pentil}-ureido]-pentanedioic 
acid or DCFPyLis) are of particular interest. 
DCFBC and DCFPyLis both present favourable 
dosimetry and biodistribution [ 29 ,  30 ], and pre-
liminary data published on only small patient pop-
ulations suggest a superiority of both over 
conventional imaging in terms of detection of 
bone lesions in prostate cancer patients [ 31 ,  32 ]. 

 Bombesin-based radiotracers and antagonists 
of gastrin-releasing peptide (GRP) receptor are 
also of interest [ 33 ,  34 ], and a recently hybrid 
PSMA-GRP PET tracer developed and fi rst 
tested on murine samples [ 35 ] suggests that this 
fi eld is ever evolving towards new and hopefully 
more accurate diagnostic tools. 

   Conclusions 

 In accordance with the most used guidelines 
of urology such as EAU and NCCN guide-
lines, conventional bone imaging should be 
limited to patients with high PSA values dur-
ing BCR, since these patients are more likely 

to present with  distant metastases. However, 
considering the limited value of PSA as a spe-
cifi c biomarker, more useful prognostic fac-
tors that might help in predicting disease 
aggressiveness and possibly drive better treat-
ment decisions are needed. New data emerg-
ing from PET/CT imaging, both considering 
choline and new radiopharmaceuticals (PSMA 
and FACBC), suggests that bone imaging with 
PET/CT should be considered for restaging 
PCa patients in case of BCR, regardless of the 
PSA values. In fact, even in patients present-
ing low PSA levels at the time of imaging, and 
particularly in patients with fast PSA kinetics, 
the demonstration of bone involvement will 
prevent these patients from futile aggressive 
local treatment, like S-RT on prostate bed. In 
this context, the assessment of bone invasion 
with PET/CT could have a considerable 
impact on patient clinical decision-making 
process, addressing these patients to more tai-
lored therapy schemes. PET/CT, with the 
abovementioned promising PSMA or FACBC, 
may help to better defi ne the setting of a 

b
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  Fig. 9.5    A 59-year-old patient with prostate cancer GS 
4 + 5, pT3bN1(2/15)MxR1, initial PSA = 18.9 ng/ml 
treated with RP with adjuvant RT. PSA nadir <0.02 ng/
mL. BCR occurred 10 months after treatments. The 
patient presented a PSA of 1.1 ng/mL, PSAdt of 4.9 
months and PSAvel of 1.5 ng/mL/year and was addressed 
to S-RT on prostate bed and iliac lymph node chains. The 
patient was referred to 68Ga-PSMA PET/CT, to restage 

the disease before S-RT. PET/CT showed prostate bed and 
pelvic lymph node relapse together with bone metastases 
( a ,  b ). According to PET/CT results, the patient treatment 
strategy was changed from S-RT to palliative ADT 
(Courtesy from Dr. Llanos Geraldo and Prof. Irene 
Virgolini (Department of Nuclear Medicine, Medizinische 
Universität Innsbruck, Austria))       
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specifi c bone-dominant vs. non-bone- 
dominant disease in order to select further 
imaging options and treatment strategies spe-
cifi cally directed on bone metastases.      
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10.1          Introduction 

 Skeletal metastases occur in more than 80 % of 
prostate cancer patients diagnosed with metastatic 
disease [ 1 ]. The majority of these patients initially 
benefi t from hormone therapies, namely, andro-
gen deprivation therapies (ADT); however, virtu-
ally all of them develop castration-resistant 
prostate cancer (CRPC), a condition which is 
defi ned by losing response to ADT [ 2 ,  3 ]. In most 
cases, bone metastases are already present at this 
stage of disease. However, in other cases that also 
harbor CRPC according to the criteria most 
widely employed, bone metastases develop later 
in the course of the disease. In a paper by Smith 
et al., 33 % of patients who had no metastases at 
CRPC diagnosis developed one or more bone 
localizations within 2 years of CRPC diagnosis 
[ 4 ]. The median survival of patients affected by 
CRPC is highly variable. In a recent review by 

Kirby et al. [ 1 ], a pooled sample-weighted sur-
vival estimate was 14 months. Survival expecta-
tion in these patients is the result of tumor bulk 
and disease spread to other sites beyond the skel-
eton. The survival of patients affected by visceral 
metastasis is in fact usually poorer than that of 
patients affected only by skeletal metastases. 
However, the number of metastatic sites and site 
of involvement is closely correlated with life 
expectancy. Life expectancy is also unfavorably 
affected by skeletal-related events, like bone frac-
tures or spinal cord compression, which can com-
plicate the course of disease. If untreated, about 
half of advanced prostate cancer patients with 
bone metastases will experience at least one skel-
etal event over a 2-year period [ 5 ]. Beyond short-
ening patients’ life expectancy, these events are 
usually associated with pain and other trouble-
some symptoms, which can seriously affect 
patient quality of life and can represent a cause of 
temporary or permanent disability. Costs are also 
increased in patients with bone metastases in rela-
tion to the management of these adverse events 
and disability. Bone-related parameters are not 
the only factors able to predict for patient sur-
vival, though they play a major role in this regard. 
In a recent analysis reported by Fizazi et al., 
including nearly 2,000 patients enrolled in an 
international multicenter study, 15 potential prog-
nostic variables were investigated, 12 of which 
were included into multiparametric models [ 6 ]. 
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Seven bone-related variables were associated 
with longer survival: lower alkaline phosphatase 
and bone-specifi c alkaline phosphatase serum lev-
els, lower corrected urinary N-telopeptide con-
centration, mild or no pain, no previous 
skeletal-related events, longer time from initial 
diagnosis to fi rst bone metastasis, and longer time 
from fi rst bone metastasis to randomization. The 
morphologic pattern on CT scan, glycolytic activ-
ity, and androgen receptor (AR) expression on 
PET also appear to be associated with overall sur-
vival (OS) [ 7 ]. More recently, other researchers 
have investigated whether novel molecular 
approaches might provide additional prognostic 
variables in patients affected by bone metastases. 
Indeed, it has been shown that bone metastases of 
CRPC patients express higher levels of AR splice 
variants, like AR-V7 or AR567e, than those of 
hormone-naïve patients [ 8 ]. The overexpression 
of AR variants is usually correlated with a poorer 
prognosis and resistance to endocrine therapies 
[ 9 ]. Moreover, induced capacity of converting 
adrenal-gland-derived steroids into more potent 
androgens was also demonstrated in a subgroup 
of bone metastases [ 10 ]. However, these molecu-
lar changes appear to correlate more with the 
probability to respond to second-line endocrine 
manipulations than with the probability of sur-
vival [ 10 ]. These premises highlight the complex-
ity of the issues to be addressed in patients affected 
by bone metastases, starting from the mechanisms 
involved in the development of this manifestation 
of disease as the logical premise to implement 
adequate treatment strategies. Concerning bone 
metastases pathogenesis (see Chap.   1     to have 
more information about this topic), the central 
role of the bone niches must be underlined [ 11 ]. 
In fact, the specifi c molecular changes which 
drive the activation of osteoclasts and osteoblasts 
are essential to the attachment and proliferation of 
cancer stem cells. The extracellular matrix and 
some of its main components, like periostin, play 
a crucial role in tumor cell proliferation at the 
niche level. These components are involved in 
promoting neo-angiogenesis or activating alterna-
tive signaling pathways which advantage the 
growth of phenotypically aggressive tumor 
clones, able to drive tumor spreading to other 

bone sites or to other organs [ 12 ,  13 ]. These novel 
theories open the door to the concept of “preci-
sion medicine” and to the implementation of new 
strategies based on the combination of systemic 
and local treatment modalities, beyond the old 
purpose of improving disease palliation. Waiting 
for the results based on the new emerging para-
digms, a multidisciplinary approach is often 
required in everyday clinical practice to correctly 
approach patients affected by bone metastases. In 
fact, local treatments are usually aimed at bone 
stabilization, and symptomatic treatments are 
usually aimed at pain control; however, these 
strategies must be integrated with systemic treat-
ments more specifi cally aimed at disease control, 
at preventing the consequences of bone involve-
ment, and at minimizing the side effects of onco-
logic treatments on bone health. Both can in fact 
contribute to the development of serious adverse 
events, like bone fractures or spinal cord com-
pression. Among systemic treatments, hormone 
therapies still represent the mainstay to manage 
bone metastases both in hormone-naïve and in 
castration-resistant patients, due to the central 
role played by androgen receptor (AR) in sustain-
ing disease progression in both situations. 
Endocrine manipulations can target both the seed, 
i.e., cancer cells which generate the metastasis, 
and the soil, i.e., the mechanisms operating at the 
level of the bone niches which interfere with bone 
resorption, which, in turn, is responsible for the 
majority of the adverse events occurring at this 
stage of disease. This evidence, though often 
underestimated, provides further support to the 
use of endocrine manipulations and to consider 
the concurrent administration of other bone-tar-
geting therapies, like bisphosphonates or deno-
sumab. In fact, it has been shown that androgens 
modulate Runx2 activity in prostate cancer cells, 
promoting EMT and metastatic potential, but also 
stimulate Wnt signaling in osteoblasts, causing 
Runx2 overexpression, osteoblast differentiation, 
and enhanced secretion of RANKL, which in turn 
promotes osteoclast differentiation [ 14 ,  15 ]. 
Mature osteoclasts initiate bone resorption with 
the release of TGF-beta, which can further stimu-
late prostate cancer growth. Therefore, the inter-
ference with androgen synthesis or function 
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through appropriate pharmacological manipula-
tions interrupts this vicious circle, arresting both 
prostate cancer proliferation and bone resorption 
[ 16 ]. These data have been obtained in preclinical 
models. However, they are supported by the fact 
that both tumor control and the reduction in the 
adverse events more strictly related to bone 
resorption have been observed in the clinical trials 
testing the novel generation endocrine therapies 
which will be described in the next paragraphs.  

10.2     Hormonal Therapy: Options 

 Prostate tissue, whether benign or malignant, is 
heavily dependent on AR signaling for growth 
and proliferation. Therefore, the inhibition of this 
pathway by hormonal therapy has historically 
been the mainstay of treatment for prostate can-
cer, namely, of patients with bone metastases. 
Gonads are the main source of androgens, with 
adrenal biosynthesis providing only 5–10 % of 
total male sex hormones. Testosterone is con-
verted to 5-α-dihydrotestosterone (DHT), a com-
pound which is about ten times more powerful 
than testosterone, within the prostate cells and at 
the stromal level [ 17 ]. The fi rst important results 
in prostate cancer treatment were obtained with 
ADT. ADT, formerly achieved through orchiec-
tomy or major surgical procedures, like adrenal-
ectomy, is now achieved through different 
pharmacological approaches. The use of steroi-
dal and nonsteroidal compounds able to bind the 
AR with a higher affi nity than that of the natural 
ligand and, as a consequence, to inhibit AR tran-
scription also proved to effectively inhibit pros-
tate cancer proliferation (Table  10.1 ). 

10.2.1     Inhibitors of Gonadal 
Androgen Synthesis 

 As already mentioned, the surgical ablation of 
the gonads is the most effective and cheap way to 
obtain androgen deprivation and doesn’t expose 
the patient to any risk of paradoxical fl are of the 
disease [ 18 ]. Medical castration is achieved by 
interfering with the release of gonadotropins at 

the pituitary level, and this treatment is consid-
ered an acceptable alternative to surgical castra-
tion, which is better tolerated by patients from a 
psychological point of view due to its putative 
reversibility [ 18 – 20 ]. Medical androgen depriva-
tion has been accomplished through estrogens 
(diethylstilbestrol), luteinizing hormone- 
releasing hormone (LH-RH) agonists, and 
LH-RH antagonists. However, severe thrombo-
embolic and cardiac side effects have limited the 
use of estrogenic therapy over time [ 20 ]. 

 LH-RH (also known as gonadotropin- 
releasing hormone or GnRH) is secreted in the 
hypothalamic area of the brain in a pulsatile fash-
ion, with pulses occurring every 60–90 min. The 
binding of LH-RH to specifi c plasma membrane 
receptors on pituitary gonadotrope cells is the 
step necessary to activate the synthesis and 
release of LH and FSH. Once LH enters the gen-
eral circulation, it acts on the Leydig cells in the 
testes to control testosterone synthesis [ 21 ]. 
LH-RH agonists (buserelin, goserelin, leupro-
lide, and triptorelin) override this pulsatile con-
trol of the pituitary by providing continuous 
stimulation, which eventually leads to the down-
regulation of pituitary LH-RH receptors, the con-
sequent reduction in LH and FSH release, and, 
therefore, the consequent suppression of testos-
terone levels [ 22 ] (Fig.  10.2 ). The chronic admin-
istration of LH-RH agonists achieves a deep and 
long- standing serum testosterone fall [ 19 ]; how-
ever, at the beginning of treatment, the physio-
logical spiking of LH levels with consequent 
testosterone surge can determinate a transient 
disease fl are, sometimes causing patients clinical 
worsening due to pain increase, spinal cord com-
pression, or urethral obstruction [ 23 ,  24 ]. For this 
reason, the concurrent administration of an anti-
androgen at the beginning of treatment with 
LH-RH agonists is usually recommended, espe-
cially in patients with bone metastases who have 
a higher risk of clinical complications from the 
fl are caused by the early surge of testosterone 
[ 25 ,  26 ]. LH-RH antagonists (abarelix, degarelix) 
bind directly to LH-RH receptor at the pituitary 
cell level competing with native LH-RH, thus 
inducing an immediate suppression of LH, FSH, 
and testosterone circulating levels. Therefore, 
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they are not associated with the initial surge of 
testosterone observed after agonist administra-
tion, and for this reason they don’t require the 
concurrent administration of an antiandrogen 
[ 27 ]. Two randomized trials evaluated the effi -
cacy of the LH-RH antagonist abarelix depot in 
suppressing testosterone levels compared to leu-
prolide or leuprolide plus an antiandrogen. 
Abarelix not only achieved a comparable sup-
pression of testosterone levels in the range of cas-
trated levels but also achieved a more prompt 
reduction in the serum levels of this hormone 
without any fl are effect [ 27 ,  28 ]. However, in 
2009, this drug was withdrawn by the US FDA 
because of the occurrence of severe systemic 
allergic reactions subsequent to its administra-
tion. Allergic reactions are very uncommon with 
degarelix, a second-generation LH-RH antago-
nist. Therefore, this compound was approved by 
the US FDA and EMA for the treatment of pros-
tate cancer as an alternative to LH-RH agonists 
[ 28 ]. The approval was granted based on the 
results of a phase III study which demonstrated 
the non-inferiority of degarelix compared with 
leuprolide in maintaining castration levels of tes-
tosterone (i.e., ≤0.5 ng/ml) for 1 year of treatment 
(primary endpoint of the study) in patients candi-
dates to ADT [ 29 ]. 

 Adverse events generally related to ADT 
include fl ushes, weight increase, impotence, loss 
of libido, fatigue, decreased muscle mass, osteo-
porosis, anemia, metabolic syndrome, and car-
diovascular disorders [ 30 – 32 ]. Recent evidences 
also suggest the possible association between 
ADT and the appearance of cognitive disorders 
[ 33 ,  34 ]. A recent meta-analysis of fi ve random-
ized trials comparing antagonists to agonists pro-
vides initial evidence about the putative 
superiority of antagonists on OS as well as on the 
lower incidence of ischemic cardiovascular 
events, particularly in patients with pre-existing 
cardiovascular disorders [ 35 ]. Noteworthy, the 
different incidence of cardiovascular events 
among patients allocated to degarelix was more 
evident during the fi rst 6 months of treatment 
[ 30 ]. It is still unclear why the “protective effect” 
of LH-RH antagonists comes out especially in 
the fi rst months of treatment. It was assumed that 
it might be mediated by the effect of treatment on 

the early detachment of arterial plaques, which, 
in turn, is probably mediated by the different 
behavior of FSH during treatment with agonists 
or antagonists or by immunologic mechanisms 
involving IL-2 [ 36 ,  37 ]. The previously men-
tioned meta-analysis also showed a reduced inci-
dence of joint, musculoskeletal, and urinary tract 
adverse events in favor of LH-RH antagonists 
[ 35 ]. Noteworthy, LH-RH antagonists do not 
appear to be cross-resistant with LH-RH ago-
nists, as shown in the retrospective study by 
Crawford et al., who demonstrated that patients 
initially progressed during treatment with an 
LH-RH agonist could be rescued after switching 
them to degarelix [ 23 ]. More recently, the results 
achieved with TAK 385, an oral LH-RH antago-
nist, confi rmed the ability of this compound in 
achieving a prompt and durable suppression of 
testosterone levels, almost comparable to that 
induced by LH-RH agonist, with the advantage 
of being devoid of the local effects at the injec-
tion site that occur in about 40 % of the patients 
treated with degarelix [ 38 ]. Large prospective tri-
als, specifi cally designed to compare the toxicity 
profi le and survival outcomes of LH-RH agonists 
and antagonists, are still missing, and up to now 
the preference for antagonists is supported in 
selected patients, namely, those with cardiovas-
cular comorbidities or at higher risk of tumor 
fl are.  

10.2.2     Inhibitors of Adrenal 
Androgen Synthesis 

 Abiraterone acetate was developed to interfere with 
residual androgen synthesis in castrated patients 
in a more selective and safer manner compared 
to the older adrenal steroidogenesis inhibitors, 
such as ketoconazole [ 39 ,  40 ]. In fact, this novel 
steroidal antiandrogen selectively inhibits the 
cytochrome P450 17α-hydroxylase/17,20-lyase 
(CYP17) activities. CYP17 is located in the endo-
plasmic reticulum of the testes and of the adre-
nals [ 41 ] and catalyzes two sequential reactions 
leading to the conversion of pregnenolone and 
progesterone into their 17α-hydroxy-derivatives 
and, subsequently, to dehydroepiandrosterone 
(DHEA) and androstenedione (ASD) [ 40 ]. ASD 
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and DHEA are converted to testosterone through 
17-beta-hydroxy-steroid dehydrogenase activity; 
testosterone is, in turn, converted to dihydrotes-
tosterone (DHT), the biologically active com-
pound, by 5α reductase. The inhibition of CYP17 
thus decreases circulating levels of DHEA, ASD, 
testosterone, and DHT (Fig.  10.2 ). However, the 
blockade of abovementioned enzymatic pathways 
leads to the suppression of the negative adreno-
corticotropic feedback, which, in turn, results in 
an exceeding production of precursor steroids 
with high mineralocorticoid activity. This effect is 
responsible for the most frequent adverse events 
observed during abiraterone treatment, namely, 
hypokalemia, hypertension, and fl uid overload. 
The concomitant use of low-dose glucocorticoids, 
which block the adrenocorticotropic feedback, is 
therefore required to decrease the frequency and 
severity of these events [ 42 ,  43 ]. Initial phase I 
dose- escalation studies with abiraterone showed a 
strict relationship between the degree of testoster-
one suppression and the percentage of objective 
tumor responses [ 44 ,  45 ]. Indeed, a signifi cant 
inhibition in testosterone levels was demon-
strated in both castrate and non-castrate patients; 
however, a reactive LH rise was observed in 
non- castrate males, suggesting the opportunity 
of maintaining gonadal suppression during treat-
ment with abiraterone [ 45 ]. Li et al. have recently 
demonstrated that abiraterone is converted to a 
more active metabolite, the delta-4-abiraterone 
(D4A). Beyond blocking the enzymatic pathways 
required to DHT synthesis through an increased 
affi nity for CYP17, this metabolite directly com-
petes for AR transcription, through a mechanism 
similar to enzalutamide. These fi ndings provide 
an additional explanation for abiraterone’s activ-
ity in prostate cancer [ 46 ]. Moreover, interfering 
with abiraterone pharmacodynamics by adding 
an inhibitor of 5-alpha-reductase, which induces 
an increase in D4A levels, might increase treat-
ment effi cacy and overcome the resistance to this 
drug [ 46 ]. The use of dexamethasone in place of 
prednisone might also overcome the resistance 
to abiraterone, due to the higher affi nity of dexa-
methasone for the glucocorticoid receptors which 
might be also involved in abiraterone resistance 
[ 47 ,  48 ]. Orteronel (TAK-700) is another inhibi-
tor of adrenal androgen synthesis. Differently 

from abiraterone, this is a nonsteroidal, reversible 
inhibitor of CYP17. Results of a phase II trial pre-
liminarily showed that orteronel (with or without 
prednisone) greatly decreased the plasma concen-
trations of testosterone, DHEA-S, and prostate-
specifi c antigen (PSA) in patients with metastatic 
CRPC (mCRPC) [ 49 ]. However, two subsequent 
phase III trials in patients previously treated 
with docetaxel or chemo-naïve (ELM-PC 5 and 
ELM-PC 4 trials) failed to confi rm the ability of 
orteronel to impact on patients’ survival (as it was 
the case for abiraterone; see next paragraphs); 
therefore, this drug did not obtain the US FDA 
approval [ 50 ,  51 ].

10.2.3         First-Generation 
Antiandrogens 

 Differently from therapies which act by inter-
fering with the hypothalamic–pituitary–gonadal 
axis, antiandrogens compete directly with circu-
lating androgens for binding sites on their recep-
tors within the prostate cells, thus promoting 
apoptosis and inhibiting prostate cancer growth 
[ 52 ,  53 ] (Fig.  10.1 ). These effects can be achieved 
either by steroidal compounds like cyproter-
one acetate or by nonsteroidal moieties (bicalu-
tamide, fl utamide, nilutamide) [ 54 ]. Differently 
from nonsteroidal antiandrogens, cyproterone 
acetate also blocks gonadotropin release at the 
pituitary level (depending on the dose employed) 
causing a decrease in testosterone plasma lev-
els too, leading to a sort of maximal androgen 
blockade [ 55 ,  56 ]. However, cardiovascular 
adverse events have been observed in more than 
20 % of patients treated with this progestin [ 37 ]. 
These relevant side effects, which also include 
liver toxicity and fulminant hepatitis, have pro-
gressively narrowed the indications to the use of 
cyproterone acetate in prostate cancer [ 57 ,  58 ]. 
In contrast to cyproterone acetate, which causes 
loss of libido and sexual impotence, nonsteroi-
dal antiandrogens have been shown to preserve 
sexual function if used as monotherapy. These 
drugs are also  associated with a better physical 
capacity and quality of life; moreover, the treat-
ment with these compounds has favorable effects 
on hemoglobin levels and bone mineral density 
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[ 52 ,  59 – 61 ]. However, mild- to moderate-grade 
gynecomastia and mastalgia occur virtually in 
all patients, due to the increase in circulating 
estrogen levels which is the consequence of anti-
androgen monotherapy [ 62 ]. This mechanism 
explains the effi cacy of tamoxifen in preventing 
or in managing gynecomastia and breast pain 
in these patients [ 63 ]. Abnormal liver function 
tests have been observed with all nonsteroidal 
therapies [ 52 ]. Serious hepatotoxicity was rarely 
observed with bicalutamide and nilutamide, but 
a few cases of fulminant liver failure have been 
described with fl utamide [ 62 ,  64 ]. Nilutamide 
has been associated with a higher incidence of 
adverse effects than the other nonsteroidal anti-
androgens, including some peculiar toxicities 
like interstitial pneumonitis, delayed adaptation 
to darkness, and alcohol intolerance [ 62 ,  65 ]. 
Although no direct comparisons are available, 
bicalutamide appears to be the fi rst-generation 
antiandrogen with the most favorable safety and 
tolerability profi le [ 52 ]. As it will be discussed 
in the next  paragraphs, these compounds have 
been developed to be used in combination with 
ADT, to prevent tumor fl are or to improve treat-

ment effi cacy in the frame of a total androgen-
blockade strategy [ 66 ]. However, they have been 
proven to be also effective as monotherapy, but 
only in selected groups of nonmetastatic patients. 
There is no indication that they might replace 
ADT in patients with metastatic disease, namely, 
those with bone metastases.  

10.2.4     Second-Generation 
Antiandrogens 

 First-generation antiandrogens, such as bicalu-
tamide or fl utamide, have modest effi cacy in the 
setting of AR overexpression or of specifi c muta-
tions in the AR ligand-binding domain [ 67 ]. New 
antiandrogens, like enzalutamide, were devel-
oped to overcome these limits. Enzalutamide has 
fourfold greater binding affi nity for AR than 
bicalutamide; it reduces the effi ciency of AR 
nuclear translocation and impairs both DNA 
binding to androgen response elements and 
recruitment of co-activators [ 54 ,  68 ,  69 ] 
(Figs.  10.1  and  10.2 ). Enzalutamide is also active 
against prostate cancer cell lines bearing the 

Androgen receptor (AR)

AR after conformational
change

Testosterone

Bicalutamide

Enzalutamide

(1)

(2)

(4)

(3)

  Fig. 10.1    Mechanisms of 
action of bicalutamide and 
enzalutamide. Bicalutamide 
competes directly with 
circulating androgens for 
binding sites on their 
receptors within the 
prostate cells. Enzalutamide 
inhibits prostate cancer 
cells acting at different 
levels: (1) It inhibits AR–
testosterone binding with 
higher affi nity than 
bicalutamide. (2) Receptor 
inhibition blocks the 
activational change induced 
by AR–testosterone 
binding. (3) It inhibits 
AR–testosterone nuclear 
translocation and DNA 
transcription. (4) Enzalu-
tamide lacks partial AR 
agonist activity that occurs 
with bicalutamide 
resistance (From: Hoffman-
Censits and Kelly [ 103 ])       
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Hypothalamus

GnRH

LH

Adrenal glands

DHEA-S
or DHEA

Testosterone

Testes

Prostate

Pituitary

AD

LH-RH agonists/antagonists
Chronic use of LH-RH agonists cause
downregulation of LH-RH receptor (GnRH-R)
whereas antagonists determine GnRH-R blockade.
These actions achieve a serum testosterone fall

Abiraterone
Abiraterone inhibits the activity of cytochrome
P450 17 alfa/hydrolase/ 17,20 lyase (CYP17A1)
in testis and adrenal gland affecting the
synthesis of dehydroepiandrosterone sulfate
(DHEA-S) and androstenedione (AD)

Enzalutamide
Enzalutamide inhibits androgen receptors (AR), 
decreases the efficiency of AR nuclear translocation 
and impairs both DNA binding to androgen response
elements and recruitment of co-activators

  Fig. 10.2    Mechanisms of action of LH-RH agonists/
antagonists, enzalutamide, and abiraterone. Chronic use of 
LH-RH agonists leads to downregulation of the LH-RH 
receptor (GnRH-R), whereas antagonists provide immedi-
ate GnRH-R blockade, achieving a deep and long- standing 
serum testosterone fall ( a ). Abiraterone selectively inhibits 
the cytochrome P450 17α-hydroxylase/17,20-lyase 
(CYP17A1) activities, located in the endoplasmic reticu-

lum of testes and adrenals ( b ). Enzalutamide inhibits andro-
gen receptor (AR) with high affi nity, reduces the effi ciency 
of AR nuclear translocation, and impairs both DNA binding 
to androgen response elements and recruitment of co-acti-
vators.  DHEA  dehydroepiandrosterone,  GnRH  gonadotro-
pin-releasing hormone,  LH  luteinizing hormone,  DHEA - S  
dehydroepiandrosterone sulfate,  AD  androstenedione, II 
(From: Watson et al. [ 104 ])       
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W741C AR point  mutation that is known to con-
fer resistance to bicalutamide. The superiority of 
enzalutamide over bicalutamide was recently 
demonstrated by two randomized controlled tri-
als: the TERRAIN trial, which compared these 
two drugs in combinations with ADT in mCRPC 
[ 70 ], and the STRIVE trial, which compared 
enzalutamide versus bicalutamide in nonmeta-
static or metastatic CRPC [ 71 ]. In the TERRAIN 
trial, a double- blind phase II study, 375 patients 
were randomly assigned to enzalutamide (184 
patients) or bicalutamide (191 patients). Castrated 
levels of testosterone were maintained in both 
arms. Patients in the enzalutamide group had sig-
nifi cantly improved median progression-free sur-
vival (PFS) duration (15.7 months) compared to 
patients in the bicalutamide group (5.8 months; 
HR: 0.44;  p  < 0.0001). In the STRIVE trial, 
patients with bone metastases represented about 
55 % of the whole population on study. In this 
trial too, castrated levels of testosterone were 
required. Again enzalutamide was associated 
with a signifi cant improvement in all study end-
points, including median time to PSA progres-
sion (HR: 0.19,  p  < 0.001) and PFS (median PFS 
duration: 16.5 vs. 5.5 months HR: 0.24,  p  < 0.001). 
The side effects reported in this study were com-
parable between groups; in fact, grade ≥3 adverse 
events and treatment-related deaths occurred in 
36 % of patients and in 3 % of patients in each 
group, respectively. This study confi rmed fatigue 
and hypertension being the most common clini-
cally relevant adverse events. Seizures were not 
reported in this study but were previously 
observed in pivotal trials. Seizures are dose 
dependent and are thought to be related to the 
inhibition of gamma-aminobutyric acid (GABA) 
receptors in the brain [ 72 ]. Although the inci-
dence of seizures in pivotal trials was small, it 
should be taken into account that patients eligible 
to these studies were required to have a low sei-
zure risk at the time of enrolment (no prior sei-
zures, no brain metastases, no recent stroke, no 
concomitant medications known to lower the sei-
zure threshold), suggesting that the true incidence 
of seizures in an unselected patient population 
might be higher. Therefore, the administration of 
enzalutamide must be carefully evaluated in 

patients with a medical history of seizures or pre-
disposing conditions. 

 ARN-509 (ARN) is another potent and selec-
tive AR antagonist, which, similarly to enzalu-
tamide, inhibits AR nuclear translocation and 
DNA binding without signifi cant AR agonist 
properties [ 73 ]. The effi cacy of this compound is 
now being tested in randomized trials [ 74 ].   

10.3     Hormonal Therapy: 
Indications 

10.3.1     Hormone-Naïve Patients 

 As already mentioned, ADT represents the 
common treatment suggested to manage 
hormone-naïve patients with bone metastases. 
The results achievable with either surgical or 
pharmacological castration (LH-RH agonists or 
antagonists) are comparable. More than two-
thirds of patients benefi t from ADT, with both 
symptoms and disease improvement, though it 
is still diffi cult to measure tumor response at 
bone level (see Chap.   16    ). However, the benefi t 
is commonly limited to 12–24 months. After 
ADT failure, defi ned by tumor progression 
according to PCWG 2 criteria in the presence 
of castration levels of testosterone (possibly 
≤0.20 ng/ml) [ 75 ], it is usually suggested to add 
an antiandrogen to ADT in patients initially 
managed with ADT alone or to switch from an 
antiandrogen to another one in patients initially 
managed through maximal androgen blockade 
(MAB); discontinuing the antiandrogen in 
patients initially receiving combined treatment 
is another alternative. In fact, about 20–30 % of 
patients managed in this latter way may experi-
ence symptom control and/or PSA decrease 
(“withdrawal response”), though response is 
usually short lived. Attempts have been made in 
order to increase response rate and duration in 
hormone- naïve patients by combining ADT 
with chemotherapy in selected patients (see 
Chap.   10    ) or by combining ADT with antian-
drogen therapy (MAB). This approach is based 
on the evidence that pharmacological or surgi-
cal castration is able to reduce more than 95 % 
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of the daily testosterone production; however, 
residual androgen synthesis is retained by adre-
nal glands and the tumor itself [ 76 ], and rele-
vant androgen levels can be found in 
prostatectomy samples of patients subjected to 
chemical or surgical castration [ 77 ]. Numerous 
studies have addressed the problem of the 
potential superiority of MAB compared to 
monotherapy with LH-RH agonists, with con-
tradictory results [ 78 – 86 ] (there are no studies 
comparing MAB vs. LH-RH antagonists). The 
Prostate Cancer Trialists’ Collaborative Group 
examined the results of 27 randomized trials 
comparing MAB versus medical or surgical 
castration [ 66 ]. Although MAB implies 
increased cost and toxicities, this meta-analysis 
showed a small but signifi cant advantage favor-
ing this approach, when the trials with cyprot-
erone acetate were excluded. These trends have 
been confi rmed by a couple of subsequent 
meta-analyses and by a recent Cochrane over-
view [ 84 ,  87 ]. In view of these data, MAB has 

become a common treatment option for patients 
with metastatic disease in many countries [ 25 ].

   As already mentioned, the use of enzalu-
tamide in combination with a LH-RH agonist 
might prove to be superior to MAB with fi rst- 
generation antiandrogens, like fl utamide or 
bicalutamide, similarly to what has been observed 
in mCRPC in the TERRAIN and STRIVE trials 
[ 70 ]. Other approaches tending to “maximize” 
androgen deprivation are based on the use of 
pharmacological castration combined with drugs 
able to interfere with adrenal or tumor androgen 
synthesis like abiraterone acetate [ 88 ,  89 ]. 
However, results from these trials are not avail-
able yet. 

 Combination of ADT with bone-targeting 
treatments has been also proposed as a putative 
way to increase the therapeutic effi cacy of hor-
monal therapy. This combination failed to improve 
patients’ survival as well as to decrease the inci-
dence of skeletal adverse events. The CALGB 
90202 study analyzed the effi cacy of zoledronic 

   Table 10.1    Hormonal therapies in prostate cancer: mechanisms of action and side effects   

 Therapy  Mechanism of action  Side effects 

 LH-RH agonists (buserelin, 
goserelin, leuprolide, and 
triptorelin) 

 Downregulation of LH-RH receptor  Flushes, weight increase, impotence, 
loss of libido, fatigue, decreased 
muscle mass, osteoporosis, anemia, 
metabolic syndrome, cardiovascular 
disorders, cognitive disorders, and 
“testosterone fl are” 

 LH-RH antagonists (degarelix)  Competitive occupancy of LH-RH 
receptor 

 The same side effects of agonists with 
a putative lower incidence of 
cardiovascular, joint, musculoskeletal, 
and urinary tract events; no 
“testosterone fl are” 

 Nonsteroidal antiandrogens 
(bicalutamide, fl utamide, and 
nilutamide) 

 Competitive occupancy of AR  Anemia, liver toxicities, gynecomastia, 
mastalgia, and gastrointestinal 
disorders 

 Steroidal antiandrogens 
(cyproterone acetate) 

 Competitive occupancy of AR and 
gonadotropin release blockade 

 Cardiovascular events, gynecomastia, 
mastalgia, loss of libido, and sexual 
impotence 

 Abiraterone acetate  Inhibition of residual and adrenal 
androgen synthesis 

 Hypokalemia, hypertension, and fl uid 
overload 

 Orteronel  Reversible inhibition of residual and 
adrenal androgen synthesis 

 Nausea, vomiting, fatigue, 
hypokalemia, and hypertension 

 Enzalutamide  Competitive occupancy of AR with 
high affi nity, inhibition of AR nuclear 
translocation, and interaction with 
DNA 

 Cephalea, fatigue, hypertension, 
fl ushes, and seizures 

   LH - RH  luteinizing hormone-releasing hormone,  AR  androgen receptor  
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acid in delaying the development of skeletal-
related events (SREs) in hormone-naïve patients; 
no differences were observed between patients 
treated with the combo compared to patients 
assigned to ADT alone. In fact, time to fi rst SRE 
was 31.9 months in the ADT/zoledronic acid arm 
versus 29.8 months in the ADT/placebo arm (HR 
0.97; 95 % CI, 0–1.17;  p  = 0.39) [ 90 ]. Accordingly, 
the recent data of the British trial STAMPEDE 
confi rmed that the addition of zoledronic acid to 
ADT, in the presence or in the absence of 
docetaxel, was neither able to improve patients’ 
survival nor to reduce the incidence of SREs [ 91 ]. 
In view of previous fi ndings, it could be con-
cluded that treatment with bisphosphonates or 
RANKL inhibitors should not be considered for 
the management of hormone-naïve patients. 

 As it has been shown in the previous para-
graphs, ADT is not devoid of clinically relevant 
side effects; for this reason, it has been long 
debated whether this treatment could be delayed 
in asymptomatic or low tumor burden patients. 
The UK Medical Research Council randomized 
934 patients with locally advanced or asymptom-
atic prostate cancer either to immediate ADT or to 
the same treatment deferred until disease indica-
tion. The immediate treatment conferred signifi -
cant benefi ts either regarding OS ( p  = 0.02) or 
prostate cancer-specifi c survival ( p  = 0.001) [ 92 ]. 
The incidence and severity of adverse events like 
metastatic pain, spinal cord compression, and ure-
thral obstruction favored also men in the immedi-
ate treatment arm. Meta-analysis data confi rmed 
the superiority of immediate treatment but indi-
cated a signifi cant increase in adverse events. 
Moreover, available data were considered insuffi -
cient to support fi rm conclusions, especially in 
patients with metastatic disease. Therefore, while 
early ADT is strongly recommended in patients 
with high-risk locally advanced disease treated 
with radiation therapy [ 93 ,  94 ], the advantages in 
patients with metastatic disease are probably less 
defi ned in respect to OS. Immediate treatment of 
patients with bone metastases, even in the absence 
of symptoms, is however supported by the fact 
that, independently of the effect on expected sur-
vival, ADT can benefi t these patients through pre-
venting bone pain and complications. 

 The intermittent administration of ADT was 
also suggested in order to minimize the conse-
quences of ADT. The rationale for testing inter-
mittent androgen deprivation (IAD) was provided 
by preclinical data demonstrating that IAD could 
prolong time to castration resistance by threefold 
compared to continuous androgen deprivation 
therapy (CAD) [ 95 ]. A number of trials testing 
CAD versus IAD reached inconclusive and con-
tradictory results, and a recent meta-analysis 
indicated non-inferiority in respect to OS with 
IAD versus CAD [ 96 ]. However, a subgroup 
analysis of individual trials suggested that IAD 
could be inferior to CAD in patients with meta-
static disease, and CAD should remain the stan-
dard for these patients. Moreover, IAD could 
imply a higher risk of cardiovascular events, 
since the risk of developing such events during 
ADT appears to be higher during the fi rst 6 
months, but it declines afterward [ 30 ]. Restarting 
ADT more times could thus hamper, rather than 
limit, the risk of cardiovascular events in patients 
receiving IAD compared to patients treated 
continuously.  

10.3.2     CRPC Patients 

 The treatment options available for this stage of 
disease have increased signifi cantly within the 
last few years: some options, namely, chemother-
apy or radio-metabolic treatments, have been 
considered in detail in other chapters (Chaps.   9     
and   14    ). Here we will analyze the results achieved 
with abiraterone acetate and enzalutamide, the 
two hormonal therapies that have profoundly 
changed the management of mCRPC. 

 Abiraterone acetate has been approved for the 
treatment of mCRPC after the results of the 
COU-AA-301 study. This was a phase III ran-
domized trial, in which patients already undergo-
ing chemotherapy with taxanes were randomized 
to receive abiraterone acetate 1,000 mg/daily 
( N  = 797) or placebo ( N  = 398), in both cases in 
combination with prednisone, 5 mg orally, twice 
a day [ 97 ]. The great majority of patients in both 
arms had bone metastases. The median OS, 
which represented the primary study endpoint, 
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was 14.8 months in the abiraterone plus predni-
sone group compared to 10.9 months in the pla-
cebo plus prednisone group (HR 0.64; 95 % CI, 
0.54–0.77;  P  <0.0001), the survival benefi t being 
evident virtually in all patient subgroups. Time to 
radiographic progression (5.6 months vs. 
3.6 months), PSA response rate (29 % vs. 6 %), 
and pain control rate (44 % vs. 27 %) also favored 
abiraterone in a statistically signifi cant way (all p 
values <0.0001) [ 97 ]. This trial demonstrated 
that abiraterone was highly effective in bone 
metastases treatment. In fact, the exploratory 
analysis of data from the COU-AA-301 trial 
showed that in patients with clinically signifi cant 
pain at baseline, abiraterone acetate and predni-
sone resulted in a signifi cantly greater pain palli-
ation rate (157 of 349 [45 %] patients vs. 47 of 
163 [28.8 %];  p  = 0.0005) and a faster time to pain 
palliation (median time to palliation 5.6 months 
[95 % CI 3.7–9.2] vs. 13.7 months [5.4-not esti-
mable];  p  = 0.0018) compared to prednisone and 
placebo. Palliation of pain interference (134 of 
223 [60.1 %] vs. 38 of 100 [38 %],  p  = 0.0002), 
median time to palliation of pain interference 
(1.0 months [95 % CI 0.9–1.9] vs. 3.7 months 
[2.7-not estimable],  p  = 0.0004), and median 
duration of palliation of pain intensity (4.2 months 
[95 % CI 3.0–4.9] vs. 2.1 months [1.4–3.7]; 
 p  = 0 · 005) were also signifi cantly longer with 
abiraterone acetate and prednisone than with 
prednisone and placebo. Finally, median time to 
occurrence of the fi rst SRE was also signifi cantly 
longer with abiraterone acetate and prednisone 
than with prednisone and placebo (25.0 months 
[95 % CI 25.0-not estimable] vs. 20.3 months 
[16.9-not estimable];  p  = 0.0001). 

 The results achieved by abiraterone acetate 
plus prednisone on bone metastases provided the 
rationale for testing the effi cacy of the combo 
abiraterone acetate and radium 223 dichloride 
(Ra-223), an alpha-emitting radioisotope 
approved as monotherapy for the treatment of 
mCRPC with symptomatic bone metastases. This 
trial is still ongoing and no results are available 
so far [ 95 ]. 

 The more recent COU-AA-302 study evalu-
ated the effi cacy of abiraterone acetate in chemo- 
naïve patients. In this phase III study, patients 

with asymptomatic or oligosymptomatic meta-
static disease, without visceral metastases, were 
randomly allocated to abiraterone acetate plus 
prednisone or to a placebo plus prednisone [ 42 ]. 
Again abiraterone plus prednisone showed supe-
riority over prednisone and placebo in respect of 
opiate use in cancer-related pain, in PSA progres-
sion, as well as in radiological progression 
(radiological PFS: 16.5 months vs. 8.3 months; 
HR: 0.53; 95 % CI, 0.45–0.62;  P  < 0.001) and OS 
(34.7 months vs. 30.3 months; HR 0.81 [95 % CI, 
0.70–0.93];  p  = 0.003), both being the primary 
study endpoints [ 98 ,  99 ]. Again the benefi t 
induced by abiraterone acetate plus prednisone 
was evident in all subgroups and, relative to OS, 
was higher in patients with bone metastases only. 

 Analogously to abiraterone acetate, enzalu-
tamide was fi rst tested in patients failing front- 
line treatment with docetaxel. The AFFIRM trial 
compared enzalutamide, 160 mg/daily, versus a 
placebo in 1199 patients, virtually all of whom 
had bone metastases [ 72 ]. OS duration was the 
primary endpoint of this study. The superiority of 
enzalutamide was shown in respect to either OS, 
the primary study endpoint (median OS duration: 
18.4 months vs. 13.6 months; HR: 0.63; 95 % CI: 
0.52–0.75;  p  < 0.0001), or the secondary study 
endpoints, including time to radiographic pro-
gression (8.3 months vs. 2.9 months; HR: 0.40, 
 p  < 0.0001), PSA progression (8.3 months vs. 
3.0 months; HR: 0.25;  p  < 0.001), PSA response 
rate (54 % vs. 2 %,  p  < 0.0001), and improvement 
in quality of life (43 % vs. 18 %,  p  < 0.0001). 
Noteworthy, also in the case of enzalutamide, 
treatment did signifi cantly prolong the time to the 
fi rst skeletal event (16.7 months vs. 13.3 months, 
HR 0.69,  p  < 0.0001). 

 Enzalutamide was then evaluated in chemo- 
naïve patients through a large phase III study (the 
PREVAIL trial), which enrolled 1.717 patients, 
most of whom were affected by bone metastases, 
though they were asymptomatic or mildly symp-
tomatic. As in the previous trial, the patients were 
randomized to receive either enzalutamide or a 
placebo [ 100 ]. The results of this study showed a 
signifi cant benefi t of enzalutamide relative to all 
endpoints, including the risk of death and the risk 
of radiographic progression, representing the two 
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co-primary endpoints of the study. The trial was 
closed early after the interim analysis, pro-
grammed after the fi rst 540 deaths, which showed 
a 12-month radiographic PFS of 65 % in the 
patients treated with enzalutamide compared to a 
PFS of 14 % in patients treated with the placebo 
(HR: 0.19,  p  < 0.001). This preliminary analysis 
also showed a signifi cant survival benefi t favor-
ing patients in the enzalutamide group (72 % 
alive at 12 months compared to 63 % in the pla-
cebo group; HR: 0.71,  p  <0.001). The results 
favored enzalutamide also relative to the second-
ary study endpoints, namely, the time to fi rst SRE 
(HR 0.72), time to PSA progression (HR 0.17), 
and PSA response (78 % vs. 3 %) ( p  < 0.001 for 
all comparisons). On the basis of these results, 
the indication for enzalutamide use was extended 
to chemo-naïve patients. 

 Abiraterone and enzalutamide are currently 
used in the management of mCRPC in both 
patients previously treated with docetaxel and in 
chemo-naïve patients. At present, there are no 
robust evidences about sequencing abiraterone, 
enzalutamide, and docetaxel, which represent the 
three major options to manage mCRPC. Currently 
available treatment algorithms are based on the 
presence and severity of symptoms, patient 
comorbidities, performance status, and tumor 
spreading to distant sites other than bones (i.e., 
soft tissues, viscera) [ 101 ]. Recently, Antonarakis 
et al. evaluated the androgen receptor isoform 
encoded by splice variant 7 (AR-V7) as a possi-
ble factor of resistance to abiraterone and enzalu-
tamide. AR-V7 lacks the ligand-binding domain, 
which is the target of enzalutamide and abi-
raterone, and remains constitutively active as a 
transcription factor [ 9 ]. These investigators have 
prospectively evaluated AR-V7 in circulating 
tumor cells of patients receiving either enzalu-
tamide or abiraterone. A total of 31 enzalutamide- 
treated patients and 31 abiraterone-treated 
patients were enrolled, of whom 39 % and 19 %, 
respectively, had detectable AR-V7 in circulating 
tumor cells. Among men receiving enzalutamide, 
AR-V7-positive patients had lower PSA response 
rates than AR-V7-negative patients (0 % vs. 
53 %,  P  = 0.004) and shorter PSA PFS (median: 
1.4 months vs. 6.0 months;  P  < 0.001), clinical or 

radiographic PFS (median: 2.1 months vs. 
6.1 months;  P  < 0.001), and OS (median: 
5.5 months vs. not reached;  P  = 0.002). Similarly, 
among men receiving abiraterone, AR-V7- 
positive patients had lower PSA response rates 
than AR-V7 negative patients (0 % vs. 68 %, 
 P  = 0.004) and shorter PSA PFS (median: 
1.3 months vs. not reached;  P  < 0.001), clinical or 
radiographic PFS (median, 2.3 months vs. not 
reached;  P  < 0.001), and OS (median, 10.6 months 
vs. not reached,  P  = 0.006). 

   Conclusions 

 Hormonal therapy still represents a cornerstone 
in the management of prostate cancer, and ADT 
represents the fi rst step in the inhibition of AR 
pathway. The identifi cation of molecular tar-
gets and mutations of AR pathway could allow 
to identify patients less responsive to hormonal 
therapy as well as candidates to novel 
approaches based on the combination of multi-
ple hormonal manipulations, hormone therapy 
plus chemotherapy, or therapies targeting spe-
cifi c gene alterations. ADT is the treatment of 
choice to manage hormone-naïve patients with 
bone metastases, independently of tumor bur-
den and presence or absence of symptoms. 
New-generation hormonal therapies have pro-
foundly changed the  management of CRPC 
patients, who are commonly affected by bone 
metastases. Trial fi ndings demonstrate that both 
abiraterone and enzalutamide are highly effec-
tive in bone metastases treatment and in pre-
venting the complications related to this 
specifi c type of tumor spreading. As already 
mentioned in the introductory remarks, a multi-
disciplinary approach is required in everyday 
clinical practice to correctly approach the 
health of patients affected by bone metastases. 
Local and symptomatic treatments are, in fact, 
often required to achieve “optimal” disease 
control and to prevent or minimize the conse-
quences of bone involvement and the effects of 
oncologic treatments on bone health. Bone 
clinics could represent the best response to 
patients’ needs in this frame, being able to guar-
antee appropriate multidisciplinary evaluation 
and monitoring [ 102 ].       
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11.1          Introduction 

 Nearly all patients with metastatic prostate can-
cer (PC) become resistant to the initial approach 
with androgen deprivation therapy (ADT), 
developing the state known as metastatic 
castration- resistant prostate cancer (mCRPC) 
[ 1 ]. Up to 30 % of patients can respond to addi-
tional hormonal manipulations but responses are 
usually short lasting [ 2 ]. In this setting, chemo-
therapy has represented for a long time the only 
available treatment, although its role in provid-
ing palliation was in the past controversial [ 3 ]. In 
an early trial published in 1996, treatment with 
mitoxantrone and prednisone provided palliation 
in a signifi cantly higher percentage of patients 
with symptomatic mCRPC, as compared with 
prednisone alone [ 4 ]. Most responding patients 
had an improvement in quality-of-life (QoL) 
scales and a decrease in serum prostate-specifi c 
antigen (PSA) level; however, no difference in 
overall survival (OS) between the two treatment 
arms was found. In 2004, two landmark phase III 
trials reported a survival advantage and an 

 improvement in QoL over mitoxantrone with the 
use of docetaxel chemotherapy in men with 
mCRPC [ 5 ,  6 ]. For nearly a decade, chemother-
apy with docetaxel has been the only established 
standard of care for men with mCRPC. In recent 
years, treatment of mCRPC has changed dramat-
ically due to the improvement in the understand-
ing of CRPC  biology, which has revealed that 
during the  progression to the castrate status, PC 
cells remain dependent on androgens and on the 
androgen receptor (AR) signaling pathway [ 7 ]. 
Multiple novel agents that have demonstrated to 
improve OS, symptom control, and QoL in 
mCRPC have been approved, including sipuleu-
cel- T, cabazitaxel, abiraterone acetate, enzalu-
tamide, and radium-223 [ 8 – 12 ]. Since docetaxel 
became the fi rst approved therapy in mCRPC, 
two registration-driven therapeutic spaces have 
evolved in this scenario, defi ned as pre-docetaxel 
(or chemotherapy-naïve) and post-docetaxel set-
tings [ 13 ]. However, this division does not take 
into account the disease biology. As for many 
other cancers, it has become clear that PC is a 
highly heterogeneous disease, characterized by 
the presence of AR-dependent and 
AR-independent cellular clones in the same 
patient [ 14 ]. 

 Although several treatments are available for 
mCRPC, the development of resistance and some 
degree of cross-resistance between abiraterone 
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and enzalutamide limits the effi cacy of these 
drugs; there is therefore still a high medical need 
for new treatment options. CRPC molecular pro-
fi ling studies have shown that up to 30 % of 
patients harbor DNA repair defects [ 15 ]. Some of 
these alterations have been associated with the 
antitumor activity of the poly-ADP-ribose poly-
merase (PARP) inhibitor olaparib in patients with 
mCRPC [ 16 ]. Interestingly, the same biomarkers 
have been correlated with sensitivity to platinum 
agents in preclinical studies, renewing the inter-
est in the use of these compounds in molecularly 
selected patients [ 17 ]. 

 Therefore, chemotherapy with docetaxel, 
cabazitaxel, and possibly platinum agents in 
selected patients remains an important therapeu-
tic option for patients with mCRPC [ 18 ,  19 ]. In 
particular, the therapeutic effect of chemotherapy 
(mainly with docetaxel and cabazitaxel) on bone 
metastases, which are very frequent in this set-
ting, is well known. It has been reported in terms 
of pain control or incidence of skeletal-related 
events (SREs), usually defi ned as a composite 
end point, including pathological bone fractures, 
spinal cord compression, and the need for radia-
tion therapy on symptomatic areas [ 20 ].  

11.2     Early Experience 
with Chemotherapy in 
Metastatic CRPC 

 Palliative chemotherapy has represented for a 
long time the only available treatment in 
mCRPC, although its role in this patient setting 
was in the past controversial, due to the lack of 
OS gain with any agent. Methodological limi-
tations, mainly in study design and response 
assessment, hampered the comparison of dif-
ferent trials [ 3 ,  21 ]. Most agents were tested in 
the phase II setting. Moreover, PC metastasizes 
primarily to the bone, and changes in bony dis-
ease were often not measurable radiographi-
cally. PSA was not evaluated in these early 
studies. Cyclophosphamide, 5-fl uorouracil, 
streptozotocin, and estramustine phosphate, 
either alone or in combination, were the most 
widely used agents [ 22 ]. In particular, oral 

cyclophosphamide was extensively studied in 
several single-agent and combination studies, 
with some evidence of both PSA and objective 
response [ 23 ]. Estramustine phosphate is a 
nitrogen mustard–estradiol conjugate that has 
both hormonal and nonhormonal effects [ 24 ]. 
Upon uptake into cells, the two parts of the 
compound split. Its metabolic products include 
estrone and estradiol, which exert antigonado-
tropic properties leading to decrease in serum 
testosterone. The cytotoxic metabolite causes 
microtubule depolymerization through a direct 
tubulin interaction. Single-agent estramustine 
demonstrated only modest activity. Based on a 
strong in vitro synergy with several other che-
motherapeutic agents, a number of combina-
tion trials were conducted [ 25 ]. The most 
successful was the phase III Southwest 
Oncology Group (SWOG) 9916 study that 
demonstrated a survival advantage with the 
combination of estramustine and docetaxel 
compared to mitoxantrone [ 6 ]. 

11.2.1     Mitoxantrone 

 Mitoxantrone is a synthetic anthracenedione 
originally developed to improve the therapeutic 
profi le of the anthracyclines. Early single-arm 
studies suggested some palliative benefi t with 
its association with steroids for patients with 
metastatic PC progressing on androgen depriva-
tion therapy [ 26 ,  27 ]. Mitoxantrone was subse-
quently investigated in patients with 
symptomatic mCRPC using end points of palli-
ation in a Canadian randomized phase III trial 
[ 4 ]. Overall, 161 men with mCRPC and bone 
pain were randomized to receive mitoxantrone 
plus prednisone versus prednisone alone. 
Nonresponding patients on prednisone could 
cross to mitoxantrone/prednisone. The primary 
end point was a palliative response, defi ned as a 
2-point decrease in pain assessed using a 6-point 
pain scale (or complete loss of pain if initially 
1+). Palliative response was observed in 23 of 
80 patients (29 %) who received mitoxantrone 
plus prednisone and in 10 of 81 patients (12 %) 
who received prednisone alone ( p  = .01). 
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However, no signifi cant difference in PSA 
response rates and in OS was observed between 
the two treatment groups. QoL analysis showed 
a signifi cant improvement in the mitoxantrone-
treated patient group ( p  = .009) [ 28 ]. The 
Canadian mitoxantrone trial was not powered to 
detect a difference in OS between patients 
receiving mitoxantrone versus those that did 
not. A larger trial was therefore conducted by 
the Cancer and Leukemia Group B (CALGB) 
[ 29 ]. Two hundred forty-two patients with 
mCRPC were randomized to receive either 
mitoxantrone and hydrocortisone or hydrocorti-
sone alone. Patients were monitored for OS, 
time to disease progression (TTP), time to treat-
ment failure (TTF), response, and QoL parame-
ters. Although PSA responses were more 
common with mitoxantrone (38 % vs 22 %, 
 p  = 0.008), and there was a signifi cant delay in 
TTF and TTP in favor of mitoxantrone arm, 
there was no difference in OS (12.3 versus 
12.6 months for mitoxantrone and hydrocorti-
sone alone arms, respectively). QoL was not 
improved globally, with an improvement just for 
a few pain items in mitoxantrone arm. 

 Due to the effectiveness of taxanes, after the 
approval of docetaxel and cabazitaxel, mitoxan-
trone has been no longer used very commonly. In 
the post-docetaxel setting, it was inferior to caba-
zitaxel in the TROPIC trial [ 9 ]. Also in this set-
ting, mitoxantrone offered no demonstrated 
survival benefi t. In a retrospective analysis com-
paring control arm data from two large random-
ized clinical studies (the TROPIC [ 9 ] and the 
SUN 1120 [ 30 ] trials), no signifi cant OS benefi t 
was observed for mitoxantrone plus prednisone 
versus prednisone alone among patients with 
mCRPC pretreated with docetaxel therapy [ 31 ]. 
Of note, pain response rate of mitoxantrone in a 
more heavily pretreated population such as that 
enrolled in TROPIC trial was 7.7 % only [ 9 ], far 
less than the 29 % of palliation reported in the 
original fi rst-line trial [ 4 ]. However, mitoxan-
trone remains a possible option in docetaxel- 
pretreated patients with symptomatic skeletal 
metastases who may not tolerate cabazitaxel due 
to poor bone marrow function or poor perfor-
mance status [ 22 ].   

