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Abstract 

The treatment of metastatic castration-resistant prostate cancer (mCRPC) is currently  

characterized by several drugs with different mechanisms of action, such as new 

generation hormonal agents (abiraterone, enzalutamide), chemotherapy (docetaxel, 

cabazitaxel), PARP inhibitors (olaparib) and radiometabolic therapies (radium-223, 

LuPSMA). There is an urgent need to identify biomarkers to guide personalized 

therapy in mCRPC.  In recent years, the status of androgen receptor (AR) gene detected 

in liquid biopsy has been associated with outcomes in patients treated with abiraterone 

or enzalutamide. More recently, plasma tumor DNA (ptDNA) and its changes during 

treatment have been identified as early indicators of response to anticancer treatments. 

Recent works also suggested a potential role of tumor-related metabolic parameters of 

18Fluoro-Choline Positron Emission Tomography (F18CH-PET)-computed 

tomography (CT) as a prognostic tool in mCRCP. Other clinical features, such as the 

presence of visceral metastases, have been correlated with outcome in mCRPC 

patients. 

Recent studies conducted by our research group have designed and validated a 

prognostic model based on the combination of molecular characteristics (ptDNA 

levels), metabolic features found in basal FCH PET scans (metabolic tumor volume 

values, MTV), clinical parameters (absence or presence of visceral metastases), and 

laboratory tests (serum lactate dehydrogenase levels, LDH).  

Within this PhD project, 30 patients affected by mCRPC, pre-treated with abiraterone 

or enzalutamide, candidate for taxane-based treatments (docetaxel or cabazitaxel), 

have been prospectively evaluated. The prognostic model previously described was 

applied to this population, to interrogate its prognostic power in a more advanced 

cohort of patients, resulting in a further external validation of the tool. 
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1. Introduction 

 

1.1 Epidemiology of prostate cancer 

 

Prostate cancer (PCa) is the most frequent neoplasm among men in the majority of 

countries worldwide, with 1.4 million new cases estimated in 2020. The highest 

incidence rates are seen in Northern and Western Europe, the Caribbean, 

Australia/New Zealand, North and South America, and Southern Africa as reported in 

figure 1. 

 

 

Figure 1. stimated age-standardized prostate cancer incidence (world)  

 

PCa is the main cause of cancer death among men in 48 out of 185 countries, with 

375000 deaths estimated in 2020.  

Global differences in PCa incidence and mortality can be attributed to differences in 

screening, imaging, access to care, and availability of healthcare infrastructures (figure 

2). In addition, emerging data suggest that differences in germline genetic factors, as 

well as lifestyle factors across populations, may enhance geographic differences. When 
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diagnosed and treated at localized stages, PCa is associated with a 97% 5-year cancer-

specific survival compared with 30% in the metastatic setting [1-3]. 

 

 

 

Figure 2. Estimated age-standardized prostate cancer mortality rate (worldwide).  
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1.2 Systemic treatments for prostate cancer 

 

1.2.1 Hormone sensitive prostate cancer 

 

In the 1940s it was discovered that patients with metastatic PCa responded to androgen 

deprivation therapy (ADT), thus becoming the standard treatment for metastatic PCa 

[4]. Androgen deprivation therapy consists generally of intramuscular therapies 

consisting in luteinizing hormone-releasing hormone (LHRH) agonists (leuprolide and 

goserelin) or antagonists (degarelix), receptor antagonists. Nearly all patients initially 

respond to ADT; however, the duration of response may vary from months to years. 

Until PCa remains in a phase sensitive to hormonal treatments with ADT it is defined 

hormone sensitive prostate cancer (HSPC). 

The consequent progression to a castration resistant phase leads patients to a lethal 

stage of disease. 

The treatment landscape of metastatic prostate cancer (mCRPC) in the initial phase of 

hormone sensitivity has dramatically changed in the last years. 

Whilst in the last decades the standard treatment for mHSPC has been monotherapy 

with ADT, recently, the addition of docetaxel chemotherapy and second-generation 

antiandrogens to ADT has demonstrated to improve OS and has become the new 

standard of care. 

Combination therapy with ADT and docetaxel has become a standard of care for 

mHSPC since 2015, based on the results of three phase III trials. In the CHAARTED 

trial, a stratification by metastatic disease volume was performed, defining as high-

volume patients those with visceral metastases or four or more bone metastases (at least 

one bone other than vertebral or pelvic bones) [5]. 

In the CHAARTED trial, 790 mHSPC patients were randomized to receive six cycles 

of docetaxel plus ADT or ADT alone. The results showed an overall survival (OS) 

improvement of 13.6 months in the combinatorial arm. Long-term survival analysis of 

the CHAARTED trial confirmed the OS improvement for high volume patients treated 
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with docetaxel. Compared to high-volume patients, no significant difference in OS was 

observed in low-volume patients. 

In the STAMPEDE trial (arm C), ADT associated to six cycles of docetaxel prolonged 

OS by 10 months compared with ADT alone [6]. Additional analysis for patients with 

mHSPC showed that docetaxel in mHSPC setting prolonged OS by 16 months 

compared with ADT alone. There were no significant benefit differences between high- 

and low-volume patients. 

In the first reported GETUG-AFU 15 trials, 385 mHSPC patients were randomized to 

receive ADT with or without docetaxel for up to nine cycles. No significant difference 

in OS was found [7]. Long term survival analysis of the GETUG-AFU trial showed 

that docetaxel did not improve OS in patients with de novo metastases, high-volume 

or low-volume [8]. A subgroup analysis of the CHAARTED and GETUG-AFU 15 

trials showed that high-volume patients had more benefit than low-volume patients 

from docetaxel treatment [9]. Based on these results, docetaxel became the preferred 

first-line treatment in high-volume patients. 

Two clinical trials, showing the efficacy of the androgen receptor signaling inhibitor 

(ARSI) abiraterone for mHSPC, were reported in 2018. In the LATITUDE trial, high 

risk was defined as the presence of two of three high-risk prognostic factors (Gleason 

score ≥8, three or more bone lesions, or visceral metastases) [10]. These are currently 

called LATITUDE criteria. A total of 1199 patients with high-risk mHSPC were 

randomized to receive ADT plus abiraterone or ADT alone. The results showed a 

significant improvement of OS in the abiraterone group. Long-term survival analysis 

showed that the median OS was improved by 13.6 months in the abiraterone group 

[11]. 

Results from the Arm G of the STAMPEDE trial, with a similar design to LATITUDE 

trial, showed prolonged OS in 1002 mHSPC patients treated with ADT with 

abiraterone compared to ADT alone [12]. Efficacy was independent from disease 

volume or risk [12].  
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Two clinical trials evaluating enzalutamide treatment in mHSPC were reported in 2019 

(ARCHES and ENZAMET trials). In the ARCHES trial, 1150 patients with mHSPC 

were randomized to receive ADT with or without enzalutamide. In the enzalutamide 

arm an improved progression free survival (PFS) was reported, but no significant 

differences in OS were observed at a median follow-up of 1.2 years [13]. The final 

survival analysis showed improved OS in the enzalutamide group [14]. Furthermore, 

enzalutamide showed efficacy regardless of prior docetaxel treatment or disease 

volume.  

In the ENZAMET trial, 1125 mHSPC patients were randomized to receive 

enzalutamide plus ADT or ADT alone [15]. It has been demonstrated that enzalutamide 

plus ADT improves OS. Subgroup analysis showed that the OS improvement of OS 

was smaller in the enzalutamide group in patients with high disease volume and in 

those previously treated with docetaxel [15]. 

The role of apalutamide in mHSPC has been evaluated in TITAN trial, reported in 2019 

[16,17]. In this trial, 1052 patients with mHSPC were randomized to receive ADT with 

or without apalutamide. Upfront apalutamide improved OS both at a median follow-

up of 2 years and in the final survival analysis. Efficacy of apalutamide was 

demonstrated regardless of metastatic disease volume. Patients pre-treated with 

docetaxel did not show improved OS. 

In the PEACE-1 trial evaluating triple therapy for mHSPC, a total of 1173 patients 

were randomized to standard therapy (ADT −/+ docetaxel), standard therapy plus 

abiraterone, standard therapy plus radiation therapy (RT), or standard therapy plus 

abiraterone plus RT. Among the 710 patients treated with docetaxel, 355 received 

ADT+docetaxel (with or without RT) and 355 received ADT+docetaxel+ abiraterone 

(with or without RT). OS was improved in the abiraterone group as compared with the 

no-abiraterone group. Among patients treated with docetaxel, OS was improved in the 

abiraterone combination group, demonstrating a positive role of triple therapy. Overall 

survival was not affected by prostate radiotherapy [18].  
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In the ARASENS trial, 1306 patients with mHSPC were randomized to receive 

darolutamide+ADT+docetaxel or ADT+docetaxel. In the darolutamide group a 

significant improvement in OS compared with the ADT plus docetaxel group was 

reported [19]. 

The results of the clinical trials above reported have dramatically changed the 

therapeutic landscape of prostate tumors in hormone-sensitive setting. 

 

1.2.2 Castration resistant prostate cancer (CRPC) 

After a variable period of hormone sensitivity, PCa becomes resistant to ADT, entering 

the castration resistant prostate cancer (CRPC) stage. 

CRPC status is defined as the presence of castrate serum testosterone levels (<50 ng/ 

dL) plus either biochemical progression (three consecutive rises in prostate-specific 

antigen (PSA), resulting in two 50% increases over the nadir, and PSA >2 ng/mL) or 

radiological progression, consisting of the appearance of new lesions, such as two or 

more new bone lesions on bone scan or a soft tissue lesion using the Response 

Evaluation Criteria in Solid Tumors (RECIST) [20]. 

In Italy several drugs are currently approved for treatment of CRPC.  

The sequence in which these drugs can be administered depends on numerous 

variables, such as previous treatments in the hormone sensitivity setting, patient's 

clinical conditions, comorbidity, etc. 

A particular setting consists of non-metastatic CRPC (nmCRPC), a condition of 

resistance to ADT without distant metastases at conventional imaging. Recently, three 

phase III trials showed that ARSI (apalutamide, darolutamide, and enzalutamide) plus 

ADT significantly improved the metastatic free survival (MFS), which was the primary 

endpoint, in high-risk nmCRPC [21-23]. In the phase III SPARTAN trial, 1207 patients 

were randomized with a 2:1 design to receive apalutamide+ADT or placebo+ADT. The 

median MFS and OS were 40.5 and 73.9 months in the apalutamide group versus 16.2 

and 52.8 months in the placebo group, respectively [21]. In the ARAMIS trial, 1509 

(955/554) patients in total received ADT combined to darolutamide or placebo. The 
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authors reported a median MFS of 40.4 months in the darolutamide arm versus 

18.4 months with placebo, and a 3-year OS rate of 83% in the darolutamide group 

versus 77% in the placebo group [23]. In the phase III PROSPER trial, a total of 1401 

nmCRPC patients were randomly assigned (2:1 ratio) to receive enzalutamide or 

placebo, + ADT. Enzalutamide significantly decreased the risk of metastases or death 

(27% lower) compared to placebo [22]. 

All drugs are approved in Italy for nmCRPC patients. 

Abiraterone acetate blocks CYP17, a critical enzyme in testosterone synthesis, thereby 

interrupting androgen synthesis by the adrenal glands, testis, and within the prostate 

tumor. The drug is administered with low-dose prednisone to prevent 

mineralocorticoid-related adverse events, including fluid retention, hypertension, and 

hypokalemia. In the COU-AA-301 trial, patients with mCRPC who had previously 

been treated with docetaxel were randomly assigned to receive abiraterone or placebo. 

After a median follow-up of 12.8 months, the OS was longer in the abiraterone group 

compared to the placebo group. Abiraterone also improved all secondary endpoints, 

including time to PSA progression, PFS, and PSA 50% response [24]. In the final 

analysis of the COU AA-301 trial, median OS in the abiraterone group was longer than 

that of the placebo group [25]. In the COU-AA-302 trial, abiraterone was evaluated in 

chemotherapy-naive mCRPC patients. Median radiographic PFS (rPFS) was 16.5 

months with abiraterone and 8.3 months with placebo. In the final analysis of the COU-

AA-302 trial, median OS was significantly longer in abiraterone group than that in 

placebo group (34.7 versus 30.3 months) [26]. The two COU-AA trials demonstrated 

therefore that abiraterone improved OS in both chemotherapy-pretreated and 

chemotherapy-naïve mCRPC patients. 

Enzalutamide is a second-generation, nonsteroidal AR inhibitor that competitively 

binds the ligand-binding domain of the AR, inhibiting AR translocation to the cell 

nucleus and AR binding to DNA. In the AFFIRM trial, patients with mCRPC pre-

treated with chemotherapy were randomly assigned to receive enzalutamide or 

placebo. Median OS was 18.4 months in the enzalutamide group versus 13.6 months 
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in the placebo group. The superiority of enzalutamide over placebo was demonstrated 

also for secondary endpoints, including time to first skeletal-related event (SRE), pain 

control, and patient-reported quality of life [27-28].  

In the PREVAIL trial, enzalutamide was evaluated in mCRPC patients in a chemo-

naïve setting. The 12-months PFS rate was 65% in patients treated with enzalutamide 

and 14% in patients receiving placebo. At the final analysis in the PREVAIL trial, 

median PFS was 20.0 months and 5.4 months in the enzalutamide and placebo arm 

respectively, while median OS was 35.3 months in the enzalutamide group and 31.3 

months in the placebo group [29-30]. 

Similarly to abiraterone, enzalutamide has demonstrated excellent efficacy in both 

chemotherapy-pretreated and chemotherapy-naïve mCRPC patients. 

Docetaxel, a taxane-based anticancer drug, has been widely used as a standard 

treatment for mCRPC since 2004 when it demonstrated a benefit in OS in mCRPC 

patients. In the TAX-327 study, patients with mCRPC were randomly assigned to 

receive mitoxantrone, docetaxel every 3 weeks (75 mg/m2), or weekly docetaxel (30 

mg/m2). Docetaxel every 3 weeks had a better OS compared to mitoxantrone [31]. 

Cabazitaxel is a next-generation taxane approved for treatment of mCRPC patients in 

a post docetaxel setting. The phase 3 TROPIC trial compared cabazitaxel (25 mg/m2) 

with mitoxantrone in patients with mCRPC pre-treated with docetaxel. Median OS was 

15.1 months in the cabazitaxel group and 12.7 months in the mitoxantrone group (HR 

0.70) [32]. 

Alteration in DNA repair genes are observed in up to 30% of PCa, and the most 

commonly mutated genes are BRCA1, BRCA2, and ATM [33]. These gene alterations 

can occur at a somatic or germline level. The germline mutations in BRCA1, BRCA2, 

and ATM are associated with PCa risk and aggressive phenotypes [34].  

Tumors with gene alterations that affect homologous recombination repair (HRR) are 

sensitive to poly (adenosine diphosphate-ribose) polymerase inhibitors (PARPi) in 

prostate and other cancers [35-36].  
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In the TOPARP-B trial, Mateo et al. demonstrated the antitumor activity of olaparib in 

mCRPC with specific damage response and repair (DDR) gene aberrations [37]. The 

high and often durable responses rates observed in mCRPC patients with germline or 

somatic BRCAl/2 alterations support the use of olaparib in this subpopulation [37]. In 

the phase 2 TRITON2 study, Abida et al. found that rucaparib had antitumor activity 

in mCRPC patients with BRCA alterations [38]. 