11.3     Taxanes 

11.3.1     General Mechanism of Action 

 Microtubules are dynamic proteins composed of 
polymerized tubulin, which is a heterodimer of 
alpha- and beta-tubulin subunits. They are 
involved in different cellular functions including 
mitosis, cellular architecture and transport, cell 
signaling, and gene expression [ 32 ]. The main 
mechanism of action of taxanes is a dysfunction 
of the mitotic spindle, which causes a mitotic 
block and eventually activates the apoptotic cas-
cade [ 33 ]. Interestingly, microtubules are impli-
cated in AR signaling, particularly in AR nuclear 
localization and AR-mediated transcription [ 34 , 
 35 ]. In a small study evaluating the effect of tax-
anes on AR localization in circulating tumor cells 
of PC patients, 12/17 patients (70.6 %) with 
response or stable disease had cytoplasmic AR 
localization, while 13/18 (72 %) of progressors 
had nuclear AR localization [ 36 ]. This complex 
mechanism of action could at least partially 
explain why taxanes, which function as microtu-
bule inhibitors, are the most effective chemother-
apeutic agents in PC.  

11.3.2     Docetaxel 

 Docetaxel is a semisynthetic taxane that in sev-
eral early phase II trials had proved active with 
either a weekly or every-3-week schedule at a 
dose of 30 and 75 mg/m 2 , respectively [ 37 – 39 ]. 
Based on these encouraging data, docetaxel was 
moved to phase III testing and was approved in 
the mCRPC setting on the basis of two landmark 
phase III trials: the TAX 327 study and the 
SWOG 9916 study [ 5 ,  6 ]. 

 In the TAX 327 trial, 1006 men with mCRPC 
received 10 mg of prednisone daily and were ran-
domly assigned to receive 12 mg/m 2  of mitoxan-
trone every 3 weeks, 75 mg/m 2  of docetaxel every 
3 weeks, or 30 mg/m 2  of docetaxel weekly for 
fi ve of every 6 weeks. The primary end point was 
OS. Secondary end points were pain, PSA levels, 
and QoL. The median OS for patients treated 
with docetaxel every 3 weeks was 18.9 months, 
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compared to 16.5 months for patients in the con-
trol mitoxantrone arm (HR 0.76, 95% CI 0.62–
0.94,  p  = 0.009). Patients given weekly docetaxel 
had a median OS of 17.4 months (HR 0.91, 95% 
CI 0.75–1.11;  p  = 0.36). PSA decrease of at least 
50 % occurred in 32 %, 45 %, and 48 % of men in 
the mitoxantrone, every-3-week docetaxel, and 
weekly docetaxel, respectively ( p  < 0.001 for 
both comparisons with mitoxantrone). Among 
these three groups, 22 %, 35 %( p  = 0.01), and 
31 % ( p  = 0.08) of patients had predefi ned reduc-
tions in pain, and 13 %, 22 % ( p  = 0.009), and 
23 % ( p  = 0.005) had improvements in the 
QoL. Adverse events were more common in the 
groups that received docetaxel. However, most 
adverse events associated with docetaxel were of 
low grades. An updated survival analysis con-
fi rmed the OS benefi t with docetaxel given every 
3 weeks [ 40 ]. More patients survived 3 years 
when treated with docetaxel either every 3 weeks 
or weekly (18.6 % and 16.6 %, respectively, as 
compared to 13.5 % with mitoxantrone); how-
ever, the survival benefi t with weekly docetaxel 
was not statistically signifi cant; moreover, men 
treated with weekly docetaxel were more likely 
to experience early deterioration of 
QoL. Therefore, there is general consensus that 
weekly docetaxel schedule should not be adopted, 
with the possible exception of patients with poor 
performance status who are at high risk of hema-
tological toxicity (mainly febrile neutropenia). 
The TAX 327 trial included patients with and 
without symptoms. The OS benefi t was consis-
tent through all the patient subgroups. In general, 
the chances of prolonging survival with docetaxel 
seemed similar among patients with higher and 
lower disease burden, as indicated by level of 
serum PSA, the presence or absence of pain, and 
the QoL or performance score [ 40 ]. Visceral dis-
ease, pain, poorer performance status, and higher 
values of baseline PSA were negative prognostic 
factors across all the study arms. 

 The SWOG 9916 was a phase III randomized 
study, in which 770 patients with mCRPC were 
randomized to receive 280 mg of estramustine 
three times daily on days 1 through 5, 60 mg/m 2  
of docetaxel on day 2, and 60 mg of dexametha-
sone in three divided doses before docetaxel or 

12 mg/m 2  of mitoxantrone on day 1 plus 5 mg of 
prednisone twice daily [ 6 ]. Both treatments were 
given in 21-day cycles. The primary end point 
was OS; secondary end points were PFS, objec-
tive response rate, and PSA response. In an 
intention- to-treat analysis, the median OS was 
longer in the group given docetaxel and estra-
mustine (17.5 months vs 15.6 months, HR 0.80, 
95% CI 0.67–0.97,  p  = 0.02). PFS (6.3 versus 
3.2 months,  p  < 0.001) and PSA response rate 
were signifi cantly superior in the docetaxel arm, 
while no signifi cant difference was observed in 
objective response rate between the two arms. 
Pain relief was similar in both groups. Grade 3–4 
febrile neutropenia, nausea and vomiting, and 
cardiovascular events were more common in the 
docetaxel arm. HR and median OS in the 
docetaxel arm were similar to those reported in 
the TAX 327 study; however, the SWOG 9916 
trial failed to meet its primary aim of detecting a 
33 % improvement in median OS with estramus-
tine and docetaxel. Of note, the median OS of 
15.6 months among men treated with mitoxan-
trone and prednisone was longer than that 
reported in the original Canadian trial [ 4 ], prob-
ably due to different eligibility criteria, in partic-
ular as regards the inclusion of symptomatic 
patients only in that study. 

 It is diffi cult to compare these two landmark 
trials. However, the addition of estramustine 
seems to add no benefi t, while increasing toxic-
ity. A randomized phase II trial conducted on 
150 patients evaluating docetaxel/prednisone 
either with or without estramustine found no 
statistically signifi cant difference in PSA 
response rates between the two arms, while 
grade 3–4 toxicities were increased with the 
addition of estramustine to docetaxel (45 % ver-
sus 21 %,  p  = 0.005). Of special concern is the 
reported association of estramustine with 
venous thromboembolic events [ 41 ].  

11.3.3     Docetaxel-Based 
Combinations 

 A number of novel agents have been investigated 
in combination with docetaxel/prednisone, in the 
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attempt to improve response rates and survival 
outcomes. However, no combination proved 
superior to the reference regimen. Despite a pre-
clinical rationale, the combinations of docetaxel 
with anti-angiogenic agents, including bevaci-
zumab [ 42 ] and afl ibercept [ 43 ], have been con-
sistently disappointing. Similarly, no effi cacy 
improvement was found with the addition of 
bone-targeting agents such as atrasentan [ 44 ], 
dasatinib [ 45 ], and ZD4054 [ 46 ]. Another phase 
III trial evaluated docetaxel with or without 
custirsen (previously called OGX-011), an anti-
sense oligonucleotide inhibitor of the production 
of clusterin. Clusterin is a chaperone protein 
associated with treatment resistance and upregu-
lated by apoptotic stressors such as chemother-
apy. The SYNERGY trial evaluated docetaxel ± 
custirsen as fi rst-line therapy in men with mCRPC 
( N  = 1022). Median OS was 23.4 months vs. 
22.2 m for custirsen and control arms, respec-
tively (HR 0.93;  p  = 0.42). When the study popu-
lation was retrospectively split in two prognostic 
categories according to a trial-specifi c nomo-
gram, patient with poor prognosis appeared to 
benefi t from the addition of custirsen [ 47 ]. 

 Reasons for the failure of these combination 
regimens are probably the marginal activity of 
the added compound on mCRPC and also the 
dose reduction of docetaxel due to the overlap-
ping toxicities.  

11.3.4     Docetaxel Rechallenge 

 Several treatment options are currently available 
for men with mCRPC, including second-line 
chemotherapy with cabazitaxel, hormonal ther-
apy with abiraterone and enzalutamide, and 
radiopharmaceuticals such as radium-223. A 
great benefi t is expected by their combined and 
sequential use [ 48 ]. However, until a few years 
ago, chemotherapy with docetaxel was the only 
established standard of care in this setting. 
Selected patients with a prior response to 
docetaxel could therefore be candidate for re- 
treatment with the same drug, although the risk 
of cumulative toxicity could potentially outweigh 
the treatment benefi t. This strategy has been 

never assessed in a randomized trial [ 49 ]. 
However, some retrospective studies and a few 
small prospective series have explored this thera-
peutic modality. Di Lorenzo et al. [ 50 ] reported a 
PSA response in 25 % of patients, with a medium 
PFS of 5 months and a median OS of 13 months. 
Peripheral neurotoxicity was the most relevant 
adverse event. Oudard et al. evaluated in a retro-
spective study 270 mCRPC patients with prior 
response to docetaxel; 223 of them were rechal-
lenged with docetaxel. The treatment was associ-
ated with PSA response and symptom relief; 
however, no improvement in OS was reported in 
comparison to 47 patients not receiving docetaxel 
rechallenge [ 51 ]. Finally, Caffo et al. assessed in 
46 patients factors predicting the effi cacy of 
docetaxel rechallenge [ 52 ]. Response to previous 
treatment with docetaxel and time from previous 
chemotherapy were predictive of response to 
rechallenge in multivariate analysis. Sensory 
neuropathy and nail toxicity were the main cumu-
lative adverse events. 

 In the modern multidrug scenario, data about 
the use of docetaxel rechallenge in patients pre-
treated with novel hormonotherapy and/or caba-
zitaxel are so far lacking. However, due to the 
increasing use of early docetaxel in castration- 
sensitive PC, the number of patients re-treated 
with docetaxel is probably going to increase 
steadily. Emerging data on the presence of splice 
variants of AR (namely, AR-V7) in circulating 
tumor cells as a potential predictive factor of 
resistance to abiraterone and enzalutamide [ 53 ], 
and of response to chemotherapy [ 54 ,  55 ], will 
hopefully contribute to identify the optimal can-
didates to this therapeutic option.  

11.3.5     Cabazitaxel 

 Cabazitaxel is a novel taxane that showed activity 
against docetaxel-resistant PC in cell lines 
in vitro and in vivo animal models [ 33 ,  56 ]. Like 
other taxanes, cabazitaxel exerts its antitumor 
cytotoxic activity through the mitotic arrest at the 
metaphase to anaphase transition, leading to cell 
death by apoptosis. Cabazitaxel demonstrated a 
lower binding affi nity as compared to docetaxel 

11 Chemotherapy



126

for multidrug resistance (MDR) proteins, consid-
ered a major mechanism of resistance [ 57 ]. 
Another attractive property of cabazitaxel is its 
enhanced solubility in water-based solutions 
compared with other taxanes, enabling better 
blood–brain barrier penetration and higher cen-
tral nervous system concentrations with systemic 
administration in mouse models [ 58 ]. Two phase 
I studies evaluated the safety and pharmacoki-
netic properties of cabazitaxel across various 
solid tumor types [ 59 ,  60 ]. In the fi rst study [ 59 ], 
cabazitaxel was generally well tolerated up to 
25 mg/m 2 , grade 4 neutropenia was commonly 
observed at this dose, and the investigators con-
cluded that a dose of 20 mg/m 2  every 3 weeks 
was appropriate for further clinical testing. Of 
three patients who achieved partial responses to 
treatment, two had mCRPC, including one who 
had previously been treated with docetaxel. 
Another phase I study concluded that the hema-
tologic dose-limiting toxicity was seen at 30 mg/
m 2  [ 60 ]. Two separate phase II studies were con-
ducted in women with metastatic breast cancer, 
showing effi cacy and safety of cabazitaxel despite 
prior progression on taxane therapy [ 61 ,  62 ]. 
Based on these results, and without fi rst conduct-
ing phase II studies in PC, cabazitaxel was evalu-
ated in a phase III study (the TROPIC trial) in 
men with docetaxel-resistant mCRPC [ 9 ]. To 
ensure docetaxel resistance, a cumulative dose of 
docetaxel greater than 225 mg/m 2  was required. 
The TROPIC trial evaluated cabazitaxel in asso-
ciation with prednisone compared with mitoxan-
trone and prednisone in 775 mCRPC patients 
with disease progression during (29 %) or after 
(71 %) docetaxel-based chemotherapy. The pri-
mary end point was OS. Secondary end points 
included PFS, safety, and pain control. At the 
cutoff for the fi nal analysis, median OS was 
15.1 months in the cabazitaxel group and 
12.7 months in the mitoxantrone group, with an 
HR of 0.70 (95 % CI 0.59–0.83,  p  < 0.0001). 
Median PFS was 2.8 months in the cabazitaxel 
group and 1.4 months in the mitoxantrone group 
(HR 0.74, 0.64–0.86,  p  < 0.0001). PSA and tumor 
response rates, as well as pain control, were also 
signifi cantly higher in the cabazitaxel group. An 
updated analysis of the TROPIC trial with longer 

follow-up confi rmed a sustained OS benefi t for 
treatment with cabazitaxel, which was predictive 
of survival over 2 years [ 63 ]. The most common 
grade 3 or higher adverse event with cabazitaxel 
was neutropenia, observed in 82 % of cabazitaxel 
patients versus 58 % of mitoxantrone; febrile 
neutropenia was registered in 8 % of patients in 
the cabazitaxel group and in 1 % in the mitoxan-
trone group. Grade 3–4 anemia (11 %) and 
thrombocytopenia (4 %) were far less common. 
Frequent nonhematologic toxicities were gastro-
intestinal disturbances such as diarrhea, nausea/
vomiting, and constipation. Importantly in a pop-
ulation of patients pretreated with docetaxel, a 
severe peripheral neuropathy was observed in 
less than 1 % of cases. Fatal adverse reactions 
with cabazitaxel were reported in fi ve patients 
due to infections and in four due to renal failure 
[ 9 ,  63 ]. 

 The high degree of neutropenia reported in 
the TROPIC trial has raised some concern 
about the use of the drug, particularly in unfi t 
and elderly patients. Several retrospective 
reports of patient series treated in a “real-
world” setting have therefore analyzed the issue 
of cabazitaxel toxicity [ 64 – 68 ]. The results of 
these studies suggest that cabazitaxel has a 
manageable safety profi le in everyday clinical 
practice. In the largest series, including 746 
men with mCRPC, multivariate analysis 
showed that age ≥75 years, treatment cycle 1, 
and neutrophil count <4000/mm 3  before caba-
zitaxel administration were associated with 
increased risk of developing grade ≥3 neutro-
penia and/or neutropenic complications. 
Prophylactic use of G-CSF signifi cantly 
reduced this risk by 30 % [ 64 ]. Another study 
investigated in 112 patients with mCRPC, from 
12 UK institutions, the impact of cabazitaxel on 
QoL [ 68 ]. This study provided the evidence, 
even though by a non-randomized analysis, that 
cabazitaxel improved QoL, particularly with 
regard to pain scores. 

 A prognostic model of OS in the post- 
docetaxel, second-line chemotherapy, mCRPC 
setting was developed and validated [ 69 ]. This 
model incorporates novel prognostic factors and 
can be used to provide predicted probabilities for 
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individual patients. The nine prognostic variables 
in the fi nal model were Eastern Cooperative 
Oncology Group performance status, time since 
last docetaxel use, measurable disease, presence 
of visceral disease, pain, duration of hormonal 
use, hemoglobin, PSA, and alkaline phosphatase. 
Based on these variables, a prognostic nomogram 
for patients treated with cabazitaxel was 
proposed. 

 Even after the regulatory approval of cabazi-
taxel in the treatment of docetaxel-refractory 
mCRPC, many issues remain open with regard to 
its optimal use. In order to optimize the toxicity 
profi le, the 25 mg/m 2  dose used in the TROPIC 
trial has been compared in a randomized trial 
with a 20 mg/m 2  dose [ 70 ]. Overall, 1200 patients 
were randomized. The median OS did not differ 
signifi cantly between the two arms, and the HR 
boundaries were within the non-inferiority mar-
gins assumptions, therefore meeting the study’s 
non-inferiority end point. Cabazitaxel at the dose 
of 20 mg/m 2  showed an improved overall safety 
profi le. In addition, alternative (weekly) sched-
ules of administration are being evaluated. Due to 
its pharmacological properties, cabazitaxel was 
supposed to be more potent than docetaxel. 
Therefore, a superiority phase III study has ran-
domized patients with mCRPC to receive either 
docetaxel 75 mg/m 2  (D75), cabazitaxel 25 mg/m 2  
(C25), or cabazitaxel 20 mg/m 2  (C20) as fi rst-line 
cytotoxic therapy (FIRSTANA trial) [ 71 ]. The 
primary end point was OS. Key secondary end 
points were safety, PFS, tumor response (RECIST 
1.1), PSA response, PSA PFS, pain response, 
pain PFS, time to SREs, and health-related 
QoL. Overall, 1168 patients were randomized. 
The median number of treatment cycles was nine 
for all dose groups. In the ITT analysis, median 
OS was 24.5 months for C20, 25.2 months for 
C25, and 24.3 months for D75. HR for C20 vs. 
D75 was 1.009 (95% CI 0.85–1.197,  p  = 0.9967) 
and for C25 vs. D75 was 0.97 (95% CI 0.819–
1.16,  p  = 0.7574), indicating that C20 and C25 
were not superior to D75 in terms of OS. PFS did 
not differ between the three arms. Among sec-
ondary end points, only tumor responses were 
signifi cantly superior for C25. The remaining 
secondary end points did not signifi cantly differ 

across treatment groups. Febrile neutropenia, 
diarrhea, and hematuria were more frequent in 
C25; peripheral neuropathy, peripheral edema, 
alopecia, and nail disorders were more frequent 
in D75. Adverse events were less frequent in C20 
for most categories. In conclusion, the fi nal 
results of the study showed that docetaxel remains 
the standard fi rst-line chemotherapy in patients 
with mCRPC [ 71 ].   

11.4     Platinum Agents 

 Platinum compounds have been studied in sev-
eral clinical trials in patients with advanced PC, 
both as single agents and in combination regi-
mens [ 17 ]. Most of these studies were small 
phase II single-arm trials, with heterogeneous 
patient populations and response criteria. 
Platinum-based chemotherapy was evaluated 
mainly in mCRPC, with only a few small trials 
reported in the castration-sensitive setting. 
Overall, antitumor activity was in the range of 
10–40 % for radiological response and 20–70 % 
for PSA decline. Response rates were generally 
higher with combination therapies, such as car-
boplatin/taxanes [ 72 ,  73 ] or oxaliplatin/gem-
citabine [ 74 ], at the expense of higher toxicity, 
mainly hematological. However, no regimen 
showed a signifi cant OS benefi t, and no treat-
ment has received regulatory approval. Only 
satraplatin, a novel oral platinum compound, 
was investigated in a large phase III trial [ 75 ]. 
Satraplatin, like the other platinum compounds, 
exerts its activity through the formation of cova-
lent platinum–DNA adducts and cross-links, 
resulting in DNA damage; however, its resis-
tance mechanisms are partially distinct from 
those of other platinum compounds [ 76 ]. 
Interestingly, satraplatin showed preclinical 
activity in PC cell lines resistant to taxanes [ 76 , 
 77 ]. The SPARC (Satraplatin and Prednisone 
Against Refractory Cancer) study was a multi-
national, double-blind, randomized, placebo-
controlled trial that assessed the effi cacy and 
tolerability of satraplatin in patients with 
mCRPC progressing after one prior chemother-
apy regimen [ 75 ]. Nine hundred fi fty patients 
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were randomly assigned (2:1) to receive oral 
satraplatin 80 mg/m 2  on days 1–5 of a 35-day 
cycle and prednisone 5 mg twice daily or pla-
cebo and prednisone 5 mg twice daily. Primary 
end points were PFS and OS. The secondary 
end points comprised QoL and time to pain pro-
gression. Satraplatin was generally well toler-
ated, with an increased rate of myelosuppression 
and gastrointestinal adverse effects. The results 
of the study showed a statistically signifi cant, 
but clinically irrelevant, benefi t of satraplatin in 
PFS, with a median PFS of 11.1 weeks versus 
9.7 weeks, and an HR of 0.67 for satraplatin 
versus placebo (95 % CI 0.57–0.77,  p  < 0.001). 
This effect was maintained irrespective of prior 
docetaxel treatment. There was also a benefi t in 
terms of PSA response, time to pain progres-
sion, and QoL. However, no signifi cant differ-
ence in OS was reported between the two arms. 
Median OS was 61.3 weeks for satraplatin and 
61.4 weeks for placebo (HR 0.98; 95 % CI, 
0.84–1.15,  p  = 0.8). In docetaxel-pretreated 
patients, median OS was 66.1 v 62.9 weeks in 
satraplatin and placebo arms, respectively 
(HR_0.91; 95 % CI, 0.72–1.14). Unfortunately, 
no correlative and translational studies were 
performed to assess potential predictive mark-
ers, and further development of satraplatin was 
stopped. 

 Recently, several studies of next-generation 
sequencing have shed new light on the muta-
tional landscape of PC. Characterization of the 
PC transcriptome and genome has identifi ed 
chromosomal rearrangements and copy number 
gains/losses that drive PC development and 
progression to lethal mCRPC [ 15 ,  78 ,  79 ]. As 
in other tumor types, current efforts are aimed 
toward bringing sequencing discoveries into 
the clinic in the form of biomarkers and bio-
marker-driven clinical trials [ 15 ,  80 ,  81 ]. All 
sequencing studies of advanced PC have found 
a high incidence (in the range of 20–30 %) of 
genomic alterations involving key genes impor-
tant for DNA repair, such as BRCA2 and ATM 
(ataxia telangiectasia- mutated gene). These 
mutations have been associated with sensitivity 
to platinum compounds and poly-(ADP)-ribose 
polymerase (PARP) inhibitors in preclinical 

models [ 82 – 85 ]. Olaparib, an oral PARP inhibi-
tor with activity in germ line BRCA1 and 
BRCA2 – associated breast and ovarian can-
cers – has been recently evaluated in a spectrum 
of different BRCA1/2- associated cancers, 
including PC with progression on hormonal 
and one systemic therapy [ 86 ]. Responses to 
olaparib were observed across different tumor 
types; of eight PC patients, four had a partial 
response and two were classifi ed as having sta-
ble disease. Mateo et al. conducted a phase II 
trial of olaparib, given orally at a dose of 
400 mg twice a day, in 50 mCRPC patients 
[ 16 ]. All had received prior treatment with 
docetaxel, 49 (98 %) had received abiraterone 
or enzalutamide, and 29 (58 %) had received 
cabazitaxel. Overall, 16 of 49 evaluable patients 
(33 %) had a response (defi ned as objective 
response, PSA decrease ≥50 %, or reduction in 
the circulating tumor-cell count). Next-
generation sequencing identifi ed mutations in 
DNA repair genes, including BRCA1/2, ATM, 
Fanconi’s anemia genes, and CHEK2 in 16 
cases (33 % of the whole study population). Of 
these 16 patients, 14 (88 %) had a response to 
olaparib, including all 7 patients with BRCA2 
loss and 4 of 5 with ATM aberrations. Anemia 
(in 20 %) and fatigue (in 12 % of patients) were 
the most common grade 3 or 4 adverse events. 
Although it is currently unclear whether the 
biomarkers associated with response to olapa-
rib in mCRPC are also associated with response 
to platinum-based chemotherapy, the interest in 
platinum compounds in mCRPC has been 
revived, and trials are currently ongoing in 
molecularly selected patients. The optimal 
compound, dosing regimen, and potential com-
bination partners are yet to be identifi ed. A 
phase II pilot trial of carboplatin in patients 
with evidence of pTEN loss and/or DNA repair 
defects is currently enrolling (NCT02311764); 
another phase II trial with carboplatin in combi-
nation with docetaxel is ongoing in mCRPC 
patients carrying BRCA1/2 mutations 
(NCT02598895) [ 87 ]. 

 In patients with histologically proven small- 
cell PC, platinum-containing chemotherapy is 
considered the standard of care, despite the lack 
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of prospective trials. In fact, the available evi-
dence is based on case reports and small clinical 
series, none of which including exclusively 
patients with small-cell PC [ 88 ,  89 ]. Recent stud-
ies have provided insights into neuroendocrine 
PC as an aggressive evolution of mCRPC [ 14 ,  90 , 
 91 ]; however, this diagnosis is rarely achieved in 
clinical practice, due to the challenges in carrying 
out fresh tumor biopsies in advanced PC. 

 In conclusion, there is new interest in trials 
exploring platinum compounds in selected 
patients with mCRPC. Possible challenges of 
their use in this setting are toxicities and patient 
selection. Treatment with cisplatin and oxalipla-
tin is often limited by impaired renal function and 
preexisting taxane-induced neuropathy. 
Carboplatin is generally better tolerated, but 
hematological toxicity can limit its use. Moreover, 
further studies of biomarker validation with an 
extensive use of tumor sampling in mCRPC 
patients are needed to identify optimal candidates 
to platinum therapy.  

11.5     Effect of Chemotherapy 
on Bone Metastases 
(Summary) 

 The incidence of bone metastases (BM) in 
patients with mCRPC who are treated with che-
motherapy is very high [ 92 ]. For each agent, the 
therapeutic effect on skeletal disease has been 
assessed in terms of pain control and incidence of 
SREs [ 20 ]. 

11.5.1     Mitoxantrone 

 As previously discussed in this chapter, the pri-
mary end point of the Canadian randomized trial 
of mitoxantrone plus prednisone versus predni-
sone alone was a palliative response, defi ned as a 
decrease in pain [ 4 ]. Despite the lack of improve-
ment in OS, pain control was more frequent 
(29 %) in patients who received mitoxantrone 
plus prednisone as compared to the group receiv-
ing prednisone alone (12 %) ( p  = .01). QoL was 
also improved in the mitoxantrone-treated patient 

group ( p  = .009) [ 28 ]. SREs were not reported. 
Similar results were observed in the confi rmation 
trial reported by XX et al. [ 29 ].  

11.5.2     Docetaxel 

 Both the TAX 327 and the SWOG 9916 trials 
had OS as primary end point, while the effect on 
pain related to BM was among the secondary 
end points [ 5 ,  6 ]. Pain response was higher in 
patients receiving docetaxel in the TAX 327 
study. However, although baseline pain was 
recorded in a high percentage of patients, an OS 
benefi t with docetaxel was observed also in 
asymptomatic patients [ 93 ,  94 ]. In the SWOG 
9916 study, pain relief was similar in the two 
arms, despite an OS improvement in men treated 
with docetaxel/estramustine. In both these ran-
domized trials, no specifi c SREs description was 
available. 

 Interestingly, in the STAMPEDE trial (dis-
cussed in another chapter of this book) conducted 
in castration-sensitive PC patients, the addition 
of docetaxel to ADT not only improved OS but 
also signifi cantly increased the time to fi rst SRE 
[ 95 ]. This end point was not indagated in the 
other randomized trials of docetaxel plus ADT in 
that setting [ 96 ,  97 ].  

11.5.3     Cabazitaxel 

 In the randomized phase III TROPIC trial, caba-
zitaxel plus prednisone was associated with a sig-
nifi cant prolongation of OS as compared to 
mitoxantrone plus prednisone in patients with 
mCRPC after docetaxel failure [ 9 ]. More than 
80 % of patients had bone metastases, and about 
45 % had baseline pain. Pain response and time to 
pain progression were included among the sec-
ondary end points of the study. However, pain 
improvement with cabazitaxel/prednisone was 
similar to that achieved in the mitoxantrone arm 
[ 63 ]. No specifi c description of SREs was 
reported in the TROPIC study. An expanded 
access study conducted in the UK investigated 
the impact of cabazitaxel on QoL in 112 patients 
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with mCRPC [ 68 ]. This study provided a non- 
randomized evidence that cabazitaxel improved 
QoL, particularly with regard to pain scores.  

11.5.4     Platinum Agents 

 As reported previously, satraplatin/prednisone 
was compared to placebo/prednisone in patients 
with mCRPC progressing after one prior chemo-
therapy regimen. Primary end points of the trial 
were PFS and OS. The secondary end points 
included time to pain progression. Although no 
signifi cant difference in OS was reported between 
the two arms, patients treated with satraplatin had 
a benefi t in terms of time to pain progression and 
quality of life [ 75 ]. 

   Conclusions 

 Important advances have been achieved in the 
knowledge of biology and in the treatment of 
mCRPC, which remains however an incurable 
disease, with a heterogeneous behavior. 
Several treatments consisting of hormonal, 
chemotherapeutic, immunotherapeutic agents, 
radiopharmaceuticals, and bone-targeted ther-
apies are available; most of them have been 
shown to improve QoL and survival. 
Chemotherapy with docetaxel and cabazitaxel 
remains an important therapeutic option for 
patients with mCRPC, with potential clinical 
effect on bone metastases. The optimal 
sequencing and combination of treatments still 
need to be defi ned. Studies of circulating bio-
markers have introduced the concept of treat-
ment selection, which in the near future will 
hopefully drive an individualized treatment 
choice and sequence [ 98 ]. Until these assays 
are validated in prospective clinical trials, phy-
sicians should continue to use the approved 
treatments in a patient-specifi c sequence 
according to good clinical judgment.       
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12.1          Introduction 

 Prostate cancer (PC) is the second most fre-
quently diagnosed cancer in men and the third 
leading cause of cancer death in male patients in 
the United States and Europe [ 1 ,  2 ]. It is a hetero-
geneous disease, with a complex natural history, 
whose growth is driven by androgens and andro-
gen receptors [ 3 ]. In most cases, at least in coun-
tries where PSA screening is routinely used, 
patients have localized disease at presentation, 
even though de novo metastases can occur in a 
minority of cases [ 4 – 6 ]. In the United States, the 

proportion of PC patients presenting with meta-
static disease at fi rst diagnosis is 4–5 % [ 6 ,  7 ]. 
The incidence of up-front metastatic disease 
increases signifi cantly in countries with poorer 
access to care [ 8 ]. Although localized PC may be 
successfully treated with radical prostatectomy 
and external beam radiation, many patients sub-
sequently develop metastatic disease [ 9 ,  10 ]. 
Since its growth is driven by androgens, as ini-
tially observed by Huggins and Hodges in 1941 
[ 11 ], androgen deprivation therapy (ADT) by 
medical or surgical castration is the standard 
treatment of hormone-naïve metastatic disease 
[ 12 ]. ADT is also widely used in intermediate 
and high-risk localized PC, as well as in locally 
advanced tumors [ 13 ]. The majority of patients 
are treated with medical castration with GnRH 
agonists or antagonists, which usually determines 
a profound PSA decline and a radiological and 
clinical benefi t in most patients. However, essen-
tially all patients experience progression to 
castration- resistant prostate cancer (CRPC) 
despite persisting low testosterone levels in 
around 1–2 years, and overall prognosis remains 
disappointing, although subsequent active treat-
ments are available [ 4 ,  12 ]. The use of intermit-
tent ADT [ 14 ,  15 ] or of combined androgen 
blockade with a combination of ADT with an 
androgen receptor antagonist such as bicalu-
tamide [ 16 ,  17 ] has failed in delaying the onset of 
castration resistance [ 4 ,  12 ,  18 ].  
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12.2     Rationale of Combining 
Chemotherapy 
and Hormonal Therapy 

 Hormone-sensitive cells may become castration 
resistant through two distinct, although not mutu-
ally exclusive, mechanisms: adaptation and clonal 
selection [ 19 ,  20 ] (Fig.  12.1 ). According to the 
adaptation model, primary PC is composed of 
homogeneous cells, and CRPC develops through 
genetic and epigenetic alterations of androgen- 
dependent cells. On the contrary, the clonal selec-
tion model proposes that primary PC cells are 
heterogeneous with respect to their androgen 
dependence; according to this theory, clones of 
castration-resistant cells exist “ab initio” and are 
selected by androgen depletion for their survival 
and proliferative advantages. This heterogeneity 
mimics the features of the normal prostatic gland, 
which contains three distinct epithelial cellular lin-
eages with varying degrees of castration resistance: 
basal cells, luminal secretory cells, and neuroendo-
crine cells. They are supposed to originate from a 
common pool of prostate stem cells [ 21 ].

   Preclinical studies with in vivo prostate cancer 
models have demonstrated that simultaneous 
androgen deprivation and chemotherapy are more 
effective than sequential treatment [ 22 ,  23 ]. The 

combination of chemotherapy with ADT has been 
fi rst explored in metastatic CRPC. In the pivotal 
TAX327 trial, comparing docetaxel chemotherapy 
with mitoxantrone [ 24 ], and in the SWOG9916 
trial, comparing the combination of docetaxel and 
estramustine with the same control arm [ 25 ], 
patients continued ADT throughout study treat-
ment, to ensure continued androgen ablation. 
Medical castration was continued also in patients 
enrolled in the TROPIC trial, showing a survival 
improvement with cabazitaxel as compared to 
mitoxantrone in patients with disease progression 
during or after docetaxel-based chemotherapy [ 26 ]. 
On the contrary, in all these studies, at least 4 weeks 
had to have elapsed between the withdrawal of 
antiandrogens (6 weeks in the case of bicalutamide) 
and enrollment, so as to avoid the possibility of a 
confounding effect as a result of the response to 
antiandrogen withdrawal. 

 Early targeting of cells that survive hormonal 
therapy may potentially prevent the development 
of CRPC. The aim of these therapeutic strategies is 
the elimination of resistant cells at the time the 
tumor is apparently “androgen sensitive.” More 
than 10 years ago, preclinical studies in mice had 
suggested that the earlier use of chemotherapy with 
taxanes (i.e., before the development of castration 
resistance) was therapeutically advantageous [ 22 ,  23 ]. 

Genetic and epigenetic
alterations

ADTCastration-sensitive
prostate cancer (CSPC)

Castration-resistant
prostate cancer (CRPC)

Selection of resistant
clones

Adaptation model

Clonal selection model

  Fig. 12.1    Representation 
of two models of 
development of castration- 
resistant prostate cancer 
(CRPC) from castration- 
sensitive prostate cancer 
(CSPC).  ADT  androgen 
deprivation therapy. 
Androgen-dependent 
prostate cancer cells are 
represented in  blue , 
androgen-resistant cells in 
 red  and  yellow        
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On the other hand, more recent data have shown 
evidence of inhibition by taxanes of nuclear trans-
location of the androgen receptor. In vitro, expo-
sure of PC cells to  paclitaxel inhibited the 
translocation by targeting association of the andro-
gen receptor with tubulin. Moreover, when tissue 
microarrays of PC patients treated with docetaxel 
were compared to those of docetaxel-untreated 
patients, a signifi cant decrease in nuclear androgen 
receptor concentration was observed, paralleled by 
an increase in cytosolic expression [ 27 ].  

12.3     Clinical Trials 
of Chemotherapy 
in Metastatic Castration- 
Sensitive Prostate Cancer 

 Based on this preclinical rationale, several trials 
have explored the use of combination therapy with 
ADT and chemotherapy, targeting both the andro-
gen dependent and independent cells simultane-
ously, rather than waiting for CRPC to establish. 
In the past decades, several randomized trials had 
failed to demonstrate a survival improvement with 
this strategy [ 28 – 32 ]; however, these older trials 
were limited by the small sample size and by the 
use of drugs such as mitomycin C, estramustine 
phosphate, and weekly epirubicin, with no proven 
activity in PC. Following the results of the TAX327 
study [ 24 ], docetaxel was extensively evaluated in 
combination with ADT in men with hormone- 
naïve metastatic PC, in the attempt to improve the 
duration and quality of patient survival. Three 
large randomized phase III trials evaluating the 
combination of docetaxel with ADT versus ADT 
alone in metastatic castration-sensitive PC (CSPC) 
have been recently reported (Table  12.1 ): the 
GETUG-AFU 15 study [ 33 ,  34 ], the CHAARTED 
trial [ 35 ], and the STAMPEDE study, a large phase 
III trial with multiple treatment arms evaluating 
multiple stages of PC [ 36 ,  37 ].

12.4        The GETUG-AFU 15 Trial 

 The GETUG-AFU 15 study was an open-
label, randomized phase III study that assessed 
the addition of docetaxel to ADT in men with 

metastatic CSPC. Between October 2004 and 
December 2008, 385 patients were randomized 
from 30 centers (29 in France and 1 in Belgium) 
in a 1:1 ratio to receive ADT (orchiectomy or 
luteinizing hormone-releasing hormone ago-
nists, alone or combined with nonsteroidal 
antiandrogens) or ADT plus docetaxel 75 mg/
m 2  every 3 weeks for nine cycles [ 33 ,  34 ] 
(Table  12.1 ). Randomization was stratifi ed 
according to treatment for primary PC, systemic 
therapy for biochemical relapse, and risk groups 
as defi ned by Glass et al. [ 38 ]. Glass risk groups 
had been developed within a large-scale ran-
domized clinical trial comparing orchiectomy 
and fl utamide to orchiectomy and placebo in 
CSPC patients. Risk factors included appen-
dicular versus axial metastatic disease, Eastern 
Cooperative Oncology Group (ECOG) perfor-
mance status 0 versus 1–3, PSA less than 65 
versus 65 ng/ml or greater, and Gleason score 
less than 8 versus 8 or greater. Using these cri-
teria three prognostic groups were developed, 
including a good (hazard ratio – HR-1), inter-
mediate (HR 1.8), and poor (HR 2.8) group. 

 In GETUG-AFU 15 study, eligible patients 
had histologically confi rmed adenocarcinoma of 
the prostate with radiologically proven metasta-
ses, were older than 18 years, and had a 
Karnofsky PS ≥70 %, a life expectancy of at 
least 3 months, and adequate hematological, 
hepatic, and renal function. The use of a short 
course of ADT was allowed for up to 2 months 
before study entry. The primary end point of the 
study was OS. Effi cacy analyses were done by 
intention to treat. The original results of the 
study, after a median 50 months follow-up, were 
published in 2013 [ 33 ]; an updated long-term 
OS analysis with a median follow-up of 
82.9 months was reported in 2015 [ 34 ]. The 
majority of patients enrolled in the study were 
metastatic at diagnosis (72 %), whereas the 
remaining patients had developed metastases 
following treatment of localized disease. A sig-
nifi cant improvement in the predefi ned second-
ary end points of both biochemical and clinical 
progression-free survival (PFS) was reported for 
ADT plus docetaxel versus ADT alone. Namely, 
a 10-month improvement in median biochemical 
PFS was found (22.9 versus 12.9 months, HR 
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0.7,  p  = 0.0021). However, no statistically sig-
nifi cant difference in the primary end point of 
OS between the two treatment groups was 
observed: median OS was 60.9 (95 % CI 46.1–
71.4) months in the ADT plus docetaxel versus 
46.5 (95 % CI 39.1–60.6) months in the ADT-
alone treatment arm (HR = 0.9;  p  = 0.44). At the 
time of fi nal analysis, all patients were retro-
spectively classifi ed based on the tumor volume 
as defi ned per the CHAARTED study criteria 
(high volume defi ned as visceral metastases and/
or four or more bone metastases with at least one 
outside the vertebral column and pelvis) [ 35 ]. In 
the overall population, the median OS was not 

signifi cantly different between the two arms: 
62.1 months (95 % CI, 49.5–73.7) in the ADT 
plus docetaxel arm and 48.6 months (95 % CI, 
40.9–60.6) in the ADT arm (HR 0.88 [95 % CI, 
0.68–1.14];  p  = 0.3). The OS of high-volume 
patients did not differ signifi cantly according to 
the assigned treatment, with a median value of 
39.8 (95 % CI 28.0–53.4) months for ADT plus 
docetaxel versus 35.1 (95 % CI 29.9–43.6) 
months in the ADT-alone treatment arm (HR: 
0.78 [95 % CI, 0.56–1.09];  p  = 0.14). In patients 
with low-volume disease, median OS was not 
reached (NR; 95 % CI 69.5–NR) in the ADT 
plus docetaxel arm and 83.4 months (95 % CI 

        Table 12.1    Studies adding docetaxel to ADT in metastatic CSPC   

 GETUG-15  CHAARTED 
 STAMPEDE (metastatic 
patients only b ) 

 N. of patients (ADT-docetaxel/
ADT) 

 385 (192/193)  790 (397/393)  1086 (724/362) 

 Median FU a   83 months  29 months  43 months 
 Median age a   64 years  63 years  65 years 
 De novo metastatic patients a   272 (71 %)  575 (73 %)  1037 (95 %) 
 Disease volume a  
  High volume / risk   183 (48 %)  513 (65 %)  UK 
  Low volume / risk   202 (52 %)  277 (35 %)  UK 
 Visceral metastases a   51 (13 %)  123 (16 %)  UK 
 Bone metastases a  
  Overall   311 (81 %)  UK  941 (87 %) 
  High volume for bone 
metastases only  

 177 (46 %)  389 (49 %)  UK 

 Gleason score ≥ 8 a   216 (56 %)  484 (61 %)  70 % b  
 N. of planned docetaxel cycles  9  6  6 
 Grade ≥3 Toxicity (docetaxel arm) 
  Neutropenia   32 %  12 %  12 % 
  Febrile neutropenia   7 %  6 %  12 % 
 Median OS (HR, 95 % CI;  p  value) 
  Whole population   48.6 vs 62.1 months 

 HR 0.88 (0.68–1.14) 
  p  = 0.3 

 44.0 vs 57.6 months 
 HR 0.61 (0.47–0.80) 
  p  <  0.001  

 45.0 vs 60.0 months 
 HR 0.76 (0.62–0.92) 
  p  =  0.005  

  High volume / risk   35.1 vs 39.8 months 
 HR 0.78 (0.56–1.09) 
  p  = 0.1 

 32.2 vs 49.2 months 
 HR 0.60 (0.45–0.81) 
  P  <  0.001  

 UK 

  Low volume / risk   83.4 months vs NR 
 HR 1.02 (0.67–1.55) 
  p  = 0.9 

 NR vs NR 
 HR 0.60 (0.32–1.13) 
  p  = 0.11 

 UK 

   ADT  androgen deprivation therapy,  N  number,  OS  overall survival,  HR  hazard ratio,  CI  confi dence intervals,  UK  
unknown, and  NR  not reached 
  a Data refer to both arms (ADT and ADT/docetaxel) of each study 
  a Data of the STAMPEDE trial were reported only for metastatic patients enrolled in ADT and ADT/docetaxel arm 
  b Pooled data for metastatic and nonmetastatic patient  
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61.8–NR) in the ADT arm (HR: 1.02 [95 % CI 
0.67–1.55];  p  = 0.9). The test of homogeneity of 
treatment effects among high- and low-volume 
subgroups did not reveal a signifi cant difference 
between the estimated HRs in the two subgroups 
( p  = 0.40). Patients with metastatic disease after 
failure of local treatment had a signifi cantly lon-
ger median OS than those with metastases at 
diagnosis (83.1 versus 46.5 months, HR: 1.57 
[95 % CI, 1.09–2.26];  p  = 0.015). No survival dif-
ference was observed within each of these two 
groups according to treatment. Median time to 
subsequent treatment was longer in the ADT 
plus docetaxel arm: 28.1 versus 18.5 months, 
respectively. In the ADT arm, 127 of 149 patients 
(85 %) received docetaxel at progression (91 % 
in the high volume and 78 % in the low-volume 
subgroup). Other treatments administered after 
progression in a minority of patients were abi-
raterone acetate, enzalutamide, and cabazitaxel. 

 Serious adverse events were more common in 
the group given ADT plus docetaxel. The most 
frequent were neutropenia (21 %), febrile neutro-
penia (3 %), and abnormal liver function tests 
(2 %). Four treatment-related deaths (5 %) 
occurred in the ADT plus docetaxel group (two 
of which were neutropenia related); as a conse-
quence, the data monitoring committee recom-
mended prophylaxis with granulocyte 
colony-stimulating factor. After this recommen-
dation, no further treatment-related deaths 
occurred. No serious adverse events were 
reported in the ADT-alone group. 

12.4.1     The CHAARTED Trial 

 The CHAARTED trial also investigated the addi-
tion of docetaxel to ADT in metastatic hormone- 
sensitive disease [ 35 ]. In this trial 790 men with 
metastatic PC, enrolled between July 2006 and 
November 2012, were randomized 1:1 to receive 
ADT alone or ADT plus 75 mg/m 2  of docetaxel 
every 3 weeks for six cycles (Table  12.1 ). 
Premedication comprised oral dexamethasone 
8 mg at 12 h, 3 h, and 1 h before docetaxel infu-
sion; daily prednisone was not required. 
Randomization was allowed within 4 months of 

initiating ADT. Most patients enrolled in the 
study had metastases at diagnosis (75 %), and the 
remaining had developed metastases following 
treatment of local disease. Patients were stratifi ed 
by volume of disease (high versus low), with 
high- volume disease defi ned as visceral metasta-
ses and/or four or more bone metastases with at 
least one beyond the pelvis and the axial skele-
ton. Other stratifi cation factors included: age 
(≤70 versus >70 years), ECOG PS (0–1 versus 
2), prior adjuvant ADT (>12 months or 
≤12 months), and concurrent bisphosphonate or 
denosumab use (yes versus no). The primary end 
point was OS; secondary end points were PSA 
response (PSA <0.2 ng/ml at 6 and 12 months), 
time to clinical (radiographic or symptomatic) 
progression, time to CRPC (including biochemi-
cal progression), treatment tolerability, and qual-
ity of life. Patient characteristics were well 
balanced between the two arms. Median age was 
64 years in the combination group and 63 years 
in the ADT-alone group. In both groups, approxi-
mately 70 % had an ECOG PS score of 0, approx-
imately 65 % had high-volume disease, and 60 % 
had a Gleason score of 8 or higher. At a planned 
interim analysis, prespecifi ed criteria for signifi -
cance were met, and the data were released; the 
median follow-up was 28.9 months. The primary 
end point was met, with an improvement in the 
median OS of the whole study population of 
13.6 months in the combined treatment arm (57.6 
versus 44.0 months, HR 0.61, 95 % CI 0.47–0.80, 
 p  < 0.001). In a subset analysis, the greatest dif-
ference in median OS between the two treatment 
arms (17 months) was observed in patients with 
high-volume disease. In this subgroup (514 
patients), median OS was 49.2 months for 
patients treated with ADT plus docetaxel versus 
32.2 months for those treated with ADT alone 
(HR 0.60, 95 % CI 0.45–0.81,  p  < 0.001). The 
median OS was not reached at the time of the 
analysis in the cohort of patients with low- volume 
disease, with no statistically signifi cant differ-
ence between the two treatment arms (HR 0.60, 
95 % CI 0.32–1.13,  p  = 0.11). The combination of 
ADT and docetaxel also met all the secondary 
end points. The median time to biochemical, 
symptomatic, or radiographic progression was 

12 Combinations of Hormonal Therapy and Chemotherapy



140

20.2 months in the combination group, as com-
pared with 11.7 months in the ADT-alone group 
(HR 0.61, 95 % CI 0.51–0.72;  P  < 0.001). PSA 
response (as defi ned above) at 12 months was 
27.7 % in the combination group versus 16.8 % in 
the ADT-alone group ( P  < 0.001). The reported 
toxicity in the combination arm was mild, with 
grade 3–4 neutropenia observed in 12.1 % of 
patients, and anemia, thrombocytopenia, and 
febrile neutropenia reported in 1.3 %, < 1 %, and 
6.1 % of cases, respectively. Grade 3 peripheral 
neuropathy occurred in 1 % of patients. More 
than 85 % of patients completed all the six 
planned cycles of docetaxel, three quarters of 
them without dose modifi cations. One treatment- 
related death occurred in the docetaxel plus ADT 
arm; no deaths related to treatment toxicity were 
reported in the ADT-alone arm.  

12.4.2     The STAMPEDE Trial 

 STAMPEDE is a large ongoing phase III trial 
with a multi-arm multistage design [ 36 ,  37 ]. 
Patients with high-risk locally advanced or meta-
static prostate cancer, or with aggressively relaps-
ing disease after initial therapy for local disease, 
and starting long-term ADT for the fi rst time 
were enrolled. The study was opened to accrual 
in October 2008 in several centers in the United 
Kingdom and Switzerland. The hypothesis was 
that the early use of active therapies might give a 
large absolute benefi t in OS, set as the primary 
study end point. Secondary outcome measures 
were failure-free survival (FFS), toxicity, quality 
of life, skeletal-related events (SREs), and cost 
effectiveness. FFS was defi ned as fi rst of PSA 
failure, local or lymph node failure, distant 
metastases, and prostate cancer death. The fi rst 
trial design included fi ve research arms, but arms 
with celecoxib (ADT plus celecoxib and ADT 
plus celecoxib and zoledronic acid) were closed 
for lack of suffi cient activity at a preplanned 
interim analysis [ 39 ]. The remaining original 
arms – ADT plus docetaxel, ADT plus zoledronic 
acid, and ADT plus the combination of docetaxel 
and zoledronic acid – successfully completed 
their recruitment throughout all interim stages in 

March 2013. An arm of abiraterone, prednisone, 
and ADT was introduced in November 2011, and 
its accrual was completed in January 2014 [ 40 ]. 
A new arm with radiotherapy, among newly diag-
nosed metastatic patients only, was introduced in 
January 2013, and another arm combining 
enzalutamide, abiraterone, and prednisone with 
ADT started in July 2014 [ 41 ]. The survival 
results for three research comparisons testing the 
addition of zoledronic acid, docetaxel, or both to 
ADT (considered as the control arm) in patients 
with M0 or M1 hormone-sensitive disease have 
been recently reported [ 37 ]. Patients were ran-
domized 2:1:1:1 to standard ADT versus ADT 
plus docetaxel, zoledronic acid, or both, respec-
tively. Age, stage, the presence of metastases, 
previous treatments, center, and the use of aspirin 
or non-steroid anti-infl ammatory drugs were 
stratifi cation factors. Docetaxel was given at 
75 mg/mq every 3 weeks for six cycles with pred-
nisolone 10 mg daily; zoledronic acid was admin-
istered at 4 mg every 3 weeks for six cycles 
(18 weeks), then every 4 weeks until 2 years. 
Primary end point of the study was OS. Overall, 
2962 men were randomized to the four arms. 
Median age was 65 years (range 40–84), and 
78 % of patients had ECOG PS 0. Most patients 
(61 %) had metastatic PC, in 85 % of cases with 
bone metastases. The remainder had either lymph 
node metastases with M0 status (15 %) or N0M0 
disease (24 %). Radiotherapy was delivered in 
patients with N0M0 disease and was optional for 
men with N-positive M0 disease. With a median 
follow-up of 43 months, patients treated with 
ADT alone had a median OS of 71 months, and 
5-year survival was 55 %. These data were the 
reference for each comparison of research groups 
with control. A statistically signifi cant improve-
ment in OS was reported in patients treated with 
ADT plus docetaxel, with a median OS of 81 
months and a 5-year OS of 63 % (HR 0.78, 95 % 
CI 0.66–0.93;  p  = 0.006). Similarly, patients 
treated with ADT plus docetaxel plus zoledronic 
acid had a longer median OS of 76 months and a 
5-year OS of 60 % (HR 0.82, 95 % CI 0.69–0.97; 
 p  = 0.022). On the contrary, no OS improvement 
was reported in the arm of patients treated with 
ADT plus zoledronic acid (HR 0.94,  p  = 0.45). In 
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a preplanned subset  analysis, adding docetaxel to 
standard ADT showed signifi cant OS improve-
ment in patients with metastatic status but not in 
M0 patients; similar results were found in the 
subgroup of patients in which docetaxel and zole-
dronic acid were added to standard ADT. Namely, 
median OS of 362 metastatic patients treated 
with docetaxel plus ADT was 60 months as com-
pared to 45 months of 724 metastatic patients 
treated with ADT alone, with an HR of 0.76 
(95 % CI 0.62–0.92) and a  p  = 0.005. FFS was 
signifi cantly longer in patients receiving ADT 
plus docetaxel or ADT plus docetaxel and zole-
dronic acid. The effect of docetaxel on FFS was 
maintained in both metastatic and nonmetastatic 
patients. No effect on FFS was observed when 
adding zoledronic acid alone to ADT. Treatments 
used at progression included docetaxel in 41 % of 
patients enrolled in the standard arm; abiraterone 
acetate, enzalutamide, cabazitaxel, and radium 
223 were equally distributed in the study arms. 
Grade 3–5 toxicity was more frequent in the 
docetaxel arms (52 % in docetaxel and docetaxel/
zoledronic acid groups versus 32 % in the ADT 
arm). Febrile neutropenia rate was signifi cantly 
higher in the docetaxel arms (14 % and 15 %, 
respectively, versus 1 % in the standard arm). In 
conclusion, addition of docetaxel to ADT 
improved OS in metastatic CSPC. Zoledronic 
acid did not improve OS. Addition of both agents 
to ADT improved OS but offered no obvious 
benefi t over adding just docetaxel. According to 
the authors, docetaxel should be considered in 
routine practice for suitable men with newly 
diagnosed metastatic disease and also for selected 
men with high-risk nonmetastatic disease in view 
of substantial prolongation of FFS.   

12.5     Comparison and Meta- 
analyses of the Trials 

12.5.1     Critical Comparison 

 The GETUG-AFU 15, CHAARTED, and 
STAMPEDE trials have similar designs but sev-
eral remarkable differences (Table  12.1 ). 
CHAARTED and STAMPEDE are notably larger 

in comparison to GETUG-AFU 15, which on the 
other hand has the longest follow-up. In all trials 
the reference arm was ADT considered as the 
standard of care in the hormone-naïve setting; in 
the experimental arms, docetaxel administered 
every 3 weeks at the dose of 75 mg/m 2  was added 
to ADT within 4 months at the latest from ADT 
start. The number of the planned docetaxel cycles 
differed among the studies: six in CHAARTED 
and STAMPEDE, up to nine in GETUG-AFU 15. 
In all the three studies, OS was the primary end 
point. CHAARTED and STAMPEDE trials 
showed a statistically signifi cant improvement of 
OS in the combination arm, while no improve-
ment was found in GETUG-AFU 15 study, 
despite a higher number of delivered chemother-
apy cycles. Notably, PFS defi ned either as bio-
chemical or clinical/radiological failure was 
signifi cantly improved by the addition of 
docetaxel in all the trials. The effect of post- 
protocol therapy on OS in the two arms of the 
different trials should be further elucidated; treat-
ment at progression was not planned, and also the 
availability of life-prolonging agents was differ-
ent for CHAARTED and STAMPEDE trials as 
compared to GETUG-AFU 15, due to the differ-
ent accrual times of the studies. The positive 
results of combined therapy in high-volume 
patients were not confi rmed by the post hoc anal-
ysis of the GETUG-AFU 15 trial [ 34 ]. However, 
as acknowledged by the authors themselves, the 
study was underpowered to assess this end point.  

12.5.2     Meta-analyses 

 Two meta-analyses of aggregate data of trials 
comparing ADT versus the combination of ADT 
and chemotherapy with docetaxel have been 
recently reported [ 42 ,  43 ]. In the fi rst, published 
by Tucci et al. [ 42 ], a total of 2951 patients were 
included from the three above-discussed trials 
(GETUG-AFU 15, CHAARTED, and 
STAMPEDE). Other studies enrolling only M0 
patients were excluded [ 44 ]. Overall, 2262 (61 %) 
patients were metastatic: 951 received docetaxel 
and ADT, while 1311 ADT alone. In metastatic 
patients, the addition of docetaxel was associated 
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with improved OS (HR 0.73, 95 % CI 0.60–0.90, 
 p  = 0.002). Also when the whole study population 
(2951 patients) was considered, the benefi t of 
adding docetaxel remained signifi cant (HR 0.74; 
95 % CI 0.61–0.91;  p  = 0.003). Although with 
limited statistical power, no signifi cant interac-
tion was demonstrated between the addition of 
docetaxel and the high or low volume of disease 
( p  = 0.5). The addition of docetaxel was also 
associated with improvement in PFS (in meta-
static patients: HR 0.63, 95 % CI 0.57–0.70; 
 p  < 0.001). The authors considered the OS 
improvement not only statistically but also clini-
cally signifi cant, due to a 27 % reduction in the 
risk of death; this reduction was up to 33 % in 
patients with high-volume disease. Of note, no 
relevant statistical heterogeneity was found 
among the three trials. Based on the result of their 
analysis, Tucci et al. suggested that the combina-
tion of chemotherapy and hormonal treatment 
should be considered in all fi t patients with meta-
static CSPC. 

 The second meta-analysis by Vale et al. [ 43 ] 
included all relevant randomized controlled trials 
(published, unpublished, and ongoing) compar-
ing either ADT with or without docetaxel or ADT 
with or without bisphosphonates for patients with 
high-risk localized or metastatic CSPC. For each 
trial, HRs of the effects of docetaxel or bisphos-
phonates on OS and FFS (time from randomiza-
tion to biochemical or clinical failure or death 
from any cause) were extracted and then com-
bined. Five trials compared standard of care with 
or without docetaxel in patients with metastatic 
PC; only the results from three (CHAARTED, 
GETUG-AFU 15, STAMPEDE) of these trials 
(accounting for 93 % of all randomized patients) 
were available and suitable for analysis. The 
pooled analysis showed that the addition of 
docetaxel to standard of care improved OS, with 
an HR of 0.77 (95 % CI 0.68–0.87;  p  < 0.0001) 
and an absolute improvement in 4-year OS of 9 % 
(95 % CI 5–14). Of note, docetaxel also improved 
FFS, with an HR of 0.64 (0.58–0.70;  p  < 0.0001) 
translating into a reduction in absolute 4-year 
failure rates of 16 % (95 % CI 12–19). On the 
contrary, no benefi t from the addition of docetaxel 
was evidenced in men with M0, locally advanced 

disease. Moreover, no improvement was shown 
with zoledronic acid in patients with both M1 and 
M0 disease. The authors concluded that the addi-
tion of docetaxel to ADT should be considered 
standard care for men with metastatic hormone-
sensitive PC who are starting treatment for the 
fi rst time.  

12.5.3     Effect of Chemotherapy/
Ormonotherapy on Skeletal- 
Related Events in CSPC 

 No specifi c analysis on the impact of addition of 
docetaxel to ADT on incidence and timing of 
skeletal-related events (SREs) was reported in 
GETUG-AFU 15 and CHAARTED trials. In the 
CHAARTED study, patients were stratifi ed per 
planned use of agents approved for prevention of 
SREs (zoledronic acid and denosumab). The 
combination of chemotherapy with ADT was 
active in patients with skeletal involvement; in 
particular, subgroup analysis showed a survival 
improvement with docetaxel in high-volume 
patients with bone metastases alone (389 patients; 
HR 0.64, 95 % CI 0.46–0.89). 

 SREs were among the secondary end points of 
the STAMPEDE study [ 37 ]. Time to fi rst SRE 
was improved in the docetaxel + ADT arm (HR 
0.60, 95 % CI 0.48–0.74) and in docetaxel + zole-
dronic acid + ADT arm (HR 0.55, 95 % CI 0.44–
0.69) but not in the zoledronic acid + ADT group. 
Mean time to skeletal-related event was 
61.4 months in ADT only, 68 months in 
docetaxel + ADT, and 68.3 months in 
docetaxel + zoledronic acid + ADT arm.   

12.6     Patient Selection 
for Up-Front Chemotherapy 
in Castration-Sensitive 
Metastatic PC 

 Although the above discussed trials and meta- 
analyses seem to show a clear benefi t from the 
early use of chemotherapy with docetaxel in 
patients with metastatic hormone-sensitive PC, 
many important issues regarding patient 
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 selection for this therapeutic option remain 
open. It is clear, from everyday clinical practice, 
that this strategy does not fi t all patients and is 
infl uenced by several individual factors includ-
ing history, biology, and extent of the disease, 
age, performance status, and coexisting 
comorbidity. 

 Most patients in GETUG-AFU 15, 
CHAARTED, and STAMPEDE trials were meta-
static at diagnosis (Table  12.1 ), ranging from 67 
to 76 % in the different arms of the fi rst two stud-
ies [ 33 – 35 ]. As reported before in this chapter, 
PC patients presenting with metastatic disease at 
fi rst diagnosis in the United States and Western 
Europe account for 4–5 % of the total population 
[ 6 ,  7 ]. A Gleason score of 8 or higher was reported 
in the majority of enrolled patients in the three 
studies, ranging from 55 to 74 %. Median age 
was between 63 and 65 years. Patients older than 
70 years, which are very common in clinical 
practice, were underrepresented. In the 
CHAARTED trial, subgroup analysis according 
to age confi rmed docetaxel effi cacy also in 
patients ≥70 years, but they represented only 
23 % (178 of 790) of the total study population 
[ 35 ]. Moreover, elderly patients included in the 
three trials likely represent a selection bias, 
because they had to be fi t enough to receive che-
motherapy. As a consequence, the risk-benefi t 
ratio of adding chemotherapy in CSPC might be 
unfavorable, for example, in elderly patients with 
a long-lasting, slowly progressing disease and 
low Gleason score, whereas in other patients, 
early chemotherapy could target in a timely man-
ner ADT-resistant cell clones, avoiding rapid dis-
ease progression and deterioration of the patient 
toward a condition in which he would be too frail 
to receive chemotherapy. Apart from the obvious 
case of a man who is unfi t for chemotherapy, a 
deeper knowledge of disease biology is needed to 
help the clinician in selecting the best treatment 
for each patient. 

 While for patients with metastatic CRPC sev-
eral prognostic models have been proposed [ 45 ], 
suggesting also that metastatic site is an impor-
tant predictor of OS [ 46 ], only few studies are 
available for metastatic CSPC. Recently, the 
Glass model developed in 2003 to defi ne 

subgroups with good, intermediate, and poor 
prognosis was validated in the population of the 
GETUG-AFU 15 trial [ 47 ], with the aim to 
develop a more sensitive prognostic model. 
Potential prognostic factors were recorded: age, 
performance status, Gleason score, hemoglobin, 
PSA, alkaline phosphatase (ALP), lactate dehy-
drogenase (LDH), metastatic localization, body 
mass index, and pain. These factors were used to 
develop a new prognostic model. Before analy-
sis, the data were split into learning and valida-
tion sets. The outcome was OS. ALP was the 
strongest prognostic factor in discriminating 
patients with good or poor prognosis. In the 
learning set, median OS in patients with normal 
and abnormal ALP was 69.1 and 33.6 months, 
and 5 years survival was 62.1 % and 23.2 %, 
respectively, with an HR of 3.11. The discrimina-
tory ability of ALP was superior to that of the 
Glass risk model itself. 

 Several studies have analyzed the role of dis-
ease burden in metastatic PC, both in hormone- 
sensitive and in castration-resistant disease, with 
defi nition of volume comparable with that used 
in the CHAARTED trials. The results of these 
investigations have consistently demonstrated 
better survival outcomes in patients with low vol-
ume as compared to high volume disease. In 
patients with CSPC, the presence of a high meta-
static burden (particularly in case of visceral 
metastases or appendicular skeletal involvement) 
is associated with a worse prognosis [ 48 ]. Patients 
enrolled in the CHAARTED trial were stratifi ed 
according to the extent of metastatic disease 
(high versus low volume of disease), with high 
volume disease defi ned as visceral metastases 
and/or 4 or more sites of bone disease with at 
least one beyond the pelvis and the vertebral col-
umn [ 35 ]. This stratifi cation was retrospectively 
applied to GETUG-AFU 15 patients [ 34 ]. 
Overall, high-volume patients were more repre-
sented in CHAARTED study, with 65 % of total 
patients as compared to 48 % in GETUG-15 trial. 
Data on disease volume are so far lacking for 
STAMPEDE study. Subgroup data of the 
CHAARTED trial have suggested that the benefi t 
associated with concomitant administration of 
docetaxel with ADT was more pronounced in 
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patients with high-volume disease than in patients 
with low-volume disease [ 35 ]. In their 
 meta- analysis of the three trials, Tucci et al. [ 42 ] 
did not demonstrate a signifi cant interaction 
between disease volume and treatment effi cacy. 
Of note, in the CHAARTED trial the HR for 
death with ADT plus docetaxel in patients with 
low volume disease was 0.60 (95 % CI 0.32–
1.13;  p  = 0.11), the same reported for patients 
with high volume disease (0.60; 95 % CI 0.45–
0.81;  p  < 0.001). A longer follow-up with a higher 
number of events is needed to defi nitively estab-
lish the interaction between docetaxel effi cacy 
and disease volume. 

 Although docetaxel is commonly used and 
its adverse events are well known and generally 
manageable, the toxicity of adding chemother-
apy to ADT should be considered with caution. 
Neutropenia was the most threatening adverse 
event in all trials (Table  12.1 ); it was reported 
more commonly in the GETUG-15 study, with a 
higher rate of treatment discontinuation due to 
toxicity issues (20.3 % versus 12.5 % in the 
CHAARTED study), and a higher rate of toxic 
deaths in the chemotherapy arm (5 % versus 
0.3 % for CHAARTED). Of note, a higher num-
ber of chemotherapy cycles were planned in 
GETUG-15, and myelotoxicity was likely 
underestimated in CHAARTED trial, as blood 
counts were not monitored routinely between 
cycles. The different (and probably under-
reported) use of granulocyte colony-stimulating 
factors and discrepancies in the patient castra-
tion levels at the start of chemotherapy [ 49 ] may 
further explain the different toxicity profi le of 
docetaxel in the three studies. Interestingly, in 
the STAMPEDE study the early excess in toxic-
ity in the chemotherapy arm seemed to settle 
subsequently, with 1-year grade ≥3 toxicity of 
10.1 % in the ADT plus docetaxel arm versus 
9.7 % in the ADT alone arm [ 17 ]. Chemotherapy 
toxicity is often worse in the real-world popula-
tion compared with the toxicity reported in clin-
ical trials. As reported by Templeton et al. [ 50 ], 
survival of patients with metastatic prostate can-
cer treated in the same institution with docetaxel 
in routine practice was shorter than for men 
included in trials and was associated with more 

toxicity. Therefore, before considering the addi-
tion of docetaxel to ADT, several clinical factors 
(age, performance status, comorbidity, and con-
comitant medications) should be taken in 
account to reduce the risk of severe toxicity that 
could negatively affect quality of life and 
survival. 

   Conclusions 

 The last years have witnessed an impressive 
improvement in the knowledge of the biol-
ogy of metastatic PC, and the rapid availabil-
ity of several new active agents [ 4 ,  12 ].   The 
large randomized studies analyzed in this 
chapter, addressing the early use of docetaxel 
in combination with ADT in men with meta-
static CSPC, have added complexity to this 
scenario. Overall, there is evidence that at 
least a subset of patients with metastatic 
CSPC may benefi t from the combination of 
ADT with docetaxel as initial therapy. 
Clearly, this approach should not be  proposed 
to all cases, because patients enrolled in 
GETUG- 15, CHAARTED and STAMPEDE 
trials are not representative of the “real life” 
patients, who have often slowly progressing 
disease that develops distant metastases sev-
eral years after diagnosis and local treat-
ments. Furthermore, patients enrolled in 
these trials had a good performance status 
and were all fi t for chemotherapy, and likely 
had less comorbidity than the average PC 
patient. 

 Several trials are ongoing to defi ne the role 
of chemotherapy in earlier stages of disease, 
including high-risk localized PC and bio-
chemical failure after local therapy. Other 
studies are also evaluating non-chemotherapy 
drugs like abiraterone or enzalutamide, and 
the role of local treatment of primary prostate 
cancer in patients with de novo metastatic dis-
ease. [ 51 ] 
 In summary, the available results from the 

above discussed trials support the use of early 
docetaxel combined with ADT in selected 
hormone- naïve metastatic PC patients. At pres-
ent, early chemotherapy should be considered 
and discussed at least  for men with high-volume 

G.L. Ceresoli et al.



145

PC (according to CHAARTED defi nition) pre-
senting with distant metastases at or soon after 
diagnosis, and who are judged to be fi t to receive 
chemotherapy.      
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      Surgery: Treatment 
of Oligometastatic Disease                     

     Alessandro     Luzzati     ,     Gennaro     Scotto    , 
    Giuseppe     Perrucchini    , and     Carmine     Zoccali   

      The treatment of the patient with bone metastases 
from prostate cancer is usually based on medical 
and radiation therapy [ 1 – 6 ]. Nevertheless, some-
times indication for surgery is present with:

•    “Curative” aim: in case of solitary metastasis, 
onset after several years from the extirpation 
of the primary tumor in a healthy patient. In 
this case, surgery should extirpate the metasta-
sis obtaining a wide margin.  

•   Palliative aim: in multimetastatic patient in 
case of
 –    Impending and already-occurred fracture: 

quite rare indication considering that pros-
tate metastasis is usually osteoblastic  

 –   Pain lesion  
 –   Spinal cord compression       

 The techniques can be classifi ed in two main 
groups:

•    Resections techniques, where a wide margin 
is aimed  

•   Stabilization technique, with an exclusively 
biomechanical value    

 They will be progressively shown basing on 
the bone segment where they are applied. 

13.1     Vertebral Metastases 
Techniques 

 Approximately 70 % of all bone metastases are 
located in the spine, most frequently involved in 
the thoracic vertebras (60–70 %), followed by 
lumbar (15–30 %), and more rarely, cervical (less 
than 10 %). About half of metastatic spine 
patients experience multiple level lesions [ 7 ,  8 ]. 

 To identify the best approach, the patient sur-
vival has to be estimated; in literature several 
scores are available [ 9 ], but, even if it underwent a 
recent criticism [ 10 ], the most used is the modi-
fi ed Tokuhashi score [ 11 ]. The authors individu-
ated six parameters, including general condition, 
extraspinal bone metastasis, number of metastasis 
in the vertebral body, visceral metastasis, primary 
site, and severity of cord palsy. For each parame-
ter a value between 0 and 2 is assigned, but for 
primary site, a value between 0 and 5 is assigned. 
Based on the total score, the patient is designated 
to one of three possible survival classes:

•    Group I (score 0–8): survival inferior to 6 months  
•   Group II (score 9–11): survival inferior to 12 

months  
•   Group III (score 12–15): survival superior to 

12 months    
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 Tokuhashi suggested conservative or pallia-
tive treatment for patients in groups I and II, with 
multiple vertebral lesions. Excisional surgery 
was suggested for group III and patients in group 
II with single spinal metastases. 

 In case of prostate metastasis, the value to 
assign to primary site is 5 (?) because of its favor-
able intrinsic prognosis. 

 Drzymalski et al. [ 12 ], in a study on 333 
patients affected by spinal metastasis, evidenced 
as the median survival after diagnosis of spinal 
metastasis was 24 months, but among the 28 
patients with a solitary vertebral metastasis, the 
median survival was 55.9. 

 A higher prostate-specifi c antigen (PSA) level 
at diagnosis of metastasis, the presence of addi-
tional metastasis at diagnosis of spinal metastasis, 
and a long free of disease time between the diagno-
sis of prostate cancer and spinal metastasis resulted 
as independent prognostic factors ( p  = 0.0001). 

13.1.1     En Bloc Vertebrectomy 

 En bloc vertebrectomy is a high-demanding sur-
gery with a high complication rate so indication 
has to be reserved just for selected cases [ 9 ]. It 
should be performed in case of solitary lesion, 
occurred in healthy patient at several years from 
the extirpation of the primary tumor. 

 Surgery is usually performed by a posterior 
approach for the dorsal spine and upper lumbar 
spine, whereas a preparatory anterior approach is 
advisable for lower lumbar levels to divide vascu-
lar bundles from the mass and the near-spine ele-
ments (Fig.  13.1 ).

   Cervical en bloc vertebrectomy is technically 
more diffi cult so no case is evident in literature 
for metastatic patients.  

13.1.2     Stabilization and Intralesional 
Surgery (Curettage) 

 In case of risk of fracture, or in case of spinal 
cord compression, patients enrolled in group II of 
Tokuhashi (intermediate survival) decompres-
sion and/or stabilization could be a good 
solution. 

 In 2012, Crnalic et al. [ 13 ] identifi ed a new 
specifi c score for patient with cord compression 
from prostate cancer; the items include hormone 
status of prostate cancer, Karnofsky performance 
status, evidence of visceral metastasis, and pre-
operative serum prostate-specifi c antigen (PSA). 
They identifi ed three specifi c prognostic groups 
corresponding to different score:

•    Group A (score 0–1), with a median survival 
of 3 months  

•   Group B (score 2–4), with a median survival 
of 16 months  

•   Group C (score 5–6), where more the half part 
of the patients were alive at publication of 
their experience    

 Patients with a score higher than 2 are more 
suitable to undergo surgery in case of spinal cord 
compression. 

 Stabilization alone is rare, considering the 
high frequency of osteoblastic lesions; neverthe-
less it can be fundamental in case of spinal cord 
compression; indeed, the following decompres-
sion can cause an iatrogenic instability. 

 Decompression can be performed both from 
anterior and posterior approach basing on the 
metastasis-specifi c localization, the spine level, 
and the surgeon expertise. In the thoracic spine, 
decompression should be performed from an 
anterior approach because the presence of the 
spinal cord could make diffi cult and effective 
decompression from a midline posterior access; 
nevertheless, cutting roots could be useful to 
have access to the vertebral body from behind. 

 At lumbar levels the presence of cauda equina 
allows an easier access to the anterior metastatic 
bodies. 

 Posterior stabilization is the most commune; it 
is performed by posterior midline incision or also 
by minimally invasive approach consisting in little 
incisions corresponding to the pedicles necessary 
for the screw insertion through the pedicle [ 14 ]. 

 Several instrumentations are commercially 
available, but nowadays carbon fi ber-reinforced 
rods should be preferred [ 15 ]. Indeed, they should 
allow a more effective adjuvant radiotherapy 
because it is characterized by a lower level of 
artifacts. 
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  Fig. 13.1    A D1 solitary osteolytic metastasis; the 
56-year- old patient underwent en bloc vertebrectomy and 
reconstruction with homoplastic diaphysis segment fi lled 
with the autoplastic morcellized bone, plates, and screws; 

( a ) preoperative CT scan showing an osteolytic lesion in 
the D1 vertebral body, ( b ) preoperative MRI, ( c ) intraop-
erative imaging showing posterior stabilization, and ( d ) a 
2-year follow-up X-ray       
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 The artifacts at CT scan blind some areas in 
the surrounding tissue, introducing diffraction 
and refraction phenomena, so the actual dose 
administered to the tissues becomes 
unpredictable. 

 Anterior stabilization can be done with a body 
cage alone or with anterior plating and screws; 
also in those cases, carbon fi ber cages should be 
preferred [ 16 ,  17 ].  

13.1.3     Augmentation Technique 

 Cement plasty (Kyphoplasty, vertebroplasty, ves-
selplasty): these techniques are very commune in 
osteoporotic fractures; nevertheless they can 
have indication also in metastatic lesion. 

 In case of metastatic spinal fracture, they can 
be able to stabilize it in a minimally invasive way, 
even if attention has to be paid for possible poste-
rior cement or tumor migration. 

 Indeed, spine metastasis from prostate cancer 
diffi cultly causes body fracture, but they can 
cause important not responsive pain that can be 
effectively treated with these techniques [ 18 ,  19 ]. 

 The procedure can be performed by monopor-
tal or biportal transpedicular approach basing on 
the specifi c necessity of stabilization; the integ-
rity of the posterior body wall is essential for 
safety performing the procedure (Fig.  13.2 ).

13.2         Femoral Metastases 
Techniques 

 Proximal femur is the most commune site of 
metastasis, after the spine [ 20 ]. 

 Even if the treatment of these lesions should 
not modify directly the survival from a biologi-
cal/oncological point of view, the patient con-
stricted to bed because of risk of fracture 
is exposed to complications that could inter-
fere with medical therapies decreasing survival 
[ 21 ,  22 ]. 

 Otherwise survival estimation is important as 
in the other sites for the best therapeutic strategy, 
but in case of metastases located in the limbs and 
moreover in the proximal femur, an important 
problem is to value the fracture risk [ 23 ]. 

 Several systems are available, but the most 
used is the Mirel’s classifi cation [ 24 ]; it identifi es 
four items: location of the metastasis, its nature 
and radiographic appearance, its size related to 
the diameter of the entire segment, and the pres-
ence of pain. 

 Each item is scaled from 1 to 3. 
 When the total score is 7 or less, observation 

and radiation therapy is advisable; when it is 9 or 
more, prophylactic fi xation is suggested; if the 
score is 8, the indication is uncertain, and it 
should be valued basing on clinical conditions as 
well.

  Fig. 13.2    A percutaneous 
vertebroplasty performed by 
biportal approach       
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 1  2  3 

 Location  Upper extremity  Lower extremity  Intertrochanteric 
 Radiographic appearance  Blastic  Mixed  Lytic 
 Size  <1/3  1/3–2/3  >2/3 
 Pain  Mild  Moderate  Severe and functional 

   The metastasis of prostate cancer is usually 
osteoblastic so surgical indication is usually less 
frequent than metastases from other primitive 
tumors. 

13.2.1     Proximal Femur Resection 
and Prosthesis Reconstruction 

 In case of solitary lesion, in a healthy patient after 
several years from the primary tumor eradication, 
wide surgery has to be preferred. This means per-
forming a resection of the proximal part of the 
femur which is extended distally about 2 cm dis-
tally to the inferior edge of the disease. 

 Reconstruction is performed with a modular 
prosthesis which is assembled to reach the resec-
tion size [ 25 – 27 ]; the intramedullary stem should 
be as long as possible to reinforce the entire femur, 
stabilizing the segment also in case of further distal 
metastasis onset. When the greater and the lower 
trochanters are not involved, they should be spared 
to maintain the muscular insertion (Fig.  13.3 ). The 
psoas muscle is the most important stabilizer.

   An ideal modular prosthesis should allow a 
minimal resection, arming the entire femur when 
necessary; it should be cemented to assure the 
grip even in case of further metastasis. 

 Resection has to be preferred also in case of 
multimetastatic patients when the disease extends 
also in the head and femoral neck; intramedullary 
nailing should complicate with proximal screws 
cut out.  

13.2.2     Diaphysis Resection 
and Reconstruction 

 The indication to resection in the diaphysis is the 
same of that of the proximal femur. Obviously it 
is very rare. Reconstruction can be performed 
with a diaphyseal prosthesis (Fig.  13.4 ) or a 

homologous diaphysis fi lled with cement and sta-
bilized with plate and screws [ 28 ].

13.2.3        Intramedullary Stabilization 

 Intramedullary stabilization is the mainstay treat-
ment in case of fractures or impeding fractures of 

  Fig. 13.3    A postoperative X-ray showing a hip prosthesis 
where the greater and lower trochanters and their muscu-
lar insertions were spared       
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lesions located from the trochanteric area until 
the distal diaphysis in multimetastatic patient 
[ 29 ]. Surgery aims to allow weight bearing as 
soon as possible so that the patient can undergo 
chemotherapy. 

 The nail must be always long and stabilizes 
the entire femur; it has to be distally locked, and 
a cervical screw must be always present even in 
case of diaphyseal metastasis considering the 
high frequency of femoral neck lesions: the screw 
in the femoral head will stabilize the femur also 
in case of successive metastasis (Fig.  13.5 ) even 
if a recent study sustains that it is not always nec-
essary [ 30 ].

   Intramedullary nailing has exclusively a 
biomechanical role; the treatment has to be 
completed by adjuvant radiotherapy; in case of 
not radiosensitive tumors, a wide resection 
could be indicated also in multimetastatic 

patients because of the ineffi ciency of adjuvant 
therapy. 

 Considering that, carbon fi ber-reinforced nails 
are to be preferred in case of diaphyseal metasta-
sis (Fig.  13.6 ); unfortunately, a carbon fi ber nail 
with a cephalic screw is now not commercially 
available.

   Also other cytoreductive technique can be 
associated as cryotherapy, radio-frequency 
 thermoablation, or embolization [ 31 ]. Weight 
bearing has to be valued for every specifi c 
case.  

13.2.4     Distal Femur Resection 
and Prosthesis Reconstruction 

 When metastasis is located in the distal part of 
the femur, where it is not possible to stabilize the 

  Fig. 13.4    A solitary lesion of the femur diaphysis  on the left ; in the upper center fi gure the resected specimen and in 
the lower center picture a diaphyseal prosthesis;  on the right  the postoperative X-ray       
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segment with an intramedullary nailing, resec-
tion and prosthesis reconstruction is necessary. 
Nevertheless indication is very rare.   

13.3     Tibial Metastases Techniques 

13.3.1     Proximal Tibial Resection 
and Prosthesis Reconstruction 

 Rarely, in case of lesions located in the proximal 
part of the tibia, resection and prosthesis recon-
struction can be indicated, moreover in case of 
single metastasis. 

 In case of multimetastatic disease, minimally 
invasive technique as cement augmentation could 
be preferred to allow weight bearing with a mini-
mal impact.  

13.3.2     Intramedullary Stabilization 

 Intramedullary stabilization is the most frequent 
operation performed on the metastatic tibia [ 32 ]. 
As in the femur, the nail has to be long and locked 
distally (Fig.  13.7 ). Weight bearing has to be val-
ued for every specifi c case.

  Fig. 13.5    In intramedullary nailing for an impending 
fracture of the proximal femur. The proximal neck screw 
and the extension for all the femur protect the patient in 
case of further metastasis as well       

  Fig. 13.6    A carbon fi ber nail inserted in an impending 
fracture       
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13.4         Humerus Metastases 
Techniques 

 Indications for surgery in superior limbs are very 
rare in prostate cancer metastases because the 
risk of fracture is very low, because of the lower 
load than inferior limbs, and because of the 
osteoblastic nature of the lesions [ 33 ]. 

13.4.1     Proximal Humerus Resection 
and Prosthesis Reconstruction 

 In case of solitary lesion of the proximal femur, 
onset after years from the primary tumor eradica-
tion in a healthy patient, wide resection and pros-
thesis reconstruction is indicated (Fig.  13.8 ).

   The reconstruction possibilities are two: the 
standard prosthesis and the inverted (?) prosthe-
sis. In the fi rst case, the prosthesis mimics the 
normal anatomy; in the inverted prosthesis, the 
concave surface is on the humeral part, whereas 
the convex side is on the scapular side. The sec-
ond one is preferred when it is possible to spare 
the deltoid muscle and circumfl ex nerve so that 
abduction could be still possible even after wide 
resection [ 34 ].  

13.4.2     Diaphysis Resection 
and Reconstruction 

 Indication of wide resection in humeral diaphysis 
is the same with that in the proximal humerus. 

  Fig. 13.7    A locked tibial 
nail for an extensive 
diaphyseal prostate 
metastasis       
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Reconstruction can be performed with diaphy-
seal prosthesis or by homograft.  

13.4.3     Intramedullary Stabilization 

 Lesion located in the proximal humerus and in 
the diaphysis in multimetastatic patients 
can be treated by intramedullary nailing 
(Fig.  13.9 ) [ 35 ].

   Nevertheless, indication is very rare in pros-
tate cancer, especially considering the preva-
lent osteoblastic nature of the lesions. Several 
nailing systems are commercially available; in 

the humerus, besides carbon-fi ber nails is 
available also a liquid nailing system consti-
tuted by a monomer which becomes hard when 
exposed to UV light; then it can be drilled and 
screwed to stabilize fracture and impending 
fracture, allowing adjuvant radiotherapy 
(Fig.  13.10 ) [ 36 ].

13.5         Scapular Metastases 

 Scapular metastases from prostate cancer are 
quite commune. In case of solitary lesions, 
indication for wide resection has to be valued 
basing on clinical conditions. In multimeta-
static patient no risk of fracture is present, so 
minimally  invasive techniques should be pre-
ferred; sometimes, a partial or a total scapulec-
tomy can be indicated also in multimetastatic 
patients, for big size lesion at risk for skin 
ulceration. 

 Reconstruction is not always performed, 
moreover in case of total scapulectomy when 
rotatory cuff muscles are not preserved 
(Fig.  13.11 ).

   No modular prosthesis is commercially avail-
able so reconstruction has to be performed using 
homograft or custom-made [ 37 ].  

13.6     Pelvic Metastases 
Techniques 

 The pelvis is a frequent site for metastasis, but 
usually they do not require surgical treatment 
because they are often stable, mostly in case of 
prostate metastases. 

 Indications for resection have to be valued 
case by case considering that resection surgery 
can be very diffi cult in case of lesions located in 
the acetabular area but quite easy if located in the 
wings. Solitary lesion onset in a healthy patient 
several years after resection could undergo wide 
resection. 

 In case of osteolytic metastasis in the acetabu-
lar roof, minimally invasive cement augmenta-
tion could be helpful to allow an early weight 
bearing (Fig.  13.12 ) [ 38 ,  39 ].

  Fig. 13.8    Postoperative X-ray showing reverse prosthe-
sis reconstruction after proximal humerus resection       
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  Fig. 13.9    Postoperative 
X-ray showing 
intramedullary humerus 
stabilization       

  Fig. 13.10    A liquid nail used to sta-
bilize an impending fracture of the 
humerus; a soft shell is inserted 
inside the medullary canal, then it is 
fi lled with a monomer: the exposi-
tion to a UV light causes polymer-
ization and its hardening       
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  Fig. 13.11    A postopera-tive 
X-ray after partial scapulec-
tomy for solitary metastasis of 
prostate cancer       

  Fig. 13.12    On the left is 
an acetabuloplasty per-
forming with a system 
which partially maintains 
inside the cement; on the 
right the direct fi lling of the 
acetabular is in the roof       

13.7        Complications 

13.7.1     Bone Explosion (During 
Intramedullary Stabilization) 

 The bone affected by prostate cancer metastasis 
is harder than normal but less elastic as well. In 
case of intramedullary stabilization, particular 

attention has to be paid during the reaming; 
indeed, the nail should be inserted inside the 
femur without effort. Hammering the nail can 
cause the femur fracture, as shown in the picture 
(Fig.  13.13 ); wiring the fracture is useless 
because it will hardly heal. A nail removal, resec-
tion of the proximal femur, and prosthesis recon-
struction were then scheduled.
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13.7.2        Corticalization 
of the Trabecular Bone (Cutter 
Rupture) (Fig.  13.14 ) 

    Prostate metastases are osteoblastic in most cases; 
it is not rare to see total or subtotal substitution of 
a segment as shown in the following picture. 
Cutting and drilling the bone can be very diffi cult, 
and a right strategy has to be valued every time 
before surgery. In the last square, it is possible to 
note the cutter broken inside the medullary corti-

calized (Fig.  13.14 ). In that case a  little fenestra-
tion was done in the femur for its removal.   

13.8     Adjuvant Techniques 

 The minimally invasive cytoreduction techniques 
play an important role in case of prostate cancer, 
because in most cases, no mechanical instability 
is present, and they can guarantee a good effect, 
particularly on the pain. 

  Fig. 13.13    A failure 
surgery. In this case the 
nail was hammered inside 
the medullary canal, but 
this caused its explosion; 
the surgeon unsuccessfully 
tried to stabilize it with 
wiring. The patient has to 
undergo further surgery of 
resection and prosthesis 
reconstruction       
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  Fig. 13.14    A subtotal substitution of the normal bone 
from prostate cancer metastases. In this case, resection 
was performed just for mechanical problem, but the 

 medullary drilling was problematic because of the hard-
ness of the segment so that the cutter broke inside       
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  Cryotherapy and radio-frequency thermoab-
lation  are probably the most commune; they are 
less invasive, and the treatment can be completed 
with adjuvant radiotherapy [ 31 ].     
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14.1          Introduction 

 Radiotherapy is an effective treatment in 
patients with prostate cancer and metastatic 
bone disease. It has been in use for about a cen-
tury, since radium has been found effi cacious 
in the treatment of cancer. At the end of the 
1960s, with the growth of high-energy radia-
tion units, modern techniques of external beam 
irradiation (external beam radiation therapy 
(EBRT)) started to be routinely used. In subse-
quent years, technological evolution enabled 
the development of highly sophisticated treat-
ment techniques, evolving from two-dimen-
sional (2D) radiotherapy to three-dimensional 
conformal radiation therapy (3D-CRT) and, in 

the last two decades, to intensity- modulated 
radiation therapy (IMRT). IMRT main benefi t 
is linked to the possibility to modulate the fl u-
ence of the beams, allowing an optimal dose 
distribution and enabling to irradiate structures 
with highly irregular shape close to critical 
organs [ 1 ,  2 ]. More recently, with the develop-
ment of volumetric-modulated arc therapy 
(VMAT), an additional advantage in target vol-
ume coverage and normal tissue sparing has 
been reached, with a reduced treatment deliv-
ery time compared with IMRT [ 3 ,  4 ]. These 
techniques concur to improve tumor control 
and to reduce toxicity in the surrounding 
healthy tissues. 

 Radiotherapy evolution has had a relevant 
impact in the management of patients with bone 
metastases, developing from treatments with 
solely palliative aim (pain relief and skeletal 
event prevention) using traditional techniques 
(2D – 3D – hemibody irradiation) to more 
aggressive treatments whose purpose is to locally 
control metastatic sites and to try to improve 
survival. More sophisticated techniques, such 
as image- guided radiotherapy (IGRT), which 
makes use of imaging to improve the precision 
and accuracy of treatment delivery during radia-
tion treatments, and stereotactic body radiother-
apy (SBRT), with prescription and delivery of 
high radiation doses, are now part of the mul-
timodal management of oligometastatic patients 
[ 5 – 8 ] (Figs.  14.1  and  14.2 ).
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14.2         External Beam Radiotherapy 

 Prostate cancer has a tropism for bone, which 
is frequently the first site of metastatic dis-
semination [ 9 ]. More than 80 % of men with 
prostate cancer have a radiological evidence of 
bone involvement, and skeletal complications 
are the major causes of comorbidity in these 
patients. According to the natural history of 
the disease, bone metastases are in general ini-
tially asymptomatic. Approximately 40 % of 
patients will be then affected by bone pain, 
20 % will experience a pathologic fracture, 
and 5 % will develop a spinal cord  compression 

[ 10 ]. EBRT has a crucial role in the treatment 
of bone metastases, particularly in symptom-
atic states of the disease. The primary goals of 
EBRT in these scenarios are as follows: pallia-
tion of pain, prevention of skeletal events 
(pathological fractures and spinal cord com-
pressions), and reversion of neurological 
impairment due to compression of spinal cord 
or spinal nerves. 

 Studies conducted in these settings were 
essentially focused on the defi nition of optimal 
prescription of dose, on the effect of different 
dose schedules comparing both radiotherapy in 
single-fraction and multiple-fraction regimens, 

b

a

  Fig. 14.1    Treatment delivery using portal imaging with digitally reconstructed radiograph (DRR) ( a ) and cone beam 
CT ( b ) to improve target visibility       
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on the duration of pain relief, on the necessity 
and safety of re-treatment, and on management 
of metastatic spinal cord compression. 

 The association of zoledronic acid to andro-
gen deprivation in patients with more aggressive 
diseases could have a potential role in the preven-
tion of metastatic bone progression in the context 
of an integrate multimodal radiation treatment 
[ 11 ]. Preliminary results from the TROG 03.04 
RADAR trial showed an advantage in biochemi-
cal control in patients with Gleason score 8–10 
undergoing radical radiotherapy and long-term 
androgen deprivation therapy plus zoledronic 
acid [ 11 ]. This topic opens up a future perspec-
tive in the radiotherapy combinations and will 
not be further discussed in this chapter. 

14.2.1     Radiation Dose 
and Fractionation 

 Radiation schedules in EBRT have been widely 
evaluated in several randomized and nonrandom-
ized studies, all comparing single fraction with 
different multifractionated regimens. 

 The Bone Pain Trial Working Party published 
one of the three largest randomized trials 
(Table  14.1 ) of single versus multiple-fraction 
palliative EBRT [ 12 ]. Seven hundred and sixty- 
fi ve patients were randomized to receive 8 Gy in 
one fraction vs. multifractionated regimen 
(20 Gy/5 fractions or 30 Gy/10 fractions). 
Primary endpoint was pain relief. With an overall 
survival of 44 % at 12 months, there were no 

b

a  Fig. 14.2    Comparison 
between conventional 
planning with 3D-CRT 
(20 Gy/5 fractions) ( a ) and 
SBRT treatment with 
VMAT (30 Gy/3 fractions) 
( b ) in a single vertebral 
metastatic localization       
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   Table 14.1    Summary of studies on SBRT in bone metastases from prostate cancer   

 Author  Year 
 Number of 
patients  Dose/fractionation 

 Primary 
disease 

 Overall 
response rate 

 Re-treatment 
rate 

 Bone Pain Trial 
Working Party 
[ 12 ] 

 1999  761  8 Gy/1 ( n  = 383) 
 20 Gy/5 or 30 Gy/10 
( n  = 378) 

 Breast (36 %) 
 Prostate 
(33 %) 
 Lung (13 %) 
 Other (16 %) 
 Unknown 
(2 %) 

 78 % 
 (no differences 
between two 
groups) 

 23 % (8 Gy/1) 
 10 % 
(20 Gy/5–
30 Gy/10) 

 Steenland et al. 
(Dutch Bone 
Metastasis 
Study) [ 13 ] 

 1999  1171  8 Gy/1 ( n  = 585) 
 4 Gy/6 ( n  = 586) 

 Breast (39 %) 
 Prostate 
(23 %) 
 Lung (25 %) 
 Other 
locations 
(13 %) 

 71 % 
 (No differences 
between two 
groups) 

 25 % (8 Gy/1) 
 7 % (4 Gy/6) 

 Hartsell et al. 
[ 14 ] 

 2005  898  8 Gy/1 ( n  = 455) 
 30 Gy/10 ( n  = 443) 

 N.R.  66 % 
 (no differences 
between two 
groups) 

 18 % (8 Gy/1) 
 9 % (30 Gy/10) 

   mts  metastases,  ADT - FS  androgen deprivation therapy-free survival,  LC  local control,  DPFS  distant progression-free 
survival  

 differences between the two groups in time of 
pain response, pain relief, and fi rst improvement 
of pain. Re-treatment rate was twofold in single- 
fraction group, with the same probability of pain 
relief after re-treatment in both groups. No differ-
ences in toxicities, spinal cord compression, or 
pathological fracture between single-fraction and 
multifractionated schedules were seen [ 12 ]. The 
Dutch Bone Metastasis Study had as primary 
goal the evaluation of effi cacy of single-fraction 
8 Gy compared to 4 Gy × 6 fractions [ 13 ]. One 
thousand one hundred seventy-one patients were 
randomized to the two treatment schedules. 
Median survival was 7 months. Seventy-one per-
cent of patients had pain relief at some time dur-
ing the fi rst year, and the two treatment schedules 
were equivalent in terms of palliation. 
Re-treatment rate was 16 % and was four times 
greater for single fraction; an acceptable pain 
relief was achieved. More pathological fractures 
were observed in single-fraction group, although 
the absolute percentage was low (3 %). No differ-
ences in treatment-related toxicities were found 
[ 13 ]. A subsequent analysis of the same study 
excluding re-treated patients confi rmed that sin-
gle fraction of 8 Gy was equally effective as 
30 Gy in ten fractions. It was pointed out that 

response to initial treatment depended on the pri-
mary site of disease. Patients with prostate cancer 
had the lowest success rate, while patients with 
breast cancer had the highest percentages of 
response. Furthermore, re-treatment was found to 
be the most benefi cial in patients treated with 
single fraction than in patients treated with mul-
tiple fractions [ 14 ]. Hartsell et al. published the 
results of a phase III trial, conducted by the 
Radiation Therapy Oncology Group (RTOG) and 
the North Central Cancer Treatment Group 
(NCCTG), including patients with breast and 
prostate cancer bone metastases [ 15 ]. Eight hun-
dred ninety-eight patients were randomly 
assigned to receive 8 Gy in one fraction or 30 Gy 
in ten fractions. Complete or partial improvement 
of pain was observed in 66 % of patients after 3 
months from randomization. No differences in 
response rate were found between the two groups. 
Re-treatment rate was twice in 8 Gy arm com-
pared to 30 Gy arm (18 % vs 9 %). Grade 2–4 
acute toxicity was more frequent in multifrac-
tionated group than in single-fraction group 
(17 % vs. 10 %). Late toxicity was rare [ 15 ].

   All published randomized trials were ana-
lyzed in a series of comprehensive meta-analysis 
[ 16 – 18 ], the most recent including 5263 patients 
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enrolled in 25 randomized controlled trial [ 19 ]. 
Results showed that single- and multiple-frac-
tion regimens provided similar complete and 
overall response rates. Pathological fractures 
rate was equal in both groups, while the reduc-
tion of spinal cord compression trended in favor 
of multiple fractions, without statistical signifi -
cativity. The re-treatment rate was 2.6-fold 
greater in single- fraction arm. No differences in 
acute toxicities were seen between the two 
groups. A subanalysis of patients with neuro-
pathic pain enrolled in a randomized trial pub-
lished by Roos et al. was also performed, 
showing that single fraction of 8 Gy was less 
effective than a multifractionated regimen of 
20 Gy in fi ve fractions, without reaching statisti-
cal signifi cance [ 19 ,  20 ]. 

 The optimal dose of single fraction able to 
achieve pain relief without signifi cant side effects 
is currently unknown. Dennis et al. in a systematic 
review analyzed single-fraction arms in 24 ran-
domized trials including 3233 patients [ 21 ]. The 
most widely prescribed dose was 8 Gy (84 % of 
the patients,  n  = 2717). The other delivered doses 
were 4 Gy ( n  = 246), 5 Gy ( n  = 14), 6 Gy ( n  = 108), 
and 10 Gy ( n  = 134). Only three of considered tri-
als directly compared single-fraction arms with 
an advantage in pain response of 8 Gy vs. 4 Gy 
and a non-superior response of 8 Gy vs. 6 Gy. 
Authors concluded that defi ning the single frac-
tion of 8 Gy as the optimal dose is still an open 
question, and future clinical trials should directly 
compare doses and radiation techniques [ 21 ]. 

 Despite the results of randomized studies that 
showed equal effi cacy in pain relief between 
 single fraction and multiple fractions in uncom-
plicated bone metastases, a reluctance to employ-
ing single fraction was highlighted in the radiation 
oncology community [ 22 ]. A survey to assess 
pattern of practice on 962 members of three radi-
ation oncology professional organizations 
(ASTRO, American Society for Radiation 
Oncology; CARO, Canadian Association of 
Radiation Oncology; Royal Australian and New 
Zealand College of Radiologist) was conducted. 
Five hypothetical cases of bone metastases from 
different primary cancers (breast, lung, or pros-
tate) were proposed. The responses of surveyed 

physicians included 101 different treatment 
schedules (range, 3 Gy/1 fraction to 60 Gy/2 
fractions; median dose 30 Gy/10 fractions). Most 
radiation oncologist continued to prescribe multi-
fractionated schedules. A prescription trend ver-
sus single-fraction radiotherapy was seen as a 
function of country of training (Canada and 
Europe vs. the United States) and location of 
practice (university or academic centers vs. pri-
vate institutions) [ 22 ]. A recent review published 
by Popovic et al. [ 23 ] analyzed results derived 
from international surveys administered to radia-
tion oncologist examining actual prescription 
practice for painful metastases. Considering the 
most recent patient data, there was not an increas-
ing trend of prescription of single-fraction dose 
in function of treatment year in uncomplicated 
bone metastases. Geographical differences were 
found; Canadian physicians were more readily 
prescribing single fraction than physicians from 
the United Kingdom or Norway. Authors con-
cluded that, despite clinical evidence, there was a 
global reluctance in the prescription of single 
fraction. Many factors infl uenced this trend and 
were related to radiation oncologist preferences, 
patients, radiotherapy centers, and personal 
beliefs [ 23 ].  

14.2.2     Reirradiation 

 In patients with bone metastases, radiotherapy 
has a role in palliation of pain, even in a re- 
treatment setting. Re-treatment rates are about 
8 % in patients previously irradiated with multi-
fractionated radiotherapy and 20 % in patients 
treated with single fraction [ 19 ]. 

 New and more sophisticated therapies and 
improvements in supportive care resulted in 
increased survival of patients, leading to the need 
to receive further radiation treatments [ 24 ]. 

 Reirradiation can be considered in three dif-
ferent settings: (1) no pain relief or progression 
of pain after a fi rst course of radiation, (2) partial 
response to initial treatment and the need to 
achieving further pain reduction, and (3) partial 
or complete response to initial radiotherapy and 
subsequent pain progression [ 25 ]. 
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 Available studies on reirradiation were ana-
lyzed in a systematic review conducted by Wong 
et al. [ 26 ], updating a previously review of 
Huisman et al. [ 27 ]. Fifteen articles with an eval-
uable population of 645 patients were consid-
ered. Overall response rate to reirradiation was 
68 %, with 20 % of patients experiencing a com-
plete response to the treatment. Patients who had 
a previous complete response to radiotherapy 
were more likely to achieve a complete and more 
durable pain response upon re-treatment than 
patients with initial partial response. Toxicities 
were not consistently reported; however, no 
grade 3 or 4 toxicity, pathological fractures, and 
spinal cord compression were recorded [ 26 ]. 

 A consensus on when performing reirradiation 
after a fi rst course of radiotherapy hasn’t been 
reached yet [ 28 ]; in a survey conducted by the 
International Bone Consensus Working Party, the 
majority of radiation oncologist considered for 
reirradiation a time period beginning 4 weeks after 
completion of the initial treatment course [ 28 ,  29 ]. 

 Available data are not conclusive to defi ne 
optimal dose and fractionation when a reirradia-
tion is needed. The ASTRO evidence-based 
guidelines on palliative radiotherapy for bone 
metastases recommend to treat patients within 
the already available clinical data on doses and 
fractionation schedules [ 30 ]. Chow et al. pub-
lished the results of a randomized trial, aiming to 
compare two different dose fractionation sched-
ules (8 Gy in one fraction versus 20 Gy in multi-
ple fractions) in patients undergoing a repeated 
radiotherapy. Four hundred and twenty-fi ve 
patients were assigned to each treatment group. 
Primary endpoint was overall pain response at 2 
months (complete and partial response were 
included). No differences were seen between the 
two groups in pain relief and in freedom of pain 
progression. No cases of radiation myelitis were 
reported. Authors concluded that repeated radia-
tion therapy was effective, irrespective to the 
adopted treatment schedule. Forty-eight percent 
of all patients had a reduction of pain in re-treated 
sites, and 68 % of patients reported an improved 
quality-of-life pain score. Eight Gy seemed to be 
non-inferior to multifractionated schedule, but it 
wasn’t excluded that a small proportion of 

patients could benefi t more from multiple frac-
tions [ 31 ]. Available clinical data were also ana-
lyzed with the aim of building a prognostic 
model, considering different risk groups to pre-
dict survival in patients requiring reirradiation for 
painful bone metastases. Authors recommend the 
use of 8 Gy in single fraction in the worst group 
identifi ed in their survival model (low Karnofsky 
performance status score and more aggressive 
primary cancer site, such as the lung) [ 32 ].  

14.2.3     EBRT in Management 
of Spinal Cord Compression or 
Pathological Fractures 

 Metastatic spinal cord compression (MSCC) is 
an oncologic emergency and may cause paraly-
sis, sensory loss, and sphincter incontinence, if 
left untreated [ 33 ,  34 ]. EBRT is generally the 
treatment of choice for MSCC. Two randomized 
phase III multicenter Italian trials were con-
ducted with the aim of defi ning the most effective 
radiation schedule in patients with MSCC and 
short life expectancy [ 35 ,  36 ]. The fi rst compared 
a short-course radiotherapy (8 Gy × 2 days) with 
a split-course regimen (5 Gy × 3, 3 Gy × 5). Two 
hundred and seventy-six patients were random-
ized to the two different schedules. Pain relief 
was achieved in 56.9 % of patients, and no sig-
nifi cant difference in response rate or survival 
was found. Toxicity was similar and acceptable 
in both radiation schemes. Authors concluded 
that a short-course regimen could be the best and 
more convenient choice for patients with MSCC 
and short life expectancy [ 35 ]. On the premise of 
the fi rst trial, the second randomized study started 
with the aim to defi ne whether, in the same cate-
gory of patients, 8 Gy in single fraction was 
effective as 8 Gy in two fractions. Three hundred 
and three patients were enrolled. Results showed 
no differences in response rates for back pain, 
motor function, and sphincter control between 
the two treatment arms. Pain relief was achieved 
in 53 % of patients. Tolerance to both regimens 
was good and, after a median follow-up of 31 
months, no myelopathy was registered [ 36 ]. 
Among 579 patients enrolled in the two random-

B. Avuzzi and R. Valdagni



169

ized trials, Maranzano et al. analyzed the out-
comes of patients undergoing reirradiation for 
local relapse. Only 50 % of the 24 relapsed 
patients were re-treated, and different re- 
treatment schedules were used. Patient walking 
capacity before reirradiation was a predictor of 
functional outcome, and no case of myelopathy 
was recorded [ 37 ]. 

 Rades et al. published the results of a prospec-
tive study comparing local control of short-course 
(8 Gy x1 or 5 Gy × 4) and long-course radiother-
apy (3 Gy × 10 or 2.5 Gy × 15 or 2 Gy × 20) in 
patients with MSCC and long life expectancy [ 38 ]. 
Primary endpoint was local control. Motor func-
tion and survival were analyzed as secondary 
focuses of interest. Results showed, on 265 
patients included in the study, a signifi cantly better 
local control after long-course radiotherapy than 
after short-course radiotherapy (81 % vs. 61 %, 
 p  = 0.0005). Radiation schedule had no signifi cant 
impact on functional outcomes or overall survival. 
Acute toxicity was moderate and no cases of 
myelopathy were recorded. Authors concluded 
that patients with a relatively favorable survival 
prognosis might have higher risk for local relapse 
and benefi t from long-course radiotherapy, while 
patients with a poor expected survival appeared 
adequately treated with short-course radiotherapy 
[ 38 ]. EBRT can also be combined with decom-
pressive surgical resection in selected patients. 
Patchell et al. [ 39 ] analyzed functional outcomes 
in 101 patients with MSCC randomized to receive 
decompressive surgery followed by radiotherapy 
or radiotherapy alone. Surgical group outcome 
was signifi cantly better than radiotherapy group in 
ability to walk after treatment (84 % vs. 57 %, 
respectively). Surgery plus radiotherapy allowed 
to most patients to remain ambulatory since dead 
and reduced the use of corticosteroids and opioid. 
Combined treatment also had an impact on overall 
survival. The trial was stopped early because of the 
superiority of surgical treatment outcomes. 
However, this approach should be proposed in 
selected patients; very radiosensitive tumors, mul-
tiple areas of spinal cord compression, or total 
paraplegia for more than 48 h were exclusion cri-
teria from the trial [ 39 ]. A subsequent analysis of 
this study showed that age was a relevant variable 

in predicting ambulatory preservation and sur-
vival. In patients ≥65 years, there were no differ-
ence in outcome between EBRT alone and surgery 
followed by EBRT [ 40 ]. 

 The role of postoperative radiotherapy in 
patients with metastatic pathological fractures 
underwent to orthopedic stabilization was 
reported in a retrospective study published by 
Towsend et al [ 41 ]. Thirty-fi ve of a total of 64 
patients had combined treatment (surgery plus 
radiation). Functional status was signifi cantly bet-
ter in patients treated with surgery and radiation 
than with surgery alone (53 % vs. 11.5 %, respec-
tively), suggesting the benefi t of radiotherapy in 
this setting [ 41 ]. In a more recent retrospective 
study, Wolanczyk et al. reported the outcome of 
72 patients undergoing surgical stabilization for 
complete or impending pathologic fractures and 
subsequently treated with EBRT with or without 
zoledronic acid (43 % and 44 % of patients, 
respectively) or zoledronic acid alone (13 % of 
patients) [ 42 ]. Median overall survival time was 
14 months, and median prescribed dose was 
30 Gy (30–40 Gy/2–3 Gy per fraction). Local pro-
gression, pain progression, and need for re-treat-
ment (surgery or EBRT) were analyzed. Local 
tumor progression was 7 % and 9 %, respectively, 
in irradiated patients with or without zoledronic 
acid and 44 % in patients treated with zoledronic 
acid alone ( p  = 0.02). Local pain progression was 
16 %, 19 %, and 44 % in the same groups, respec-
tively ( p  = 0.011). No difference was seen in re-
treatment rate between the different groups. 
Authors concluded confi rming the effi cacy and 
the need of postoperative EBRT after orthopedic 
stabilization for metastatic bone disease [ 42 ].   

14.3     Hemibody Irradiation 

 In the past years, hemibody irradiation (HBI) was 
often used for the treatment of widespread, symp-
tomatic, metastatic bone disease from different 
types of cancers, prostate included. 

 Since 1970s, this technique evolved for pallia-
tion of uncontrolled pain in patients with a mas-
sive bone involvement, with the advantage of 
treating many sites fast and simultaneously. 
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 The response rates were similar to those of the 
irradiation with local fi elds, but pain relief was 
more rapid, occurring often after 48 h from irra-
diation [ 43 – 47 ]. 

 HBI can be delivered with different fi eld sizes 
and different patient positions. Three different 
types of fi eld arrangements were more frequently 
described: upper half-body irradiation (UBHI) 
from the top of the head to the level of the iliac 
crest (L4-L5 interface), lower half-body irradia-
tion (LHBI) from iliac crest to the ankles, and 
midportion-body irradiation (MBI) from the top 
of the diaphragm to the bottom of the obturator 
foramen [ 48 ]. 

 Consensually with the development of this 
technique, the Radiation Therapy Oncology 
Group began a series of studies in order to evalu-
ate the effi cacy and safety of this treatment. 
RTOG 78-10 showed that a single fraction of 
HBI was effective, with pain relief in 73 % of 
patients, and identifi ed as safest doses 6 Gy for 
UBHI and 8 Gy for LHBI and MBI. Increased 
toxicity was seen with higher doses without clini-
cal benefi t [ 46 ,  49 ]. 

 RTOG 82-06 explored the possibility that HBI 
added to irradiation with local fi elds had an effect 
on occult disease with a delay of appearance of 
new metastases and a decrease of the frequency of 
further treatments. Patients were randomized to 
receive the standard palliative treatment (3 Gy × 10 
fractions) with or without HBI. The results dem-
onstrated an advantage for the HBI group in time-
to-disease progression (35 % for local + HBI vs. 
46 % in local only) and time-to- new disease at 1 
year (50 % for local + HBI vs. 68 % in local only), 
without having an impact on overall survival. The 
maximum benefi t was observed in breast and 
prostate cancer, but an increased toxicity was 
recorded with the use of HBI [ 50 ]. 

 RTOG 88-22 protocol started with the aim to 
evaluate fractionated HBI; the results showed a 
modest improvement in reduction of local failure 
in the fractionated schedule, with a maximum 
tolerated dose of 17.5 Gy (2.5 Gy per fraction). It 
was concluded that single high-dose HBI was as 
effective as fractionated HBI. The major dose 
limiting toxicity was hematological (thromboleu-
kopenia) [ 51 ]. 

 The main problem with respect to HBI, even 
when it’s carried out in single fraction, is the 
need of hospitalization or close monitoring due 
to the necessity of premedication with steroids, 
hydration, and antiemetics administration to pre-
vent acute toxicity, particularly in the treatment 
of upper body. The majority of treated patients 
experiences gastrointestinal toxicity such as nau-
sea and vomiting, particularly in the fi rst hours 
after the irradiation, and diarrhea lasting 3–7 
days. All symptoms are transient. Hematological 
toxicity has a peak at 2 weeks but disappears 
after 4–6 weeks from the HBI exposure and 
rarely needs blood transfusion. Radiation pneu-
monitis is rare if lung dose is lower than 7 Gy 
[ 43 ,  46 ,  47 ]. 