The phase 3 PROfound trial enrolled mCRPC patientsprogressing during an ARSI 

(enzalutamide or abiraterone) treatment. Patients harbouring alterations in genes 

involved in HRR were randomly assigned to receive olaparib (a PARP inhibitor), or 

either enzalutamide or abiraterone. The primary outcome was efficacy, which was 

assessed evaluating PFS in patients with alterations in BRCAl, BRCA2, or ATM 

(cohort A). In this cohort, PFS was significantly longer in the olaparib group than that 

in the control group. Significant differences were also observed in objective response 

rate (ORR) and time to pain progression. 

Median OS in cohort A was 19.1 months in the olaparib group versus 14.7 months in 

the control group. Despite crossover from control to olaparib, patients allocated in the 

olaparib arm had significantly longer OS than those assigned to receive enzalutamide 

or abiraterone (control arm) [39]. 

Preclinical studies hypothesize a synergy between PARP inhibitors (PARP-i) and 

ARSI. This synergy may depend on the involvement of PARP in the positive co-

regulation of AR signaling, which leads to enhanced AR target gene suppression when 

PARP-AR signaling is corepressed [40]. ARSI seem to inhibit the transcription of some 

HRR genes, leading to a kind of “HRR deficiency” and an increased sensitivity to 

PARP inhibitors through nongenetic mechanisms [41]. These preclinical findings were 

at the base of three phase 3 trial: PROpel, MAGNITUDE and TALAPRO2. 

The PROPEL trial randomised 796 unselected mCRPC patients to receive abiraterone 

plus olaparib or placebo [42]. Prior treatment with docetaxel in the hormone-sensitive 

setting was allowed. Combination treatment prolonged PFS irrespective of HRR status 

(median rPFS: 25 versus 16 months). In the HRR+ subgroup, median rPFS was not 
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reached for the combination arm and 14 months for the abiraterone+placebo control 

arm [42]. The MAGNITUDE trial evaluated abirateone plus niraparib or placebo in 

423 patients with HRR gene mutations and in 247 HRR-proficient patients [43]. Prior 

docetaxel for HSPC and up to 4 months of abiraterone for mCRPC before random were 

allowed. In the HRR+ cohort, PFS was significantly better in the combination arm 

(median PFS: 17 versus 14 months) [43].   

TALAPRO-2 evaluated the efficacy of enzalutamide plus talazoparib or placebo. The 

study enrolled 805 patients irrespective of HRR mutational status (cohort 1). The HRR-

mutant cohort was then prospectively extended, with the recruitment of further 230 

HRR+ patients. Median PFS was not reached for the combination arm and was 22 

months for the control group of cohort 1 (HR 0.63). In the HRR+ subgroup analysis, 

median PFS was 28 months for the combination arm and 16 months for the control arm 

(HR 0.46) [44]. 

To date, in Italy, the available combinations of ARSI and PARPi are abiraterone + 

olaparib, that can be used for first line mCRPC irrespective of HRR mutational status, 

and abiraterone + niraparib, for BRCA1/2 mutated patients. Currently these 

combinations are available upon personal requests or compassionate use programs. 

Prostate-specific membrane antigen (PSMA) is a transmembrane glutamate 

carboxypeptidase highly expressed in mCRPC cells [45]. 177Lu-PSMA-617 is a 

radiometabolic treatment that delivers beta-particle radiations to PSMA-expressing 

cells and surrounding microenvironment. In the phase 3 VISION trial, 68Ga-PSMA-

positive mCRPC patients previously treated with ARSI and taxanes, were randomly 

assigned to receive either 177Lu-PSMA-617 plus standard care or standard care alone. 

Compared with the control arm, radioligand therapy plus standard care significantly 

prolonged PFS (median 8.7 versus 3.4 months; HR 0.40) and OS (median 15.3 versus 

11.3 months; HR 0.62) [46]. 

Currently in Italy 177Lu-PSMA-617 is not reimbursed by the regulatory authorities in 

the indication of the VISION study yet. 
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In conclusion, to date abiraterone, enzalutamide, apalutamide, and docetaxel are 

approved and widely used to treat mHSPC in combination with ADT. Furthermore, the 

triplet therapy comprising docetaxel, ARSI, and ADT has recently emerged for the 

treatment of mHSPC. This intensification of treatment in the disease management 

represented an important step forward. However, cross-resistance between drugs may 

reduce the effectiveness of downstream therapies for mCRPC, promoting the 

development of more aggressive, treatment-resistant PCa phenotypes. The sequential 

administration of ARSI, such as abiraterone and enzalutamide, is associated with 

limited efficacy. For mCRPC patients previously treated with docetaxel progressing to 

an ARSI, treatment with cabazitaxel is recommended and should be considered if the 

patient is still eligible for chemotherapy. This assumption is suggested by the CARD 

trial where cabazitaxel was compared to an ARSI (abiraterone or enzalutamide) in 

mCRPC patientspreviously treated with docetaxel and progressing within 12 months 

while receiving an alternative ARSI (abiraterone or enzalutamide). Treatment with 

cabazitaxel led to better PFS [47]. In addition, several novel agents have been 

introduced in clinical practice for the treatment of mCRPC. In particular, Lu-PSMA 

and PARPi are emerging as effective therapeutic options. PSMA-PET is used to 

determine the eligibility for Lu-PSMA therapy, although this treatment is not 

reimbursed by the regulatory authorities in Italy yet. Evaluation of BRCA1/2 status is 

currently mandatory, to identify mCRPC patients eligible for treatment with PARPi. 

 
 
 
 

1.3 Biomarkers in prostate cancer 

Prostate cancer is a heterogeneous disease, characterised by high variability in clinical 

outcomes. There is an urgent clinical need to identify novel tools to improve risk 

stratification at clinical decision points and select the most effective treatment that 

could maximise cure efficacy and extend life expectancy. Molecular profiling of solid 

cancers has been used across multiple cancer types to identify poorer prognosis cancers 

and guide treatment selection. Most studies have evaluated nucleic acids (DNA and/or 
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RNA) and/or protein on primary tumor biopsies or, less commonly, on metastatic 

lesions. 

This approach has some significant limitations. First, there are often practical and 

clinical difficulties to obtain tissue from poorly accessible metastases. This is 

especially true for prostate cancer as up to 90% of patients have bone metastases only 

[48]. Secondly, intrapatient and tumour heterogeneity may cause an incorrect 

classification of cancer, due to spatial or temporal differences. Third, repeated tumor 

biopsies to monitor tumor evolution and treatment response is not ethically acceptable. 

Due to these limitations, there has been an increasing interest in blood-based 

biomarkers, through the so-called liquid biopsies, to better characterise tumor 

molecular drivers and response to treatments. Nucleic acids, proteins, cells and 

vesicles, circulate in human blood and can be isolated using various molecular 

techniques.  

The portion of circulating cell free DNA (cfDNA) derived by tumor is named 

circulating tumor DNA (ctDNA) or plasma tumor DNA (ptDNA) [49]. The ptDNA 

fraction depends on disease setting and tumor spread, and can range from 1% or below 

at the initial stages of the disease, to 90% in patients with high-volume progressing 

CRPC metastases [50-52]. 

The analysis of ctDNA in mCRPC patients allows to identify PCa genomic features. 

When ptDNA is sufficiently high, there is a strong concordance with tissue findings 

for the detection of genomic alterations present in concurrently collected  metastases 

biopsies [53]. 