 Modifi ed fi elds were used over the years, with 
the aim of reducing toxicity. Bashir et al reported 
a 10-year experience of palliative treatments with 
modifi ed HBI for metastatic carcinoma of the 
prostate, excluding the skull and the lower leg 
from treatment fi elds; the results showed a suc-
cessful outcome with pain response and reduc-
tion of analgesic intake. The treatment was easier, 
with a simplifi ed setup, and patients were pro-
tected from unnecessary distressing toxicities 
such as alopecia, dry mouth, and parotitis [ 52 ]. A 
randomized phase III trial of the International 
Atomic Energy Agency (IAEA) aimed to fi nd the 
most effective and effi cient method to deliver 
HBI. Three different fractionation schedules 
were used: 15 Gy in fi ve fractions over 5 days, 
8 Gy in two fractions over 1 day, and 12 Gy in 
four fractions over 2 days. Pain relief was seen in 
91 % of patients; toxicity was acceptable: moder-
ate in 50 % of the patients, absent in 41 %, and 
severe only in 12 %. The study highlighted that 
all primary tumors responded to all prescribed 
schedules with the exception of prostate cancer, 
for which 15 Gy over 5 days was the most effec-
tive schedule [ 53 ]. 

 Despite HBI offers the possibility of treating 
multiple metastases with rapid pain relief, 
treatment- related morbidity can be signifi cant 
compared to the irradiation with local fi elds, and 
the majority of patients requires anyway a re- 
treatment at 1 year [ 50 ,  54 ]. Over the years, this 
technique has been gradually abandoned.  
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14.4     Stereotactic Body 
Radiotherapy 

 Diagnostic advances and improvements of radio-
logical techniques have enabled the detection of 
metastatic disease at an early stage, with evi-
dence of single or limited distant localization of 
primary cancer, defi ned as oligometastases. The 
term oligometastases, fi rst coined by Hellmann 
and Weichselbaum in 1995, describes a state of 
metastatic disease amenable to potentially cur-
able local therapy [ 55 ]. Local treatments of 
oligometastatic disease, including surgical resec-
tion, radiofrequency, cryoablation, and radiother-
apy, have been widely investigated for different 
types of cancers, such as liver localization or lung 
metastases, with the purpose of improving long- 
term disease control and obtaining an impact on 
overall survival [ 56 – 58 ]. 

 Stereotactic body radiation therapy (SBRT) is 
a highly precise external beam radiation tech-
nique able to deliver high radiation doses to small 
volumes and is an effective treatment in the man-
agement of oligometastatic patients. SBRT is 
constantly evolving, and a variety of systems for 
dose delivering, which include different available 
technologies, are provided: standard linac 
machines, Novalis Brainlab, and Accuray 
CyberKnife, among many others. Megavoltage 
photons or protons [ 59 ] can be used for SBRT 
with different radiation techniques (multiple 
static beams, rotational fi elds of varying degrees 
of complexity with or without beam intensity 
modulation). First introduced in the context of 
intracranial stereotactic radiosurgery is now 
known that SBRT may improve local tumor con-
trol in different extracranial organs with a reduc-
tion of treatment-related toxicities [ 60 ,  61 ]. The 
primary goal of this treatment is indeed to ensure 
a high-dose delivery to the tumor with a steep 
dose falloff gradient to the surrounding healthy 
tissues [ 62 ]. Dose gradient allows a  maximization 
of tumor control with a minimization of normal 
tissue exposure and with a potential reduction of 
radiation-induced side effects. Image-guided 
radiation therapy (IGRT), as previously described, 
ensures a high level of precision of dose deliver-
ing with daily image guidance [ 63 ,  64 ]. SBRT 

can be delivered as a single high-dose fraction or 
may be fractionated into several sessions using 
larger daily doses than normally fractionated 
radiotherapy [ 62 ]. 

 Emerging data indicate that patients with lim-
ited metastatic localization from different types 
of cancer get a better local disease control and 
may experience an improvement in disease-free 
survival, when treated with SBRT [ 65 – 67 ]. 

 There are no randomized studies investigating 
the different aspects of SBRT in the management of 
bone metastases; several published data have shown 
that SBRT is safe and effective, even in spinal meta-
static localizations, due to its ability of delivering 
high radiation doses to the bone, with spinal cord 
sparing. Despite dataset differed in the numbers of 
patients, primary cancer, and prescribed doses, local 
control ranged from 87 to 96 % with sporadic 
reports of radiation-induced myelopathy [ 68 ]. 
Pattern of local recurrence after single-dose SBRT 
for spinal metastases is less than 5 % [ 69 ]. 

 Several retrospective and some prospective 
studies have been published with the aim of 
defi ning local control, pain relief, acute and late 
toxicities, optimal doses, and fractionation sched-
ules. Published data concern the role of SBRT in 
unirradiated lesions, in re-treatments, and in the 
postoperative setting (bone resection, laminec-
tomy, or vertebroplasty). 

14.4.1     Unirradiated and Reirradiated 
Patients: Mixed Cases 

 Chang et al. in 2004 in a phase I clinical trial, 
reported on 15 patients treated with SBRT 
(30 Gy/5 fractions) [ 70 ]. Authors concluded that 
SBRT, with computed tomographic image guid-
ance, was a feasible and highly precise technique 
for the treatment of spinal metastases, with no 
reported neurological toxicity at median follow-
 up of 9 months [ 70 ]. 

 From Pittsburg University, Gerszten et al. [ 71 ] 
reported the results of a prospective longitudinal 
study on a cohort of 500 spinal metastases in 393 
patients treated with CyberKnife; dose prescrip-
tion ranged from 12.5 to 25 Gy in a single frac-
tion. Sixty-nine percent of lesions had received 
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previous radiotherapy. Spinal radiosurgery was 
found to be highly effective in pain relief, with a 
long-term pain control in 86 % of treated patients 
and local disease control in 88 % of the cases. No 
cases of myelopathy were recorded [ 71 ]. 

 RTOG 0631 phase II/III study aimed to evalu-
ate feasibility and safety of a more intensive dose 
of SBRT in patients with localized spine metasta-
ses in a cooperative group setting. Dose prescrip-
tion was 16 Gy in one fraction. Forty-four patients 
were fi t for analysis and grade 1–2 toxicity was 
seen in 11 patients; grade 3 toxicity was recorded 
only in one case, with no evidence of grade 4–5 
toxicities [ 72 ]. 

 Wang et al. in a prospective phase I–II study 
on 165 patients with non-cord-compressing spi-
nal metastases treated with SBRT (27–30 Gy/3 
fractions) showed a signifi cant pain reduction 
during the 6 months post-SBRT, without acute 
and late spinal cord toxicities [ 73 ]. 

 On a case series of 121 patients with less than 
fi ve metastatic localizations in different organs 
(bone, lung, liver, lymph nodes, brain, pelvis), 
Milano et al. observed that none of bone lesions 
recurred after SBRT in long-term survival patients 
and the only case of grade 3 toxicity was not 
related with bone irradiation [ 66 ]. A recent report 
of Moussazadeh et al. [ 74 ] assessed tumor control 
and toxicity in patients with at least 5-year follow-
up after 24 Gy of single-fraction SBRT to spinal 
localization. Thirty-one patients with 36 treated 
segments were followed for a median of 6.1 years. 
Three treatment failures occurred at a median fol-
low-up of 48.6 months, two in the radiation fi eld 
and one on treatment margin. To note that 13 
treated sites (36.1 %) in 12 patients demonstrated 
progressive vertebral body collapse at a median of 
25.7 months, 14 % became symptomatic and 
required medical intervention [ 74 ]. 

 An optimal dose prescription has not been yet 
defi ned in previously unirradiated bone metasta-
ses. A report of Greco et al. on 126 metastatic 
sites treated with single-dose SBRT found that 
prescribed dose (>22 Gy) was predictive of local 
control [ 75 ]. Similar results were previously pub-
lished by Yamada et al. in a study on 103 spinal 
metastases treated with single-fraction SBRT at a 
median dose of 24 Gy [ 76 ]. 

 Dosimetric analysis performed on patients 
treated with SBRT found that 10 Gy to a maxi-
mum point is safe for single-fraction SBRT and 
a normalized 2-Gy-equivalent biological equiv-
alent dose (BED*) of 30–35 Gy 2/2  to the thecal 
sac is correlated with a low risk of radiation 
myelopathy [ 77 ]. 

 *BED (biologically effective dose of a given 
schedule) is the total dose required to give the 
same log cell kill as the schedule being studied. 
Calculation of the biologically effective dose is 
based on linear quadratic cell survival in radiobi-
ology. It aims to indicate quantitatively the bio-
logical effect of any radiotherapy treatment, 
taking account of changes in dose per fraction or 
dose rate, total dose, and overall time. Calculation 
of BED takes into account alpha/beta for the 
given tissue and the endpoint of interest (describ-
ing the prevalence of single-hit cell inactivation 
versus double-hit cell inactivations, differences 
for acute and late endpoints), the recovery time of 
the tissue, the proliferation rate, the kickoff time 
for repopulation, and the correction term for dose 
accumulation/day [ 78 ].  

14.4.2     Reirradiation 

 In the presence of progression of spinal metasta-
ses after conventionally fractionated EBRT treat-
ment, options depend on the toxicity to the spinal 
cord. For these patients, stereotactic radiotherapy 
techniques could be the treatment of choice. A 
series of study have considered the impact of 
SBRT after conventional EBRT in terms of local 
control and neurological toxicities. In a set of fi ve 
previously irradiated patients, Hamilton et al. 
reported the fi rst preliminary experience on re- 
treatment with a single fraction of SBRT 
(8–10 Gy), achieving a local control of 100 % at 
6 months, without evidence of vertebral collapse 
[ 79 ]. In their preliminary feasibility report, Ryu 
et al. treated ten patients with EBRT (25 Gy/ 10 
fractions) plus a single-fraction planned SBRT 
boost of 6–8 Gy, with no relevant toxicity at 6 
months of follow-up and varying degrees of pain 
relief in all patients [ 80 ]. Similar results were 
seen in 18 patients re-treated with stereotactic 
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technique and fractionated 3D-EBRT or IMRT in 
Heidelberg experience [ 81 ]. Sahgal et al. reported 
their results on 37 reirradiated spine lesions with 
24 Gy/3 fractions, with an effective tumor control 
(31 of 37 reirradiated tumors), and without cases 
of radiation-induced myelopathy at 6 months of 
follow-up [ 82 ]. A review of the same author on 
re-treated patients with myelopathy defi nes as a 
safe total maximum normalized dose to the the-
cal sac less than 70 Gy 2/2  and an SBRT thecal sac 
re-treatment maximum normalized dose not 
exceeding 25 Gy 2/2 , with a minimum time inter-
val to reirradiation of at least 5 months [ 83 ]. 
Thibault et al. [ 84 ] retrospectively evaluated a re- 
treatment with SBRT in 40 patients with 56 irra-
diated spinal segments failed after a fi rst course 
of SBRT; 42.9 % of the segments had been ini-
tially irradiated with conventional EBRT too. 
Prescribed median re-treatment dose was 30 Gy 
in four fractions. Surgery was performed before a 
second course of SBRT in case of neurological 
symptoms or mechanical instability; no vertebral 
compression fractures were observed in 19 of 56 
non-operated metastatic segments, and no cases 
of myelopathy were seen in all patients, with a 
median follow-up time of 6.8 months. Local con-
trol rate was 77 % [ 84 ].  

14.4.3     Postoperative SBRT 

 Few data have been published about the use of 
SBRT in patients undergoing surgery for neuro-
logical problems related to vertebral metastases. 
On a series of 18 postoperative patients who 
received SBRT on residual spinal tumor, Rock 
et al. [ 85 ] reported neurological stability and an 
improvement of preoperative neurological defi cit 
in 92 % and 62 % of cases, respectively. Thirty- 
three percent of patients had complete resolution 
of pain. Only one patient showed a neurological 
deterioration after radiation, due to rapid disease 
progression. Dose prescription ranged from 6 to 
16 Gy. No signifi cant morbidities were described 
[ 85 ]. Gertszten et al. prospectively evaluated 20 
patients with symptomatic pathological compres-
sion fractures undergoing surgical spinal stabili-
zation. All patients were treated with kyphoplasty 

and subsequently with a single-fraction SBRT 
(mean time after surgery was 12 days) performed 
with CyberKnife. Mean dose prescription was 
18 Gy (16–20 Gy). Long-term pain relief was 
seen in 92 % of patients without evidence of 
radiation- induced spinal cord damage [ 86 ].  

14.4.4     SBRT in Bone Metastases 
from Prostate Cancer 

 There is an increasing evidence that oligometa-
static prostate cancer has a better prognosis com-
pared with more extensive disease [ 87 ,  88 ]. In a 
retrospective analysis on 369 patients radically 
treated for prostate cancer at University of 
Rochester, Singh et al. found, among the 74 
patients who developed bone metastases, a signifi -
cantly better survival in the presence of ≤5 bone 
lesions than in the presence of >5 lesions [ 87 ]. 
Schweizer et al. reporting on 450 men with PSA-
recurrent prostate cancer after radical prostatec-
tomy showed that, in a multivariable model, the 
number of metastases at fi rst presentation (≤3 vs 
≥4) was associated with overall survival [ 88 ]. Ost 
et al. [ 89 ] tried to identify prognostic factors 
related to prostate cancer specifi c-survival (PCSS) 
retrospectively analyzing 80 patients who had 
developed non-castration-resistant metastases 
(nodal, skeletal, and/or visceral). In multivariate 
analysis PSA doubling time (PSA DT) >3 months, 
the pattern of metastatic spread (node or axial 
skeleton involvement) and the presence of one 
metastasis versus more than one localization were 
associated with an improved PCSS [ 89 ]. Different 
clinical outcomes between localized and wide-
spread disease imply that the early detection of 
metastases and the proper selection of patients to 
more aggressive local treatment could play a cru-
cial role in the management of these patients. 

 Berkovich et al. at Ghent University Hospital 
investigated whether repeated SBRT of oligomet-
astatic disease was able to delay the onset of pal-
liative androgen deprivation therapy (ADT) [ 90 ]. 
Twenty-four patients with a biochemical recur-
rence after treatment with curative intent (sur-
gery, radiotherapy, or both) and with a diagnosis 
of ≤3 synchronous asymptomatic metastases 
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detected with positron emission tomography 
were treated with a SBRT schedule of 50 Gy in 
ten fractions. Primary endpoint of the study was 
androgen deprivation therapy-free survival 
(ADT-FS), defi ned as the time between the fi rst 
day of SBRT and the initiation of ADT. Patients 
started hormone therapy if PSA level was greater 
than 50 ng/mL or if the number of metastases 
was greater than three. Twenty-nine lesions 
(lymph node or bone metastases) were treated, 
without infi eld recurrences recorded at 2-year 
follow-up and clinical progression-free survival 
was 42 %. Ten patients started ADT, with a 
median ADT-FS of 38 months; 11 and 3 patients, 
respectively, required a second and third salvage 
re-treatment with SBRT due to metachronous 
low-volume metastatic disease. No grade 3 toxic-
ity was observed [ 90 ]. An update of this study 
was published by Decaestecker et al., including 
50 patients with 70 metastatic lesions. In 15 
patients, a different irradiation schedule of 30 Gy 
in three fractions was used due to logistic advan-
tages. Local control was 100 %, without grade 3 
toxicity. In 50 % of patients, palliative ADT was 
postponed by at least 2 years [ 91 ]. 

 Muacevic et al. [ 92 ] published data on 40 
patients prospectively enrolled and treated 64 
metastatic bone lesions with a single fraction of 
SBRT (mean dose 20.2 Gy). Patients were con-
sidered for SBRT regardless of their hormone 
therapy responsiveness. At a mean follow-up of 
14 months, local tumor control rate was 95.5 %, 
and a signifi cant decrease of PSA following treat-
ment was observed. Only one case of progressive 
neurological defi cit was documented [ 92 ]. 
Amhed et al. [ 93 ] reported outcomes and toxicity 
in 17 patients treated on 21 metastatic lesions 
with a single fraction of SBRT (median dose 
20 Gy). Eleven patients had hormone-refractory 
disease. Local control was 100 % without case of 
grade ≥3 toxicity [ 93 ]. 

 A multi-institutional study published by Ost 
et al. [ 94 ] focused on SBRT in 119 patients with 
three or fewer metastases from prostate cancer, 
treatment naïve. One hundred sixty-three local-
izations (bone, lymph node, or viscera) were irra-
diated with SBRT at different biologically 
effective dose (BED) with the aim of estimate 

distant progression-free survival (DPFS) and 
local progression-free survival (LPFS). The met-
astatic sites were treated with four different 
BEDs: 80–99 ( n  = 29), 100–119 ( n  = 20), 120–
139 ( n  = 66), and  e  > 140 ( n  = 4). Median DPFS 
was 21 months, and the median time from fi rst 
SBRT to the start of ADT was 28 months. They 
found that a lower radiation dose predicted for 
high local recurrence rate with a 3-year LPFS of 
79 % for patients treated with a BED ≤100 Gy 
versus 99 % for patients treated with >100 Gy. 
No toxicity of grade ≥3 was observed [ 94 ]. 

 Recently, Pasqualetti et al. [ 95 ] reported on a 
case series of 29 patients with 45 oligometastatic 
localizations (defi ned as ≤3 synchronous lesions) 
detected with fl uoromethyl choline ([18 F]
FMCH) PET/CT and treated with repeated sal-
vage SBRT until disease progression (develop-
ment of >3 active synchronous metastases). 
Lymph node localizations and bone localization 
were 55.5 % and 45.5 %, respectively. Twenty- 
four Gy in one fraction or 27 Gy in three fractions 
were prescribed. Local control was 100 %, and 
after a median follow-up of 11.5 months, 15/29 
patients achieved a PSA control with a single 
course of SBRT [ 95 ]. The main studies on the 
treatments of oligometastatic patients are 
reported in Table  14.2 .

   A phase II randomized study comparing sur-
veillance versus metastasis-directed therapy (sur-
gery or SBRT) followed by surveillance in 
oligometastatic prostate cancer is currently open 
to recruitment. Patients are stratifi ed according to 
the location of metastases (node vs bone metasta-
ses) and PSA DT (≤3 vs. >3). “Active” surveil-
lance consists of three monthly PSA testing and 
repetition of imaging at PSA progression. 
Androgen deprivation therapy-free survival 
(ADT-FS) is the primary endpoint, and ADT will 
be started in both arms in case of progression of 
metastatic disease (>3 lesions), local progres-
sion, or symptoms [ 96 ]. 

 In spite of the limited follow-up available, 
many reports suggest that stereotactic body 
radiotherapy is an effective and safe treatment for 
metastatic prostate cancer. Diagnostic improve-
ment and results of ongoing trials will further 
clarify the role of SBRT in this setting.      
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      In the last two decades, bisphosphonates and 
denosumab have been instrumental in the treat-
ment of patients suffering with prostatic cancer 
bone metastases [ 17 ]. Recently abiraterone and 
enzalutamide have demonstrated potential bene-
fi cial effects on bone metabolism delaying and 
reducing skeletal complications. Even with 
recent improvements in medical treatment of 
skeletal metastases in prostate cancer, the devel-
opment of effective and precise therapies aimed 
to improve patients’ prognosis and quality of life 
remains a clinical challenge. 

15.1     Bisphosphonates 

 Bisphosphonates are well established as success-
ful agents for the management of osteoporosis as 
well as bone metastases in patients with solid 
cancer and multiple myeloma [ 38 ]. 

 Bisphosphonates are analogues of pyrophos-
phate with a strong affi nity for divalent metal 
ions, such as calcium ions, and for the skeleton. 

Indeed bisphosphonates are incorporated into 
bone matrix by binding to exposed hydroxyapa-
tite crystals that provide a barrier to osteoclast- 
mediated bone resorption and have direct 
inhibitory effects on osteoblasts. In particular, 
bisphosphonates are embedded in bone at active 
remodeling sites, are released in the acidic envi-
ronment of the resorption lacunae under active 
osteoclasts, and are taken up by them. There are 
two classes of bisphosphonates, non-nitrogen- 
containing and nitrogen-containing bisphospho-
nates (N-BPs). The nitrogen-containing 
bisphosphonates (alendronate, ibandronate, 
pamidronate, risedronate, and zoledronic acid) 
are more potent osteoclast inhibitors than are 
non-nitrogen-containing bisphosphonates (e.g., 
clodronate, etidronate, and tiludronate) [ 28 ]. 
Moreover, nitrogen-containing bisphosphonates 
inhibit farnesyl pyrophosphatase, an enzyme 
responsible for the prenylation of GTPases that 
are essential for osteoclast function, structural 
integrity, and the prevention of apoptosis [ 28 ,  31 , 
 56 ]. The inhibition of farnesyl pyrophosphatase 
also results in the accumulation of isopentenyl 
diphosphate that is incorporated into a cytotoxic 
nucleotide metabolite, ApppI [ 31 ]. Therefore, 
bisphosphonates affect osteoclast differentiation 
and maturation and thereby act as potent inhibi-
tors of bone resorption (Fig.  15.1 ). Preclinical 
evidence demonstrated that bisphosphonates do 
not affect only the bone microenvironment but 
have also a direct effect on macrophages, gamma 
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delta T cells, osteoblasts, and cancer cells show-
ing antitumor and/or antiangiogenic effects [ 6 ]. 

 The effi cacy of bisphosphonate treatment on 
patients with bone metastatic cancer depends on 
the specifi c bisphosphonate and on the adminis-
tered doses (Table  15.1 ). In a combined analysis 
of two placebo-controlled studies of 378 men 
with metastatic prostate cancer, pamidronate 
(90 mg every 3–4 weeks) failed to demonstrate a 
signifi cant overall treatment benefi t compared to 
placebo in terms of reduction of SREs and pallia-
tion of bone pain [ 50 ]. In particular, Small et al. 
did not observe sustained or signifi cant differ-
ences between the pamidronate and placebo 
groups for self-reported pain, analgesic use, or 
mobility [ 50 ]. In a double-blind placebo- 
controlled randomized trial, clodronate did not 
improve bone progression-free survival (BPFS) 
among men with bone metastases from prostate 
cancer. Heidenreich A et al. showed that clodro-
nate treatment (300 mg for 8 days) of painful 
osseous metastases due to hormone-refractory 
prostate cancer resulted in a signifi cant pain 
decrease with a concomitant reduction in the 
daily consumption of analgesics in 75 % of 
patients [ 16 ]. Similarly, ibandronate (6 mg over 
1 h each day for 3 days followed by a single infu-

sion of 6 mg every 4 weeks) showed a signifi cant 
improvement in bone pain in patients with 
hormone- refractory prostate cancer and bone 
metastases [ 15 ]. Zoledronic acid is the most 
potent bisphosphonate currently used in men 
with bone metastatic prostate cancer that has pro-
gressed after initial hormone therapy. The benefi t 
of zoledronic acid (4 mg every 3 weeks) was 
demonstrated in a randomized, placebo- 
controlled trial in patients with hormone- 
refractory metastatic prostate carcinoma. This 
study showed a signifi cant reduction in the fre-
quency of SREs, a longer median time to develop 
SREs, and lower pain and analgesic scores [ 44 ]. 
In particular, a greater proportion of patients who 
received placebo had SREs than those who 
received zoledronic acid at 4 mg (44.2 % versus 
33.2 %); median time to fi rst SRE was 321 days 
for patients who received placebo and was not 
reached for patients who received zoledronic acid 
at 4 mg. In a subsequent placebo-controlled ran-
domized clinical trial, zoledronic acid reduced 
the incidence of SREs (38 % versus 49 % for the 
placebo group) in men with hormone-refractory 
metastatic prostate cancer. Moreover, zoledronic 
acid increased the median time to the fi rst SRE 
(488 days versus 321 days in the placebo group) 
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    Table 15.1    Summary of main randomized controlled trials evaluating in men with prostate cancer   

 N° of patients/primary cancer  Scheduling  Study  Results  References 

  Clodronate  
 Hormone refractory metastatic 
prostate cancer 

 3 mg i.v. for 8 days  Open, uncontrolled 
study 

 Signifi cant decrease 
in bone pain score in 
75 % of patients ( p  < 
0.001) 

 8 

  Ibandronate  
 Hormone refractory metastatic 
prostate cancer 

 6 mg i.v. on days 
1-3 then 6 mg every 
4 weeks 

 Open, uncontrolled 
study 

 92 % of patients had 
signifi cant pain 
reduction, and 39 % 
of patients were 
completely pain free 

 9 

  Pamidronate  
 Hormone refractory metastatic 
prostate cancer 

 90 mg i.v. every 3 
weeks for 27 weeks 

 Double-bind, 
placebo-controlled 
trial 

 No signifi cant or 
sustained effect o 
pain score 

 7 

  Zoledronic acid  
 Hormone refractory metastatic 
prostate cancer 

 4 or 8 mg i.v every 
3 weeks for 15 
months 

 Double-bind, 
placebo-controlled 
trail 

 SRE incidence 
reduction (44.2 % 
placebo group vs 
33.2 % ZA group) 
and signifi cant 
decrease in bone 
pain and analgesic 
use 

 10 

 Hormone refractory metastatic 
prostate cancer 

 4 or 8 mg i.v every 
3 weeks for 15 
months 

 Double-bind, 
placebo-controlled 
trail 

 SRE incidence 
reduction (38 % 
placebo group vs 49 
% ZA group) and 
median time to fi rst 
SRE increase (321 
days placebo group 
vs 488 days ZA 
group) 

 11 

 Nonmetastatic prostate cancer  4 mg i.v. every 6 
months 

 Randomized 
placebo-controlled 
trial 

 BMD improvement 
in ZA group 
compared to 
placebo: lumbar 
spine (6 % vs 5 %), 
left total hip (1 % vs 
8 %) and left femoral 
neck (3 % vs 8 %) 

 12 

 Nonmetastaticprostate cancer  4 mg i.v. only in 
day 1 

 Randomized 
controlled trial 

 BMD improvement 
in ZA group 
compared to placebo 
in lumbar spine and 
in total hip 

 13 

 Nonmetastatic prostate cancer  4 mg i.v. every 3 
months 

 Randomized 
controlled trial 

 BMD improvement 
in ZA group 
compared to placebo 
in lumbar spine, 
femoral neck, and in 
trochanter and total 
hip 

 14 
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and reduced the ongoing risk of SREs by 36 % 
compared with placebo [ 45 ]. Further evidence of 
zoledronic acid effi cacy in preventing bone frac-
tures was demonstrated in a randomized phase III 
trial (RTOG 0518) in patients with high-grade 
and/or locally advanced, nonmetastatic prostate 
adenocarcinoma receiving luteinizing hormone- 
releasing hormone (LHRH) agonist and radio-
therapy (RT). Data showed that zoledronic acid 
treatment was associated with improved bone 
mineral density (BMD) [ 21 ]. Similar results were 
obtained in another study that showed an increase 
in BMD and a durable suppression of serum 
N-telopeptide levels for 12 months in men receiv-
ing a gonadotropin-releasing hormone (GnRH) 
agonist in combination with zoledronic acid [ 29 ].

   In the adjuvant setting of hormone-sensitive 
prostate cancer, zoledronic acid can be given to 
prevent and treat tumor therapy-induced bone 
loss. A randomized phase III trial demonstrated 
that this agent increased bone density in patients 
with nonmetastatic prostate cancer receiving 
androgen deprivation therapy (ADT) [ 51 ]. Data 
showed that lumbar spine bone mineral density 
increased 5.6 % from baseline in 1 year in the 
zoledronic acid group and decreased 2.2 % in 
the placebo group (mean difference 7.8 %). 
Bone mineral density signifi cantly increased 
from baseline also in the femoral neck, trochan-

ter, and total hip [ 51 ]. Currently, the key ques-
tion is what is the role of zoledronic acid in 
hormone- sensitive prostate cancer? In the 
STAMPEDE trial, the addition of zoledronic 
acid to docetaxel did not improve survival out-
comes or delay the SRE incidence [ 20 ]. In the 
CALGB/ALLIANCE 90202 study comparing 
early treatment in hormone- sensitive prostate 
cancer versus delayed treatment in castration-
resistant prostate cancer (CRPC), no difference 
in SRE-free survival and no change in survival 
outcomes were noted. Thus, zoledronic acid did 
not improve SRE in hormone-sensitive disease 
(median time to fi rst SRE was 31.9 months in 
the zoledronic acid group and 29.8 months in 
the placebo group) [ 53 ].  

15.2     Denosumab 

 Bone metabolism is a dynamic process that bal-
ances bone formation and bone resorption. Bone 
resorption is performed by active osteoclasts, while 
bone formation implies inhibition of bone- 
resorbing activity and stimulation of osteoblast 
bone deposition [ 25 ]. The receptor activators of 
nuclear factor-kappaB ligand (RANKL)/RANK/
osteoprotegerin (OPG) are members of the TNF 
and TNF-receptor superfamily and act as essential 

Table 15.1 (continued)

 N° of patients/primary cancer  Scheduling  Study  Results  References 

 High-risk, locally advanced, 
metastatic or recurrent prostate 
cancer 

 4 mg for six 
3-weekly cycles, 
then 4-weekly in 
combination with 
docetaxel 75 mg/ml 
(six 3-weekly 
cycles) + 
prednisolone 10 mg 
daily 

 Randomized 
controlled trial 

 No improvement in 
overall survival in 
ZA group or delay in 
SRE 

 15 

 Castration-sensitive metastatic 
prostate cancer 

 4 mg i.v. every 4 
weeks 

 Double-bind, 
placebo-controlled 
trial 

 Early ZA treatment 
did not increase time 
to fi rst SRE (median 
time 31 months in 
ZA group vs 29,8 
months in placebo 
group) 

 16 

   ZA  zoledronic acid,  BMD  bone mineral density,  SRE  skeletal-related event  
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mediators of OCL formation, function, and sur-
vival. RANKL normally secreted by osteoblast 
binds to its receptor RANK, which is expressed by 
precursors and mature osteoclasts, stimulating 
bone resorption activity; in contrast, OPG, the 
decoy receptor for RANKL, prevents osteoclast 
activation [ 10 ]. In addition to its role as a regulator 
of bone remodeling, the RANKL/RANK/OPG 
network also has a key role in osteolytic bone 
metastasis [ 10 ]. The morphometric analysis of 
immunohistochemical staining showed that 
RANK, OPG, and RANKL were not signifi cantly 
expressed in hyperplastic prostate, while their 
expression levels were increased 50, 45, and 
52.5 %, respectively, in prostate cancer tissue [ 23 ]. 
Understanding the molecular mechanisms that 
trigger the vicious cycle of bone metastases has 
provided potential targets such as the RANKL/
RANK pathway. It has proven to be an effective 
target for translational research due to its central 
role in the cascade of events leading to metastatic 
bone disease. Indeed it has been demonstrated that 
RANK expression level in the primary tumor cor-
related with the occurrence of bone metastases, and 
RANK-expressing cancer could be found in up to 
80 % of bone metastases originating from solid 
tumors [ 27 ,  47 ], suggesting that RANK enables 
cancer cells to migrate to bone where RANKL is 
abundantly expressed by osteoblasts. Furthermore, 
RANKL was also able to directly induce prostate 
cancer cell proliferation increasing this vicious 
cycle [ 30 ] (Fig.  15.1 ). Recent evidence suggests 
an important role for RANKL/RANK in the 
immune system including in lymph node develop-
ment, lymphocyte differentiation, dendritic cell 
survival, T-cell activation, and tolerance induction. 

 Denosumab (AMG162) is a human non- 
cytotoxic IgG2 monoclonal antibody with an 
extremely high affi nity and specifi city for human 
RANKL. It is approved for the treatment of 
osteoporosis, cancer treatment-induced bone 
loss, bone metastases, and other skeletal 
 pathologies mediated by osteoclasts [ 22 ]. Several 
clinical trials demonstrated the ability of deno-
sumab to prevent the development of bone metas-
tasis in high-risk prostate cancer patients 
(Table  15.2 ).

   In a randomized double-blind phase III study 
of castration-resistant prostate cancer patients with 
bone metastases, the median time to fi rst SRE for 
the denosumab arm was signifi cantly prolonged 
(21 months) compared to the zoledronic acid 
arm (17 months) with no improvement in OS or 
progression of disease [ 12 ]. In particular, 1904 
patients were randomly assigned to treatment, 
of whom 951 received zoledronic acid and 950 
received denosumab. Denosumab signifi cantly 
delayed the time to fi rst on-study skeletal-related 
event by 18 % compared with zoledronic acid, 
with a between-group difference of 3.6 months. 
Overall survival and investigator- reported dis-
ease progression were not signifi cantly different 
between treatment groups [ 12 ]. In another phase 
III trial, 1432 men with nonmetastatic castration-
resistant prostate cancer were randomly assigned 
to denosumab or placebo. Denosumab increased 
the time to development of fi rst bone metastasis by 
a median of 4.2 months compared with placebo, 
in a population of men deemed to be at high risk 
for the development of metastatic disease (base-
line PSA value ≥8.0 ng/mL and/or PSA doubling 
time (PSADT) ≤10.0 months). No difference in 
OS was noted (median 44 versus 45 months; HR, 
1.01) [ 55 ]. To determine the effi cacy of deno-
sumab in men at greatest risk for bone metasta-
ses, the researchers evaluated bone-metastasis-free 
survival (BMFS) in a subset of men with PSADT 
≤6 months. Median BMFS in the placebo group 
of men with PSADT ≤6 months was 6.5 months 
shorter than for the placebo group (18.7 months 
versus 25.2 months) [ 55 ]. 

 It has been demonstrated that denosumab pre-
vented bone loss in men at high risk for fractures 
receiving ADT for nonmetastatic prostate cancer 
[ 52 ,  54 ]. In a phase III study, it was found that 
denosumab is able to decrease the incidence of 
new vertebral fractures at 12, 24, and 36 months. 
The cumulative incidence of new vertebral frac-
tures at 36 months was 3.9 % in the placebo group 
and 1.5 % in the denosumab group with a signifi -
cant decrease of 62 %. This drop was signifi cant 
even at 12 months (1.9 for placebo versus 0.3 for 
denosumab) and 24 months (3.3 for placebo ver-
sus 1.0 for denosumab) [ 52 ,  54 ].  
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15.3     Safety of Bone Target 
Therapies 

 One of the most commonly reported adverse 
events related to bisphosphonates and denosumab 
treatment is hypocalcemia that is most often 
asymptomatic with these agents [ 17 ]. In particu-
lar, hypocalcemia occurred more frequently with 
denosumab than with zoledronic acid as shown in 
the phase III trial in patients with CRPC and bone 
metastases (13 % versus 6 %,  p < 0.0001) [ 12 ]. In 
an integrated analysis of 5723 patients from three 
randomized phase III trials, the safety profi le for 
denosumab was better than for zoledronic acid, 
demonstrating no effect on renal function and no 
need for dose adjustment or renal monitoring 
[ 24 ]. In patients receiving zoledronic acid, the 
incidence of hypocalcemia was lower than in 
patients receiving denosumab (1.3 % versus 
3.1 % for grade 3 or grade 4 toxicities), though 
most cases were asymptomatic [ 24 ]. Thus, reple-
tion of vitamin D levels before and during the 

therapy and monitoring of calcium levels during 
therapy are recommended in the prescribing 
information of denosumab [ 18 ].  

15.4     Osteonecrosis of the Jaw 
(ONJ) 

 Osteonecrosis of the jaw (ONJ) is a relatively 
uncommon but potentially serious adverse event 
reported in patients treated with antiresorptive 
agents such as bisphosphonates (BPs) and the 
RANKL inhibitor denosumab [ 43 ]. The reported 
incidence of ONJ is 1.2–9.9 % (mostly derived 
from retrospective analyses) with pooled risk 
estimated incidence, in BPs users of 2.4 % [ 37 ]. 
In RCTs comparing zoledronic acid and deno-
sumab in 5677 patients who underwent screening 
dental procedure, 89 ONJ cases were reported, of 
which 52 are in the denosumab group [ 43 ]. ONJ 
was defi ned as the persistence of exposed bone in 
the oral cavity, despite an adequate treatment for 

   Table 15.2    Summary of main randomized controlled trials evaluating denosumab in men with prostate cancer   

 N° of patients/primary 
cancer  Scheduling  Study  Results  References 

  Denosumab  
 Bone metastatic 
castration resistant 
prostate cancer 

 120 mg subcutaneous 
denosumab plus 
intravenous placebo, or 
4 mg intravenous 
zoledronic acid plus 
subcutaneous placebo 
every 4 weeks 

 Multicenter, 
double-blind study, 
randomized 

 Median time to fi rst 
SRE was 20.7 
months with 
denosumab 
compared with 17.1 
months with 
zoledronic acid 

 24 

 Nonmetastatic castration 
resistant prostate cancer 

 Denosumab 120 mg or 
subcutaneous placebo 
every 4 weeks 

 Double-blind, 
randomized, 
placebo-controlled 
study 

 Denosumab 
signifi cantly 
increased bone- 
metastasis- free 
survival by a median 
of 4.2 months 
compared with 
placebo 

 25 

 Nonmetastatic 
hormone-sensitive 
prostate cancer receiving 
androgen-deprivation 
therapy (ADT) 

 Denosumab at a dose of 
60 mg subcutaneously 
every 6 months or 
placebo 

 Double-bind, 
multicenter study 

 BMD of the lumbar 
spine had increased 
by 5.6 % in the 
denosumab group as 
compared with a loss 
of 1.0 % in the 
placebo group 

 26 

   BMD  bone mineral density,  SRE  skeletal-related event  

D. Santini et al.



187

6 weeks, without local evidence of malignancy 
and no prior RT to the affected region [ 41 ]. 
However, ONJ may present with the nonexposed 
variant of ONJ. Recently Fedele et al. [ 11 ] per-
formed a secondary analysis of data from 
MISSION, a cross-sectional study of a large pop-
ulation of patients with bisphosphonate- 
associated ONJ recruited in 13 European centers 
[ 3 ]. A total of 886 consecutive patients were 
recruited and 799 were studied after data clean-
ing. Of these, 607 (76 %) were diagnosed accord-
ing to the traditional defi nition. Diagnosis in the 
remaining 192 (24 %) could not be adjudicated as 
they had several abnormal features relating to the 
jaws but no visible necrotic bone. The groups 
were similar for most of the phenotypic variables 
tested. Thus the authors showed that the use of 
the traditional defi nition may result in one quar-
ter of patients remaining undiagnosed. The 
American Association of Oral and Maxillofacial 
Surgeons (AAOMS) recommend the term 
medical- related osteonecrosis of the jaw 
(MRONJ) as preferred [ 39 ] because of the recog-
nition of jaw necrosis as a complication of other 
drugs including the RANK ligand inhibitor deno-
sumab and antiangiogenic agents. Table  15.1  
shows the MRONJ staging [ 39 ]. Among the risk 
factors, we must consider the presence of chronic 
periodontal pathologies; poor oral hygiene; use, 
duration, and type of BP therapy or denosumab; 
oral infections; dental caries; tooth extractions; 
use of dental appliances; denture traumatisms; 
fractures; invasive dental surgery during the 
course of BP therapy; concurrent disease (e.g., 
diabetes, peripheral vasculopathy); and presence 
of anemia [ 39 ,  41 ]. In a retrospective study on 
567 cases with ONJ, [ 57 ] found that, in 205 of 
them (36.2 %), no invasive procedure was per-
formed. MRONJ is linked to concomitant use of 
different drugs such as chemotherapy, anti- 
retrovirals, steroids, thalidomide, bevacizumab, 
docetaxel, TKI sunitinib or sorafenib, and 
 anthracyclines [ 5 ]. The role of genetic factors is 
receiving increased attention [ 32 ]. 

 ONJ may be asymptomatic for weeks or 
months. Lesions become symptomatic when 
there is associated infl ammation of surrounding 

soft tissues, infection, and loosening of teeth 
drainage and when exposed bone produces 
trauma to adjacent soft tissues (cutaneous fi stula, 
mucosal fi stula, bone exposed through the skin). 
Preventive dental measures, after dental screen-
ing examination [ 1 ,  7 ,  40 ,  41 ,  59 ], are advocated 
to reduce the ONJ incidence [ 9 ,  29 ,  37 ] due to 
their effi cacy in patients with bone metastases. 
Active oral infections should be treated, and sites 
at high risk for infection should be eliminated. 
Oral care should be provided by a dentist or den-
tal professional who is familiar with cancer ther-
apy. Patient education on the importance of oral 
hygiene, the regular dental evaluation, and the 
risk of ONJ is paramount. Treatment of MRONJ 
is based on a conservative therapy with limited 
debridement, oral antibiotics, oral rinsed with 
chlorhexidine or hydrogen peroxide, antibacte-
rial mouth rinse, and pain control. Major surgery 
is indicated after the formation of necrotic bone 
sequestrum. Total sequestration of necrotic bone 
was obtained in ten patients with ONJ lesions 
≤2.5 cm treated with topical application of an oil 
suspension enriched with  medical 03 gas after the 
failure of various cycles of antibiotics [ 35 ]. No 
patient required surgical intervention. In another 
open-label prospective study, [ 36 ] evaluated the 
effi cacy and tolerability of medical ozone (03) 
treatment delivered as gas insuffl ation on each 
ONJ lesion >2.5 cm developed in 24 patients 
treated with zoledronic acid after failure of vari-
ous antibiotics. Six patients had the sequestrum 
and spontaneous expulsion of the necrotic bone 
followed by oral mucosa re-epithelization. In 12 
patients with the largest and deeper ONJ lesions, 
03 gas therapy produced the sequestrum of the 
necrotic bone after 10–38 insuffl ations; surgery 
was necessary to remove it in 11 patients. 
Removal was possible without the resection of 
healthy mandible edge because of the presence of 
bone sequestrum. No adverse event was reported 
and no ONJ relapse appeared. There are reports 
that low-level laser therapy improves healing and 
symptoms related to ONJ [ 49 ,  58 ]. Future 
research is required to better understand the indi-
vidualized treatment of ONJ in cancer patients as 
well as in patients with osteoporosis.   
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15.5      Other Molecules 

 Several molecules that are under intensive clinical 
testing on humans, although they target directly 
the tumor cell and not the bone microenviron-
ment, have demonstrated over an improved sur-
vival, of being able to modify the natural history 
of bone metastases, resulting in a delay of the 
occurrence of SRE, a reduction of bone pain, and 
an improvement in quality of life. These therapeu-
tic options include abiraterone and enzalutamide. 

15.5.1     Abiraterone 

 Abiraterone acetate (ABI) (Zytiga, Janssen) is a 
selective inhibitor of androgen biosynthesis; it 
acts potently and irreversibly blocks Cyp17 
resulting in virtually undetectable serum and 
intratumoral androgen production in the adre-
nals, testes, and prostate cancer cells [ 2 ,  33 ]. ABI 
is currently approved in both pre- and post- 
docetaxel setting of mCRPC. 

 In phase III studies in metastatic castration- 
resistant prostate cancer (mCRPC) patients, it was 

demonstrated that ABI treatment is associated not 
only with a signifi cant survival advantage in both 
chemotherapy-naive and chemotherapy-treated 
patients but also, in docetaxel treated patients, with 
a better pain control from skeletal metastases and 
a delay in time to development SREs and in radio-
logical skeletal progression [ 7 ,  13 ,  14 ,  26 ,  42 ]. 

 In particular, in the pivotal study COU-301, 
involving patients with metastatic castration- 
resistant prostate cancer who previously received 
chemotherapy, De Bono showed an improvement 
in overall survival in the abiraterone with predni-
sone arm (14.8 months) versus the prednisone- 
only treated patients’ group (10.9 months), with a 
35 % reduction in the risk of death in the abi-
raterone arm [ 8 ]. In addition, abiraterone acetate 
and prednisone offer effective pain relief, delayed 
pain progression, and prevention of skeletal- 
related events compared with prednisone alone. 
Indeed, 25 % of patients developed a skeletal 
event in 9.9 months when treated with abiraterone 
and 4.9 months with placebo, and the median 
time to occurrence of fi rst SRE was 25.0 months 
with abiraterone compared to 20.3 months with 
placebo [ 7 ,  13 ,  14 ]. In addition, in patients with 

  

D. Santini et al.



189

clinically signifi cant pain at baseline, abiraterone 
acetate and prednisone offer effective pain relief 
and delayed pain progression. Indeed, in patients 
with signifi cant pain at baseline, abiraterone ace-
tate and prednisone obtained a more signifi cative 
palliation in 157 of 349 (45.0 %) of patients ver-
sus 47 of 163 (28.8 %) in those who did not 
receive abiraterone and faster palliation (median 
time to palliation 5.6 months versus 13.7 months) 
of pain intensity than did prednisone only [ 26 ]. 

 In the COU-302 trial, abiraterone acetate plus 
prednisone before docetaxel was shown to yield a 
signifi cant improvement in radiographic 
progression- free survival associated with a trend 
toward improved overall survival [ 42 ]. 

 An interim analysis of the COU-302 study 
confi rmed that patients treated with abiraterone 
showed a statistically signifi cant improvement in 
rPFS (HR 0.52;  p  < 0.0001). The overall survival 
(OS) analysis favored abiraterone over predni-
sone alone (median 35.3 versus 30.1 months), 
and the OS benefi t of abiraterone was supported 
in an exploratory multivariate analysis (HR 0.74; 
 p  = 0.0017) that adjusted for baseline prognostic 
factor. In addition, analyses of prespecifi ed mea-
sures of patient-reported outcomes confi rmed 
that abiraterone treatment delayed pain progres-
sion and deterioration in functional status com-
pared with prednisone alone [ 34 ]. 

 Finally a more recent post hoc analysis [ 46 ] of 
study COU-AA-302 demonstrated that treatment 
with abiraterone acetate and prednisone with 
concomitant bone-targeted therapy (BTT; zole-
dronic acid (93 %), denosumab (6 %), and other 
BTTs (1 %)) for treatment of bone metastases 
was safe and well tolerated and that the effi cacy 
of abiraterone is maintained with concomitant 
BTT, with a possible added benefi t of delaying 
the need for opiates to control pain. In this analy-
sis, the comparisons among all patient groups 
favored abiraterone over prednisone alone, and 
concomitant BTT was associated with increased 
effectiveness of abiraterone regarding clinical 
outcomes. In particular, among patients treated 
with abiraterone, BTT was associated with a lon-
ger time to ECOG PS deterioration. Abiraterone 
in combination with BTT, compared with predni-

sone with BTT, delayed the median time to dete-
rioration in ECOG PS by 3.9 months. These 
fi ndings confi rm the effi cacy of abiraterone plus 
BTT combination in clinical practice. In conclu-
sion, it is reasonable to speculate that the ABI 
effects on metastatic bone disease may be sec-
ondary to a systemic control of the disease due to 
a direct antitumor effect that, in turn, leads to a 
decrease of cancer cells/OCLs/OBLs vicious 
circle or, alternatively, to a specifi c action directed 
to bone microenvironment [ 19 ] (Fig.  15.1 ).  

15.5.2     Enzalutamide 

 Other new drugs are being tested in metastatic 
prostate cancer with potential therapeutic effect 
even on bone metastases (enzalutamide, cabo-
zantinib, etc.). In particular, enzalutamide (for-
merly MDV3100, trade name XTANDI™, 
Astellas) is a latest-generation drug able to bind 
the androgen receptor, to prevent its translocation 
within the nucleus and its deregulatory function 
on DNA, and currently approved for the treat-
ment of adult men with metastatic castration- 
resistant prostate cancer (mCRPC). 

 The AFFIRM study evaluated enzalutamide in 
men with mCRPC who had previously received 
docetaxel [ 13 ,  14 ,  48 ]. This trial has demon-
strated that enzalutamide increases survival with 
a median of 18.4 months versus 13.6 months in 
the placebo group. 

 A subanalysis of AFFIRM trial [ 13 ,  14 ] 
focused on the effect of enzalutamide versus pla-
cebo on SRE, pain, and QOL. The subanalysis 
showed that enzalutamide signifi cantly retard 
SREs with delayed time to the fi rst SRE at 
16.7 months versus 13.3 months in those who 
received placebo, representing a 31 % reduction 
in risk of SRE ( P  = .0001). The distribution of 
fi rst SRE showed a generally favorable effect of 
enzalutamide, with fewer patients experiencing 
radiation to the bone (20 % for enzalutamide ver-
sus 25 % for placebo) and spinal cord compres-
sion (6 % versus 8 %), but about 4 % in each 
group experiencing pathological fracture. In 
addition, all parameters of pain palliation, includ-
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ing time to pain progression, mean reduction in 
pain intensity, and reduction in pain interference 
with daily activity, were all in favor of the enzalu-
tamide compared to the placebo arm. 

 More recently, the mCRPC chemo-naive 
patients were investigated in a new phase III 
trial; the PREVAIL trial aimed to evaluate 
enzalutamide in men with chemo-naïve mCRPC 
that had progressed despite the use of androgen 
deprivation therapy (ADT) (luteinizing 
hormone- releasing hormone analogue or orchi-
ectomy) [ 4 ]. The study demonstrated a statisti-
cally signifi cant delay in the growth or spread 
of metastatic prostate cancer, a reduction in the 
risk of death, and a delay of the time to initia-
tion of chemotherapy compared with the pla-
cebo arm. More in detail, the results showed a 
reduction of risk of radiographic progression or 
death by 81 % (HR = 0.19;  p  < 0.0001), com-
pared with placebo and a rate of radiographic 
progression-free survival at 12 months of fol-
low-up of 65 % among patients treated with 
enzalutamide versus 14 % among patients 
receiving placebo. 

 The secondary endpoint of the study included 
the time until the initiation of cytotoxic chemo-
therapy, the time until the fi rst skeletal-related 
event, the best overall soft-tissue response, the 
time until PSA progression, and a decline in the 
PSA level of 50 % or more from baseline; the 
results showed the superiority of enzalutamide 
over placebo with respect to all the prespecifi ed 
endpoints. The median time until the initiation 
of cytotoxic chemotherapy was 28 months in the 
enzalutamide group versus 10.8 months in the 
placebo group. Treatment with enzalutamide 
also resulted in a reduction in the risk of a fi rst 
SRE; indeed at a median of approximately 31 
months, the SRE occurred in 32 % of patients in 
the enzalutamide group and in 37 % in the pla-
cebo group. 

 Enzalutamide was also superior to placebo 
with respect to the time until a decline in the 
quality of life. The median time until a quality- 
of- life deterioration, as measured on the 
FACT-P scale, was 11.3 months in the enzalu-
tamide group and 5.6 months in the placebo 
group.
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      Bone-Seeking Radionuclide 
for Therapy                     

     Joe     O’Sullivan      and     Phil     Turner   

16.1          Introduction 

 Ionising radiation is utilised in a variety of situ-
ations in the management of prostate cancer. 
Beyond the scope of this book is the use of 
brachytherapy and external beam radiotherapy 
(EBRT) as effi cacious, radical treatment modali-
ties in the management of localised prostate can-
cer. Earlier chapters have covered the use of EBRT 
as a therapeutic option for the treatment of symp-
tomatic bone metastases. This chapter focuses on 
the place of radionuclide therapy for the manage-
ment of bone metastases. Recent development of 
radium-223 dichloride has reinvigorated this fi eld 
of therapy. Here, analysis is made of the history of 
radionuclides and their current role in the modern 
treatment paradigm; the chapter closes by horizon-
scanning for the potential future applications of 
radionuclide therapy, both as part of novel com-
binations with other agents and in new settings 
beyond current licensed indications. 

 Radionuclides are radioactive forms of chemi-
cal elements. Chemical elements are composed of 
atoms, and most chemical elements generally exist 
in a non-radioactive form. Atoms can be described 
in terms of two numbers, the atomic number and 

mass number. The atomic number describes the 
number of protons in the nucleus. The mass num-
ber describes the number of protons plus the num-
ber of neutrons in the nucleus. The atomic number 
defi nes elements; for example, any atom contain-
ing 6 protons will always have an atomic number 
of 6 and will always be the element carbon. 
However it is possible for elements to exist in dif-
ferent forms – the atomic number (number of pro-
tons) remains constant but the number of neutrons, 
and therefore the mass number, changes. Stable 
carbon atoms containing 6 protons and 6 neutrons 
have a mass number of 12; carbon can also occur 
as atoms containing 6 protons and 8 neutrons, hav-
ing a mass number of 14, the so-called carbon-14. 
These different forms are said to be isotopes of the 
element. There is an optimal ratio of protons and 
neutrons, and the isotope with this ratio will exist 
as the stable form of the element. Deviations from 
this optimal ratio form unstable isotopes. These 
unstable isotopes can convert to a more stable 
form by altering their nuclear confi guration of 
neutrons and protons; the process by which they 
do this is radioactive decay. This is covered in 
more detail in Sect.  16.3  below.  

16.2     Bone-Seeking Compounds 

 The physiology of bone metastases has been cov-
ered in earlier chapters. To summarise, there is 
evidence that tumour cells utilise similar 
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 mechanisms used by haematopoietic stem cells to 
home into the haematopoietic stem cell niche [ 1 ]. 
A milieu of signalling pathways are engaged 
which result in the activation of both osteoclasts 
and osteoblasts in the complex process of bone 
remodelling at metastatic sites [ 2 ]. It is this pro-
cess of new bone being laid down that has been 
exploited by a range of radionuclide compounds 
that target these sites by virtue of incorporation 
into this newly formed bone. Thus, in the classical 
theory of bone-targeted radionuclides, the aim has 
been to preferentially concentrate radionuclide at 
sites of metastases by utilising either a radionu-
clide that has native affi nity for newly developing 
bone matrix or by stably binding a radionuclide to 
a moiety with such affi nity. In this classical 
description, it is hypothesised that tumour cell 
death occurs secondary to the radiation emitted at 
sites of metastases as a consequence of DNA 
damage from direct and indirect ionisation events, 
discussed further in Sect.  16.3.2 . 

 The major mineral constituent of bone 
is hydroxyapatite, largely composed of cal-
cium and phosphate with chemical formula 
Ca 10 (PO 4 ) 6 (OH) 2 . Complex pathways are begin-
ning to be understood about the process by which 
living bone is mineralised [ 3 ]. When sclerotic 
metastases are forming, an excess of hydroxy-
apatite is laid down. It is by “hijacking” the path-
ways that lead to hydroxyapatite formation that 
allows sequestration of bone-seeking radionu-
clides within sclerotic metastases. As mentioned 
previously, two broad options are possible: utilis-
ing a radionuclide that has a natural affi nity for 
developing bone matrix or chelating an appropri-
ate radionuclide with another compound which 
itself has tropism for developing bone. Both these 
strategies have been used clinically. The clini-
cally utilised radionuclides with natural affi nity 
for bone are elements or compounds that will 
be processed in a manner analogous to calcium 
or phosphate. Radioactive isotopes of calcium 
itself are not used clinically, but radioisotopes of 
other metals from group 2 of the periodic table 
including strontium and radium are. Given their 
chemical resemblance to calcium, it is hypoth-
esised that they are incorporated into developing 
bone as radium/strontium hydroxyapatite salts. 
In the case of radioisotopes of phosphorus, this 

can be administered as phosphate, which, having 
identical chemistry to phosphate bearing stable 
phosphorus, is incorporated directly into forming 
hydroxyapatite. 

 Radioisotopes of group 2 metals and phospho-
rus (as phosphate) can be described as having a 
“natural” tropism for bone. However other radio-
isotopes can be targeted to a developing bone by 
binding them to an appropriate carrier molecule. 
Phosphate groups have provided excellent carrier 
molecules for this purpose, being relatively eas-
ily synthesised and readily absorbed into devel-
oping bone. In this case, the phosphate group 
itself is stable (non-radioactive) but is covalently 
bound to a radioactive atom and acts to target the 
radioactive atom to developing bone. Those that 
have been utilised clinically are ethylenediami-
netetramethylenephosphonate (EDTMP) and 
hydroxyethylidene diphosphonate (HEDP).  

16.3      Radioactivity 

 We have described in the introduction the basic 
subatomic structure as being a nucleus consisting 
of protons and neutrons; we have stated that an 
optimum ratio between the number of protons 
and neutrons results in stable (non-radioactive) 
nuclei and that deviations away from this opti-
mum ratio result in unstable nuclei that can 
become more stable by undergoing radioactive 
decay. The decay of radioactive nuclei results in 
the release of energy by one or a combination of 
the following forms of radiation: alpha, beta and 
gamma. Detailed analyses of the physics under-
lying these processes are beyond the scope of this 
chapter but are readily available in the literature 
[ 4 ,  5 ]. An appreciation of some fundamental 
principles of radiation and radiobiology is 
required; basic concepts reviewed here are forms 
of radiation, DNA damage, half-life, dose and 
linear energy transfer (LET). 

16.3.1     Forms of Radiation 

 Alpha particles are energetic particles consisting 
of 2 protons and 2 neutrons (a helium nucleus). 
They are relatively massive in atomic terms 
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(4 amu) and are charged (2+). Alpha particles are 
released when an  unstable atomic nucleus shifts 
into a more stable form by ejecting 2 protons and 
2 neutrons accompanied by kinetic energy. It 
should be clear from the preceding discussion 
that the element left behind will have an atomic 
number reduced by 2 and a mass number reduced 
by 4 relative to the parent element. 

 Beta particles are high-energy electrons (or 
more rarely positrons). They are signifi cantly less 
massive than alpha particles (1/2000 AMU) and 
carry a charge (−1 electron or +1 positron). They 
are released when an unstable nucleus shifts to a 
more stable confi guring in a change that involves 
a neutron converting into a proton and ejecting an 
electron (beta minus) or, conversely, a proton 
converting to a neutron and ejecting a positron 
(beta positive). For the purposes of this chapter, 
beta radiation will refer to electron (−1 charge) 
particles only as there is no current licensed ther-
apeutic agent employing positron radiation. 

 Both alpha and beta radiation occur when a 
decaying nucleus releases energy in the form of a 
high-energy particle. Gamma radiation involves 
an unstable nucleus simply releasing energy as a 
photon, part of the electromagnetic spectrum and 
thus without any mass or charge. Gamma radia-
tion as a process in itself doesn’t involve any 
change in atomic or mass number; however it 
usually accompanies either alpha or beta decay. 

 In terms of origin, it should be clear that 
related, although quite distinct, processes result 
in the generation of alpha, beta and gamma radia-
tion, respectively. They differ in terms of mass 
and charge. In terms of biological effect however, 
they all share a characteristic property: their abil-
ity to create ions in material with which they 
come into contact. They are so-called forms of 
ionising radiation. It is this ionising ability that 
confers upon them their unique and profound 
biological actions, namely, mutagenesis and 
cytotoxicity.  

16.3.2      DNA Damage 

 There is a large body of evidence [ 6 ] supporting 
the hypothesis that the key process by which 
any form of ionising radiation generates its bio-

logical actions is ionisation resulting in DNA 
damage. This DNA damage can occur either 
directly (by radiation directly ionising DNA) or 
indirectly (by radiation creating aqueous ions 
which secondarily ionise DNA). Both direct and 
indirect ionisation of DNA can result in either 
single-strand or double-strand DNA breakage. 
The cell has mechanisms for repair of these; 
however if suffi cient DNA damage is induced, it 
is beyond the limits of repair and cell death 
ensues [ 6 ].  

16.3.3     Half-Life 

 Half-life is an important concept to understand in 
relation to radionuclide therapy. The SI unit of 
radioactivity is the Becquerel, where 1 Bq is 
defi ned as the amount of radiation resulting from 
one nucleus decaying per second. In any given 
sample of material, there are a fi xed number of 
nuclei available to decay and release radiation. 
The decay of unstable nuclei and corresponding 
release of radiation is a random process. If all 
nuclei present have an equal probability of decay, 
then the overall rate of decay will be greatest at 
some initial time point. Later, relative to that ini-
tial point in time, there will be fewer undecayed 
nuclei remaining and therefore a reduced rate of 
overall decay. This type of system, where a quan-
tity decreases at a rate proportional to its current 
value, is called exponential decay. The half-life is 
the time taken for the radioactivity present to 
reduce to a half of its current value. After one 
half-life, the radioactivity present will be reduced 
to half its current value, and after a second half- 
life, it will be reduced by half again, therefore to 
one-quarter of its current value. Half-lives are 
constant for a given radionuclide but vary consid-
erably between different radionuclides, ranging 
from fractions of seconds to thousands of years. 
This has important implications for the choice of 
any radionuclide used clinically. Radionuclides 
with extremely short half-lives will prove very 
diffi cult to manufacture, quality assure and 
administer to a patient before their radioactivity 
has dropped to a subtherapeutic level. Conversely, 
radionuclides with extremely long half-lives will 
pose signifi cant radiation protection issues for 
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both the patient and wider society, as they will 
remain radioactive for many years after initial 
administration to a patient.  

16.3.4     Dose and LET 

 The SI unit for measuring radiation dose deliv-
ered is the Gray where 1 Gy = 1 Joule of radia-
tion energy absorbed per kilogram of matter 
irradiated. This is purely a physical measure of 
the net energy transfer arising from exposure and 
takes no account of the biological effects of this 
irradiation. Irradiation with 1 Gy of each of the 
different forms of radiation will have signifi -
cantly different consequences. For both alpha 
and beta particles, the amount of energy carried 
varies depending upon the energy with which 
they are released from their parent radionuclide. 
Similarly gamma photons can carry a range of 
energies (within the X-ray portion of the EM 
spectrum) depending on the precise mass-to- 
energy change occurring when they are released 
from their parent isotope. A fi nal important char-
acteristic used to describe any of these forms of 
radiation and that in part explains their different 
biological actions is linear energy transfer 
(LET). LET is a measure of amount of energy 
deposited per unit length travelled in matter. It 
varies considerably across different forms of 
radiation. Alpha particles, being massive and 
highly charged, interact readily with matter 
through which they travel. This results in energy 
being readily given up along their path of travel 
and therefore a high LET. Beta particles, being 
signifi cantly lower in mass and charge than alpha 
particles, stand a much lower chance of interact-
ing with their surrounding atoms per unit length 
travelled and thus release their energy over a 
relatively longer path. Further along this spec-

trum of LET is gamma irradiation. Lacking any 
mass and charge, it is less likely again to interact 
with surrounding atoms per unit length travelled 
and thus generally has the lowest LET of all. 

 If we take this understanding of LET and 
apply it to the biological situation of radiation 
interacting with DNA, we can say that alpha par-
ticles will travel over a relatively short range but 
deposit very large amounts of energy along their 
path; therefore if this path traverses cell nuclei 
alpha particles stand a relatively high chance of 
causing signifi cant DNA damage. Conversely, 
relative to alpha radiation, gamma radiation will 
travel further, but a given dose in Gray will tend 
to result in less DNA damage along the path 
taken by its constituent photons. Beta radiation 
exists somewhere between these two extremes, 
moderately penetrating and with LET typically 
between that of alpha or gamma irradiation 
(Table  16.1 ).

16.4         Clinical Applications of Beta 
Emitters 

16.4.1     Beta Emitters as Single Agents 

 The early radionuclide compounds used in the 
modern era were beta emitters. As discussed 
above, strontium and phosphate have an innate 
bone-seeking tendency, and radioactive forms of 
these were used therapeutically, specifi cally 
strontium-89 and phosphorus-32 (administered 
as P-32-phosphate). Additionally, a number of 
compounds were developed incorporating an 
appropriate radionuclide with a bone-targeting 
moiety, specifi cally samarium-153 EDTMP, rhe-
nium- 188 HEDP and rhenium-186 HEDP. 

 The following Table 16.2 compares the physi-
cal properties of each of these. 

   Table 16.1    Comparing types of ionising radiation taken from Turner and O’Sullivan [ 7 ]   

 Type of decay  Particle/photon  Relative mass (AMU)  Charge  Typical LET (kV/μm) 

 Alpha  Helium nucleus  4  +2  60–300 
 Beta  Electron (or positron)  1/2000  −1 electron (+1 positron)  0.1–1 
 Gamma  Photon  0  0  0.3 (LET associated 

with secondary 
electrons) 
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16.4.1.1     Phosphorus-32 
 Radioactive phosphorus was one of the fi rst 
radionuclides used to treat metastatic bone dis-
ease dating back to the 1950s [ 8 ]. It is rarely used 
clinically now particularly in the developed 
world. Medline searches involving “phosphorus” 
and “neoplasms” or “bone neoplasms” reveal no 
recent developments. A small study was per-
formed in India in 1999, comparing the palliative 
effi cacy of single-dose P-32 versus single-dose 
Sr-89, the rationale being that P-32 is apparently 
cheaper and more readily available in the devel-
oping world than imported alternatives. This 
small study randomised 31 patients with a range 
of malignancies metastatic to bone, to receive 
either a single dose of P-32 or Sr-89. The authors 
found them to broadly equivalent in terms of 
analgesic benefi t with at least 50 % pain relief 
reported by 14 of 15 patients given Sr-89 and 14 
of 16 given P-32 [ 9 ].  

16.4.1.2     Strontium-89 
 Sr-89 has been extensively studied as a therapeu-
tic radionuclide. In their robust review, Finlay 
et al. [ 10 ] describe 16 prospective clinical obser-
vational studies involving Sr-89. These are con-
glomerate data from various studies using 
different mechanisms of determining the very 
subjective experience of “change in intensity of 
pain” so conclusions are limited. However, “com-
plete response” and “no response” should be con-
sistent across trials – Finlay et al. concluded that 
complete response of pain to treatment with 
Sr-89 occurred in between 8 and 77 % of patients 
(mean 32 %), whilst no response occurred in 
between 14 and 52 % (mean of 25 %). Between 
these extremes, some response was reported by a 
mean of 44 % of patients, giving a mean overall 
for “some” or “complete” control of pain of 76 %. 

 Randomised controlled trial evidence is scant. 
A 1991 study randomised 32 patients with meta-
static castration-resistant prostate cancer 
(mCRPC) to receive 2 injections, 6 weeks apart 
of either 150 MBq of Sr-89 or stable strontium as 
placebo [ 11 ]. Patients were evaluated across a 
number of domains including general condition, 
mobility, analgesia requirements and pain score; 
these were used to give an overall categorical 

score between “deteriorated” and “dramatic 
improvement”. In this small trial, there is a trend 
to improved outcome with the active agent, with 
all patients in the “dramatic improvement” cate-
gory and a minority in the “deteriorated” cate-
gory having received Sr-89. An older again and 
very small RCT from 1988 randomised 49 
patients with metastatic prostate cancer to receive 
three injections of 75Mbq Sr-89 or saline placebo 
[ 12 ] at monthly intervals. This found no differ-
ence in palliation, but 2-year overall survival was 
improved in the Sr-89 group. However, this trial 
was underpowered to assess for survival benefi t, 
and these results have not been demonstrated 
elsewhere. No recent randomised controlled tri-
als have been undertaken examining any disease- 
modifying or overall survival endpoints with 
Sr-89 as a single agent.  

16.4.1.3     Re-188 HEDP/Re-186 HEDP 
 As is shown in Table  16.2 , two radioisotopes of 
rhenium have been used clinically as therapeutic 
radionuclides. Re-186 HEDP decays predomi-
nantly via beta decay with the release of a beta 
particle Emax 1.08 MeV (9 % by gamma decay, 
photon 137 keV); Re-188 HEDP similarly decays 
predominantly by beta decay with release of beta 
particle Emax 2.1 MeV (15 % by gamma decay, 
photon 155 keV) [ 13 ].

   Palmedo et al. conducted a phase I dose esca-
lation study involving Re-188 HEDP [ 14 ]. They 
treated 22 patients with disseminated prostate 
cancer with single-dose Re-188 HEDP at varying 
doses (1.3, 2.6, 3.3 and 4.4 GBq). Improvement 

   Table 16.2    Comparison of commonly used radionuclides   

 Therapy 
 Targeting 
mechanism 

 T1/2 
(days) 

 Maximum 
Beta 
Energy 
(Mev) 

 Approximate 
maximum 
range in 
tissue (mm) 

 P-32  As phosphate  14.3  1.71  8 
 Sr-89  Calcium 

mimetic 
 50.5  1.46  7 

 Re-188  Via chelation 
with HEDP 

 0.7  2.1  11 

 Re-186  Via chelation 
with HEDP 

 3.7  1.08  4.5 

 Sm-153  Via chelation 
with EDTMP 

 1.9  0.81  2.5 
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in pain occurred in 64 % of patients, lasting on 
average 7.5 weeks. In the eight patients treated at 
the highest dose level, 3 of 8 developed grade 3/4 
thrombocytopenia and 1 of 8 developed grade 3/4 
leucopenia. 

 O’Sullivan et al. conducted both phase I and 
phase II trials involving Re-186 HEDP given 
along with autologous blood stem cell transplan-
tation to abrogate the myelosuppressive effects of 
the radionuclide. In their phase I trial [ 15 ], 25 
patients with mCRPC were treated with increas-
ing doses of Re-186 HEDP (2.5–5 GBq) fol-
lowed by return 14 days later of previously 
harvested autologous peripheral blood stem cells. 
Grade III thrombocytopenia lasting >7 days 
occurred in 2 of 6 patients treated with 5 GBq, 
making this the maximum tolerated activity. 
Eight of ten patients with “signifi cant” pain at 
baseline had reduction in pain by ≥50 % lasting at 
least 4 weeks. These authors also looked for 
markers of disease response; 5 of 25 patients had 
a fall in PSA of ≥50 % lasting for ≥4 weeks. 

 These authors progressed on to phase II study 
in which 38 patients with mCRPC were treated 
with a single dose of 5 GBq of Re-186 HEDP fol-
lowed 14 days later by autologous peripheral 
blood stem cell transplantation [ 16 ]. Rates of 
grade 3 thrombocytopenia, leucopenia and anae-
mia were 21 %, 11 % and 3 %, respectively. 
Twenty-nine percent of patients had a fall in PSA 
of ≥50 % sustained for at least 4 weeks. Of patients 
with pain at baseline, 74 % had a response of at 
least 1-point reduction on a 5-point pain score.  

16.4.1.4     Samarium-153 
 The most robust phase III RCT evidence for 
single- agent beta emitters exists for Sm-153 
EDTMP. Two relatively recent RCTs have been 
conducted. Serafi ni et al. conducted a blinded 
RCT comparing pain response to Sm-153 
EDTMP versus placebo [ 17 ]. One hundred and 
eighteen patients with a range of malignancies 
metastatic to bone were randomly assigned to 
receive a single dose of 0.5 mCi/kg (18.5 MBq/
kg), 1 mCi/kg (37 MBq/kg) or placebo. The high- 
dose group showed statistically signifi cant 
improvements over placebo in both patient-rated 
and physician-rated pain scores at each of 4 

weeks after administration. Analgesia consump-
tion was reduced in the active groups and rose in 
the placebo group; although this difference was 
non-signifi cant, it does suggest that the signifi -
cant improvement in pain scores seen in the high- 
dose group is not due to changes in analgesia. 
Thrombocytopenia and leucopenia did occur in 
treated groups; however this was transient, cor-
recting by week 8. No grade 4 toxicities were 
reported. A second and more recent phase III trial 
was undertaken by Sartor et al. [ 18 ]. One hun-
dred and fi fty-two men with mCRPC were ran-
domised 2 to 1 to receive either a single 37 MBq/
kg dose of Sm-153 EDTMP or a non-radioactive 
Sm-152 EDTMP as placebo. Signifi cant improve-
ments were seen both in subjective measures of 
patient pain response and analgesia consumption. 
There was a trend to reduced PSA in the actively 
treated group with 9 % of patients recording fall 
in PSA ≥50 versus 2 % in placebo. Sm-153 
EDTMP was associated with transient thrombo-
cytopenia and leucopenia, with counts correcting 
by week 8.   

16.4.2     Beta Emitters in Relation 
to External Beam 
Radiotherapy 

 Two small studies have sought to examine the 
relationship between palliative EBRT to areas of 
painful bone metastases and radionuclides 
designed to target the same sites; both utilised 
Sr-89 as the radionuclide. One examined Sr-89 as 
adjuvant therapy to EBRT and the other exam-
ined Sr-89 versus EBRT. Smeland et al. [ 19 ] con-
ducted an RCT in 95 patients with various types 
of cancer, all of whom had skeletal metastases. 
Patients all had EBRT to maximum two sites of 
painful skeletal metastases, treated to a dose of 
either 30 Gy in 10 fractions or a single 8 Gy frac-
tion. Patients were then randomised to receive 
either a single dose of Sr-89 chloride at 150 MBq 
or saline placebo on day 1 of radiotherapy. The 
primary endpoint was the number of patients 
with physician-assessed subjective progression 
(progression being any of increase in pain, 
increase in analgesia, WHO performance status 
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deterioration and need for additional pain treat-
ment). No difference was found in rates of pro-
gression. Maximal haematological toxicity 
was ≤ grade 2 but occurred more often in patients 
receiving Sr-89 (≤ grade 2 haematological toxic-
ity in 23 patients vs. 8,  p  = 0.02). 

 Oosterhof et al. conducted an RCT randomis-
ing 203 patients with mCRPC to receive either 
EBRT or a single dose of 150 MBq of Sr-89 chlo-
ride [ 20 ]. The radiotherapy regimes were by phy-
sician preference and ranged widely from 4 Gy in 
1 fraction to 43 Gy in 24 fractions. A subjective 
improvement in pain was seen in 34.7 % of 
patients treated with Sr-89 and 33.3 % of patients 
treated with EBRT. 

16.4.2.1     Summary of Beta Emitters 
as Single Agents 
and in Relation to EBRT 

 In summary, a number of beta-emitting com-
pounds have been used in a range of metastatic 
malignancies. Broadly, there is observational 
evidence of their palliative benefi t. More specifi -
cally, only for Sm-153 EDTMP is there RCT 
evidence for a signifi cant palliative benefi t over 
placebo. They are all associated with some 
degree of toxicity, and their dose-limiting toxic-
ity tends to be haematological. In a single RCT, 
there appeared to be no palliative benefi t gained 
from the addition of Sr-89 to EBRT. A single 
RCT also suggests that where disease is encom-
passable by EBRT, there is no signifi cant differ-
ence in rate of improvement in symptoms for 
EBRT versus Sr-89. 

 Thus beta emitters may be effective adjuncts 
to analgesic medication, but for limited disease, 
they appear to offer little above EBRT. Where the 
diffuse nature and/or high volume of disease 
makes adequate coverage with EBRT diffi cult, 
beta-emitting radionuclides may offer a more 
practical and effi cacious alternative. However, 
myelosuppression is a signifi cant toxicity. This 
problem is compounded by the fact that the more 
diffuse a patient’s disease, the more likely they 
are to already be relatively myelosuppressed by 
virtue of the skeletal disease diminishing their 
bone marrow function. Thus for many patients 
with diffuse disease and already reduced blood 

counts, the risk of further myelotoxicity may be 
so great as to preclude radionuclide therapy with 
beta agents.   

16.4.3     Beta Emitters in Combination 
with Cytotoxic Agents 

 The studies above have been single-systemic- 
agent, bone-targeted therapies in a range of 
malignancies. In malignancies with a particular 
predilection (e.g. prostate cancer) for forming 
bone metastases, several groups have examined 
the strategy of using a systemic cytotoxic cou-
pled with a bone-targeted radionuclide. Several 
rationales have been proffered for these strate-
gies. It is possible that a systemic cytotoxic might 
have disease-modifying action at all sites of dis-
ease, with bone-targeting agents then acting as a 
“consolidation” agent on the bone-based metas-
tases. An alternative idea is that the systemic 
agents might act as a radiosensitiser, compound-
ing the ultimate effect of the bone-targeted agent. 
A number of trials have examined this concept in 
beta emitters. These are covered, by radioactive 
agent, below. 

16.4.3.1     Sr-89 
 A small, early study by Tu et al. [ 21 ] treated 103 
men with mCRPC using a complicated regime of 
systemic therapies as “induction” agents (doxoru-
bicin, ketoconazole, vinblastine and estramustine) 
followed by randomisation into “consolidation” 
therapy with either doxorubicin alone or doxoru-
bicin + a single dose of Sr-89 (2.035 MBq/kg 
body weight). The trial was not designed to power 
any formal hypothesis testing. The authors report 
an increase in  progression- free and overall sur-
vival in the Sr-89 arm but concede that these data 
are non-conclusive and merely generate the 
hypothesis that this type of regime may confer 
benefi t. This combination was associated with 
signifi cant toxicity. Neutropenia (<10 4 /L) 
occurred in 10 patients during induction, 8 
patients during consolidation without Sr-89 and 
16 patients during consolidation including Sr-89. 
Two treatment-related deaths occurred as a result 
of an MI and an episode of severe neutropenic 
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sepsis; two additional nonfatal MIs occurred. 
Eleven patients developed DVT. 

 In a departure from other studies into combi-
nation agents that concentrated on bone metasta-
ses in mCRPC, a study by Bilen et al. in 2014 
examined the concept in hormone-sensitive pros-
tate cancer (HSPC). This is an interesting study 
as there has been a move towards more aggres-
sive therapy earlier in the course of metastatic 
prostate cancer (mPC) over recent months. 
Subsequent to this group publishing their results, 
phase III data have been published showing a sur-
vival benefi t for the use of chemotherapy during 
the hormone-sensitive phase of the illness [ 22 , 
 23 ]. This has prompted a shift in practice across 
most of the developed world to offering docetaxel 
chemotherapy early in the course of mPC. Bilen 
et al. [ 24 ] treated 79 men with a combination of 
ADT and two cycles of anthracycline chemother-
apy plus six cycles of zoledronic acid; men were 
randomised to either receive additionally a dose 
of Sr-89 (148 MBq) or no radionuclide. In con-
trast to Tu et al. no study-related deaths are 
reported. Grade 3 bone marrow toxicity occurred 
in one patient in the control arm and two patients 
in the Sr-89 arm. No statistically signifi cant dif-
ference was seen between PFS or OS in either 
arm. As the authors note, given the success of 
ADT, detecting a signifi cant improvement with 
any additional therapy requires a study powered 
with very large numbers of patients. 

 In a fi nal Sr-89 study, Sciuto et al. [ 25 ] tested 
whether or not a sensitising effect was seen by 
the addition of a cytotoxic to radionuclide treat-
ment versus the radionuclide alone, rather than 
testing the impact of a radionuclide with a cyto-
toxic versus cytotoxic alone. They randomised 70 
patients with symptomatic mCRPC to receive 
either 148 MBq of Sr-89 plus 50 mg/m 2  cisplatin 
or 148 MBq of Sr-89 plus placebo. The cytotoxic 
effect of cisplatin is mediated by its formation of 
DNA adducts and cross-links. Its ability to poten-
tiate the anti-neoplastic effects of radiation is 
well studied, and it is used as an adjunct to radi-
cal radiotherapy in multiple forms of squamous 
cell carcinoma including cervical, anal and head 
and neck. In this study, the percentage of patients 
whose pain score improved was signifi cantly 

higher in the combined treatment group (91 vs. 
63 %  p  < 0.01). Response scans were performed, 
and in the 6 months after treatment, radiological 
progression occurred in 27 % of patients in com-
bined treatment group and 64 % of patients in 
control group ( p  = 0.01). Maximal haematologi-
cal toxicity was grade 4 anaemia; this affected 
two patients in combined arm and one patient in 
placebo arm. No signifi cant differences were 
found in platelets, leucocytes or haemoglobin in 
the 3 months after treatment, though there is a 
trend to reduced leucocytes in the combined 
treatment arm.  

16.4.3.2     Re-186 HEDP and Re-188 
HEDP 

 Both Re-188 HEDP and Re-186 HEDP have 
been used in combination with cytotoxic agents. 
Lam et al. [ 26 ] conducted a phase 1 dose escala-
tion study of Re-188 HEDP plus capecitabine, 
an anti-metabolite cytotoxic, in patients with 
mCRPC in an attempt to fi nd maximum toler-
ated dose of capecitabine when combined with 
Re-188 HEDP. This proved to be 2500 mg/m 2  
per day of capecitabine when given orally for 
14 days followed 2 days later by an infusion of 
37 Mbq/kg of Re-188 HEDP. Higher doses of 
capecitabine resulted in unacceptable bone mar-
row toxicity. A phase II trial is planned accord-
ing to the authors. 

 Taxanes are the only cytotoxic agents for 
which there is robust, RCT evidence of prolonga-
tion in survival in mCRPC [ 27 ,  28 ]. The TAXIUM 
trial was a phase I trial designed to test the safety 
of combining a taxane with a radionuclide [ 29 ]. 
A dose escalation schedule was designed consist-
ing of four dose levels of radionuclide with a 
standard dosage of docetaxel (75 mg/m 2  given at 
3 weekly intervals for 6 cycles). Re-186 HEDP 
was given in increasing activities (1250 up to 
2500 MBq) after the third and sixth cycle of 
docetaxel. Dose-limiting toxicity (DLT) was 
defi ned as any grade 4 toxicity lasting more than 
7 days or any grade 3 toxicity lasting more than 
10 days. Three patients were planned for each 
dose level expanding to six if a DLT occurred. 
Grade 3 thrombocytopenia lasting >10 days 
occurred in one patient treated at dose level three 
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(i.e. after fi rst infusion of Sr-153 2500 Mbq), and 
treatment was stopped after one further cycle of 
docetaxel without the patient receiving their sec-
ond dose of radionuclide. This dose level was 
expanded to six and a further patient experienced 
acute renal failure. During the trial, there were 
production problems with Re-186 HEDP, and the 
group undertook a phase II trial using a similar 
regime but with Re-188 HEDP as radionuclide. 
The TAXIUM 2 trial results are awaited. 

   Summary of Beta Emitters and Cytotoxics 
 In summary, there is hypothesis-generating data 
from small trials that there is a synergistic effect 
when cytotoxics and bone-targeting radionu-
clides are used in combination; however this can 
result in signifi cant toxicity as was seen in the Tu 
et al. study [ 21 ]. Comparing the Tu et al. study 
with Sciuto et al. [ 25 ], Lam et al. [ 26 ] and 
TAXIUM trials [ 29 ], there is a suggestion that 
single-agent cytotoxics in combination with 
radionuclides are preferable to regimes with mul-
tiple cytotoxic agents from a toxicity point of 
view, as one would expect. A number of phase II 
trials of combination regimes are planned.     

16.5     Alpha Emitters: Radium-223 

 A combination of both physical characteristics of 
alpha particle radiation and biological responses 
to that radiation led researchers to hypothesise 
that alpha emitters might hold several advantages 
over beta emitters as radionuclide therapeutics. 
In terms of physical characteristics, it was postu-
lated that the intense dose deposition over a very 
short range might concentrate dose within imme-
diate microenvironment of metastases with mini-
mal crossfi re into bone marrow compartment, 
thus limiting myelosuppression. Further, it is 
known from basic radiobiological studies that 
high-LET radiation offers a number of tumouri-
cidal advantages over low LET radiation in terms 
of increased radiobiological effectiveness (RBE) 
and reduced oxygen enhancement ratio (OER). 
These concepts are more thoroughly reviewed 
elsewhere [ 6 ,  7 ]. Recent work has focused on 
Ra-223; it is a group II metal therefore  possessing 

innate bone-seeking tendency. Its half-life of 
11.4 days makes it long-lived enough to be prac-
tical to generate and transport to sites of clinical 
use but not so long-lived as to cause radiation 
protection concerns. 

16.5.1     Preclinical 

 Early preclinical animal work by Henriksen et al. 
[ 30 ] delivered Ra-223 as the chloride salt by 
intravenous injection to mice and then calculated 
activity in a range of tissues with animals sacri-
fi ced at various times post-injection. This con-
fi rmed that Ra-223 preferentially and quickly 
concentrated within the skeleton of mice and was 
retained there, with no statistically signifi cant 
change in skeletal concentration of dose over ini-
tial 14 days following administration – femur-to- 
blood ratio increased from 118 to 691 within a 
period of 1 h to 3 days. The post-sacrifi ce tissue 
activity data were then used to calculate absorbed 
dose estimates for a range of tissues again show-
ing signifi cant preferential dose delivery to 
skeleton.  

16.5.2     Phase I 

 A phase I trial utilising Ra-223 in metastatic 
cancer patients was conducted by Nilsson et al. 
[ 31 ]. Fifteen prostate and ten breast cancer 
patients were treated with a single IV injection 
of 22Ra. Five dose levels were examined with 
fi ve patients per dose level: 46, 93, 163, 213 and 
250 kBq/kg. Maximum CTC grade for haemato-
logical toxicity was grade 2 anaemia and grade 
1  thrombocytopenia; two patients experienced 
grade 3 neutropenia. Also, 10 of 25 patients expe-
rienced transient diarrhoea. Pharmacokinetic 
studies showed that blood radioactivity dropped 
to <1 % initial at 24 h post-infusion, and in six 
patients who had gamma scintigraphy performed, 
the small amount of gamma radiation released by 
daughter nuclides showed that the parent Ra-223 
was accumulating preferentially at sites of metas-
tasis as identifi ed previously on 99 m-Tc scans. 
Finally all patients showed a decline in ALP after 
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Ra-223 infusion. A detailed phase I pharmacoki-
netic and biodistribution trial was conducted by 
Carrasquillo et al. [ 32 ]. This treated three patients 
at 50 kBq/kg, three at 100 kBq/kg and four at 
200 kBq/kg. The study did not seek to estab-
lish MTD, though adverse events are reported. 
Leucopenia and diarrhoea were the commonest 
adverse events with 30 % of patients experienc-
ing grade 3–4 leucopenia and 60 % of patients 
experiencing grade 1–3 diarrhoea. A drop in PSA 
was seen in 50 % of patients treated, with a trend 
to a dose–response relationship; ALP decreased 
in all treated patients. Dosimetry data are dis-
cussed in later dosimetry section.  

16.5.3     Phase II 

 These encouraging phase I data led to three phase 
II studies in Ra-223 all in mCRPC and sum-
marised in Table  16.3  taken from Turner and 
O’Sullivan [ 7 ]. In an initial dose-response trial, 
100 patients with mCRPC were treated with a 
single infusion of Ra-223 at one of four dose lev-
els: 5, 25, 50 or 100 kBq/kg [ 33 ]. The drug was 
well tolerated at all dose levels, and a dose- 
dependent improvement in pain was seen. 
Haematological toxicity was acceptable with 
grade 3–4 anaemia, neutropenia and thrombocy-
topenia in 8 %, 3 % and 6 % of treated patients, 
respectively, and a slight trend to reduced platelet, 
white cell and neutrophil counts in the two high-
est dose levels. GI toxicity was more common 
overall with 43 %, 24 % and 22 % of patients 
experiencing nausea, vomiting and diarrhoea, 
respectively, and no differences between dose 
groups. A randomised, double-blind phase II trial 
was undertaken by Parker et al. [ 34 ]. In this, 122 
patients with mCRPC were randomised to receive 
three infusions of Ra-223 at 6-week intervals at a 
dose per injection of 25 or 50 or 80 kBq/kg. Its 
primary endpoint was PSA response and it con-
fi rmed a statistically signifi cant dose-response 
with >50 % PSA reduction for 0 % patients in the 
25 kBq/kg group, 6 % patients in the 50 kBq/kg 
group and 13 % patients in the 80 kBq/kg group. 
Commonest toxicities were GI and haematologi-
cal with 21 % of patients experiencing diarrhoea 

and 16 % experiencing nausea. Grade 3/4 haema-
tological toxicity was seen in 2 of 41 patients in 
25 kBq/kg group, 6 of 39 in the 50 kBq/kg group 
and 7 of 42 in the 80 kBq/kg group. There was no 
signifi cant difference in haematological toxicity 
between dose groups. Finally, in a randomised, 
multicentre, placebo-controlled trial, mCRPC 
patients undergoing EBRT for pain control were 
randomised to receive either four injections 
of Ra-223 at 50 kBq/kg or placebo, given at 
4 weekly intervals [ 35 ]. Thirty-three patients were 
assigned to EBRT and Ra-223 and 31 to EBRT 
and placebo. As in other trials, Ra-223 treatment 
was acceptable with the only signifi cant toxicity 
difference between treatment and placebo groups 
being increased constipation in the treatment 
group. In the treatment group, constipation was 
mild to moderate in 11 patients and severe in 1. 
Median time to PSA progression was 26 weeks 
(95 % CI 16–39) for Ra-223 compared with 8 
weeks (95 % CI 4–12) for placebo ( p  = 0.048); 
signifi cant reduction in ALP was also observed. 
There was a trend (albeit within this small trial) to 
improved OS in the treatment group.

16.5.4        Phase III ALSYMPCA 

 Following the positive phase I and II data in rela-
tion to radium, a large, multicentre, placebo- 
controlled and double-blinded RCT was 
undertaken with the aim of defi nitively determin-
ing the effi cacy of Ra-223 in mCRPC. Men with 
mCRPC were randomised in a 2:1 fashion to 
receive either Ra-223 at 50 kBq/kg given at 
4 weekly intervals for 6 cycles or placebo given 
on same time schedule. Overall survival was 
improved in the Ra-223 treatment group (14.9 vs. 
11.3 months HR 0.7  p  < 0.001) [ 36 ]. The main 
secondary endpoint was time to fi rst symptom-
atic skeletal event. These were defi ned as any of 
the following: (i) the fi rst use of external beam 
radiation therapy to relieve skeletal symptoms, 
(ii) new symptomatic pathologic vertebral or 
non- vertebral bone fractures, (iii) spinal cord 
compression and (iv) tumour-related orthopaedic 
surgical intervention. Time to fi rst symptomatic 
skeletal event was prolonged in the Ra-223 
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 treatment group (15.6 months vs. 9.8  p  < 0.001). 
A subsequent detailed analysis of different types 
of skeletal events in ALSYMPCA revealed the 
risk of requiring EBRT and of developing spinal 
cord compression to be reduced in Ra-223 
groups, whilst there did not seem to be a signifi -
cant reduction in the risk of symptomatic patho-
logical bone fracture of need for tumour-related 
orthopaedic intervention [ 37 ]. Times to PSA and 
ALP increase were both also signifi cantly pro-
longed by Ra-223 [ 36 ]. The authors provide a 
detailed breakdown of adverse events. The total 

number of patients experiencing adverse events 
was lower in the Ra-223 group, and this was true 
for AE all grades, AE grade 3/4, serious AE and 
drug discontinuation due to AE. Rates of haema-
tological toxicity were similar between groups 
with all grades anaemia 31 % Ra-223 vs. 31 % 
placebo, all grades thrombocytopenia 12 % 
Ra-223 vs. 6 % placebo and all grades neutrope-
nia 5 % Ra-223 vs. 1 % placebo. There is a signal 
pointing towards increased, low-grade diarrhoea 
in Ra-223 treated individuals with 25 % of 
Ra-223 vs. 15 % placebo experiencing diarrhoea 

   Table 16.3    Phase II/III data of 223Ra in mCRPC [ 7 ]   

 Name  Phase  Method  Number  Outcomes 

 BC-102 [ 35 ]  2  4 injections  223 Ra of 
50 kBq/kg (or 
placebo) at 4-week 
intervals 
 Vs. placebo 

  N  = 33  223 Ra 
  N  = 31 placebo 

 Signifi cant delay in PSA 
progression and fall in ALP in 
 223 Ra group 
 Tendency to reduced rate of 
SRE and improved survival in 
 223 Ra group 
 Well tolerated 

 BC-103 [ 33 ]  2  Single injection 
 223 Ra 5, 25, 50 or 
100 kBq/kg 

  N  = 26@5 kBq/kg 
  N  = 25@25 kBq/kg 
  N  = 25@50 kBq/kg 
  N  = 24@100 kBq/kg 

 Dose-dependent improvement 
in pain 
 Well tolerated at all dose levels 

 BC-104 [ 34 ]  2  3 injections  223 Ra 
per subject at 
6-week intervals, 
 Either 25,50 or 
80 kBq/kg (no dose 
escalation within 
groups) 

  N  = 37@25 kBq/kg 
  N  = 36@50 kBq/kg 
  N  = 39@80 kBq/kg 
 (These  N  are those treated 
per protocol and analysed 
in effi cacy calculations. In 
each group, respectively, 
4, 3 and 3 additional 
patients received 1 or 2 
injections and are 
analysed as part of safety 
population.) 

 Dose-dependent fall in PSA 
and ALP 
 Well tolerated at all dose levels 

 ALSYMPCA [ 36 ]  3  6 injections of 
223Ra of 50 kBq/kg 
(or placebo) at 
4-week intervals 
 Vs. placebo 
 Plus best standard 
of care 

  N  = 614  223 Ra 
  N  = 307 placebo 

  223 Ra associated with 
signifi cant improvement in OS 
(14.9 vs. 11.3 months 
 p  < 0.001) 
  223 Ra associated with 
signifi cant delay to fi rst SSE 
(15.6 vs. 9.8 months  p  < 0.001) 
 Number of patients 
experiencing adverse events 
lower in  223 Ra group (all 
grades) 
 Signal to increased (low grade) 
diarrhoea in  223 Ra group 
 Signal to increased (low grade) 
myelosuppression in  223 Ra 
group 
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in all grades, 2 % in each group experiencing 
grade 3 and none in either group experiencing 
grades 4 or 5 [ 36 ]. In a further, prespecifi ed sub-
group analysis of the trial, both the improvement 
in OS and the improvement in most of the sec-
ondary effi cacy endpoints were present in Ra-223 
group irrespective of previous docetaxel use [ 38 ].  

16.5.5     Dosimetry 

 Modern dosimetry techniques in radiotherapy 
have largely been developed in the realm of 
EBRT. The process involves calculating elec-
tron densities of relevant tissues using CT data. 
Then detailed knowledge of the behaviour of 
therapeutic photon beams in material of various 
electron densities is applied to the data gained 
from CT scanning. This allows complex models 
to be developed of dose delivered to different 
regions of the body being irradiated. It should 
be clear that an entirely different and more com-
plex modelling set-up is required for dosimetry 
on the molecular level, and this is an area of 
intense research currently. A method described 
above and suitable in preclinical animal experi-
ments involves sacrifi cing the small animals 
concerned and performing direct activity analy-
sis on various tissues [ 30 ]. This is obviously not 
feasible in the therapeutic setting and only pro-
vides an approximation of doses that may be 
delivered in humans. A further method that has 
been attempted is utilising the very small (1.1 %) 
amount of Ra-223 decay that occurs with the 
release of gamma photons; these penetrate extra-
corporeally and can be imaged using a gamma 
camera; however acquisition times are long and 
resolution poor. This was performed in Nilsson 
et al. in the fi rst human trials of Ra-223 in the 
modern era [ 31 ]. This work was qualitative only 
and allowed the general conclusions to be drawn 
that Ra-223 accumulated preferentially at sites of 
metastasis and that clearance was predominantly 
by the GI tract. Carrasquillo et al. extended this 
work with their biodistribution paper in 2013 
[ 32 ]. By acquiring whole-body gamma camera 
images, they also demonstrated faecal clearance 
as being the major method of elimination. They 

quantifi ed  gastrointestinal clearance estimating 
that by day 6–8, a median of 76 % of adminis-
tered Ra-223 had been excreted. No activity was 
visualised within the bladder. Analysis was made 
of energy spectra of gamma emissions being 
recorded to assess for interorgan translocation 
of daughter nuclides of parent Ra-223; this sug-
gested equilibrium between parent and daughter 
and insignifi cant interorgan translocation. These 
investigators also acquired serial blood samples 
post-Ra-223 infusion and assayed for radioactiv-
ity. Clearance was rapid and bi-exponential: the 
total Ra-223 activity had decreased to 0.55 % of 
infused activity by 24 h, and the half-lives of the 
fast and slow elimination components were 0.8 
and 19 h, respectively. 

 These data concentrate on pharmacokinetics 
of Ra-223, rather than actual biodosimetry. 
Chittenden and colleagues have recently pub-
lished estimates of organ-level dosimetry [ 39 ]. 
Six patients received two injections of Ra-223 at 
100 kBq/kg given 6 weeks apart. Dosimetry esti-
mates were made for bone surfaces, red marrow, 
kidneys and gut. Their biodistribution measure-
ments were in keeping with previous studies 
showing administered activity cleared rapidly 
from blood (1.1 % remaining at 24 h), and most 
of the administered activity was rapidly seques-
tered within bone (61 % at 4 h). Estimates of dose 
delivered to bone surfaces from alpha particles 
were 2331–13,118 mGy/MBq; doses delivered to 
red marrow were estimated to be 177–994 and 
1–5 mGy/MBQ from activity on bone surfaces 
and activity in blood, respectively.  

16.5.6     Clinical and Future Use 
of Ra-223 

 Given the above fi ndings (particularly phase III 
ALSYMPCA data), Ra-223 has become part of 
the treatment paradigm in mCRPC. It is now 
widely used in post-docetaxel chemotherapy and, 
depending on jurisdiction and reimbursement 
arrangements, also in the pre-chemotherapy set-
ting. There are a number of potential extensions 
to the use of Ra-223 in cancer care, and these are 
being actively explored within a number of trials. 
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In mCRPC, it has already been mentioned that 
there are two survival-prolonging cytotoxic 
agents, docetaxel [ 27 ] and cabazitaxel [ 28 ]; in 
addition there is phase III RCT evidence for the 
survival-prolonging effects of 2 hormonal agents 
abiraterone acetate [ 40 ,  41 ] and enzalutamide 
[ 42 ,  43 ]. In earlier chapters, small trial evidence 
has been presented for a synergistic effect 
between beta-emitting radionuclides and sys-
temic agents. Overlapping and potentially syner-
gistic toxicity has always been a concern. Given 
the extremely favourable safety profi le of Ra-223, 
it is possible that it may offer advantageous com-
bination therapy – a systemic agent being used to 
treat disease in an untargeted fashion with Ra-223 
being used to offer consolidation treatment to 
areas of bone disease (in mCRPC usually the 
site of highest volume metastatic burden). Trials 
examining the combination Ra-223 with 
docetaxel and abiraterone acetate are already 
recruiting. In the natural history of prostate can-
cer, bone metastases frequently predate the devel-
opment of mCRPC, and men may spend months 
to years with bone metastases in the hormone- 
sensitive phase of the illness. It is a reasonable 
hypothesis that providing bone-targeted treat-
ment with Ra-223 earlier in the disease course, 
during the hormone-sensitive phase, might well 
provide at least as good or perhaps even better 
outcomes than waiting until the disease is in a 
castration-resistant (and more heavily pretreated) 
form. The idea of utilising Ra-223 in the 
hormone- sensitive phase of prostate cancer is 
being tested in the currently recruiting ADRRAD 
trial (neoadjuvant androgen deprivation therapy, 
pelvic radiotherapy and radium-223 for new pre-
sentation T1–4 N0/1 M1B adenocarcinoma of 
prostate). This seeks to treat men with hormone- 
sensitive prostate cancer with hormone therapy 
and early Ra-223 alongside EBRT to prostate and 
pelvic lymph node bed in an attempt to target 
radiation to as many sites of active disease as 
possible, whilst the disease is responding to hor-
mone therapy. Results from this novel trial are 
eagerly awaited. 

 Prostate cancer is only one malignancy with a 
particular preponderance to metastasise to the 
skeleton; other common carcinomas with such a 

phenotype include breast, lung and renal cell. 
Further, certain malignancies arise within the 
skeleton including myeloma, plasmacytoma and 
osteosarcoma. It is an entirely reasonable hypoth-
esis that some of the benefi ts seen with Ra-223 in 
mCRPC could also be demonstrated in some or 
all of these and trials are already underway in 
breast cancer and osteosarcoma. Finally, and rel-
evant to both prostate and other malignancies, the 
dosing used in ALSYMPCA has been proven 
safe but may not be optimal. In phase I and II 
studies, doses higher than 50 kBq/kg were toler-
ated [ 32 – 34 ], and it may be that even greater sur-
vival or symptomatic benefi ts can be seen by 
dose escalation and trials to determine this are 
underway in prostate cancer.      
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      In the United States, prostate cancer is the most 
common cancer in men, with an estimated 
220,000 cases diagnosed in 2015 [ 1 ]. With a 
percentage of involvement of more than 80 %, 
the bone represents the preferential site of 
metastases for this disease. As a consequence, 
patients experiencing advanced stage castration-
resistant prostate cancer (CRPC) are at increased 
risk of developing skeletal-related events, 
including pathologic fractures and spinal cord 
compression [ 2 ]. 

 Despite recent important therapeutic 
advances in the management of CRPC, there is 
a continuous medical need to develop further 
treatment options to overcome the mechanisms 
of resistance of surviving prostate cancer cells, 
such as the splice variants of the androgen 
receptor (AR). All the possible new agents, or 
combinations, with effi cacy data in the area of 
prostate cancer have been analyzed. Data are 
presented according to the mechanism of action 
of the single agents. 

17.1     Vascular Endothelial Growth 
Factor (VEGF) Targeting 
Therapies 

 In prostate cancer, the VEGF signaling pathway 
seems to be para-physiological for disease progres-
sion: higher levels of VEGF receptor (VEGFR)-2 
are observed in high-grade prostate cancer, while 
patients with metastatic prostate cancer have higher 
serum VEGF levels and levels of urine and serum 
VEGF seem to relate with overall survival (OS), in 
subjects with metastatic CRPC (mCRPC). 

 VEGFRs are also expressed in human osteo-
blasts and osteoclasts with the VEGF pathway 
involved in mechanisms regulating cell migration 
and survival [ 3 – 5 ]. Moreover, VEGF treatment 
inhibits the apoptosis of human osteoblasts by 
increased expression of the Bcl-2, an anti- 
apoptotic protein, as demonstrated in vitro [ 5 ]. 

 All these fi ndings suggest an important role for 
the VEGF signaling pathway in the processes of 
prostate cancer progression and bone metastasis. 

 Several agents targeting angiogenesis have 
been evaluated in phase III clinical trials in 
CRPC, but no one demonstrated a clinical benefi t 
in men with CRPC. 

17.1.1     Bevacizumab 

 Bevacizumab is a recombinant, humanized 
monoclonal antibody blocking VEGF activity. In 
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CALGB 90006, a phase II study, 79 patients with 
chemotherapy-naïve metastatic CRPC received 
bevacizumab 15 mg/kg combined with docetaxel 
and estramustine. The progression-free survival 
(PFS) and median OS were 8 and 24 months, 
respectively. The observed improvement in OS 
led to plan a phase III study despite this study did 
not meet its primary endpoint of PFS [ 6 ]. 

 The phase III, double-blind, placebo- controlled 
study, CALGB 90401, randomized 1050 chemo-
therapy-naïve mCRPC patients to docetaxel (75 mg/
m 2  every 3 weeks) with prednisone (5 mg BID) and 
either bevacizumab (15 mg/kg IV every 3 weeks) or 
placebo [ 7 ]. The primary endpoint of this trial was 
OS, while PFS, objective response (OR), and 50 % 
decline in PSA were secondary endpoints. Any sta-
tistically signifi cant difference in OS was observed 
(22.6 months in the bevacizumab group vs. 
21.5 months in control group;  p  =  0.181 ) despite an 
observed improvement in PFS and ORR in the 
experimental group. Moreover, the addition of bev-
acizumab was associated with greater treatment- 
related toxicities (grade ≥3 neutropenia, fatigue, 
leukopenia, hypertension, gastrointestinal bleeding, 
and perforation) [ 7 ]. As a comment, the OS time of 
the control group observed in this trial was longer 
than what reported in other studies (21.5 months vs. 
19.2 months observed in TAX 327 study), raising 
doubts that the study may have been underpowered. 
Moreover, this trial was not designed to evaluate the 
role of maintenance of bevacizumab beyond dis-
ease progression, which seems to confer a clinical 
benefi t in several types of cancer.  

17.1.2     Sunitinib 

 Sunitinib is an oral multi-tyrosine kinase inhibi-
tor (TKI) of VEGFR-2, PDGFR, FLT-3, and KIT, 
with a demonstrated activity in two previous 
phase II studies in patients with mCRPC who 
failed a previous docetaxel chemotherapy [ 8 ,  9 ]. 

 A randomized, multicenter phase III trial 
enrolled a total of 873 subjects with progressive 
mCRPC, after docetaxel chemotherapy. Patients 
were randomized to sunitinib (37.5 mg daily) or 
placebo, in a 2:1 ratio. The primary endpoint was 
OS, with PFS as a secondary endpoint. 

 While the median OS time was similar in both 
groups (13.1 vs. 12.8 months, respectively; HR 
1.03; 95 % CI 0.80–1.32;  p  = 0.5813), PFS was 
signifi cantly longer in the experimental arm (5.6 
vs. 4.1 months;  p  < 0.001) [ 10 ]. The study was 
stopped on recommendations of the data moni-
toring committee, after the results of a second 
interim analysis showing that it was unlikely for 
the study to meet its primary endpoint.  

17.1.3     Lenalidomide 

 Lenalidomide is an oral immunomodulatory 
agent which inhibits VEGF signaling and angio-
genesis [ 11 ]. The MAINSAIL phase III study ran-
domized 1059 chemotherapy-naïve patients with 
mCRPC to docetaxel (75 mg/m 2 , once every 21 
days) with prednisone (5 mg BID) and either 
lenalidomide (25 mg daily, days 1–14) or placebo. 
Also this study was discontinued on the recom-
mendations of the Data Monitoring Committee, 
as it was unlikely to meet its primary endpoint 
(OS). Moreover, patients randomized to experi-
mental arm had higher rates of febrile neutropenia 
and other non-hematological toxicities [ 12 ]. 

 In a phase II trial in patients with mCRPC, a 
dual anti-angiogenic treatment with  bevacizumab  
and  thalidomide  (another oral immunomodula-
tory agent) was also evaluated in combination 
with docetaxel. The median OS time 
(25.9 months) was signifi cantly longer in the 
experimental arm, but this combination approach 
resulted also too toxic [ 13 ].  

17.1.4     Afl ibercept 

 Afl ibercept is a recombinant fusion protein con-
sisting of extracellular domains of VEGFR fused 
to the Fc of a human IgG1 antibody. In the 
VENICE study, 1224 chemotherapy-naïve 
patients with metastatic CRPC have been enrolled 
to receive docetaxel (75 mg/m 2  IV every 3 weeks) 
and prednisone (10 mg daily) plus afl ibercept 
(6 mg/kg IV, every 3 weeks) or placebo. 

 No difference in OS was observed between 
the treatment arms (22.1 months in afl ibercept 
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arm vs. 21.2 months in placebo arm,  p  = 0.38), 
while a statistically signifi cant increase in the 
number of side effects was reported in the afl iber-
cept arm [ 14 ].  

17.1.5     Tasquinimod 

 Tasquinimod is an oral agent with anti- angiogenic 
activity but an unknown mechanism of action 
[ 15 ]. In a double-blind, placebo-controlled phase 
II study, 201 patients with mCRPC were random-
ized in a 2:1 ratio to either tasquinimod or pla-
cebo [ 15 ]. After an initial double-blind treatment 
(maximum of 6 months), asymptomatic subjects 
in the placebo group were allowed to switch to 
open-label tasquinimod. 

 The primary endpoint was the proportion of 
patients who were progression-free at 6 months by 
RECIST and Prostate Cancer Working Group 2 cri-
teria. This endpoint was superior in the tasquini-
mod group over placebo (69 % of patients vs. 37 %, 
 p  < 0.001); also median PFS was longer in the tas-
quinimod arm over placebo (7.6 vs. 3.3 months, 
 p  = 0.0042). Of interest, subgroup analyses sug-
gested a clinically relevant impact in PFS for tas-
quinimod, especially for those with bone metastases 
(8.8 vs. 3.4 months;  p  = 0.019). Grade 3–4 treat-
ment-related toxicities were more common in the 
experimental arm (40 % vs. 10 %) [ 15 ]. 

 Based on the phase II trial results, a phase III 
double-blind study was conducted in asymptom-
atic to mildly symptomatic CRPC patients with 
bone metastases. In this trial, a total of 1,200 sub-
jects were randomized to tasquinimod or pla-
cebo. The primary endpoint was PFS, but the 
study was powered to detect an improvement in 
OS as a secondary endpoint. No improvement in 
OS was observed with tasquinimod (HR = 1.09; 
CI 95 %, 0.94–1.28), with reasons of this nega-
tive result not clear yet [ 16 ].   

17.2     MET-Targeting Therapies 

 The HGF/MET pathway plays an important role 
in various human malignancies, including pros-
tate cancer. A correlation was shown between 

higher levels of MET expression and higher 
grade of prostate cancer. Moreover, an increased 
expression of MET seems to relate with prostate 
cancer metastasis and the emergence of CRPC 
[ 17 ,  18 ]. Similarly to VEGF, MET signaling 
pathway seems also important for osteoblasts and 
osteoclasts. In prostate cancer, bone metastases 
are more likely to express MET than soft tissue 
and lymph node metastases [ 18 ]. 

 Thus, an increased expression of MET seems 
to have an important role in bone metastasis from 
prostate cancer. Phase two studies specifi cally 
enrolling patients with metastatic prostate cancer 
are ongoing with two MET-targeting agents in 
development. 

17.2.1     Rilotumumab 

 Rilotumumab (AMG102) is a human monoclonal 
antibody blocking the binding of HGF to MET. In 
a recent multicenter, double-blind, phase II study, 
142 mCRPC patients progressive after taxane 
chemotherapy have been randomized (1:1:1), to 
mitoxantrone (12 mg/m 2 , every 21 days) and 
prednisone (5 mg BID) plus rilotumumab at 
15 mg/kg or 7.5 mg/kg or placebo. 

 Median OS (primary endpoint) was similar 
among the groups (13.4 vs. 11.6 vs. 11.1 months, 
respectively). Any difference in PFS or PSA 
response was also observed among treatment 
arms [ 19 ].  

17.2.2     Tivantinib 

 Tivantinib (ARQ 197) is an oral putative non- 
ATP competitive inhibitor of the c-MET receptor 
tyrosine kinase. A phase II study randomized 80 
men with chemotherapy-naïve, minimally symp-
tomatic or asymptomatic mCRPC to either tivan-
tinib 360 mg PO BID or placebo. PFS was the 
primary endpoint of the study. Patients in the 
tivantinib group had a signifi cantly better PFS in 
comparison with those in placebo group (medi-
ans, 5.6 months vs. 3.8 months, respectively; 
HR = 0.53, 95 % CI: 0.32–0.89;  p  = 0.015) and a 
favorable toxicity profi le [ 20 ]. 
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 Other agents targeting the MET pathway are 
in earlier phases of clinical development, includ-
ing onartuzumab (MetMab), TAK-701, fi clatu-
zumab, crizotinib, and JNJ-38877605.   

17.3     Dual Inhibition of MET 
and VEGFR Signaling: 
Clinical Evidence 

 MET and VEGFR signaling pathways play an 
important role in the promotion of tumor cell 
growth, angiogenesis, invasion, and metastasis 
and in bone turnover in multiple tumor types 
including prostate cancer, especially in mCRPC 
cases with bone metastases. 

 Resistance to VEGF-targeted therapies may 
arise from the upregulation of alternative pro- 
angiogenetic and pro-invasive signaling path-
ways, including the MET pathway. 

 Considering the molecular pathophysiology of 
advanced CRPC, there was a strong rationale for the 
evaluation of cabozantinib, an orally TKI with potent 
activity against MET and VEGFR2 in this disease. 

 In addition, other agents targeting both MET and 
VEGFR signaling pathways are in development, 
including foretinib (GSK1363089), golvatinib 
(E7050), GSK1363089 (XL880), and MGCD265. 

17.3.1     Cabozantinib 

 Cabozantinib is a novel, oral, multiple receptor 
tyrosine kinase inhibitor with an activity against 
MET and VEGFR2, as well as RET, KIT, AXL, 
and FLT [ 21 ]. In the initial clinical studies, cabo-
zantinib demonstrated promising results in 
mCRPC and other malignancies. 

 After the initial phase I trial evidencing tumor 
responses in multiple malignancies, a random-
ized phase II discontinuation study (cabozantinib 
vs. placebo) was planned. 

 In the CRPC group of this phase II study, the 
87 % of the enrolled patients had bone metastases 
and 43 % were pretreated with docetaxel. 

 Cabozantinib was administered at a daily dose 
of 100 mg during a 12-week lead-in stage. This 
dosage was associated with frequent side effects, 

leading to dose reductions in 51 % of subjects by 
week 12, with 16 % discontinuing therapy due to 
toxicity prior to week 12. The most common 
grade 3 toxicities were fatigue (16 %), hand-foot 
syndrome (6 %), and hypertension (6 %) [ 22 ]. A 
PFS prolongation was observed in the cabozan-
tinib group compared with placebo (23.9 weeks 
vs. 5.9 weeks, respectively). 

 In addition, cabozantinib showed a partial/
complete response in 99mTc-MDP bone scans in 
56 and 19 % of patients, respectively. Among the 
cases with a present baseline pain, 64 % reported 
a decrease in pain intensity, with a third of them 
stopped narcotic pain medication. 

 Moreover, in the 40 % of treated patients, a dis-
cordance was noted between PSA and bone scan 
response. The high rates of bone scan improve-
ments and the relevant clinical benefi t led to a 
couple of phase III, randomized, double- blind, 
controlled trials (COMET-1 and COMET-2). 