The presence of a low tumor fraction could be a technical limitation for plasma DNA 

analyses. However, the introduction of new genomic technologies with high sensitivity 

and specificity, including next-generation sequencing (NGS), has positively 

contributed to the study of ptDNA [54]. 

NGS is a powerful DNA sequencing technology that allows for the rapid and high-

throughput sequencing of millions to billions of DNA fragments simultaneously. It has 

revolutionized genetic analysis and has many advantages over traditional sequencing, 
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including lower sample input requirements, higher accuracy, and the ability to detect 

variants at lower allele frequencies [55]. 

Numerous biomarker studies have been developed starting from liquid biopsies and the 

evaluation of circulating tumor genetic material. The most common genomic 

alterations studied as prognostic or predictive biomarkers for PCa have been explored 

further below. 

 

Androgen Receptor 

Androgen receptor is a steroid and nuclear receptor, acting as an intracellular 

transcriptional factor, and it is highly expressed in prostate cells [56]. Its ligands are 

testosterone and 5α-dihydrotestosterone (5α-DHT). The binding between those ligands 

and AR determines intracellular receptor activation, consisting of homodimerization, 

autophosphorylation, and translocation to the nucleus [57].  

AR plays a key role in PCa development by promoting cell survival and proliferation 

but also migration and invasion. [58]. Indeed, therapeutic approaches to suppress AR 

signaling in PCa cells through inhibition of androgen biosynthesis by luteinizing 

hormone-releasing hormone (LHRH) agonist or antagonist, or through the use of 

receptor antagonists (antiandrogen drugs) have been the main available therapies 

against metastatic PCafor decades [59]. 

Disruptions of the AR pathway consist of AR point mutations, truncated variants, and 

gene amplifications, and all of these confer selective advantage to PCa cells [60].  

AR point mutations are responsible for acquired resistance through alterations in the 

ligand affinity. These mutations act their role in several ways: by reducing affinity to 

antiandrogenic drugs, such as flutamide and bicalutamide or enzalutamide and 

apalutamide, but also by modifying affinity for other ligands such as a higher affinity 

for progesterone or prednisone [60-61]. 

AR gene amplifications, which have been detected in up to 60% of pretreated CRPC 

patients [62], are also responsible for tumor progression despite optimal ADT, by 

determining higher expression of AR in PCa tissue with consequent cell proliferation 



18 
 

despite low androgen levels [63]. Gene amplifications are rare in treatment-naïve 

patients, suggesting their role in adaptive response to anticancer therapies [64]. 

AR variants consist in altered protein transcriptions characterized by ligand binding 

domain loss, determining constitutively activated truncated AR that translocate to the 

nucleus [65]. AR-V7 is the most frequent alteration, detected in up to 75% of CRPC 

on ADT [66].  

As already stated, AR alterations are rare in treatment-naïve metastatic PCa. This could 

be relevant in the current treatment scenario for mHSPC where prospective studies are 

evaluating the efficacy of standard chemotherapy and new generation hormonal 

treatment in combination with LHRH analogues [67]. Most of these aberrations have 

been detected in patients who progressed on ADT, and their clinical significance is 

both prognostic and predictive. Their prognostic role depends on their association to 

poor survival [68], and the predictive role on the lower probability of response to other 

hormonal agents due to a constitutively activation of the mutated AR [69].  

To date, the use AR gene alterations as biomarkers is not recommended in clinical 

practice because their role in therapy selection has not been prospectively 

validated[70]. Nevertheless, the detection of AR gain in plasma samples has been 

proven to be associated with resistance to enzalutamide/abiraterone in both 

chemotherapy-naïve and post-docetaxel CRPC settings, with worse OS and PFS and 

reduced PSA responses [71]. Patients harboring these gains seem to obtain more 

benefit from taxane-based therapies for mCRPC compared to hormonal agents [72-74]. 

Therefore, cell-free AR gains could represent a predictive biomarker in patients 

previously exposed to AR pathway-targeting agents [75]. Similarly, expression of AR-

V7 is associated with resistance to AR-targeted therapies [66, 76] 

 

 



19 
 

 

Figure 3. Androgen-dependent signaling through the androgen receptor (AR). [62] 

 

PTEN 

The phosphatase and TENsin homolog (PTEN) gene encodes for the homonym tumor 

suppressor protein, which plays a fundamental role in physiological functions as 

embryonic development, stem cell growth and differentiation, cell adhesion, and 

migration [77]. It is mainly involved in the phosphatidylinositol (PIP) metabolism. 

PTEN loss causes accumulation of phosphatidylinositol 3,4,5-trisphosphate (PIP3) 

with an increase in phosphorylation of AKT and activation of its signaling pathway, 

causing unregulated cellular growth [78]. 

PTEN loss has also been hugely investigated as a prognostic biomarker, and it has been 

associated with poor survival in metastatic patients [79-81]. PTEN loss evaluated by 

immunohistochemistry (IHC) has been thoroughfully studied as predictive biomarker 

of response to hormonal and chemotherapeutic agents. Two large retrospective studies 

showed that PTEN loss (defined as <10% of cancer cells presenting positive staining) 

was associated with low response to abiraterone [79]. However, PTEN loss cancers 

had the same sensitivity to docetaxel as PTEN normal tumors [81]. PTEN expression 

was also prospectively studied as a predictive biomarker in mCRPC in a phase II 
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randomized trial, which showed a longer PFS in PTEN-loss tumors treated with 

ipatasertib, a small tyrosine-kinase inhibitor (TKI) that inhibits AKT [82]. A larger 

phase III trial with ipatasertib plus abiraterone versus placebo plus abiraterone has 

confirmed these results [82]. Despite the above-mentioned advantage in PFS, no 

positive data on OS are available in favor of ipatasertib to support its use in clinical 

practice. 

 

Homologous recombination deficiency (HRD) 

Homologous recombination deficiency (HRD) consists of the loss of ability of normal 

and tumor cells to repair double strand breaks that occur into DNA. 

In PCa, genes encoding for these proteins have been found to be mutated in different 

percentages. In recent works, BRCA2 was described as the most commonly mutated 

HRD gene (13.3%), followed by ATM (7.3%), CDK12 (4.7%), and BRCA1 (0.7%) 

[83].  

The predictive role of mutations affecting HRD genes has been investigated in several 

clinical trials with PARPi in mCRPC patients. To date, among PARPi tested in PCa, 

the main clinical data derive from the use of olaparib, niraparib, and rucaparib as above 

reported [37-39; 42-44]. 

 

 

Plasma tumor DNA (ptDNA) 

In prostate cancer, ptDNA itself has been studied as a biomarker. Detection of ptDNA 

is prognostic and a change in ptDNA levels during anticancer treatments is associated 

with differential outcome with anticancer treatments. 

Recent studies have shown an association between pre-treatment ptDNA fraction, 

assessed by NGS, and clinical outcome [51-52, 72, 84-85] in PCa. A recent randomised 

phase 2 study evaluating 202 mCRPC patients treated with first line abiraterone or 

enzalutamide showed that low pre-treatment ptDNA fraction was correlated with a 

good prognosis [86]. 
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The role of ptDNA changes in response to treatment, also termed plasma DNA 

dynamics, has also been evaluated as an early assessment of therapy efficacy for 

mCRPC. A recent study observed that patients with an increase in ptDNA fraction had 

a significantly increased risk of progression at 3-month radiographic assessment. 

Conversely, patients with a decrease in ptDNA fraction had a significantly higher 

chance of having a response to anticancer treatment [87].  

A recent poster by our working group at ESMO 2023 congress, evaluated ptDNA to 

identify biomarkers of resistance to cabazitaxel in metastatic castration-resistant 

prostate cancer (mCRPC) patients (pts). This work described that ptDNA changes from 

baseline to cycle 3, were strongly associated with outcomes (OS e PFS). 