 The phase III study COMET-1 [ 23 ] randomized 
1028 mCRPC patients pretreated with docetaxel, 
abiraterone, and/or enzalutamide, to receive either 
cabozantinib (daily dose of 60 mg) or prednisone 
(10 mg/day) in a 2:1 ratio. Compared to prednisone, 
cabozantinib improved PFS (5.5 months for cabo-
zantinib vs. 2.8 for prednisone ( p  < 0.001)) and bone 
scan response (41 % for cabozantinib group vs. 3 % 
for control group ( p  < 0.001)) but not signifi cantly 
increased OS (11 vs. 9.8 months,  p  = 0.212)). 

 Disappointing negative results derived also from 
the COMET-2 study [ 24 ], where cabozantinib was 
compared with mitoxantrone and prednisone in 119 
subjects with symptomatic disease. The primary end-
point, of durable pain response at week 6 (confi rmed 
at week 12) without an increase in narcotic medica-
tion, was not achieved in this population with a pain 
response rates of only 15 % in the cabozantinib arm 
compared to 17 % in control group ( p  = 0.773).   

17.4     Dual Androgen Synthesis 
and Signaling Inhibitor 

17.4.1     Galeterone (TOK-001) 

 Galeterone (TOK-001) is a multifunction oral 
steroid analog that concomitantly: (1) decreases 
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androgen biosynthesis by inhibiting the enzyme 
CYP17 (controlling androgen production in the 
adrenals, testes, and prostate), (2) decreases AR 
signaling by binding to the AR as a competitive 
inhibitor of testosterone, and (3) reduces the AR 
expression in prostate cancer cells by increasing 
the AR protein degradation and therefore dimin-
ishing the cell ability to respond to low levels of 
androgenic growth signals [ 25 ]. 

 More recently, galeterone has been shown to 
downregulate the levels of constitutively active 
AR splice variants [ 26 ]. As known, these AR 
variants are upregulated in CRPC cells that have 
become resistant to CYP17 inhibitors and/or 
antiandrogens. Galeterone could be effective in 
CRPC cells expressing AR splice variants such as 
AR-V7 [ 27 ]. 

 In the ARMOR phase I study of chemo-naïve 
men with CRPC, galeterone (TOK-001) was well 
tolerated and demonstrated clinical activity. Of 
49 patients, 22 % demonstrated a >50 % PSA 
decline and an additional 26 % had PSA declines 
of 30–50 % [ 28 ]. 

 Based on these preliminary results, a phase II 
study (ARMOR-2) was started in treatment-naïve 
cases. The interim data, in nonmetastatic/meta-
static treatment-naïve CRPC receiving galeterone 
(2225 mg/day), showed a maximal reduction in 
PSA levels of at least 30 % (PSA30) in 8/11 
(72.7 %) of the patients; 6/11 (54.5 %) of these 
patients showed a maximal PSA reduction of at 
least 50 % (PSA50). In M1 cohorts ( N  = 39), 
PSA30 and PSA50 were, respectively, 85 and 
77 %. SD was observed in 72 % of patients with 
metastatic disease (13 out of 18) and PR in 17 % 
(3 out of 18). 

 Galeterone was well tolerated; the most com-
mon adverse events were fatigue, increased liver 
enzymes, gastrointestinal events, and pruritus. 
Most were mild or moderate in severity and 
required no action; there were no apparent miner-
alocorticoid excess (AME) events [ 29 ]. 

 Galeterone shares similar MOA with enzalu-
tamide (both drugs inhibit GABA A , which lowers 
the epileptogenic threshold). The nonclinical 
data (in vitro) support the clinical observations to 
date where galeterone has not been associated 
with an increased seizure risk. 

 Preliminary data from the ARMOR-2 study 
showed that six of seven treatment-naïve CRPC 
patients with high N-terminal AR expression 
and C-terminal AR loss had PSA reductions 
of at least 50 %, suggesting that galeterone 
may have activity in patients with AR splice 
variant, including AR-V7. According to these 
data, an open- label phase 3, randomized study 
(ARMOR-3) is ongoing to evaluate the effi cacy 
and safety of galeterone, compared to enzalu-
tamide, in patients with treatment-naïve meta-
static (M1) castration- resistant prostate cancer 
(CRPC) expressing androgen receptor splice 
variant-7 mRNA (AR-V7).   

17.5     Second-Generation 
Androgen Receptor 
Inhibitors 

17.5.1     ARN-509 

 ARN-509 (also referred as  JNJ - 56021927 ) is 
an oral small-molecule, nonsteroidal potent 
and selective antagonist of the AR which acts 
by inhibiting the action of androgen, nuclear 
translocation of the AR, and DNA binding to 
androgen response elements. Unlike bicalu-
tamide, it exhibits no signifi cant agonist activity 
in AR-overexpressing prostate cancer cells [ 30 ]. 
Like enzalutamide, ARN-509 has been devel-
oped to overcome the therapeutic limits of the 
fi rst-generation antiandrogens. 

 In a murine xenograft model of mCRPC, 
ARN-509 showed greater antitumor activity than 
enzalutamide, for a given dose and plasma con-
centration. Furthermore, ARN-509 achieved sig-
nifi cantly lower steady-state brain levels in 
respect to enzalutamide, suggesting a lower sei-
zurogenic potential [ 30 ]. 

 The ARN-509-001 phase I/II trial enrolled 30 
cases with mCRPC and reported a promising 
activity [ 31 ]. At 12 weeks, 42 % of patients dis-
played a ≥50 % PSA declines with a fl uoro- 
dihydrotestosterone (FDHT)-PET imaging 
demonstrating an AR blockade at 4 weeks across 
multiple doses. JNJ-56021927 (ARN-509) was 
safe and exhibited linear pharmacokinetics. 

17 New Frontiers in Treatment



214

 The phase II evaluation showed a PSA 
response at 12 weeks of 91 % in therapy-naïve 
and 60 % in post-abiraterone acetate mCRPC 
patients and 89.5 % in nonmetastatic CRPC 
patients [ 32 ,  33 ]. The phase 3, randomized study 
ARN-509-003 (SPARTAN) of ADT+ARN-509 
compared with ADT + placebo, in patients with 
high risk (defi ned as a PSA doubling time 
≤10 months) nonmetastatic CRPC, has com-
pleted the accrual, and data are not available yet. 

 According to the distinct mechanism of action 
of ARN-509 and abiraterone acetate (AA inhibits 
androgen biosynthesis while ARN-509 targets 
the AR) and the absence of overlapping clinical 
toxicities, the combination of both drugs could 
theoretically delay the emergence of clinical 
resistance to either drug. 

 In xenograft models of CRPC, treatment with 
AA causes a marked suppression of tumor andro-
gen levels which rely with an increased expres-
sion of the AR, ligand-independent AR splice 
variants, and inductions of steroidogenic genes 
including CYP-17-A1 [ 34 ]. The increased 
expression of several of these genes showed 
strong correlation with dihydrotestosterone 
(DHT) levels in recurrent tumors. These data 
suggest that resistance can potentially be targeted 
by using combinations with potent AR antago-
nists such as ARN-509. An ongoing, randomized, 
double-blinded, placebo-controlled study 
(56021927PCR3001) is designed to assess the 
effi cacy and safety of ARN-509 in combination 
with AA + PDN compared with AA + PDN in 
patients with chemotherapy-naïve mCRPC and 
will explore mechanisms of resistance that may 
develop with treatment.  

17.5.2     ODM-201 

 ODM-201 is a novel AR antagonist structurally 
distinct from all known antiandrogens. In vitro 
receptor binding studies show that ODM-201 and 
its major metabolite, ORM-15341, bind with 
high affi nity to wild-type AR inhibitors [ 35 ]. In 
murine castration-resistant VCaP xenograft mod-
els, ODM-201 achieves an improved inhibition 
of tumor growth compared to enzalutamide [ 35 ]. 

ODM-201 also shows an inhibitory activity, 
without evidence of agonism, against several 
mutant ARs implicated in resistance to other 
second- generation AR inhibitors [ 35 ]. These 
include AR F876L, which causes antagonist-to- 
agonist switching with both enzalutamide and 
ARN-509 in preclinical models of prostate can-
cer and which has been identifi ed in plasma DNA 
from patients with progressive CRPC treated 
with ARN-509 [ 35 – 37 ]. In contrast to other 
second- generation AR inhibitors, preclinical 
studies suggest that the penetrance of ODM-201 
and ORM-15341 through the blood–brain barrier 
after oral administration is negligible. 

 In the phase I/II ARADES study, ODM-201 
was well tolerated and associated with high activ-
ity in men with progressive mCRPC, including 
those previously treated with docetaxel and a 
CYP17 inhibitor [ 38 ]. Overall, 136 patients were 
accrued. In the phase I study, 24 men with 
mCRPC received 200, 400, 600, 1000, 1400, or 
1800 mg/day of oral ODM-201 in two divided 
doses. No dose-limiting toxicity was found, 
while anti-tumor activity was evident with all six 
doses of ODM-201 tested. A ≥50 % PSA response 
was observed in 17/21 (81 %) patients who had 
PSA samples at baseline and week 12. 

 Twelve patients from phase I entered the phase 
II part of the trial. In addition to these patients, 112 
men were randomized and 110 were treated with 
200 mg/day ( n  = 38), 400 mg/day ( n  = 37), or 
1400 mg/day ( n  = 35) of ODM-201. Randomization 
was stratifi ed according to  previous treatment that 
was chemotherapy naïve and CYP17 inhibitor 
naïve, post-chemotherapy and CYP17 inhibitor 
naïve, and post-CYP17 inhibitor. 

 Seventy-eight of 108 (70 %) assessable 
patients experienced a PSA decline during the 
fi rst 12 weeks, including a >50 % PSA drop in 44 
of 108 (41 %). Dividing patients according to pre-
vious treatment, there was an observational trend 
to higher responses in naïve cases to both chemo-
therapy and CYP17 inhibitors and in those who 
had previously received chemotherapy but not 
CYP17 inhibitors, compared with patients previ-
ously treated with CYP17 inhibitors. The highest 
PSA response was noted with 1400 mg/day of 
ODM-201 in patients naïve to both chemotherapy 
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and CYP17 inhibitors. There were no clear dif-
ferences by ODM-201 dose in either soft tissue 
responses or bone stabilization, although 
patient numbers were small within each dose 
group [ 38 ,  39 ]. 

 Another phase I trial (ARAFOR) provides fur-
ther effi cacy data, in men with chemotherapy- 
naïve and CYP17 inhibitor-naïve CRPC treated 
with 1200 mg/day of ODM-201 [ 40 ]. There was 
an observed PSA ≥50 % response at week 12, in 
25/30 (83 %) patients. A combined analysis of all 
chemotherapy-naïve and CYP17 inhibitor-naïve 
patients from the ARADES and ARAFOR trials 
reported a PSA response rate, of 85 % (33 of 39 
patients) after 12 weeks [ 41 ]. In most cases, there 
was a marked and durable decline in PSA levels. 
ODM-201 has a favorable tolerability profi le, 
and many of the adverse events reported with 
ODM-201 were considered to be disease related 
rather than drug related (fatigue or asthenia in 
31 %, back pain in 21 %, arthralgia in 16%, and 
pain in 15 % of patients). ODM-201 has promis-
ing antitumor activity in both chemotherapy- 
naïve and chemotherapy-pretreated patients. 

 Recently, a randomized, placebo-controlled, 
double-blind, phase III trial (ARAMIS) has been 
initiated to test the superiority of ODM-201, 
600 mg twice daily versus placebo in men with 
high-risk nonmetastatic CRPC (those with a PSA 
doubling time of ≤10 months). The trial has an 
enrollment target of 1500 patients, who will be 
treated until confi rmed metastasis or death for a 
total duration of up to 72 months (6 years). The 
primary trial endpoint is metastasis-free survival, 
defi ned as time from randomization until evi-
dence of metastasis or death from any cause, 
whichever occurs fi rst.  

17.5.3     AZD3514 

 AZD3514 is an oral drug inhibiting the androgen- 
dependent and androgen-independent AR signal-
ing, by binding to the AR with high affi nity, 
preventing nuclear translocation of the protein 
and inhibiting ligand-dependent and ligand- 
independent transcriptional activity (downregu-
lation of androgen receptor levels) [ 42 ]. 

 Preclinical studies have shown antitumor activ-
ity of AZD3514 in both androgen-sensitive and 
castration-resistant prostate tumors [ 43 ]. In a fi rst-
in-man phase I trial, 49 men with CRPC were 
treated with escalating dose levels of AZD3514 
[ 44 ]. A PSA decline of ≥30 % and of ≥50 % from 
baseline was observed, respectively, in 11 of 49 
(23 %) and in 7 of 49 (14 %) patients and objective 
soft tissue responses in 2 of 26 (8 %) patients with 
measurable disease (RECIST 1.1). Promising anti-
tumor activity was observed, even in patients pre-
viously treated with abiraterone acetate. The most 
common toxicities were nausea and vomiting, 
almost low-grade toxicity.  

17.5.4     EPI-001 

 EPI-001 is a small-molecule antagonist of AR 
N-terminal domain (NTD) that inhibits protein- 
protein interactions necessary for AR transcriptional 
activity. In xenograft models of CRPC, EPI analogs 
covalently bound the NTD to block transcriptional 
activity of AR and its splice variants reducing the 
prostatic tumor cell growth [ 45 ]. Targeting the NTD 
with this novel agent carries the potential to address 
constitutively active AR (driven by mutation or 
splice variants affecting the ligand-binding domain), 
as well as AR amplifi cation. These mechanisms are 
known to induce resistance to abiraterone and 
enzalutamide in preclinical models.  

17.5.5     Orteronel 

 Orteronel (TAK-700) is a novel 17,20-lyase 
inhibitor. In a phase 3, randomized, double-blind 
trial comparing orteronel (TAK-700) plus predni-
sone with placebo plus prednisone in patients 
with mCRPC progressing on docetaxel therapy, 
orteronel improved progression-free survival 
(median 8.3 vs. 5.7 months) compared to placebo 
but did not improve overall survival (HR 0.886) 
and pain control as shown in the same settings by 
abiraterone acetate and enzalutamide [ 46 ]. 

 Recently, orteronel has been investigated in 
chemotherapy-naïve patients with metastatic 
castration- resistant prostate cancer [ 47 ]. In 
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chemotherapy- naïve patients with mCRPC, 
median radiographic PFS was 13.8 months (95 % 
CI 13.1–14.9) with orteronel plus prednisone and 
8.7 months (8.3–10.9) with placebo plus predni-
sone (hazard ratio [HR] 0.71, 95 % CI 0.63–0.80; 
 p  < 0.0001). However, no improvement was 
achieved in OS, the other primary endpoint (median 
OS was 31.4 months with orteronel plus predni-
sone and 29.5 with placebo plus prednisone; HR 
0.92, 95 % CI 0.79–1.08;  p  = 0.31). Orteronel plus 
prednisone was associated with increased toxic 
effects compared with placebo plus prednisone. On 
the basis of these and other data, orteronel is not 
undergoing further development in mCRPC.   

17.6     Immune Checkpoint 
Inhibitors 

 In the last few years, promising results have been 
observed in clinical research studies with the use 
of checkpoint inhibitors. These treatments work 
by targeting molecules that serve as checks and 
balances the regulation of immune responses. By 
blocking inhibitory molecules or, alternatively, 
activating stimulatory molecules, these treat-
ments are designed to unleash and/or enhance 
pre-existing anticancer immune responses. The 
immune checkpoint inhibitor agents have been 
investigated in a variety of cancers as monother-
apy or combined therapy showing encouraging 
clinical activity with a tolerable toxicity profi le. 

17.6.1     Ipilimumab 

 Ipilimumab is a fully human monoclonal anti-
body (IgG1) inhibiting CTLA-4 (cytotoxic 
T-lymphocyte-associated antigen 4), a surface 
T-cell checkpoint receptor [ 48 ,  49 ]. Ipilimumab 
has been investigated in various cancers includ-
ing mCRPC. Along this line, several phase I, II, 
and III trials have been conducted as single agents 
or in combination with other therapies (i.e., 
growth factors, cytotoxic therapy, hormone ther-
apy, radiotherapy) [ 50 – 53 ]. 

 Unfortunately, the phase 3 randomized, double- 
blind clinical trial (study 043) comparing 

 ipilimumab 10 mg/kg ( n  = 399) to placebo ( n  = 400) 
following a single dose of radiotherapy in men with 
mCRPC who have received prior treatment with 
docetaxel did not met its primary endpoint of OS 
(HR = 0.85; 95 % CI = 0.72–1.00;  p  = 0.053). 
However, antitumor activity was observed across 
some effi cacy endpoints, including progression-free 
survival. As with all potential treatments, there were 
treatment-related adverse events. These immune-
related adverse events (irAEs) were managed using 
standard ipilimumab- management protocols. The 
most commonly reported irAEs were gastrointesti-
nal, rash, pruritus, and endocrinopathies, which 
include adrenal insuffi ciency, hyper- and hypothy-
roidism, hypophysitis, and hypopituitarism. 

 Grade 3 irAEs in the ipilimumab and placebo 
arms, respectively, were gastrointestinal (GI, 18 % 
vs. 1 %), liver (5 % vs. 1 %), endocrine (2 % vs. 
1 %), and dermatologic (1 % vs. 0 %). Incidence of 
drug-related death was 1 % [ 54 ]. A post hoc analy-
sis suggested that ipilimumab may be more active 
in mCRPC patients with favorable prognostic fac-
tors, including an alkaline phosphatase concentra-
tion of less than 1.5 times the upper normal limit, 
hemoglobin ≥11 g/dL, and no visceral metastases 
[ 54 ]. These data supported the concept of an ear-
lier positioning of  immunotherapy in the course of 
disease to produce better outcomes. 

 Results from the study 043 support the ratio-
nale for using ipilimumab in the ongoing phase 
III, randomized double-blind CA184-095 study, 
comparing the effi cacy of ipilimumab 10 mg/kg 
versus placebo in patients with mCRPC who 
have not received prior cytotoxic treatment che-
motherapy. Ipilimumab is now under investiga-
tion in various mCRPC settings. A phase II trial 
is testing  ipilimumab  following sipuleucel-T for 
patients with chemotherapy-naïve mCRPC 
( NCT01804465 ). Another ongoing phase II trial 
is testing  ipilimumab  in patients currently receiv-
ing hormone therapy in mCRPC ( NCT02113657 ).  

17.6.2     Tremelimumab 

 Tremelimumab is another fully human anti- 
CTLA- 4 monoclonal antibody (IgG2) [ 55 ,  56 ] 
that has been investigated in prostate cancer both 
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in the neoadjuvant setting and in recurrent dis-
ease. In particular, tremelimumab was combined 
in a phase I dose-escalation trial with short-term 
ADT in patients with PSA-recurrent prostate can-
cer (stage D0). The rationale was that short- term 
ADT would elicit a T-cell anti-PSA immune 
response that might be potentiated by combining 
tremelimumab. Eleven patients were treated, and, 
even though the primary endpoint of the trial was 
safety, some patients experienced prolongation of 
the PSA doubling time [ 57 ]. Moreover, the immu-
nological analyses performed showed the induc-
tion of an antibody-specifi c immune response 
against different prostate antigens and cancer tes-
tis antigens (SSX-2, PAGE-1, GAGE-2).  

17.6.3     Nivolumab 

 Nivolumab was recently reported in a phase I trial 
to have activity in several tumor histotypes. In 
total, 17 patients with CRPC were enrolled in the 
trial. Even though no objective responses were 
reported, one patient had a 28 % reduction in mea-
surable lesions. Interestingly, the expression of 
PD-L1 in two tumor specimens was negative [ 58 ]. 

17.6.3.1     Pembrolizumab 
 Pembrolizumab, another anti- PD-1 MoAb, is 
being tested in several tumor histotypes, includ-
ing CRPC ( NCT02054806 )  such as  other MoAbs 
directed against different targets. Other recent 
immune agents include anti- PD-L1, anti-KIR, 
and anti-LAG-3. Therefore, given the dramatic 
clinical responses seen in advanced melanoma, 
combining anti-CTLA-4 and anti-PD-1mAbs, 
several trials are under way with different 
immune checkpoint inhibitor combinations 
( NCT01772004 ,  NCT01714739 ,  NCT01968109 ).    

17.7     Cancer Vaccines 

 Cancer vaccines have been evaluated in prostate 
cancer clinical trials. Moreover, the identifi cation 
of prostate cancer-associated antigens suggests a 
possible therapeutic role for these agents in the 
future scenario of this disease. 

17.7.1     GVAX 

 GVAX, deriving from two distinct allogeneic 
tumor cells producing GM-CSF, is one of the ear-
liest irradiated vaccines tested in prostate cancer 
[ 59 ]. A phase I/II trial evaluated the safety, gen-
eration of immune response, OS, radiologic 
responses, and variation in PSA levels in a 
mCRPC population. Encouraging results of the 
study, good tolerability, relationship of OS, and 
production of antibodies led to plan phase III tri-
als [ 60 ]. 

 The fi rst of two phase III trials (VITAL-1) 
compared GVAX vaccine to docetaxel plus 
prednisone in asymptomatic patients with 
mCRPC [ 61 ]. The trial was stopped because of 
a low probability (less than a 30 %) of meet the 
OS endpoint. The second phase III study 
(VITAL-2) was planned to compare GVAX plus 
docetaxel to docetaxel plus prednisone in symp-
tomatic CRPC cases [ 62 ]. In August 2008, also 
this study was stopped, because of a safety 
review by the IDMC (independent data monitor-
ing committee) showing an imbalance in death 
rate between the two arms of the study: 67 
deaths in the experimental arm and 47 in the 
standard chemotherapy arm.  

17.7.2     Sipuleucel-T 

 Sipuleucel-T is the only FDA-approved cancer 
vaccine for prostate cancer. In the phase I study, 
the PA2024 antigen, composed of human PAP 
fused to GM-CSF, was demonstrated to be safe 
without an increased risk of autoimmunity [ 63 ]. 

 Two small phase II trials, following the phase 
I/II studies (D9901 and D9902A) [ 64 ,  65 ], evalu-
ated the ability of this vaccine to treat minimally 
symptomatic CRPC but failed to meet the pri-
mary endpoint of TTP. A later, larger, random-
ized, double-blind phase III trial (IMPACT study) 
enrolled 512 patients with asymptomatic or mini-
mally symptomatic metastatic CRPC. This trial 
met its primary endpoint of OS with a clinical 
benefi t of 4.1 months (25.8 vs. 21.7 months in 
favor of the experimental arm), leading to the 
approval of sipuleucel-T by FDA in April 2010. 
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The observed OS benefi t was not associated with 
differences in time to progression, PSA levels, 
and effect on measurable disease in the two arms 
of the study [ 64 – 66 ].  

17.7.3     PROSTVAC/TRICOM 

 PROSTVAC/TRICOM is a pox viral-based vac-
cine with attenuated vaccinia and fowl pox viral 
vectors containing the PSA gene and three co- 
stimulatory proteins: B7-1, LFA-3, and ICAM, 
tested, after initial preclinical studies, in two 
small phase I trials [ 67 ,  68 ]. 

 Encouraging results of phase I studies led to a 
randomized phase II trial which compared TRICOM 
to placebo in 32 patients with asymptomatic, pro-
gressive mCRPC [ 69 ]. An observed median OS of 
26.6 months was reported in the experimental arm, 
with no differences in time to progression. 

 Similar results derived from a second phase II 
trial evaluated PROSTVAC versus control in 125 
minimally symptomatic mCRPC patients. In this 
trial, a median OS benefi t of 8.5 months was 
observed in cases treated with PROSTVAC 
(HR = 0.56; 95 % CI = 0.37–0.85;  p  = 0.0061) 
[ 70 ]. These fi ndings led to an international ran-
domized double-blind phase III study in 1298 
patients to evaluate the OS benefi t for PROSTVAC 
with or without GM-CSF. 

 Even if at the moment only a vaccine is 
approved for prostate cancer, several others are 
under evaluation in phase III trials suggesting a 
growing interest for this type of treatment as pos-
sible component of the near scenario of prostate 
cancer treatment. 

   Conclusions 

 In recent years, a relevant number of treatment 
innovations have been introduced in cancer 
treatment, with the new immuno-oncology 
(I-O) agents, especially checkpoint inhibitors, 
frequently representing a new standard of 
care, because of relevant improvements in OS. 

 This is not the hypothesized near scenario 
for mCRPC, where the AR pathway seems to 
maintain its central role of “driver” for pros-
tate tumoral cells. 

 As a consequence, innovative molecules 
able to block the AR, especially in the pres-
ence of AR splice variants, seem to be the 
most promising in this rapidly evolving sce-
nario. Some other agents, able to interfere 
with emerging pathways, such as AKT, and 
cancer vaccines may be of future interest, 
while newly designed clinical trials may mod-
ify the situation for I-O agents. 
 New other options are urgently needed to 
improve the possibility of disease control in 
some increasing and “hard-to-treat” clinical 
situations, such as visceral metastases, after 
the failure of the cabozantinib study.       
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18.1          Introduction 

 The recent introduction of new therapeutic agents 
has proven alternative options in the management 
of patients with metastatic castration-resistant 
prostate cancer (mCRPC). Moreover, other novel 
agents are being studied and developed. Bone 
represents the most common site of recurrence in 
mCRPC, occurring in more than 80 % of cases. 
The evaluation of treatment effi cacy in bone met-
astatic prostate cancer (PC) is mainly focused on 

the assessment of patient outcomes, but the 
behavior of bone metastases and their changes 
due to the therapy are also of great interest. The 
impressive development of technologies offers 
today various options for describing the skeletal 
changes caused by metastases before, during, and 
after treatments. At present, in clinical practice, 
the only laboratory test currently used to measure 
metastatic bone progression remains prostate- 
specifi c antigen (PSA). Great importance has 
been progressively assumed by new modalities of 
metabolic imaging, such as  18 F fl uoride,  18 F/ 11 C 
choline, and  18 F FDG positron emission tomogra-
phy (PET)/computed tomography (CT) that are 
fl anking the traditional bone scan (BS) with  99m Tc 
phosphonates, both with planar acquisition and 
single-photon emission computed tomography 
(SPECT). In addition, radiology, besides CT, is 
proposing the high performance of multimodality 
magnetic resonance imaging (MRI) that seems to 
guarantee a very high accuracy in evaluating 
skeletal involvement. 

 This chapter overviews the available clinical, 
biochemical, and diagnostic tools for detecting 
bone lesions and evaluating their changes as a 
measure of tumor response or progression during 
therapy, in mCRPC patients. The most important 
clinical trials on PC will be analyzed giving more 
emphasis to the parameters for the evaluation of 
response. The current guidelines of some interna-
tional scientifi c societies on PC will be examined, 
and their indications about the measurable tools 
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able to check the response to treatments will be 
discussed. Finally, a proposal on possible strate-
gies to evaluate the clinical response to the treat-
ments for skeletal metastases will be formulated.  

18.2     Modalities to Evaluate Bone 
Metastases 

18.2.1     Clinical Evaluation 

 Pain occurs in about 75 % of PC patients with 
bone metastases and represents the most frequent 
symptom [ 1 ]. Mechanisms involved are different 
and include spinal compression, nerve root infi l-
tration (neuropathic pain) microfractures, perios-
teal stretching, increased intraosseous tension 
(osteopathic pain), and muscle spasms [ 2 ]. The 
evaluation of these complications requires the 
use of various tools, including clinical, neuro-
physiological, and imaging investigations. The 
record of the use of analgesics, timing, and route 
of administration (“by the mouth, by the clock, 
by the ladder”) and its effi cacy is of great impor-
tance. The most common clinical approach is the 
administration of appropriate questioners, such 
as: the visual analogic scale, the verbal rating 
scale, the numerical rating scale, and the World 
Health Organization score [ 3 ]. The novel concept 
of symptomatic skeletal events (SSEs) has 
become another parameter used to measure bone 
involvement and consists in a series of events 
including symptomatic pathologic fracture, irra-
diation to bone, surgery to bone, or symptomatic 
spinal cord compression. SSEs were fi rstly intro-
duced in the trials involving  223 Ra and considered 
as an alternative term/clinical trial end point to 
describe skeletal morbidity [ 4 – 6 ]. In contrast 
with skeletal-related events (SREs), the ascer-
tainment of SSEs does not include scheduled 
radiographic assessments, thus requiring only a 
clinical assessment.  

18.2.2     Markers of Bone Turnover 

 Bone homeostasis is a result of a continuous 
remodeling process involving the resorption of 

old bone by osteoclasts and the formation of new 
bone by osteoblasts. The maintenance and repair 
of normal bone depend on the release of enzymes, 
peptides, and mineral components that have been 
called “biochemical markers” of bone remodel-
ing. In patients with bone metastases, the physi-
ological balance is disrupted, and the changes of 
marker levels are a signal of alterations in skele-
tal homeostasis, with increased rates of osteolysis 
and/or osteogenesis. For this reason, chemical 
markers of bone remodeling may potentially be 
an ideal tool to indicate changes in bone turnover, 
and these events can be predictive of different 
events from bone metastasization to the risk of 
progression, from SREs risk to changes in bone 
associated with the response to treatment. In 
Chap.   2     of this book, the most important markers 
of bone turnover are described and discussed as 
the amino (N) and carboxy C-terminal cross- 
linked telopeptide of type I collagen, NTX and 
CTX procollagen type I N-terminal and 
C-terminal peptides, or P1NP and P1CP that can 
refl ect the effect of tumor growth on bone turn-
over. The serum levels of bone-specifi c alkaline 
phosphatase (bone ALP) are a good parameter of 
the osteogenetic activity. In this area, dedicated 
recommendations by the International 
Osteoporosis Foundation (IOF) and the 
International Federation of Clinical Chemistry 
and Laboratory Medicine (IFCC) suggest that a 
marker of bone formation (serum procollagen 
type I N-terminal propeptide, s-PINP) and a 
marker of bone resorption (serum C-terminal 
telopeptide of type I collagen, s-CTX) can be 
adopted in clinical studies as reference analytics 
for markers of bone turnover [ 7 ]. 

 A very important question can be raised on 
this point. Have the bone turnover markers any 
role as biochemical parameters of bone metasta-
ses? There is a general consensus about the con-
cept that their role is not under discussion in 
systemic metabolic bone diseases such as osteo-
porosis, primary hyperparathyroidism, and osteo-
malacia, where biochemical marker changes are 
related to the rates of bone resorption and forma-
tion. On the contrary, bone marker assessments in 
“focal” diseases as Paget disease or bone metas-
tasis are not able to give any reliable information 
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related to a single lesion or few localized lesions 
since their volume is negligible with respect to 
the mass of the whole skeleton. Besides this, the 
observed changes in bone marker levels are “spe-
cifi c for bone tissue” but are not “cancer specifi c” 
because they are the consequence of alterations 
in skeletal metabolism that can be caused by any 
neoplastic or nonneoplastic pathology like age, 
vitamin D defi ciency, and adjuvant hormone 
therapy [ 8 ,  9 ]. In conclusion, in cancer patients 
bone turnover markers do not allow to distinguish 
the contributes of the various components that 
can cause increase in the marker levels in serum 
and urine. It’s important to stress that the utility 
of bone markers as biochemical indicators of 
bone metastatic disease has been extensively 
studied and validated mainly in the area of diag-
nosis and prognosis [ 10 – 21 ].  

18.2.3     Prostate-Specifi c Antigen 
(PSA) 

 PSA remains today the most reliable circulating 
marker for PC, as its association with neoplasia 
is very high, even if its specifi city is not abso-
lute. The interpretation of serum levels may be 
affected by many non-cancer-related factors and 
also by some medical therapies like hormones 
or steroid reductase inhibitors (i.e., fi nasteride 
and dutasteride) [ 22 ]. However, the interpreta-
tion of PSA levels showed great clinical useful-
ness in the diagnosis, in monitoring response to 
primary treatment, detection of relapses even 
when not detectable by the current diagnostic 
imaging (so- called biochemical disease). In 
Chap.   4    , an extensive description of PSA marker 
has been reported. PSA measurements are fun-
damental both for the assessment of disease 
recurrence after primary treatments. PSA is also 
currently used for the evaluation of response to 
therapy in metastatic/advanced disease. In 
patients with evidence of disease and/or in those 
under treatment with chemotherapy or radio-
therapy, the changes of PSA levels in many 
cases are able to give information on cancer 
response or progression. Therefore, PSA is gen-
erally considered as indicator of response, even 

if in those patients treated with drugs targeting 
bone metastases, PSA should be considered 
more reliable as a marker for tumor but not for 
bone remodeling. The 50 % decrease in PSA 
levels with respect to its initial concentrations is 
currently considered as a predictor of good met-
abolic response, and this trend is often associ-
ated with a better survival [ 23 ]. However, in this 
setting, the changes in PSA value can show 
unexpected trends. In 20 % of patients consid-
ered as stable or responsive (it means that a PSA 
decrease of 50 % after 4 weeks from the last 
cycle of chemotherapy) at the end of chemother-
apy, a transient increase of PSA (sometimes 
twofold with respect to the baseline values) can 
be observed, due to the cytotoxic effects of the 
therapy and to other metabolic changes. This 
phenomenon called “PSA surge syndrome” is 
often seen within the fi rst 8 weeks from the start 
of treatment [ 24 ]. Recent recommendations 
from the Prostate Cancer Working Group 2 
(PCWG2) and PCWG3 defi ne PSA progression, 
during or after therapy, as the date that a 25 % or 
greater increase and an absolute increase in 
2 ng/mL or more from the nadir is documented, 
which is confi rmed by a second value obtained 3 
or more weeks later [ 25 ].  

18.2.4     Radiology Imaging 

18.2.4.1     Conventional Radiology 
 Radiographs are readily available, cheap, and 
usually easy for the patient to undergo. Although 
not particularly sensitive, especially for osteo-
lytic metastases (30–75 % of the trabecular bone 
must be destroyed before the lesion become vis-
ible on conventional radiology), radiographs can 
give an overview of the status of a particular bone 
segment and allow the assessment of possible 
associated fractures. However, evaluation of 
treatment response of bone metastases by con-
ventional radiology is not currently used in clini-
cal practice because of its low diagnostic 
accuracy; indeed, radiographic signs of response 
to therapy of bone lesions (peripheral sclerosis, 
lesion fi lling, and condensation) are equivocal 
and often late [ 26 ].  
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18.2.4.2     Computed Tomography 
 Computed tomography (CT) allows fi ner detail 
assessment of osseous architecture than conven-
tional radiology, detecting much smaller areas of 
trabecular destruction/invasion; it is also particu-
larly helpful in assessing structures diffi cult to be 
imaged by radiographs, such as the sacrum. 
However, for radioprotection reasons, CT usually 
focuses on a particular portion of the body and is 
not usually used for whole-body bone evaluation. 
Besides, CT presents limited ability in assessing 
therapeutic response because bone structure 
rarely normalizes even with completely effective 
therapy. Consequently, diffuse disease and osteo-
blastic bone metastases are considered non- 
evaluable by RECIST (v 1.1) criteria [ 27 ,  28 ]. In 
particular, the occurrence of new bone sclerotic 
areas can be erroneously classifi ed as disease 
progression (CT fl are response) by inexperienced 
radiologists [ 29 ].  

18.2.4.3     Magnetic Resonance 
Imaging 

 Bone metastases become visible on radiographs 
and CT at a late stage, consequently to the acti-
vation of bone cells – osteoblasts and osteo-
clasts – in response to the presence of tumor 
cells within the bone marrow. Conversely, mag-
netic resonance imaging (MRI) allows the direct 
detection of the tumor tissue replacing the bone 
marrow, before the osteoclastic/osteoblastic 
response takes effect, and it is also sensitive to 
the latter. Furthermore, MRI can be used to pro-
vide a whole-body (WB) assessment without 
any irradiation, contrary to radiographs and 
CT. It also makes perfect sense to take advantage 
of this technique for the follow-up of bone 
metastases [ 30 ]. 

 Visual assessment of response to therapy MRI 
can be done with the use of conventional 
T1-weighted and STIR (short-tau inversion recov-
ery) acquisitions. Tumor tissue replaces the nor-
mal bone marrow fat component (hyperintense on 
T1w and hypointense on STIR imaging) and 
appears hypointense on T1w (with equal or lower 
signal intensity than intervertebral disk and/or 

muscle) and hyperintense on STIR, at initial 
phase. When the reactive osteoblastic reaction 
takes place, the metastatic lesion will develop 
internal calcifi ed component that appears more 
hypointense on T1w and hypointense on STIR 
imaging as well, due to lack of mobile protons. 

 Possible signs of responding lesion are 
(Fig.  18.1 ):

     1.    Shrinkage or progressive fading of the marrow 
signal intensity abnormalities   

   2.    Development of “fatty halo sign” (hyperin-
tense on T1w), which represents healing   

   3.    Increasing of the intralesional calcifi ed com-
ponent within correspondent dimensional sta-
bility of the lesion    

  Conversely, possible signs of evolution and/or 
persistence of active tumor tissue are (Fig.  18.2 ):

     1.    Onset of new marrow signal intensity 
abnormalities   

   2.    Persistence of noncalcifi ed T1w hypointense 
and STIR hyperintense foci in a dimension-
ally stable lesion   

   3.    Development of “cellular halo” (hypointense 
on T1w and hyperintense on STIR images) at 
the periphery of a calcifi ed lesion [ 30 ]    

  However, stability in size/appearance of a 
noncalcifi ed metastasis or dimensional increase 
of a completely calcifi ed lesion has to be consid-
ered as indeterminate signs because they may 
both be associated with the presence of controlled 
but still active disease or, on the contrary, “cured” 
disease with persistence of “scar” tissue [ 31 ,  32 ]. 
In such cases and when the calcifi ed component 
is not yet predominant, diffusion-weighted imag-
ing (DWI) will be possibly helping. DWI detects 
changes in water diffusion that occur when the 
normal fatty marrow is replaced with highly 
dense cellularity which restricts normal water 
movements among cell membranes, so providing 
morphologic and functional information on 
lesions. Reconstructed maximum intensity pro-
jection (MIP) images of WB-DWI show 
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 noncalcifi ed metastatic lesions as high signal 
intensity foci providing an “at a glance” evalua-
tion of the probably active metastatic involve-
ment [ 33 ]. In Table  18.1  are resumed the 
performances of radiological devices for the 
detection of bone metastases.

   Comparison of consecutive examinations 
delivers an easy and generally non-ambiguous 
evaluation of the disease response or progression 
under therapy (Fig.  18.3 ).

   DWI also allows the calculation of the appar-
ent diffusion coeffi cient (ADC, units * 10 −3  
mm 2 /s) values of the lesions, representing a quan-
titative analysis used in monitoring over time the 
response to chemotherapy. It has been in fact 

shown that ADC values increase within prostate 
cancer metastases treated with antiandrogen ther-
apy as early as 1 month after treatment initiation 
[ 43 ,  44 ]. 

 However, both visual and quantitative analy-
sis methods provided by DWI may present pit-
falls. In particular, predominantly calcifi ed 
metastases remain an issue representing false-
negative visual fi ndings, and the interpretation of 
changes in ADC values is indeed complex, 
mainly because of tumor and response heteroge-
neity. Newer analysis methods (ADC parametric 
response or functional diffusion map) taking 
spatial information and tumor heterogeneity into 
account and enabling voxel-by-voxel follow-up 

Increasing of the intra-lesional
calcified component within
correspondent dimensional

stability of the lesion

Development of “fatty halo sign”,
which represents healing

Shrinkage or progressive fading of the
marrow signal intensity abnormalities

  Fig. 18.1    Signs of responding vertebral metastases visible on T1w MR imaging (Modifi ed from Lecouvet et al. [ 31 ])       

Onset of new marrow signal intensity
abnormalities

Development of “cellular halo” at
the periphery of a calcified lesion

Persistence of non-calcified T1w
hypointense (and STIR hyperintense) foci

in a dimensionally stable lesion

  Fig. 18.2    Signs of progressing vertebral metastases visible on T1w MR imaging (Modifi ed from Lecouvet et al. [ 31 ])       
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of treatment- induced changes seem to overcome 
these pitfalls [ 44 ,  45 ]; however, further  validation 
by literature is needed. Furthermore, optimiza-
tion of  hardware, sequences and signal analysis, 
and defi nite standardization of acquisition 
method are also necessary to improve the reli-
ability of the results in the future. In Table  18.2  
are reassumed the pros and cons of the radiologi-
cal examinations employed for the detection of 
bone lesions.

18.2.5         Nuclear Medicine Imaging 

 Nuclear medicine offers different options for 
the detection of bone metastases in PC patients: 
(a) bone scan (BS) as a planar or tomographic 
imaging (i.e., single-photon emission tomogra-
phy, SPET) and (b) PET/CT with  18 F-fl uoride or 
 18 F-fl uorodeoxyglucose (FDG) or  11 C/ 18 F-
choline or  11 C-acetate or  68 Ga-prostate-specifi c 
membrane antigen (PSMA) or  18 F-anti-1-
amino-3-  18F-fluorocyclobutane-1-carboxylic 
acid (FACBC). Each imaging technique shows 
a specifi c mechanism of action to detect bone 
metastases due to a different uptake and metab-
olism of the radiopharmaceuticals as exten-
sively reported in Chaps.   7    ,   8    , and   9    ; therefore, 
they are associated with different diagnostic 

performances, mainly based on the type of 
 skeletal lesion (i.e., osteoblastic vs. osteolytic 
vs. bone marrow invasion) [ 46 – 48 ]. 

 Planar BS using  99m Tc-diphosphonates is the 
standard technique to detect skeletal metastasis 
from PC as it is widely available, relatively inex-
pensive, and highly sensitive. However, the 
mechanism of uptake of  99m Tc to a suitable phos-
phonate images the sites of blastic or mixed 
lesions, missing areas where calcium deposit is 
missing. This is the reason why BS shows low 
specifi city (falsely positive in case of benign 
lesions, prior trauma, and arthritis) and fl are phe-
nomena. Therefore, an osteoblastic response that 
occurs as a result of bone healing/fl are response 
during systemic treatments can signifi cantly alter 
its diagnostic performance and makes very diffi -
cult the clinical interpretation of scintigraphic 
fi ndings. Moreover, in a large retrospective 
 analysis, bone metastases were found in less than 
1 % of patients with PSA of <20 ng/mL, therefore 
yielded a negative predictive of 99.7 % [ 49 ]. 
Although the introduction of tomographic imag-
ing, such as SPET and SPET/CT, has overpassed 
some limits of BS, these modalities are not able 
to cover the entire body of patients, and as 
reported by Hillner et al. [ 50 ], SPET/CT is not 
currently clinical practice. An interesting possi-
bility offered by BS is the calculation of bone 

   Table 18.1    Performances of radiological devices for the detection of bone metastases   

 Author (ref) 
 No. of 
pts 

 Sensitivity 
(%) 

 Specifi city 
(%) 

 PPV 
(%) 

 NPV 
(%) 

 Accuracy 
(%) 

 Conventional 
radiology 

 Lecouvet et al. [ 34 ]  66  63  64  100  70  – 
 Ketelsen et al. [ 35 ]  14  58.6  –  –  –  – 
 Lecouvet et al. [ 36 ]  100  86  98  98  87  – 

 CT  Luboldt et al. [ 37 ]  15  67  –  –  –  – 
 MRI axial skeleton 
only 

 Lecouvet et al. [ 36 ]  66  100  88  100  100  – 
 Luboldt et al. [ 37 ]  15  93  –  –  –  – 

 WB-MRI with 
DWI 

 Luboldt et al. [ 37 ]  15  100  –  –  –  – 
 Ketelsen et al. [ 35 ]  14  96.4  –  –  –  – 
 Venkitaram et al. [ 38 ]  39  70  100  100  –  – 
 Wang et al. [ 39 ]  49  100  87.2  –  –  – 
 Gutzeit et al. [ 40 ]  35  91  99  97  97  – 
 Mosavi et al. [ 41 ]  49  100  98  83  100  98 
 Lecouvet et al. [ 34 ]  100  98  98  98  98  – 
 Stecco et al. [ 42 ]  23  80  98.2  –  –  – 
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scan index (BSI), than refl ecting the extend of 
metastatic disease [ 51 ,  52 ]. This approach seems 
to be very interesting, since its measurement can 
be also automated; nevertheless, this technique 
was not successful in the clinical routine and 
remains cumbersome to be adopted [ 52 ] 
(Fig.  18.4 ).

   Even with persisting high costs, PET repre-
sents an effi cient modality for whole-body 
scanning in a reasonably short time. With the 
increasing availability of PET/CT scanners, the 
possibility of obtaining more detailed and pre-
cise CT anatomic localization of PET-directed 
metabolic abnormalities of tumor lesions, espe-
cially in skeletal diseases, has become a clinical 

reality. Nowadays, a lot of radiopharmaceutical 
agents are available for PET/CT imaging, espe-
cially for the detection of bone metastases. 
 18 F-Fluoride has the desirable characteristics of 
high and rapid bone uptake accompanied by 
very rapid blood clearance, which results in a 
high  bone-to- background ratio in a short time. 
 18 F/ 11 C-Choline and  11 C-acetate are able to 
identify the presence of viable PCa tissue and 
have shown promising results especially for the 
early detection of bone marrow infi ltration.  18 F-
FDG was mainly used for the defi nition of 
osteolytic lesions [ 52 ] but seems to be able to 
identify the presence of viable cells in osteo-
blastic ones even if the majority of PC displays 

a b c d

  Fig. 18.3    A 6-month follow-up imaging using WB-MRI 
in 69-year-old man with long-term bone diffuse meta-
static disease and new signs of progression during antian-
drogenic therapy. ( a ,  b ) Coronal T1w images show 
long-term calcifi ed metastases as multiple hypointense 
foci involving vertebrae, ribs, and left femur in ( a ) and 
appearance of both new bone marrow hypointense foci 
(femurs and iliac bones) and low-signal intensity tissue 
adjacent to older ones (e.g., see L2 and left femur in ( b )). 

( c ,  d ) DWI images with 3D radial-MIP (maximum inten-
sity projection) reconstruction identify progression of dis-
ease from ( c ) to ( d ) as new appearance of hyperintense 
bone foci representing tissue with restricted diffusion due 
to high cellularity (i.e., see left femur, thoracic and lumbar 
vertebrae). Remaining bone metastases are not clearly 
seen on DWI, representing false-negative fi ndings due to 
advanced sclerotic changes inside the lesions       
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a low glycolytic metabolic behavior and does 
not suggest its current application. In 
Table  18.3 , the performances of nuclear imag-
ing techniques for the detection of bone metas-
tases are reassumed.

   The most recent data available in the literature 
demonstrate a role for radiolabeled choline PET/
CT in the assessment of new hormonal therapies, 
such as enzalutamide [ 68 ,  69 ] or abiraterone ace-
tate [ 70 ], and chemotherapy (i.e., docetaxel) [ 71 ] 

   Table 18.2    Pros and cons of radiological examinations   

 Pros  Cons 

 Radiography  1. High availability  1. Low diagnostic accuracy 
 2. Low cost  2. Not all bones can be screened 
 3. Easy for the patient to undergo  3.  Equivocal and late response to 

therapy 
 4.  Allows assessment of complications 

(i.e., fractures) 
 CT  1.  Allows fi ne bone detail assessment 

and smaller lesion characterization 
 1. High radiation dose 

 2. Allows evaluation of entire skeleton  2.  Limited ability in the assessment 
of therapy response 

 MRI with WB and DWI 
acquisitions 

 1.  Highest diagnostic performance in 
detection and characterization of bone 
lesions 

 1.  Advanced diagnostic techniques 
only available in diagnostic 
imaging center of excellence 

 2.  Possible role in the assessment of 
therapeutic response 

 2.  Longer duration of examination, 
higher costs 

  Modifi ed Table 3 from Evangelista et al. [ 100 ] 
  CT  computed tomography,  MRI  magnetic resonance imaging,  WB  whole-body,  DWI  diffusion-weighted imaging  

June 2013;PSA 13.4 ng/ml
(Basal)

November 2014;PSA: 0.89 ng/mL
(in BAT)

September 2015;PSA 0.09 ng/mL
(in Enantone)

  Fig. 18.4    Serial bone scans in patient with prostatic ade-
nocarcinoma (Gleason score, 5 + 4). ( Left ) First bone scan 
performed for a biochemical recurrence of disease, after 
radical treatment. ( Middle ) Second scan, after the admin-

istration of bipolar androgen therapy ( BAT ). ( Right ) Third 
bone scan, after the administration of a further hormonal 
therapy       
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   Table 18.3    Performances of nuclear medicine modalities for the detection of skeletal lesions in prostate cancer patients   

 Authors (ref) 
 No. of 
pts  Sensitivity (%)  Specifi city (%)  PPV (%) 

 NPV 
(%) 

 Accuracy 
(%) 

 99mTc-
phosphonates 
Bone scan 

 Garcia et al. [ 54 ]  91  65.4  38.5  86.4  15.6  61.5 
 Poulsen et al. 
[ 55 ] 

 50  50.8  82.2  86.4  42.9  60.6 

 Even-Sapir et al. 
[ 47 ] 

 44  57  57  59  55  – 

 Iagaru et al. [ 56 ]  18  87.5  80  –  –  – 
 Damle et al. [ 57 ]  72  96.9  41.2  75.6  87.5  77.5 
 Palmedo et al. 
[ 58 ] 

 97  96.4  75.3  98.1  61.4  – 

 Withofs et al. 
[ 59 ] 

 10  66.7  81.6  53.3  88.6  78 

 Takesh et al. [ 60 ]  37  89.3  –  –  –  – 
 99mTc-
phosphonates 
SPET 

 Even-Sapir et al. 
[ 47 ] 

 44  78  67  72  74  – 

 Palmedo et al. 
[ 58 ] 

 97  96.4  63.7  97.8  51.9 

 99mTc-
phosphonates 
SPET/CT 

 Palmedo et al. 
[ 58 ] 

 97  96.4  94.2  98.5  87.1 

 18F-Fluoride 
PET/CT 

 Poulsen et al. 
[ 55 ] 

 50  93.1  54  81.8  77.9  81 

 1. 
Even-Sapir et al. 
[ 47 ] b  

 44  100  62  74  100  – 

 Even-Sapir et al. 
[ 47 ] c  

 44  100  100  100  100  – 

 Beheshti et al. 
[ 61 ] 

 38  81  93  –  –  86 

 Langsteger et al. 
[ 62 ] 

 42  91  83  –  –  88 

 Iagaru et al. [ 56 ]  18  100  100  –  –  – 
 Damle et al. [ 57 ]  72  100  70.6  86.5  100  65.4 
 Withofs et al. 
[ 59 ] 

 10  100  89.5  75  100  92 

 18F-FDG PET/
CT 

 Iagaru et al. [ 56 ]  18  55.6  80  –  –  – 
 Damle et al. [ 57 ]  72  71.9  100  100  65.4  81.6 

 18F-Choline 
PET/CT 

 Beheshti et al. 
[ 63 ] 

 70  79  97  84  –  – 

 McCarthy et al. 
[ 64 ] 

 26  96  100  –  –  – 

 Poulsen et al. 
[ 55 ] 

 50  84.7  91.1  95  74.9  86.8 

 Beheshti et al. 
[ 61 ] 

 38  74  99  –  –  88 

 Langsteger et al. 
[ 62 ] 

 42  91  89  –  –  90 

 Takesh et al. [ 60 ]  37  82.7  –  –  –  – 
 11C-Choline 
PET/CT 

 Fuccio et al. [ 65 ]  25  86  100  –  –  – 
 Garcia et al. [ 54 ]  91  96  92.3  98.7  80  95.6 
 Picchio et al. [ 66 ]  78  89  98  96  94  95 

(continued)

18 Approaches for Assessment of Response of Bone Metastases to Therapies



232

(Figs.  18.5  and  18.6 ). Choline PET/CT fi ndings 
agree with PSA changes in the majority of 
patients with progressive disease, during and 
after therapy. Conversely, the disappearance of 
uptake does not always correlate with the disap-
pearance of the cancer lesion since it could be 
due to the effect of a stable or non-metabolically 
active focus. Moreover, the appearance of new 
areas of uptake does not always correlate with 
certain progression due to the well-known phe-
nomenon of fl are reaction, whose correct inter-
pretation in BS has been standardized. This issue 
is an open area of debate.

18.2.5.1        Flare Phenomenon 
and Nuclear Medicine 
Modalities 

 There some fundamental differences in diagnos-
tic imaging, when they are used to detect cancer 

lesions and to evaluate changes during any treat-
ment. Nuclear medicine modalities can mainly 
provide metabolic information and trace some 
pathologic processes depending on the different 
employed radiopharmaceuticals, like those for 
cancer cells, for infl ammatory cells, for bone, 
and for others. This is the reason why, in par-
ticular for bone metastases, radiopharmaceuti-
cals have to be differentiated in two main 
groups: “bone- targeting agents” (99mTc-phos-
phonates and 18F-Fluoride) and “cancer- 
targeting agents” (F18/C11 choline, 18F-FDG, 
68Ga-PSMA, 18F-FACBC) (Fig.  18.7 ), accord-
ing to the biological processes for their uptake’s 
mechanism. Bone-targeting agents mimic the 
Ca++ ions path and are able to show the bone 
remodeling that surrounds bone metastases. On 
the contrary, cancer- targeting agents enter into 
the glycolytic metabolism of cancer cells, or 

Table 18.3 (continued)

 Authors (ref) 
 No. of 
pts  Sensitivity (%)  Specifi city (%)  PPV (%) 

 NPV 
(%) 

 Accuracy 
(%) 

 11C-Acetate 
PET/CT 

 Beheshti et al. 
[ 67 ] 

  a   81.6 a   98.8 a   –  –  – 

  Modifi ed Table 2 from Evangelista et al. [ 100 ] 
  NE  not evaluated 
  a Pooled sensitivity and specifi city in 394 and 194 patients, respectively 
  b PET 
  c PET/CT  

01/30/2013 05/15/2013 09/30/2013 04/28/2014 09/29/2014

36.80 ng/mL 12.97 ng/mL 8.33 ng/mL 5.34 ng/mL 2.73 ng/mL

  Fig. 18.5    A 73-year-old patient with an advanced pros-
tate cancer underwent serial PET/CT scans before starting 
and during abiraterone acetate for monitoring the response 

to therapy. A correlation between metabolic imaging and 
biochemical values was found       
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September 2014 Vs October 2015

18F-Choline PET/CT

  Fig. 18.6    A 65-year-old man, with a prostatic adenocar-
cinoma (pT2bN0M0; GS 3 + 4). PET/CT was performed 
before ( up ) and after ( down ) the administration of 
docetaxel and zoledronic acid. At the time of the second 

PET/CT scan, PSA was 6.4 ng/ml. The images revealed 
an increase of uptake in the pelvis compatible with a pro-
gression of disease       
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participate to the phospholipid turnover of 
membranes, or again bind the membrane recep-
tors of kallikrein, androgen, etc.

   Prostate cancer bone metastases are imaged 
by both groups of radiopharmaceutical. 
However, in accordance with the mechanism of 
uptake, the behavior of radiopharmaceuticals 
can be different and therefore is associated 
with diverse imaging results. Some authors 
describe an increase of radiopharmaceutical 
uptake within few weeks after the beginning of 
the therapy that is correlated with an incorrect 
interpretation of the imaging and therefore 
with an erroneous sign of non-response [ 72 , 
 73 ]. This “fl are” depends on the intense osteo-
blastic reaction that follows the killing of met-
astatic localization and determines an increased 
uptake of radiolabeled phosphonates or fl uo-
ride in the crystalline structure of hydroxyapa-
tite. The disappearance of this phenomenon 
takes usually some months from the start of the 

drug administration [ 74 ]. Based on this meta-
bolic phenomenon, an increased uptake should 
be interpreted as progression of disease only if 
new sites of lesion are clearly imaged or a fur-
ther increase of lesion number is validated by 
serial scans [ 75 ]. The fl are phenomenon has 
been observed in a number of prostate cancer 
patients under hormonal therapy or treated 
with chemotherapy [ 76 ]. Flare phenomenon 
has been also observed with cancer-targeting 
radiopharmaceuticals that are directly incorpo-
rated into cancer cells or into the tumor struc-
tures [ 77 ], particularly for the new class of 
antihormonal therapies, like abiraterone ace-
tate [ 70 ]. Therefore, the biological interpreta-
tion should be carefully evaluated because a lot 
of events can be correlated with the increase of 
cancer-seeking radiopharmaceutical uptake: 
(1) infl ammatory reaction that follows tumor 
necrosis and (2) the temporary intensifi ed 
change of cancer cell metabolism. Again, to 

Tumor targeting Bone targeting

99mTc-Diphosphonate
18F-Fluoride

18F or 11C-Choline
18F-FDG

11C/ 18F-Fluoroacetate
18F-FMAU
18F-FDTH

18F-FACBC
68Ga-PSMA

AR

AR

OPRANKL

PTHrp
UPA
ET1

Homing factors
Tissue Growth factors

  Fig. 18.7    Mechanism of bone metastasis formation and 
 different targets (bone matrix and cancer cells) of the radio-
pharmaceuticals used in nuclear medicine to image prostate 
cancer bone metastases.  AR  androgen receptor,  ET1  endothe-
lin 1,  18F-FACBC  18F-anti-1-amino-3-fl uorocyclobutane-1-
carboxylic acid,  18F-FDG  18F-2-deoxy-2-fl uoro-D-glucose, 
 18F-FDTH  18F-fl uoro-5α-dihydrotestosterone,  18F-FMAU  

18F-2’-fluoro-5-methyl-1-β-D-arabinofuranosyluracil, 
 68Ga-PSMA  68Ga-labeled prostate-specifi c membrane anti-
gen,  OP  osteoprotegerin,  PTHrp  parathyroid hormone- 
related protein,  RANKL  receptor activator of nuclear factor 
kappa-B ligand,  UPA  urokinase-type plasminogen activator 
(From Bombardieri et al. [ 48 ])       
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overcome these misleading information, it is 
necessary to evaluate the response to therapy at 
least after 3 months from the beginning of the 
treatment, in order to differentiate between dis-
ease progression and fl are phenomenon. 
However, some cases of fl are phenomenon 
with 18F-choline PET/CT have been reported in 
patients undergoing  223 Ra dichloride treatment, 
after the third cycle. In Fig.  18.8 , two examples 
are reported. The mechanisms underlying this 
process are still unknown; future studies are 
mandatory.

   At present, in prostatic cancer with bone 
metastases, the evaluation of response to treat-
ment with nuclear medicine imaging gives cor-
rect results only if it is performed far from the 
beginning of the treatments, as it is stated in some 
recommendations and/or guidelines [ 43 ]. 
Unfortunately, the correlation between the pre-
dictive role of response to therapy and the fl are 
reaction has not been confi rmed yet. Therefore, 
these aspects should be extensively investigated 
with clinical studies, evaluating the relationship 
between the fl are phenomenon and different 
treatments, like chemotherapy, radiation therapy, 
and new antihormonal therapies considering that 
the mechanism of action of these anticancer 
drugs is signifi cantly different. 

 In Table  18.4  are reported the main pros and 
cons of nuclear medicine techniques.

18.3          Parameters of Evaluation 
Response in Clinical Trials 

 By examining the most important clinical trials 
of the last 20 years for the treatment of meta-
static PC, it appears that investigators have pro-
posed different biochemical (mainly PSA 
assessment) and imaging modalities to evaluate 
the response to treatment (Table  18.5 ). Even if 
the modalities to measure response are not exclu-
sively focused on skeletal metastases, the choice 
of the tools for detection and measurement rep-
resents a reliable model for the current clinical 
practice. As reported in the table, the primary 
end point of the clinical trials was generally 
overall survival or progression-free survival 
(with the exceptions of trials evaluating 

 bone-targeting agents such as zoledronate or 
denosumab). The prediction of response to ther-
apy with imaging represents a surrogate indica-
tor of survival and although secondary is 
considered an important issue.

18.4        Indications from Scientifi c 
Guidelines 

 The recommendation for the use of nuclear medi-
cine techniques in accordance with the main 
international guidelines is reported in Table  18.6 . 
As shown, in the majority of cases, bone scan is 
strongly recommended, despite the low sensitiv-
ity and specifi city. On the contrary, the role of 
 18 F-fl uoride PET/CT and radiolabeled choline 
PET/CT is still indeterminate, particularly in the 
staging phase. Only for the restaging phase, some 
recommendations have been released for choline 
PET/CT, but the absence of randomized trials 
represents the most important hurdle to its appli-
cation in clinical practice.

18.5        Possible Strategies 
of Evaluation 
with Diagnostic Imaging 

 Based on the available literature evidences, we 
can reassume them in a fl owchart (Fig.  18.9 ).

   In accordance with the site of recurrences, PC 
patients will be classifi ed as bone-dominant (only 
skeletal involvement) or no bone-dominant dis-
ease (no skeletal, lymph node, visceral, or soft- 
tissue invasion). The choice of the most 
appropriate diagnostic tool to visualize BMT 
would be based on disease grade (i.e., low grade, 
GS ≤ 7, or high grade, GS 8–10). For example, 
patients with low-grade PC bone-dominant dis-
ease who are candidates to bone-targeted 
 therapies, such as  223 Ra, could benefi t from tech-
niques targeting bone modalities, like bone scan 
or SPET with  99 mTc-disphosphonate or 
 18 F-fl uoride PET/CT. MRI would be used to better 
characterize the skeletal lesions. Conversely, in 
patients with bone-dominant disease and a GS 
≥8, 18F-FDG PET/CT would be added to obtain 
prognostic and predictive information. Moreover, 
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Basal Interim (3 months) Final (6 months)

Basal Interim (3 months) Final (6 months)

  Fig. 18.8    Two examples of patients with fl are phenomenon after the administration of  223 Ra-dichloride. The fl are phe-
nome disappeared after 6 months       
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   Table 18.4    Pros and cons of nuclear imaging techniques for the detection and the evaluation of response to therapies   

 Pros  Cons 

 99mTc-phosphonates Bone 
scan 

 1. Low cost [ 55 ] 
 2. High availability [ 55 ] 
 3.  Detection of bone metastases several 

months before they are revealed by 
planar X-ray 

 1.  Low sensitivity for osteolytic lesions 
[ 47 ] 

 2.  No detection of bone marrow disease 
 3.  Poor sensitivity for osteolytic lesions 

without bone remodeling 
 4.  Low specifi city (false-positive 

fi ndings in case of degenerative 
changes, infl ammatory processes, 
trauma, mechanical stress, and Paget 
disease) [ 47 ] 

 5.  Necessity of bone reactive changes to 
achieve the optimal sensitivity [ 55 ] 

 6.  Flare phenomenon due to some 
systemic treatments (also  223 Ra) [ 80 ] 

 99mTc-phosphonates SPET  1.  Improves the sensitivity of planar 
images 

 1. Limited fi eld of view [ 47 ] 
 2.  No improvement in terms of 

specifi city than planar images 
 3. As bone scan ( see above ) [ 47 ] 

 99mTc-phosphonates SPET/
CT 

 1.  Improves the sensitivity of planar 
images 

 2.  Improves the specifi city of planar 
images [ 47 ] 

 1.  Whole-body imaging with this 
modality is not currently a standard 
practice 

 2.  Resource implications of increased 
cost, specialist equipment, and 
specialist manpower hours 

 3.  Increased radiation dose than BS 
(from 3 to 5 mSv) 

 4. As bone scan ( see above ) 
  18 F-Fluoride PET/CT  1.  The extraction of fl uoride from the 

blood is rapid. The fi rst pass extraction 
is 100 % vs 64 % for diphosphonates 

 2.  Superior image quality and therefore 
high diagnostic accuracy [ 56 ] 

 3.  Rapid acquisition protocol (after 15 or 
60 min from the injection) 

 4.  As for  99m Tc-diphosphonate is able to 
identify high bone turnover and 
remodeling 

 5.  Quantitative and automatic 
semiquantitative analyses of uptake in 
the lesions [ 53 ] 

 1.  Very sensitive to minimal 
degenerative changes 

 2.  High costs and increased radiation 
dose than BS (from 3 to 5–7 mSv) 
[ 47 ] 

 3.  Clinical impact when used to 
monitor treatment response is 
uncertain 

 4.  Flare phenomenon due to some 
systemic treatments (also  223 Ra) [ 79 ] 

  18 F-FDG PET/CT  1.  Can detect bone metastases at early stage 
of disease (bone marrow involvement) 

 2.  In case of osteolytic lesion and in the 
presence of aggressive prostatic cancer, 
the accumulation of tracer is higher for 
an increase in the glycolytic rate [ 57 ] 

 3.  Lack of FDG uptake in the osteoblastic 
lesion can be associated with the 
presence of quiescent cells 

 4.  Superior image quality and therefore 
high diagnostic accuracy 

 5. Prognostic information [ 81 ] 
 6.  Quantitative and automatic 

semiquantitative analyses of uptake in 
the lesions [ 53 ] 

 1.  Sclerotic metastases can be missed 
by relatively small amount of viable 
tumor tissue [ 78 ] 

 2.  FDG is limited in moderately or 
well-differentiated prostate cancer, 
by the low metabolism of tissue 
uptake [ 78 ] 

 3.  Higher costs and increased radiation 
dose than BS (from 3 to 5−7 mSv) 

(continued)
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FDG PET/CT could give supports to other cancer- 
or receptor-specifi c radiopharmaceutical agents, 
such as radiolabeled choline and/or PSMA. Serial 
imaging acquisition is suggested, according to the 
PCWG2, particularly at the end of antitumor ther-
apy, but also in interim, if required by the treat-
ment protocol (2–3 months) or by the development 
of signs or symptoms suggesting tumor progres-
sion. In these latter cases, a particular attention 
should be given to a possible fl are reaction. In 
patients with non-bone- dominant disease, 18F/11C-
choline PET/CT and CT should preferably be 
used. Additionally, MRI or  18 F-fl uoride PET/CT 
can be considered if a more accurate bone evalua-
tion is required. Similarly, those patients with 
bone disease, the imaging modalities should be 
repeated every 3 months for the evaluation of dis-
ease evolution (progression vs. response). Also in 
this case a particular attention should be given to 
a possible fl are reaction (as described during abi-
raterone treatment).  

18.6     Authors’ Remarks 

     I.    Clinical parameters, like skeletal-related 
symptoms and pain, are fundamental to eval-
uate the progression or response during 
therapy.   

   II.    PSA represents the most common biochemi-
cal variable. Although not specifi c, it is 
cost-effective.   

   III.    Bone remodeling biomarkers, like bone 
ALP, are predictive of response to therapy in 
PC patients with bone metastasis, particu-
larly in those undergoing bone-targeting 
therapies.   

   IV.    In the radiology fi eld: (a) CT remains the 
standard of reference, although RECIST cri-
teria are not adapted for the bone; (b) MRI is 
better than CT due to its morphologic and 
functional information, but it is character-
ized by some pitfalls.   

   V.    For nuclear medicine: (a) 18F-Fluoride PET/
CT is better than BS, although the costs and 
the availability of PET is signifi cantly differ-
ent than scintigraphic examination (higher 
costs and lower availability for PET). (b) 
Radiolabeled choline PET/CT represents the 
commonest cancer-seeking imaging modal-
ity. (c) Both bone- and cancer-seeking tech-
niques are characterized by the fl are 
phenomenon, and therefore, a careful analy-
sis of images should be made in case of serial 
scans, particularly during therapy. (d) 
However, the predictive and prognostic 
meaning of fl are reaction for these tech-
niques remains still unknown.         

Table 18.4 (continued)

 Pros  Cons 

  11 C/ 18 F-Choline PET/CT  1. More specifi c for prostate cancer 
 2.  Able to identify three patterns of bone 

disease (bone marrow involvement, 
osteoblastic lesions, no active tumor) [ 63 ] 

 3.  No uptake in chronic degenerative 
disease 

 4.  Quantitative and automatic 
semiquantitative analyses of uptake in 
the lesions [ 53 ] 

 1.  Flare phenomena reported during the 
administration of abiraterone acetate 
and GCSF [ 70 ] 

 2.   11 C-Choline is not available in 
centers without on-site cyclotron 

 3.  High costs and increased radiation 
dose than BS (from 3 to 5−7 mSv) 

  Modifi ed Table 3 from Evangelista et al. [ 100 ] 
  BS  bone scan,  SPET  single-photon emission tomography,  PET  positron emission tomography,  CT  computed tomogra-
phy,  FDG  fl uorodeoxyglucose,  223Ra  radium-223,  GCS : granulocyte colony-stimulating factor  
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19.1          Pain and Metastatic Prostate 
Cancer History 

 Prostate cancer is the second most frequently 
diagnosed cancer and the fi fth leading cause of 
cancer-related death in men. The majority, around 
90 %, of patients with metastatic castration- 
resistant prostate cancer (mCRPC) have radio-
logical evidence of bone metastases, and bone is 
the fi rst metastatic site in 80 % of patients [ 1 ,  2 ]. 

 Bone metastases lead to changes in the struc-
tural integrity of the bone and manifest as pain 
and debilitating skeletal-related events (SREs) 
such as pathological fracture, spinal cord or nerve 
root compression, hypocalcemia (often asymp-
tomatic), and myelosuppression [ 3 ,  4 ]. 

 As a result of these morbidities, patient 
quality of life (QOL) — including physical, 
emotional, and functional well-being — is sub-
stantially reduced. Overall skeletal morbidity 
incurs marked increases in the costs of treating 
patients with bone metastases. Furthermore, 
metastasis-associated skeletal morbidities are 
negative predictors of survival in patients with 
mCRPC [ 5 – 7 ]. 

 SREs are also associated with reduced sur-
vival in prostate cancer patients: in a Danish 
population- based study, 1-year survival was 
87 % in men without bone metastases and 47 % 
in those with bone metastases but no SREs 
and 40 % in those with bone metastases and 
SREs [ 8 ]. 

 Debilitating pain is one of the most common 
morbidities experienced by men with mCRPC, 
and there is emerging evidence that pain is an 
important predictor of clinical outcome. 
Nevertheless, the presence of pain has not been 
incorporated into prognostic models in this dis-
ease state, and only in a few studies of prostate 
cancer, it has been evaluated [ 9 – 11 ]. 

 For example, in an analysis of 85 patients with 
mCRPC, Berry et al. identifi ed severe bone pain 
as predictive of short survival duration. Because 
of the limited sample size, the analysis was based 
on a univariate model. More recently, using data 
from the TAX 327 trial, Armstrong et al. identi-
fi ed pain as a statistically signifi cant prognostic 
factor of overall survival. The adjusted HR for 
men who had pain at baseline was 1.48 (95 % CI, 
1.23–1.79) and was among the strongest predic-
tors in the multivariable model [ 12 ]. 

 In 2008 Halabi et al. combined the data from 
three randomized phase III multicenter trials con-
ducted by the Cancer and Leukemia Group B 
from 1992 and 1998 and used seven items from 
the Brief Pain Inventory (BPI) to assess the 
impact of pain on a range of daily activities and 
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quality of life, each rated from 0 to 10. The 
 primary end point was overall survival (OS), and 
the effect of baseline pain interference scores on 
OS was evaluated. In addition, the effect of base-
line pain interference scores on other end points 
such as progression-free survival (PFS), time to 
biochemical failure (prostate-specifi c antigen 
[PSA] PFS), ≥ 50 % decline in PSA, and objec-
tive (bidimensionally measurable) response pro-
portion in men with measurable disease was 
explored. 

 In the 599 patient, the median pain interfer-
ence score was 17 and 38 % of the men had opi-
oid analgesic use at baseline. There was a 
statistically signifi cant association between 
pain interference scores and the risk of death. 
The median survival times were 17.6 months 
(95 % CI, 16.1–19.1 months) and 10.2 months 
(95 % CI, 8.6–11.3 months;  p  < 0.001) in men 
with low (<17) and high (>17) pain scores, 
respectively. Pain was inversely associated with 
the likelihood of prostate-specifi c antigen 
decline, objective response, and time to bone 
progression [ 5 ]. 

 Older data by Turner et al. already suggested 
that pain was predictor of quality of life indepen-
dently from other indicators of disease progres-
sion such as PSA levels [ 13 ]  

19.2     Cancer-Induced Bone Pain 

19.2.1     Clinical Characteristics 

 The most common sites for bone metastases in 
mCRPC are the ribs, spine, and pelvis, although 
metastases in the skull and long bones have been 
reported [ 14 – 16 ]. 

 Cancer-induced bone pain (CIBP) is one of 
the most common types of cancer pain in general, 
occurring in 28–45 % of patients with bone 
metastasis [ 17 – 19 ]. Most frequent pain locations 
are the lower back, overall spine, and lower 
limbs. 

 The degree and location of bone metastases do 
not necessarily correlate with the severity of pain, 
and not all patients with bone metastases have 
pain; bone pain was identifi ed in only a third of 

patients with bone metastases in one large pro-
spective study [ 17 ]. 

 It is not yet clear why some bone metastases 
cause pain and others do not. Cancer-induced 
bone pain is a complex pain state involving a 
combination of background, spontaneous, and 
incident (movement evoked) pain [ 20 ]. 

 In the initial presentation, symptomatic bone 
cancer is usually described as dull pain, con-
stant, and gradually increasing in intensity with 
time [ 21 ]. Often continuous pain is accompa-
nied by a second type of pain known as break-
through pain or incident pain [ 22 ]. Incident or 
breakthrough pain is also defi ned as a transitory 
fl are of severe pain superimposed on an other-
wise stable pain pattern in patients treated with 
opioids and can occur spontaneously or on 
movement or weight bearing [ 23 ,  24 ]. Because 
breakthrough pain is frequently acute and 
unpredictable in onset, this pain can be debili-
tating and diffi cult to control [ 22 ]. 

 Pain is often reported in the body area corre-
sponding to the site of underlying bone lesion; it 
can also be referred to distant cutaneous area and 
can be reproduced often by direct stimulation of 
the soft tissues over the involved bone. Referred 
pain at distance should be distinguished from 
irradiated pain due to radiculopathy. 

 Neurologic dysfunction can be associated 
with metastatic bone disease, particularly 
when vertebral metastases encroach on the 
spinal cord or spinal nerves and nerve roots or 
when metastatic lesions in the skull impinge 
on cranial nerves. Neurologic involvement 
may present as lower or upper extremity pain, 
weakness, or paresthesias in a radicular 
pattern. 

 Metastases of the clivus, for example, may 
compress the hypoglossal nerve, producing uni-
lateral tongue weakness. Disease in the middle 
cranial fossa may affect the facial and trigeminal 
nerves and cause ipsilateral weakness in the 
upper and lower face or numbness, particularly in 
the lower lip and jaw area [ 25 ]. Unilateral deaf-
ness, diplopia, and other visual disturbances may 
also occur as the result of cranial nerve damage 
from bony tumors in the anterior part of the skull 
base (Table  19.1 ).
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19.2.2        Pathophysiology of Bone 
Cancer Pain 

 The exact mechanism by which tumor in bone 
produces pain is not completely understood; 
 various postulated mechanisms of bone pain 
include the role of prostaglandins, local change 
in bone metabolism and blood fl ow, and the stim-
ulation of nerve endings by increased intraosse-
ous  pressure, cytokines, and locally released 
neurotransmitters. 

 Tumors may secrete proteases that cause bone 
cell lysis, and yet osteoclastic activity is required 
to break down the mineralized bone matrix; also, 
tumor cells secrete a number of factors that 
enhance osteoclastic activity. As the tumor 
expands outward from the marrow space, it may 
cause increased intraosseous pressure, particu-
larly if the growth is rapid. This may activate 
mechanoreceptive nociceptors in bone and 
stretch the highly innervated periosteum. Edema 
and infl ammation may also contribute to pain, via 
both increased pressure and secreted mediators, 
which, in turn, activate pain receptors. Cancer- 
induced bone pain is a specifi c pain state with 
overlapping but distinct features of both infl am-
matory and specifi c central and peripheral hyper-
excitability mechanism [ 26 ]. Cancer cells in the 
body microenvironment stimulate local infl am-
matory mediators and create a highly acidic envi-
ronment, which sensitizes peripheral nerve 
endings within the bone marrow and bone matrix 

and thus can explain how resulting pain is associ-
ated with a hyperexcitability state within the spi-
nal cord. Peripheral and central hyperexcitability 
may explain why patients experience constant 
pain, with severe pain episodes highly sensitive 
to movement and other innocuous stimuli or initi-
ated by unknown spontaneous mechanism. 

 Extensive bone disease can also lead to frac-
tures and compression of adjacent nerves, vascu-
lar structures, and soft tissue.  

19.2.3     Nociceptive 
and Neuropathic Pain 

 The participation of somatic bone afferents to the 
pathophysiology of pain due to bone metastases 
via the mechanisms briefl y summarized above 
should be regarded as a source of somatic noci-
ceptive pain according to a traditional clinical–
pathological classifi cation. The clinical impact of 
specifi c mechanisms highlighted in animal 
experimental models of cancer bone invasion is 
at the moment unknown. However, patients with 
pain due to bone metastases can have pain also 
due to lesions of nerve roots, peripheral nerves of 
plexus produced by the progression of their bone 
lesions. These lesions can cause also neuropathic 
pain. The diagnosis of neuropathic pain requires 
specifi c expertise and should be reserved to cases 
presenting with a neurological lesion associated 
with sensory and pain related objective  symptoms 

    Table 19.1    Base of skull syndromes causing pain in prostate cancer   

 Syndrome  Pain  Cranial nerve involved 

 Orbital  Retro-supraorbital  II visual loss 
 III, IV, VI diplopia 
 V frontal sensory loss 

 Cavernous sinus  Supraorbital frontal  III, IV, VI diplopia 
 V sensory loss 

 Middle cranial fossa  Trigeminal pain, paroxysmal 
 headache 

 VII, V 

 Jugular foramen  Mastoid, neck, shoulder  IX, X dysphagia 
 XI trapezoid sternocleidomastoid 
 Weakness 
 XII tongue deviation 

 Occipital condyle  Unilateral nuchal radiate behind 
the eye   
 Tenderness of the occipital junction 

 XII tongue 
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and signs [ 27 ]. In all cases, the characteristics of 
pain should be evaluated in time to identify even-
tual changes in the pain mechanism as already 
suggested although bone metastases can cause 
per se somatic pain for long time periods; the 
progression to invade other tissue – soft tissue, 
viscera, and neurological structures – should 
always be considered.   

19.3     Pain Assessment 

 The initial assessment of pain should include a 
detailed history, including the location, intensity, 
frequency, temporal pattern, and specifi c charac-
teristics of the pain. Knowledge of factors that 
aggravate and alleviate the pain is also critical to 
an effective treatment plan. Accurate physical 
and neurological examination follows a good 
pain history. 

 A thorough assessment of pain must also 
include psychosocial components, such as the 
patient’s attitude toward his diagnosis and treat-
ment, mechanisms for coping with pain and 
stress, psychological responses to pain (such as 
anxiety and depression), and attitude regarding 
controlled substances. These factors often play a 
role in both the patient’s experience of pain and 
his response to treatment. In addition, informa-
tion regarding the patient’s support system and 
insurance plans often is crucial to the success of 
treatment. 

 To establish the presence of pain, pain 
severity, and pain relief, consideration must be 
given to the specifi c patient population, using 
instruments with defi ned psychometric 
properties. 

 The literature suggests that clinicians often 
underreport patients’ pain intensity in compari-
son to the patients’ own report of their pain. 
Therefore, an unfi ltered representation of the 
patient’s experience, as measured using a patient- 
reported outcome, is preferred [ 28 ]. 

 Pain intensity must be measured and 
recorded to help in monitoring therapy results 
and improve communication with patients on 
pain by  introduction of simple scale measure. 
Different pain measurement tools have been 

validated for  cancer pain. They can be divided 
in two main  categories: intensity scale and 
multidimensional questionnaires. Intensity 
scales are visual analogue scale (VAS), numer-
ical rating scale (NRS), and verbal rating scale 
(VRS) [ 29 ]. 

 NRS seem to have common meaning across 
cultures while keeping some desirable psycho-
metric properties if compared with VRS [ 30 ]. In 
clinical practice, the pain intensity alone may not 
be suffi cient to evaluate treatment effi cacy, and 
additional clinical information can suggest how 
much a given pain level bothers the patients, 
which is the level of pain that the patient consid-
ers tolerable, what corresponds to satisfactory 
pain relief, how the pain interferes with quality of 
life, and where would the patient place himself 
along the trade-off between pain relief and side 
effects. 

 Several instruments are available for multidi-
mensional evaluation such as the Brief Pain 
inventory [ 31 ], the McGill Pain questionnaire 
[ 32 ], and the Memorial Pain Assessment Card 
[ 33 ]. All of them are valid and reliable and impor-
tant research tools. 

 Pain needs to be continually reassessed in the 
prostate cancer patient since disease progression, 
response to treatment, and response to pain con-
trol maneuvers all infl uence treatment strategies. 
The clinician needs to educate both patients and 
their families and caregivers about pain, its 
causes and treatments, and their active participa-
tion in pain assessment and management. 
Education should address pain assessment, dose 
titration, side effect management, and any fears 
and misconceptions regarding addiction and 
tolerance. 

 The steps to be considered when choosing one 
method for systematic patient assessment are 
reported in Table  19.2 .

19.4        Pain Syndromes in Prostate 
Cancer Bone Pain 

 Cancer pain can be described under different 
clinical domains, etiology, location, and pain 
mechanism and pain syndromes. 
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 Cancer pain syndromes can be broadly divided 
into those that are acute and those that are 
chronic. Acute pain syndromes usually accom-
pany diagnostic or therapeutic interventions, 
whereas chronic pain syndromes usually are 
directly related to the neoplasm itself or to an 
antineoplastic therapy [ 34 ]. 

 In many cases, the presence of symptoms and 
signs can suggest a specifi c cancer pain syndrome 
[ 34 ]. The identifi cation of such a syndrome may 
help to elucidate the etiology of the pain, direct 
the diagnostic evaluation, clarify the prognosis 
for the pain or the disease itself, and guide thera-
peutic intervention. 

 Caraceni et al. [ 19 ] described pain syndrome 
in a review article “as repeated cluster of symp-
toms and sign including pain which combined 
with other relevant information from the history 
and examination, identify a clinical entity that 
can be used to defi ne that specifi c situation.” 

 In a cross-sectional study, 1095 cancer patients 
with pain were evaluated describing pain mecha-
nism, pain intensity, and pain syndromes. Twenty-
two of 51 pain syndrome were prevalent [ 19 ]. 

 This survey suggests the existence of disease- 
related syndrome clusters. A variety of bone pain 
syndromes were found in prostate cancer and its 
evolution (Table  19.3 ).

   Patients with prostate cancer were also more 
likely to experience generalized bone pain and 
pelvis and long bone pain than other tumor types 
as shown in Table  19.4 .

19.4.1       Vertebral Pain Syndromes 

 Vertebral pain syndromes are the most common 
cause of pain in mCRPC. The thoracic spine is 
affected in more than two thirds of cases, the 
lumbosacral spine in 20 %, and cervical spine in 
10 %. Tumor usually involves the vertebral body 
and expands posteriorly. Multiple vertebral 
lesions are common. Hematogenous spread is the 
most common route, but tumor can invade the 
vertebral body from contiguous paraspinal site, 
pelvic nodes masses. In the assessment of the 
neck and back, it is necessary to differentiate 
local pain and referred pain, which are due to 
stimulation of pain sensitive structures in the 
spine and its joints and muscles, from radicular 
and spinal cord-related symptoms. This is impor-
tant for making for an early diagnosis of epidural 
spinal cord compression (ESCC) that represents 
the most important complication. The association 
of vertebral bone with radiculopathy was 
described in about 10 % of cases [ 19 ]. 

 Local bone pain has a dull, aching, deep qual-
ity and can be constant of vertebral metastatic 
pain, but movement and postures often aggravate 

   Table 19.2    The steps needed for systematic pain 
assessment   

 1.  Choose method of evaluation and frequency 
 2.  Establish time referral i.e., in example average of 

last 24 h pain or last week pain. “Pain now” is the 
most reliable 

 3.  Pain quality and intensity change in time and 
episodes of breakthrough should be evaluated aside 
to baseline pain 

 4.  A body chart showing different pain sites should be 
part of the regular assessment 

 5.  Average and worst pain intensities are considered 
important clinical variables 

 6.  Pain intensity measures should be visible in 
patient’s chart and be part of routine evaluation in 
oncology setting 

   Table 19.3    Bone pain syndrome in metastatic castration- 
resistant prostate cancer   

 Base of skull syndrome 
 Vertebral syndromes 
 Diffuse bone pain 
   Due to multiple bone metastases 
   Due to bone marrow infi ltration/expansion 
 Focal bone pain 
   Long bones 
   Hest wall rib pain 
   Infi ltration of a joint (sacroiliac joint) 
   Pelvic bony lesions 

   Table 19.4    Frequency of bone pain syndromes in 65 
prostate cancer patients   

 Base of skull  1.5 % 
 Vertebral  21.5 % 
 Pelvis and long bones  26.1 % 
 Generalized bone pain  40.0 % 
 Chest wall  4.6 % 
 Pathological fracture  3.0 % 

  Modifi ed from Caraceni et al. [ 19 ]  
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it. Pain on activity should be regarded as sign of 
potential impending bone fracture. 

 Pain due to vertebral metastases especially when 
the invasion of the epidural space is already present 
can be worse when lying down and better when sit-
ting; often pain can be referred to distant body areas 
from vertebral lesions, though lacking the specifi c 
clinical characteristics of radiculopathies in a 
pseudo-dermatomal fashion (sclerotomes). 

 The main complications of vertebral lesions 
are vertebral collapse, radiculopathies, and ESCC. 

 Collapse of vertebral bodies is particularly 
frequent in the thoracic spine. They can acutely 
aggravate the pain syndrome by impingement on 
the nerve roots and can cause skeletal deformi-
ties, implying a higher risk for ESCC or cauda 
equine compression. Radiculopathies can 
develop at any level; the pain is felt on the spine, 
deep in the muscles innervated by the affected 
root, and in the corresponding dermatome. It is 
aggravated by position that increases tumor 
compression on the root, such as lying down. 
The diagnosis of radiculopathies requires the 
association of sensory, motor, and refl ex 
fi ndings.  

19.4.2     Bony Pain Syndromes: Long 
Bones, Bony Pelvis, Hip, 
and Shoulder 

 Metastases to the pelvis, hip, and femur are com-
mon and are associated with incident pain on 
movement and on weight bearing. There is high 
propensity of these lesions to fracture. Femur 
fractures can at time be operated on, but pelvic 
fractures are not usually operable and severely 
impact on the patient’s ability to move and walk. 
Shoulder joints and humeri can also be infi ltrated 
by tumors and need to be properly diagnosed to 
prevent fracture.  

19.4.3     Hip–Joint Syndrome 

 When the acetabulum or the head of the femur are 
metastatic sites, the characteristic pain is exacer-
bated by leg movement and weight bearing. The 
pain often radiates to the knee and thigh. Pain can 
also be referred only to the knee. This bony lesion 

can extend into the pelvis and compress the lumbo-
sacral plexus or the sciatic nerve. Lytic lesions of 
the femoral neck are to be managed with extreme 
caution even when examining the patient. Pelvic 
tumor can infi ltrate at the same time the lumbosa-
cral plexus and hip bone and sometimes viscera.  

19.4.4     Sacroiliac–Joint Syndromes 

 This syndrome is characterized by local pain at 
the sacroiliac joint, aggravated electively by 
weight bearing and manual compression on the 
joint. The pain can also radiate to the thigh resem-
bling a hip lesion.  

19.4.5     Bone Marrow Infi ltration or 
Bone Marrow Expansion 
Syndrome 

 Generalized bone pain with symptoms of migrat-
ing pain, often fl uctuating in intensity in close 
relationship with therapeutic interventions, is 
found with diffuse marrow infi ltration by solid 
tumors. The pain is in the limbs, and local bone 
tenderness is a constant fi nding especially on the 
diaphysis of long bones.  

19.4.6     Base of the Skull Syndromes 

 Metastatic lesions to the base of the skull are 
relatively common during metastatic bone diffu-
sion in prostate cancer. 

 Headache of moderate to severe intensity at 
the site of the lesion or referred to the vertex or to 
the entire affected site of the head is the common 
pain symptoms. The association of cranial nerve 
involvement establishes a diagnosis. The base of 
skull syndromes causing pain is shown in 
Table  19.1 .   

19.5     Treatment of Cancer- 
Induced Bone Pain 

 The strategies for treatment of CIBP in prostate 
cancer and/or their complication are reported in 
Fig.  19.1 .
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   Pharmacological management of CIBP 
involves the use of analgesic agents such as non-
steroidal anti-infl ammatory drugs (NSAIDs) and 
opioid analgesics in combination with adjuvant 
therapies including bisphosphonates, RANKL 
antibody, corticosteroids, chemotherapy agents, 
endocrine therapy radiotherapy, radio metabolic 
treatment, orthopedic surgery, and rehabilitation.  

19.6     Analgesic Pharmacotherapy 

 Pharmacological treatment of cancer pain is 
largely based on the World Health Organization 
analgesic ladder method [ 35 ]: drugs should be 
given “by the clock,” rather than “on demand”; 
preferred way to assume drugs is by the mouth, 
rather than invasive routes; clinicians should 
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avoid fi xed doses of analgesics and adapt drug 
doses to the individual patient response; and 
careful management of analgesic unwanted side 
effects is warranted. This guideline recommends 
to choose the analgesic according to the pain 
intensity: non-opioids (paracetamol, aspirin, and 
nonsteroidal anti-infl ammatory drugs) for mild 
pain management, non-opioids and second-step 
opioids (codeine, tramadol, and low doses of 
oxycodone) for moderate pain, and non-opioids 
and strong opioids for severe pain treatment. 
Additional – “adjuvants” – drugs should be added 
at any steps for specifi c pain syndromes, such as 
neuropathic pain and pain arising from the cancer 
bone invasion. A rapid-onset analgesic should be 
available for the management of pain exacerba-
tions (breakthrough pain, such as pain incident to 
movements). 

 This approach is simple to be used also in non-
specialist care, inexpensive, and 80 % effective 
[ 36 ]. Therefore, it is the mainstay of bone cancer 
pain treatment. There are no specifi c guidelines 
about the management of pain induced by metas-
tases to the bone or from prostate skeletal metas-
tases [ 37 ].  

19.7     Non-opioid Analgesic (See 
Also Table  19.5 ) 

    Paracetamol is largely used as a fi rst-step treat-
ment in cancer pain, as single drug – 500–
1000 mg, as needed or every 4–6 h – or combined 
with opioids. At doses lower than 4000 mg/day, 
paracetamol toxicity is not clinically relevant. 
However, it should be considered a weak analge-
sic. There are insuffi cient evidences of an 
improved analgesic effi cacy adding paracetamol 
to a strong opioid [ 38 ,  39 ]. 

 Considering the infl ammatory nature of bone 
cancer pain [ 40 ], nonsteroidal anti-infl ammatory 
drugs sound a rationale choice. NSAID effi cacy 
in cancer pain is evidenced by several clinical 
studies [ 39 ,  41 ]. However, specifi c analyses of 
the bone cancer subgroup population are not 
available. NSAID’s gastrotoxicity is well known 
and increased by a concomitant steroidal therapy. 
When gastric risk factors are identifi ed, a selec-

tive COX-2 NSAID, as etoricoxib, 90 mg once 
day, is a valid alternative. NSAIDs are contrain-
dicated in severe renal or hepatic insuffi ciencies, 
in heart failure, and in patients with bleeding 
risks. Many clinicians avoid associating NSAIDs 
to strong opioids when managing severe cancer 
pain. However, when NSAID’s clinical risks are 
lacking, the association with opioids is advisable, 
since the augmented analgesic effi cacy [ 38 ,  39 ]. 
Moreover, NSAID collateral effects are not 
increased by the opioids therapy [ 38 ]. 

 Nonsteroidal anti-infl ammatory drugs’ com-
mon choices in palliative care are diclofenac, 
50–100 mg BID or TID or – fast-onset release – 
50 mg on request; ibuprofen, 600–800 mg TID or 
as needed; ketoprofen, 50 mg TID or as needed 
or 200 mg slow release once day; and ketorolac, 
10–30 mg, every 6 or 8 h or as needed, only for 
short periods of treatment. NSAIDs used in can-
cer pain studies have shown equivalent effi cacies, 
when adjusted to the right dose [ 41 ]. Higher 
doses are more effective on pain; however, toxic-
ity is weakly linked to NSAID’s dose and closely 
dependent from comorbidities and length of the 
treatment [ 41 ]. Intravenous, intramuscular, or 
subcutaneous injections or suppository route of 
NSAIDs is equally effective and has the same 
gastric toxicity of the oral forms; thus, they 
should be reserved only for patients with unavail-
ability of oral route of administration. Gel or 
ointment NSAIDs don’t penetrate to deep tissues 
and are considered ineffective in cancer bone 
pain.  

19.8     Opioids (See Also Table  19.5 ) 

 Opioids are the mainstay in the cancer pain ther-
apy. At the right dose, opioids are very effective 
in cancer pain, and a skillful use could minimize 
the relevance of unwanted side effects. In the last 
years, a surge in US hospital admissions, and 
even deaths, provoked by opioid overdosage con-
sequences, mainly in patients with chronic non-
malignant pain conditions, has pushed authorities 
to limit long-term opioid therapy eligibility and 
high dosages of opioid-based schedules [ 42 ]. 
Thus, recent guidelines suggest to refer to 
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    Table 19.5    Analgesic pharmacotherapy in cancer-induced bone pain   

 Drug class  Drug  Suggested starting dose  Comments 

  Paracetamol   Paracetamol  500–1000 mg, as needed or 
every 4–6 h 

 Maximum dose 4000 mg/day 

  Nonsteroidal anti- 
infl ammatory drugs  
 Add gastroprotective 
drugs (as omeprazole, 
20 mg tablets, or 
pantoprazole 
20 mg tablets) in 
elderly and frail 
patients 

 Diclofenac  50 mg as needed or every 6 
h or 100 mg every 12 h 
(extended release tablets) 

 Maximum dose 200 mg/day 

 Ketoprofen  50 mg as needed or every 6 
h or 100–200 mg once a day 
(extended-release capsules) 

 Maximum daily dose 200 mg 

 Ibuprofen  600 mg as needed or every 6 
h or 800 mg every 12 h 
(extended- release tablets) 

 Maximum dose 2400 mg/day 

 Ketorolac  10–30 mg as needed or 
every 6–8 h 

 Maximum daily dose 120 mg. 
Consider only for short-period 
treatments 

  Opioids  
 Add prophylactic 
laxatives drug, 
as macrogol 

 Codeine (in 
association with 
paracetamol 
1000 mg) 

 30–60 mg as needed or 
every 4–6 h 

 Maximum paracetamol daily dose 
4000 mg 

 Tramadol  50 mg as needed or every 6 
h or 100 mg every 12 or 24 
h (extended-release tablets) 
up to 400 mg/day 

 Use lower dosage when other 
serotoninergic drugs are administered 
 Consider halved dose in parenteral 
administration 
 Maximal daily dose 400 mg 

 Tapentadol  50–100 twice a day up to 
500 mg/day 

 Titrate every 2–3 days from lower 
dosage. Consider tramadol or other 
analgesics as rescue drug for episodic 
pain exacerbations 

 Buprenorphine  35–70 mcg/h, 3-day patch  Upper maximum dose 140 mcG/h. 
Consider other opioids, rather than 
buprenorphine sublingual tablets, as 
rescue medication 

 Morphine  5–10 mg every 4 h 
immediate release 
formulation or 10 every 12 h 
(slow-release tablets) 

 Titrate to effect every 24 h increasing 
of 30–50 % of daily dose 

 Oxycodone  5 mg (associated to 
paracetamol 325 mg) every 
4 h 
 5–10 mg (alone or 
associated to naloxone), 
extended release tablets 
every 12 h 
 Immediate release tablets 
and solutions can be used 
starting with 5–10 mg every 
4 h 

 Maximum dose in naloxone-
associated tablets, 160 mg/day 

 Hydromorphone  1 mg immediate-release 
tablets should be given every 
4 h – 8 mg once a day 
prolonged release 
formulation 

 Use rapid onset morphine or 
oxycodone–paracetamol as rescue 
drugs for pain exacerbations 

 Fentanyl 
(transdermal) 

 12–100 mcg/h 3 days patch 

(continued)
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 specialized pain clinics patients who need dosage 
above 80–120 mg/day morphine equivalents or 
who present symptoms of opioid abuse or misuse 
[ 42 ,  43 ]. Even if there are no analogous warnings 
in the cancer pain management, a careful conduct 
is warranted in long survival patients, like in the 
prostate cancer population. 

 Codeine is the prototype of the second-step 
opioid. Suggested schedule of treatment is 
30–60 mg as needed or every 4–6 h. In the com-
monly used associations to paracetamol, this lat-
ter maximum dose should not exceed 4000 mg 
per day. Other opioid drugs with an upper limit of 
the dose range are the partial mu agonist buprenor-
phine that is most used as transdermal patches, 
until a maximum dosage of 140 mcg/h, and the 
mixed mu agonist and noradrenergic–serotoniner-
gic analgesics tramadol, used until the dose of 
400 mg/die by the mouth, and tapentadol that can 
be prescribed until a maximum dose limit of 
500 mg/day [ 44 ]. In the last years, the strong opi-
oid oxycodone has been combined to naloxone, in 
order to reduce its annoying constipating effect, 
as slow-release tablets, with a maximal dose of 
160 mg/day. However, many clinicians are used to 
prescribe low doses of strong opioids (such as 
5 mg of oral morphine every 4 h) also in mild can-
cer pain treatment, and usefulness to differentiate 
second-step from third-step categories of analge-
sics is debated [ 44 – 46 ]. 

 WHO and EAPC guidelines recommend to ini-
tiate an opioid therapy using oral drugs, reserving 

transdermal route to non-naive patients. There are 
no signifi cant differences in opioid starting thera-
pies based on immediate release and sustained 
release drugs, taken at the right time [ 45 ,  47 ]. 
Experts suggest to start with low doses and care-
fully titrate the opioids every each day or every 
three days, until adequate pain control is reached 
[ 44 ]. A short-acting opioid (such as oral morphine 
immediate release) could be prescribed as a rescue 
analgesic, in association with long- acting opioids, 
to reach an adequate analgesic level in the titration 
period [ 44 ]. If an opioid treatment doesn’t provide 
an acceptable pain control, or patient experiences 
non-tolerable side effects, or both, it is advisable to 
switch toward a different opioids [ 45 ]. Transdermal 
opioids may be effective alternatives in patients 
unable to swallow [ 45 ]. 

 Oral morphine, hydromorphone, and oxyco-
done have akin analgesic profi les: onset of anal-
gesia in 30–40′ and maximum pain relief after 
about 1 h, lasting for 3–4 h. All of them are also 
available as slow-release tablets or capsules, with 
a 12–24 h enduring analgesia. Their risk–effi cacy 
profi les are comparable, and each of these three 
drugs could be used as fi rst choice for cancer pain 
[ 45 ]. Transdermal fentanyl or buprenorphine are 
convenient alternative to oral opioids in some 
patients [ 45 ]. Oral methadone is a fi rst-choice 
option in the opioid switching practice, but its use 
is better reserved to experienced clinicians [ 45 ]. 

 Episodic pain exacerbations – breakthrough 
pain – often triggered by movements or weight 

 Drug class  Drug  Suggested starting dose  Comments 

 Fentanyl 
(intranasal or 
transmucosal) 

 100 mcg intranasal spray or 
buccal tablet minimum dose 
(50 mcg are available for 
intranasal formulation) and 
higher dosing from 200 to 
800 mcg can be used in 
tolerant patients 

 Use only for breakthrough cancer 
pain, in patients on oral morphine or 
other opioids ATC therapy of at least 
60 mg morphine per day or different 
opioid equivalent doses 
 Maximum 4 doses/day, with a time 
period of at least 4 h between doses 
 Starting from minimum dose. Titrate 
to adequate dosage 

  Steroids    Prednisone   5–25 mg once day 
  Desametasone   0,5–4 mg once day 

  Neuropathic pain 
drugs  

  Gabapentin   300 mg three times a day  Maximum dose 3600 mg/day 
  Pregabalin   75 mg every 12 h  Maximum dose 600 mg/day 

  More conservative dose should be considered in frail patients and in combination therapies  

Table 19.5 (continued)
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bearing, are typical features of the cancer-induced 
bone pain [ 26 ]. Fast-acting opioids are the appro-
priate treatment of the breakthrough cancer pain. 
Intranasal and oral transmucosal fentanyls have a 
very quick onset of analgesic activity and should be 
offered, combined with an around-the-clock opioid 
treatment, to manage non-volitional episodic can-
cer pain [ 48 ]. Incident pain to movements, when 
predictable, could be preempted with short-onset 
oral opioids, taken 1 h before painful events [ 45 ].  

19.9     Adjuvant Drugs 

 Steroids have been used extensively in cancer- 
induced bone pain, largely on the basis of favor-
able clinical impression [ 49 ,  50 ]. However, 
literature on the corticosteroids role in cancer 
pain is very poor and permits to show only a very 
low evidence of moderate analgesic effect for 
short-period treatments [ 51 – 53 ]. Clinical studies 
focused on cancer bone pain are lacking. Steroids 
are widely prescribed reason of their downregu-
latory effect on adrenal androgens and androgen 
receptors. These patients on steroidal therapy 
may show improvements in several aspects of 
quality of life and a moderate pain relief. In pros-
tate cancer are commonly used low doses of 
prednisone or prednisolone, 5–25 mg/day, or 
dexamethasone, 0,5–4 mg/die [ 54 ]. Only one 
study has specifi cally examined pain reduction 
produced by corticosteroids in prostate cancer 
patients as primary end point [ 55 ]. This retro-
spective study showed a moderate pain improve-
ment, mostly limited to a few month period, in 
38 % of the treated patients. 

 Basic research has documented that cancer 
may generate pain in bones through neuropathic 
mechanisms. Several clinicians are used to add 
neuropathic pain drugs in diffi cult to treat cancer- 
induced bone pain patients [ 56 ,  57 ]. Gabapentin, 
in a range of 900–3600 mg/day dose, and prega-
balin, in a 150–600 mg/day dose, are the more 
often used drugs. However, a recent, robust study 
on pregabalin analgesic effect in metastatic to the 
bone cancer failed to show a pain reduction in 
treated patients [ 58 ]. Therefore, at the moment 
the use of drugs for neuropathic pain should only 

be recommended in patients with a diagnosis of 
neuropathic pain due to associated neurological 
lesions besides bone metastases, such as for com-
pressive radiculopathy, and after consulting a 
specialist in unclear cases [ 26 ,  59 ,  60 ].  

19.10     When Opioids Do Not Work 

 Different strategies can be adopted when patients 
do not respond to fi rst-line analgesic pharmaco-
therapy. These strategies include more complex 
pharmacological and non-pharmacological thera-
pies. Opioid responsiveness can be improved by 
switching to a different opioid [ 43 ], or the route 
of administration can be changed from oral and 
transdermal to intravenous or spinal. Spinal opi-
oid administration can be proposed for non- 
opioid analgesics such as ziconotide or for 
combination of opioid and non-opioid analgesics 
such as local anesthetics. Invasive procedures for 
pain relief can be indicated in selected patients. 
However, all these options require specialist 
advice in a multidisciplinary setting including 
specialists in, at least, oncology, radiation ther-
apy palliative care, and pain therapy.  

19.11     Pain: Prognosis Implications, 
Role of Bone-Targeting, 
and Disease-Modifying 
Agents 

 Bone-targeting agents are defi ned as those com-
pounds in clinical use that act primarily within 
bone. 

 A summary of the effi cacy of these agents, 
including end points measuring pain, QOL, and 
markers of bone turnover, is shown in the 
Table  19.6  [ 61 ].  

 Several systemic disease-modifying agents 
also have effects on skeletal outcomes and over-
all survival in patients with mCRPC as shown in 
the Table  19.7  [ 61 ].  

 The development of bone target therapies has 
been largely based on defi nition of therapy out-
come using the concept of SRE and skeletal 
symptomatic events (SSEs). 
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   Table 19.6    Skeletal outcome and overall survival in randomized studies of bone targeting agents   

 Agent  Study  Treatment arms 

 Time to fi rst SRE or 
SSE Median (months), 
HR [95 % CI] 

 Overall survival 
Median (months), HR 
[95 % CI] 

 Zoledronic acid  Saad et al. [ 68 ,  69 ]  Zoledronic acid 
(214) vs. placebo 
(208) 

 16.0 vs. 10.5, 0.677 
[0.505–0.908],  p  = 0.009 

 17.9 vs. 15.2,  p  = 0.091 

 Denosumab  Fizazi et al. [ 70 ]  Denosumab (950) 
vs. zoledronic acid 
(951) 

 20.7 vs. 17.1, 0.82 
[0.71–0.95],  p  = 0.0002 
for non inferiority, 
 p  = 0.008 for superiority 

 19.4 vs. 19.8, 1.03 
[0.91–1.17],  p  = 0.65 

  89 Sr  Porter et al. [ 71 ]; 
Oosterhof et al. [ 72 ]. 
(EORTC-GU group) 

  89 Sr vs. placebo 
(126 total); Sr 
(101) vs. local fi eld 
radiotherapy (102) 

 Not reported; not 
reported 

 6.2 vs. 7.8,  p  = 0.06; 
7.2 vs. 11, 1.34 
[1.01–1.75],  p  = 0.0457 

  223 Ra  ALSYMPCA; Parker et 
al. [ 62 ]; Sartor et al. [ 63 ] 

  223 Ra vs. placebo  15.6 vs. 9.8, 0.66 
[0.52–0.83],  p  < 0.001 

 14.9 vs. 11.3, 070 
[0.58–0.83],  p  < 0.001 

   Modifi ed from Body et al. [ 61 ]  

   Table 19.7    Skeletal outcome and overall survival in randomized studies disease modifying agents   

 Agent  Study  Treatment arms 

 Time to fi rst SRE 
or SSE Median 
(months), HR 
[95 % CI] 

 Overall survival 
Median (months), HR 
[95 % CI] 

 Docetaxel  TAX 327; Tannock 
et al. [ 73 ] 

 Docetaxel q3w + prednisone (335) 
vs. mitoxantrone q3w + prednisone 

 Not reported  18.9 vs. 16.5, 0.76 
[0.62–0.94],  p  = 0.009 

 ASCENT; Beer et 
al. [ 74 ] 

 Docetaxel + calcitriol (125) vs. 
docetaxel + placebo (125) 

 13.4 vs. 11.9, 
0.78 [0.57–
1.074],  p  = 0.13 

 Not assessed vs. 16.4, 
0.67 [0.45–0.97], 
 p  = 0.04 

 Cabazitaxel  TROPIC; de Bono 
et al. [ 75 ] 

 Cabazitaxel + prednisone (378) vs. 
mitoxantrone + prednisone (377) 

 Not reported  15.1 vs. 12.7, 0.70 
[0.59–0.83], 
 p  < 0.0001 

 Abiraterone  COU-AA301; 
Fizazi et al. [ 76 ]; 
Logothetis et al. 
[ 64 ]; 

 Abiraterone + prednisone (797) vs. 
placebo + prednisone (398) 

 25.0 vs. 20.3, 
0.615 [0.478–
0.791],  p  = 0.0001 

 15.8 vs. 11.2, 0.74 
[0.64–0.86],  p  < 0.001 

 COU-AA302; Ryan 
et al. [ 77 ] 

 Abiraterone + prednisone (546) vs. 
placebo + prednisone (542) 

 Not reported  Not assessed vs. 27.2, 
0.75 [0.61–0.93], 
 p  = 0.01 

 Enzalutamide  AFFIRM; Scher 
et al. [ 78 ]; Fizazi 
et al.  [ 65 ]; 

 Enzalutamide (800) vs. placebo 
(399) 

 16.7 vs. 13.3, 
0.69 [0.57–0.84], 
 p  < 0.001 

 18.4 vs. 13.6, 0.63 
[0.53–0.75],  p  < 0.001 

 PREVAIL; Beer et 
al. [ 79 ] 

 Enzalutamide (626) vs. placebo 
(532) 

 31.1 vs. 31.3, 
0.72 [0.61–0.84], 
 p  < 0.001 

 32.4 vs. 30.2, 0.71 
[0.60–0.84],  p  < 0.001 

   Modifi ed from Body et al. [ 61 ]  

 The main difference between SREs and SSEs 
lies in their assessment. SREs have to be radio-
logically confi rmed, while SSEs are assessed on 
patient symptoms and are therefore identifi ed 
clinically. SSEs are considered to be more rele-
vant to daily routine clinical care than classical 

SREs, and not surprisingly, the use of SSEs as an 
end point is becoming more common in clinical 
trial design. In 2013 and 2014, time to fi rst SSEs 
as an end point has been used in trials of bone – 
targeting agents shown to prolong overall survival 
[ 62 ,  63 ]. 
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 Later in the years, with the introduction of 
new systemic hormonal therapy such as abi-
raterone and enzalutamide, the effect of these 
agents on pain control was explorated. In 2012 
Logothetis et al. assessed data collected as part 
of the randomized phase III COU-AA301 trial of 
abiraterone acetate plus prednisone versus pla-
cebo plus prednisone. They specifi cally assessed 
clinically meaningful changes in pain intensity 
and interference with daily living and found out 
that abiraterone plus prednisone offers signifi -
cant benefi ts compared with prednisone alone in 
terms of pain relief, delayed pain progression, 
and prevention of skeletal-related events. In 
patients with clinically signifi cant pain at base-
line, abiraterone acetate and prednisone resulted 
in signifi cantly more palliation of pain intensity 
than did prednisone only (45 % vs 28.8 %) [ 64 ]. 

 In 2014 Fizazi et al. presented an analyses of 
secondary end points, including occurrence of 
skeletal-related events, measures of pain control, 
and patient-reported health-related quality of life 
from the AFFIRM trial. They demonstrated that in 
addition to improving overall survival compared 
to placebo in patients affected by mCRPC, enzalu-
tamide versus placebo decreases pain severity and 
pain interference, delays time to pain progression, 
and improves well-being and QOL. Data regard-
ing changes in pain severity and pain interference 
are summarized in Table  19.8  [ 65 ].  

 Bisphosphonates and denosumab are well- 
established therapies to reduce the frequency and 
severity of skeletal-related events in patients with 
bone metastasis. 

 Bisphosphonates operate by inducing osteoclast 
apoptosis, thereby preventing the development of 
cancer-induced bone lesions; denosumab acts by 
binding to and inhibiting receptor activator of 

nuclear factor kappa B ligand (RANKL), leading 
to the loss of osteoclasts from bone surfaces [ 66 ]. 

 However, the analgesic effect of these medica-
tions on bone pain is uncertain. A systematic 
review has been recently published by Porta Sales 
et al. Authors analyzed 43 studies enrolling 8595 
and 7590 patients, respectively, in bisphosphonate 
and denosumab trials. Twenty-two (79 %) of the 
28 placebo-controlled trials found no analgesic 
benefi t for bisphosphonates. None of the deno-
sumab studies assessed direct pain relief [ 67 ]. 

 In conclusion evidence to support an analgesic 
role for bisphosphonates and denosumab is weak. 
Bisphosphonates and denosumab appear to be 
benefi cial in preventing pain by delaying the 
onset of bone pain rather than by producing an 
analgesic effect per se. In Table  19.9  is summa-
rized the study regarding prostate cancer [ 67 ].  

   Conclusions 

 Chronic pain is a very signifi cant complica-
tion of prostate cancer metastatic to the 
bones. Pain assessment and treatment is 
 paramount for the quality of life of patients 
in all phases of the disease and with different 
prognoses. Careful individualization of 
symptomatic and palliative interventions and 
integration with oncological management 
strategies (chemotherapy hormonal, radio-
therapy radionuclide bone target agents, 
analgesic therapies) requires close collabora-
tion and multidisciplinary settings of care 
including oncology and palliative care spe-
cialists. Continuity of care from diagnosis to 
the end of life needs that transition of care 
from active treatment to palliative care is 
carefully conducted and targeted to individ-
ual patient’s characteristics.      