These results highlighted the potential of adding ptDNA assessment to routine 

monitoring of mCRPC patients. 

 

Not-molecular features related to prognosis 

The study of prognostic biomarkers in mCRPC patients is not limited to molecular 

features but includes also numerous clinical, laboratory and metabolic imaging-related 

elements that have been correlated with outcomes. 

Caroli et al. evaluated the role of F18CH-PET-derived parameters to predict the clinical 

outcome of mCRPC patients treated with abiraterone or enzalutamide. In particular, 

whole-body tumor burden indices based on metabolic tumour volume (MTV) and total 

lesion activity (TLA) measured by FCH-PET/CT were found to be prognostic of OS 

[88]. 

Many clinical aspects of prostate cancer patients have been corretated with prognosis. 

Among these, the presence of visceral metastases appears to be an important predictor 

of clinical outcome in CRPC patients treated with both hormonal agents and taxanes 

but also with radiometabolic therapies such as LuPSMA [89-91]. 

Lactate dehydrogenasis (LDH) is a key enzyme in the last step of the glycolysis 

pathway and is related to the glycolysis level of the tumor. It has been demonstrated 
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that there is a linear correlation between LDH levels and the progression of PCa; higher 

LDH levels are associated with higher risk of tumor progression [92]. 

 

1.3.1 A novel prognostic model 

In a previous work by our group (Conteduca et al. 2022, we evaluated the prognostic 

role of the combination between molecular, clinical, and radiological features of 

patients affected by mCRPC. The aim of this study was to desing a prognostic score to 

classify these patients and help clinicians in daily practice [93]. 

This study considered 102 patients affected by CRPC receiving abiraterone or 

enzalutamide. In the training set, multivariable analyses showed that ptDNA, MTV and 

serum lactate dehydrogenase together with visceral metastasis were independent 

predictors of both OS and PFS (table 1). 

 

 

 N. 

patients 

N. 

events 

Median OS 

(months)  

(95% CI) 

P HR  

(95% CI) 

P 

Overall 65 63 17.6 (11.1-23.1) - - - 

Age, years       

   ≤74 37 35 17.6 (9.2-25.9)  1.00  

   >74  28 28 17.9 (11.1-22.9) 0.988 1.00 (0.60-1.66) 0.988 

Prostatectomy       

   No 38 36 13.4 (9.9-23.1)  1.00  

   Yes 27 27 21.8 (11.21-26.5) 0.321 0.77 (0.46-1.29) 0.322 

Radical radiotherapy       

   No 40 39 18.6 (11.0-25.3)  1.00  

   Yes 25 24 17.6 (8.7-22.5) 0.517 1.18 (0.71-1.98) 0.518 

Gleason score       

   6-7 28 27 22.7 (11.0-26.5)  1.00  

   8-10 30 29 11.2 (7.4-21.4) 0.681 1.12 (0.65-1.92) 0.681 

Site of metastasis       

   No bone 5 5 9.8 (2.1-nr)  1.00  

   Bone 60 58 17.9 (11.1-23.1) 0.708 1.20 (0.47-3.06) 0.709 

   No lymph nodes 30 29 18.2 (11.0-27.1)  1.00  

   Lymph nodes 35 34 17.6 (9.2-23.7) 0.642 1.13 (0.68-1.86) 0.643 

   No visceral 55 53 21.8 (11.9-25.3)  1.00  

   Visceral 10 10 10.2 (6.3-17.4) 0.005 2.77 (1.33-5.81) 0.007 

ECOG PS       

   0-1 63 61 18.3 (11.0-23.1)  1.00  

   ≥2 2 2 14.4 (11.4-nr) 0.439 1.75 (0.42-7.33) 0.444 

Presence of pain       
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   No 59 57 20.7 (11.1-24.0)  1.00  

   Yes 6 6 11.8 (2.1-nr) 0.013 2.92 (1.20-7.11) 0.018 

Chemotherapy-naïve       

   No 17 15 20.7 (7.4-25.3)  1.00  

   Yes 48 48 15.6 (11.0-23.7) 0.615 1.16 (0.65-2.09) 0.615 

Prior therapeutic lines       

   1-2 43 41 18.3 (10.6-23.1)  1.00  

   >2 22 22 15.6 (9.4-29.9) 0.520 0.84 (0.49-1.43) 0.521 

Serum LDH, U/l       

   <225 49 47 21.4 (13.7-24.0)  1.00  

   ≥225 16 16 9.3 (5.6-17.6) 0.003 2.40 (1.32-4.35) 0.004 

ALP, U/l       

   <129 51 49 19.0 (11.4-24.0)  1.00  

   ≥129 14 14 14.5 (2.9-22.5) 0.062 1.76 (0.96-3.23) 0.066 

NLR       

   <3 34 33 15.6 (10.6-22.5)  1.00  

   ≥3 31 30 18.3 (9.4-25.9) 0.453 0.82 (0.50-1.36) 0.454 

Serum CGA, ng/mL       

   <120 27 26 18.3 (10.6-23.1)  1.00  

   ≥120 38 37 17.5 (9.9-25.3) 0.405 0.80 (0.48-1.35) 0.407 

Hemoglobin, g/dl       

   >12.5 25 25 8.4 (4.4-11.4)  1.00  

   ≤12.5 40 38 7.3 (5.0-9.0) 0.826 0.94 (0.57-1.57) 0.825 

Serum albumin, g/dl       

   >4 30 29 8.5 (5.6-13.9)  1.00  

   ≤4 30 29 7.3 (4.4-9.5) 0.275 1.33 (0.79-2.24) 0.277 

Serum PSA, ng/dl       

   <32.20 32 31 8.2 (4.4-11.7)  1.00  

   ≥32.20 33 32 7.2 (4.6-9.0) 0.287 1.31 (0.79-2.16) 0.289 

N. of lesions       

   <12 33 31 9.2 (7.4-11.7)  1.00  

   ≥12 32 32 5.8 (3.6-8.4) 0.009 1.95 (1.17-3.26) 0.011 

SUV max       

   <93.48 35 33 9.2 (5.0-11.7)  1.00  

   ≥93.48 29 29 6.5 (4.4-8.6) 0.022 1.82 (1.08-3.07) 0.024 

MTV        

   <102.79 35 33 9.2 (6.8-11.7)  1.00  

   ≥102.79 30 30 6.2 (4.4-8.6) 0.032 1.74 (1.04-2.91) 0.034 

TLA        

   <235455 28 26 8.9 (5.0-13.3)  1.00  

   ≥235455 37 37 7.2 (4.6-9.0) 0.046 1.70 (1.01-2.88) 0.048 

ptDNA       

   ≤0.201 35 34 9.3 (7.4-11.7)  1.00  

   >0.201 30 29 4.1 (3.0-8.4) 0.037 1.69 (1.02-2.80) 0.040 

AR copy number       

   Normal 50 48 8.6 (6.0-10.4)  1.00  

   Gain 15 15 5.6 (1.6-7.5) 0.009 2.22 (1.20-4.09) 0.011 

Table 1 Univariate analysis of Overall Survival in the training cohort 

Abbreviations: ECOG: Eastern Cooperative Oncology Group. PS: performance status. AR: 

androgen recaptor. ALP: Alcaline phosphatasis. LDH: lactate dehydrogenasis. NLR: neutrofil to 

lhymphocites ratio. CgA: Chromogranine. PSA: prostatic specific antigen. SUV: standardized uptake 

value. MTV: metabolic tumour volume. TLA: total lesion activity. ptDNA: plasma tumor DNA. 
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Considering the presence or absence of visceral metastases and the presence of values 

(MTV value on choline PET scans, plasma tumor DNA levels, serum LDH levels) 

higher or lower than a statistically defined median, a risk score was obtained  to allocate 

each patient in pre-defined risk classes (I-III).  Prognostic scores were generated, with 

the identification of three groups of patients with significantly different median OS 

(29.2, 15.9 and 8.7 months) and PFS (13.3, 7.7 and 3.2 months).  

From a statystical point of view, categorical variables were summarized using 

frequency whereas continuous variables were described using median value and 

interquartile range. 

Median fraction of ptDNA before starting treatment was 0.188 (0.014–0.96). The 

association between categorical variables was determined using the chi-squared or 

Fisher’s exact test, as appropriate. Spearman correlation was used to assess the 

association between continuous variables. 

Univariable and multivariable Cox regression models were used to explore potential 

factors able to predict PFS and OS and to estimate hazard ratios (HR) and their 95% 

confidence interval (CI). 

A Weibull multiple regression model to assess the matched impact of molecular, 

laboratory and imaging characteristics on outcome was used. From a full model 

including these factors, a final parsimonious model by using a backward selection 

procedure was achieved. The prognostic score was built on the final model consisting 

of the four previously cited factors. Partial scores were procured by splitting the value 

of each regression coefficient by the smallest regression coefficient. The total score for 

each patient resulted from a sum of appropriate partial scores, and three patient groups 

with different median survival probabilities were recognized. For OS, if the total score 

was 1 or below, between 1.1 and 2.5, and > 2.5, patients were classified as group I, 

group II and group III, respectively. For PFS, if the total score was 1 or below, between 
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1.0 and 2.1, and > 2.1, patients were classified as group I, group II and group III (table 

2 and 3). 

 

 
Table 2 Multivariable analysis of OS after backward stepwise procedure in the training cohort. 

Abbreviations: MTV: metabolic tumour volume. ptDNA: plasma tumor DNA. LDH: lactate 

dehydrogenasis. HR: hazard ratio. U-L: upper-limit. 

 
 

 
Table 3 Multivariable analysis of PFS after backward stepwise procedure in the training cohort. 

Abbreviations: MTV: metabolic tumour volume. ptDNA: plasma tumor DNA. LDH: lactate 

dehydrogenasis. HR: hazard ratio. U-L: upper-limit. 

 
 
 

The differences in median survival between risk groups were confirmed in the 

validation cohort for both OS and PFS (Figure 4 and 5). 
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Figure 4 Risk group survival probabilities. Kaplan–Meier curves for OS by OS risk groups in the 

training set (A) and validation set (B) 
 
 

 
Figure 5 Risk group survival probabilities. Kaplan–Meier curves for PFS by PFS risk groups in the 

training set (A) and validation set (B) 

 
 

 

We performed also an evaluation about the associations between ptDNA, clinical 

variables and functional imaging. We demonstrated a significant correlation between 

ptDNA and the number of tumoral lesions. (Figure 6A). However, ptDNA did not 

significantly associate with the number of different types of sites of metastasis (Figure 

6B). Furthermore, we investigated the association between choline uptake measured as 

median SUVmax, MTV, TLA and ptDNA levels (Figures 6 C, D, E). It was reported 

a meaningful correlation between pIDNA fraction and choline uptake measured by 
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SUVmax, MTV, and TLA. A direct relationship between ptDNA and choline uptake 

on FCH-PET was showed in a post-docetaxel patient treated with abiraterone (Figure 

6F). 

 
 

 
Figure 6. Correlation between ptDNA and number of tumoral lesions (A). Association of median 

ptDNA fraction and the number of types of metastases (B). Association of SUVmax (C), MTV (D) 

and TLA (E) with ptDNA fraction. Representative case of association of metabolic activity and 

ptDNA fraction (F). 
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2. Project objectives 
 

We have validated a prognostic model for mCRPC, combining clinical, metabolic and 

laboratory features that showed a promising role in ARSI treated patients.  

The aim of this PhD project is to interrogate this novel prognostic model, as a further 

external validation, in mCRPC patients treated with taxanes, a more advanced setting 

of PCa. 
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3. Materials and Methods 
 

3.1 Ethics statement 

The study was performed in accordance with the Good Clinical Practice and the 

Declaration of Helsinki. All the patients enrolled in the study have been followed up 

within a pre-existing prospective biological study (IRST-B073, approval nr. L3P1380), 

previously approved by the local ethics committee, active at Istituto Tumori della 

Romagna “Dino Amadori” (IRST) in Meldola, since 2017. 

 

3.2 Patients and samples 

Patients included in the analysis were treated at the Istituto Tumori della Romagna 

“Dino Amadori” (IRST) in Meldola. 

Castration-resistant prostate cancer patients, with evidence of biochemical and 

radiological progression (according to PCWG3 criteria) to standard treatment with 

ADT have been included in the study before the beginning of a new line of anticancer 

treatment.  

During the first two years of the PhD project, 55 patients have been included in the 

analysis. Treatment (abiraterone, enzalutamide, taxanes) was selected according to 

clinical practice. Blood samples collection has been conducted within a pre-existing 

prospective biological study (IRST-B073, approval nr. L3P1380), as above reported. 

Patients underwent baseline blood sampling prior to treatment start,after 3 months, and 

at  progression. Blood samples have been stored in the Bioscience laboratory of the 

Institute. Peripheral blood of patients was collected and stored at -80°C for the 

subsequent molecular analyses. Genomic DNA was extracted with QIAamp DNA mini 

kit (Qiagen) and quantified using Qubit dsDNA BR Assay kit (Thermo Fisher 

Scientific). 

The following data from all consenting patients after registration were electronically 

collected:  
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 demographic data: birthday, weight and height at the time of treatment 

initiation, ECOG performance status; 

 tumor information: date of diagnosis, type of primary treatment of prostate 

cancer, prostate cancer histology, gleason grade and stage,  

 treatment information: date of start and end of ADT therapies, type of 

hormonal therapeutic regimen, informations about chemotherapies 

administered, number of cycles administered, date of progression (if any) for 

any treatment administered; 

 Date of death or last follow-up (if still alive).  

 

3.3 Patient evaluated and considerations 
 

At the end of the second year of the PhD Project, we critically revised the cohort of 55 

patients, and concluded that the most homogeneous population suitable for statistical 

analysis was the one including patients treated with taxanes (docetaxel and cabazitaxel) 

who underwent a Choline PET scan as baseline functional test. 

The use of the PET scans with new tracers (e.g. PSMA), hypothesized in the initial 

project, was hindered by long waiting times for basal examinations, often not 

compatible with the need to promptly start anticancer treatments. For this reason, the 

population of patients with basal PSMA PET scans was numerically low and 

inhomogeneous. It was therefore decided to perform the overall analysis in patients 

treated with taxanes and who had performed choline PET scan as baseline functional 

test, as above mentioned.  

This specific population reached the total number of 30 patients.  

 

 3.4 Positron emission tomography (PET) scans 

Before starting the new treatment line, each patient underwent a PET/CT scan with F-

choline for baseline tumor staging. PET scans have been performed at the Department 

of Nuclear Medicine at IRST, Meldola.   
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FCH-PET/CT scans were carried out on an integrated PET/CT system (Discovery LS 

camera; General Electric Medical Systems, Waukesha, WI, USA) in 2D acquisition 

mode for 3 min per bed position. The PET/CT scan takes 45 min after intravenous 

injection of 18F-methylcholine (3.7 MBq_kg _1 of body weight, AAA-Advanced 

Accelerator Applications, Meldola, Italy). The field of view included the skull to 

midfemurs. Low dose CT (120 kV, 80 mA) without contrast agents was made for 

attenuation correction and as an anatomical map. The emission data were adjusted for 

scatter, random coincidence events, and system dead time. 