   Table 19.8    Changes in pain severity and pain interference from baseline to week 13   

 Mean change from baseline (95 % CI)  Treatment difference   p  value 

 Enzalutamide group ( n  = 591)  Placebo group ( n  = 239) 

 Pain severity  −0.15 (−0.28 to −0.02)  0.50 (0.29–0.70)  −0.65 (−0.89 to −0.41)  <0.0001 
 Pain interference  −0.01 (0.18 to −0.16)  0.74 (0.47–1.00)  −0.74 (−1.06 to −0.43)  <0.0001 

   Modifi ed from Fizazi et al. [ 65 ]  
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      With an estimated 1.1 million new diagnoses per 
year, prostate cancer represents the second most 
common cancer in men worldwide, accounting 
for 15 % of all new male cancers. Increased 
prostate- specifi c antigen screening has resulted 
in higher numbers of patients being diagnosed 
during the early locoregional stages, when the 
disease is relatively indolent and asymptomatic. 
Patients with metastatic disease at diagnosis, 
contrariwise, present with signifi cant symptom 
burden and have a 5-year survival rate less than 
30 %. In these subjects, suppression of serum tes-
tosterone with androgen-deprivation therapy 
(ADT) is usually employed for initial disease 
control (metastatic hormone-sensitive disease), 
but the resistance to ADT fi nally occurs in almost 
all patients, with a progression to metastatic 
castration- resistant prostate cancer (mCRPC) 
that represents the fi nal stage of the disease [ 1 – 4 ]. 
Advanced prostate cancer preferentially metasta-
sizes to the bone (65–75 % of patients), causing a 
weakened structural integrity of the skeleton and 

an increased incidence of skeletal- related events 
(SREs) such as pathological bone fracture, spinal 
cord compression, hypercalcemia, and severe 
bone pain requiring palliative radiation therapy 
(RT) or surgery. 

 The impact of metastatic bone disease (MBD) 
and, thus, of SREs on patients’ life is huge [ 5 ]. 
SREs appear to be associated with signifi cant 
morbidity and are linked to decreased survival. 
Few years ago, Nørgaard et al. [ 6 ] reported the 
results of a Danish population-based cohort study 
in which 5-year survival of prostate cancer 
patients was 56 % without bone metastases, 3 % 
with bone metastases, and 0.7 % with bone 
metastases and SREs. Many other trials have 
reported the signifi cant worsening in quality of 
life (QOL) of patients with SREs and the benefi t 
on QOL of targeted treatments like radiation 
therapy [ 7 – 9 ]. Generally speaking, patients with 
no SREs have higher QOL than those with any 
SREs, and patients with one SRE have higher 
QOL than those with multiple SREs (particularly 
in terms of pain, as measured by standard scales). 
Similarly, patients with no SREs have better sur-
vival than those with one or multiple SREs. 

 To fi nd proper treatments for bone metastases 
and SREs, anyway, is crucial not only from a 
clinical point of view. In the last decade, many 
countries have faced a reduction of healthcare 
services’ fi nancing due to the current global eco-
nomic conjuncture: this situation leads to the 
need to consider also to the economic side of the 
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problem, in terms of healthcare resource utiliza-
tion (HCRU) and related costs. 

 The economic burden of cancer, although 
highly variable among subtypes [ 10 ], is substan-
tial. In the fi eld of prostate cancer, the signifi cant 
adverse economic effects of SREs have emerged 
in all the targeted studies conducted in the last 
years. Compared with men who have prostate 
cancer metastatic to the bones and no SREs, men 
with prostate cancer metastatic to the bones expe-
riencing at least one SRE have not only a twofold 
increase in the risk of death, but also a twofold 
increase in the number of emergency department 
visits and a fourfold increase in the number of 
hospitalizations, with an additional $ 21,000 in 
direct medical costs per patient attributed to 
SREs [ 11 ]. Skeletal complications represent a 
signifi cant public health and health economic 
burden especially among elderly men with 
advanced prostate cancer, given the incidence of 
this disease. 

 The cost estimates for SREs include costs of 
treatments provided in the inpatient, outpatient, 
home health, hospice, and skilled nursing facil-
ity settings. They depend on several factors, 
including the sources of data, healthcare set-
tings, perspective assumed, target population, 
operationalization of SRE defi nitions and costs, 
and length of follow-up [ 12 ]. Also the analyti-
cal techniques used to estimate costs may infl u-
ence the results. With this limitation, in the last 
decade, multiple studies have been conducted 
to evaluate the economic burden of bone meta-
static disease (and its consequences) associated 
to prostate cancer, in order to better understand 
where and how we should intervene in order to 
get both the highest cost-effectiveness ratio, in 
terms of effi ciency in resources allocation, and 
the highest clinical benefi t. 

20.1     Direct Health Costs of SREs 
in Europe 

 The economic burden of skeletal-related events 
in patients with bone metastases from solid 
tumors was investigated in 2013 in a prospective 
multinational observational study by Hechmati 

et al. in four European countries: Italy, Germany, 
Spain, and the UK [ 13 ]. 

 The study was conducted on 478 patients 
enrolled between 2008 and 2010, with age ≥18 
years, bone metastases secondary to solid tumors 
(prostate cancer, breast cancer, lung cancer) or 
multiple myeloma, an Eastern Cooperative 
Oncology Group score between 0 and 2, and 
more than 6 months of life expectancy. A total of 
961 skeletal-related events were considered (non- 
vertebral fractures, vertebral fractures, radiation 
to bone, spinal cord compression, surgery to 
bone). The costs per event varied signifi cantly 
among countries, as reported in the table below.

 Skeletal-related 
event 

 Mean cost per skeletal-related 
event (€) 

 Germany  Italy  Spain  UK 

 Non-vertebral 
fracture 

 1,720  2,087  3,209  2254 

 Vertebral fracture  2,124  2,142  6,968  1,015 
 Radiation to bone  1,694  2,461  2,378  704 
 Spinal cord 
compression 

 5,,847  4,884  7,903  12,082 

 Surgery to bone  9,407  3,348  4,263  7,447 

   In the four countries considered, more than 
83 % of costs were due to inpatient stay for spinal 
cord compression and bone surgery. For non- 
vertebral fractures in the UK and Spain, more 
than 88 % of costs were due to inpatient stays, 
while in Italy and Germany, this proportion was 
79 % (19 % for procedures) and 64 % (28 % for 
procedures), respectively. For vertebral fractures 
in Italy and Spain, more than 94 % of costs were 
due to inpatient stays, while in Germany this cat-
egory of cost covered 83 % of costs (14 % due to 
procedures) and in the UK 9 % were due to inpa-
tient stays, 37 % to outpatient visits, and 53 % to 
procedures. The wider difference in terms of 
costs’ proportion among countries was observed 
also for radiation therapy: in Germany proce-
dures covered 45 % of costs, followed by inpa-
tient stays (42 %) and outpatient visits (13 %); in 
Italy 78 % of costs were due to procedures, fol-
lowed by inpatient stays (17 %); in Spain the 
main cost category was inpatient stays (64 %) fol-
lowed by outpatient visits (27 %) and procedures 
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(9 %); and in the UK 50 % of costs were due to 
outpatient visits and 47 % to procedures. 

 The highest cost was associated with surgery 
to bone followed by spinal cord compression in 
Germany, with spinal cord compression followed 
by surgery to bone in Italy and the UK, and with 
spinal cord compression followed by vertebral 
fracture in Spain, confi rming the high regional 
variability of procedures and cost. 

 Previous analysis, indeed, had been conducted 
on the population of single countries. In 2011, 
Félix et al. [ 14 ] conducted a multicenter, retro-
spective study to assess skeletal-related events’ 
costs in 152 patients with bone metastases in 
prostate (31 patients) and breast (121 patients) 
cancers in Portugal. Cost data were estimated 
according to the Portuguese National Health 
Service price list, considering activities provided 
by the hospitals involved in SRE identifi cation 
and treatment. The estimated mean per capita 
costs related to skeletal events were 5,711 € (95 
CI: 3,467 €–6,052 €) for patients with prostate 
cancer. In the prostate cancer group, the three 
main cost categories were hospitalization 
(38.7 %), medications (31.0 %), and radiotherapy 
(24.5 %). The mean cost per skeletal-related 
event in the whole sample is reported in the table 
below: the highest cost was associated with spi-
nal cord compression, followed by pathologic 
fracture, hypercalcemia of malignancy, and 
radiotherapy.

 Skeletal-related event 
 Mean cost per event 
(€) 

 Spinal cord compression  13,203 
 Pathologic fracture  8,730 
 Hypercalcemia of malignancy  3,008 
 Radiotherapy  1,485 

   The year before, Pockett et al. [ 15 ] had pub-
lished a similar article aimed at investigating the 
hospital burden of SREs associated with bone 
metastases in prostate cancer, breast cancer, and 
lung cancer in the Spanish population. Data 
related to 221 patients with prostate cancer, bone 
metastases, and SREs with hospital admissions 
between 2000 and 2006 were considered. The 
average cost for the fi rst hospital admission of 
patients with skeletal-related events was 3,585 € 
(standard deviation: ± 1,538.8 €), while the cost 
of the fi rst hospital admission of patients with 
prostate cancer metastatic bone disease but no 
SREs was equal to 3,180 € (standard deviation: 
±2,081.9 €). The impact of SREs on total costs 
had been demonstrated since 2003 also in the 
Netherlands, where Groot et al. [ 16 ] evaluated 
the direct medical costs associated with bone 
metastases in 28 patients with prostate cancer 
and found a cost per patient equal to 13,051 €, of 
which 6,983 € were directly due to SREs (more 
than half of total direct medical costs). 

 An effort to overcome regional differences 
and to conduct a wider European analysis on the 
costs of bone metastases and SREs has been 
recently made by Pereira et al. [ 17 ], with a retro-
spective multinational study (Austria, the Czech 
Republic, Finland, Greece, Portugal, Sweden) 
that investigated the health resource utilization 
associated with skeletal-related events in patients 
with bone metastases secondary to prostate, 
breast, or lung cancer and multiple myeloma. The 
data sources were hospital charts of 356 patients 
with >19 years who experienced 744 skeletal- 
related events. The cost per event (in euros, 
referred to 2010), calculated assuming the 
National Health Service perspective, is reported 
in the table below.

 Skeletal-related event  Mean cost per skeletal-related event (€) 

 Austria 
 Czech 
Republic  Finland  Greece  Portugal  Sweden 

 Radiation to bone  14,603  2,258  7,251  9,734  5,144  3,270 
 Pathologic fracture  10,305  1,858  5,397  4,478  3,676  5,379 
 Spinal cord 
compression 

 22,191  6,140  14,447  7,538  5,739  13,000 

 Surgery to bone  21,496  6,030  13,343  7,943  7,130  10,666 
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   The mean cost per event among the six coun-
tries considered was 7,043 € for radiation to 
bone, 5,242 € for pathologic fracture, 11,101 € 
for surgery to bone, and 11,509 € for spinal cord 
compression. This last event was the most oner-
ous in Austria, the Czech Republic, Finland, and 
Sweden, followed by surgery to bone. In Greece 
radiation to bone resulted to be the event with 
more health resource consumption, followed by 
surgery to bone, while in Portugal surgery to 
bone was the most expensive procedure, followed 
by treatment of spinal cord compression.  

20.2     Direct Health Costs of SREs 
in the USA and Canada 

 In the last years, several studies have investigated 
the economic impact of SREs also in the USA 
and Canada. Taking into account the different 
features of the health services between these 
countries and Europe, the results of the analyses 
were not so dissimilar to European ones since the 
difference essentially consists in the approach to 
the problem rather than in the problem itself 
(higher rate of hospitalization associated with 
SREs in Europe than in the USA, as well as lon-
ger hospital stay; higher rate of outpatient visits 
and procedures in the USA than in Europe) [ 18 ]. 

 The cost of SREs in patients with prostate 
cancer and bone metastases was fi rst investi-
gated by Lage et al. [ 19 ], in a retrospective anal-
ysis on 342 patients (from year 2000 to 2005). 
The per capita mean cost for SRES was 12,469 
US$, equally distributed among inpatient 
(48.7 %) and outpatient (51.3 %) activities. The 
mean costs per single skeletal-related event are 
presented in the table below.

 Skeletal-related event 
 Mean cost in US$ (95 % 
confi dence interval) 

 Therapeutic radiology  5,930 (4,829–7,032) 
 Pathologic fracture  3,179 (1,745–4,614) 
 Bone surgery  2,218 (1,059–3,378) 
 Spinal cord 
compression 

 460 (116–803) 

 Other  681 (316–1,047) 

   The highest cost was associated with thera-
peutic radiology (radiation therapy), followed by 
pathologic fracture, bone surgery, and spinal cord 
compression. 

 A following analysis conducted by Barlev 
et al. [ 20 ] assessed the costs from the payer 
point of view of pathologic fractures, surgery 
to bone, and spinal cord compression in 
patients with bone metastases secondary to 
prostate cancer, breast cancer, or multiple 
myeloma (data from 2003 to 2009), consider-
ing subjects in Medicare and MarketScan data-
bases with a hospitalization due to SREs. A 
total of 599 hospitalizations with skeletal-
related events as primary diagnosis or proce-
dure were identifi ed for patients with prostate 
cancer with bone metastases: 130 cases of bone 
surgery (21.7 %), 416 bone fractures (69.4 %), 
and 53 spinal cord compressions (8.9 %). The 
mean payer costs for patients with prostate 
cancer are reported in the table below.

 Skeletal-related event 
 Mean cost in US$ (95 % 
confi dence interval) 

 Surgery to the bone  42,094 (29,247–54,941) 
 Pathologic fracture  22,390 (28,417–37,067) 
 Spinal cord 
compression 

 59,788 (41,401–78,176) 

   A similar analysis was later conducted by 
Hagiwara and colleagues [ 21 ], in a retrospec-
tive observational study with data related to 
1,237 patients with prostate cancer and bone 
metastases (from 2002 to 2011, data collected 
from the Thomson MedStat MarketScan 
Commercial Claims and Encounters database). 
Mean per capita costs due to hospital outpa-
tient visits (7,471 US$, SD: ±14,837), physi-
cian offi ce visits (5,826 US$, SD: ±11,515), 
hospitalizations (2,668 US$, SD: ±12,013), 
emergency department visits (334 US$, SD: 
±1,601), lab visits (141 US$, SD: ±461), and 
home healthcare (119 US$, SD: ±790) were 
assessed. The costs per SRE were considered 
both in the inpatient and outpatient settings, as 
reported in the table below.
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 Skeletal-related 
episode 

 Mean cost in 1,000 of US$ 
(95 % confi dence interval) 

 Inpatient 
episode 

 Outpatient 
episode 

 Spinal cord 
compression 

 54.5 
(37.0–71.9) 

 14.9 (1.4–28.4) 

 Pathologic fracture  64.1 
(48.1–80.2) 

 11.4 (8.0–14.7) 

 Surgery to bone  88.8 
(64.8–112.9) 

 4.7 (0.8–8.7) 

 Radiotherapy  43.0 
(35.1–50.9) 

 11.8 
(10.8–12.8) 

   A further analysis within the US setting was 
conducted among elderly men (66 years or older) 
with metastatic prostate cancer by Jayasekera 
et al. [ 12 ]. Patients with incident stage IV pros-
tate cancer between 2000 and 2007 were selected 
from the Surveillance, Epidemiology, and End 
Results – Medicare dataset. A total of 1131 meta-
static prostate cancer patients with SREs were 
considered, and their average healthcare utiliza-
tion was assessed. The annual average cost (2009 
US$) for each skeletal-related event is reported in 
the table below.

 Skeletal-related event 
 Mean cost in US$ 
(standard deviation) 

 Any skeletal-related event  53,192 (±44,217) 
 Spinal cord compression only  50,095 (±44,721) 
 Pathological fracture only  42,523 (±34,794) 
 Bone surgery only  60,955 (±45,418) 
 Pathological fracture with 
concurrent surgery 

 56,896 (±39,971) 

 Spinal cord compression with 
concurrent surgery 

 83,681 (±54,098) 

   The highest healthcare resource utilization 
was observed for spinal cord compression with 
concurrent surgery, followed by pre-fracture 
bone surgery. Considering any skeletal-related 
event, 51.5 % of the mean total cost was due to 
inpatient activity, 19.7 % to physicians and non-
institutional providers, 12.9 % to skilled nursing 
facilities, 6.0 % to hospice, 5.0 % to outpatient 
activities, and 4.9 % to other activities (i.e., home 
health and durable medical equipment). 

 Probably, the broadest study in this fi eld (about 
the US situation) was published by Roghmann 

and colleagues in 2015 [ 22 ]. The authors evalu-
ated hospital charges in a sample of 443,929 
patients with prostate cancer and bone metastases 
from the National Inpatient Database between 
1998 and 2010. They assessed a signifi cant 
(+92 %) increase of the charges associated with 
hospital visits of patients with bone metastases in 
the analyzed period, from $ 788,522,108 in 1998 
to $ 1,512,449,106 in 2010 (infl ation- adjusted 
values at year 2012). Charges for hospital visits 
due to SREs rose even more (+94 %), from $ 
190,318,566 in 1998 to $ 369,256,799 in 2010. 
Median charges per visit were higher in patients 
with SREs compared with patient with prostate 
cancer and bone metastases not presenting such 
events, being $ 29,625 per visit vs. $ 17,969 per 
visit. Moreover, in spite of a decrease of the inci-
dence of SREs and SRE-associated mortality in 
the study period, health expenditures for SRE-
associated hospital visits increased at an alarming 
rate over the course of the study (370 million dol-
lars in 2010, 24.41 % of the total charges associ-
ated with all hospital visits for patients with 
prostate cancer and bone metastases). 

 The results of this study have recently been 
confi rmed by another paper by McDougall et al. 
[ 11 ], about the results of a retrospective analysis 
on the costs of SREs in 3,297 patients with pros-
tate cancer and bone metastases. Cost data were 
collected from the Surveillance, Epidemiology, 
and End Results, Medicare database (expressed 
in 2013 US$), with baseline data referred to the 
period 2004–2009. For patients with at least one 
SRE, the mean per capita cost accrued from the 
date of the fi rst skeletal-related event (≥1) to 
death was calculated in 72,454 US$ (95 % confi -
dence interval: 67,362–76,958); during the same 
period, the cost for patients with prostate cancer 
and bone metastases but free of SREs was 51,263 
US$ (95 % confi dence interval: 45,439–56,100), 
with a 21,191 US$ additional cost attributable to 
SREs. 

 Data emerged from the US situation are not 
dissimilar to those concerning Canada, as dem-
onstrated by the results of a retrospective obser-
vational open cohort study conducted in the 
Province of Québec by Perrault et al. and pub-
lished in 2015 [ 23 ]. Data about 626 patients with 
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prostate cancer and metastatic bone disease and 
1,671 patients with prostate cancer and no bone 
metastases (taken as control group) were col-
lected from the Régie de l’Assurance Maladie du 
Québec database, which contains information on 
public insurance covered health services, in the 
interval between 1996 and 2010 (costs expressed 
in Canadian dollars at December 2012). Patients 
with ≥2 MBD-related claims or a SRE were 
compared with the matched control group of 
patients without MBD. The adjusted annual cost 
of the healthcare resources used by patients with 
metastatic bone disease was statistically higher 
than the cost of those used by the control group 
in terms of hospitalizations (28,957 $ vs. 10,230 
$), emergency room visits (626 $ vs. 324 $), out-
patient physician visits (873 $ vs. 517 $), diag-
nostic procedures (1,449 $ vs. 630 $), and 
pharmacy (5,099 $ vs. 4,180 $). The total unad-
justed annual cost of the healthcare resources 
used by patients with bone metastases was 
37,004 $, of which 11,377 $ were strictly related 
to metastatic bone disease.  

20.3     Costs of Available 
Treatments 

 Therapeutic options for mCRPC were primarily 
palliative until 2004, when clinical trials demon-
strated the survival benefi t associated with 
docetaxel therapy. Since then, additional chemo-
therapeutic agents, immunotherapy, and targeted 
therapies have emerged and gained approval for 
the treatment of CRPC and its associated meta-
static disease: Abiraterone acetate and enzalu-
tamide (hormone antagonists), cabazitaxel 
(taxoid), radium-223 dichloride (radiopharma-
ceutical for bone metastases), and sipuleucel-T 
(vaccine). With the development of these new 
agents, together with the emergence of new bio-
markers to evaluate treatment effi cacy and assess 
prognosis, the treatment paradigm of prostate 
cancer is currently being revolutionized [ 24 ]. 

 In this setting, not only the analysis of costs 
related to SREs but also a careful evaluation of 
the economic impact of these new therapies 
seems necessary: from the clinical point of view, 

in fact, all of them have proven to be effective in 
reducing or delaying SREs and/or increasing sur-
vival compared to placebo and best supportive 
care, while few direct comparative data about 
their effi cacy are available at the moment. 

 A relatively recent paper (Lew 2013) [ 25 ], 
considering the approved courses of treatment of 
these latest post-docetaxel agents, has estimated a 
treatment cost in the USA varying from approxi-
mately 47,000 $ for an 8-month course of treat-
ment with abiraterone acetate to approximately 
93,000 $ for a standard sipuleucel-T course of 
three treatments. The costs of cabazitaxel (approx-
imately 50,000 $ for a typical six-cycle treat-
ment), enzalutamide (approximately 60,000 $ for 
an 8-month course of treatment), and radium-223 
dichloride (approximately 70,000–75,000 $ for 6 
months) were within the range. These values 
demonstrate that the overall expense is signifi cant 
independently from the chosen agent but also that 
costs differences among them exist. To note, in 
this kind of analysis not only direct drug costs but 
also the costs of drug administration, cost of 
patient monitoring, and also the cost of eventual 
adverse events and related medications are usu-
ally considered. In some papers, instead, the ex 
factory prices of treatments, which are signifi -
cantly lower, are reported: about Italy, for exam-
ple, the cost of these drugs alone (considering the 
approved courses of treatment) ranges from 
approximately 26,400 € for cabazitaxel and 
Ra-223 to approximately 30,800 € for abiraterone 
(30,200 € for enzalutamide; no data for sipuleu-
cel-T) [ 26 – 29 ]. This may contribute to generate 
further confusion in a complex analysis in itself. 

 The results of available cost-effectiveness 
evaluations are somewhat confl icting. In 2012, 
the National Centre for Pharmacoeconomics 
(NCPE) of Ireland stated that abiraterone acetate 
was not cost-effective for the treatment of patients 
with mCRPC who have received prior docetaxel- 
based chemotherapy, since the incremental cost- 
effectiveness ratio (ICER) values were above the 
threshold levels of interest of the Irish Health 
Service Executive (€ 144,485 for quality-adjusted 
life year (QALY) vs. € 45,000/QALY) [ 30 ]. The 
same applied, 2 years later, to enzalutamide [ 31 ]. 
Also the cost-effectiveness of Ra-223, according 
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to NCPE, is still to be demonstrated [ 32 ]. In 
2013, two US analyses came to different conclu-
sions, indicating that the reimbursement for abi-
raterone may have a neutral impact on the health 
plan budget, given the relatively small size of the 
eligible prostate cancer population and the 
expected lower toxicity-related costs as com-
pared with chemotherapy, and thus considering it 
cost-effective compared to prednisone alone and 
to the next lowest cost option, mitoxantrone. In 
this setting, it should be underlined that an inter-
vention is considered cost-effective compared to 
an alternative intervention if ICER falls below a 
predetermined threshold. In the USA this thresh-
old is a maximum of $ 100,000 per QALY, sig-
nifi cantly higher than European one: negative 
results in Europe may also be due to this lower 
acceptable willingness-to-pay (WTP) threshold. 
Interestingly, cabazitaxel has not been considered 
cost-effective in any scenarios until now [ 33 ,  34 ]. 
Recently, the results of a cost-effectiveness anal-
ysis of radium-223 in comparison to cabazitaxel, 
abiraterone, and enzalutamide in Dutch patients 
with mCRPC previously treated with docetaxel 
have been published [ 35 ]. A Markov model with 
fi ve health states (from “progression-free sur-
vival without symptomatic SREs” to “death”) 
was used, and effi cacy, safety, and QALY data 
were obtained from respective Phase III random-
ized controlled trials (ALSYMPCA trial2, 
TROPIC trial3, COU-AA-301 trial4, AFFIRM 
trial5) by indirect treatment comparisons. The 
analysis showed that the effectiveness expressed 
in QALYs was comparable among all the treat-
ments: however, the lifetime costs of mCRPC 
patients in the Netherlands were lower for Ra-223 
treated patients, due to lower drug and symptom-
atic SREs costs, making Ra-223 a possible cost- 
saving treatment in this clinical context.  

20.4     Final Considerations 

 The economic impact of prostate cancer bone 
metastases is signifi cant but diffi cult to evaluate as 
a whole. The analysis of the costs related to the 
disease demands for a targeted intervention on its 
complications that represent the fi rst item in terms 

of expenditure. Also the modality of intervention, 
anyway, should be carefully evaluated from an 
economic point of view. New available therapies, 
in fact, do provide clear clinical benefi ts, but 
appropriate healthcare utilization and manage-
ment of associated expenditures is a growing con-
cern, since the costs associated with their use are 
not negligible. In this setting, direct medical costs 
associated with their administration, adverse 
events, monitoring, etc. should be further investi-
gated along with indirect costs, to assess the global 
expense from the perspective of society. Present 
data on this topic are still controversial. 

 A double aim in the choice of the proper treat-
ment for patients affected by prostate cancer with 
bone metastases emerges, both from the clinical 
side and from the economical one: fi rst and 
essential, to fi nd an agent that signifi cantly 
reduces or delays SREs and then, among avail-
able alternatives, to conduct cost-effectiveness 
evaluations to identify the one leading to the 
highest effi ciency in terms of resources alloca-
tion and to investigate the sustainability of its use 
within national and regional health services. 

 It is probable that, in the next future, costs of 
managing patients with mCRPC will arise, consid-
ering the possibility that many of these subjects 
may eventually require treatment with one or more 
of these new therapies, due to new sequencing or 
combination of multiple agents. In this setting, the 
current lack of comparative data for these treat-
ments is problematic and demands further 
researches. Multidisciplinary collaboration 
between oncologists, urologists, and various other 
healthcare professionals will be vital to formulate 
the best therapeutic strategies and treatment proto-
cols, in order to deliver the most clinically effec-
tive and sustainable treatments at the best time, 
ensuring optimal patient and economic outcomes.     
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21.1          The European Partnership 
for Action Against Cancer 

 The multidisciplinary management of cancer 
patients was recognized by the Lisbon roundtable 
on national cancer plans, cancer registries, and 

cancer screening programs organized within the 
Health Strategies in Europe meeting in 2007 as 
the best way to manage and organize cancer care 
thanks to the collaboration of all health profes-
sionals involved in the diagnostic and therapeutic 
path [ 1 ]. Considering the different levels of orga-
nization, implementation, and performance of 
cancer care in the European countries, though, in 
2009, the European Parliament launched the 
European Partnership for Action Against Cancer 
(EPAAC) with the aims of collectively address-
ing the issue of cancer by shared and coordinated 
prevention and control strategies and offering 
European health systems some key elements to 
organize multidisciplinary management of onco-
logic patients. In the document from the 
Commission of the European Communities to the 
European Parliament, the Council, the European 
Economic and Social Committee, and the 
Committee of the Regions, great emphasis was 
placed on the importance of a comprehensive 
cancer approach and on the central role of the 
multidisciplinary teams which could ensure more 
effective care of oncologic patients. Other focuses 
of interest were patients’ quality of life and pal-
liative care, the quality of which dramatically 
varied between member states and sometimes 
within the same state [ 2 ]. The article “Policy 
statement on multidisciplinary cancer care” [ 3 ] 
summarized the consensus reached by EPAAC 
working group after long discussion and litera-
ture review. Multidisciplinary team was for the 
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fi rst time defi ned as “an alliance of all medical 
and health-care professionals related to a specifi c 
tumor disease whose approach to cancer is guided 
by their willingness to agree on evidence-based 
clinical decisions and to coordinate the delivery 
of care at all stages of the process, encouraging 
patients in turn to take an active role in their 
care.” According to EPAAC, new and recurrent 
cancer patients should be managed by the multi-
disciplinary team early after the diagnosis in 
order to be proposed the most appropriate treat-
ment upon careful consideration of the patho-
logic and imaging reports. Palliative care 
specialists should also participate to guarantee 
continuity of care and support to patients’ needs 
along the disease trajectory. Patients should be 
informed of the disease and the treatment options, 
express their informed consent to the treatment 
plan, and have access to psychological support 
and counseling if felt necessary and requested. 
On the other hand, treatment plan agreed upon by 
the multidisciplinary team should be evidenced- 
based and respectful of patients’ preferences. 
Follow-up should regard both the monitoring 
after treatment and treatment-induced needs 
(e.g., need for rehabilitation programs) [ 3 ]. 

 Table  21.1  reports EPAAC working group’s 
policy statement on the core pillars of multidisci-
plinary teams. In synthesis, effective multidisci-
plinary teams should (1) share clear care 
objectives covering the whole disease trajectory; 
(2) go through the process of organization by  
identifying leadership, work fl ow, actors, and 
responsibility; (3) set up databases; (4) promote 
patient empowerment; and (5) seek for policy 
support. All these actions should facilitate the 
shift from a disease-focused to a patient-centered 
approach, thus considering also broader areas of 
interest, such as the psychosocial aspects, the 
quality of life, and survivorship [ 3 ].

21.2        Experiences in the Literature 

 Besides the paper by EPAAC working group, sev-
eral articles highlighted the benefi ts of managing 
cancer patients with a multiprofessional approach 
by a team of trained, skilled, and qualifi ed 

 physicians and health professionals, thus able to 
deliver the multimodal treatment requested by sev-
eral oncologic malignancies and ensure quality and 
continuity of care [ 4 – 9 ]. The interdisciplinary and 
multiprofessional management of cancer patients 
reduces the time from diagnosis to completion of 
necessary pretreatment consultations and to treat-
ment, the number of visits before initiation of care, 
the duplication of the procedures, and the fragmen-
tation of care; allows the timely detection of dis-
ease relapse and treatment- induced complications; 
applies a personalized medicine, paying particular 
attention to all the dimensions of the patients, the 
physical as well as the emotional, social, and spiri-
tual/existential ones; enables to improve care in 
terms of consistency (i.e., evidenced-base clinical 
decisions, objective treatment proposals without 
specialty- driven bias) and continuity (i.e., coordi-
nation of therapies); permits to improve communi-
cation among health professionals and to share 
responsibility on complex cases; favors inclusion 
of patients in trials; offers educational opportuni-
ties to the team members to acquire a multidisci-
plinary knowledge of the disease; and increases 
patient satisfaction, compliance to treatment, and 
clinical outcome (Table  21.2 ) [ 4 – 9 ].

   As a result, the involvement of different spe-
cialists and health professionals in the care of 
cancer patients can be considered as the best way 
to make the shift from operating in silos to team- 
based care and from individual to shared respon-
sibility. Essential prerequisites for an effective 
multidisciplinary team working are orchestration 
and coordination of the activities, and this trans-
lates into a few requirements necessary to reach 
these major goals and to overcome barriers to 
effective team functioning [ 6 ,  8 ]:

    1.    The multidisciplinary team needs a leader.   
   2.    Philosophy, dynamics, roles, objectives, and 

actions need to be made clear and shared 
within the team.   

   3.    Administrative and cleric support needs to be 
granted to facilitate organization and coordi-
nation of multidisciplinary activities.   

   4.    Health professionals participating in the mul-
tidisciplinary team need protected contractual 
time to attend the multidisciplinary activities.   
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   Table 21.1    EPAAC policy statement to defi ne the core elements of multidisciplinary teams (MDT)   

 Rationale and 
defi nition of MDT 

 Promotion of MDT considered as an ethical priority, given the benefi ts of MDT and the 
imperative to provide all patients with the best possible care 
 Fostering MDT considered as imperative to ensuring appropriate clinical decisions 
 Multidisciplinary clinical practice guidelines considered as deserving special attention 
 Clinical leadership and fi rm commitment by health-care providers considered as prerequisites 
to change management and to sustain team structures 
 Given the dynamic nature of cancer, networks for knowledge and expertise considered essential 
 MDT work considered crucial for future challenges like survivorship 
 MDT considered as an alliance of all medical and health-care professionals 

 Care objectives  Initiation of MDT monitoring immediately after cancer diagnosis 
 Need for MDT consensus and patient consent on evidence- based treatment plan 
 Decision-making process consistent with evidence-based clinical practice guidelines 
 Need for tailoring guidelines to the type of tumor and the conditions of the patient during 
MDT meeting discussions 
 Need for informing the patient on treatment decisions and taking his preferences into account 
 Need for offering assess to counseling for psychosocial support and other supportive issues 
 Follow-up plan to be integrated with a joint survivorship care plan elaborated by the MDT and 
shared with the patient 
 Follow-up aimed to monitor possible relapse and posttreatment needs including rehabilitation 
 In selected cases need for integration between MDT and palliative care team to ensure 
continuity of care 
 Need for involving primary care physicians in the discussion of their patients and in the 
follow-up management 

 MDT organization  Need for monitoring all new and recurrent cancer patients 
 Need for presenting every case at a tumor board for discussion or assessing adherence of 
clinical recommendations to evidence and guidelines 
 Specialists involved in the MDT formally assigned and ensured protected time to attend 
multidisciplinary activities 
 MDT care protocols to be updated every 2 years 
 MDT proactive in promoting educational experiences and quality improvement actions 
 Designation of MDT coordinator to ensure effi cient discussion within the tumor board, secure 
professionals’ attendance, prepare cases to be discussed, involve specialists necessary for the 
discussion, and implement decisions taken by the MDT 
 Leading position considered as temporary, with clear rules for nomination process and rotation 
system 
 Case management to be provided by an expert nurse or qualifi ed staff member who could be 
contact person for the patients and the team 

 Clinical 
information and 
assessment 

 Need for a prospective database with clinical indicators 
 Information available for evaluation of outcomes 
 Decisions taken and rationale applied considered as important information to be recorded 

 Patients’ rights and 
empowerment 

 Need for fl uid communication with patients and shared decision-making 
 Need for discussing treatment and care preferences with patients before making clinical decisions 
 Possibility for patients to have second opinions 
 Identifi cation of a responsible physician at every stage of the care process 
 Identifi cation of a case manager responsible for communicating with patients 
 Improvement of patient experience considered as key element in the quality of care 
 Improvement of patients’ level of information considered as necessary: on the MDT 
organization, on the care process, on treatments and treatment- related side effects, on 
community resources 
 Patients and volunteer organizations considered as welcome in cancer centers 

 Policy support  Need for involving European and national scientifi c societies and patient associations 
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   5.    Institutional support should be granted in 
terms of both funding and organizational 
issues (meeting room, IT facilities, etc.).   

   6.    The multidisciplinary team needs to learn to 
work in team, trust each other, and respect the 
differences in approach.    

  It is also very important to consider the natural 
history of the disease to identify the specialists 
and health professionals who have to be involved 
in the multidisciplinary management of cancer 
patients in every phase as well as the multidisci-
plinary activities which need to be implemented 
in a particular state of disease. The choice as on 
whom to involve, and when, enables to optimize 
resources, efforts, and costs and, at the same 
time, offer patients the best approach to the dis-
ease. For patients with advanced cancers, for 
example, the multidisciplinary team should also 
involve the palliative care team in an early stage, 
as underlined by the EPAAC working group [ 3 ], 
thus implementing the concept of simultaneous 
care. Indeed innovative treatment modalities and 
new drugs for many cancers may prolong 
patients’ life, but it is beyond any doubt that, 
being often affected by an active and symptom-
atic disease, patients may develop mental and 
psychosocial distress, functional decline,  spiritual 

issues, and fi nancial problems. It is crucial to 
identify the needs of this vulnerable population 
and offer simultaneous care in an early phase of 
the overall management regimen [ 10 ,  11 ].  

21.3     Simultaneous 
and Palliative Care 

 Taking care of cancer patients and their quality of 
life means to offer the best therapeutic options as 
well as to detect physical, functional, psychologi-
cal, social, spiritual/existential, and also fi nancial 
needs [ 12 ]. To do that it is necessary to involve 
different health professionals such as supportive 
and palliative care experts, physiotherapists, 
nutritionists, psychologists, social workers, and 
spiritual counselors. The concept of simultane-
ous care was developed to address patients’ broad 
array of needs, to focus on the importance of 
delivering care as well as monitoring and manag-
ing pain and symptoms, to improve patient care 
experience and quality of life, to reduce the use 
and costs of medical services, to help family 
caregivers manage the complexity of care, and to 
facilitate the shift from treatment to palliative 
care and to end-of-life care [ 13 – 17 ]. 

 According to the World Health Organization 
(WHO), palliative care is “an approach that 
improves the quality of life of patients and their 
families through the prevention and relief of suf-
fering by means of early identifi cation and 
impeccable assessment and treatment of pain and 
other problems, physical, psychosocial, and spir-
itual” [ 18 ]. As a result, palliative care should be 
integrated with standard oncology care, be part of 
the multidisciplinary team, and thus be offered to 
all patients with advanced cancer in an early 
stage. As recommended by the American Society 
of Clinical Oncology (ASCO) Provisional 
Clinical Opinion [ 19 ] and the European Society 
of Medical Oncology (ESMO) [ 20 ], standard 
oncology and specialized palliative care should 
join efforts and work multidisciplinarily early in 
the disease trajectory for patients with advanced 
cancer and/or important symptom burden. Data 
from the literature seem to stress the positive 
impact of this multiprofessional alliance on 

   Table 21.2    Benefi ts of multidisciplinary and multipro-
fessional management of cancer patients   

 Benefi ts 

 Less time from diagnosis to treatment 
 Fewer consultations before initiation of care 
 More continuity of care 
 Timely detection of disease relapse and treatment- 
induced complications 
 Application of personalized medicine 
 Attention to all the dimensions of the patients 
 Increased consistency in the care: evidence-based 
clinical decisions, objective treatment proposals 
without specialty-driven bias 
 Better communication among health professionals 
 Shared responsibility on complex cases 
 Increase in the number of patients included in trials 
 Educational opportunities to the team members to 
acquire a multidisciplinary knowledge of the disease 
 Increase in patient satisfaction, compliance to 
treatment, and clinical outcome 
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patients’ quality of life and cancer experience, on 
standardization of procedures, in some cases 
even on better survival rates, on reduced hospital-
ization and emergency department visits, and on 
costs [ 14 ,  17 ,  21 – 33 ]. 

 At the same time, numerous barriers hinder 
the integration process, making this indeed one 
of the biggest challenges in oncology. Different 
examples are reported in the literature among 
which are (1) education-related barriers, (2) 
implementation-related barriers, and (3) policy- 
related barriers (Table  21.3 ) [ 34 ].

   Generally speaking, as smartly observed by 
Berry et al. [ 35 ], “palliative care has a branding 
problem,” and this would explain its underuse in 
spite of the unquestionable benefi ts. Palliative 
care is still perceived by patients, families, and 
also some physicians as pertaining to the end-of- 
life issues. Some organizations considered adopt-
ing a new name and switched to “supportive 
care” in some cases. The analysis of 4.701 con-
secutive patients pointed out an increase in the 
number of referrals and an anticipation of the 
referral itself after the name change [ 36 – 38 ]. 
However, the connection of advanced cancer 

 palliative care with the end of life, in other words 
with death, is not a semantic one but a fact that 
should not be denied with nominalistic makeups 
rather accepted both in the medical community 
and in society based on an empathic, compas-
sionate, and honest therapeutic ground [ 39 ]. The 
universally accepted terminology of palliative 
care approach, palliative care speciality, and pal-
liative care services [ 40 ] is informing most of the 
health-care policies in the world and gives also 
important clinical opportunities. In fact, early 
referral to palliative care outpatient clinics 
improved communication and patients’ under-
standing of goals of care and reduced aggressive 
end-of-life treatments [ 17 ,  41 ]. It is likely that 
this improvement in communication can also 
result in increasing patients’ autonomy and 
access to better advanced care directives. 

 For these reasons, there is a crucial need also 
for better education about the breadth and scope 
of palliative care, which must not be confi ned in 
end-of-life management and hospice and must 
embrace relief of suffering, improvement of qual-
ity of life, and assistance in dealing with the 
disease- induced burdens [ 11 ]. Education should 
start at the earliest stage of training and be aimed 
to address the goals of palliative care as well as 
improve the physicians’ competence [ 11 ].  

21.4     Organization of Palliative 
Care Services 

 Hui and Brera [ 42 ] described the most common 
conceptual models of palliative care with the aim 
of supporting stakeholders in understanding the 
rationale for integration. The review addressed the 
time-based model (i.e., integration is activated on 
chronological criterion), the provider- based (or 
palli-centric) model (i.e., primary, secondary, and 
tertiary care), the issue-based (or onco-centric) 
model with focus on the solo practice, the con-
gress and the integrated care declinations, and the 
system (or patient-centric) model (in which refer-
ral is automatically triggered by particular clinical 
events). No matter the model applied, it is funda-
mental to establish criteria for referral timing and 
team roles, thus offering patients a continuous 

   Table 21.3    Barriers to the integration of palliative care 
in the oncologic care   

 Education-related 
barriers 

 Lack of education and 
training for medical 
residents 
 Perception of palliative care 
as pertinent to the 
end-of-life care by health 
providers 
 Perception of palliative care 
as pertinent to the 
end-of-life care by the 
public 

 Implementation-related 
barriers 

 Inadequate work force 
 Diffi culty in identifying 
patients who might benefi t 
from palliative care 
 Need for cultural change in 
the perception of palliative 
care 

 Policy-related barriers  Fragmented structures 
 Need for greater funding 
 Lack of incentives for 
palliative care personnel 
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process of care without gaps or fragmentation. It 
is evident that prerequisite to integrated palliative 
care is to pay particular attention to organization 
and coordination of care provision, with the aims 
of merging the different separate components of a 
system to achieve common goals, optimizing the 
use of resources and improving the quality of the 
services offered [ 43 ]. 

 Key points for the integration of palliative care 
in the continuum of cancer care can be summa-
rized as follows:

•    Outpatient access to palliative care is 
fundamental.  

•   The interdisciplinary nature of palliative care 
favors the addressing of multidimensional 
care needs.  

•   Particular attention has to be paid to the type 
of patients to be referred and referral time.  

•   Communication between specialists is manda-
tory: this could be facilitated by the participa-
tion of a member of the palliative care team in 
tumor boards or, alternatively, by the partici-
pation of a medical oncologist in the palliative 
care team meetings. It must be said, though, 
that combined tumor boards require effort on 
both sides and it must be diffi cult to apply on 
a routine basis. It is for this reason that proto-
cols ruling referral should be also promoted 
[ 44 ]; several efforts in this direction are 
already under development [ 45 ].    

 Organization and coordination of care provi-
sion become absolute “must have” in oncology 
where we are assisting at the increase in the num-
ber of new diagnoses and, at least for certain 
malignancies, better survival rates [ 46 ]. As a 
result, more and more patients are treated and 
monitored with clinics and exams for a very long 
time. If the multidisciplinary management is rec-
ognized as the best approach possible to cancer 
patients, it becomes crucial to carefully evaluate 
resources and workload to optimize the process 
of care. To do so, it is important to avoid general-
ization and take into consideration the specifi cs 
of the different oncologic diseases. The ingredi-
ents to activate a multidisciplinary approach to 
breast cancer [ 47 – 50 ], to colorectal cancer [ 51 ,  52 ], 
to lung cancer [ 52 ,  53 ], to gynecologic cancer [ 53 ], 

and to prostate cancer [ 54 ,  55 ] substantially differ 
in terms of health professionals involved, diagnos-
tic and therapeutic paths to be followed, and multi-
disciplinary activities to be implemented.  

21.5     The Case of Prostate Cancer 

 Prostate cancer, which is the most frequently diag-
nosed tumor in men with 417,000 new cases every 
year in Europe [ 56 ], is among the malignancies that 
most benefi t from a multidisciplinary and multipro-
fessional management. The disease is indeed a 
spectrum of differently behaving forms, from small, 
clinically insignifi cant, asymptomatic, indolent 
tumors to aggressive, rapidly progressing, poten-
tially lethal cancers [ 57 ]. The number of diagnoses 
increased dramatically after the introduction of 
PSA as a screening tool in the early 1990s. This 
enabled to detect more and more very low, low, and 
intermediate cancers [ 58 – 60 ]. With the term of 
overdiagnosis, the scientifi c community refers to 
the phenomenon of detection of a large proportion 
of indolent prostate cancers that will never evolve 
and cause symptoms in one’s life [ 61 ]. Not evolv-
ing, these forms do not need to be treated and could 
be monitored with active surveillance. 

 Considering that most prostate cancers, 
although showing very favorable features, 
undergo treatment, the scientifi c community 
refers with “overtreatment” to the phenomenon 
of treating with curative intent (i.e., with radical 
prostatectomy, external radiotherapy, or brachy-
therapy) also those tumors with an indolent 
behavior that could be spared therapy and 
therapy- induced side effects all together [ 62 ,  63 ]. 

 The multiple patterns of indolence versus 
aggressiveness of prostate cancer refl ect a dif-
ference in the prognosis as well as in the treat-
ment and observational modalities by which the 
disease can be approached. Depending on the 
state of the disease, several therapeutic options 
are actually available: open, laparoscopic, or 
robot- assisted laparoscopic prostatectomy; con-
formal, intensity-modulated, or image-guided 
conventionally fractionated, hypofractionated, or 
extremely hypofractionated external radiother-
apy; low-dose-rate or high-dose-rate brachyther-
apy; hormonal therapy alone or combined with 
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radical therapies; chemotherapy; radionuclide 
therapy; observational strategies (active surveil-
lance and watchful waiting); or experimental 
therapies, e.g., cryotherapy and high-intensity- 
focused ultrasound [ 64 – 73 ]. 

 Low- and very low-risk tumors with very 
favorable characteristics can be monitored with 
active surveillance in alternative to being radi-
cally treated, with the possibility of switching to 
therapy if the initial disease features change in 
time. On the contrary, prostate cancer with less 
favorable characteristics, which tend to be more 
aggressive, needs to be treated often by a multi-
modal approach with surgery and/or radiotherapy 
and/or hormonal therapy. In addition, this group 
of patients has to be tightly followed up after 
treatment to record treatment-induced side effects 
as well as disease relapse which would mean the 
need for administering additional treatment. 

 Prostate cancer treatments may cause adverse 
effects that impact on patients’ quality of life. Each 
therapeutic option has a unique profi le of adverse 
effects, with variations depending on the single 
patient, the disease characteristics, the quality of 
the procedure performed, and the specialists’ 
expertise. The scenario is complicated by the rap-
idly evolving highly sophisticated technologies 
and the launch of promising drugs in different dis-
ease settings (i.e., the castration- resistant prostate 
cancer). A new generation of hormonal agents is 
being accepted as more effective and less toxic 
compared with previous molecules. Furthermore, 
recently discovered chemotherapeutic drugs and 
radionuclides are showing good results in impact-
ing on survival [ 65 ,  68 ,  70 ,  72 ,  73 ]. 

 It is clear that the synergy among physicians 
and the sequencing of treatments have become a 
crucial issue and there is a critical need for inter-
disciplinary collaboration in order to identify 
who to treat, when, how, and with what [ 74 ].  

21.6     Multidisciplinary 
and Multiprofessional 
Approach in Prostate Cancer 

 Considering this complex scenario, the multidis-
ciplinary management of patients with prostate 
cancer offers the best chance to address the 

 disease by bringing together in a team all the 
 specialists and health professionals involved in 
the diagnostic-therapeutic path along the disease 
trajectory as well as in a particular state of the 
disease [ 75 – 90 ]. 

 There are several physicians and health pro-
fessionals who have a role in the care of prostate 
cancer patients: urologic surgeons, radiation 
oncologists, medical oncologists, experts in 
nuclear medicine, pathologists, imaging special-
ists, psychologists, social workers as well as 
nurses with special training in urologic diseases, 
experts in rehabilitation, experts in supportive 
and palliative care, geriatricians, and urologists 
with special training in sexual rehabilitation [ 54 , 
 55 ]. The organization and coordination of these 
fi gures are core pillars to a successful multidisci-
plinary management of prostate cancer patients 
that, to actively participate in the decision- 
making process, should receive complete and 
consistent information about the disease, the 
therapeutic and observational options, and the 
therapy-induced side effects [ 54 ,  55 ,  75 – 90 ]. 

 Unfortunately this is not the rule. Patients 
often receive partial, contradictory information 
from the specialists they contact, thus experienc-
ing decision-making as a diffi cult and stressful 
process [ 91 ]. What is more, physicians are more 
likely to recommend the therapy that they are 
capable of delivering, with urologists opting for 
radical prostatectomy and radiation oncologists 
for radiotherapy [ 92 ,  93 ].  

21.7     Multidisciplinary 
and Multiprofessional 
Approach in Advanced 
Prostate Cancer 

 Needless to say, considering the wide range of 
effi cacious treatments now available, some-
times to be delivered by a multimodal approach 
and often requiring supportive medical pharma-
cological therapies aimed to monitor side 
effects and toxicity of anticancer therapies [ 94 –
 96 ], it is necessary that urologists, medical 
oncologists, radiation oncologists together with 
pathologists, imaging specialists, experts in 
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nuclear medicine, and the palliative care team 
collaborate closer and build a dynamic and 
long-lasting relationship [ 88 ,  97 ]. The synergy 
in this setting is mostly needed to identify the 
best treatment sequencing and include patients 
in innovative trials [ 74 ]. This means that the 
multidisciplinary team should share the deci-
sion-making on a treatment strategy, monitor 
safety and effi cacy, and opt for new treatments 
if necessary [ 98 ,  99 ]. 

 Essential ingredients to reach this goal and to 
overcome the most accredited obstacles such as 
the late referral to oncologists, the lack of shared 
follow-up management, and the fear of losing 
the leadership on some patients are education 
and training in the other disciplines and in team 
working [ 88 ]. 

 The management by the multiprofessional 
team is also needed when the patient has an 
important symptom burden due to the progres-
sion of the disease or to therapy-induced side 
effects. In these cases, the added value of physi-
cians expert in palliative care, nurses, social 
workers, psychologists, and chaplains in an early 
phase could enable to focus on symptom man-
agement, assess the psychosocial needs, and sup-
port patients and families in the decision-making 
phase throughout the whole disease trajectory 
[ 100 ]. The synergy of the different health profes-
sionals could reach the goal of delivering pallia-
tive care early and together with life-prolonging 
treatments [ 101 ]. 

 Similarly to what happens in other cancers, 
there is unfortunately a high level of disparity in 
the management of this patient population and in 
the application of the concept of multidisci-
plinary management. The reasons are related to 
the diffi culty, at least in some countries, to col-
laborate as a team and to the habit of managing 
cancer patients in a monodisciplinary setting. At 
the same time, the integration of palliative or sup-
portive care in an early phase is hindered by the 
lack of trained personnel and of research, the lim-
ited availability of palliative care services, and 
the limited funding to test interventions able to 
improve quality of life and reduce pain and 
symptoms [ 28 ,  102 – 104 ].  

21.8     Prostate Cancer Units: 
The Key to Improving 
Organization 
and Coordination 
of Resources 

 A well-organized and coordinated multidisci-
plinary management of prostate cancer patients 
is essential to identify the actors to be involved 
and the activities to be implemented, to protect 
the time the health professionals dedicate to 
the disease and to the multidisciplinary activi-
ties, to optimize the human and technological 
resources, to make evidence-based decisions 
applying guidelines and adhering to diagnostic 
and therapeutic paths, and to improve patients’ 
care experience (Table  21.4 ). Multidisciplinary 
management includes different formats, from 
the clinical case discussions or tumor boards or 
multidisciplinary team meetings to the multidis-
ciplinary clinics, the declination and organization 
of which vary by country and even by institution. 
The position paper by the European School of 
Oncology [ 55 ], which completed the work of the 
2011 discussion paper [ 54 ], defi ned the manda-
tory and recommended requisites for establishing 
a Prostate Cancer Unit (PCU), the organizational 
model that best sets the framework within which 

   Table 21.4    Benefi ts of establishing Prostate Cancer Units   

 Better 
organization 

 By identifi cation of the actors to be 
involved 
 By identifi cation of the activities to 
be implemented 
 By contractual time dedicated by 
health professionals to the disease 
and the multidisciplinary activities 
 By optimization of human and 
technological resources 

 Physicians’ 
experience 

 Agreement on guidelines to be 
adopted, resulting in evidence- 
based decisions 
 Agreement on diagnostic and 
therapeutic paths, resulting in 
adherence to paths of care 
 Protected time to attend 
multidisciplinary activities 

 Patients’ 
experience 

 Better care experience 
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managing prostate cancer patients multiprofes-
sionally, in the attempt of reducing discrepancies 
in prostate cancer treating centers and in treat-
ment offering and delivery.

   The bottom line for Valdagni et al.’s position 
paper was that prostate cancer patients should be 
managed by an interdisciplinary and multiprofes-
sional team and receive high quality, standard-
ized, and integrated care throughout Europe. On 
these premises, the European School of Oncology 
launched in 2012 the PCU Initiative in Europe 
and worked, in collaboration with a task force of 
experts in the fi eld of prostate cancer care (i.e., 
urologists, radiation oncologists, medical oncol-
ogists, psychologists, nurses, cancer center man-
agers, and quality experts), representatives of the 
main European scientifi c societies (European 
Association of Urology, European Association of 
Urology Nurses, European Board of Urology, 
European Oncology Nursing Society, European 
Society for Therapeutic Radiation Oncology, 
International Psycho-Oncology Society), and 
patient advocate organizations (Europa Uomo), 
on the defi nition of the concept of specialized 
multiprofessional prostate cancer care to be for-
malized in PCU. The task force reviewed the 
minimal requirements described in the discussion 
paper [ 54 ], introduced changes to make them 
adoptable at a broad European level, and reached 
a consensus on the minimum standards for qual-
ity prostate cancer care applicable in the clinical 
practice and in the different European health con-
texts. Patient advocacy representatives were 
involved in the task force to consider the patient’s 
perspectives on key issues like, for example, the 
importance of written and electronic information 
on the disease and treatment options. 

 The standards, which refer to the macroele-
ments, and the items, which are the specifi cs to 
the standards, cover several areas such as general 
requirements for a PCU; critical mass; personnel 
distinguished in core team, noncore team, and 
associated services; clinics; organization; and 
case management. 

 Within the concept of multidisciplinary man-
agement of newly referred prostate cancer 
patients, three clinical models are described and 

accepted. The fi rst is the monodisciplinary clinic 
performed by the urologist, the radiation 
 oncologist, or the medical oncologist who must 
refer the case to the multiprofessional team meet-
ing afterward for interdisciplinary evaluation of 
treatment options. The second is a multidisci-
plinary clinic in sequence, with the patient seen 
by the urologist, the radiation oncologist, and the 
medical oncologist one after the other, possibly 
with the participation of professionals able to 
offer psychosocial support and of the nurse pro-
viding additional information and support. The 
third is a synchronous multidisciplinary clinic, 
with the patient seen together by the urologist, 
the radiation oncologist, and the medical oncolo-
gist, again possibly with the participation of pro-
fessionals able to offer psychosocial support and 
of the nurse. Also the patients seen in the multi-
disciplinary clinics are scheduled in the 
 multiprofessional team meeting, thus promoting 
interdisciplinary education and quality checks on 
adherence to clinical guidelines. 

 The rationale for the position paper was that a 
well-structured and organized PCU should facili-
tate and optimize the interdisciplinary collabora-
tion and, as a result, patients’ care experience. 
With this in mind, to better defi ne the organiza-
tional structure of the PCU, the task force made 
efforts to reach a consensus among experts, 
which is sometimes not evidence based, on sev-
eral key aspects for a PCU such as the number of 
urologists, radiation oncologists, medical oncol-
ogists, pathologists, imaging specialists, psychol-
ogists, nurses, and palliative care specialists, the 
contractual time for each specialist dedicated to 
prostate cancer and in some cases to genitouri-
nary tumors, the multidisciplinary activities in 
which the specialists are involved, and the docu-
mented exceptions that can be accepted [ 55 ]. The 
result was a consensus on core criteria which had 
relevance, feasibility, and applicability to guaran-
tee the largest acceptance and widest spread of 
PCU in Europe. Considering the emerging inno-
vations in diagnosis and care, one of the most 
important aspects will be to adapt the model to 
the rapidly evolving situation with regular 
updates of the criteria. The concept of PCU needs 
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to be promoted, in some countries along with the 
shift from monodisciplinary to multidisciplinary 
approach to prostate cancer patients. To win this 
challenge, it is of upmost relevance that patients 
increase their awareness about the opportunity of 
being treated and followed up in top-quality cen-
ters and facilitate the lobbying process by 
approaching European legislators. Last but by no 
means least, synergy and networking among 
PCU should be considered an added value for 
both professionals and patients [ 55 ].     
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