Semiquantitative criteria based on the maximum standardized uptake value (SUVmax) 

and the target-to-background ratio were utilized to aid the visual analysis. The 

metabolic tumour volume (MTV) parameter was obtained by adding each three-

dimensional volume of interest, and for each lesion volume and SUV mean was 

multiplied and then summed to have the total lesion activity (TLA). 

Metabolic features, such as SUVmax, TLA and MTV were evaluated analysing images 

of 18F-fluorocholine PET/CT with the envolvement of nuclear medicine specialists. 

 

 

3.5 Plasma tumor DNA analysis 
 

Plasma tumor DNA analysis has been performed in Biosciences Laboratory of IRST. 

Cell-free DNA was extracted from 1 to 2 mL of plasma with the QIAamp Circulating 

Nucleic Acid Kit (Qiagen, Santa Clarita, CA, USA) and quantified by 

spectrophotometric evaluation (NanoDrop_ ND-1000; Celbio, Milan, Italy) or Quant-

iT High Sensitivity Pico- Green Double-Stranded DNA Assay Kit (Invitrogen, 

Carlsbad, CA, USA). In plasma and patient-matched germline DNA, targeted NGS 

was assessed by the PGM Ion Torrent using a 316 or 318 Chip aiming to reach 10009 

coverage per target. The ptDNA fraction for each plasma sample has been estimated 

using an ad-hoc customized computational tool (CLONET). CLONET is a 

computational tool used to estimate the clonality of somatic genomic aberrations in 

tumors. It is designed to compute the clonality of somatic copy number changes, point 
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mutations, and rearrangements in a coherent mathematical model enabling the 

estimation of the clonal composition of a tumor sample, and allow to extimate the 

fraction of tumor DNA among all cfDNA [94]. 

 

3.6 Statistical analysis 
 

Progression-free survival was considered as the time between the first day of taxane 

based therapy and the date of progression disease or death (whichever came first). 

Overall survival was considered as the time between the first day of taxanes treatment 

and the date of death from any cause or the date of the last follow-up visit.  

For each patient we obtained and recorded in a specific spreadsheet the values relating 

to the 4 factors considered within the prognostic score described previously. Depending 

on the individual scores obtained in the 4 elements considered, the patients were 

distributed into the three risk classes (I-III). 

Survival curves for each risk class were estimated by the Kaplan–Meier method, and 

comparisons were made using the logrank test. All P-values were two-sided, and a P 

<0.05 was defined as statistically significant. Statistical analyses were done with SAS 

9.4 software (SAS Institute, Cary, NC, USA).  
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4. Results 
 

4.1 Study population 

Between January 2019 and November 2022, 30 patients were treated with taxanes 

(docetaxel or cabazitaxel) for mCRPC. All patients had been previously treated with at 

least one ARSI (abiraterone or enzalutamide). 

Eleven patients received a treatment with cabazitaxel and 19 patients were treated with 

docetaxel. Principal clinical characteristics of our study population are presented in 

Table 4.  

 

 

 

 TAXANES SET (n=30) 

 N. (%) 
Age   

   ≤74 yrs 17 (56.7) 

   >74 yrs 13 (43.3) 

ARCN  

   Normal 21 (70.0) 

   Gain 9 (30.0) 

Visceral metastasis  

   No 26 (86.7) 

   Yes 4 (13.3) 

Gleason score  

   6-7 12 (42.9) 

   8-10 16 (57.1) 

No. Previous lines  

   1-2 19 (63.3) 

   >2 11 (36.7) 

ECOG PS  

   0-1 26 (86.7) 

   ≥2 4 (13.3) 

Site of disease  

   Bone 30 (100) 

   Lymph nodes 9 (30.0) 

   Lung 1 (3.3) 

ALP   

   <129 21 (70.0) 

   ≥129 9 (30.0) 

LDH  

   <225 18 (60.0) 

   ≥225 12 (40.0) 

NLR  

   <3 16 (53.3) 

   ≥3 14 (46.7) 

CgA  

   <120 16 (53.3) 

   ≥120 14 (46.7) 
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Table 4. Patients’ charateristics 

 

Legenda: ARCN: androgen recaptor copy number, ECOG: Eastern Cooperative Oncology Group 

PS: performance status, ALP: Alcaline phosphatasis, LDH: lactate dehydrogenasis, NLR: neutrofil 

to lhymphocites ratio, CgA: Chromogranine; Hb: Haemoglobin, PSA: prostatic specific antigen, 

MTV: metabolic tumour volume SUV: standardized uptake value, TLA: total lesion activity, 

ptDNA: plasma tumor DNA. 

 

4.2 Risk classes 

 

For each patient, the status of the 4 features considered in the prognostic model was 

assessed and partial scores were assigned generating a total score. Based on the results 

of table 5, each patient, depending on the total score obtained, was associated with a 

different risk class. 

The four values evaluated in the prognostic model (with their relative scores) were: 

- ptDNA: partial score of 1.4 if over the median value of 0.188 

- MTV: partial score of 1 if over the median value of 102.79 

  TAXANES SET (n=30) 

 N. (%) 
Hb  

   >12.5 15 (50.0) 

   ≤12.5 15 (50.0) 

Previous prostatectomy  

   No 18 (60.0) 

   Yes 12 (40.0) 

Previous radiotherapy  

   No 20 (66.7) 

   Yes 10 (33.3) 

PSA (median value)  

   <23.24 10 (33.3) 

   ≥23.24 20 (66.7) 

MTV (median value)  

   <102.79 15 (50.0) 

   ≥102.79 15 (50.0) 

SUV mean (median value)  

   <53.60 10 (33.3) 

   ≥53.60 20 (66.7) 

   Unknown/missing  

SUV max (median value)  

   <83.60 10 (33.3) 

   ≥83.60 20 (66.7) 

   Unknown/missing  

TLA (median value)  

   <391343 30 (100) 

   ≥391343 0 

ctDNA (median value)  

   <37 19 (63.3) 

   ≥37 11 (36.7) 

N. lesions (median value)  

   <12 13 (43.3) 

   ≥12 17 (56.7) 

ptDNA (median value) o TCF  

   ≤0.188 10 (33.3) 

   >0.188 20 (66.7) 
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- Visceral metastases: partial score of 1.7 if present 

- LDH: partial score of 2.1 if above the upper limit value of the laboratory 

 

Risk Group No pts (%) Total score 

I 8 (28) <1.4 

II 11 (36) 1.4-2.8 

III 11 (36) ≥2.8 

 

Table 5 Distribution of patients in the 3 risk classes 

 
 

 

4.3 Survival analyses 
 

 

The survival probability of the three categories of patients was established by the 

progostic score. Survival probabilities were assessed by the exponential model and by 

the Kaplan–Meier method. For the 30 patients evaluated in this PhD project, with a 

median follow up of 15 months (range 3-48), we observed a different median OS 

among the three risk groups (risk group I, 18.1 months [95% CI, 15.2– 33.1 months]; 

risk group II, 12.7 months [95% CI, 4.9–18.6 months]; and risk group III, 10.1 months 

[95% CI, 3.4–15.4 months]; p= 0.012). 

Results of the survival analysis are summarized in table 6. 

Survival curve for OS is showed in figure 7. 

 

Risk 

groups 

N. pts / 

N. events 

Median OS 

(months) 

(95% CI) 

p 

I 8/8 18.1 (15.2-33.1) 
 

II 11/11 12.7 (4.9-18.6) 
 

III 11/11 10.1 (3.4-15.4) 0.012 

 

Table 6 Survival analysis for OS according to the three risk groups 
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Figure 7 Risk group survival probabilities. Kaplan–Meier curve for OS by OS risk groups. 

 

The taxane patients group was evaluated also for PFS. We decided to use the same 

prognostic partial scores evaluated for OS, since the very similar prognostic weight of 

the four variables included in the prognostic score. 

We observed a different median PFS among the three risk groups (risk group I, 11.7 

months [95% CI, 10.1– 13.6 months]; risk group II, 5.0 months [95% CI, 3.0–6.9 

months]; and risk group III, 2.8 months [95% CI, 0.7–5.0 months]; p= 0.0006). 

Results of the PFS according to risk groups are summarized in table 7. 

Survival curve for OS is showed in figure 8. 
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Risk groups N. pts / 

N. events 

Median PFS 

(months) 

(95% CI) 

p 

I 8/8 11.7 (10.0-13.6) 
 

II 11/11 5.0 (3.0-6.9) 
 

III 11/11 2.8 (0.7-5.0) 0.0006 

 
Table 7 Survival analysis for PFS according to the three risk groups 

 

 

 
 

Figure 8 Kaplan–Meier curve for PFS by risk groups. 

 

The area under the ROC curve (AUC) intended as the concordance index of the 

prognostic tool is 0.830 (95% CI 0.665-0.994) for OS. 
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5. Discussion 

In recent years, several prognostic scores have been evaluated by integrating different 

clinical characteristics and associating them with prognosis in patients with mCRPC 

undergoing various anticancer treatments [95-102]. Most of these nomograms have had 

a limited role in clinical practice. The elements considered in the above-mentioned 

prognostic models included, among the others, the expression of AR-V7 in circulating 

tumor cells (CTCs), many genetic aberrations involving AR, TPS3, PTEN and the 

PI3K/AKT pathway and HRR. 

A recent prospective study [103] showed the utility of integrating functional imaging 

using 'F-NaF PET/CT scan and CTC analysis in mCRPC patients treated with 

enzalutamide. The authors demonstrated a different expression of AR and AR-V7 in 

different metastatic sites and also the presence of neuroendocrine markers that may be 

responsible for a heterogeneous response to enzalutamide. This study, however, did 

not propose a real prognostic tool. 

Furthermore, De Laere et al. [104] developed a risk stratification system, using both 

clinical features and TP53-alteration status in liquid biopsy, to stratify patients treated 

with ARSI in good or poor prognostic subgroups. No functional imaging data were 

used in this model. 

The work by Conteduca et al. which has been previously described in detail and which 

represents the basis of development of the present project, tried to improve outcomes 

prediction in mCRPC patients, through the combination of ptDNA analysis and 

functional imaging. The novel prognostic score proposed and validated in patient 

treated with abiraterone and enzalutamide, obtained its prognostic power from the 

demonstration of the association between ptDNA fraction with metabolic tumor 

activity and the number of lesions, as  similarly shown in previous NGS studies on 

plasma samples from mCRPC [105-106]. This assumption suggests that ptDNA 

fraction may provide interesting aspects of tumor biology and volume that may not be 

exhaustively described only by common clinical factors. The interesting observation 
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that both ptDNA and metabolic tumor activity were independent predictors of clinical 

outcomes in multivariate regression models promises to increase the accuracy of tumor 

response prediction and prognostication in mCRPC patients if these two elements are 

combined within a prognostic score. 

The prognostic score described by our research group evaluated patients at baseline of 

treatment with abiraterone and enzalutamide both in pre- and post-docetaxel settings. 

In this PhD project, this prognostic model has been evaluated on further 30 patients. 

These patients have been treated with docetaxel or cabazitaxel (19 and 11 patients 

respectively) in a more advanced setting of the disease, considering that cabazitaxel is 

approved only after a previous treatment with docetaxel.  

The present PhD project aimed to interrogate the novel prognostic model, already 

described and validated, in a more advanced cohort of patients to further confirm its 

actual prognostic power. The distribution of patients among the three risk classes is 

consistent with that reported in the initial work, with the difference of an increased 

percentage of patients in the highest risk class (36% versus 29%), compatible with the 

more advanced oncological setting of that patients. 

This prognostic power was confirmed by positive results and clearly distinct survival 

curves in OS and PFS, according to risk categories. 

There are some limitations in this study. First, the cohort is quite small. During the PhD 

project period a higher number of patients was evaluated, but the need to identify a 

homogeneous cohort, suitable for statistical evaluation, led to the identification of 30 

patients. On the other hand, however, even with a limited number of patients, the 

prognostic power of the prognostic score was confirmed.  

The original hypothesis of the PhD was to include patients with basal CT/PET 

performed using new tracers (e.g. PSMA), which are currently of routine use in clinical 

practice. Unfortunately, during the patients enrollment, there was no possibility to 

obtain novel tracers-PET scans for a sufficient number of patients, due to waiting lists 

often incompatible with the need to start systemic treatments for progressive disease. 

For this reason, the population of patients with basal PSMA PET scans was numerically 
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low and inhomogeneous. On the other hand, the use of choline PET provided a 

population more comparable to that evaluated in uor previous work, making the 

prognostic model generated with choline PET applicable. 

A further limitation may be the inclusion in the same cohort of both patients treated 

with cabazitaxel and docetaxel, which are two different drugs. However, the 

mechanism of action of the two drugs is quite similar, making it possible to consider 

all patients as a single prognostic group. 

The availability of validated prognostic scores has a potentially very useful impact in 

clinical practice. Oncologists have always faced the challenge of defining patients' 

prognosis with certainty, often causing issues among clinicians in the communications 

with patients and their families. The progostic evaluation performed both in the work 

of Conteduca et al. and in the present PhD project, may allow clinicians to have a better 

knowledge of the survival probability for different categories of patients, offering more 

precise data to consider when communicating patients’ prognosis. 

More precise prognostic data may also lead to more informed therapeutic choices. The 

identification of patients with particularly negative prognosis, for example, might allow 

clinicians to anticipate the discontinuation of potentially useless systemic treatments, 

avoiding episodes of therapeutic obstinacy and anticipating recourse to palliative and 

supportive care treatments. 

The use of this novel prognostic score in daily routine may not be easy to apply. Plasma 

tumor DNA, among the four elements evaluated in the score, is certainly the most 

complex to obtain. On the other hand, the development of the technique and the 

increasingly frequent use of liquid biopsy also in PCa (e.g. evaluation of HRR), could 

make this technique routinely available, potentially creating standardized diagnostic 

paths which also may include the evaluation of plasma tumor DNA, if this information 

would be considered of primary importance for the best clinical management of the 

patient. 
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6. Conclusions and future perspectives 

Researches about prognostic and predictive biomarkers in mCRPC are intense. The 

present PhD project has provided further confirmation about the prognostic power of a 

novel prognostic score proposed by our group.  

It has been shown that the association between molecular, clinical, laboratory and 

metabolic features can contribute to define the prognosis of mCRPC patients treated 

with taxanes. 

The prognostic score may not only be used as a static measure but also as a dynamic 

entity. The features evaluated in the prognostic score could change in response to anti-

tumor treatments, creating a dynamic of the score with changes that may predict the 

responses to anticancer therapies. This approach recognizes that the tool’s performance 

may vary across different treatment modalities, emphasizing the need for a 

comprehensive validation study that adapts to the dynamic nature of medical 

interventions. 

Moreover, the current routinely use of PET scans with new tracers suggests to expand 

the research by first confirming the prognostic power of metabolic values (MTV, TLA, 

SUV), and then incorporating them into the prognostic model here reported. 

Lastly, it would be of extreme clinical and scientific interest to expand the analysis also 

to patients with mHSPC, a setting characterized by patients with better prognosis and 

tumors with very different biologies. 
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